VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

REGULATORY ASPECTS OF

GLUTAMATE METABOLISM

IN ASPERGILLUS

a thesis submitted to the

University of Glasgow
for the degree of
Doctor of Philosoy

by James Robertson Kinghorn
Institute of Genetics

August 1973



ProQuest Number: 10647556

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10647556

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



B

Acknowledgements

I wvish to thank my supervigor Professor J. A. Fateman
for his help and advice during the course of this project; to
Dr. Do Be Stewart-Tull and Dr, E. M, Harper of the Microbidlogy
Department, Clasgow University, for their encourzgement; and to
Dr. B. Wumer of the Virology Department, Glaggow University,
for his collaboration in the measurement of aﬂino acid pools in

Aspergillus.

I wish to extend thanks to Glasgow University TFaculty

of Science for a studentship award.



iii

SUMMARY,

The object of this study has been to extend our
present knowledge of the control of gene action in eukaryotic cells.
For the purpose of achieving this goal systems regponsible for

Leglutamate metabolism in the simple fungus Asvergillus nidulang

have been chosen for investigation. These systems are I~glutamate
transport, NADP IL-glutamate dehydrogenase and NAD I-glutamate

dehydrogenase.

A mutant, unable to grow on l~glutamate and I~aspariate
ags a carbon or nitrogen source and lacking I-glutamate and I~aspartate
transport has been igolated. This aauAl grows normally on other
amino acids as sole carbon or nitrogen sources and appéars to have
normal uptake of all other nitrogen sources tested indicating that
there is a specific uptake system for Ie~glutamate and I~aspartate.
This system is regulated by ammonium as are a number of other
unrelated systeﬁs, e.g. nitrate reductase, acetamidase, etc. It is
not clear whether this ammonium control is at the lével of
Aranscription or translation but for convenience referred tu as

ammonium repression.

The synthesis of IL~glutamate from ammonium and q-

oxoglutarate is catalysed by NADP I~glutamate dehydrogenase.

"



Mutants; unable to grow normally on ammonium and lacking NADP
I~glutamate dehydrogenase activity, have been isolated. The
mutants, designated gdhAl ~ A9, require a supplement of amino acid
for normal wild type growth. In addition to losing their catalytic
activity, gdhA mutants are insensitive to ammonium control of
ammoniuvm repressible systems, including glutamate transport. A
model for these results has been proposed. This suggests thath
NADP Leglutamate dehydrogenase plays a role in ammonium repression

in addition to its catalytic function,

Aspergillius can utilise I~glutamate as a sole carbon

source, Mutants, designated gdhBl - BA; unable to grow on glutamate as
aAsole carbon source and lacking NAD L-glutamate dehydrogenase activity,
have been isolated. The gdhB mutants can still grow on ammonium or
I~glutamate or other amino acids as sole nitrogen sources with glucose
as the carbon source. HNAD L-glutamate dehydrogenase activity is

under repression by carbon metafolites, with glucose but not acetate,

as a source of these metabolites. It may also be inducible but

this is unclear at present. If induction plays a paxrt in the

control mechanism then it is probably subordinate to repression.

A mutant which grows better than the wild type with glutamate as a
nitrogen source has been isolated. This gdhCl mutant is parily

insensitive to glucose repression of NAD I-glutamate dehydrogenase.



The gdhCl mutation is sgmi"dominant in the heterozygous diploid.
Again a modél has been proposed. This suggests that the gdhC
locus codes for a regulatory product which has a positive effect
on NAD Leglutamate dehydrogenase synthesis. The product of the
- 8dhC locus is involved in repression by glucose ér metabolites

derived from glucose of NAD I-glutamate dehydrogenase.
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Section 1 Introduction



Le General remarks

The exigtence of many excellent reviews on the
regulation of gene action including those of McFall and Maass
(1.967), BEpstein and Beckwith (1968), Gross (1969), Clark (1971),
Calvo and Fink (1971), indicates that a furtheg comprehensive
review would serve little purpose at this time. Therefore,

I will enmphasgise only those areas of the literature which are
directly relevanlt to the topics dealt with in this thesis with
respect to the basic concepts of regulation in both procaryotes

and eucaryotes. g



2 Genetic regulatory systems in procaryotes

A great deal is known about the regulation of gene
expression in bacteria in which the operon, as exemplified by the

lactose operon in Eschevichia coli is a functionally related group

of geﬁeso The group is transcribed as a complete unit firom one end
of ‘the operon -~ the promoter -~ which is close to the first gtructural
gene of the operon. The activities of the genes in the operon are
controlled by a regulator molecule which is coded for by & gene
which may be rather distant from the operon. This regulator
moléoule hag allosteric properties and regulates the operon by
attachment at an operator site which is next to the promcter site.
The regulator molecule's affinity for the operator is lost when
bound to its effector molecule. This basic model, ﬁroposed by
Jacob and Monod (1961) has been supported by later biochemical
studies. The product of the regulator gene (i gene) ha§ since

been isolated and shown to be a protein of molecular weight 200,000
(Gilbert and Muller-Hill, 1966). The lac operon is also repressed
by glucose or a metabolite from glucose, a phenomenon known as
catabolite repression (Magasanik, 1961). Recent results suggest
that cyclic 31, 51 AMP plays a role in the initiation of
transcription of the lac operon and is also involved in catabolite

repression (Perlman and Pastan, 1948).

&



The essential feature of this model is the existence
of a regulator gene, the“product of which is an allosteric protein,
which switches off the activity of the operon i.e. the control is
negative. In addition to the negative action mechanisms there
aré positive control systems in which the operon is turned off and
: requires the presence of a protein effector to turn it on. The
most novel feature of positive operons is the existence of recegsive
mutations which prevent the activity of all the genes of 1lhe operon,

Perhaps the best studied is the arabinose system in Escherichis colig

a regulator gene C appears to code for a protein with both negative
and.positive action (Englesberg, Sheppard, Squires and Merenk, 1969).
The regulator protein, in the absence of inducer, blocks gene
expression, while?is modified and no longer has this negastive action

while the inducer is present. . Instead, the protein has positive

action.

Positively controlled operons have been reported in
other inducible systems for the utilisation of rhamnose (Power, 1967)
and maltose (Schwartz, 1967). Moreover, a positive effector may

play a role in penicillinase production in Staphylococcus aureus

(Richmond, 1967).

Positive control is also found in represcsible systems.

Por instance, the repressible alkaline phosphatase system in E, coli



is reported to be coutrolled by a positive regulator, a product

of the RI. gene (Echols, Garen, Caren and Torriani, 1961).

3e Genetic regulatoxry systems in eucaryotes

Although general principals of genetic regulatory
mechanisms have been impressively well established for bacteria, ouxr
present state of knowledge of eucaryotic regvlation is far from
clear. The basgic differences between procaryotes and eucaryotes,
e.g. the arrangement of chromoscmes within nuclear membranes and
the'fandom scattering of physiologically related genes throughout
the eucaryotic genome may profoundly alter the nature of the
mechanisms that regulate'physiologically co~ordingted activity in

eucaryotese.

|

Control of gene action studies in higher plants, e.g.
maize (McClintock, 1965) and animals, e.g. human haemoglobin
(Zuckerkandle, 1964) have met with little success due to the
disadvantage that such organisms are not so amenable technically

to genetic and biochemical analysis. Recently, the investigation

td

of control phencmena in fungi has been intengified. Apart from the
fact that fungal chromosomal arrangements and number are more akin

to higher organisms than bacteria and therefore, models from such



fungal studies are more likely to be applicable to higher organisms,
fungi offer many technical advantages which lend these orggnisms

to detailed genetic studies. The dominance ox recessivity cof
mutant alleles in heterokaryons and diploids may be ascertained

with ease in certain fungl such as Aspergillus nidulansg. In

" bacteria, the production of partial or complete dipleids is usually

more technically difficult.

In the limited number of iﬁvestiga%ions carried out in
fungi, certain cutstanding features emerge,'e.g. there appears to be
a 1@ck of clustering of genes of related function compared with
frequency of clustering in E, coli. The few ‘'examples' of
clustering of genes of related function found in fungi are more
likely to be genes coding for a single protein with multiple functions.
In comnection with this, the best example is the hist~3 locus in

Neurospora crassa. Giles and his co-workers (Ahmed, Case and Giles,

1964), isolated polar mutants deficient in one or more of the three
enzymes coded for by the hist-3 region. They péstulated on the
basis of complementation data that the hist-3 region coded for 3
separate enzymes and these were co-ordinately regulated. However,

) have suggested that the his gene

gtudies by Catcheside {196

N

g

1

1

b.a

‘-—(—
!

¥
I~

only one product. A similar sort of situation has been found in

the cases of other reports of clustering, e.g. arom region in



Neurospora (Giles, Case, Partridge and Ahmed, 1967), and hi-4

regions in Saccharomyces (Fink, 1966}. There are ‘therefore major

differences in the degree of clustering between bacteria and simple

eucaryotes.

Another interesting feature which emerges is the
resemblance of most of the fungal systems with the positive
controlled arabinose gystem rather than with the negatively

controlled lactose system.

One of the more informative control systems studied in
fongi has been the enzymes involved in nitrate wvwtilisation in

Aspergillus nidulans (Pateman and Cove, 1967). The reduction of

nitrate to ammonium, mediated by nitrite and hydroxylamine is
catalysed by nitrate reductase and nitrite reductase which are
induced by nitrate and repressed by smmonium, Control qf the

system by ammonium will be mentioned later (see page 13 ). Mutants
have been isolated lacking either nitrate or nitrite reductase and

map at the nial) and niiA loci respectively. These cistrons are

probably about two units apart on linkage group VIII and although
closely linked, the distance is large enough to suggest that an
operon is not involved. The fact that attempts to isolate polar

mutants have failed lends support to this contention. In addition,



two regulatory classes of mutants affecting the synthesis of

nitrate and nitrite reduétase were obtained by Pateman and Cove
(1967). Mirstly, semi~dominant constitutive mutants termed gigi,
whiph synthesige nitrate and nitrite reductase in the absence of
inducer. Secondly, recessive plebtroPhic mutants lacking both
:nitraté and nitrite reductase activities which also map at the nir
locus and designated nir (formerly niiB). Pateman and Cove
postulated that gigi and Eggz were mutations in one gene which
controls induction of the two enzymes, nitrate and nitrite reductase.
The nir cistron maps at about 40 units away from niif (Pateman,
Revé£ and Cove, 1967). Pateman and Cove proposed a model

involving a control system of the regulation of nitrate and nitrite
reductase with a positivé action, The most striking features of
this system, and in general are typical of fungal regulatory systems,
are that the genes are not clustered and the positive control type

of regulation.

Further, semi-dominant constitutive mutants affecting

the synthesis of xanthine dehydrogenase (Scazzocchio and Darlington,

1968) 2nd amidases (Hynes an

P

u
0y

s TO7Ms RN S A mammaagd
Cemally Ly Vo u) in Aspergillus have

been found indicating further systems regulated by positive control.

Douglas and Hawthorne (1966) have studied the regulation

of enzymes of galactose utilisation in yeast and proposed a control

L3



system that is both positive and negative in action. The three
enzymes, galactokinase, galactose~l-phosphate~UDP-glucose

transferase and UDP-galactose epimerase, coded for by three closely

linked genes ga 1, ga 7 and ga 10 respectively, are induced by
galactose. Two types of constitutive mutants have been isoclated;
mutanté at gene 1 which were found to be recessive and ga-4
semi~dominant. They proposed that gene i codes for a repressor
which exerts negative control on ga—4 which in-turn codes for a
regulator molecule. This regulator molecule controls the synthesis

of the three galactose enzymes in a positive fashion.

Metzenberg and his associates (Metzenberg and Parscn,
1966, Marzluf and Metzenberg, 1968) report that there are two genes

wvhich regulate the three enzymes of sulphur metabolism in Neurospora

Crassa. These are cys—3% and eth-1". They propose that cys=3

exerts positive control while eth-1" negative,

The regulation of the three enzymes of leucine synthesis
i.e. B~isopropylmalate dehydrogenase, oa~isopropylmalate isomerase

and o-isopropylmalate synthetase coded for by leu-l, leu-2 and leu-4

respectively, may also be by positive as well as negative control
mechanisms, Gross (1965, 1969) proposed that the product of a
fourth gehe, leu~3, a regulator protein, exerts negative and positive

control,



10

Of particular importance to this discussion are the
geneg, the produecte of which have both regulatory and catalytic
activity. This type of control appears to he relatively freguent

in fungi. Adenylosuccinate synthetase in Saccharomyces cerevisiae

is an instance of a system which appears to have combined regulatory
; and catalytic functions (Doriman, 1969). Other systems which may
have a duval role are ornithine transcarbamylase (Wiame, 1969;
Bechet, Grenson and Wiame, 1970), igso~2 cytochrome ¢ (Slonimski.,
Acher, Pere, Sels and Somlo,; 1.965) and hypoxanthine phosphoribosyl
transferase (Lomax and Woods, 1970) in yeast and nitrate reductase

in Aspergillus nidulans (Cove and Pateman, 1969).

It will be evident from these studies that the control
of gene action in fungi does not conform with the relatively simple
Jacob-Monod model. Moreover, in no case is the classic model of
gene cluster and straightforward negative control applicable.
Regulation in the fungi appearé to be more complex thani%rocaryotes.
6lues from experimentation are difficult to piece together to make
a generalised theory since multiple control is often involved.
Clearly, mCre research is required in this arca tc cmbellish our
present knowledge of the significance of this fundamental difference
with respect to gene regulatory mechanisms. This is the main aim

of this thesis.
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Systems which are important for intermediacqrmetabolism
were chosen for regulatory studies since models derived from such
studies are more Llikely 1o be applicable to higher organisms than
ones from sludies of peripheral systems, such as nitrate reductase,
eﬁcé, wvhich are in most cases, not possessed by higher orgunisms.
Such systens which would likely fulfil such a requirement include
one involved in L-~glutamate metabolism since Leglutamate is a key
branch point between carbon and nitrogen metaboliéma A number of
metabelites, e.g. amino acids, purines and secondary metabolites
are synthesised directlyvor indirectly from I~-glutamate.
Conversely, a number of amino acids are likely to be broken down
via L~glutamate to carbon gkeletons under conditions of carbon
deficiency. The systems involved in L-glutamate metabolism
chosen for regulatory studies are : L-glutamate transport,

NADP I-glutamate dehydrogenase (E.C.l.4.1.4), and NAD IL~glutamate
dehydrogenase (E.C.le4.1.2). . These systems will now be briefly

discussed individually,
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4. The regulation of l--glutamate transport

The regulation of metabolism not only demands the
control of the biosynthesis and degradation of amino acids, etc.,
but also control of their movemenl throvgh the cell membrane.
.Indeed, a number of transport-systems in evcaryotes have been found
to be regulated by small molecular weight metabolites. For
instance, ammonium regulates purine (Darlington - and Scazzocchio,
1967), urea (Dunn and Pateman, 1972) and ammonium transport

(Pateman, Dunn and Kinghorn, 197%) in Aspergillus niduvlans; ‘the

general uptake system in yeast (Grenson, Hou and Crabeel, 1970)
and in N. crassa (Sanchez, Martinez and Mora, 1972). 1In

P, chrysogenum it has been shown that the specific system for

I~-methionine transport (Benko, Wood and Segel, 1967) and L~cystine
(Skye and Segel, 1970) are regulated by sulphur. Moreover, a
number of gmino acid transport systems appear to be reguléted by
feedback inhibition, e.g. histidine uptake in yeast (Crabeel and
Grenson, 1970). Evidence is presented in this thesis that there

ig a specific active transport system for L-glutamate and L-aspartate

in Aspergillus and this is regulated by ammoniuwn rcpression.,

Furthermore, this repression is annulled when L~glutamate is required
as a carbon source. In contrast with Le-glutamate uptake it appears
that the transport of certain other amino acids is not subject to

amnonium repression.
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5. NADP I-Glutamatle dehydrogenase and ammonium control

In Aspergillus nidulans a number of enzyme and uptake

systems are regulated by ammoniume. The activities of these systems
aré extremely low when wild type cells are grown or kepl in the

" presence of ammonium, This phenomenon is known as ammonium
repression. . Systems repressed by ammonium include nitrate
reductase, nitrite reductase (Pateman and Cove, 1967), xanthine
dehydrogenase (Scazzocchio and Darlington, 1968), adenine~guanine=
hypoxanthine uptake system (Darlington and Scazzocchio, 1967),
thiourea uptake (Dun and Pateman, 1972), extracellular protease
(Cohen, 1972), acetamidase and formamidase (Hynes and Pateman,
197Q§aﬁ)° In addition to these systems data will be presented in
this thesgis to show that the L~glutamate transport system is under
ammonium control as discussed. There is then a considerable
number of unrelated systems under ammonium repression and this is

rather analogous to catabolite repression.

A number of mutants have been isolated, insensitive to
emmonivm repression, in an agttempl to explain some of ihe moleculeaxw
features of ammonium control. Arst and Cove (1969) found that

mutation in two loci mead and meaB resulted in simultaneous
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resistance to the toxic ammonium analogue, methylammonium, and
derepression for many ammonium repressed systems.  Cohen (1972)
isolated a mutant xprbl that was derepressed for extracellular
prétease release and other systems. Pateman (personal communication)
‘has isolated other classes of derepressed mutanits DER-3 and amral,

The results presented in this thesis show that some of these mutants
are also derepressed for the L-glutamete uptake system and

agparaginase.

Grenson and Hou (1972) have described a mutant in

Saccharomyces cerevisiae that lacks NADP L-glutamate dehydrogenase

activity and ié abnormal with respect to the regulation by ammonium
of the general amino acid permease., In this thesis it is reported
that mutants lacking NADP~GDH are simultaneously ammonium derepressed
for a number of enzyme and uptake systems including IL-glutamate
uptake. A regulatory role is suggested for NADP-GDH which accounts
for most of the experimental observations. The results demonstrate

the complexity of control systems in eucaryotic organisms.
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6o MAD IeGlutamate dehydrogenase and catabolite repression

It has been known for over 30 years that the syntheses
of certain enzymes by micro-organisms can be reduced by incluvding

glucose in the medium. For example, Klebsiella aerogenes synthesises

" histidine~ammonia lyase when grown on a medium containing glycerol
as a carbon source.  VWhen the mediun contains glucose, eithexr
instead of or in addition to glycerol, synthesis of this enzyme is
completely prevented. This phenomenon was originally called the
tglucose effect! or 'glucose repression' but is now usually referred
to és tcatabolite repression'! (Magasanik, 1961). The lac operon

- (described above) is also subject to catabolic repression as well as
lactose induction (Magasanik, 1961)., The operation of this dual
role most likely confers a competitive advantage on a micro-organism.
A strain of E. coli with lactose induction only growing in the
presence of glucose and lactose would synthesise Bngalacfosidase
unnecessarily. Catabolite repression would prevent unnecessary
synthesis of f-galactosidase by cells growing in such mixed carbon
sources. The nature of the repressing catabolite or effector is in
generzl, poorly defined and seems %o vary with each system.

Although relatively well documented for bacteria, e.g. galactosidase

(Cohn and Monod, 1953), histidase (Neidhardt and Magasanik, 1956, 1957),
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inositol dehydrogenase (Magasanik, 1961) and certain systems
responsible for amino acid oxidation (Jacoby, 1964), there are few
known instances of catabolite repression in eucaryotes.  Perhaps

the best studied system is the glyoxylate pathway in Neurospora

crasss (Flavell and Woodward, 1970a,b, 1971). Glyoxylate shunt
'enzymes, isocitrate lyase and malate synthase are repressed when

grown on glucose bul derepressed on acetate as sole carbon source.

In Aspergillus nidulans Hynes and Pateman (1970z,b) found

that some compounds such as acetamide are capable of being utilised
as a carbon and nitrogen source. The enzyme responsible for the -
utilisation of acetamide, acetamidase, is repressed by glucose or
metabolic products derived from glucose. Cohen (manuscript in
preparation) has shown that extracellular protease release is under
catabolite repression.  However theée systems have additional

complications in that they are also under ammonium control.

The results presented in this thesis suggest that NAD
L-glutamate dehydrogenase (NAD~-GDH) is under catabolite repression,
but unlike the protease and acetamidase, NAD-GDH seems to be free from
ammonium control., NAD-~GDH activity is maximal in wild type cells
grown on glutamate or other amino acids as sole carbon source.

This work'suggested that the utilisation of glutamate as a carbon
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source and the syntheses of NAD-GDH might constitute a suitlable
system for the investigation of catabolite repression. A priori,
the main disadvantage would be that only one enzyme is likely to bhe
involved in the pathway of utilisation rather than a number of
different enzymes. Thus, regulation of only one structural gene
’could be studied. The chief advantage would be the possible
regulation of enzyme synthesis by only repression and the fact that
glutamate is a relatively poor carbon or nitrogen source, which

might be useful for isolating control mutants.

The results have horne out some of these possibilities.,

A general outline of glutamate utilisation by Aspergillus nidulans

has been established and a significant beginning made on the genetic

analysis of the regulation of NAD-GDH synthesis.
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1. HMedia and supplements

(a) Media

The media used were based on those described by

' Pontecorvo, Roper, Hemmons, MacDonald and Bufton (1953).

Nitrogen and carbon less minimal medium (~CN medium)

nitrogen -~ less salts solution 20 ml. '
agar (for solid media) 12 gn
Volume made up to 1 litre with distilled water and

pH adjusted to 6.5 with 1N sodium hydroxide.

Nitrogen = less minimal medium (=N medium)

nitrogen - lesgs salts solution 20 ml
D-glucose 10 gnm
agar (for solid medium) 12 gm

Volume made up to 1 litre with water, and pH adjusted

to 6.5 with 1N sodium hydroxide.



Complete medium

D=glucose 10
peptone 2
cagein hydrolysate 1.5
yeast extract - 1
nitrogen - less salts sclution 20
vitamin solution _ 10
agar (for solid medium) 12
ammoniun tartrate 10

Volume made up to 1 litre with water and pH

adjusted to 6.5 with 1N sodium hydroxide.

Nitrogen ~ less salts solution

potassium chloride (xc1) 26
magnesium sulphate (MgSO 4.,7H20) 26
potassium dihydrogen phosphate (KH2P04) 76
trace element solution 50

Made up to 1 litre with water., 2 ml chloroform

added as a preservative and solution stored at 400..

&in

ml

g

B

H

'ml

20



Trace elements solution

sodium borate (Na °101{20)

B, O
4T
copper sulphate (Cu 304.5H20)

ferric orthophosphate (Fe PO4

manganese sulphate (Mn 804.4H20)

sodium molybdate (Na Mo O .2H20)

4

zine sulphate (ZnS0,.7H,0)

4

Made up to L-litre with distilled

Vitamin solution

P. aminobenzoic acid.
aneurin HCL

biotin

inositol

nicotinic acid
calcium D-pantothenate
riboflavin

pyridoxine

Made up to 1 litre with distilled

.1H20)

water.

water.

40 mg
400 mg
800 mg
800 mg

800 mg

50 mg
1 mg
406 mg
100 mg
200 ng
100 mg

50 mg

e}



(b)  Supplements

These were kept as sterile concentrated egueous

) o)
golutions at 4 C.

The appropriate amount of supplement was added to the

medium before pouring.

Supplement conc. of stock

golution

(2) Vitamins
biotin 40 yen/ml
nicotinic ascid 2000 ygm/ml

pyrodoxine HCl 1000 ygm/ml

riboflavin 200 yem/ml
P-gminobenzoic
acid 1 mM

(b) Toxic agents

acriflavin 0¢5%
P~fluorophenyl-«

alanine 104
D-serine iM

aspartate hydroxamate 16 mM
methylammonium -

thiourea 1M

amount per
100 ml medium

b

o
L]
w

6.75

ml

£m

ml

final conec.

0.2 ygm/ml
10 yem/ml
5 yem/ml

.1 yegm/ml

.005 mM

«005%

.025%
5

0.%2 mM
1M

10 mM



chlorate -
bromate -
1 3 amino~tyrosine H(GJ 1M
glutamate hydroxamate 1M
azéguanine -

" 2.4 dinitrophenol 100 mM
sodium agzide. 100 mM
acridine yellow -
2—-thioxanthine 100 mM
actidione o |

(c) Nitrogen sources

nitrate 1M
nitrite 1M
ammonia (ammonium

tartrate) 1M
I~sodium glutamate IM
I=-sodiun aspartate 1M
I~alanine 1M
L=arginine M
L-methionine : iM
I=lysine HCl 1
L~phenylalanine 1M
I-proline 1M

L=cysteic acid 1K

1.2 gm
gmn

1 ml

1 ml

[N

0.5 ml

0.2 mg

ng

23

100 mM
100 mM

10 mM

5 mM

100 mg/ml
1 vM

L mM

0,06 mg/ml

0.5 mM

002 pgm/ml

as specified in text

1]

i

1"

"

i
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(4) Others

sodium thiosulphate 0.2 M 1 ml 2 mM
putrescine 2000 y/ml 1 ml 20 v/ml
soéium deoxycholate 16% 0.5 ml 0.08%

' sodium acetate 50% 2,5 ml 1.25%
galactose 20% ' 2.5 ml 0.5%
lactose 20% . 2.5 ml 0.5%

(e) Solid media in petri dishes

Disposable plastic petri dishes were used throughout.

For most purposes 20 ml of solid media was added to each petri dish.
(£) Chemicals

Analytical grade chemicals were uéed whenever possible.
14C-L—g1utamate, 14C—thiourea, 14C---L--serine, 14C—L—phenylalanine,
14

C-me thylammonium, 14C~Lnarginine, 14C—L~a1anine and 14C---L-marginine,

were cobtained from the Radiochemical Centre, Amersham,



2o  Enzyme assays

(a) Growth of myceliun

The technique was basically that described by Cove (1966).
" Strains for the inoculation of the growth flasks were grown on
plates containing complete medium (s0lid) for 14~20 days. Conidia
were scraped off the surface and resuspended in 10 ml of sterile
distilled water. A few drops of Tween 80 were added and clumps of
conidia separated by vigorcus shaking. This wae used t0 inoculate
1 litre Ehrlenmeyer flasks containing 200 ml of ~N medium or ~CN
mediuvme The nitrogen and carbon sources and growth supplements
were added at the time of inoculation and described in the text.
Approximately 3 ml of thick conidial suspensions wvere added Lo each
flask. The mycelium was grown at 5000 in a Gallenkamp oxrbital
incubator. After approximately 18 h the mycelium was hérvested

by filtration through a nylon net cloth, washed with distilled water,
blotted dry on absorbant paper towels and weighed. The pressed

vet weight was usually in the range 5 -« 9 gm/1. The mycelium was
guickly frozen and stored at —ZOOC for net more than 7 days until
required for extraction. When the mycelium was required for amino

acid pool analysis, it was used immediately after harvesting. The



glutamate dehydrogenase enzymes showed little sign of instability

to cold storage.

When mycelium was pregrown before transfer to g
treatment medium (caxrbon free, nitrogen free, etc), it was grown
. on glucose - 10 mM ammonium medium for 18 hr, harvested through a
cheese cloth, washed with treatment mediuwm and transferred to this
fresh treatment medium. After the desired time of treatment, thg
mycelium was harvested and used for amino acid pool analysis br/and

frozen as above,

(b) Preparation of cell-free extracts

0.5 gm of frozen pressed mycelium was ground in a cold
mortar with approximately 0,1 em cold sand (M & B acid washed sand -
medium fine) and 5 ml of cold buffer (0.05 phosphate buffer + 1 mM
ethylenediaminetetraacetic acid (EDTA), + L1 mM mercaptoethanol,
pH 7.75) for 2 min. The slurry was centrifuged for 15 min at
15,000 g at 400 in an MSE Superspeed 65 refrigerated centrifuge.

The supernatant was used for protein determinations and enzyme

assays.
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(c) I=zlutamate dehydrogenasc assay

NAD=-GDH and NADP-GDH were assayed following the
reductive amination of w-oxoglutarate in the presence of ammonium
and reduced NAD or NADP. The initial reaction velocity was
- estimated from the change in optical density at %340 mm in a

Unicam SP 800 spectrophotometer.

The reaction mixture for the NADP-GDH assay was

Oe4 M NH,C1 in 0.05 M phosphate buffer pH T.T75, Qo4 ml; 0.2 M

4
a~oxoglutarate in 0,05 M phosphate buffer pH 7.75, 0.2 ml;
reduced NADP 2 mg/ml, 0.2 ml; 0.05 M phosphate buffer pH 7.75,

2 ml; enzyme extract 1 -2 ng protein/ml, 0.2 ml. The reaction

mixture for the NAD-GDH was : 0.4 M NH,Cl in 0.05 M phosphate

4
buffer pi 8.0, 0,4 ml; 0.2 M a~oxoglutarate in 0,05 M phosphate
buffer pH 8.0, 0.2 ml; reduced NAD 2 mg/ml, 0,2 ml; 0.05 M
phosphate buffer pH 8.0 with 0,1 mM B-mercaptoethanol and 0.5 mM EDTA

Bk . The assay temperature in both cases was 3700 and the results

expressed as nanomole substrate transformed/min/mg protein.
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(4) DNitrate reductase assay '

The method used was that basically described by Nason
and Evans (1953, 1955) and modified slightly by Cove (1966).
Witrite which is formed from nitrate by the catalytic action of
- nitrate reductase (E.C.Ll.6.6.3.), is determined colorimetrically,
The results are expressed as nanomole substrate transformed/min/mg

protein.

(e) L-Malate dehydrogenase assay :

L-Malate : NAD oxidoreductase (E.C.l.lele37); trival
name malate dehydrogenase, was assayed following the reduction of
oxalacetate in the presence of oxalacetate and reduced NAD, The
method was basically that of Munkres and Richards (1965).  The
reaction mixture was |
O.é M oxalacetate in 0.09% M phosphate buffer pH T.5; ‘0.2 mls
reduced NAD 2 mg/ml, 0,2 ml; 0.05 M phosphate buffer pi 7.5,

2.4 ml; enzyme extract 1 = 2 mg protein/ml, 0.2 ml. The assay
temperature was 3700 and the resultls expressed in nanomoles substrate

transformed/ml extract.



(£) Protein determination

All protein determinations were carvied out by the
procedure of Lowry, Rosebrough, Farr and Randall (195L). Serum
albunin was used as a standard. The protein concentration of

most extracts were in the range 1 - 2 mg/ml.



B Amino acid transport assays

(a) Preparation of cells

Flasks were inoculated as above (page <3 ) and

" incubated at 2500 for 18 = 20 h in a New Brunswick Controlled
Environmental orbital incubator. The nitrogen or carbon source

is as specified in text. After this period of incubation, the
cells were harvested on a nylon net cloth and washed twice with

~CN medium, preheated to 2500, and pressed dry with absorbent paper
toweis and weighed. As before, the pressed wel weight wag usually
in the range 5 -~ 9 gn/l. PFinally, these cells were assayed.

In certain cases it was necessary to treat the cells before
harvesting and therefore the cells were resuspended in preheated
(2500) treatment medium (e.g. =N medium for nitrogen free treatment)
for certain periods of time as specified in text. Wheré necessary,
cells were repeatedly transferred to treatment mediuvm to maintain

the nitrogen and/or carbon concentrations close to the original value.

(b) Uptake assays

When grown under the conditions described above,

gépergillus nidulans is largely in the form of small colonies less




than 1 mm in diameter., These colonies can be kept in suspension
by shaking and guantitative samples can he withdrawn from the
suspension, After growth directly or after treatment, 1 gm of
ce}ls (pressed we'lb weight) was resuspended in a 250 ml Irlenmeyer
flask in a shaking water bath at 250C. The uptake flasks contained

as follows :

uptake system undexr final concentration approX.
investigation . (X2¢ ana t4c) . radiocactivity
L~glanine 100 pM 1.5 pC
Imarginine 100 uM 1.5 puC
L—asfartate 100 uM 1.0 QC
I=glutamate 100 uM 0.5 uC
I=glutamine 200 uM 2.5 pC
L-phenylalanine 200 uM 2.0 uC
I-serine 100 uM 1.5.uC
methylammonium 500 uM 2.5 pC
thiourea 200 uM 2.5 uC

At 0, 2.5, 5.0, 7.5 and 10,0 min, 5 ml aliquots of the
cell suspensions were filtered with two washes of water on a
Millipore filter. The resvltant pad of cells was weighed and

transferxzed to 5 ml Bray's scintillation fluid and the radiocactivity



measured in a Beckman Liguid Spectrometer, The rate of uptake

of radiloactivity into the cells is linear for all chemicals for
the first 10 min. The uptake capacity of the cells is expressed
as mmole of suvbstrate taken up per wet weight cells except for

the kinetic experiment, where dry welght was the standard used.
'This is found by taking half.(by wet weight) of the pad after
filtration and heating at 100°C in an oven overnight. The grovwth
conditions and treatments used for transport experiments are

specified in the text.

(¢) BExtraction and chromatography of accumulated

14C L=glutamate

Folléwing a 30 min incubation in 100 1M 140 Le-glutamate
the cells were filtered, washed and pressed drvy in absorbant towels,
1 gn wet weight of cells was suspended in 10 ml boiling wéter.

After 30 min, 50 pl of the extract was spotted on to 3 MM Whatman
chromatography paper (breadth 3 cm). The separation of L-glutamate
from other amino acids was carried out by low voltage vertical
ionophoresis; the methed is basically that of Evered (1959).

After ionophoresis for 1 h at 200 volts (current 30 mA) in tank

buffer pH 1.9 (50 ml acetic acid and 25 ml 25% w/w formic acid) the



chromatogram was dried and cutb into 1 cm sections (3 om x 1 cm)é
The sectioﬁs were transferred to vials containing 5 ﬁl Bray's
scintillation fluid and the radiocactivity measured as before.
The results are expressed as counts/min/section of chromatogram.

A histogram was constructed to show the position of the counts.
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4s Ammonium derepresaion and related tests

(a) Uptoke tests for smmonium derepression

Tor this geries of tests the procedure was as above

-except that cells were grown.in the presence and absence of ammonivm.

(1) presence of ammonium:  Cells were grown on =N medium

plus 0.15 casamino acids and 10 mM ammonium, After 18 hy growth

cells were transferred as above to =N medium + 1.0 mM ammoniuwm for, 3 h,

(2) absence of ammoniums In this case,; =N medivm plus 0.l5

casamino acids only was used for growth during the first 18 h,
After this period the cells were transferred to ~N medium (nitrogen

free) for 3 h. S

(b) Plate tests for ammonium derepression

Since gdhA mutants grow poorliy on ammonium as a sole
nitrogen source, the plate tests for derepression were modified by
adding 10 mM alanine to the test medium; gdhA mutants grow as wild

type with alanine as sole nitrogen source.



(l) nitrate reductases  Ammonium by repressing nitrate

reductase synthesis protects the wild type against chlorate toxicitys
poor growth on ~N medium plus 100 mM KC].O.59 plus 10 M ammonium,
plus 10 mM slanine indicates derepression of nitrate reductase

(Arst and Cove, 1969).

(2) nitrite reductases  Ammonium, by repressing nitrite

reductase synthesis slleviates bromete toxicity, poor growth on -N
medium plusg 100 mM KBrOa, plus 10 mM ammonium, plus 10 mM alanine

indicates derepression of nitrite reductase (Arst and Cove, 1969),

(3) ¥anthine dehydrbgenase: A green-spored wild type develops

yellow conidia in the presence of 2~thioxanthine due to the action

of xanthine dehydrogenase. Ammonium prevents the development of
yellow conidia by repressing xanthine dehydrogenase. The production
of yellow conidia by a genotypically green~-spored strain grown on N
medium plus 0.5 mM 2~thioxanthine, plus 10 mM ammonium, plus 10 mM
alanine indicates derepression of xanthine dehydrogenase (Arst and

Cove, 1969).

(4) extracellular protease: Ammonium derepressicn of protease

release is indicated by a milk clearing hale around a colony growing
on turbid =N medium plus milk plus 10 mM ammonium plus 10 mM alanine

(Cohen, 1972).
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(5) urea uptake: Ammonium by repressing the vrea uptake

system protects the wild type against thiourea toxicity: poor
growth on ~N medium plus 5 mM thiouvrea plus 10 mM ammonium plus 10 mM
alanine indicates derepression of thiourea uptake (Duwnn and Pateman,

1972).

(6) purine uptake: 8=-azaquanine is a toxic substrate of the

adenine-guanine uptake system and its toxicity is partially relieved
by ammonivm (Darlington and Scazzocchio, 1967). Poor growth on =N
medium plus 100 mg/ml 8~azaguanine plus 10 mM ammonium plus 10 mM

alanine indicates derepression of the uptake system.

(7) asparaginase:  Aspartate hydroxamate, an analogue of

asparagine, is extremely toxic for A, nidulans, This toxicity is

revt%ed by ammonium as well as asparagine. Protection may be gained
by the regulation by ammonium of a system(s) responsible for
asparagine utilisation. There are several systems at which ammoniuﬁ
repression may operate.

i. Aspsragine transport. The data presented in figuve 10 (page 71 )

tends to disprove this hypothesis.

ii. Asparaginase. Initial experiments (Xinghorn, unpublished

results) show that asparaginase is repressed oxr inhibited by

ammonium in A, nidulans. This suggests that aspartate
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hydroxamate protection is geined by ammonium repression
or inhibition of asparaginase. The situation may be

rather similar to that found in Pseudomonas fluorescens

where aspartic hydroxamate is a substrate of asparaginase
(Degroot, 1960} ~ the products of the reaction being
aspartate and hydroxylamine, This latter product is a

very potent poison to A. nidulans (Kinghorn, unpublished

work)o Ammonium repression or inhibition of asparaginase
stops the production of hydroxylamiﬂe. Therefore pooxr
growth on ~N medium + 0,32 mM aspartate hydroxamate -+ 10 uM
ammonium plus 10 mM alanine indicates derepression of

asparaginase.

(8) methylammonium resistance: This is a modification of

the test used by Arst and Cove (1969); Wild type will not grow on
=N medium plus 1 M methylammonium chloride and 10 mM I~arginine,

methylammonium resistant strains grow well,

(9) nmethylammonium super-sengitivity: The wild type strain

has an appreciable level of growth when a low concentration of
methylammeniwn (50 mM) and 10 mM ILearginine is present. Methyle
ammonium super-sensitive strains grow extremely poorly on this

nediwm,
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5.  Gellular localization of NADP I~glutzmate dehydrogenase

The method was essentially that degcribed by Flavell
and Woodward (1971)5 Wild type 5@115 were grown as above in shalke
flask oulture on -N medivm -+ 10 m ammonium at 30°C for 18 h.  After
' harvesting as above (page 25 ) 2 gn of pressed wet weight of
mycelium was ground gently with approximately 1 gm sand for 30 sec
in a precooled mortar with 10 ml of a 0.8 M suerose solution (pH 8.0)
containing 1 mM LDTA. The slurry was centrifuged lightly at
approx, 1000 = 1500 g for 10 min at 400; The supernatant fraction
was éarefully pipetted off and recentrifuged at 20,000 g for 60 min.
The supernatant was carefully withdrawn and examined for enzyme
activity as the soluble fraction. The resulting pellet was
resuspended in 0.05 M phosphate buffer, pH T7.75 and subjected to
ultrasonic waves for 1 min from a 55 mm probe of a Mullard Ultrasonic
Disintegrator. The ultrasonic probe and glass tube contéining the
resuspended pellet were intimately sealed s¢ that they could be
immersed in an ice/salt bath during the ultrasonic treatment., This

was assayed as the mitochondrial fraction,



6. Prevaration of celle=free extracts for free

amino acid pool analysis

0.5 gm pressed mycelium of wild type cells grown as
abbve was ground in a cold mortar with 10 ml 0.2 M phosphate buffer
- for 30 sec, 0.2 ml aligquots were taken and added to 5 mg
sulphosalicylic acid in a small test tube and allowed to stand at
2 ~ 500 with intermittent shaking to allow the, protein fraction to
precipitate (Mechanic, Bfron and Shik, 1966). After 30 min the
slurry was centrifuged for 15 min at 20C at 10,000 g in a MSE
Superspeed 65 refrigerated centrifuge. 0,2 ml of the supernatant
was taken and transferred to ampules (Gallenkamp M 520) and

freeze dried.

The amino acid separation procedure was that of
Spackman, Stein and Moore (1958) using a Locarte Amino Acid Analyser.
This part of the work was carried out in collaboration with Dr. B.

Wumner of the Virology Depariment, Glasgow University.
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Te Electrophoretic studies of NADP I-glutamatle

dehydrogenase

Vertical starch-gel clectrophoresis was carried out
according to the method of Smithies (1955).  Approximately 9.1 gn
-hydrolysed starch (Connaught Medical Laboratories, Toronto, Ontario)
was dissolved in 100 ml .02 M borate buffer (pH 7@5). The buffer
used in the electrode compartment was 0.15 M borate (pH 7.95).

The protein content of the cell extracts were approximstely 10 mg/ml.
The wild type extract was diluted 1l.4. Electrophoresis was carried
out at 420 volts (15 mA) at 4 = 500 for 16 hours., Straining fox
enzyme activity was carried out by transferring the gels into plastic
sandwich dishes containing 10 ml of the following mixture (based on

the method of Markert and Moller, 1959) :

0,05 M Tris~HCl buffer pH 8.0 50 ml
sodivm Ie-glutamate 850 mg
NADP | . 10 mg
neotetrazolium chloride | 15 mg
phenazine methosulphate 5 mg
0.5 M hydrazine (pH 7.5) 5 ml

The gel was incubated at 3700 with intermitient shaking. A band
appeared after 10 min on the gel surface and this marked the position

of NADP~-GDH,
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8. Genetic technigques

(a) Strains: The wild type strain used in this study was a biotin
auxotroph, bil (Glasgow Wo. 042) and a biotin and putrescine
auxotroph bil puh2 (Glasgow No, 0171) both known to be translocation
- free. A multiply marked strain-master strain I (MQS.F. Glasgow

No. 95) fpaD43, £pabdll (Glasgow Nos,090 and 091), p-fluorophenyl-—
alanine resistant, amino acid uptake mutants (?inha, 1969) and
various recombinants (described in text) with merkers for linkage
studies were also obtained from the culture gtocks in the Instiitute
of Genetics, University of Glasgow. meaA8 and meaB6 (formexly
mgg&é)are methylammonium resistant, ammonium derepressed mutants
(Arst and Cove, 1969) kindly supplied by Dr. H. N. Arst, DER3 is
one of a series of ammonium derepressed mutantis oblained by
Professor J. A. Pateman selecting directly for ammonium derepression
of nitrate reductase using a peplica plating technique similar to
that described by Pateman and Cove (1967). amrAl. was obtained by
Professor J. A. Pateman selecting fof mutants with poor growth on
ammonium as a nitrogen source., xprDl is an ammonium derepressed
mutant obtained by selecting directly for ammonium derepression of
extracellular protease production (Cohen, 1972) supplied by Dr. B. L.

Cohen., urudl obtained from Mrs. Btta Dunn is a wrea transport



mutaﬁ%~(Duﬂh and Pateman, 1972), shyAl ghyAl and SER=-9 are mutants

resigstant to aspartate hydroxamate, glutamete hydroxamete and
D~serine respectively (Kinghorn, unpublished work. Figure 1

(page 50 ) shows a simplified linkage map of Aspergillus nidulans,

An explanation of symbols and a complete linkage map are given by
" Clutterbuck and Cove (1973). Mutations located during this project
and ones which affect regulatory systems and referrved to in this

thesis are marked in ned.

(b) Naming of mutants: Three lower case letier symbols followed
by capltal letters have been used to designate loci (as in bacterial
nomenclature - see Demergc, Adelberg, Clark and Hartman, 1966).

The locus, mutation at which abolishes NADY I~glutamate dehydrogenase
enzyme activity, has been called gdhA while the locus affecting NAD
L-glutamate dehydrogenase, gdhB. The locus which affects carbon
repression of NAD I~glutamate dehydrogenase has been designated gdhC.

The amino acid uptake mutants are aaﬁA, aauB, aauC and aaud.

This system of nomenclature follows that proposed for

Aspergillus by Clutterbuck (1970).

(¢) Isolation of mutants: Neme thyl-N*nitro-nitrosogquanidine (NTG)

was used as a mutagen for all mutational experiments (Adelberg,

Mendel and Chen, 1965). A heavy conidisl suspension was made up in



10 ml 100 mM tris-maleate buffer, pH 6.0 and shaken vigorously

to break up clumps of conidis, 2.5 mg of the mutagen were added
and the suspension wasg incubated for 30 min at 5700. The
suspension was lightly centrifuged and the pellet of precipitated
coﬁidia was resuspended in 10 ml of sterile distilled water. The
" suspension was again centrifuged and the conidial precipitate
resuspended in 10 ml sterile distilled water. This procedure was
repeated several times in an effort to dilute out N.T.G. Mutants
abnormal with respect to NADP=GDH activity were selected by the
method of Mackintosh and Pritchard (196%) while the NAD-~GDH and

amino acid uptake mutants by the method of Herman and Clutterbuck

(1966).

(&) The method of Mackintosh and Pritchard (196%):  This was used

in ‘the search for mutants unable to grow on high concentrations of
gmmonivm as sole nitrogen source. The treated conidial suspension
vwas counted and serial dilutions plated on to complete medium to
determine viability. VWhen viability was estimated the treated
conidial suspension was spread on -N medium with biotin plus 2 mM
urea. ag sole nitrogen source. The plates contained 0.08%
deoxycholate which reduces the size of lhe colonies and allows velvet
replication to be carried out. Appropriate dilutions of the

suspension were made in distilled water and spread over the surface
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of the medium. 150 « 200 colonies per plate were used. The
plates were incubated for 3 days and then velvet replicated to
plates containing ~N medium plus biotin plus deoxycholate plus
200 nM amponium as sole nitrogen source. Colonies which grow on
2 mM urea but not 200 mlM ammonium as sole nitrogen sources were
picked off, purified and re-tested. Some of these proved to be

mutants lacking NADP-GDH (Section IV).

(e) The method of Herman and Clutterbuck (1966):  The above

workers firét observed that growth of bil puA? (biotin and putrescine
auxotroph) on minimal medium supplemented with biotin and only a
limited comcentration of putrescine (2.7 x 10—7M) resulted in very
compact and slow growth. In addition, from these minute compact
coionies, faster growing sectors with a spidery growth form could

be seen radiating out.

Such sectors were isolated and shown to be uﬁable to
utilise nitrate as a sole nitrogen souvrce. It was concluded that
an additional mutation had occurred resulting in the inability to
use nitrate. Therefore at limiting putrescine concentration this
inability results in a changs from compact minute growth to spidery
growth in a bil puA2 strain, Sinha and Clutterbuck (Hermann and
Clutterbuck, 1966) also made use of this morphological phenomenon

10 isolate mutants uwnable to utilise lactose as a carbon source.

g



A succeséful attempt was made to isolate mutants
lacking NAD L~glutamate dehydrogenase by the putrescine techniques
using Le-glutamate asg a sole carbon and nitrogen source. NTG
treated conidia were point inoculated onto ~CN mediwm plus bictin
plus limiting putrescine (9.4 x 10“714) plus 100 mM L-glutamate.
"After 3 ~ 4 days incubation at 3700 sectors showing spidery growlh
were isolated and purified. These (55 in number) proved to be
strains unable to utilise L-glutamate as a sole carbon source.
Later it was.found that four of these strains lacked NAD-GDH (section
V) and another seven were impaired in the transport of L=glutamate

(section II1).

Twenty-six mutants were also generated unable to utilise
I—-glutamate as a sole source of nitrogen on =N medium plus biotin
plus limiting putrescine (8.1 x 10‘7M). No further work has been

. carried out to determine their physiological defect.

Rather gratuitouély, during one of the experimentsg
designed to generate mutants, unable %o utilise I~glutamate as a
nitrogen source, excess putrescine (8.1 x lO—BM) was erromously
added. Although the bil puA? strain grew as wild type on this, it
was ﬁoticed that one of the colonies was significantly larger than

the others. This exception was isclated, purified and re~tested



and consistently found to bave better growth than the wild type.
This proved to be a mutant which elaborates NAD~GDH under certsin

. i
conditions in which the wild type does not. It was desigﬁbd £ahCl

(section V).

' (f) The isclation of temperature sengitive mutations ip the

gahA gene:  Conidia of the gdhA mutant were treated with NTG
(as above) aﬁd used to inoculate cool molted =N medium plus 200 mi
ammoniuvm. This mixture was used to pour agar'platesc The plates
were incuvbated at 25003 Revertants were picked off after % days
and sub=cultured on 4o fresh -~} medium plus 200 mM ammonium agar
plates and incubatled at 3700. Revertants which were unable to grow

at 3700 were assayed for NADP-GDH at both temperatures.

(g) Mebtic nappings A minimal agar plate was inoculated at the

6entre with a clump of conidia of one-parent strain and then the
other. The conidia were then mixed in a loopfullof nutrient broth
and the resulting mixture of conidia from parent strains streaked
over the surface of the minimal medium in four directions. The
plates were taped up with adhesive tape so as to create anaerobic
conditions and incubated for a further 8 - 14 days duwring which

perithecia (sexual bodies) form.



Perithecia were isolated on to 3% minimal medima and
cleaned from attached conidia and cell debri by rolling on the
surface of the agar by prodding with a dissecting needle, The
cleaned perithecia were each squashed into 10 ml gterile distilled
wéter, agitated and suspended., This ascospore suspension was

stored at 4°C.

A loopful of the ascospore suspension was streasked on
to complete medium and incubated. Perithecia, which resulted from
a cross between parent strains, gave rige %o segregation for
conidial cclour markers and thus could be readily identified. | An
ascospore suspension from crossed perithecia was diluted and spread
on complete medium containing any extra supplement required by the
parent strains to give approximately 100 colonies of progeny per
plate. These were picked off and growth tested for the markers
under examination. In some cases diluted ascospore suspensions
were added directly 1o an appropriate molten selective mediuvm and

plated out.

(h) Formation of heterokaryons: A loopful of conidia from each

of the appropriate straing was carefully layered upon the surface of
10 ml liguid complete medium in standard 6" x 3/4" test tubes, The

tubes were incubated for two days and the resulting mycelium pad
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vas repeatedly washed in sterile distilled water and transferred
to a ﬁlate of minimal medium, broken up and spread over the surface
of the medium., The plate was incubated for two days and pieces of
growing mycelium transferred 10 similar plates of mediuvm, This
pr&cedure vas repested until a heterokaryon, characterized by an

"equal mixture of conidial colours, was established.

(1)  Production of diploids (Roper, 1952): Heterckaryons were

establisﬁed as described above, Dilute conidial suspensilons were
made from the heterokaryon and these were inoculated into molten
minimpal medivm and plated out. On incubation, diploid colonies,
characterized by light green conidia where the component gtrains
were a yellow and a green strain, grew and were puvified. Diploid
strains were stored on minimal slopes.

L
(3) Haploiﬁsation of diploids (Lhoas, 1961l; McCully and Forbes,

1965):  Clumps of conidia from the diploid strain were

point inoculated (9 inocula per plate) on to complete medium
suﬁplemented wita riboflavin and p-fluorophenylalanine. Acridine
yellow was used where one of the component strains was p-Tluorophenyle—
alanine resistant. p~fluorophenylalanine and acridine yellow
greatly increases the yield of haploid sectors. Hapleid sectoxs

were picked off after 5 « 7 days incubation, purified and growth tested.
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The unknown mutant locus is then assigned to the linkage
group of the marker to which it is apparently linked (Pontecorvo
et al., 1953). In all haploidisation tests the master strain

used was M.S.T. This strain is marked as follows :

" linkage group I 1T ITT IV \ VI VII  VIIZ

markers vA2 AcraAl g@alAl pyroAd facA? sB3 nicB8 1riboB2




Pigure 1

Linkage HMap of Aspergillus nidvlans
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Section IIT

L~Glutamate transport in Aspergillus nidulans

51



1. Characteristics of ILeglutamate transport

(a) Kinetics of Leglutamate transport

The effect of concentration on the rate of L-glutamate
was investigated over the range of 1 x 10“5M to 8 x 10"4M as shown

in figure 2.

A Lineweaver-Burk double reciprocal plot (Lineweaver
and Burk, 1934) of the data was constructed (figure 3) and this
shows that L-glutamate uvptake follows Michaelis-Menten kinetics
with a Michaelis Constant (Km) of 1.10 x 204N and a maximum
velocity of transport (Vmax) of 14 nanomoles/min/mg dry weight.
The Km and Vmax values for L_asbartate uptake were found to be

1,30 x 10~ ana 15.0 nanomoles/min/mg dry weight respectively.
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Figure 2

Iniluence of concentration on Leglutaomate

transport

Growlth conditions s =N medium 4+ 10 mM vres

Treatment ge= none

S

nanomole/min/mg dry weight

it

10~ Leglutamate

ii
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Figure 2 ¢ Influence of concentration on L-glutamate transport

(Lineweaver-Burk reciprocal plot)

Growinh conditions 3- - mediuvm + 1O mM ures
Preatment $e none
V = nanomole/min/mg dry weight

-~
1
i

b= 10~4M L-glutamate






(b)  Competiticn data,

The specificity of the Leglutomate transport system
was investigated by determining the effect of a number of amino
acids and inorganic nitrogen on Leglutamate transport (table 1),
“ It can be seen that most of the substances tested had no significant
effect on Ie~glutamate uptake. Only Le~aspartate, Lecysteic acid

and ammoniun show significant inhibition,

A more cdetalled study was carried out in the case of
the substances exerting an inhibition in order to determine whether
this ig competitvive or non~competitive. The inhibition of
L=glutamate by l-aspartate was measured under standard-conditions.
I~glutamate wes used at levels ranging from 4 x 1072M 1o 8 x 1074
in the presence of 2 x 10~ ana 6 x 10" L-aspartate. Figure 4
shows a Lineweaver~Burk reciprocal plot of the results. It can
be seen frﬁm this that there was a decrease in uptake as the
concentration of IL-aspartate was increased. The three lines
inteicepted at the same point on the Y-axis (1/Vmax) indicating

I—glut i

.. (. ~o
4 . e
BRI e 10

'-d

[
s-i

L

- N e ' TN S o |
that I=aspartste competed with

transpont. The
value for L-aspariate was found to be l.4 x 10"4M.
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Similarly, L-cysteic acid was found to be a
competitive inhibitor of Leglutamate transport with a Ki value
of 5,5 x 10"6M. Conversely, I~glutamate and I-cystelc acid vere

found to be competitive inhibitors of L-aspartate uptake; +the Ki's

were 9.5 x lOmSM and 5.0 x 10“5m respectively,

No detectable I-cysteic acid uptake was. recorded and
it was therefore not possible to determine (a) the Km for Lecysteic
acid uptake and (b) inhibition effects of other amino acids on

Ie=cysteic acid uptake, .

The results of Pateman (personal communication) show
that ammonium is a non-competitive inhibitor of I-glutamate and

I~aspartate uptake.



Table 1 The effect of certain nitrogen sources on

L—glutamste transport

nitrogen source

- 0, 2 > . .
added (2 x 10 EM) 0% inhibition

ammonium 35
L-aspartate 86
L-agparagine 10-
Lecysteic acid 59
L-glutamate 90
I~glutamine 14
Ir-leucine 4
L=phenylalanine 2
L=-proline - 11
. L~=serine 3
I-tyrosine 9
Ievaline 7
urea 5
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FMigare 4 ¢ The effect of the presence of Leaspartate on

L-glutamate transport

Growth conditions ¢= =N medium -+ 10 mM uvrea
Treatment i- none
cwrve L Leaspartate absent
' )
curve F A 2 x 10 "M Leaspartate present

cvrve OO 6 x 1074 I-agpartate present

<
H

nanomole/min/mg dry weight

S = lO"A'M L~glutamate
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(c) Initial velocity oif Leglutamate transport

The uptake of L-glutamate into wild type cells of

Aspergillus niduvlans was studied in young cells during the
exponential growth phase. The kinetics of Ieglutamate trunsport
"are linear for at least 10 min after the addition of cells to the

tegt medium (figure 5). This test time was adhered to throughout

the uptake experiments.



Figure 5 ¢ Initial velocity of I-glutamate transponrt

Growth conditionsg :— =N medium -+ 10 mM urea

Treatment ge= none
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(&) Energy reguirements of ILeglutamate transport

The data presenled in figure 6 shows the effect of -
two metabolic uncoupling agents 2.4. dinitrophenol and sodium
azideo Both toxic agents prevent the transport of Leglutamate
© when added at zero time. If the agents are added afler 5 min
incubation time, there is an immediate cessation of uptazke. These
results suggest {but do not prove) that energy. is in some way

required in the transport process.
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Figure 6

¢ The effect

of metabolic uncoupling agents on

Le~glutamate transport

Growth conditions $=~  ~N medium + 10 mM vrea

Tregtment

cuxrve

curve

curve

cuxrve

curve

S none
e ! control
Ligreeemereify 2.4 .dinitrophenol added at zero time.
A AY sodium azide added at zero time.
O——0 2.4.dinitrophenol added after 5 min,
G sodiun azide added after 5 min.
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(e) Recovery of accumulated intracellular L-glutamate

Hot water extracts of cells, which had been allowed <o
transport 14'(3 =lr-glutamate for 30 min under the test conditions,
were chromatographed. Only one radiocactive spot was detected
. and this corresponded to L~glutamate (figure T)e The peak formad
constituted approximately 90% of the total label extracted.
Calculation of the intracellular concentration of Imglutamate was
based on a mycelial wetl weight of 1 gm pressed wet weight of cells

per 1 ml water. Conmparison of labelled I~glutamate concentration

ingide the cell to outside the cell indicated an approximate 30 fold

increase of free I~glutamate inside the cells.
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Figure 7 : Chromaltogram of accumulated intracellular

Leglutamale

Histogram representing 3 x 1 cm sections of the chromatograph.

Growlh conditiong g~ =N medium + 10 mM urea

Treatment i~ none
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2. Regulation of IL~glutamate transport

(a) IL-Clutamate transport in wild #ype cells grown

under various nitrogen conditions

L~glutamate transport was studied in wild type cells
grown on various nitrogen sources at a concentration of 10 mM (in
the case of casamino acids the concentration was 0.15%) in an
attgmpt to elucidate its regulatory patterns.‘

Hiéh levels of Le-glutamate uptake were found in cells
groﬁn on =N medivm plus one of the following nitrogen sources -
Leglutamate, L~aspartate, L-alanine, l=~arginine, I-asparagine,
ngiutamine, Im-ornithine, nitrate, urea or casamino acids (for
clarity only one is showm in figure 8 ( Ep—@ ) ). In contrast,
when ammonium was the sole nitrogen source there was a 20-fold
decrease in I~glutamate uptake .( O—O ). However hiéh levels
of uptake were found in cells grown on ammonium and transferred to

nitrogen free medium (-N medium) for % hours ( A—n ).

It was imporvant 1o establish il low uptake was
attributable to ammonium inhibition/repression or due to a secordary

effect, e.g. lack of energy when ammonium is used as s sole nitrogen
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source., Cells were grown on both ammonium and glutamate to
gain evidence on this point. Tigure 8 ( A=A ) shows that

I~glutamate uptake is minimal under such conditions.
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Figure 8 ¢ Leglutamate transport in wild type cells grown

on vgrious nitrogen sources

curve Apem——fd  Growth conditions :~ N medium -
10 mM Leglutamate (or Le-aspartate, or
nitrate oxr Leasparaginine or L-glutamine
or Learginine or urea or 0,15% casamino
acids,)

Treatment = none

curve O Growlh conditions :e =N medium -
10 mM ammoniuvm

Treatment 22— none

curve D\ Growth conditions := -N medium -+
10 mM ammonium

Treatment = ~N medium for 3 h,

curve Ly, Growth conditions :=~  -N medium -+
10 mM L-glutamate + 10 mM ammonium

Treatment t-- none
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(b)  ILeglutemate trensport in cells treated with

various carbon conditlions

The data presented in figure 9 shows that cells that
have been deprived of carbon for 3 h have minimal ngiutamate
'uptake activity ( Vo ). If Leglutamate is used as a carbon
source high levels of activities result ( OO ). The
addition of ammonium to I-glutamate as a carbon source { A—A )
did not significantly influence the rate of transport. Thisg is in
contrast to the situation with glucose as the carbon source; the

addition of ammonium results in low activity.
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Figure 9

cuxrve

cuxve

curve

¢ L-glutemgte transport in cells treated under

Vg

OO

D/

various carhon conditions

Growth conditions gte N mediwm -+
10 mM ammonium

Treatment :=  =CN mediuvm for % hours

Growth conditiong gm ~N medium -+
10 mM ammoniwn
Treatment s«  ~CN medium + 100 mM I-—glutamate

for % hours

Growth conditions i~ N medium -+
10 mM ammonium
Treatment 3= -~CN medium -+ 100 mM

L-glutamate + 10 mM ammonium for % hours
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(c) Transport of other Im-amino acids grown on ammonium

as the sole nitrogen source

Since ammonium was found to profoundly influence the
rate of uptake of L~glutamate, tests were carried out to investigate
'the possibility that other amine acid transport systems may be
similarly affected by ammonium. Cells were grown under two
nitrogen conditions, one ammonium and the other urea. It can he
seen that I~aspartate uptake is minimal in cells grown on ammonium
(figure 10). In contrast, and perhaps rather surprising in the
1igﬂt that general uptake systems are repressed or inhibited by

ammonium in N. crassa and 8. cerevigiae, D-phenylalanine and

I=serine uptake are not affected by ammonium.  Neither are L-szlanine,

L-asparagine, or IL-glutamine (for clarity, not shown in figure 10).

The ineffectiveness of ammonium to inhibit or repress
I~phenylalanine or I=~serine is confirmed by toxicity reversal tests
(table 2) in which it is shown that ammonium does not reverse
p-fluorophenylalanine, 1l,3-amino tyrosine or D-serine toxicity.
Aspartic hydroxamate toxicity, an analogue of asparagine, is
reversed by ammonium but this is not due to repression/inhibition of-
I—-asparagine uptake,; but probably to repression of asparaginase

activity (see page 36 ).
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rigure 10

curve

curve

curve

cuxrve

curve

: L~phenylalanine, L~gerine and l~aspartate transport

in the presence and absence of ammonium
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I=aspartate uptake
Imphenylalanine uptake
I~gerine uptake

Growth conditions t— <N medium
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Treatment = none
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10 mfi ures

Treatment = none
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Table 2 The reversal of certain amino acid anslogue

toxicities by ammonium

~N medium (s0lid)+[toxic analogue Growth of wild type’
10 mM nitrate D~serine -
10 mM ammonium Degerine -
10 mM I-gerine D~-serine 4
10 mM nitrate . p~fluorophenylalanine -
10 mM ammonium p~fluorophenylalanine -
10 mM Le~phenylalanine p«fluorophehylalanine +
10 mM nitrate aspartate hydroxamate -
10 mM ammonium aspartate hydroxagmate +
10 mM L-—asparagine aspartate hydroxamate ' -
10 mM nitrate 1, 3~amino tyrosine -
10 mM ammonium 1, 3=-amino tyrosine -
10 mM L-tyrosine J1,3%-amino tyrosine +




(a) Ieglvtamate transport by mutants insensitive to

ammonium repregsion

As discussed in the irtroduction a number of mutants
have been isolated which are insensitive to ammonium repression
- for a number of ammonium repressible systems. Exﬁeriments were
carried out to investigate the possibility that such mutants are
insensitive to ammonium control of the L-glutamate uptake systen.
Since gseverxal of the mutants cannot utilise certain compounds
efficiently as sole nitrogen sources, cells in all cases; were grown
on ~N medium plus 0.15% casamnino acids and 10 mM ammonium and
transferred to =N medium plus 10 mM ammonium for 3 h. The results
plotted in figure 11 show the L-glutamate uptake status of
derepressed mutants grown on ammonium, It was also necegsary to
check the possibility that some of fhe ammonium derepressed mutants
may have low L-glutamate uptake activity in the absence of ammonium,. -
In this case,; the cells were grown oﬁ =N medium plus 0,15% casamino

acids and nitrogen starved for 3 h (figure 12).

The degree of ammonium derepression was expressed as a

activity on 10 mM ammonium
activity on N free

percentage; % dercpression = ¥ 1C0.

From the computed percentages shown in table 3 it can be seen that
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the degree of derepregsion for L-glutamate uptake varies for the
different mutants. Taking the wild type percentage as being fully

repressed (4%) gdhAl, meaA8, xprDl,amrAl and DER-3 appear to be

significantly devepressed while meaB6 remains repressed.

Another noteworthy point is that amrAl has an impaired

ability to transport L~glutamate in the absence of ammonium.



Figure 11 : L-glutamate transport by mutants insensitive to

ammoniuvm repression, grown in the presence of ammonium

Growth conditions and treatment as discussed in text.

curve B 9 wild type
curve Qe XprDl
ccurve  Ae—-A  meaBb
curve OO  gdhAl
curve Ly—emmeN meahB
curve [(b——{]  DER~3

curve V—x7 amrAl
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Pigure 12 : L-glutamate transport by mutants insensitive to

ammonium repression grown in the absence of

ammoniuvm

.Growth conditions and treatment as discussed in text.

curve

curve

curve

curve

curve

cuxrve

curve

O—-10

wild type

xprDL
1@26
genl
meah8

DER-3

amrAl
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Table 3 ¢ DPercentsge derepression of Leglutamate transport

showvn by certain ammonium insensitive mutants

genotype % derepression
wild type 4
gabAl 52 .
meaA8 11
meaBo T
DER~3 ' 100
xprDl _ llOO
amrAl 52
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(e) 'The effect of actidione on ILeglutamate transport

The results of the previous sub-sections show that
L-glutamate upteke is minimal in cells grown on ammonium,
Cohsequentlys experiments were carried out in an attempt to
- investigate the nalture of this effect. In particular, whether
Low activity is brought about by inhibition of already

synthesised permease or by repressing protein synthesise.

The control ( [E——f] ) in figure 13 shows L-glutamate
traqsport in wild type cells which have been grown on -N medium
plus 10 mM ammonium and transferred to nitrogen free. The
addition of actidione, an anti-metabolite, which stops protein
synthesis in fungi (Segel and Johnston, 1963), prevents an

increase in Leglutamate uptake.



TPigure 13 ¢ The effect of actidione on L~glutamates transport

Growth conditions :- N medivm 4 10 mM ammonium

Treatment =~ ~N medium for 3 h

curve no actidione added (control)

curve OoO—--0 actidione added to treatment

medium gt time of transfer

curve Do\ "actidione added to treatment

medium at 13 h after transfer



nanomoles/mg. wet weight.
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3. Mutations which affect Leglutamste transport

(a) Isolation and genetic characterisation of mutants

A large number of mutents, unable to utilise

. Imglutamate as a sole carbon and nitrogen source; were isolated by
the putrescine technique of Herman and Clutterbuck (1966).,

Seven of these mutants were later found to have low uptake of
I~glutamate (see page 98 ). Mitotic and meotic analyses revealed
that there were no less than four loci involved. These loci wexe

designated agauvd, aauB, sauC and gauD. The genetic analysis of

these will be treated separately.
aaud locus

By the technique of haploidisation of diploids it was
found that one of the seven mutants assorts freely with all
markers except nicB (table 4). Thefefore, this mutant, later

designated aaull was assigned to linkage group VII.



Table 4

Haploidisation analysis of sauvAl

Diploids 22uAL
MoS ol
.Linkage gene . +
_group marker aauh aavh
v . '
I y 31 18
vl 23 19
II Acra’ 2% . 20
Acra 17 21
+
TIT gal. 16 20
' gal” 19 36
v py:r:o+ 14 19
pyro 26 32
v fact 21 21
fac 19 30
VI st 25 20
g 26 18
VII nic™ 4% 0
nic’ 0 48
VIII ribo™ 26 19
ribo 20 26

Conclusion i~

The strain bil aauvAl is translocation free and

the locus can be assigned to linkage group VII,
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aauhl showed approximately 500 recombination with the other

markers of this linkage group.

cross I Dbil pul?2 + + + + + aauvhl

+ - vA2 pall) nicB malA wethA +

Markers bil puA2 yA2 being on other linkage groups

were not classified.

pegregation of markers and gllele ratios

palDd o+
aauAl %6 52 88
+ 45 28 15

81 60 161

Recombination fraction := palD = aaudl = 39,8% s 37




Recombination fraction =

wetA +

aauvll 42 30 T2

+ 24 45 99

96 75 161

‘Recombination fraction :~ gaudl -~ wetl

b malA +

aauhl 41 50 91

+ 35 37 72

76 87 161

asuAl -~ malA

nicB +
aauBl 24 42 66
+ 41 54 95
65 96 161

Recombination fraction :=-

aaudl -~ nicB

54.0% £ 4.1

48.4% L 3,9

49.0% £ 3.9
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aauB locus

It was also found that two of the secen mutants
assort freely with all markers except Qggg\(table 5)e Similarly,
thése mutants, late designated aauBl and agub2 were assigned to
- linkage group VII. Crogses between gauB mutants and other
markers on linkage group VII were carriedft?'ln this way, the aau
locus was assigned to the weth ——- malA intervel of linkage

group VIIL.



Table 5 ¢ Haploidisation analysis of aauB mutants

Diploids aauBl aauB2
M.S.F. M.S.T.
linkage gene . + . v
group markexr aauB aauB agub asuB
T y" o5 18 12 16
vy 20 8 10 23
T Acra” 16 22 . 15 21
AcraR 5 18 11 12
11T gal”t 4 16 9 9
gal” 31 19 21 20
v pyro’ 16 18 15 10
pyro 21 16 16 18
v fac’ 17 19 12 24
fac 25 10 14 9
VI s 19 11 1 1u
s 2% 18 18 19
VII nict 41 0 28 0
nic" 0 30 2 29
VIIT ribo™ 15 20 13 9
ribo~ 9 27 16 21
Conclusions :~ The strains bil aauBl and bil aauB2 are

translocation free and the locus can be assigned

to linkage group VII.



Hil PUA2 4 + -+ + aguBl
4 o+ yvA2  palD nicB  malA  wetA
Cross LI
bil PUAZ - + + -+ aanb2
+ -+ yA2  paldD nieB malh  wetA

Markers bil puA2 yA2 being on other linkage groups were not

classified,

Segregation of markers

and allele ratios

Cross T
palD +
aauBl| 26 o5 51
+ 28 o4 | 52 0
54 49 103

Recombination fraction

pald - agauBl

Cross 1T
pald v
aauB2 | 20 17
4 |24 | 19
44 36
palD = aauB2 = 48.7% &

86

31
43
80
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Cross I Cross IT
wetA -+ weth +
aauBl 1 AT |48 aauB2 2 44 1 46
+ 52 5 |55 + 31 51 %4
53 50 103 53 47 80
Recombination fraction :=
weth ~ aauBl = 3.8% & 1,9 weth = aauB2 = 6.2% & 2,7
Cross 1 Cross IT
mali + - malA +
aauBl 10 38 48 aauB2 8 25 33
+ 43 12 55 ' + 54 131 47

55 50 103 ' 42 38 80

Recombination fraction =

mald - aaufl = 21.3% < 4.0 malh - 2auB2 = 26.1% ¥+ 4,9




Cross 1

nicB +
aauBl | 13 3. | 44
+ 28 41, 69
41 72 103

Recombination fraction i~

nicA ~ aauBl = 52,7% x 4.9
CroSs I
wetA +
malA 11 451 56
+ 35 13| 48

46 58 103

Recombingtion fraction =

wethA = mald = 23.3% < 4.1

Crogs IT

s

nicB

+

aauli2 29 14
4 14 2%
43 57

8a

43

31
80

nichA ~ 22uB2 = 65,1% & 5,3

Cross II
wetA +
malA 9 36
+ 25 10
34 46

45

80

weth = malh = 22.3% ¥ 4.7
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The position of gauB mutants with respect to other

markers on linkage group VII.

3.8 & 1,9 21.% % 4,0
aauBl
6.2 L 2.7 26.1 % 4.9
ar:mBE_
WOA = = = =~ =« = g2y ~ - ~ = - malf  pald - - ~ ~ nicB
5 o4 _
228

The map positions suggest that gauBl and aauB2 map very close to

each other or are allelic.



aauC locus

Haploid segregants from the diploids between bil

puA2 aauCl/bil puh? aauC2 and the tester strain 'MSF! were cgrried
ou% on CM plus acridine yellow since aauC strains are p-fluoro-

" phenylalanine-resistant. These strains were classified and
tabulated to show that the aauC locus is in linkage group II

(table 6).



Table 6 : Haploidigation analysis of aauC mutantg

Diploids azuCl aaul?
TR M.8.T.
linkage gene . + N +

_group marker aaul aaul aaul aanl
I g+ .12 22 8 12
v 13 15 10 4

II Acra™ 35 1 10 0
Acra 0 26 0 24

1II galt 14 17 6 11
gal” 19 12 9 8

Iv pyro™t | 10 22 12 10
pyro 18 12 6 6

' fac 23 5 16
fac 14 8 5

+

VI s 18 27 11 14
s 5 12 4 5

VII nict 14 26 % 10
nic 13 8 8 10

VIII ribo* 19 11 8 10
ribo ™ 21 11 9 7

Conclusion :~ The gtrains bil puA2 asvCl and bil puA2 z2auC2

are translocation free and the locus can be

assigned to linkage group VII.
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By appropriate crosses aauCl and aaulC2 were located
in the cnxli - ygA interval in linkage group VII. aauCl and gaul2

are either sgllelic or are located very close to each other. The

results of the warious crosses are presented as fcllows ¢—

Meiotic location of aauCl and aaul?2

bil  puA? saull -+ + + + 4 -+
cross 1 -+ + AcraA WA thiA abA cnxli yghA
bil  pudA2  azuC2 - + - o+ 4+ +

cross 2 + + AcralA WA  thiA abA cnxli ygA



Segregation of markers and recombination fraction sz-

Cross I
cnxk +
aauCl 10 10
+ 52 18

90

(e

Recombination fraction

0

cnxly = gauCl = 31,1% £ 4.9 .

Cross IT
enxh +
aaul? 15 36
-+ 61 18
.30

enxl - aanCe = 29.9% x 4.0

Recombination fraction

yeh -+
aauCl 11 31
+ 27 11
90

Recombination fraction :-
yeh -~ aauCl = 24.4% £ 4.5
ribok +

aauCl 20 191 39

+ 31 26 "57

51 45 90

riboB - aanCl = 51.,1% % 5.3

y&A +
sauC2 11 5%
+ 51 19
() 1 r 130
voh - 2auC2 = 23,0% & 3,7
ribolk +
aauC2 29 26 | 55
E 44 31| 75
73 57 130

riboR ~ aanC? = 46.1% & 4.4



Recombination fraction 3-

cnxB +

ygh 25 18
]+ 32 15
57 33

43
A7

20 -

enXE = yeh = 44 .4% X 5.2

Linkage map

cnxl +

yeh 41 25
| 32 30
73 o7

94

66
64

130

cnxl - yeh = 56,1% x 5.3

-y

2hed = 445

31,1 % 4.9
22001
29.9 ¥ 4,0 23.0 T 3,7
aauC2
CNXE = o = o = e 8800 = o = = e e e o em - y‘@A
30 24




aauD }ocus

Haploid segregants were made from bil pul?2 aauDl and

tester strain 'M.S5.F.!' diploid using acridine yellow as before.

The'gggg strain was assigned to linkage group VIII (table 7).

Sinha (1969) reported the isolation of uptake mutants,
designated fpaDll and fpaD43, which also locate in linkage group VIIIL.
To check for allelism crosses were set up between bil puA2 aaubl

and nicAl riboA fpaDlls; bil puh? aavDl and nicAl riboA fpal4d?.

Apprqximately 10% recombinants from each of the crosses were wild
types, i.e. sensitive to p~fluorophenylalanine, showing that the
aauD mutants are not allelic with the fpaD alleles. The aauD locus
therefore maps approximately 20 units on either side of the fpaDd
locus. More detailed genetic analysis is necessary to locate the

position of gauDl on linkage group VIII,

Meotic analysis

Cross genotypes genotypes No., of segregation of

considered segregants  p-fluorophenyl-
analysed alanine
resistance

] T T

sensitive resistant

I nicAl riboA2 fpaDll fpaDll 231 26 205
_ X X
bil puA2 aaudl aaubl

i

Recombination fraction =  xprDll - aauDl = 23.3 = 1.7%




2 mnicAl riboA2 fpaD43 fpab43 195 18 167

2 x

bil puA2 aauDl aaudl

hecombination fraction =  fpaD43 = azuldl = 18.7% £ 2al




a7

Table 7 s Haploidisation analysis of aauDL

Diploid gauDl
IVI [+ S [ 3 Il‘l L ]

linkage gene _ +
GToup. mazker 2oul aauD”

I 3t 16 2%

| vy 21 40

1T Acra™ 31 o1
Acra” 16 , 22

- -}

III 2 30 25

gal 19 16

IV pyro” 21 20

pyro 23 24

v fact 21 24

fac 12 23

VI st 29 30

s 11 20

.k .

VII nic .25 1%

nic” 26 26

VIII ribot 41 0

ribo 0 49

cd“‘}m \

Conclusion :— The strain bil puldz is translocation free and the

locus aauD can be assigned 1o linkage group VIII.
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(b) Trangport of Leglutamate and other amino acid by asau mubants

The upltake of 14C~labelled amino acid was determined
during the exponential growth phase in an attempt to study uptake
in young cells under as standard and reproducible conditions as
pogsible. The strains under investigation were grown on =N medium
plus 10 mM ures as the sole nitrogen source. Representative
amino acids, and certain inorganic nitrogen oqmpounds were used to
determine the uptake characteristics of the mutants (figures l4w25).
These were L-glutamate (acidic), ILephenylalanine (aromatic), ,
I~alanine and Ieserine (neutral), I~arginine and Le~glutamine (basic),
thiourea and methylammonium (inorganic). From the dats presented
in figure 14, it can be seen that all classes of pptake mutants
have low uptake of L-glutamate (< 10% of the wild type). The
heterozygous diploids aaudl/+ and gég@l/+ appear t0 have normal

uptake indicating that these mutations are recessive to their wild

type alleles while aauCl and aauDl mutations are dominant (figure 15).

The data presented in figures 16 and 18 show that

aguBl, aauCl and azauDl., but not zaull have impaired neutral amino

acid uptake = L=serine and I-alanine. Figures 17 and 19 show the

recessivity of aauBl and dominance of aszuCl and aaubl.



\o
\0

Figurs 20 shows the uptake of the aromatic
representative; L-phenylalanine, by the various genotypes. agudl
and aauBl show normal uptake while gauCl and aauDl impaired uptake.

Again asuCl and sauDl appear to be dominant (figure 21).

AL genotypes appear to have normal uptake of bhasic
amino acids, Learginine (figure 22), Leglutamine (figure 23),
inorganic nitrogen, thioures (urea) (figure 24) and methylammonium

(ammonium) (figure 25).

In summary, aaull shows low uptake of only acidic
amino acids and is recessive. aauBl shows low uptake of acidic
and neutral and is recessive, aauCl and aauDl have low acidic,

neutral and aromatic but in contrast 1o aaudl and sauBl are dominant.
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Figure 14 : Ieglutamate transport by wild type and aau mutants

. Growth conditions g~ =N medium + 10 mM vrea
Treatment 2= none
curve  [E——  wild type
curve A A agvAl
curve O @) aauBl

curve  O————  aauCl

cuxrve P ——Y aauDl
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Figure 15 ¢ Ile—glutamate transport by heterozygous diploids

Growth conditions ge

Treabment oe

curve

curve

curve

curve

curve

of wild type and aau mutants

wN medium + 10 M urea

none
- = vild type
& = Vil type
A A .@&3&.&
aauBl
O ¥ =
= aauCl
+
\ , sauDl



nanomoles] mg. wet weight.
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()
=
o
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| ]
25 50 7°5 10-0



102

Figure 16 : Transport of I~serine by wild itype and aav. mutants

. Growth conditions s =N medium 4+ 10 mM urea

Treatment &-- none

curve G} wild type

curve Do\ aauAl

curve O aauBl
curve Q>  aguCl

curve Y e Y asuDL
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Figure 17 : Transport of L-serine by wild type and aau

heterozygous diploids

i PR l&i&iﬂ%
curve 5 & vild Typo

aauBl
curve O s

curve C 0 azuCl

curve Y m— aaubl
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Figore 18 : Trangport of L~alanine by wild type and

aau mutants

‘curve 5 et 754 wild type

curve A ettt A aauAl

curve OO  aauBl

curve O  aaull

curve br——a  aauDl
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T'igure 19 ¢ Transport of I~alanine by wild type and sau

[

heterozygous diploids

o wild type
curve B3 45 wild Type
curve O QQ%Ei

o o -C “<> gauCl

-4

curve Aot aaudl
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Pigure 20 ¢ Transport of L~phenylalanine by wild type and

aaw mutants

curve [ wild type
curve A A aaull
curve O=m-Q  aauBl
curve OG> aauCl

curve Doy aauDl
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Figure 21 : L~phenylalanine transport by heterozvgous

diploids of wild type and aau mutants

wild ‘type
wild type

curve B4

cuTve A & aauCl

-+

aaubDl

curve Dirmevomsaer n
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Pigure 22 : L-arginine transport by wild type and asu mutants

Growth conditions := ~N mediuvm + 10 mM urea

Treatment s none -
curve T wild type
curve Ly 22GRL

curve O _pauBl

curve OO aauCl

curve Ar———A 'amml
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Figure 23 : ILe-glutamine transport by wild type and aau mutants

Growth conditions & =N medium + 10 mM uresa

Treatment e none

curve e & wild type
curve Ly aauhl
curve O aauBl

curve O aaunCl

curve Lxmrmrerf aauDl
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Tigure 24 : Thiourea trangport by wild type and azv mutants

curve [t wild type
curve Lyl aguAl

curve OO  aauBl

curve rrmey  aanCl

curve Aot aaubDl



100

75

5:0

min.

2:5

7 T 71T 1
TR ETEEX
d 06 0 ©60 6 oo

‘1ybrom 3am ‘Bui/sajowounu

]
-
o



111

Figure 25 ¢ Methylammonium transport by wild type and aau

mutants

Growth conditiong i ~N medium 4 10 mM uvrea

Treatment - none

curve — B——i3 wild type
curve Ly————={\ aauil
curve  O——0O  aauBlL

curve O e aanuCl

curve Ao aauDl
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(¢) Growth responses of aau mutants

The results presented in table 8 show the ability ox
inability of the four classes of upitake mutants to grow on a spectrum
~of amino acids as sole nitrogen., The wild type growth on all
nitrogen sources is designated by a plus sign, although growth of

the wild type varies greatly on these sources.

aavAl grows as wild type on inorganic nitrogen sources,
e.g. nitrate ammonium (plate 1) or urea, neutral, e.g. l—serine,
I~alenine (plate 3) or L-valine, aromatic, e.g. L~phenylalanine
(plate 7), L-tryptophan or L-tyrosine, and basic amino acids such asg
I=grginine (plate 2), L-ornithine, L~asparagine or L~glutamine
but poorly on acidic amino acids ~ I-glutamate (plate 5) and
L-ggpartate, The heterozygous diploid asuAl/+ grows as wild type
on IL-~glutamate and I~aspartate indicating that the g@g&iAmutation is

recessive (plate 6).

Mutation in the aguB gene results in poor growth on
acidic (plate 5) and neutral (plate 3) amino acids. The mutation

also appears to be recessive (plates 4 and 6).

2aull and aaudl are rather similar with respect to



growth responses in that they grow poorly on acidic (plate 5),
neutral (plate 3) and aromatic (plate 7), but as wild type on
basic amino acids (plate 2). Moreover, these mutations are
semi-dominent or dominant in the heterozygous diploid (plates 4, 6

~and 8).

All classes of mutants appear to have wild type growth
on certain sugars tested (table 9). However, the utilisation of
L-glutamate (plates 9 and 10), Leaspartate and L-alanine as sole
carbon sources by the mutants was relatively poorer than their
utilisation of these amino acids as sole nitrogen sources. Thig is
not surprising since larger quantities of the amino acid would be

necesgary to provide a sufficient energy source.



Table 8 :

nitrogen sources.

Growth Responses of aauw mutants on certain
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-N

(solid)

medium

wild
type

3auAl aau Al azuBl aauBl aauCl zauCl asuDl asudl

-k

+

-+

+

10
10
10

mM urea
mM ammonium
mM nitrite

-4
-+
+

+ o+

+-
+
-+

A

+ + +

T+ o+

+
+
+

+ + +

+
+
4

10

10

mM L-aspar-
tate

mM L—-gluta-
mate

-

10

10
10

mM Lealane
ine

mM IL-serine

mM L-valine

+ +

.I..

+ 4+ +

+ o+

-

10

10

10

mM Lephenyl-

alanine

mM L-trypto-

phan
mM TL-tyro-
sine

10

10

10

10

mM L-gluta-—
mine

mM Ieaspara=

gine

mM Leargin-
ine

mM L=-0orni-
thine

+ denotes wild type growth (this varies with the nitrogen source)

~ denotes very poor growth
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Table 9 : Growth Responses of aau mutants on certain

carbon sources

18Nmﬁ82;;§nzﬁm :;;g aanl aaull aguBl aauBl asuCl aauCl aauDdl aaudl
(solid) : + + + +
1% galactose - + + + + + + + +
1% maltose + -+ + + + + + + +
1% sedohept=
ulose + + + o+ A + + + +
1% acetate + + + + + + -+ % +
100 oM I
glutamate -+ - + - + - - - -
100 mM Le
aspartate + - % - o+ - - - -
100 mM L i
alanine + + + - -+ - -~ - -

+ denotes wild type growth (this varies with the carbon source)

~ denotes very poor growth
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Plate 1 Growth response of aau mutantswith ammonium

as the sole nitrogen source

aauAl aauGl
aaiifi
Plate 2 Growth response of aau mutants with L-arginine

as the sole nitrogen source
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Plate 3 .Growth response of aau mutants with L-alanine

as sole nitrogen source

aauDl

Plate 4 Growth response of aau heterozygous diploids

with h-alanine as sole nitrogen source

aauAl
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Plate 5 Growth response of aau mutants with L-glutamate

as sole nitrogen source

Plate 6 Growth response of aau heterozygous diploids

with L-glutamate as sole nitrogen source

aauAl
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Plate 7 Growth response of aau mutants with L-phenylalanine

as the solo nitrogen source

Plate 8 Growth response of aau heterozygous diploids with

L-phenylalanine as sole nitrogen source
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Plate 9 Growth response of aau mutants with L-glutarnate

as the sole carbon source

aauDl

Plate 10 Growth response of aau heterozygous diploid;

with L-glutamate as a carbon source

aauDl
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(a) Resistence of aau mutants to certain toxic analogues

of amino acids and inorganic nitrogen

An gttempt was made to correlate uptake deficiencies
with resistance to certain toxic analogues. Unfortunately, this
survey was rather limited since most of the analogues reported to
be inhibitory to bacteria and yeast were found to be ineffective

against wild type cells of Aspergillus nidulans. These include

analogues of L~glutamate (D-glutamate), L-aspartate (fluoro-aspartate,
D~agpartate), Learginine (canavanine), L-proline (agetidine-2-

carboxylic acid), L~lysine (thiosine), L-methionine (ethionine)-and
glutamine (glutamyl-hydrazine).

However, three analogues were found to inhibit the

growth of A, nidulang viz., aspartate hydroxamate, glutamate
hydroxamate and D-serine. Auxanographic tests of a wild type
strain indicated that inhibition of growth is reversed by IL-asparagine,

I~glutamine and L~gerine respec¢tively.

In addition, p-fluorophenylalanine, l.3-azmino tyrosine
HCLl (Sinha, 1967), methylammonium (Arst and Cove, 1969) and thiourea.
(Dunn and Pateman, 1972) toxic analogues of L-phenylalanine,

L~tyrosine, ammonium and urea respectively were used.
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Mutants, mealA8 uruAl SER~9 fpaD4? ahyAl glvAl, known

to be resistant to at least one of these anslogues, were tegted as
controls. The results of these tests are shown in table 10 and
plates 11 =~ 16, asuhl, which has low uptake of L=glutamate and
L;aspartate, is founc to be sensitive to all seven toxic analogues,
p=fluorophenylalanine, D-serine, aspartate hydroxamate, glutamate
hydroxamate, Ll.%-~amino tyrosine, methylammonivm and thiourea.
sauBl is resistant to only D-serine and aauBl/+ sensitive to this
indicating again the recessivity of the aauBl mutation. asuCl and
a2auDl are cesistant to p-fluorophenylalanine, l.3-amino tyrosine
and.Dnserine, Again, as judged by resistance tests these mutants

appear to be semi or fully dominant,

Of the six control mutants three are known to be uptake
mutants; meaA8 - low uptake of nethylamine (Pateman, personal
communicatién, Arst and McDonald, 1973), uruil - low uptake of urea
(Dunn and Pateman, 1972) and fpaD43 - low uptake of certain amino

acids including phenylalanine (Sinha, 1969). meaA8, uruil and aau

mutants have no common resistance pattern. fpaD4? shares some
common resistance features, e.g. resistance to p=fluorophenylalanine
and lej=amino tyrosine. However, fpaDj3differs in that it is not

resistant to D-serine, unlike aauBl, aauCl and aauDl.
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Plate 11 ‘" Resistance of aau mutants to D-serine

aauCl
Plate 12 Resistance of aau heterozygous diploids to
b-serine
aauCl

aauAl
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Plate 13 . Resistance of aau mutants to p-fluorophenylalanine

Plate 14 Resistance of aau heterozygous diploids to

p-fluorophenylalanine



Plate 15

Plate 16

Resistance of aau mutants to thiourea

aauA.l

uru Al

Resistance of aau mutants to Ij-aspartate

hydroxamate
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4o Discusgion

\
The results presented in this section suggest that

Aspergillug nidulang, in the wild state, elaborates an uptake system

specific for certain acidic amino acids., This system, actively
concentrates L~glutamate and L-aspartate against a concentration
gradieﬂ%.' Cysteic acid may also be at least partly transported by
the Leglutamate transport system since it was found to be a
competitive imhibitor of Ieglutamate and IL-aspartale transpoxrt.
Since only low levels of uptake of this amino acid were found under
all conditions tested, it whs not possible to compare the Kmw and Ki
value. Therefore the questign remains wnanswered and indeed there

is the possibility that L-cysteic acid uptake is an independent

specific system, regulated by sulphur as has been found in P.chrysogenw

(Skye and Segel, 1970). Unfortunately, all cells were grown in
minimal medium which contains excess sulphur (2.6&3m?gnesium
sulphate.) Since the guestion of I~cysteic acid uptake remains
unregolved, the system will be referred to as the IL-glutamate uptake
system, asg opposed‘to the acidic amino acid uptake system. Apaxt
from this anomaly, there is support for the contention *that the

system is specific for L-glutamate and L-aspartate; first there is
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agreement beltween the Xm for Ieglutamate and its Ki when an
ixhibitor of I-aspartate uptake, and vice versa, and secondly,

similar Km values for Ie-glutamate and L-aspartate.

Evidence ié presented in this section that the L-glutamate
transport system is regulated by ammonium, although it is not clear
if this is due to inhibition of an already synthesised system or
repression of the synthesis of such a system. * It was shown that
ammonium inhibits L-glutamate transport by approximately 35%, but
this could be inhibition by an indirect non-specific type, rather
thaﬁ by a direct control type. On the other hand, the addition of
actidione, an anti-metabolite, which stops protein synthesis in fungi
(Segel and Johnston, 1963) prevents an increase in I~glutamate uptake
when cells are derepressed. This may imply that the appearance of
the uptake system in such derepressed cultures is due to de nova
synthesis of the uptake system. However the possibility cannot be
ruled out that inhibition of I~glutamate transport, by actidione, is
due to a high pool of a certain metabolite(s), most likely an amino
acid, which accumulates as a result of the inhibition of protein
synthesis. tTherei'ore the question remains open and vearing these
boints in nind the phenomenon will be referred to as ammonium
represgion in this thesis. Indeed a number of uptéke systems in

Aspergillus nidulans and other muro-organisms have been found
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regulated by ammonium as discussed before. A number of mutants
have been isolated which are insensitive to ammonium repression of

certain other ammonium repressible systems,. These are meaA8, meaBb,

gdhAl, amrAl, xprDl and DER-3. These mutants are also ammonium

derepressed to various degrees for Ikglutamate uptake lending suppoxrt
to the argument that L-glutamate transport is yet another system
regulated by ammonium. As well as ammonium derepression the amrAl
mutation simultaneously results in impaired trénspor% of L-glutamste.
These results will be discussed in more detail in Section VI (General

discugsion).

Although the regulation of the L—glutamate uptake system
by ammonium can clearly be seen from the data, the role of L-glutamate
and the carbon status of the cells is not so evident. Maximal
activity of L-glutamate uptake is found in cells grown in -N medium
plus one of a number of nitrogen sources including nitrafe, urea,
I=glutamate, L-aspartate or Lualaning. This strongly suggests that
L~glutamate does not induce the system., Nevertheless, high IL-glutamate

transport activity is found in cells grown on ~CN medium plus 100 mM

L]

[WALE ¥

hH

L—glutamate or ~CN mediwn plus 100 mM L-glutamatc plus 10 m¥ ammon

=2

This indicates thal amnonium repression of I~glutamate transport does

not operate when I~glutamate is used as a carbon source. In fact,
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this implies that smmonium repression may be annulled when the
substrate is required as a carbon source. This view is supported

by the findings that, in A. nidulans, extracellular protease (Cohen,

menuscript in preparation) and acetamidase (Hynes, 1970) become
insensitive to ammonium repression when protein and acetamide,
'substrates of these systems respectively, are the carbon sources,

The tenet, that ammoniuvm repression is annulled in those cases where
the substrate can he used as a carbon source mﬁy be tested by
investigating a system in which the substrate cannot be used as a
carbqn SOUTCe . Such a system is urea uptake since urea cammot be
used a8 an effective carbon gource. It was found that in contrast
to L-glutamate {transport, urea transport in cells grown on -CN medium
+ 100 mM Leglutamate and 10 mM ammonium was minimal lending support

to the above hypothesis (Dunn, personal communication).

Apart from the kinetic data there is then a second
argument in favouwr of a specific system for I-glutamate and IL-aspartate.
Only this system appears to be regula%ed by ammonium, Regulatory
aspects of the other amino acid transport systems have been
investigated in some detail and from such studies it can be concluded.

that the presence of ammonium does net significantly alter the

transport of other amino acids tested. This is supported by the fact



that toxicities of certain smino acid analogues (e.g. D-serine,
p~fluorophenylalanine and 1.3-amino tyrosine) are not reversed by
ammonium, In contrast the toxicities of anslogues of uptake
systems, which are repressed by ammonium are reversed by the

. presence of ammonium, e.g. urea uptake (thiourea)9 purine uptake

(8 azaquanine),

Furthermore, the existence of a mutant azuAl in which
only Leglutamate and I=aspartate transport is abnormal strongly
suggests the existence of a specific transport system. The
pheﬁotype of this mutant under a number of growth conditions is
consistent with the above conclusion, i.e. wild type growtﬁﬁéll
nitrogen sources except for IL-glutamate and L-aspartate. The
growth of gaulAl is even poorer relative to the wild type when

L—glutamate or Im~aspartate is the sole carbon source.

The case for specific transport systems in fungi have
been argued by several workers. Pail has carried out detailed

kinetic analyses of amino acid uptake in Neurospora crassa and this

indicates the presence of three specific systems each of which
transports I~neutral and Iearomatic (Pall, 1969; Wiley and Matchett,

1966), L-basic (Pall, 1970a; Bauerle and Garner, 1954), acidic
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amino acids (Pall, 1970b). Grenson and co~workers in a series

of communications present evidence for specific uptake systems for
individual amino acids in yeast, i.e. lysine {(Grenson, 1966),
L-methionine (Gits and Grenson, 1967), L-arginine (Grenson, Mousset,
- Wiame and Becket, 1966) and L-histidine (Crabeel and Grenson, 1970).

Moreover, it has been reporited that ammenium is transported by a

specific system in Aspergillus nidulans and certain other fungi
(Pateman, Dunn and Kinghorn, 19733 Hackette, Skyle, Burton and
Segel, 1970) as is urea uptake (Dunn and Pateman, 1972).  In

b . s
Penhlllum chrysogenum there appear to be specific systems for

L-methionine (Benko, Wood and Segel, 1967), L-cystine (Skyle and
Segel, 1970)9 Leproline, I~lysine, Ie-arginine as well as distinct

acidic and basic systems (thter and Segel, 1971).

The isolation of uptake mutants in a number of microm
organisms has tended to support the case for specific uptake systems.

For instance,; the uruAl mutaticn in Aspergillus nidulans results in

impaired urea uptake (Dunn and Pateman, 1972) as does meaA8 ammonium

uptake (Arst and Page, 1973). In Neurospora crassa, Thwaites and

Pendyala (1969) described the propertieg of a mutant, designated bat
(formerly UM535) which specifically is impaired in the uptake of

basic amino acids. However, other mutations which cause an
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alteration in basic amino acid transport include hlp-l (Choke, 1969)
and CR-10(Roess and Debusk, 1968). Pall (1969) reported that mbr
mutants of Lester (1966) and Stadler (1966) appear to lack the

neutral and aromatic amind acid system.

Mutants of S. cerevisiae have been isolated in which the

uptake of certain amino acids is specifically impaired. For

example, specific permease mutants for arginine (Qﬁﬁzﬁk)a 1ysiné
(lys=pl) and methionine (met~pl) are resistant to the corresponding
toxic analogues canavanine, thiosine and arginine, respectively
(Grenson et al., 1970 and references therein). A mutant specifically
affecting I-histidine uptake (his-pl) was isolated on the basis of
poor growth on L-histidine as a nitrogen source (Grabeel and Grenson;

1970).

Thus, uptake systems specific for (a) groups of 'families®
of amino acids, i.e. acidic, neutral or basic, (b) specific amino
acids, appear to be present in most fungi studied. Transport of

acidic amino acids i.e. L-glutamate and L-aspartate in Aspergillus

nidulans, therefore, appears to be rather similar to specific systems'
in other simple eucaryotes. Moreover, the L-glutamate uptake system

described in this thesis resembles the acidic acid transport systems

described in N. crasgssa (Pall, 1970b) and P. chrysogenum (Hunter and

Segel, 1971).
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In addition to specific'systems, general amino acid
transport systems have also been described in fungi. For instance,
Grenson and co=~workers have described a ‘'general' amino acid
transport system in yeast (Gmenson et al., 1970)e The presence
of a ‘'general' transport system has also been reported for Bolrytis

fabae (Jones, 1963), Arthrobotrys conoides (Gupta and Pramer, 1970),

Wevurospora crassa (Pall, 1969) and Penicillium chrysogemum (Benko

et al., 1970).

As in the cases of specific systems mutants have been
isoléted which have lost the ability to transport a number of amiﬁo
aclds. In yeast mutation in the gap locus results in loss of the
_general permease sysbtem and the uptake of certain neutral and basic
amino acids but not acidic are impaired (Grenmson et al., 1970).
Grenson and Hennault (1971) reported that mutation in the apf locus
(not allelic with 5§3) resulted in low upitake of basic, néutral and
acidic amino acids. Another mutation allelic with apf (designated

aag) has been reported resulting in low uptake of a nuvmber of amino

acids (Surdin, Sly,.Sire; Borden and De-Robichon-Szulmayster, 1965).

Several genes are also known to affect amino acid

trensport in Neurospora crassa. Kappy and Metzenberg (196%5) have

shown that un~t has decreased transport of acidic, aromatic and neutral
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amino acids. Moreover, it was found that mutation at the nap

locus results in a similar phenotype (Jacobson and Meizenberg, 1968).

In Aspergillus nidulans Sinha (1969) has described

uptake mutants originally isolated by Morpurgo (L962a, 1962b) and
- MceCully (Dorn, 1967), These mutations at the fpaD locus result in

low uptake of aromatic neutral and acidic amino acids.

The data presented in this thesis shows that mutation

at no less than another three loci, aauB, aauC and asul results in

impgired uptake of a number of amino acids. The selection
technique, i.e. inability to grow on L-glutamate as a sole carbon
and nitrogen source, was designed to select uptake mutants with low
uptake of the L=glutamate upiake-system. Rather gréﬂgously, this
method generated a number of mutants which appear to be defective

in the uptake of a number of amino acids including ILeglutamate and
L-aspartate. Although the study of these mutants did not yield
very much information with reséect to regulatory aspects of
L=glutamate metabolism, nevertheless may be of value in providing
information regarding other aspects of transport activities, e.g. ,

specificity etc., and will be briefly discussed.
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The data presented in this section showg that mutation
at the agauB" locus reduces the permeability of the cell membrane to
acldic and neutral amino acids. The growth as well as resistence
properties; is probably confered by decreased uptake of these amino
acids. Uptake of inorganic nitrogen, aromatic and basic amino
acids is not affected and this is in agreement with growth and
resistance teste : aauB mutants are sensitive to thiourea,
p=fluorophenylalanine, 1l,3%-amino tyrosine, aspartate hydroxamate
and glutamate hydroxamate. Since the growth rate of aguBl is
similar to that of the wild type when grown on inorganic nitrogen
sources, aromatic or basic amino acids, it is concluded that the

physiological defect is limited to the transport function.

Several explanations can bé advanced to explain such
mutations including the hypothesis that certain fungl have systems
with wide specificities. These systems in some cases, é‘g. yeast,
may embrace aromatic, basic and neutral and in others, e.g. N. crassa,
aclildic, neutral and aromatic amino acid transport. At first sight

it might seem that A, nidulans possesses a similar wide specificity )

transport system since gaubl is rather similar to nap and un=t
mutations in N, crassa in uptake patterns. There is however, one

important difference in A. nidulans since the data suggests that
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there is only one impoxrtant system for Leglutamate transport.

The existence of gauhl, which has low L-glutamate uptake but normal
neutral and aromatic uptake and the fact that only the IL-glutamate
system is regulated by ammonium are gtrong evidence on this point.
Another possibility is that the locus gauB specifies a protein
which is shared by both acidic aromatic and neutral systems and which
plays an important role in membrane function. Tor insbance,
neutral, arcomatic and basic systems may share a common energy
coupling system such as D(u) lactic dehydrogensse. This enzyme
has_been found to generate energy for the transport of amino acids
in bacteria (Kaback and Milner, 1970). The fact that the aauB

mutation is recessive does not disagree with this theory.

Evidence has been presented which suggests that aguC
and aaud loci also play an important role in amino acid transport.
Mutations at these loci result in impairment in the tranSport of
acidic, neutral and aromatic amino acids while bagic aminc acids and
inorganic nitrogen uptake is not affected. The mutants grow poorer
than wild type when grown on acidic neutral and aromatic amino acids
as sole nitrogen source. Tn addition, they are regista
p-fluvorephenylalanine and l.3-aminc tyrosine.  Thus, again, as in
the case of the aauBl muiant, the uptake data, growth teste and

resistance patterns agree closely. The mutants grow as wild type

prs
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on minimal medium indiceting that the defect is mainly in {rangport.
The aauCl and gaull are rather similar to the fpaD mutants of
Sinha (1969) in their uptake characterigstics and dominance over the

AR
wild type allele. ﬁpaD{éan be distinguished from gaul). and asuDl

by its D-serine sensitivity. Moreover, the gau mutants rather
resemble un~t (Kappy and Metzenberg, 1965) and nap (Jacobson and
Metzenberg, 1968) mutants in N, crassa which have decreased ability

to transport Leacidic, J~neutral and Ir-aromatic amino acids as

discussed above.

Sinha (1969) discussed the possibility that fpaD plays

a regulatory role in amino acid uptake in A, nidulans, However, the

finding that dominant mutations gt another twe loci resultg in
similar phenotypic expressions tends to discredit this theoxy. It
is unlikely that all three locl are involved in regulation. A more
plausible explanation is that the loci code for structural proteins
which are intimately associated with and shared by acidic, neutral
and aromatic amino acid uptake. The~products of these three loci
are required for normal uptake of these amino acids. As mentioned

before this is rather similar to the Neurospora situation where

mutation at un~t or nap results in a decreased uptake of neutral,

aromatic and acidic amino acids. Moreover the gene products of
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bat, hlp-l) and ¢r-l0 are required for basic amino acid transport

in Neurospors crasss and gan and apf for general amino acid in

yeast. Indeed, it may be that mutation at any one of these loci

aauC, aaud or fpad (and perhaps others presently unknown) results

in the production of an abnormal protein which is incorporated
into the membrane in such a way that there is distortion of the
membrane leading to malfunctioning of cextain upitake systems.
Moreover, it ig also plausible that this type 6f mutation would be
dominant since such an abnormal protein might also be incorporated
into the membrane in the heterozygous diploid. Another theory is

that aavuC, aaud and fpaD code for systems which provide transport

energy. This is thought to be improbable since it is likely that

this type of mutation would be recessive,

Another noteworthy point is that all classes of uptake

mutants isolated, i.e. aauldl, aauBl, asuCl and aaudl have normal
uptake of bagic amino acids. This is probably due to the selection
method chosen, i.e. poor growth on L-glutamate as a carbon source,

This suggests that basic amino acid uptake is rather similar to the

i

Neurospora situation where basic aminc acid seems to be relatively

independent of acidic, neutral and aromatic uptake as Jjudged by the

uptake patterns of mtr, un-t and nap. It may be possible to

isolate a mutant of Aspergillus nidulang rather similar to bat by

selecting for resistance to aspartate and/or glutamate hydroxamate.
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As a cautionary note in studies of this kind, it should
be kept in mind that transport systems may exist which facilitate
the exit of nitrogenous compounds as has been found recently in

the case of Leglutamate efflux in J. coli (Halpern, Barash and

Druck, 1973) and ammoniuvm in Aspergillus nidulans (Pateman and
Forbes, 1972). Moreover recent studies (Halpern, Barash, Dover and
Druck, 1973) have shown that there is a dependence of L-glutamate

. + Lt
transport on the concentration of Na+ and K ions.

Future research on agu mutants along these lines may

invalidate some of the above arguments but clearly similar

investigations are required in eucaryotes.

A preliminary report of this work was presented to the

Genetical Society (Kinghorn and Pateman, 1972).



Section IV

NADP L~glutamate dehydrogenase and ammoniun

control
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gdhA

1. Isolation and genetic characterisation off mutants

NWine mutants designated gdhAl to gdhA9 were iﬂplafed

by the method of MacKintosh and Pritechard (1963) on the basis of

. sensitivity to high concentrations of eammonium (see Materials and
methods, page 43 ). Diploids between gdhAl and othexr gdhA
alleles, and heterckaryons of all possible combinations of gdhA
alleles, were made. The mﬁﬁants were shown tg be allelic by theix
failure to complement in these dipleoids and heterxokaryens. - By

the .technique of haploidisation, it was found that gdbAl zdhA2 and

£dhA9 mutants assort freely with all markers except gal indicating

that gdhA is on linkage group IIL (table 11).
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Table 11 3 Haploidisation analysis of gdhA mutants
Dipleids gahal. £ahAZ £30A2
MSoF, JURYS I MeSFe

Linkage gene

group  narker gdhA gdh.é.'%" g’Ldl“JA— e;dhA+ gdhh gdhAw"
T v 2% 5 11 29 20 26
vy 10 22 ) 9 % 13
II Acra® 10 6 14 19 18 30
Acpal 19 25 7 5 4 7
III gal™ o5 0 %4 0 30 0
gal” 0 35 1 10 1 26
v pyro” 1.9 6 25 8 16 23
pyro 9 26 6 1 1 26
v fac™ 38 5 16 18 10 20
fac 10 T 4 3 5 22
VI o 39 3 14 19 14 23
g 11 7 6 1 6 20
VII nie’ 20 11 1 19 23 1.0
nic 9 10 6 4 10 13
VIII ribo™ 25 14 5 25 19 20
ribo~ 5 16 4 11 L 17

Conclugsion := The strains bil gdhAl, bil gdhA2 and bil gdhA9 are

translocation free and the locus gdhd can be

agsigned to linkage group I1I.
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Mapping gdh4l mutant by meotic analvsis

By appropriate crosses gdhAl was located in the argB -
galD interval in linkage group IIL. Results of various crosses

_are presented heres

cross 1 bil

S

+ + - + gdudl
methl argB galA +

Markers hil, y-2 and w=7 being on linkage groups I, I and
IT respectively were irrelevant for the purpose of this cross, and
were, therefore not classified. The results from a hybrid perithecium

show the following segregation of markers:

Segregation of markers and allele ratios:

ﬁethH +
argB 65 6 71
+ 3 81 84

68 81 155

Recombination fraction := argB ~ methH = 5,8% X 1.9




Recombingtion fractiocn s

me thi 4+
gdhA 10 78 ] 88
+ 59 8 o7
69 86 155

methil - gdhA = 18,006 & 3,1

arghb +
gdhA 4 65 69
+ 62 14 76

Recombination fraction ge

66 79 133
areB - gdhA = 11,64 & 2,7

galh +

&dhA

18 19 o1

51 17 68

Recombination fraction s

69 96 155
golA - gdhh = 23.2% £ 3.3

gall +

arghB

20 61 81

53 21 14

Recombination fraction s

13 82 155

galh - argB = 26,1% hd 3.5

145
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X088 2 ot X paba, gdhAl +
bil + + + meaB6
meaBb6 4
gdhA 4 10 14
+ 13 2% %6
17 2% 50

Recombination fraction :- meaB ~ gdhh = 54.1% £ 7.1

Sross 3 bil + + gdhAl T

+ y=2 pabah + xprhl
xprD +
gdhA 1 30 | 33
o+ 20 9 29
21 39 13

Recombination fraction i~  xprD ~ gdhf = 24.6% Z5.1
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A linkage map shows the position of the gdhA locus

with respect to othexr markers in linkage group III,

XprD = = = = methf = = = « argB = w = « gdhA « « ~ «~ gall  meaBS

& < 7 < >
5.8 X 1.9 11,6 £ 2,7 23.2 % 3,3
¢ >
18,0 & 3,1
< ” >
26,1 = 3,5
< >
24.6 % 5,1
& 7

54.1 & 7.1

It was concludea that the gdhhA locus is in the
argB «~ = - gald interval of the linkage group. Derepression of
ammonium~repressible activities has also been shown to be a
pleotropic effect of mutations at two loci which are alsc located in
linkage group ITI {meaB and xprD). The data presented shows that
gdhAl) maps independently of these loci; gdhAl showed approximately ,
50% recombination with meaB6 and 24% with xprDl., Therefore, it was

concluded that gdhAl is not allelic with meaB6 or xprDl. The

phenotypes of the double mutants will be discussed later,

&L
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2. NADP~GDE activity in gdhA mutaonts

) Table 12 shows NADP-GDH activity in gdhA mutents

grown under different conditions. Pateman (1969) has shown that
high NADP~CDH activity is found in wild type cells when grown on

10 mM ammonium as a sole nitrogen source. Since gdhA mutants

grow poorly on this, =N mediuvm plus 10 nlf ammonium was supplemented

with 0,15% (approx. 10 mM) casamino acids and‘transferred ho el

medivm plus 10 @M ammonium only for a period of 3 he While the

wild type has high activity (approximately 2000 nanomoles/min/mg)

the gdhil, @dhA2, gdhA3, gdhA4 undetectable activity (<100 nanomoles/

min/mg) and gdhAb to A9 from 10% to 20% wild type NADP-GDH activity.

The heterozygous diploid gdhAl/+ has similar NADP-GDH
activity to the haploid gdhAﬁ indicating that the gdhAl mutation is

receasive,

When wild type cells are grown on 1,5% casamino acids
as a sole carbon and nitrogen source there is undetectable NADP-GDH
activity (see page 201 ), The gdhA mutants also have similar '

activities under these conditions.



Table 12

(a) Growth conditions

149

NADP-GDH activity in gdhA mutants

Treatioent ge

(b) Growth conditions

Tregtment g=

L 14

~N medivm + 0,15% casamino acids

4 10 mM ammonium

N medivm + 10 mM ammonium for 3 h

~CN medium + 1.5% casamino acids

none

Enzyme activity nanomole/min/mg protein

Strains Growth condition | Growth condition

and greatment (a) | and treatment (b)
wild type 1940 £ 100
gdnal £ 100 £ 100
£dhA2 £, 100 ¢ 100
£dbA3 < 100 ¢ 100
gdhhd, £ 100 ¢ 100
gdhAs 310 £ 100
gdhAé 350 2100
dhAT 320 ¢ 100
£dhA8 210 ¢ 1.00
£dhAD 590 £ 100
£abAL/+ 1.81.0 £ 100
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3. Electrophorvetic mobility of mutant NADP-GDH proteins

From plate 17 depicting a starch gel stained specifically
for NADP-GDH activity, it can be seen that there is only one. band
of activity in the wild type strain. Only the mobilities of three
mutant proteins are shown for clarity, namely gdhAl which shows no
detectable NADP-GDH as judged by enzyme assays, gohA8 - the least
detectable activity and gdhA9 - maximum detectable activity. No
band was observed for gdhAl while a faint band for gdhAB and a
heavier band for gdhA9. A direct comparison of activity with wild
type cammot be made since the concentration of mutant extracts weve
approximately four times that of the wild type. The bands of
mubtant activity appeared at approximately the same position as the
wild type, thus showing that the wild type, gdhA9 and gdhA8 (and also

gdhA7, gdhA6 and gdhA5) have similar NADP-GDH electrophoretic

mobilities.



151

Plate 17 Electrophoretic mobility of mutant
NABP-GDH protein

growth conditions -N medium + 0*15% casamino acids

+ 10 mM ammonium

treatment 2- -N medium + 10 mM ammonium

wild type gdhA9 gdhA8 gdhAl



152

4o NAD-GDH activity in gdhA mutants

Talle 13a shows that NAD-GDH activity in gdhA mutants
is unaffected. Grown under a condition which gives maximum wild
~ type activity (see page 200 ) namely on 1.5% casamino acids as a
sole carbon and nitrogen source the mutants have wild type activity.
When grown oh =N medium 0,15% casamino acids plus 10 mM ammonium
and transferred to «N medium plus 10 mM ammoniﬁm for periods up
1o 24 h the nutants have undetectable levels of activity Llike the
wild type (table 13b). This is quite different igw%he gituation in

h .
Neurospora crassg were am mutents 'adapt' after a lag by synthesising

NAD~GDH (Almed and Sanwal, 1967).
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Table 13a @ NAD-GDH activily in gdhA mutants

rrowth conditions s  ~CN medium + 1,5% cagamine acids

Tregtmnent 2« none

Strains | Bozyme activity
nanomule/min/mg
protein

wild type 2520
2dhAL 2610
£ahA2 2600
adhA3 2300
Fdhid 2490
i) 2590
23ha6 2210
FODAT 2430
23bAS 2630
gdhA9 2690
gahal/+ | 2630




Table 13b ¢ NAD=-GDH activity in gdhA mubtants

Growth conditions s~ =N medium + 0,15% casamino acids

Tregtment g-

4+ 10 mM ammonivm

a) N medivm + 10 mM awmonium for 3 h
b ~N mediwa + 10 mM ammonium for 6 h
c =N mediwn + 10 nM ammonium for 12 h
a =N mediuvm 4+ 10 mM ammonium foxr 24 h

Strains Enzyme activity
nanomole/min/mg protein
Treatments

(a) (b) (c) (a)
wild type £ 1.00 £100 €100 £100
&dhAL £100 €100 4100 <100
£dhA2 €100  £100 4100 4100
gdbA3 {100 4100 4100 <100
2dhAd £100 €100 4100 <100
£dhAS £100 £100 4100 &100
£dhA6 £100 4100 <100 4 100
gdhAT €100 €100 <100 < 100
2dhA8 £100 4100 <100 £ 100
2dhA9 100 €100 <100 €100
gdhAl/+ <100 £100 <100 4100
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5a Growth responses of gdhA mutants

The gdhA strains were tested for growth cn a mmber of
ceftain inorganic and amino scids as sole nltrogen sources. The
"~ results presented in table 14 show that the gdhA mutants grow
equally poorer than wild type on incrgenic nitrogen sources, l.e.
10 mM nitrate urea ox ammonium (plate 18)., The addition of 100 mM
glycine to 10 oM ammonium did not gignificantly change the growtbh
responses of gdhA mutants with the exoepti&n of gdhAd; glycine

v

has an inhibitory effect on NADP-GDE minus mutents in Neurospors

crassa (Pateman and Fincham, 1965). The growth difference between
£AbA and wild type was more exitreme on 200 mM ammonium or urea

(plate 19). gdhA mutants grow as wild type on 10 mM Ie-glutamate
(plate 20) and certain other amino acids, e.g. I~aspartate, L~alanine,
I~grginine, I-asparagine, or I-glutamine as sole nitrogen source.
£hA mutants are repaired by the addition of 10 mM glutamate to

<N medium + 10 mM ammonium, but not to -N mediuvm + 200 mM ammonium,

gdhA/+ grows as wild type with 10 mM ammonium and 200 mM ammoniwn -

3 4 3 3 ard KX .4
again indicating the recessivity of the gdhAl mutation.
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Table 14 ¢ Growth responses of gdhA mutants with certain

nitrogen sources

géno types
- medivm (201id) |wild gdhAl gdhA?2 gdhA3 adhA4 gdhAb edhAG edhA7 e@dhA8 zZdhAQ gdbAL/ +
- |type

10 mM ammonivm + = x x x x X X ) x "
10 mM nitrate x ks ky x * + i * + .
10 mf‘ urea I S S S SR SR S
10 oM Leglutamate | + 4 s e + + + + + + +
10 mM Ieaspartate| - 4+ + + + + + + 4 & xS
10 mM Lealanine “+ + 4 8 + + + + ¢ % f
10 mM Iearginine + + + + + + b + 4 + i
10 mM Le=

asparagine + + + + ¢ 4 + + ! + +
10 oM Leglutamine | 4 + + + + + + + + + -+
200 mM ammonium o+ - - - - - - - - - +
200 mM vrea + o - o s - - - - - -
10 oM ammonium - .
10 oM Imglutamate | - + + + + -+ -+ + + + +
200 mM ammonium - .
10 oM Leglutamate | + - - - - - - - - - +
Yo tsvavl IOV S SN S-SR S S SR

+ = wild type growth

- = approximately 25 - 50% of the wild type

- = extremely poor growth



Plate 18 Growth response of gdhAl with 10 mM ammonium

as sole nitrogen source

O
OO0

Plate 19 Growth response of gdhAlwith 200 mM ammonium

as sole nitrogen source
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Plate 20 Growth response of gdhAlwith 10 mM L-glutamate

as sole nitrogen source



6. The gdhh mutation and ammoniuvm derepression

(a) ©Plate tests

A number of plate tests have been devised (see
Materials and methods, page 34 ) to enable guick screening of
the ammonium repression status of nitrate reductase, nitrite
reductase, xanthine dehydrogemase,extracallulér protease,
asparaginase, adenine~quanine uptake system, and the thiourea
uptake system. The results presented in table 15 show that the
gahA mutants are derepressed for nitrate reductase (plate . 21),
nitrite reductase, xanthine dghydrogenase, asparaginase,
adenine-quanine uptake system and urea uptake (plate 22) but are
repressed for extracellular protease. £3dhAl appears to be

recessive with respect to ammonium control as Judged by plate tests.
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Table 15 : DPlate tests of ammonium derepression in gdhA mutants

genoclypes

wild gdhAl gdhA2 gdhA% gdhAd edhAh pdhA6 gdhA7 odhA8 gdhA9 gdhAl/+

type
nitrate
reductase o | +(R) ~(@) =(®) ~(®) =~®) ~(@) @) =) =@ «~@) +(r)
nitrite
rednotase 0 |4(E) () =) =(0) ~(0) =(0) =(0) ~(®) (D) ~() +(&)
Protase @) w®) 4@ 4) +@) «®) +@®) ) +@) @) . +@)

xanthine dee~
bydrogenase o [+(R) «(D) =(D) =(D)} =(D) ~(D) -(D) ~(@) (@) -(®) +@®)

adenine
upteke syston o |+(R) ~() ~(D) ~(@) -(0) () ~@) ~(0) ~() -(O) +(x)

wreg uptake
systen o [4R) (D) (D) ~(0) () ~(@) ~() -(@) -@) -@) +)
asparaginase o {+(R) ~(D) =) =) =(®) =-(OD) ~®) ~@) =~®) -®) +(&)

¢ nitrace reductase, nitrite reductase, asparaginase, ures and adsnine-gquanine

uptakes.

-+

= wild type growth, repressed by ammonium (R)
= extremely pooxr growth, not repressed by ammonium (D)

—
-

% extracellular protease

4+ = no halo produced; vepressed by ammonium (R)

halo produced, not repressed by ammonium (D)

LI

o xanthine dehydrogenassg

-

e

green conidia, repressed by ammonium (R)
yellow/white conidia, not repressed by ammonium (D)

it



Plate 21

Plate 22

Protection against chlorate toxicity by ammonium
(Plate test for ammonium regulation of nitrate

reductase)

gdhAl gdhAl/+

Protection against thiourea toxicity by ammoniujD

(plate test for ammonium regulation of urea uptake)

lel
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(b) Eozyme and uptake assays

The wild {ype strain was shown t¢ be repressed for
nitrate reductzase, urea and l~glutamate uptake (tables 16 and 17).
The gdhh strains are approx. 40 ~ 50% ammonium derepressed for
nitrate reductase and L-glutamate and 80% for urea uptake. The
difference in derepressed levels beltween gdhAl and gdhl9 do not

appear to be significant.

The heterozygous diploid gdbAl/+ again is recesaive.
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Table 16 ¢ Ammonium represgsion of nitrate reductase, glutamate
and urea uptake in wild type, gdhAl and gdhd9
Growth genotypes
conditions Treatment Systenm wild gdhAl @2dhA9  edhAl/+
type
«N medium =N medium
4 o15% casamino 4+ 10 mM nitrate nitrate 120 98 84 111
acids + 10 mM reductase
nitrate
+ »15% casamino + 10 mM nitrate
acids + 10 mM + 10 mM ammonium | nitrate # 4 45 29 4
nitrate + 10 mM reductage
ammoniwn
+ o15% casamino ~N medium I~glutamate
acids uptake = 1,05 1,09 1,20 1,02
4+ «15% casamino + 10 mM ammonium | I~glutamate
acids + 10 mM uptake = 06 0,41 0,56 0,07
ammornium
+ ¢15% casamino «N medium urea '
acids uptake = 1,0 1.1 1.25 1.02
+ o15% casamino 4+ 10 mM ammonium {urea
acids + 10 mM uptake = «05 «90 1,02 09

ammonium

+ regults expressed

-

[
i

as nanomoleg/min/mg protein

% results expressed as nanomoles/mg wet weight after 10 min,




Table 17

s Percentage ammoniuvm derepression of nitrate

reductase urea and Leglutamate uptake

ot ;
K\\\\gg? ypes

wild

' gdhal | edhAQ | gdhal/+
systmﬁ““\\N\_ type
nitrate
reductase %) 40 52 306
I=glutamate
uptake SeT 37 53 6.8
urea uptake 560 8l 81 8.8

164
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T. Methylamnonium toxicity snd sensitivity

Two of the five classes of ammonium derepressed mutants,
meaA and meal are resistant to the toxic ammonium analogue
methylammonivm {(Arst and Cove, 1969). The results presented in
table 18 show that gdhA mutants are not resistant to 1M methyl-
ammoniun. Moreover, at 50 mM methylammonium, a concentration at

vhich the wild type is resistant, gdhd mutents are hypersensitive.

HMethylammonium toxiclty

L1

Table 18

l Resistance Hypersensitivity
Strains | (1M methyl-{ (50 nM methyl-
ammonium ) ammonivm )
wild type - o+
meah8 * -
meaBo + l
gdhal - -
dhA2 - -
ok - - e
gahAd - -
gdhas . -
£3nA6 - -
£3IRAT - -
£4bAS - -
-] - ~
“ gdhAl/+ - +
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8. NADP=-GDH aetivity in other classes of ammonium

derepressed mutants

TR s e

resulted in loss of NADP-GDH and simuvltaneous loss of ammonium
control, it was necessary to establish the level of NADP-GDH
activity in other classes of derepressed mutants. It can be

seen from table 19 that meak8, meaBb, xprDl, amrAl and DER~3

have relatively wild type activities. The only class of
derepressed mutants which has low NADP-GDH is the ammonium

sensitive class, the gdhA mutants.

Table 19 : NADP-GDH activity in other classes of ammonium

derepregsed mutants

Growth conditions{ =N medium «~CN medium
+ 0.15% casamino acids|+ 1.5% ,
4+ 10 mM ammonium casamino acids
treatment -N medium + «a
10 mM ammonium
for 3 h
Strains Enzyme activity nanomole/min/mg
wild typs 1900 {100
£dhAl {100 £ 100
meal8 1790 ¢ 100
meaB6 1520 <100
; xprDl 1840 £ 100
amrAl 2050 ¢ 100
DER~3 1620 2100
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Fe Interaction between gdhA and cther ammonium derepressed locil

(a) meah locuss, The results of a crose (gdhA ¥ meal8)

presented in table 20 show that there is some interaction between

m@fhylammonium resistance (dve to mutation at the mead locus) and

- ammonium sensitivity (due to mutation at gﬁ@&), The phenotype of
resislance to

the double mutant class ls methylammonium and partial resistance to

high ammonium. Table 2% shows that there is no detectable NADP=GDH

in this class of recombinants. Moreover each phenotype class was

recovered when one recombinant of this was outcrossed. 'The growth

resﬁonses of the double mutant are the same as that of gdhA except

for high ammonium sensitivity (table 21). The double mutant is

similar to gdhA and meaA8 in gmmonium repression characteristics

as shown by plate tests (table 22).

Table 20 Segregation of methylammonivm resistance and

amponium sensitive markers in a gdhdlX meaA8 cross

Segregation to

Genotypeg No, of genotypes parental non-parentsl
of parents colonies considered, R + + -
analysed R/R s/s R/S PS/R

meah8 gdhA wild double
type mutant

bil gdhil x
¥ Eyro meal8 153 gdhA-mealA8 35 41

AN
\D

38




Table 21 : Growth responses of the gdhAl meaA8 double mubtant

=N medium (solid) |wild type gdbAl meahB reoonﬂi;i.nant
10 mM urea g X + +
10 mM ammonivm + x + +
10 mM nitrate + X o+ *
10 mM Leglutamate + o 4 +
10 mM L~aspartate + -+ + -+
200 mM ammonium + - + +

+ = wild type growth

i+

= approximately 50% of the wild type

~ = extremely poor growth
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Table 22 : Ammonium repression in gdhAl, meaA8 double mutant

(plate tests)

¥
System wild  gdhA  meaA8  recombinant
type 1
nitrate reductase e +(R) m(D) w(D) m(D)
nitrite reductase e +R) =) ~() -(D)
extracellular .
protease % +R)  +@®) +@R) +(R)
xanthine
dehydrogenase o +(®R) ~(@) ~®) -(D)
adenine~guanine
uptake system ® +(R) () ~(0) ~(D)
urea uptake system o +R) @) =) -(D)
asparaginase o +(R) =(@) =(p) ~(D)

o nitrate reductase, nitrite reductase, agparaginsse,
urea and adenine-guanine uptake

+ = wild type growth, repressed by ammonium (R)
- = extremely poor growth, not repressed by ammonium (@) .

x extracellular protease

+ = no halo produced, repressed by ammonium (R)

halo produced, not repressed by ammonium (D)

!! i

o xanthine dehydrogenase

Hi !l

green conidia repressed by ammonium (R)
yellow conidis not repressed by ammonivm (D

A
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Table 23 ¢  NADP-GDH sctivity in one clags of recombinants

recovered from g gdhAl ¥ meaAl cross

Growth conditiong &=  «N medivm + 15% cagsamino acilds

4+ 10 mM ammonium

Treatment g . =N mediuwn + 10 mM ammoniuvm

for % hours

Strain | NADP-GDH activity
nanomoles/min/mg protein

wild type 2100 - '
gibAL <100
recombinant 1 £ 100
" 10 £ 1.00
"o 52 £ 100
" 6% . £100
n 68 < 100
" 94 < 100
" 103 ) < 100
" 119 < 100
" 121 < 100




17l

(v) meal locus, Recombinants were isolated which had the
double phenotype methylammonium resistance and high ammonium
sensitivity (table 24). This class of recombinants lacked

NADP~GDH activity (table 27) and when outcrossed each phenotype

" class was recovered. The gdhAl, meaBb double mutant grows as gdbhAl
on inorganic nitrogen (table 25). It is also apparently derepressed
for ammonium repressible systems including extracellular protease

release (table 26), wnilike meaB6 and gdhAl mutants which retain the

ability to repress protease (plate 23" ~ xprDl is a control for .
anmonium derepression;,) However, it 1lg difficult to differentiate
between loss of ammonium regulation with respect to extracellular
protease and a premature avtolytic state since the double mutants
autolyse relatively quickly lesving é large hole in the centre of the

colony (plate 24). This may be a result of an early release of

roteases, ribonucleases, etc.
¥ ]

The recombination fraction (approx. 44%) found by this
cross confimms an earlier result (page 146) that meaB and gdhhA are

unlinked loci.



Table 24 ¢ Segregation of methylsmmonivm resistant and

ammonium sensitive markers in a gdhAl X meaB6 crosg

. Segreganta

Genotypes No, of genotypes parental  noneparental

of parents colonier congidered, 4o e oh dod e
analysed R/R S/s  R/S s/

meaB6 gdhAl wild double
type mutant

bil. meaB6 . ,
- 92 gdhAl-meaB6 27 3L 35
¥ pyro gdhAl

"\G

Recombination fraction s= 44.4% u 5e2



Table 25

¢ Growth responses of gdhAlmeaB6 double mutants

recombinants

=N medivm (solid) wild  gdhAl meaBb 2 5 22 24
type -

Py + 1._

10 mM area o+ -+ -+ ok x -

10 mM amuonium + T + ToF & -

WAL - + - - -

10 mM nitrate + oA + - - =

10 m¥ Te-glutamate + + 4+ o+ - +
10 mM IL~aspartate -+ . + -+

10 mM Lealanine + I - + 4 + +-

10 mM Leasparagine - + + + o+ 4 o

10 mM Ieglutamine + + + + o+ + +

200 mlM ammonium 4 - + - e e -

I+

. oo

wild type growth

approximately 50% of the wild type

extremely poor growth
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Table 26 : Plate tests for ammonium repression in gdhh, meaBb

double mutants

recombinants
test wild pdhAl meaB6 2 5 22 34
type

nitrate reductase e| +(R) ~®) ~() =(D) (D) (@) «()
nitrite reductase o | +(R) «~(D) ~(D) ~(D) ~(d) =) =(®)

extracellulax

protease z|+(R) +@R) +@) ~®) =@) (D) =D
xanthine

dehydrogenase ol +R) =) =) (D) -~ ~(@) «()
adenine=quanine

uptake systen o | +(R) =(d) +(D) -(D) «(0) =(0) =(@)

ures uptake
system e |+(&) =) +@R&) -~ =@ =@ -

asparaginsse o |+(&) ~(») +(@®) ~(D) =) ~(@) (D)

® nitrate reductase, nitrite reductase, asparaginase, urea and
adenine-quanine uptake

+ = wild type growth, repressed by ammonium (R)
- = extremely poor growth, not repressed by ammonium (D)

* extracellular protease

+ = no halo produced, repressed by smmonium (R)
- = halo produced, not repressed by ammonium (D)

0 ¥xanthine dehydrogenage

+ = green conidia repressed by ammonium (R)
~ = yellow conidia not repressed by ammonium (D)




Table 27 ¢  NADP=GDH activity in recombinants with the

gdhh , meaB double phenotype

Growth conditions

Treatment ge

teo N medium 4 0.15% casamino acids

4+ 10 mM ammoniuvm

N medivun + 10 mM ammonium

for 3 h

Strain

NADP=GDH activity
nanomole/min/mg protein

recombinant No, 22

"o 5
" 34
" . >
) wild type
£dhAl

< 100
¢ 100
{200
£100

2100

£ 100
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Plate 23 Ammonj-um repression of extracellular protease

in the gdhAl, meaB6 double mutant

gdhA.1. meaJB6

Plate 24 Morphology of the gdhAl, meaB6 double mutant
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(¢} xpeD locus.  From the results of a cross between

y paba xprD x bil gdbal (page 146 ) gdhil showed approximately 24%
recombingtion with xprDl. However since 20% of the progeny were
tegrotty' colonies, i.ec. colonies which are very small and leck
agexual reproductive structures, little confidence is placed upon
this recombination figure. These 'grotties' only grew on complete
medium and were impossible therefore to investigate any further.
Only one recombinant with the double phenotypé was recovered,

This proved to be lacking in HADP-GDH activity. The gdhAl, xprDL
dovble mutant grew extremely poorly on complete mediwm and is
armonium derepressed for extracellular protease and also sensitive

to high concentrations of ammonium., Cohen (personal communication)

alge found gimilar low recoveries of double mutants in gdhAl x xprDl

Crasses.

Another cross was set up hetween nicB8 riboA2 xprDl and

bil gdhAl £0 investigate the possibility that the 'grotties' are a

property of the y paba xprDl strain. Again, grotties at a frequency

of 20% of the total progeny appeared, but recombinants with the

A {1 ao\ Tn o mia i ann s e A
double Fhenﬂt}'p?‘ were not racoveiran \ranié 20 fe The LeGoveXy oX

‘grotiies! may be an abferlation in the xprDl strain and is likely to
be separate from the xprD phenotype (Cohen, 1973 - manuscript in

preparation).



Table 28 3§ Segregation of extracellular protease derepression

and ammonium sensitivity in o gdhAl x xprDlcress

genotypes No. of genolypes
of parents colonies considered

analysed

bil gdhal
X : 96
ribo2 nicB8 xprDl

gdhAl=xprDL

Segrepants
parental non--parental
4o +
R/Der. S/Rep. R/Rep. R/Deer.

gdhAl  xpeDl wild  double
type  mutant

o o

44 4L 11 0

Recombination fraction = 22,9% X 443
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(a) amzhA locus. IMutation at the amrAl locus results in pleotropic
loss of awmonium regulation for a number of systems xegulated by
ammonium and simulianeouns impaired uptake of certain nitrogen
sources such as thiourea (urea) and methylammonium (Pateman o
 personal commmnication) and Lmglutamate (see page 73 ). amrAl, as
a consequence of low uptake of thiourez, is able to grow better than
the other ammonium derepressed mutants on -N medium plus 10 mM
thiourea and 10 mM ammonium. This characteriétic was made use of
when scoring for amril, Table 29 shows that the double phenotype

is not recovered in a gdhAl x amrAl cross. Since there was a

significantly high number of single amrdl phenotype recombinants
recovered from this cross a number of these were screened for gdhA
activity (table 30). Some wewre found to lack NADP~GDH and it was
concluded that the amrAl mutation confers resistance upon gdhAl

¥y

to high concentrations of ammonium,
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Table 29 ¢ Segregation of thiourea resistance and ammoiium

gsensitivity in a gdhAl x amrAl crogs

Segregants
genotypes No, of genotypes parental  non-parentsl
- of parents colonies  considered L I S
ahalysed - gdlAl amrAl wild double
type mutant
+ 128 gdhAleamral- 21 66 41. 0

yA2 pyroAd amrAl

Table 30 ¢ NADP~GDH activity in the recombinant class with the

amrAl phenotype

Growth conditions s« =N medium + 0.15% casamino acids

+ 10 mM ammonium

Treatment g~ "=N mediuvm <+ 10 mM ammonium for 3 h

Recombinant No,{ NADP~GDH activity
nanomole/min/mg protein

wild type 2150

gdhAl <100

6 <100

8 <100

20 175

B4 1620

91 1950

12 £ 100

52 ¢ 100
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10, Attempts to isolate temperature sensitive mutations

in the gdbA gene

The approach was to isolate new gdhA strains which were

’ able to grow on 200 mM ammonium ab 2500 but not at 3?00 (see
Materials and methods, page 435 ). This work was carried out to
establish if (1) temperature sensitive gdhA mutants are also
tempergture sensitive for ammonium derepressioﬁ and (2) the gdhh
locug is the structural gene locus for NADP«GDH. 600 revertants
which were able to grow on 200 mM ammonium atb 2500 were isolated,

but all except one were able to grow on this medium at 5700. It vas
found that this exceplion did not have temperature sensitive NADPmGDH
activity, I have been unable, therefore, to find any evidence which
would establish any of the above objectives., However, a noteworthy
point yielded by this line of investigation was that a large numbex
of revertants on high concentrations of ammonium were also methylaﬁiﬁe
resistant and remained derepressed for ammonium regulatéd systems.
Further investigation revealed thal these were double mutants gdhd,
meah8, This find adds support to the claim (see page £€7 ) that

the meaA8 mutation confers resistance upon gdhil to high concentrations

of ammonium,
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1l. Cellular localisation of NADP IL-glutamate dehydrogensse

To determine if the NADP-GDH activity locates in the
mitochondrial or cytoplasmic fraction, mycelium was disrupied and
& cell fractionation carried out. Table 3L shows the activities of
NADP=GDII in soluble and insoluble fractions. Malate dehydrogenase,
(MDH), reported to have been found in mitochondria of certain.
organisms including fungi (Munkres, Giles and éaseg 1965) was used
a8 a mitochondrial fraction control. It was found that the
insoluble fraction contained relatively high malate dehydrogenase
activity but undetectable NADP-GDH activity. Most of the NADP--GDH
activity appeared to reside in the cytoplasm and this is rather

gimilar to the situation found in Neurospora crassas (Flavell and

Woodward, 1971).

Table 3L Cellular location of NADP-GDH

fraction | nanomoles/ml extract

MDH NADP~GDH

soluble 220 2820
insoluble 520 < 100

[




12, The free aminc acid pool in wild type cells

The possible involvement of glutamate itself in wegulation
was investigated by determining the glubamate pool gize under
varying carbon and nitrogen conditions. The aspartate and I~alanine
pool sizes were also computed from the results for twoe reasons o
(a) these were more than 5 pmole/mg dry weight cells. (411l other
amino acids except glutamate and arginine were'found below 1L umole/gm
dry welght except when grown on that amino acid as a sole nitrogen
gouree). (b) changes in aspartate and alanine pools are more
likely to affect the size of the glutamate pool than other amino
acids since aspartate and alonine can be converted to glutamate by

one step transamination reactions.

One of the interesting features which emexrged from this
survey was that the concentration of free intracellular glutamsie
was higher than any other amino acid (table 32). Another point
which is relevanl to later discussion is the relative consistency of

the glutamate pool in cells grown on =N medium plus 1O mM ammonium

J

and grown on ~N medium plus 10 ml

5
o1h]
o
:g'
&
0
PN
(o}
.
g
€©
[o]]
Foe
[#]
o
H
[0
wd
£
4
&
2
b=
:—3

the glutamate pool size may have arisen over spontancous breakdown
the
of glutamine to glutamate and ammoniuvm during/extraction procedure.
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However, thig is notl thought to be sexious and rather overestimates

the glutamate pool size in all cases. In contrast to glutamate,

the pool sizes of aspartate and alanine could be increased

congiderably, in some cases 10~l2 fold when the cells were grown

. in aspartate and alanine respectively.
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Table 32 ¢ The free aminc acid pool in wild type cells
u moles/gm dry weight
Growth conditiong Treatment agpartatelalanine glutamafgm
~N medium -+
10 nM urea o 9 B3 65
10 mM ammonium - 8 28 58
10 mM nitrate - 7 AT o4
10 mM Ieglutamate - T 58 69
10 oM Ieglutamine o 10 38 T4
10 mM Learginine - 15 35 76
10 mM L-aspartate s 98 55 30
0,15% dasamino acids - 5 40 60
10 mM Lealanine - 6 95 99
~CN mediuvm A+
10 mM urea 100 mM asgpartate N
for 5 h 142 35 27
10 oM urea 100 mM Lealanine
for 5 h 29 92 85
10 oM urea 100 mM ILeglutamate
for 5 h 8 58 78
10 mM urea 10 mM urea
for 5 h T 38 59
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13, Discussion

The gdhA mutants, isolated on the basis of sensitivity
to high concentrations of ammonium are defective in NADP-GDH activity.
Four of the mutants gdhAl-Ad have activity below the limit cf
detection while low but detectable activity can be demonstrated in
£8hA5-A9.,  Indeed, gdhA9 has 20% activity of that of the wild type.
The NADP=GDH activity of gdhA5-A9 can Ve demongtrated by starch gel
electrophoresis and this activity shows that the mutant proteins have
wild type electrophoretic mobilities. ALl the gdhA mutants grow,
less than wild type on inorganic nitrogen sources, e.g. nitrate,
ammonium and urea, presumably because they are unable to uvtilise
ammonium efficiently for the synthesis of Leglutamate and require a
supplement of amino acid for gfowth& This explanation is supported
by the fact that the mutants grow as wild type on all amino acids
tested as sole nitrogen sources. When gdhA mutants are grown on
-N medium plus an inorganic nitrogen source, NAD-GDH is not
synthesised and therefore does not substitute for the lack of
NADP~GDH activity. Thus, it is difficult to explain the leskiness
of gdhA mutants when grown on 10 mM ammonium. Perhaps there are
residuval levels of other aminstion reactions, e.g. aspartase, which

help the mutants to grow in the absence of the primary amination step.



187

The gdhA mutants are completely unable to grow on high concentrations
of ammonium, Moreover, whereas the addition of 10 mlf L—glutamate

to low concentrations of ammonium results in wild type growth of
gdhh strains, this addition %o high concentrations does notk. This
suggests that 200 mM ammonium is positively toxic to gdhA strains.
Perhaps sensitivity to ammonium is connected with the fact that gdhl
mutants have a higher intracellular ammonium pool size than the wild
type in the presence of high concentrations of’ extracellular ammonivm
or vrea (Pateman, Kinghorn, Dunn and Forbes, 1972; Pateman and
Kinghorn, 1972). This high ammonium pool size may be due to one or
more of the following: (a) inability of gdhh mutants to utilise
ammonium efficiently as discussed above; (b) the fact that Zha
mutants are derepressed for ammonium uptake itself (Pateman et al.,
1973); (c) impairment in the ammonium efflux system. Pateman and

Forbes (1972) have shown that A, nidulans wild type can efflux

ammonium and at least one class of ammonium derepressed mutants is
impaired in this process. However, some other ammonium derepressed
mutants, e.g. XprDL and amrAl also have high intracellular ammonium

pools but are not ammonium-~sensitive (Pateman and Kinghorn, 1972).

Unlike the other classes of zmmonium derepressed nputants

gdhd strains are super-sencitive to low concentrations of methylammonium.



In contrast; two classes of derepressed mutants, namcly meah8 and

mea3§ are resistant to high concentrations. The reason fox

me thylanmoniun ;ggggéaﬁee is unknown at present and therefore it is

noﬁ poassible to give a reasonable explanation of this super—sensitivity
effect, It is likely that it is again connected with the fact that
£3hA mutants have higher ammonium and therefore methylammonium pool

sizes than the wild type resulting in higher sensitivity to methyle

ammonium,.

It iz of more than peripheral interest to compare the

phenotype of gdhA mutants with NADP-~GDH deficient mutants (designated

am) in Neurospora crassa. Beadle and Tatum, more than twenty years

ago, isolated amination deficient mutants in Neurospora crassa.

The phenotypes, genetics and complementation patiterns of these mutants
have been described by Fincham and cowworkers in a series of papers
(Pincham, 1950; Fincham, 1959; Fincham and Coddington, 1963;
Fincham and Stadler, 1965; Pateman and Fincham, 1965), These
mutants, which map at the am-l locus show a growth lag on ammonium
and Ahmed and Sanwal (1.967) suggest that this adaptive phenomenon is
due to an increase of NAD~GDH activity. The growth difference
between wild type and am-l strains can be sharpened up by the addition
of 100 mM glycine to the ammonium medium (Pateman and Fincham, 1965).

Aspergillus nidulans gdhf differ from am-l mutants in certain respects:
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N

(a) the gdhld strainé do not appear to have a well definsd growth
lag on low concentrations of ammonium; (b) ZdhA strains fail to
synthesise NAD-GDH even after %8 hours growth; (c) the gdhh mutants
are not sensitive to glycine except for gdhfds (a) the ap-l strains
are not so sensitive to high concentrations of ammonium as the gdhh
mutants (Kinghorn, unpublished work). It is possible *that the
differences in growth regsponses of mutants lacking NADP-GDH activity
in these evolutionaﬁ& rather similar mioromorgénisms may be due to

the differences in NAD-GDH activity.

As mentioned above gdhA4 appears to be sensitive to
glycine unlike the other gdhA mutants. The reason for this is not
clear, Moreover no other differences between this and the other

mutants were observed,

The gdhA mutation, as well as resulting in abnormal
NADP~GDH activity, simultaneously results in loss of ammonium control
for most systems regulated by ammonium including asparaginase,
nitrate reductase, nitrite reductase, xzanthine dehydrogenase,
Leglutamate, purine and urea uptake. The mutstion alsc results in
derépression of amronium uptake itself (Patemsn et al., 1973).
However, ammonium repression of extracellular protease is unaffected

by the gdhd mutation and this may be connecled with the fact that
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protease is under multiple control; it is also regulated by
carbon sulphur and phosphorocus repression (Cohen, manuscript in

preparation).

Since the gdhA mutants are derepressed for systems

. regulated by ammonium, this suggests that NADP=GDH may play some

role in ammonium regulation. There are severgl theories which would
account for most cf the facts. TFirstly, the NADP-GDH protein
specified by the gdhA locus has only catalytic function, bul low
NADP~GDH itself results in certain metabolic changes; e.g. pool

sizes of imporitant metabolites which then result in derepressicon.

The chief candidates for this regulatory xrole are perhaps ammonium
itself or Leglutamate, the product of the NADP=GDH catalytic reaction.
At the present time, there is evidence concerning the relationship
between ammonium pool size which makegﬁgh unlikely one. This is that
wild type cells can be either fully repressed or fully derepressed
with respect to ammonium regulation éf ammonium repregsible systems
and yet have the same concentration df intracellular ammonium

(Pateman et al., 1973)., TFor a similar reason, it is thought unlikely

-+

that L-glutamate is the repressor. gdh has similar I~glutamate pool

values when grown under fully repregsed or fully derepresse

cu

conditions.,  Another possibility is that the product of the gdhA
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gene itself is involved in the regulation of ammonium repressible

systems in addition to its catalytic function of gynthesising lLeglutamate
from c~oxoglutaric acid and ammoniun. If this protein is involved

it can only be part of the regulatory system since deficient

NADP-GDH is not an essentlal requirvement for ammonivm derepression.

five other classes of ammonium derepressed mutants xprDl, meal8,

meal6, amrAl and DER-3 all have normal NADP-GDH.

Double mutants between gdhAl and the other classes of
derepression with the exception of DER=3 (aiready a double mutant)
were made. While the phenotypes of the double mutants did not prove
very'informative with respect to elucidating the mechanism of
ammoniuvm repressioﬂ?ﬁévertheless yvielded some interesting

interactions. It was shown that the addition of meaA8 dr amril

genotype confers resistance upon gdhAl to high concentrations of
ammonium, The reason for this is presumably duwe—to-the-faet that
meah8 and emrAl have low uptake of methylammonium and therefore
ammonium itself under certaiﬁ conditibns (Arst and Page, 1972;
Pateman, personal communication); this low methylammonium transport

conferring resistance upon gdhAl., The double mutants gdhA, meaB6 and

gdhAl, xorDl are gensitive to high ammonium,  All 4 classcs of double

mutants are derepressed for ammonium repressible systems similar to
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their haploid parents with the exception of gdhA, meaB6. This
strain appears to he abnormal with respect to extracellular protease
release and perhaps other extracellular enzynes. Even in the
presence of smmonium very high levelg of protease are released.
Inéeed, after 4-5 days growth the centre of the colony is digested

"~ completely leaving a ‘gep! or 'holet, This effect is difficult to

explain since again the molecuvlar basis of methylammonium resistances

conferxred by mutation at the meaB6 locus is not knowm.

To return to the possibility that the protein defined by
the .gdhA locus itself is involved in ammonium regulation, If this
is so then there are several explanations as to how this would be
effecteds The firgt hypothesis is that NADP=GDH is a multi-
functional protein which has catalytic activity and also plays a
direct role in the rvepression of a number of sctivities. Mutation
in.%he structural gene for NADP~GDH, i.e. gdhf, would result in both
abnormal catalytic and control activity. Secondly, the gdhf gene
specifies a product which has some fundamental but at present unknown
regulatory funclion with respect to a number of metabolic systems,
Mutation in the gdhA locus can simultaneously result in repression
of NADP-GDH and derepression of other systems. This is perhaps the

more unlikely for the following reason. A common class of NADP-GDH
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minus mutants should be due to mutation in the structural gene(s)
for the protein. On this hypothesis such structural gene mutants
should have abnormal enzyme activity but normal ammonium repression.
However, sgll nine known NADP-GDH deflcient mutanits are sit ammonium
derepressed. Therefore the hypothesis requires the assumption
that there are no NADP=GDH structural gene mutations among the nine
known GDH=deficient mutants, although gstructural gene mutants

should be the most common class exhibiting enzyme deficiency.

However the point may be made that the selection method
(high ammonium sensitivity) selects only this type of control |
nutant and not structuvral gene mutants. Arst and MacDonald (1973)
have recently isolated another gdhA mutant (designated gdhAlO) on
the basis of inability to grow as wild type on low ccencentrations
of . ammonium, The exigtence 6f this mutant which simultaneously

lacks NADP-GDH and is derepressed for ammonium repressible systems,

annuls the above argument.

In order to distinguish between the first and second
hhypothesis it is necessary to determine if the gdhA locus is in
fact the structural gene for NADP-GDH. Preliminary attempts at

making temperature sensitive NADP-GDH mutants have failed and lack



of time prevented other attempls at making these as well as osmotic
sensitives and electrophoretic variants. Studies will be made
along thesge lines and in addition,; on the kinetic properties of the

NADP=GIH from gdhAb to gdhA9 to provide evidence on this point.

If it were shown conclusively that gdhd is the structural
gene and NADP~GDH played a regulatoxry role in ammonium regulation 4t
would prove extremely interesting, indeed exciting, since in this
case the regulatory molecule is relatively stable, easy to purify
and\therefore amenable to intensive biochemical studies, e.g.
configuration, amino acid sequence, etc, In most cases the nature
of the regulator is quite unknown. At present there is nc biochemical

data published for NADP~GDH in A. nidulans which supports or rejects

guch a possibility. However it is likely that A. niduvlans is

slmilar to N, crassa in that NADP-GDH in the latter organism has
been found to have allosteric properties (West, Tuveson,-Barratt and,
Fincham, 1967). The regulatory role is not contradicted by the
find that NADP-GDH is found in the cytoplasm. It would be more
difficult to allocate a regulatory role to a mitochondrial based

system,

As mentioned before, in the latter stagss of this project

I learned that Arst and MacDonald (197%) have isolated a mutant



125

(designated gahalO) which has similar properties o gdhAl-A9.
Their findings also suggest that NADP-GDH plays a role in ammonium

represgsiorn,

A preliminary report of this work was given 1o tlhe
Genetical (Kinghorn and Pateman, 1973a)and the Biochemical Societies
(Kinghorn and Pateman, 1973b)o A full account is published in the

Journal of General Microbiclogy (Kinghorn and.Pateman, 1973c).
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Section V The regulation of NAD ILeglutamate dehydrogenase
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1. NAD=GDH activityv in wild type cells grown on various

nitrogen sources

The results presented in table 33 show that wild type

cells of Aspergillug niduvlans grown on =N mediwn with any one of

10 mM ammonium, nitrate, Ieglutamate, L~aspartate, L-alanine,
Ieglvtamine, Iearginine, l-asparagine or 0,15% casamino scids as
sole nitrogen source possessed undetectable NAD-GDH activity.

A similar result was obtained when wild type cells were deprived
of_nitrogen for periods up to 6 h. However, after growth on 1.5%
(~~ 100 mM) casamino acids there were appreciable levels of activity.
Significant levels of activity were obtained in cells grown on

100 mM I~glutamate, L~aspartate or L~alanine but not on 100 mM

ammonium or nitrate.



Table 33 : NAD-GDH activity in wild tvpe cells grown with

various nitrogen sources

108

Growth conditions Treatment NAD-GDH
nanomoles/min/mg
protein
<} medium

10 mM ammoniwm e < 100
10 mM nitrate - £ 100
L0 mil Leglutamate -~ £ 100
10 m¥ Leaspartate - £ 100
10 i Tealanine - 4100
10 m¥ Learginine - < 100
0,15% casamino acids - < 100
10 uM I=glutamine - < 100
10 mM Leasparagine .- < 100
100 mM ammonium - < 100
100 mM nitrate - < 100
100 mM Ieglutamate - 425
100 mM Leaspartate - 395
100 mM IL~glanine - 505
1.5% casamino acids - 859
10 mM ammonium medium for 1,5 < 100
O mM awmonivm me h £ 100

et e
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2 NAD-GDH activity in wild type cellsg grown on various

carbon sources

The resvlts presented in table %4 show NAD-GDH levels
in wild type cells grown on various carbon sources. Little
activity was found in cells grown on 1% glucose but appreciable
levels on 1% acetate. imglutamaﬁes Leaspartate and L-alanine are
relatively poor carbon sources especlally wheh used in shake flask
culture. Consequently, 0.19% glucose was added to supplement
these amino acids as carbon sources and high levels of NAD-GDH
were found on all three amino acids as the main carbon and nitrogen
gource. High levels of activity were also found in cells grown
in a similar way but with the exception that 10 mM ammonium was
added. The highest NAD-GDH activity was found in cells grown on

1.5% casamino acids as the sole carbon and nitrogen source.



Table 34 ¢ NADSGDH activity in wild type cells grown with

various carbon sources

Growth conditions WAD=~GDH
nanomoles/min/mg
protein

=CN medium 4

1% glucose + 10 mM ammonium _ < 1.00 -
1% acetate + 10 mM ammonium 850

0.1% glucose -+ 100 mM Leglutamate 1855
0,1% glucose + 100 mM L~aspartate 1620
0.1% glucose + 100 mM Isalanine 2050
1.5% casamino acids 2740

0.1% glucose + 100 mM I=—glutamate
+ 10 mM ammonium 1955

0el% glucose + 100 mM L-agpartate
4+ 10 mM ammonium : 1760

0.1% glucogse + 100 mM I~azalanine .
+ 10 mM ammonium 1830
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3. NAD-GDH levels in cells held in various carbon sources

When wild type cells, after growth on ~N medium with
10 mM ammonium were carbon starved they developed lov levels of
activity which were maximal after 3 h (table 35)» The lewvel
of activity decreased again if the carbon starvation was continued
for 6 h. If instead the célls were transferred to 100 mM L.

glutamate, I--aspartate or L-alanine or 1.5% casamino acids they

developed extremely high levels of NAD=GDH activity.



202

Table 35 ¢ NAD=GDH activity in wild type cells held in various

caxybon sources

Growth conditions Treatment NAD=GDH
nanomoles/min/mg
protein
=N medium -+ ~ON medium 4

10 M ammonium 10 mM ammonium for 1.5 h - 430
10 mM ammonium 10 mM ammonium for 3.0 h 510
10 mM ammonium 10 mM ammonium for 6.0 h 100
10 mM emmonium 100 mM Leglutamate for

1.5 h . 560
10 mM ammonium 100 mM Leglutamate for

3,0 h 850
10 mM ammonium 100 mM Leglutamate for .

6.0 h ‘ 1630
10 mM ammonium 100 mM I~aspartate for

1.5 h 370
10 mM ammoniuvm 100 mM Lmaspartaie for. .. K

3.0 h . ‘1150
10 mM ammonium 100 mM Leaspartate for

6.0 h 2020
10 mM ammonium 100 mM I[~-alanine for 1.5 h 660
10 mM ammonium 100 mM Lealanine for %,0 h 1600
10 mM ammonium 100 mM Lealanine for 6,0 h 2425
10 mM ammonium 1.5% casamino acids for

1.5h 290
10 mM ammonium 1.5% casamino acids for

3.0 h 1050
10 mM ammonium 1.5% casamino acids for

6.0 h 1930
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4. Isolation and characterisation of mutants with abnormal

NAD=-GDH activity

Tour mutants, designated gdhBl -~ edhB4 were isolated by
the putrescine method of Herman and Glutterbuck (see Materials and
methods, page 44 ). These were vnable to utilise glutamate as a
sole carbon and nitrogen source. Heterokaryons between all
possible combinations of gdhB alleles, were méde. Thege mutants

were shown to be allelic by their failure t¢ complement in these

heterokaryons, Haploidisation of the diploid between bil pud2 adhBl
and master strain I yielded segregants which showed free assortment‘
between gdhBl and all markers except pyroAd which is in linkage _
group IV (table %6)., The locus gdhB is therefore defined in this

group.

A further mutant, designated gdhCl was isolated which
grew better than the wild type straip wnen L-glutamate was the sole
nitrogen source. A diploid was set up between gdhCl and master
strain ¥. By the technigue of haploidisation and mitotic analysis,

-dhC

!.')

Iﬂ
e
3

M

jaX]

locus was zss

fc‘g‘

a,'blo- F{};
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Table %36 : Haploidisation analysis of gdhBl mutant :

Diploid gdhBL
M.S. I,
Linkage mgene N +
group  marker T gdhB £3ahB
T gt 24 25
y? 15 . 16
T Acra” 18 24
AoraR 10 28
TII gal ™t 24 26
gal” 8 22
v pyro+ %5 L
pyTo o 44
v fact o4 11
fac™ 25 20
VI st 9 26
s 11 34
VII nict 2 23
nic” 16 20
VIII ribo™ 25 19
ribo 14 22

Conclusion :  The strain bil g¢hBl is translocation free and

the Jlocus gdhB can be assigned to linkage group 1V,
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Table 37 s Haploidisation analysis of gdhClL mutant

Diploid £0hCL
M.S.F.
linkage gene . +
’ g'r oup m ark-_ er -&g'ligwm bgég\beg o
I v 14 9
v 16 10
IT Acra® 9 . 30
AcraR 6 14
LIT ' galt 20 0
gal” 0 29
IV pyro™ 6 19
PyTo 11 13
v fact 26 14
fac 5 4
VI s* 12 13
s 9 15
VIT  nict 11 6
nic’ 14 17
VIIz ribo™ 9 19
ribo” 5 16

Conclusion :  The strain bil gdhCl is translocation free and

the locus gdhC can be assigned to linkage group III.
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S5¢  NAD~GDE activity in gdhB and gdhC mutants

Table 38 shows that mutation in the gdhB locus results
in wndetectsble NAD-GDH activity in cells held under conditions
which result in high activity in the wild type, These conditions
are 100 mM Teglutamate or Imaspartate or L-alanine or 1.5% casamino
acids as tﬁe sole carbon and nitvrogen souxce. There is also
undetectable NAD-GDH activity in géhB mutan’cs;G vhen grown on 1.5%
casamino acids as the sole carbon and nitrogen source. Wild type
NAD-GDH activity is found in the heterozygous diploid gdhBl/+ after

these trcatments indicating the recessivity of the gihB mutation,

Table 38 also shows that the gdhCl mutant has appreciable
Jevels of NAD-GDH activity in the presence of glucose, while the
wild type has activity below the limit of detection. Wild type
cells and gdhCl held in the presence of Im-glutamate or I~aspartate .
or Ie—alanine or casamino acids or grown on casamino acids as the
sole carbon and nitrogen source have similar levels of NAD-GDH
activity. The gdhCl mutation is semi-dominant in the heterozygous

I

diploid with regpect tc NAD=GDH sctivity.



Table %8 3 NAD=-GDH getivity in gdhB and gdhC mutants

Initial growth treatment wild gdhBl-B4 edhBl edhCl gdhCl
conditions type A+ +
NAD=GDE nanomoles/min/
mg prohein
- medium +
10 mM ammonium . <100 L1000 100 645 420
10 mM nitrate o £100 <100 <100 810 . 530
10 mM Ieglutemate - {100 <100 <100 T10 415
10 mM Leaspartete - <100 €100 €100 595 390
10 mM I-alanine €100 4100 <100 8%0 555
0L5% casamino acids - €100 <100 <100 610 315
~CN medium for
~N medium + 6h +
L0 mM ammonium 100 mM T
glutamate 1610 {100 1420 1645 1725
1.0 mM ammonium 100 mlf L=
aspartate 2010 L1000 1715 1950 1950
10 mM ammonium 100 mM Ie=
alanine 2015 4100 2095 2200 2305
10 mM ammonium 1.5% casamino
. aclds 2035 £100 1920 1975 2350
=CN_medivm - |
1.5% casamino
acids - 2615 100 2510 2755 2835
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6. RADP~GDH activity in gdhB and gdhC mutants

Mutants have been described in this thesis which lack
NADP=GUH. These mutants, designated gdhAl-A9, appear to have wild

type NAD-GDH activity (section iv).

It was desirable to study the effect of gdhB and gdhQ
mutations on NADP-GDH activity. Table 39 shows that NADP-GDH
levels in gdhBland gdhC! grown on various nitrogen sources vere
similar to those of the wild type. However when grown or treated
on various carbon sources gdhBl differed from that of the wild type
with respect to NADP~GDH activity (table 40). The gdhBl mutant
has appreciable levels of NADP=GDH activity under conditions in
vhich the wild type has activity below the levels of detection, i.e. .
when grown with casamino acids as the carbon source. A similar
result was obtained with gdhBl treated with 100 mM I-aspartate,
Leglanine or L-~glutamate as the sole carbon source for a period of
6 h. Cells were treated rather than grown with these amino acids
as carbon sources since the gdhBl mutant is unable to use these as
sole carbon sources (see page 211 J. Vhen deprived of carbon fox
a period of 6 h both wild type and gdhBl genotypes have undetectable
activity.

NADP~GDH levels in gdhC were similar to those of the wild

type vnder all conditions tested,
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Table 39 ¢ NADP~GDH activity in the gdhB’ and gdhC mutanty

grown with various nitrogern sources

Growth conditions wild 2dhBl £inCl

type 7 PN ———
?qﬁﬁfiaiﬁinanomolew/m¢n/mg protein

N medivm +

10 mM ammonium 2100 1890 1950
10 mM nitrate 2150 1915 1995
10 oM le=—glutamate 405 495 420
10 wM I~aspartate 625 830 710

10 mM l=alanine 820 T55 785




210

Table 40 ¢ NADP-GDH activity in gdhB and gdhC mutants held

or growvm with wvarious carbon sources

Growth condition treatment wild gdhBl  adhCl
tyoe :
wvestsd panomoles/min/me
rop ‘Q{Mn‘an mc:n:(: (,él.l‘ rlJ. n/mg

=CN medium .

1.5% casamino acids - <100 495 100

«~N medium -+ =CN mediuvm +

10 mM ammonium 10 mM Leaspaxrtate

for 6 h {100 390 €100
10 mM ammonium 100 mM Imglutamate

for 6 h £ 100 510 {100
10 oM ammoniwm 100 mM L~alanine

for 6 h £1.00 420 €100
10 mM ammonium 100 mM ammonium 100 100 100
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7. Growth responses of gdhB! and gdhC: -mutants

The results of growth tests carried out on solid media
show that the gdhBl grows as wild type on all nitrogen sources
tested but poorly on Leglutamate, I~aspartate or Imalanine asg the
sole carbon source (table 41). However, gdhBl grows as wild type
on 1.5% casamino acids as a carbon source. Unlike mutation at
the gdhd locus mutation at the gdhB locus does not result in high
ammonium gensitivity. The heterozygous diploid.ﬁggﬁi/+n growWs as
well as the haploid wild type with Leglutsmate (plate 25),

Leaspartate or Lealanine as the sole carbon and nitrogen source.

Mutation at the gdhC locus results in belter growth than
the wild type on 10 mM L-glutamate (plate 26) or Leaspariate or
L=alanine but wild type growth on 10 mM IL-.arginine or IL--asparagine
or Ieglutamine or ammonium or nitrate as sole nitrogen source,

The gdhC mutant is not sensitive to high concentratiors of ammonium,
Moreover, it shows normal growth on I-glutamate or Leaspartate or
I~glanine as sole carbon and nitrogen source. The heterozygous
diploid gdhCl/+ shows mutant growbth on certain nitrogen sources
including I~glutamate (plate 26) indicating the semi-dominance or

dominance of the gdhCl mutstion.
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Table 41 ¢ Growth responses of gdbhB and gdhC mutants

Strains wild  gdhBl  gdhBl/+  gdhCl  gdhC/+
Growth conditions wpe
~N medivm (solid) 4
1O mM ammonium o+ -+ s o+ +
10 mM nitrate o+ + 4 o+ +
10 mM Le=glutamate - + + e -
10 mM Imalanine - +- o+ 4+ ot
10 mM Leaspartate -+ o+ 4 +t +-
10 mM I-arginine + + - o+ +
10 ml Leglutamine 4 + + + +
10 mM Learginine + + - + “+ o+
200 mM ammonium o + + + +
~CN medium (solid) -
100 mM I~glutamate + - + + |
100 mM Leglanine + - o+ - +
100 mM IL~aspartate F - - "
1.5% casamino acids + + + + +

++ = better than wild type growth

+ = wild type growth

- = extremely poor growth
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Plate 23 Growth response of gdhHLwith L-glutamate

as sole carhon and nitrogen source

Plate 26 Growth response of gdhCl with L-glutamate

as sole nitrogen source



B Discussicn

It is clear from the resuvlts that wild type cells of

Aspergillus nidulang elaborate vnder certain conditions a glutamate

dehydrogenase which is dependent upon the cowenzyme HAD. Moreover,
the results suggest that this enzyme is at least partly regulated
by glucose or a metebolite derived from glucose. The main facts

which support this argument are -

l) carbon starvation treatment renults in appreciable NAD~GDH
activity. This activity was maximal after 3 h, If the carbon
starvation treatment was continued for 6 h the level of MHAD-GDH
activity decreased again. This decrease is probably due to energy

or/and carbon skeleton deficiency.

2) maximal activity was found in cells in which the carbon status
is low but probably sufficient for protein synthesis, e.g., when
acetate, L—glutamate, I~aspartate or casamino acids is the maln or

only carbon source.

There ig also the possibility that NAD-GDH is at least

» 3

partly induecible since appreciable activity is found in cells grown

O]

on high concentrations of amino acids, e.g. 100 mM L-glutamate, when

glucose is present.



Moreover, Arst and MacDonald (1973) have reported that

growth of wild type A. nidulans cells on L=proline as a sole nitrogen-
4SOurce reasults in appreciable NAD-GDH activity again in the presence
of glucose. Perhaps the most likely candidate for the inducer role
in theory is Leglutamate itself. However, since NAD=GDH activity is
dndetectable in cells grown in 10 mM I~glutamate and only just above
detection om 100 mM L=-glutamate, I-glutamate may be xroled out as a
possible inducer, I~proline is another possibility and clearly this
point reguires further investigation but it iz at least possible that
higher energy is required to transport Leproline into the cell and
thls extra energy requirement interferes with the carbén status of

the cell with the result that NAD-GDH is derepressed. This argument
is not contradicted by the fact that proline uptake can be carried ouﬁ
by & specific proline transport sysbtem in yeast (Schwencke and Magana

Schwencke, 1969) and in certain fungi e.g. P, chrysogenum (Hunter and

Segel, 1971). A similar argument may be used to explain WAD-GDH
activity with high concentrations of I=glutamate, Lwalaﬁine,
Legspartate or casamino acids used asg sole nitrogen source. In
the light of the fact that NAD-GDH activity is found in cells after

a short period of carbon starvation and in cells grown on acetate

and ammonium as the carbon and nitrogen source respectively, it
iz the view of the author that the system is more eidher, likely

wher
to be only rcgulaténgy glucose repression or by



repression and induction; induction being subordinate to repression.
This seems to be similar to the situation in N, crassa (Kapoor and
Glover, 1970; Sitrickland, 1971L) but rather different to the one in

9 ¢ 2

saccharomyces cerevisiae where ammonium represses NAD-GDH activity

(Hierholzer and Holzer, 1965)Q The sppearance of NAD-GDH may be as

a result of de nova enzyme synthesis or activation of enzyme molecules.
Experiments were not carried out to distinguish between these
possibilities. It ig thought that control wduld be effected at the
level of tracscription since control atl the translation level of
catabolic enzymes would seem o0 be rather inefficient. Any theory

of regulation of enzyme activity would he more complex than one based
on repression of synthesis.  Therefore, it will be assumed that

regulation is at the level of protein synthesis.

1t has been demonstrated that mutation in the gdhB gene
results in the abolition of NAD-GDH activity. Although it is
probable that the gdhB is the structural gene for NAD—GDH, it is far
from certain; gdhB mutants elaborate NADP~GDH, albeit low activity,
under conditions which the wild type does not, i.e. when glutamate is

used as a sole carbon and nitrogen source. Moreover, Ahmed and

structural gene
igojated/mutants lacking NAD-GDH
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called am-2 in Neurospora and this is almost certainly incorrect,

since these mutants are alleles of nit-2 locus (D.A. Catcheside,



personal communication) which is not the structural gene for
NAD=-GDH., Clearly, more detailed investigation will have to be
carried out to establish this important point of whether the gdhB

locus is a structural or regulatoxry gene.

The gdhB mutants can utilise inorganic nitrogen and amino
acids as sole nitrogen sources for normsl growth. They are unable
to utilise a number of amino aclds including ;»glutamate as a sole
carbon source and clearly thig is due to impaired NAD=GDH activity.
Probably the NADP-GDH which develops in the gdhB mutants is
instufficient for the effective deamingtion of relatively large
concentrations of Ieglutamate required forxr carbon skeletons in the
absence of glucose, It is rather surprising that the gdhB mutants
grow as wild type on 1.5% casamino acids as a sole carbon source,
since they are unable to grow on I~glutamate, L~aspartate cr I~-alanine.
One explanation is that one or several amino acids are notl broken
down to glutamate and deaminated, but deaminated by other mechanisms
and incorporated into the tricarboxflic acid cycle. The other
possibility is that there is sufficient carbon in casamino acids to
enable gdhB to grow. If the former theory is correct it should be
possible to determine which amino acid(s) is not oxidised via

L=glutamate.
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A mutant at a third locus gdhC has appreciable NAD-GDH
activity when grown in the presence of glucose, that is, significantly
derepreséed, This activity appears to be irrespective of the
nitrogen source and is found in cells grown on ammonium or nitrate
or Leglutamate Of L-aspartate or I-alanine or Iearginine or Le
glutamine as sole nitrogen.. Mutation at the gdhl locus confers
better than wild type growth on I~glutamate or Leaspartate or
I~glanine as sole nitrogen source. This is ﬁrobably due to the bonus
of derepressed NAD-GDH activity which makes ammoniuvm more easily
available for other amination reactions. The wild type under these
conditions may only possess repressed levels of NADP~-GDH activity
(Pateman, 1969)., Moreover the formation of ammonium may also be
impeded by the anabolic function of NADP-GDH itself. This line of
argument is supported by the fact that gdhCl grows as wild type on
nitrogen souxrces which provide easily accessible ammonium, c.g.
amunonium, I~arginine and Leglutamine. The properties of this mutant
could be explained if the gdhC codes for a regulatory product which
on interaction with the carbon metabolite co-repressor represses
enzyme synthesis., Moreover, because of the semi~dcminance of gdhCl
the gdhC product may have a positive regulatory function and this

point will be enlarged upon in the next section,
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FPurther studies are being carried out to determine if
the gdhClL mutant has alterved glucose repression of other sysiems, e.g.
amylase, glyoxylate enzymes, etc. Initial studies show that the
&AhCL mutant has wild type carbon wepression of extracelluler

protease (Cohen, personal communication),

Recen’ studies by Hynes (1972) have shown that mutation
at the awdT locus results in loss of carbon regulation of acetamidase,
Since gdhC and amdT loci are both defined in linkage group III it is
of importance that allelism ftests are carried out. This is at
présent being done in collaboration with Hynes. | Howevexr, early
indications are that gdhCl and amdT are at least different alleles
of the same gene'since amdT mutants have wild type NAD-GDH glucose

repression (Hynes, personal communication),

A preliminary report of this work was given to the
Biochemical Society (Kinghorn and Pateman, 1973d). A shoxrt
communication is published in Genetical Research (Kinghorn and

Pateman, 197%e).
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Section VI General Discusszion
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General Discusgion

The chief objeotivé of this work was to extend our
present understanding of control phenomena in euvcaryotic cells.
In an effort to achieve this goal systems commnected with Leglutamate
metabolism were chosen since these lie at a key branch point between
nitrogen and carbon metabolism, and likely to be subject to
genetic control, and moreover perhaps even exerting conirol over
other systems. As discussed earlier, models derived from studies
of systems connected with intermediate metabolism are more likely
to.be applicable to higher organisms than models from the
regulation of peripheral systems. The results obtained bear out

some of these possgibilities.

1. L—~glutamate transnort

In section IIT an active specific transport system is
described for the uptake of I~glutamate and I-aspartate and the

'Y

activity of which is lost by the aauAl mutation. This system is

y
1

e A n
1

regulated by ammoniugm as are o number of

IS ¥ - L - - 1 1 -
e
Olhier systems 1o wild Vype

=

cells of Aspergillus nidulang such as asparaginase, nitrate :

reductase, nitrite reductasz, extracellular protease, acetamidase,
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uresa and purine upteke, and perhaps others presently unknowa.
Ieglutamate transport then is only one of a batitery of unrelated
systems resulated by ammoniuvm, It is not clear whethexr this
éffeot of smmonium is on protein synlhesis, on inhibition of
activity, or a combination of both. However the phenomenon is
ugually termed ammonium repregsion and is for convenience referred
to as this in this thesis. One anomaly of this ammonium control
phenomenon is that the fully repressed level of ILeglulamate uptake
is found in cells grown on 10 oM ammoniuvm and fully derepressed in
cells grown on 10 mM urea, yet urea is converted to ammonium by
uréase (Darlington and Scazzocchio, 1967) which is present at high
levels in cells grown in the presence or absence of ammonium,
Similarly, 10 mM ammonium, but not 10 mM urea provides protection
against the toxic effects of cgrtain analogues, which are substrates
of ammonium repressible systems -~ aspartate hydroxamate, chlorate,
bromate, 2~thioxanthine, thicurea and 8eazaguanine, providing
evidence - that the activities 6f asparaginase, nitrate reductase,
nitrite reductase, xanthine dehydrogenase, urea and purine uptake
respectively, are also repressed in cells grown on ammonium and
derepresscd on urea.  Movecver it was found that the intemnal
ammonium pool is not significantly different in cells grown on

either of these two nitrogen sources (Pateman et al., 1973; Pateman
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and. Kinghorn, 1972). These findings lead to the postulate that
Leglutamate and the other ammoniuvm repressible gystems are dependent
on the concentration of extracellular ammoniuvm and not intracellular
ammoniwnm . In contrast it was found that ammonium transport

itself is regulated by intracellular smmonium {Pateman et al., 1973;

Patemen and Kinghorn, 1972).

2e NADP Ieglutamate dehydrogenase

The possibility was discussed in section IV that the
NADP-GDH protein itself plays some role in ammonium repression.
Several models may be congtructed to account for the characteristics
of gdhA mutations and the possible regulatory natuvre of NADP~GDH.
Perhaps the simplest type of theory which covered most of the facts
was one proposed by Pateman, Kinghorn, Dunn and Forbes (1973).

The main features are that NADP~GDH, in addition to its catalytic
function, plays a dual regulatory role in ammonium regulation,

These roles are that -

a) NADP-GDH can locate in a regulatory site in the cell membrane and
in juxaposition complexes with extracellular ammonium, 'fhis
complex is now in a suitable form to effect the repression of

ammonium repressible systems such as I~-glutamate uptake.



b) NADP~GDH can combine with intracellular ammonium to form a
gecond type of regulatory complex which is in a suiltable form to
transport

effect the repression of ammonium,itself.

It was shown thav all ammoniuvm derepressged mutants except
&0hA have normal NADP~GDII. Some of these are known to be transport
mutants; meaA8 (Arst and Page, 197%) amrpl end DER-3 (Pateman, Dumn
and Kinghoxrn, 1975) have a lower upltake of meﬁhyiammonium and hence
ammonium itself than the wild type. The fact that amrAl and meahB
are epistatic to gdhAl with respect to ammonium sensitivity supports
the contention that the transport of ammonium is impaired #hereﬁy
relieving gdbhAl of high ammonium Ysickness', xprDl is partially
resistant to thiourea (Kinghorm, unpublished work) and thisg is
probably due to impaired urea uptake (Dumn, personal.commuﬂication)o
Little is known about meaB6. It is at least possible that this too
igs a trangport mutant since it is resistant to p~fluorophenylalanine
(Arst, 19?2), There is then-evidence to support the hypothesis
that most if not all classes of derepressed mutants except gdhil are
transport mutants. To account for the above transport and
derepressed properties of all derepressed mutants, except gdhA, it
was propescd that the NADP-GDH site in the membrane is
such g way that the regulatory complex cannot be formed resulting in

loss of control of systemg regulated by external ammonium, The



ﬁggé;muiants which have no known iransport abnormalities is the

only class of derepressed mutants which is derepressed with respect
to ammoniwn uptake itself. Thercfore a second non-membrane based
regulatory NADP-GDH controlling the uptake of ammoniuvm by monitoring

and complexing with internal ammoniuvm was proposed.

More recently, several classes of mutants have been isolated
whose properties, when fully analysed, will rrobably require
amendments to the model proposed by Pateman et al,, (1973)0 These
mutants appear %o be repressed for ammonium repressible systems in
the absence of ammonium (Kinghorn and Pateman, 1973f3 Arst, personal
communication). Moreover cne class of these mutants (designated

amrB) appear to synthesise wild type NADP-GDH activity and -is not

allelic with gdhd, meaA8, meaB6 or amrAl (at the present time it is

not known whether amrBl is allelic with xpxDl). The amrBl mutants

are epistatic to meaA8, meaBb, amrAl and gdhl.

To account for these findings it is perhaps best to
formulate a second model (figure 26)., This is basically za
embellishment of the first and also proposes that NADP~GDH plays a
regulatory role in ammonium regulation as well as a calalytic one.

The salient points are that =
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Pigure 26 s Proposed hypothesis for ammonium regulation
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a) NADP-GDH can complex with intracelluwlar smmonium and this

complex represses ammonivn uptbake.

b) NADP-GDH locates at a special wegulatory site in the membrane

and complexes with external ammoniuvm,

¢) another regulator, the nature of which is unknown and for
convenience is referred to as R2 is involved in allowing expression
of ammonium regulated systems in the absence of this latter NADP~GDH
anmonivm regulatory complei. In the pr semcé of the NADP=GDH
ammonium complex, R2 is inactivated and so expression of ammonium

regulated systems cannot proceed. '

As in the cagse of the former model and for the same reasons
it is proposed that all classes of ammoniwn derepressed mutants,
except gdhA are altered in membrane structure in such a way that
NADP=GDH camnot complex with external ammonium. Therefore a
vegulatory form of NADP-GDH is not made and camnot oompiex with R2
with consequent expression of ammonivm regulated systems in the
presence of ammonium. The gdhA mutenls are devepressed for one or
both of the following reasons. The mutant NADP-GDH (a) fails to
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but fails to inactivate R2. The simplest explanation of the

super~repressed mutants is that amrB codes for this second regulatory
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molecule R2, IMutation at the amrB locus resulfs in the production
of an altered R2 effeclor molecvle which represses even in the
abgsence of the WADP--GDH ammonium regulator molecule. The fact
that the amrBl mutation is recessive (Kinghorn and Pateman, 1973f)

indicates that the system is subject to control by positive action.

This type of model would explain the epistfasis of amrB to mead,

meaB, amrhd and gdhA since it is proposed that the altered R2 molecule

doeg not reguire to complex with NADP-GDH + ammonium.,

There are of course other models #hioh could be propounded

;but the above is perhaps the simplest which covers most of the
facts known about a very complex control situation. Tt is hoped
that further studies of this system will elucidate some of the

* mechanisms associlated with this ammonium control. For ingtance, if
the product of the amrB gene plays such a role in ammonium
regulation it should be possible to make derepressed mutstions in
the amrB gene. Furthermore such alhypothesis predicts the

existence of super-repressed mutations in the gdhd locus.

The results in Section IIL show that ammonium regulation
is inoperative in cases where the subsitrate of the ammonium
repressible system can be used as a carbon source, e.g. L~glutamate.

Vhen grown on ILeglutamate as a carbon source wild type cells



synthesiseNAD--GDH while NADP--GDH activity is below the limit of
detection, From this it can be concluded that under these
qonditions the absence of NADP-GDH even in the presence of ammonium
results in loss of ammonivm control.  Conwversely, it is clear that
NAD-GDH (which develops rapldly in cells grown on Isglutamate as a
carbon source), does not 'fill in® lor NADP-GDE and therefore does

not play any significant reguvlatory role in ammonium repression.

This abgence of NADP=CGDH in cells grown on Le-glutamate
as sole carbon source and the fact that NADP=GDH activity is quickly
logt upon carbon starvation are interesting. There are several
theories which may explain this. Firstly, NADP-GDH may be subject
to glucose induction as well as I-glutamate repression (Pateman, 1.969)
and consequently inactivation may result from a combination of
1) a fast turn over of enzyme molecules

and 2) a diminished concentration of inducer substance.

Another possibility is that in the absence of a carbon
source an intracellular proteolytic enzyme inactivates NADP=-GDH
activity to ensure that not only synthesis but also activity
(regulatory and catalytic) is stopped. This view is supported by

the finding in Aspergillus nidulans (Hynes, personal communication)

that inactivation of NADP-GDH regquires protein synthesis. It is
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difficult to explain why gdhB synthesises NADP-GDH undexr these
conditions. It may be that the gdhB mutation results in a defect
of the synthesis of this proteoclytic system as well as NAD-GDH,
thus resulting in NADP-GDH sctivity under such conditions. |
Pateman (196%) obhserved high levels of NADP-GDH activiﬁy in cells
grown on glucose plus organic nitrogen sources such as ammonium
nitrate or urea and approximately 20% of this activity when grown
on glucose plug I=glutamate. As a consequenée he postulated that
NADP-GDH is regulated by L-~glutamate. It would be of obvious
inﬁerest ﬁé study further the regulation of NADP-GDH itself and in
particular isolate control mutants with respect to NADP-GDH levels.

3¢  NAD l-glutamate dehydrogenase

In addition to NADP~GDH which plays an anabolic role and
is responsible for the symthesis of Leglutamate from ammonium

Agpergillus nidulans also synthesises NAD-GDH. Both aystems have

been found in a number of fungi (Le John, 1971).  NAD-GDH probably

plays a catabolic role as has been found in Neurospora crassa

(Kapoor and Glover, 19703 Strickland, 1971) deaminating I~glutamate
for carbon skeletons when the carbon status of the cell is low,

The different in vivo functions of the two enzymes arc clearly
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demonstrated hy the conditions which determine the synthesis of
the two enzymes and the growbh properties of strains cerrying gdhh

and gdhB motations.

As discusgsed in the previous =zection the carbon status
of the culture affects NAD-GDH activity and therefore there appears
to be at least one mechanism controlling WAD~GDH levels « carbon
metabolite repregsion. This type of control: exerted upon amino
acld degradation gystems is not uncommong ‘fur instance, 1t has been
found that the systems for tyrosine, histidine (Jacoby, 1964), serine
(MePall and Broom, 1971) and proline (Newell and Brill, 1972)
breakdown are regulated by carbon repression. This type of control
is particularly advantageous since it prevents the destruction of

amino acids after their biosynthegis.

The gdhC locus is defined by only one mutant gdhCl which
grows better than the wiild type on I=glulamate. When grown on
glucose the mutant produces significant levels of NAD-GDH, These
properties indicate that carbon metabolite repression is not fully
effective in this mutant, The properties of the mutant could be
partly explained if the gdhC locus is a siructural one determining an
enzyme involved in carbon metabolism, and this enzyme activity results

in the production of a carbon compound which is the co-repressor of



NAD~GDH gynthesis, The main objections to this hypothesis are *
1) £adhCl grows as wild typs on glucose minimal medivm, 2)" the
heterozygote giliCl/+ should be récessiveg but it is in fact seml-
dominant. By analogy with the I~arabincse system in B, coli,
(Englesberg'gg'§£n§ 1969) the nitrate reductase (Pateman and Cove,
1967) and xanthine dehydrogenase systems (Scazzocchio and Darlington,

1968) in Agspergillus nidulens, suvch semi~dominance suggests

that glucose repression of NAD=GDH may be a positive control systen.
Several theoriles can he advanced to expla;n some of the ahove
observations. The simples®t explanabion is that the £0hC gene
pr&duct is & regulator molecule with a necessary fuoction in the
synthesis of NAD-GDH. This regulator molecule in the absence of
glucose performs an essential function at the translation or
transcription level in the synthesis of NAD~GDH (figure 27a). In
the presence of glucose & complex of the 8dhC product and the
effector molecule is formed. This complex of regulatoiy molecule
and effector is inactive with respect to the synthesis of NAD-GDH
(figure 27b). Mutation in the gdhC locus cen resull in the

production of an altered reguvlator molecule which is actlive

- .

functionsily with respect to the synthesis of NAD-GDH even in the
presence of the effector molecule (figure 27c¢)., If the £ahC

product is a regulator molecule with a positive action; this would imply



the existence of recessive mutations in the gdhC locus which result
in the preoduction of inactive regulatory molecules and consequent
failure to synthesise NAD-GDH, It would be of obvious interest to
make a further series of more mutants lacking NAD-GDH activity to see
Jf any of these map in the gdhC gene, Moreover the ahove
speculations are only based on one mutant and further isolation and

studies of gdhC mutants are regquired.

The nature of the effector(s) is unknown but it is
probably derived from glucose or at least the concentration of the
effector is affected by the presence of glucose. It is unlikely
that it is derived from or affected by acetate, since acetate does
not repress NAD~GDH., No attempt was made to identify the effectox
gince this is a major project in itgelf. Such investigations are
fraught with difficulties, e.g. interpretation of experimental
results is made difficult by the network of pathways of carbohydrate
metabolism. For example, formation of glyceraldehyde—3-phosphate
from glucoge can proceed vis the Emﬁdenmmeyerhof pathway or/and the

hexose monophosphate shunt in Aspergillus (Smith, Valenzuela and Ng,

1971), providing ATP and pyruvate as well as ribose~H-phosphate for
nucleic acid synthesis; hexosamines for cell wall synthesis and
glucose~l-phosphate for glycogen synthesis. Therefore changing the

rate of guch reaction by changing the carbon source will have marked



effects on the concentrationz of intermediates of carbohydrate
metabolism, Degpite these difficulties there has been success in
some cases. For instance Kormberg (L966) studied the repression of
the glyoxylate enzymes in i, coli and determined that phospho~-enole
pyruvate is the probable co-repressor of these enzymes. This
investigation was carried out using mutanis blocked at various
stages in carbon metabolism. This type of analysis would be

necessary to determine the co=repressor of NAD-GDH synthesis.
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Figure 27
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