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Summary. The Saccharomyces cerevisiae A R 0 7  gene was 
cloned by screening a wild-type gene bank for complemen- 
ration of an aro7 auxotrophic mutant. In vitro mutagenesis 
of the isolated plasmid (pJFB1) gave several transformants 
resistant to levels of the phenylalanine analogue 2-thienyla- 
lanine inhibitory to the wild-type transformant. Chorismate 
mutase assays indicated that two of the mutants 014-26IV6 
and J14-26IV9) were resistant to feedback inhibition by 
tyrosine displayed by wild-type strains. Analysis of the ef- 
fect of other aromatic amino acids on chorismate mutase 
activity showed that tryptophan counteracted this inhibi- 
tion. Analysis of the effect of tyrosine in the growth medium 
on enzyme activity indicated that the wild-type A R 0 7  gene 
was repressed by tyrosine, a phenomenon not previously 
reported. Two of the 2-thienylalanine resistant mutants 
(J14-26IV3 and J14-26IV9) appeared to be resistant to this 
repression. Transcriptional analysis confirmed that the level 
of A R 0 7  transcript decreased with increasing tyrosine con- 
centration. In stain JI4-26IV9 the A R 0 7  transcript level 
was not affected. J14-26IV9, therefore, appears to be a dou- 
ble mutant, resistant to both feedback inhibition and repres- 
sion by tyrosine. 
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Introduction 

In Saccharomyces cerevisiae the enzymatic pathway for bio- 
synthesis of aromatic amino acids is branched, culminating 
in the formation ofphenylalanine, tyrosine and tryptophan. 
The last biosynthetic reaction common to phenylalanine 
and tyrosine, the formation of prephenate from chorismate, 
is catalysed by the enzyme chorismate mutase, encoded by 
the A R 0 7  gene. 

In yeast and bacteria the biosynthesis of amino acids 
is regulated by both inhibition and repression. In yeast, 
however, flux through the aromatic amino acid biosynthetic 
pathway is reported to be controlled mainly by a system 
of feedback inhibition and activation of key enzymes. Chor- 
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ismate mutase is subject to inhibition by tyrosine and acti- 
vation by tryptophan (Lingens et al. 1966). Although the 
aromatic pathways are subject to general amino acid con- 
trol, cloning of the A R 0 7  gene (Ball et al. 1986) revealed 
no evidence for specific transcriptional regulation. 

The work reported here, on the regulation of phenylala- 
nine production, however, involving the independent clon- 
ing of the A R 0 7  gene and isolation and analysis of regula- 
tory mutants indicated that this gene is regulated at the 
transcriptional level by tyrosine. Mutant A R 0 7  alleles were 
generated which had lost either control by inhibition or 
represssion or both forms of control. 

Materials and methods 

S. cerevisiae strains and culture conditions. The following 
two strains, from this laboratory, were used: 314 (MAT~ 
ade5), and J14-26 (MATa leu2-3 leu2-112 aro7 trpl met4 
lysll  ura3-52). 

Cultures were grown at 30 ° C in minimal medium: 20 g/1 
D-glucose, 1.7 g/1 yeast nitrogen base (without amino acids 
and (NH4)2804) , 5 g/1 ammonium sulphate, plus amino 
acid supplements where necessary at 50 mg each. 

Plasmids and DNA. The S. cerevisiae gene library used was 
constructed by Nasmyth and Tatchell (1980) and based on 
the vector YEpl3 (Broach et al. 1979). 

The pJFBI probe used for RNA analysis was a 3.1 kb 
StuI-BamHI pJFB1 fragment labelled with [~-32p]dATP 
(Amersham) by nick translation using the BRL kit. The 
probe for rRNA comprised the vector pSP65 containing 
the 18 S rRNA gene, obtained from A.J.P. Brown, Dept 
of Genetics, University of Glasgow. 

Transformation of S. cerevisiae. Yeast strains were trans- 
formed by the method of Beggs (1978). 

DNA preparation. Total DNA from yeast was prepared by 
the method of Winston et al. (1983). Plasmid DNA was 
isolated according to the method of Nasmyth and Reed 
(1980). Small-scale plasmid preparations from Escherichia 
coli were done by the method of Birnboim and Doly (1979). 
Restriction enzymes were used as recommended by the sup- 
plier (Boehringer). Fragments of DNA were recovered from 
agarose gels by electroelution onto dialysis membrane 
(Smith 1980). 
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RNA analysis. Total yeast cellular RNA was prepared fol- 
lowing the method of Weir-Thompson and Dawes (1984). 
Slot-blots were performed as follows: 15 lal 20 x SSC and 
10 gl 37% (w/v) formaldehyde were added to 40 ~tg RNA 
and made up to a final volume of 50 ml. Samples were 
denatured by incubation at 60 ° C for 15 rain then transfer- 
ring to 0 ° C. 25 gl aliquots were transferred to nitrocellulose 
using the "Hybri-s lot"  apparatus (BRL) and fixed by bak- 
ing at 80 ° C for 3 h under vacuum. Filters were hybridised 
with labelled DNA for 16 h according to Thomas (1980). 
The extent of hybridisation was estimated by densitometric 
scanning of autoradiographs. 

In vitro mutagenesis. Plasmid DNA was mutated by treat- 
ment with O-methylhydroxylamine according to the meth- 
od of J. Mandelstam (personal communication): 63 mg O- 
methylhydroxylamine-HC1 (pH 5 with 2 M NaOH) was 
added to 400 gg plasmid DNA and the volume adjusted 
to 1 ml with H20. The sample was heated to 50°C for 
2 h then ethanol-precipitated twice and finally redissolved 
in TE buffer (10 mM TRIS, 1 mM EDTA). 

Chorismate mutase assay. Crude cellular extracts from S. 
cerevisiae strains were assayed for chorismate mutase activi- 
ty using a method adapted by M. Edwards (personal com- 
munication) from the assay procedure developed for E, coli 
(Cotton and Gibson 1964). The assay mixture comprised 
625 tal of crude extract, 25 gl 5% (w/v) BSA and 350 gl 
enzyme buffer. Samples were prewarmed at 30 ° C for 5 min 
and the reaction started by adding 250 ~tl 5 mM potassium 
chorismate (prepared from a solution of the barium salt 
in 0.01 M potassium sulphate). At zero time a 0.25 ml sam- 
ple was withdrawn and added to 0.25 ml prewarmed 3 M 
HC1, mixed and incubated for a further 10 rain at 30 ° C. 
Further samples were removed at 2 and 5 rain and treated 
similarly. 0.25 ml of acid-treated solution was mixed with 
0.75 ml 1 M NaOH and the A32o measured immediately. 
The rate of increase in A31o was then calculated and cor- 
rected for the control rate in the absence of added extract. 
This is necessary due to the spontaneous (non-enzymatic) 
conversion of chorismate to prephenate. The protein con- 
centration of each of the samples was measured using the 
method of Lowry et al. (1951). 

Results 

Isolation of ARO7 regulatory mutants by in vitro 
mutagenesis of the cloned gene 

The A R 0 7  gene was cloned by using an aro7 mutant of 
S. cerevisiae to screen a wild-type gene bank, based on 
the vector YEpl3, for complementation of the aro7 pheno- 
type. One such transformant was isolated, aro7 complemen- 
tation being correlated with the presence of the plasmid 
(pJFB1). Yeast strains transformed with pJFB1 displayed 
a threefold increase in chorismate mutase activity compared 
with the wild type (data not shown). A restriction map 
of pJFB1 was obtained which showed a large region of 
homology with the independently isolated plasmid contain- 
ing the A R 0 7  gene (Ball et al. 1986) and the cloned insert 
was estimated as 5.3 kb. 

DNA from pJFB1 was treated with the mutagen O- 
methylhydroxylamine which induces C-T transitions. The 
A R 0 7  auxotrophic strain J14-26 was then tranformed with 
the mutated plasmid and 24 transformants were selected 

by their ability to grow in the absence of leucine, phenylala- 
nine and tyrosine. 

Mutants with feedback-resistant chorismate mutase 
should contain elevated phenylalanine and tyrosine pools 
and, therefore, show increased resistance to analogues of 
these amino acids. Nine of the transformants showed an 
increased resistance to the phenylalanine analogue 2-thieny- 
lalanine (50 gg/ml) compared with the wild-type transfor- 
mant JI4-26TRI.  This phenotype was correlated with the 
presence of the plasmid by plasmid-loss experiments and 
retransformation. 

Regulation of chorismate mutase activity 

The four regulatory mutants which displayed the greatest 
increase in resistance to 2-thienylalanine (J14-26IV3, JI4- 
26IV5, J14-26IV6 and JI4-26IV9) were used along with J14- 
26TR1, containing the wild-type plasmid pJFB1, and the 
wild-type strain 314 to assay chorismate mutase activity 
under a variety of conditions. All data presented are the 
average of six separate assays. 

Effect of tyrosine. Extracts of soluble protein from the 
above strains were assayed for chorismate mutase activity 
in the presence of a range of concentrations of tyrosine. 
The results are presented in Fig. 1. 

Both wild-type strains displayed feedback inhibition of 
chorismate mutase by tyrosine (Fig. 1 a). Strain J14-26TR1 
had a higher initial activity and was not inhibited to the 
same degree as 314, showing some activity at 5 mM tyro- 
sine. This is expected since the transformed strain carries 
multiple copies of the A R 0 7  gene and produced about 
threefold more chorismate mutase than did the wild type. 
The effect of tyrosine on the enzyme from the four strains 
representing possible regulatory mutants of A R 0 7  was de- 
termined. All four strains showed inhibition by tyrosine 
but to different extents (Fig. 1 b). As the concentration of 
tyrosine increased, both J14-26IV5 and JI4-26IV6 displayed 
a decrease in chorismate mutase activity similar to that 
of the unmutated strain, although initially J14-26IV6 
showed increased resistance. Strains J14-26IV3 and J14- 
26IV9, however, appeared to have an increased resistance 
to inhibition by tyrosine, showing half their initial level 
of activity at 5 mM tyrosine compared with a decrease by 
a factor of approximately 10 in the other strains. These 
results indicate that these two strains contain mutations 
in the A R 0 7  gene which render it resistant to feedback 
inhibition by tyrosine. 

Effect of tryptophan. The above experiment was repeated, 
assaying chorismate mutase activity in the presence of a 
range of tryptophan concentrations. Tryptophan had vir- 
tually no effect on chorismate mutase activity, over the 
range of concentrations used (data not shown). This result 
was surprising since tryptophan had previously been re- 
ported to activate the enzyme (Jones and Fink 1983). Other 
groups, however, had stated that rather than stimulating 
chorismate mutase activity, tryptophan counteracted the in- 
hibition by tyrosine (Miozzari et al. 1978). To resolve this 
contradiction, the effect of both tyrosine and tryptophan 
on chorismate mutase activity was studied in all six strains. 

In the wild-type strain, tryptophan did overcome the 
inhibitory effect of tyrosine, the extent to which it counter- 
acted inhibition increasing with tryptophan concentration 
(Fig. 2a). Strain J14-26TR1 also showed this reduction in 



25 

25 

E 20 
r -  

E 

e,- 

._~ 
"6 10 
< 
O 

o 5 

f f l  

I [ 

0 
b 2.5 5.0 

Tyrosine Conc.(mM) 

m 20 
E 

E 
N 15 

"6 
< 
O 

o 5 
e~ 

0 
2.5 5.0 

Tyrosine Conc.(mM) 

Fig. l a and b. Levels of chorismate mutase activity displayed 
by yeast strains assayed in different concentrations of tyrosine. 
a o 314; • J14-26TR1. b • J14-26IV3; • JI4-26IV5; • J14-26IV6; 
[] J14-261V9 

tyrosine inhibition although to a lesser extent, with 5 mM 
tyrosine still causing inhibition even at levels of  5 mM tryp- 
tophan (Fig. 2b). In the wild-type strain 5 mM tryptophan 
practically abolished tyrosine inhibition and chorismate 
mutase activity was restored to its original level seen at 
0 and 5 m M  tyrosine. 

Since J14-26IV9 appeared to be resistant to feedback 
inhibition by tyrosine, it was possible that t ryptophan may, 
in counteracting inhibition, have led to a further increase 
in ehorismate mutase activity. Tryptophan,  however, had 
very little effect on chorismate mutase but when tyrosine 
was present there was a very slight increase in enzyme activi- 
ty (Fig. 2c). 

Effect ofphenylalanine. The mutant  pJFB1 plasmids were 
selected on the basis of  their conferring increased 2-thieny- 
lalanine resistance to the host yeast strain. This was, pre- 
sumably, due to the transformed strains overproducing phe- 
nylalanine. Therefore, the possibility that chorismate mu- 
tase was regulated in some way by phenylalanine was inves- 
tigated. However, phenylalanine had very little effect on 
chorismate mutase activity over the range of  concentrations 
used (data not  shown). 
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Fig. 2a-e. Levels of chorismate mutase activity displayed by yeast 
strains assayed in different concentrations of tyrosine and trypto- 
phan. a 314, b JI4-26TR1, e J14-26IV9. o 0mM, A 2.5mM, 
[] 5 mM tryptophan 

Regulation of  ARO7 expression in S. cerevisiae 

Expression of  the AR07 gene was studied by assaying chor- 
ismate mutase activity in various yeast strains grown in 
the presence of  the appropriate amino acids. These amino 
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Fig. 3a and b. Levels of chorismate mutase activity displayed 
by yeast strains grown in different concentrations of tyrosine. 
a o 314; zx JI4-26TR1. b • J14-26IV3; • J14-26IV5; • J14-26IV6; 
[] J14-26IV9 

acids were removed prior to assay, therefore any alteration 
in chorismate mutase activity was due to a change in the 
amount  of  enzyme produced. Data  presented are the aver- 
age of  six separate assays. 

Effect of tyrosine. Strains 314, J14-26TR1, J14-26IV3, 5, 
6 and 9 were grown in minimal medium containing different 
concentrations of  tyrosine, plus appropriate amino acid 
supplements. The cells were washed several times to remove 
exogenous amino acids before assaying for chorismate mu- 
tase. As the concentration of  tyrosine in the growth medium 
was increased, there was a corresponding decrease in chor- 
ismate activity (Fig. 3 a). Therefore tyrosine was probably 
repressing transcription of  the AR07 gene. Overexpression 
of  AR07, in J14-26TR1, led to the production of  higher 
levels of  enzyme at all tyrosine concentrations but repres- 
sion was still seen. The mutated strains J14-26IV3 and J14- 
26IV5 seem to be repressed by tyrosine in a similar manner 
to the unmutated strain (Fig. 3b). J14-26IV6 and JI4- 
26IV9, however, appeared to be resistant to this effect, 
showing no appreciable decrease in activity with increasing 
tyrosine concentration in the growth medium. 

Effect of tryptophan. Chorismate mutase activity was as- 
sayed in the three strains, 314, J14-26TR1 and JI4-26IV9, 
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Fig. 4a-c. Levels of chorismate mutase activity displayed by yeast 
strains grown in different concentrations of tyrosine and trypto- 
phan. a 314, b JI4-26TRI, c J14-26IVg. o 0mM, zx 2.5mM, 
[] 5 mM tryptophan 

grown in various concentrations of  tryptophan. Trypto- 
phan caused a very slight increase in chorismate mutase 
activity in all three strains. Lingens et al. (1967) described 
an induction of  AR07 expression but this could not be 
confirmed by later work (Kradolfer 1977). 



Table 1. Levels of AR07 mRNA relative to rRNA 

Tyrosine concentration Strain 
(mM) 

J14-26TR1 J14-26IV9 

0 1.00 2.12 
2.5 0.62 1.93 
5.0 0.07 3.60 

Data are the average of three measurements and are standardised 
relative to the value obtained for J14-26TR1 under conditions of 
no additional tyrosine 

Table 2. Amount of pJFB1 DNA within the cell relative to total 
DNA 

Tyrosine concentration Strain 
(mM) 

J14-26TR1 Jt4-26IV9 

0 t .00 0.92 
2.5 t.25 0.75 
5.0 1.35 0.60 

Results are standardised relative to the value obtained with J14- 
26TR1 under conditions of no additional tyrosine. The data pre- 
sented are the average of three separate aliquots of each sample 

Since tryptophan had been shown to counteract inhibi- 
tion by tyrosine, the same three strains were grown in the 
presence of both tyrosine and tryptophan to determine 
whether tryptophan also reduced tyrosine repression 
(Fig. 4). With strain 314, tryptophan had little effect on 
the extent of tyrosine repression, although higher enzyme 
activity was noticed with increasing tyrosine concentration 
(Fig. 4a). Strain JI4-26TRI showed similar results (Fig. 4b) 
while J14-26IV9 still appeared to be resistant to the repres- 
sion effect (Fig. 4c). The latter also showed no increase 
in activity with increased levels of tryptophan. 

Effect of phenylalanine. Chorismate mutase was assayed 
over a range of phenylalanine concentrations (0 to 5 raM) 
in the growth medium but no significant change in AR07 
expression was observed (data not shown). 

Transcriptional analysis of the ARO7 gene in S. cerevisiae 
strains J14-26TR1 and J14-26IV9 

Although the aim of these experiments was to isolate mu- 
tants resistant to feedback inhibition by tyrosine, the analy- 
sis of those obtained revealed information not only on the 
regulation of chorismate mutase activity but also on the 
control of  AR07 expression. As well as chorismate mutase 
being inhibited by tyrosine, its synthesis appears to be re- 
pressed by tyrosine. AR07 m R N A  levels were therefore 
studied in the wild-type condition and with the repression- 
resistant gene. 

Total RNA from strains J14-26TR1 and J14-26IV9, 
grown in a range of tyrosine concentrations, was analysed 
by slot-blot hybridisation using the labelled pJFB1 probe. 
A second control filter was probed with labelled pSP65 
plasmid DNA which hybridises with 18 S RNA. Transcrip- 
tion of the 18 S rRNA should not be affected by changing 
the concentration of tyrosine present in the medium. The 
intensities of the various bands were measured by densito- 
metry (Table 1). 
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The amount of AR07 m R N A  produced by J14-26TR1 
decreased with increasing tyrosine concentration, the 
amount of transcript present at 5 mM tyrosine being ap- 
proximately 14-fold lower than the level produced under 
conditions of no added tyrosine. The levels of rRNA did 
not show any corresponding decrease in intensity, remain- 
ing at a constant level in both strains. This indicates that 
tyrosine was possibly repressing the expression of the AR07 
gene although post-transcriptional regulation cannot be 
ruled out entirely. The strain JI4-26IV9, containing the mu- 
tated plasmid, showed a slight increase in the transcript 
at 5 mM tyrosine, and this strain is, therefore, resistant 
to repression by tyrosine. 

When the levels of AR07 mRNA produced by each 
strain were compared in conditions of no added tyrosine 
it was observed that strain J14-26IV9 was producing ap- 
proximately twice as much transcript as J14-26TRI, indi- 
cating that there was an increase in the expression of the 
gene in the mutated strain. This was confirmed by Northern 
analysis (data not shown). 

Analysis of plasmid copy number 

Although the concentration of AR07 mRNA decreased 
with increasing tyrosine concentration, this was not conclu- 
sive proof  that tyrosine was repressing transcription of the 
AR07 gene. The AR07 gene was present on an episomal 
plasmid and hence the level of transcript within the cell 
is not just a function of the rate of transcription of the 
gene but also of the number of copies present. 

Total DNA was prepared from strain J14-26TRI grown 
in minimal medium (plus appropriate supplements) con- 
taining a range of concentrations of  tyrosine. The ratio 
of plasmid to chromosomal DNA was determined (Table 2) 
from which it can be seen that the number of copies of 
pJFB1 did not decrease with increasing tyrosine concentra- 
tion. 

Fluctuations in plasmid copy number could also be re- 
sponsible for the phenotype of strain J14-26IV9. The above 
experiment was repeated, therefore, using DNA from strain 
JI4-26IV9. No increase in plasmid DNA relative to total 
DNA was noted (Table 2). When relative amounts of  
pJFB1 present in each strain under conditions of no added 
tyrosine were compared, the two values were similar, indi- 
cating that the initial copy number was similar in each case. 
At 5 mM tyrosine, however, there was a twofold difference 
which, if not due to discrepancies during preparation, im- 
plied an increase in chorismate mutase mRNA in J14- 
26IV9. This is supported by the results of Table 1. 

Discussion 

Random in vitro mutagenesis of plasmid DNA with O- 
methylhydroxylamine has proven successful in obtaining 
regulatory mutations in the AR07 gene. By mutating 
pJFB1 and selecting for transformants with increased resis- 
tance to the phenylalanine analogue 2-thienylalanine we 
have obtained multicopy vectors expressing chorismate mu- 
tase, the activity and/or expression of which is deregulated. 

The phenotypes of the four strains studied can be sum- 
marised as follows: J14-26IV3 showed a partial resistance 
to feedback inhibition by tyrosine while J14-26IV6 ap- 
peared to have increased resistance to tyrosine repression. 
J14-26IV5 displayed characteristics similar to the unmu- 
tated J14-26TR1, being subject to both inhibition and re- 
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pression by tyrosine. The mutant strain J14-26IV9 appeared 
to be resistant to both repression and feedback inhibition 
by tyrosine, indicating that there may be at least two sepa- 
rate mutations within the plasmid pJFB1, one in the up- 
stream regulatory sequences and the other in the A R 0 7  
structural gene. More information, however, is required be- 
fore these two mutations can be separated and analysed 
independently. Once the transcription initiation site has 
been elucidated it may be possible to isolate the mutated 
upstream controlling regions, link them to the wild-type 
A R 0 7  structural gene sequences and observe if the resulting 
construct still shows resistance to repression but produces 
a protein sensitive to feedback inhibition. Alternatively, the 
existence of two separate mutations could also be proved 
by linking the mutated structural gene to wild-type up- 
stream sequences and showing that there is inhibition with- 
out repression. 

Although strain J14-26IV9 is insensitive to feedback in- 
hibition and repression by tyrosine, it only secreted 0.1 rag/ 
ml phenylalanine into the medium, indicating that deregula- 
tion of chorismate mutase alone may not alter the flux 
of the pathway sufficiently to achieve significant overpro- 
duction of phenylalanine. To obtain overproducing strains 
adequate for commercial purposes it will be necessary to 
deregulate other key enzymes in the pathway. 

Although tyrosine-mediated repression of chorismate 
mutase has been well documented in E. coli (Camakaris 
and Pittard 1983; Hudson and Davidson 1984) it has not 
been reported in S. cerevisiae. Transcriptional control has 
been implicated in the derepression of tryptophan biosyn- 
thetic enzymes in response to tryptophan starvation (Mioz- 
zari et al. 1977). Derepression of these enzymes also oc- 
curred, however, in response to starvation for unrelated 
metabolites such as arginine and histidine and, therefore, 
it was concluded to be not a tryptophan-specific response 
but elicited by the general amino acid control system. This 
raises questions of whether A R 0 7  is under general amino 
acid control and if the observed repression by excess tyro- 
sine is associated with it. 

There are very few reports of regulation of gene expres- 
sion in any of the other genes for aromatic amino acid 
biosynthesis. The DAHP synthase isoenzymes are not re- 
pressed by any of the amino acids, either singly or in combi- 
nation, nor is dehydroquinate dehydratase (Doy and Coo- 
per 1966). Lingens et al. (1966) have described an induction 
of chorismate mutase by tryptophan but this could not be 
confirmed by this work or that of others (Kradolfer et al. 
1977; Ball et al. 1986). Prephenate dehydratase is, however, 
reported to be repressed by phenylalanine while prephenate 
dehydrogenase is induced by phenylalanine but not re- 
pressed by tyrosine (Lingens et al. 1967). These effects are 
of the order of 2- to 3-fold whereas feedback inhibition 
can be a 100-fold effect. The latter has, therefore, always 
been cited as the main mode of control. The results of 
this work, however, indicate that repression may be more 
important in the regulation of aromatic amino acid biosyn- 
thesis than previously thought. 

The concentration of the internal tyrosine pool of the 
yeast cell is approximately 0.7 mM (Jones and Fink 1982). 
The tyrosine concentrations which evoked this repression 
response may, therefore, be slightly above the normal physi- 
ological levels encountered by the cell growing in the ab- 
sence of added tyrosine. In the commercial production of 
phenylalanine, however, high levels of tyrosine may be en- 
countered due to tyrosine supplementation of auxotrophic 

strains. To achieve the maximum yield of phenylalanine, 
therefore, it will be important to use yeast strains which 
not only overexpress chorismate mutase, but which are in- 
sensitive to both feedback inhibition and repression by tyro- 
sine. 
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