
432 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 6594 ° 

STUDIES CONCERNING THE BIOCHEMICAL GENETICS AND 

PHYSIOLOGY OF ACTIVITY AND ALLOSTERIC INHIBITION MUTANTS 

OF N E U R O S P O R A  C R A S S A  3 - D E O X Y - D - A R A B I N O - H E P T U L O S O N A T E  

7-PHOSPHATE SYNTHASE 

DOROTHY M HALSALL AND COLIN H DOY" 
Research School of Bzolog~cal Sciences, A ustrahan Natzonal Un,vers*ty, Canberra, A C T 260± 
(A ustraha) 

(Received February 27th, 1969) 
(Revised manuscript received May 27th, 1969) 

SUMMARY 

I Procedures are described for the selection of two classes of presumptive 
structural gene mutants of the 3-deoxy-D-arab,no-heptulosonate 7-phosphate synthase 
(7-phospho-2-keto-3-deoxy-D-arab,no-heptonate 9-erythrose-4-phosphate-lyase (py- 
ruvate-phosphorylatmg), EC 4 I 2 15) (DAHP synthase) of the fungus Neurospora 

crassa (a) Three separate activity-negative mutations have been correlated with 
lsoenzymes inhibited by the end products, tyrosme, phenylalanlne and tryptophan, 
arom-6 with DAHP synthase (Tyr), atom- 7 with DAHP synthase (Phe) and arom-8 
with DAHP synthase (Trp) (b) Mutants retaining activity but no longer allostencally 
lnhlblted (allostenc inhibition-negative) were obtained for each of the three lsoenzymes 

2. Arom-6, arom- 7 and arom-8 are unhnked to the "arom gene cluster" Arom-6 

maps on linkage group VI L, arom-7 and arom-8 both map on linkage group I R but 
are widely separated Therefore, no DAHP synthase operon or operon-hke gene cluster 
exists In all three cases, the absence of recombination and complementatlon ,n wtro 
(enzymic) and ,n  wvo (forced heterocaryon) indicates that the two classes of mutations 
associated with a specific lsoenzyme are allehc On this hypothesis a single polypeptlde 
prescribes activity and allostenc inhibition, but the polypeptlde is different for each 
lsoenzyme 

3 Strains carrying atom-6 and grown in the presence of phenylalanme, tyro~me 
and tryptophan have a nutritional requirement for the fohc acid precursor 4-amino- 
benzoate This suggests that DAHP synthase (Tyr) plays a special regulatory role 
associated with the synthesis of 4-ammobenzoate 

4 I t  is concluded that DAHP synthase it differentially controlled by phenyl- 
alanme, tyrosme and tryptophan without channelling of DAHP 

Abbreviation DAHP synthase, 3-deoxy-D-arab~no-heptulosonate 7-phosphate synthase 
* Present address Department of Biology, Khne Biology Tower, Yale, New Haven, 

Conn, U S A 
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INTRODUCTION 

In this laboratory the investigation of the 3 - d e o x y - D - a r a b , n o - h e p t u l o s o n a t e  

7-phosphate synthase ( 7 - p h o s p h o - 2 - k e t o - 3 - d e o x y - D - a r a b , n o - h e p t o n a t e  D-erythrose- 
4-phosphate-lyase (pyruvate-phosphorylatmg), EC 4 1.2 15) (DAHP synthase) from 
the fungus N e u r o s p o r a  crassa  is aimed at obtaining as complete a description as possible 
of the nature and role of this important regulatory function (Fig I) To this end, bio- 
chemical observations have been supplemented by genetic analysis, and the results 
are constantly reviewed in terms of the biology of the organism The present paper 
describes a biochemical-genetic approach based on isolating mutants of DAHP 
synthase, on mapping the genes and on using the mutants for biochemical and phy- 
siological observations 

Ery-4-P + PEP 

Inhibi ted by Tyr PheTrp 

1 
Chor lsmlc  

. ~  acid 
Fohc 
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Nicotine 
acid ~ Tryptophan 

C02* Mn 2~ 
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ocld \ ~ Tyroslr~ 
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Fig i Outline of aromatic biosynthesis in N crassa Ery-4-P, D-erythrose 4-phosphate, PEP, 
phosphoenolpyruvate 

At the beglnnmg of this work, the inhibition by the three aromatic amino acids 
had been estabhshed t-3, but the nature of the different portions of enzyme was not 
known It  was anticipated from the known properties 3 and by analogy with Escher ,  ch ,a  

col, *-B that different]al inhibition was probably based on units of activity capable of 
exlstmg and functioning as separate lsoenzymes This has now been estabhshed 4,7-9 
m the form of lsoenzymes separately inhibited by tyroslne (DAHP synthase (Tyr)), 
phenylalanine (DAHP synthase (Phe)) and tryptophan (DAHP synthase (Trp)) 
It  was also anticipated that the absence of DAHP synthase mutants implied that 
multiple genes contributed to the activity and that it was necessary to ehmlnate more 
than one of the polypeptlde contributions to prevent enzymic function 

Some biochemical work with wild type is included in the present paper to 
provide a criterion under specific conditions The molecular forms of wild-type N. 
crassa 74A and the effects of the substrate phosphoenolpyruvate and the allosterlc 
hgands on them are described in detail separately 9 Some previous reference to 
mutants of DAHP synthase has been made in a review article and in other papers 4,1°,n. 
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MATERIALS AND METHODS 

Orgamsm 
Neurospora crassa 74 A, a wild-type strain was provided by N Giles and M Case 

All mutations were mtroduced into this background Markers used in mapping studies 
were introduced from stocks having different backgrounds (provided by D G Cat- 
cheside) 

Mutant ,solat,on 
Two classes of presumptive structural gene mutants have been Isolated, the 

selection method employed depended upon the class Mutagenesls was by ultraviolet 
irradiation 

Act,v,ty-negat,ve mutants Selection was by filtration enrichment 12 using media 
supplemented with low levels of protein, with nucleic acid precursors and with traces 
of vitamins to increase the rate of germination of wild-type conldla and undesirable 
r0utants and so faclhtate their removal from the filtration medium 

High levels of aromatic amino acids (each i raM) were used to inhibit the growth 
of the desired mutant strain durmg filtration This inhibition was then counteracted 
by plating the washed conlda on a medium enriched with all three aromatic amino 
acids (each i raM) and 4-aminohenzoate (I #M) Preliminary characterisation of the 
isolates was by growth on minimal plates and on plates supplemented with inhibitory 
levels (I raM) ofthe two aromatic amino acids added durlngfiltration Isolates growing 
on the minimal medium but not on the supplemented medium were assumed to have 
lost the portion of DAHP synthase controlled by the aromatic amino acid omitted 
during selection This was confirmed by growth on liquid media followed by assay of 
a crude dlalysed extract for DAHP synthase activity and inhibition properties 

Alloster~c l,gand resistant mutants (alloster~c ~nh~b~t,on-negat,ve mutants) These 
mutants were obtained by a positive selection technique from strains defective in two 
of the three different activity-negative mutants A selective medmm containing the 
requlred allosterIc hgand (I raM) inhibits the activity of the remaining lsoenzyme so 
preventing growth of this strain whilst permitting growth of resistant mutants in 
which the isoenzyme has become insensitive to mhlbitIon 

Extracts were prepared from the selected isolates and were assayed for activity 
In the presence of the previously inhibitory hgand 

Growth cond,t, ons 
W,ld type Myceha were cultured on VOGEL 13 minimal hquld medmm N in 

shaken culture at 25 ° Mycehal pads were harvested using Buchner filtration and were 
thoroughly washed with distilled water, each pad was squeezed dry in several thick- 
nesses of tissue, and the wet weight was determined Myceha required for the extraction 
of DAHP synthase were immediately frozen and were stored at --IO ° to --15 ° 

Mutant strains Supplements of the aromatic amino acids (each I raM) and 4- 
amlnobenzoate (I/~M) were used for the growth of the triple mutant (arom-6 arom- 7 
arom-8) Single and double mutant strains were grown on the minimal medmin 
Aromatic amino acids (each I raM) were used in selective media to mhlbIt specific 
isoenzymes as required 

Growth tests of arom-6, arom- 7 and arom-8 Quadruplicate cultures (IOO ml 
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liquid medium) containing all combinations of phenylalanlne, tyrosine and tryptophan 
(each I raM) and the triple supplement plus 4-amlnobenzoate (I/zM) were used for 
each strain Duphcate sets were harvested after 36 and 72 h (48 and 84 h arom-8) 
Estimations of the dry weight were made on myceha dried for 24 h at 80 ° and cooled 
in a desslcator 

4-Amznobenzoate t,trat, on Trlphcate cultures (IOO ml hqmd medium) supple- 
mented with phenylalanine, tyrosine and tryptophan (each I raM) over the range of 
4-aminobenzoate levels shown in Fig 3 were grown for 48 h at 25 ° with shaking 
Estimations of the dry weight were made as previously indicated 

Plate tests Plate tests were carried out on sohdified medium of VOGEL 13 (I 5 % 
Ion agar) using sorbose sucrose in a 5 I ratio or sorbose glucose fructose In a 40 I 2 
ratio to give restricted growth 

Crosszng techniques Crossing medium was prepared according to WESTERGAARD 
AND MITCHELL 14 and was supplemented as required Conldla from both parents were 
Inoculated at the same time or in a few cases, where sterility problems existed, the 
female parent was inoculated and grown for 6 days (25 °) prior to the inoculation of the 
second parent Crosses were maintained at 25 ° for a minimum of 3 weeks before har- 
vestmg 

Preparation or forced heterocaryons Forcing markers used included n~c-I, arg-~ 
and pan-2 in conjunctlon wlth the required DAHP synthase mutations Heterocaryons 
were obtained by placing approximately equal conidlal lnocula onto minimal agar 
slopes A heterocaryotlc comdIal isolate was selected, and the nuclear ratios were de- 
termined by testmg individual conldia for their nutritional requirements The hetero- 
caryon was grown on the minimal medium and was used for the preparation of extracts 
for DAHP synthase assays to determine whether complementation ,n wvo had oc- 
curred. 

B,ochemzcal methods 
Extracts Extracts were prepared by grmdlng i part (wet weight) frozen my- 

cehum with 2 parts (volume) o o 5 M KHzPO4-NaOH (pH 6 4) and glass powder All 
the preparation was carried out on ice, and the cell debris was spun down at 22 ooo × g 
for 20 rain at approx 4 ° Dialysis was for a total of 4 5 h against o 05 M KH2PO 4- 
NaOH (pH 6 4) (3 × I-1 changes) at 4 °, the extract was used immediately 

D A H P  synthase act~v,ty The activity of DAHP synthase was assayed using 
the cyclohexanone extraction procedure3,15. Absorbance at 549 m# was read on a 
Gllford 300 with digital read out, accuracy was ± A o ooi 

In the multiple assays reqmred for the analysis of the column fractions, the 
reaction mixtures were modified in the interests of economy to give a final concen- 
tration of o 25 mM phosphoenolpyruvate and I)-erythrose 4-phosphate, and as 
required, 50 #M phenylalanlne, tyroslne and tryptophan in a o 25-ml reaction mixture 
The o o25-ml fraction sample was measured by pipette These levels of substrates are 
saturating up to an activity equivalent to A549 mu = o 7 

Prote,n Protein was estimated by the method of LOWRY et al le 
Agarose-gelfiltrat,on Agarose Beads Blo Gel o 5 m IO% agarose lOO-2OO mesh 

were used In a column (9 ° cm × 2 5 cm) equlhbrated with o 05 M KH2PO4-NaOH 
(pH 6 4) plus phosphoenolpyruvate, dlthlothreltol and MgSO~ (each o I raM) unless 
otherwise indicated and were maintained at 4 ° The extract (IO ml) was apphed, and 
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TABLE I 

MAPI~ING OF ACTIVITY-NEGATIVE MUTATIONS 

The genetic consti tut ions of each parental  strata are lndacated by  placmg one above and one 
below the line 

Locus(a l le le  No ) L inkage 
g roup  

a r o m - 6  (DH1)  ]Z I  L 

a tom-7  (DH 1 ) I. R 

aro rn -8  (DH 8 )  I R 

Lml~age d o t e  

+ lys - 5 yto -1 
L I 

a t o m -  6 + + 

• ',,,2 7 = =  4 7 - - - - ~  
7 0 - -  " 

ad-8  
i 

4 -  
4 

arg-1 

+ 

Prog eny 
scored  

3 0 0  

+ 319 
arorn-6 tys- 5 

• 8 - - ~ 3  47 - . ' -  
11 3 

+ hts-3 
O I 2 2 0  
a t o m - 7  

251 

~ 4  5 = = 1 3 - * "  
5 0  

atom-7 hts-3 ad-3 
I I 
+ -¢- 

"~ 2 ~.-~ 2 4 ¢- 

ntc-I 
21 2 -  

as sof t  
I 

4- 4- 

• ,q- 3 5 - , - - , e ~  10  9 

4u 1 3 8  

soft + 
I I 2 5 5  
+ aronl- 8 

2 7 5  

arom-8  
/ 2 1 0  

p, 

protein was eluted at a flow rate of 6o ml/h Fractions were collected over 6-nun 
intervals and were maintained at approx 4 ° until  they  were analysed for the act iv i ty  
of total  D A H P  synthase  and for inhibition patterns within 30 m m  of collection Protein 
es t imat ions  were made  later 

The operatmg range and sieving characteristics of  the column were de termmed 
using several commercia l ly  purified proteins of known molecular weight  catalase 

03 500 
~02 ~ 200 

I00 ,'? 
50 2 

~ 01 × 

20 
< "5 

o 16 2~ 3b 
Fraction No, 

FIg 2 Cahbratlon of an agarose o 5 M column approx 9o cm × z 5 cm A, standard proteins 
catalase, (244 ooo and 81 ooo), bovme serum albumin (05 ooo), deoxynbonuclease  (31 ooo) and 
nbonuclease  (13 ooo), O, dtstrabutlon of bovme serum a lbumm The arbi t rary  units  are ab- 
sorbance of colour produced m the pro tem assay in usmg an E E L colormaeter, ORI  filter 
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(244 ooo), bovine serum albumin (65 ooo), deoxyrlbonuclease (31 ooo) and rlbonuclease 
(13 ooo) (Fig 2) The distribution of bovine serum albumin applied in IO ml (Fig 2) 
is typical, and the band width is that characteristic of a single molecular species under 
these conditions (see also ref 9) Catalase from two commercial sources (Worthington 
and Sigma) gave a second peak of activity corresponding to 81 ooo (Fig 2) The 
Worthington data sheet indicates that catalase has 6 subunlts, suggesting that 81 ooo 
corresponds to a dissociated molecule of 2 subunlts 

RESULTS 

Selectzon of two classes of presumptzve structural gene mutants 
Actzvzty-negatzve mutants A mutant  lacking tyrosme-mhlblted activity was 

first obtained (see MATERIALS AND METHODS), and the mutation was named atom-6 
This was then used to introduce a second mutation resulting in loss of phenylalanme- 
inhibited activity (selected from the parental arom-6 by filtration enrichment in the 
presence of tryptophan) On crossing the double mutant  into wild type of opposite 
mating type (74a), the two mutations were readily separated, suggesting that different 
genes had been mutated The mutation resulting in a loss of phenylalamne-lnhlblted 
activity was named arom-7 A mutant  lacking tryptophan-lnhlblted DAHP synthase 
was isolated directly from wild type, and the mutation was provisionally named 
arom-8 The three mutations obtained above were used in a crossing programme to 
obtain all combmatlons of the mutant  loci In single strains In the tables and figures, 
the genotypes of strains contalnmg these mutations are identified by the locus (atom) 
and allele number Strains with different strain numbers may contain the same 
mutant  alleles but are numbered differently in case the unselected background varies 

Allosterzc ,nh~bzt~on-negat~ve mutants Strains containing two activity-negative 
mutatJons were used to obtain mutants resistant to each allosterlc hgand The allele 
numbers of mutations used in this paper are DH25 (phenylalanlne resistant), DH22 
(tyroslne resistant) and DHI  9 (tyroslne resistant) and DHI  9 (tryptophan resistant) 

Genetw analys, s of mutants 
Gene locatzons The three presumptive structural genes have been located using 

three point crosses (Table I, see Fig 7 for loci abbreviations) Arom-6 is located on 
hnkage group VI L, approx 3 map units distal to lys-5, arom- 7 is on hnkage group 
I R, approx 2 map units proximal to h~s-3 Arom-8 is 6-1o map units distal to soft 
which is the most distal marker available on linkage group I R More precise location 
is therefore difficult This analysis confirms that atom-6, arom- 7 and arom-8 are differ- 
ent genes 

The locations of the allosterlc inhibition-negative mutations in the three resistant 
strains were studied by crossing each to an arom-6, atom-7, atom-8 strain and by 
determining the frequency of recombination between the activity-negative locus and 
the resistance locus Recombmants carrying the double mutation cannot be dlstln- 
gmshed, but prototrophlc recombmants will produce an active enzyme which is 
sensitive to inhibition by the specific inhibitory hgand Progeny (200) were examined 
to give a rough estimate of recombination frequency and to establish that progeny 
of the two parental types segregated with equal frequency No recombmants were 
found 
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When only progeny carrying the wild-type allele of the act ivi ty-negative 
muta t ion  are scored, both  the recombinant  and parental  types can be distinguished. 
Under  these conditions approx 3oo progeny must  be examined for recomblnants  in 
order to establish a recombination frequency of  < I ~o (I map unit) 

No recomblnants  were found in analyses of  crosses with three resistant strains 
The examinat ion of  478 progeny from the cross of the arom-7, arom-8, tyroslne resistant 
strain (Strain 265, see Table IV) with the triple ac twl ty-negat lve  mutan t  excluded a 
recombination frequency > o 62% when P = o o5 and a --  o (see Table V I I I  i of 
FISHER AND YATES 1~) Similarly, in crosses between stratus containing the phenyl- 
alanlne resistance locus (Strain 273) or the t ryp tophan  resistance locus (Strain 28o) 
with the triple act ivi ty-negative mutant ,  419 and 4oo progeny, respectively, were 
examined The absence of recomblnants  in these cases exclude recombination fre- 
quencies > o 72 °/o and > o 76%, respectively Therefore the resistance loci are closely 
linked, possibly allehc with the corresponding activi ty-negative loci 

Complementat~on ~n wvo and ~n v~tro Complementat lon studies ~n v~vo and ~n 
wtro were used in an a t tempt  to determine whether the act ivi ty-negative and resistance 
locl are allehc 

Complementation ,n wvo was tested in a forced heterocaryon in which growth 
could occur without  complementat lon between the different mutan t  enzymes, but  if 
complementat ion occurred an analysis of the act ivi ty  of the resultant enzyme would 
show partial sensitivity to the specific inhibitor for tha t  lsoenzyme For example, if 
complementat ion occurred between arom-6 and a tyroslne inhibition-negative mutant ,  
then par t  of the enzymic product  would be inhibited by  tyroslne 

Strains were developed (Table II) which Incorporated the act ivi ty-negative 
mutat ions  concerned, with a forcing marker  and the other two act ivi ty-negative 
mutat ions  The second strain carried the allosterlc mhlbit lon-negatlve muta t ion  in 
conlunctlon with a forcing marker  and the unrelated act ivi ty-negative muta t ions  
Such pairs were tested for compatibi l i ty directly, as heterocaryons will grow inde- 
pendent  of complementat lon other than between forcing markers The nuclear ratios 
of  the heterocaryons were determined by  testing a number  of conidial isolates for their 
growth requirements (Table II) 

Myceha were grown from the homocaryot lc  strains (supplemented media), and 
the heterocaryotic strains (mmlmal medium) and extracts  were prepared and assayed 
for D A H P  synthase act ivi ty and inhibition properties (Table II) In  the homocaryot ic  
strains carrying the resistance mutations,  the percentage of  inhibition of the active 
lsoenzyme by  its specific mhibl tory  llgand did not exceed 8 °/o (cf  with IOO% inhibition 
of the single lsoenzyme parental  strain Table IV), and In some cases it was s t imula tory  
No act ivi ty  was detectable in the arom-6 atom- 7 arom-8 m c - i  straina The hetero- 
caryotlc strains showed no mcrease in sensitivity to the inhibitor, indicating that  
complementat ion had not occurred if proteins were produced from the two mutan t  
nuclei 

Complementation studies ~n vztro were also carried out using the same strains 
Ext rac ts  were prepared as usual and were tested singly and after mixing The following 
t rea tments  were used on both single and mixed extracts  (a) Standing in ice for 30 rain, 
(b) freezing and thawing slowly and (c) pretreatment  with EDTA (2 5 mM final concen- 
tration) prior to mixing, the act ivi ty  being restored by  the addit ion of  CoC12 to the 
reaction mixtures a No increase in enzyme sensitavitv to inhibition was found, 
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T A B L E  I I  

THE P R O P E R T I E S  OF D A H P  S Y N T H A S E  F R O M  F O R C E D  H E T E R O C A R Y O N S  B E T W E E N  S T R A I N S  C A R R Y I N G  

A C T I V I T Y - N E G A T I V E  A N D  A L L O S T E R I C  I N H I B I T I O N - N E G A T I V E  M U T A T I O N S  A F F E C T I N G  T H E  S A M E  

I S O E N Z Y M E  

The method for producing forced heterocaryons  is described in M A T E R I A L S  A N D  M E T H O D S  

Strazn Loc* (allele No ) Inhzbz- Prote*n*" 
tzon (or (mg/ml) 
sl~mu- 
latzon ) 
(%) 

atom-6 Tyroszne 

240 arom-6 (DHI)  arom- 7 (DH7) arom-8 (DHS) mc-z  (3416~ o o 13 8 
241 ~ (DH22) arom- 7 (DH7) arom-8 (DHS) arg-I (KI66) 8 i* 18 8 
- -  Forced heterocaryon of Strains 240 plus 241 4 9" 25 4 

Nuclear ratio I 4 

arom- 7 Phenyl- 
ala~$ne 

239 arom-6 (DHI)  atom- 7 (DH7) arom-8 (DHS) mc- I  (3416) o o 13 o 
244 arom-6 (DHI)  ~ (DH25) arom-8 (DHS) pan-2 (YI53M96) 7 5 13 4 
- -  Forced heterocaryon of Stratus 239 plus 244 3 7 12 9 

Nuclear rat io I 2 

arom 8 

238 
247 

Trypto- 
phan 

arom-6 (DHI)  arom- 7 (DH7) arom-8 (DHS) mc-z  (3416) o o 
arom-6 (DHI)  arom- 7 (DH7) ~ (DHIg)  pan-2 (YI53-M96) 2 o 
Forced heterocaryon of Strains 238 plus 247 I o" 
Nuclear ratio I 4 

222 
178 
177 

* Indicates  s t imulat ion not  lnhabltlon 
** Refers to the ext rac t  used to s tudy  inhibition 

The absence of complementatlon an vavo and an vatro in all cases strongly suggests 
that  the corresponding activity-negative and allosterlc inhibition-negative mutations 
are allehc (see DISCUSSION) If  arom-6 (allele No DHI) is allehc with the mutation 
conferrlngphenotyplc resistance to tyrosme, (allele No DH22) t hen the locuso fDH22  
is best described as arom-6r(phi2) The analogous mutations then become arom-7rlnI~25) 
a n d  arom-Sr(DH19) 

Physwlogwal studaes of the actavaty-negatave mutants 
Growth on laquad medm The effect of the various combinations of the aromatic 

amino acids on the growth of these mutants In  h q u l d  media is shown in Table I I I  
Duplicate flasks were harvested at two different stages of growth The yield (g dry 
weight) on minimal medium after 72 h (84 h in the case of arom-8) was arbitrarily 
taken as maximal, although slow growth may occur subsequently, this stage appro- 
ximates the stationary phase The percentage of the total yield attained after 36 h 
(Table III)  clearly reflects the inhibitory effects of the ammo acids upon the remaining 
lsoenzymes The combination of the two amino acids Inhibiting the remamlng lso- 
enzymes is capable of preventing growth for up to 72 h (48 h m the case of arom-8) 

The 4-amanobenzoate reqmrement of arom-6 mutants One point of interest is the 
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T A B L E  I I I  

R E L A T I V E  G R O W T H  O F  A C T I V I T Y - N E G A T I V E  M U T A N T S  O N  V A R I O U S L Y  S U P P L E M E N T E D  M E D I A  

Dupl icate  cultures were  harvested m exponentml  phase (36 h f o r  a)om-6 a n d  arom-7, 48 h for 
atom-8) 

Supplement** Y~eld* (%) 

Loc~ (allele No ) arom-6 arom- 7 arom-8 
(DH±) (DH7) (DH8) 

M i n i m a l  32 44  19 
Phe Trace zo  I z 
Tyr 5 Trace 18 
Trp I 5 12 
P h e  + T y r  16 42 Trace 
Phe + Trp Trace i o  15 
Tyr + Trp IO Trace 22 
Phe + Tyr  + Trp Trace 22 18 
Phe + Tyr  + Trp + 4 -ammobenzoate  20 47 23 

* lOO% equals  yield obtained on mlmmal  m e d m m  at 7 z h (84 h f o r  arom-8) 
** Supplements  each i m M ,  4 - a m x n o b e n z o a t e  i / ~ M  Trp is a partlal  inhibitor of the growth 

of 74 A and derivat ives  which affects above  

marked inhibition of growth of the arom-6 mutant m the presence of phenylalanme, 
tyrosme and tryptophan (each I raM) This is alleviated by the addition of 4-amino- 
benzoate (I #M) This effect is not seen m atom- 7 or arom-8 Inhibition by phenyl- 
alanlne, tyrosme and tryptophan was observed with any strata containing the arom-6 
mutation (hsted in Table IV) The requirement for 4-ammobenzoate was tltrated, and 
optimal growth occurs at 3-4/*M (Fig 3) A second independent arom-6 mutant (allele 
No DH34) has similar properties 

B,ochemzcal studies w,th extracts of mutants 
Act~wty and ,nh~b,t,on properties Dlalysed extracts of  strains containing various 

combmahons  of mutations were examined for relative activity and Inhibition pro- 
perhes (Table IV) The lnh]bmon properhes of strains with a single mutant locus 
confirm the loss of activity of  the lsoenzyme concerned Inhib]tion by the other two 
inhibitory hgands sums to approx lOO% The inhibition patterns of the multiple 
mutant strains are consistent with their component loci The relative activity of all 
mutant strains is less than wild type, but some degree of independent derepresslon of 
the isoenzymes occurs, especially in doubly mutant strains in which the physiological 

03 ~k 

O2 

o 

4-Amlnobenzoo~ (MM) 5 

Flg 3 Titration of the  4 -amlnobenzoate  requirement  of arom-6(DHI) grown in the presence oi  
phenylalanlne,  tyroslne and tryptophan  (each I raM) 
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T A B L E  IV 

DAMP SYNTHASE ACTIVITY AND INHIBITION PROPERTIES IN CRUDE EXTRACTS OF WILD-TYPE AND 
MUTANT STRAINS 

Relative act ivi ty is expressed as % of the total  wild-type ac t lwty  Inhibi t ion (%) as relative to 
the total  activity of the partxcular stratus 

Strazn Loc, (allele No ) Relative Inh,bzt,on (or 
actw~ty stimulation) (%) 

Phe Tyr Trp 

74 A wild type  ioo 47 42 8 
73 arom-6 (DHI)  71 7 ° 4 29 
7 ° arom- 7 (DH7) 89 I* 73 22 

IOO arom-8 (DH8) 97 53 36 5* 
153 arom-6 (DHI)  atom- 7 (DH7) 19 2 2 97 
15o arom-6 (DHI)  atom-8 (DH8) 51 98 2 4" 
152 arom- 7 (DH7) atom-8 (DH8) 46 4 97 I* 
147 arom-6 (DHI)  arom- 7 (DH7) atom-8 (DH8) o o o o 

265 arom-6r~ nrI**) arom- 7 (DH7) arom-8 (DH8) 51 o 2 9" 
273 atom-6 (DHI)  arom-7r(nI-I~5~ arom-8 (DH8) 63 2" 5" 2" 
280 arom-6 (DHI)  arom- 7 (DH7) arom-8r(nrI19) 12 2* 3* 2 

* Indicates  s t imulat ion (%) not  m h l b m o n  

stress on the remaining lsoenzyme would be maximal Shght stimulation in the pre- 
sence of tryptophan occurs in strains containing the arom-8 mutation 

Strains carrying the resistant mutations show activity comparable with that of 
the double mutant strains from which they were derived, but they are insensitive to 
inhibition 

Molecular ssewng. Extracts were examined using a method of molecular sieving 
on agarose gel beads devised for the separation of DAHP synthase lsoenzymes from 
extracts of wild typO,S, 9 These wild-type lsoenzymes inhibited by phenylalanme 
(DAHP synthase (Phe)), tyrosme (DAHP synthase (Tyr)), and tryptophan (DAHP 
synthase (Trp)) were also identified in the present work (Fig 4) and were used for 
comparison with mutant  profiles (Fig 5) 

The inhibited activities were determined by subtracting actlvxty (as A549 m~t) 
measured in the presence of the inhibitor concerned, from actxvxty in the absence of 
lnhlbltors The sum of the activities inhibited by the three allostenc hgands was then 
subtracted from the total activity to determine ff any nonmhlbltable activity re- 
roamed (see also legend to Fig 4) 

Data obtained using molecular sieving of a wild-type extract at pH 6 4 is 
shown in Fig 4 As the sieving characterlshcs of the column are known for single 
species of protein molecules (Fig 2, profile of bovine serum albumin), it is evident that 
more than one form of enzyme exists m terms of total achvlty and also the separately 
Inhibited activities DAHP synthases (Phe) and (Tyr) exist in at least two forms which 
can be distinguished in an elutlon profile These two peaks possibly represent a range 
of Interacting forms as the peaks are asymmetrical having a trailing edge The malor 
forms will be referred to as higher and lower apparent molecular weight forms according 
to whether they elute in the earher or later fractions 
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o 25[ A Total 
02 t / ~ actbVltyectIvlty 

0 2 5  r Total 015 ~- [#/ " P~] I / \ I 02 01 

0 Phe ~ 025 
=o IoI 2 o 2 

0 -" 

, , , 1 !o 
o io 2o 26 ; 16 2'o 2 o5 

Fractlon No Fraction No 

Fig 4 Molecular  s ieving of  wi ld- type  D A H P  s y n t h a s e  a t  p H  6 4 (see MATERIALS A N D  M E T H O D S )  

on a cahb ra t ed  agarose  co l umn  (as Fig 2) For  ease of compar i son ,  to ta l  a c t l w t y  and  D A H P  
s y n t h a s e s  (Phe), (Tyr) and  (Trp) are p lo t ted  separa te ly  a n d  no t a t ed  Phe,  Ty r  and  Trp,  respec-  
t ive ly  (Q), n o n m h l b l t e d  a c t l w t y  (above hne),  "c ross - reac t ion"  (below hne) (O) The  pro te in  
f ront  Is m Frac t ion  o 

Fig 5 Molecular  reeving of  arom-7(DH7) Symbols ,  no t a t ion  and  condi t ions  as for Fig 4 

Achv,ty-negat, ve mutants The mutations arom-6, arom- 7 and arom-8 lead to the 
complete loss of the corresponding lsoenzyme(s) This is illustrated for arom- 7 (Fig 5) 
which has lost DAHP synthase (Phe) Similarly arom-6 has lost DAHP synthase(s) 
(Tyr) and arom-8 has lost DAHP synthase (Trp) These losses are expressed in all 
combinations and the triple mutant  has no detectable activity 

In the course of these experiments it was noted that  the distribution of the wild- 
type activity between higher and lower molecular weight forms varied from mycehum 
to mycehum The profiles of mutants  tended to be less complex than the corresponding 

0 2r Total 

~: 0 1 

Fractlon No 

Fig 6 Molecular  s ieving of  arom-6r(I~H22) arom-7(DH7) arom-8(DH8) 
condl t ]ons  as for Fig 4 

Symbols ,  no t a t ion  and  
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wild-type lsoenzyme(s) Variation within wild-type profiles was eliminated by  in- 
cluding a Bzogel P-2 column (exclusion hmlt  16oo molecular weight) prior to the 
agarose column This removed noneqmhbrated small molecules before sieving of 
protein began and resulted in the lsoenzymes appearing m the higher molecular weight 
forms. In contrast, eqmllbratzon of the Blogel P-2-agarose column duplex with 
phenylalanme, tyroslne and t ryptophan (each IO #M) resulted in DAHP synthases 
(Phe) and (Tyr) sieving m later fractions (lower apparent molecular weight forms) 

Alloster~c ~nh~bzt~on-negat~ve mutants Strains carrying mutations producing 
inactive lsoenzymes at two of the loci and a resistant mutat ion at the third locus were 
also examined Arom-6r(DH22) arom- 7 arom-8 (Fig 6) shows the single peak of activity 
characteristic of a single lsoenzyme, but this is no longer sensitive to inhibition either 
by  its specific inhibitor, tyrosme, or by  phenylalanme or t ryptophan Similar results 
were obtained for arom 6 arom-7r(DI-I~5) arom-8 and arom-6 arom- 7 arom-8r(Drag) The 
activi ty distribution of these strains indicates that  the higher apparent molecular 
weight forms are favoured although the P-2 column was not included (see also ref 9). 

DISCUSSION 

Bzochemwal genetws 
The three new presumptive structural genes, arom-6, arom- 7 and arom-8 are 

widely separated from each other (Fig 7) and from genes coding for other enzymes of 
the aromatzc path  of Neurospora crassa. In Fig 7 the approximate locahons of these 
presumptive structural genes have been indicated together with the approximate 
locations of unrelated markers used m this work Most of the locations are taken from 
the map pubhshed by  FINCHAM AND DAY 18, but the position of additional markers was 
estimated from original papers Distances between genes m map units obtained by  
dzfferent workers are not necessarily the same, and the map of Fig 7 is intended as a 
summary  indicating the gene order on the different linkage groups but not the precise 
locations 

Of particular interest is the finding that  the three structural genes of DAHP 
synthase are removed from the arom-gene cluster This latter codes for a multi- 
functional protein catalysmg the five steps of the common pathway immediately 
following DAHP synthase z9 

Evidence presented in this paper supports the view 4,8,9 that  the separately 
inhibited portions of DAHP synthase can exist as the lsoenzymes, D A H P  synthases 
(Tyr), (Phe) and (Trp) Atom-6  codes for DAHP synthase (Tyr), atom- 7 for DAHP 
synthase (Phe) and atom-8 for DAHP synthase (Trp) Further,  this s tudy indicated 
that  DAHP synthases (Tyr) and (Phe) can occur m high and low molecular weight 
forms The change to low molecular wezght zs favoured by  the presence of the aromatic 
amino acids during slevmg, and the hzgh molecular weight forms are favoured when 
small molecules are separated from crude extracts before the protein mixture is sieved 
on agarose An elaboration of this approach has shown ° that  the presence of tyroslne 
is necessary for the conversion to low apparent molecular weight DAHP synthase 
(Tyr) and slmzlarly phenylalanme for low apparent molecular wezght DAHP synthase 
(Phe) Stratus contammg the allosterlc lnhlbztlon-negatlve mutations, arom-6r(phi2) 
and arom-7r(DH~5), have DAHP synthase act ivi ty that  sieves at high apparent  mole- 
cular weight, although no special steps were taken to remove small molecules from the 
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Fig 7 Linkage groups of  N e u r o s p o r a  crassa  showing  the a p p r o x m m t e  locations of  the  n e ~ l y  
mapped genes a t o m - 6 ,  a r o m -  7 and a t o m - 8  (arrows), other s tructural  genes concerned wi th  aroma-  
tic b iosynthes is  (Fig I) ( a t o m -  c o m m o n  path,  t r y p -  t ryptophan ,  t y r -  tyroslne,  p h e n -  
pheny l a l anme ,  p t  = p h e n y l a l a n m e  p l u s  t y rosme ,  p u b  - -  4-aminobenzoate)  and markers  used in 
the  present  s tudv  (arg = a rgmme ,  hzs - -  htst ldme,  a d  - -  adenine,  al --  albino, m c  --  mcot ln lc  
acid, os = osmotic ,  soft  = soft, lys  - -  lysme,  y lo  - -  yellow) Informat ion  concerning the  locat ion 
o f  these  markers  wa~ obtained as fol lows a r o m  cluster and a t o m - 3  (ref 19), tyr-2 and  t ryp-~  
(ref 2o), phen-2  and  p t  (ref 2 i ) ,  p h e n - 3  is allellc w i th  p h e n - 2  (ref 22), t ryp-  4 (ref 23), the  re- 
mainder  (ref 18) L inkage  groups are shown according to convent ion  wi th  the  left a r m  upper -  
moat  Map distances are on ly  approx imate ly  as they  tend to vary  from one cross to another  

environment  It 1s now known 9 that m these strains tyrosme and phenylalanme no 
longer favour the low apparent molecular weight  forms 

In all three cases the corresponding allosterlc lnhlbmon-negat lve  mutat ions  and 
act iv i ty-negat ive  mutat ions  are probably allehc, that is a r o m - 6  r(Dn22) with a r o m - 6  

(DHI), arom-7r(DH2S) with a r o m - 7 ( D H 7 )  and a r o m - 8  r(DH19) with a r o m - 8 ( D H 8 )  

The a r o m  gene cluster is regarded as a group of sequential  genes and it is s tated 19 
that complementat lon  , n  vzvo and zn  v # r o  occurs In all three cases of D A H P  synthase  
l soenzyme mutat ions  the absence of recombinat ion and even of partial complementa-  
t lon zn w v o  or , n  v # r o  leads to the conclusion that the corresponding act iv i ty-negat ive  
and allosterle mhlbmon-negat lve  mutat ions  are allehc The data zn  w v o  is particularly 
strong Since the heterocaryon grows without  complementat lon ,  absence of comple-  
mentat lon was decided from the properties of the D A H P  synthase  present in the 
heterocaryon Al lehsm is difficult to prove, and this conclusmn is, therefore, provisional 
Al lehsm Implies that the same clstron, and therefore the same polypeptlde,  contains 
the mformatmn for act iv i ty  and allosterlc Inhibition of D A H P  synthase  (Phe), for 
example  Similarly,  different polypeptIdes carry this information for D A H P  synthases  
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(Tyr) and (Trp) respectively Since different polypeptldes are involved, there is a ready 
explanation for the separation of lsoenzymes 

Arguing the alternative case, which assumes that  the corresponding activity- 
negative and allosteric inhibition-negative mutants  are nonallehc, then it is necessary 
to explain noncomplementatlon Three possibilities can be postulated The first is that  
all activity-negative mutants  are double mutants,  the second mutat ion always being 
in a gene concerned with the specific allosterlc inhibition of that  enzyme This is ctearly 
a most improbable situation The second is that  the two genes are sequential and that  
the activity-negative mutat ions not only prevent the synthesis of the correct poly- 
peptIde coded by  that  gene but also prevent the synthesis of the polypeptlde coded 
for by the gene concerned with allosterlc Inhibition The improbabili ty here lies in the 
selection of mutations with identical effects in the three cases examined The third 
possibility is that  the genes are closely linked and that  some organlsatlonal factor 
prevents complementatlon whenever a single nucleus contains one wild-type and one 
mutan t  gene 

Within the limits of uncertainty indicated by  this dlscussmn, it seems reasonable 
at this stage to designate the mutat ions as alleles rather than complicate the literature 
with improbable new a tom genes 

These arguments assume that  insensitivity to allosterlc inhibition is conferred 
by  mutat ions affecting the polypeptlde carrying the allosterlc inhibition recognition 
site I t  is possible that  in the resistant strains examined the mutations have prevented 
binding of this polypeptlde to the polypeptlde primarily concerned with activity 

Phys ,o logy  

The ablhty of single and double activity-negative mutants  to grow on minimal 
medium means that  the utllisatlon of DAHP is nonchannelled and is available for the 
synthesis of all the aromatic end products with one possible exception Activity- 
negative alleles of arom-6 (affecting D A H P  synthase (Tyr)) have a nutritional require- 
ment for 4-ammobenzoate when tyrosme, phenylalanlne and t ryptophan are added 
to the medium This did not prevent selection, since 4-ammobenzoate was normally 
added to the medium with the aromatic amino acids A possible explanation is that  
the arom-6 mutations have involved a complete loss of DAHP synthase (Tyr) activity 
and that  the efficiency of inhibition of DAHP synthases (Phe) and (Trp) is sufficient 
to prevent synthesis of chorlsmate required for 4-ammobenzoate synthesis DAHP 
synthase (Tyr) may  naturally be incompletely lnhlbxtable as a means of ensuring a 
supply of 4-amlnobenzoate under conditions of strong DAHP synthase inhibition 
4-Ammobenzoate is a precursor of the vitamin fohc acid and represents a very small 
percentage of the total  aromatic end product requirement (probably < o 1%) 
Consequently the first alternative requires very complete inhibition, and an estimate 
with that  accuracy is not possible , n  wtro For Escher~ch, a colz it has been suggested 
that  D A H P  synthase (Phe) is associated with 4-amlnobenzoate synthesis 24 In Neuros  
pora crassa this role belongs to DAHP synthase (Tyr) This is not channelling at the 
level of DAHP synthase or the other common path enzymes since it is the post- 
chorlsmate contIol that  actually channels the biosynthetic flow towards fohc acid 
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