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A change of a universally conserved leucine to valine
in the DNA-binding domain of the GATA factor AreA
results in inability to activate some AreA-dependent
promoters, including that of the uapA gene encoding
a specific urate—xanthine permease. Some other AreA-
dependent promoters become able to function more
efficiently than in the wild-type context. A methionine
in the same position results in a less extreme, but
opposite effect. Suppressors of the AreA(Val) mutation
mapping in the uapA promoter show that the nature
of the base in the first position of an HGATAR (where
H stands for A, T or C) sequence determines the
relative affinity of the promoter for the wild-type and
mutant forms of AreA. In vitro binding studies of
wild-type and mutant AreA proteins are completely
consistent with the phenotypesin vivo. Molecular
models of the wild-type and mutant AreA—DNA com-
plexes derived from the atomic coordinates of the
GATA-1-AGATAA complex account both for the
phenotypes observedh vivo and the binding differences
observedin vitro. Our work extends the consensus of
physiologically relevant binding sites from WGATAR
to HGATAR, and provides a rationale for the almost
universal evolutionary conservation of leucine at the
seventh position of the Zn finger of GATA factors. This
work showsinter alia that the sequence CGATAGagA-
GATAA, comprising two almost adjacent AreA-binding
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sites, is sufficient to ensure activation of transcription
of the uapA gene.

Keywords Aspergillus nidulan&sATA transcription
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Introduction

TheareAgene encodes a factor necessary for the efficient
transcription of>100 genes involved in the utilization of
nitrogen sources ispergillus nidulangArst and Cove,
1973). An isofunctional, homologous geneit-2, has
been described iNeurospora crassdFu and Marzluf,
1990), while theGLN3 DAL80 NIL1 and NIL2 genes
regulate in a less straightforward fashion the utilization
of some nitrogen sources iBaccharomyces cerevisiee
(Cunningham and Cooper, 1991; Minehart and Magasanik,
1991; Coffmanet al, 1995; Stanbrougtet al, 1995;
D.Rowen, N.Esiobu and B.Magasanik, personal com-
munication). The single DNA-binding domains of these
fungal proteins show striking similarities to the zinc fingers
and adjacent downstream basic regions of the metazoan
GATA factors (Kudlaet al,, 1990), more particularly to
the carboxy-terminus of the two DNA-binding domains.
The AreA protein mediates nitrogen metabolite repression
by responding to the glutamine concentration in the cell.
Glutamine is thought to destabilize thareA mMRNA
through an unknown mechanism, and to prevent, via its
interaction with another protein, the binding of AreA to
its cognate DNA sites (Plagt al, 1996a). Even within
the same pathway, different promoters show varying
degrees of sensitivity to nitrogen metabolite repression.
Thus, in the purine degradation pathway, the promoters
of the permeases coded by thepAanduapCgenes are
exquisitively sensitive to nitrogen metabolite repression,
while the expression of thexA and uaZ genes is never
repressed completely (Oestreicher and Scazzocchio, 1995).
Two mutations that alter differentially the expression
of a number of genes controlled by AreA result in
substitutions of a universally conserved leucine in the
seventh position of the Zn finger loop (Leu683) by valine
and methionine respectively (Kud& al, 1990). Strains
carrying the valine substitutiom(eA103 showiinter alia,
a drastically increased expression of thendS gene,
encoding acetamidase, and almost null expression of the
genes coding for the specific uric acid—xanthine permease
and for the broad specificity purine permeasapA and
uapC respectively, Arst and Scazzocchio, 1975; Hynes,
1975; Scazzocchio and Arst, 1978; Gorfinleehl., 1993;
Diallinas et al, 1995). Strains carrying the methionine
substitution &reA3Q areA3]) have a phenotype which is
gualitatively a less extreme mirror image of that of strains
carrying the valine substitution (Arst and Scazzocchio,
1975; Gorton, 1983). Strains carrying the methionine
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substitution have been isolated as revertantarefA102 We had speculated that the gene-specific effects of
on uric acid as nitrogen source (see below, Arst and the mutations at position 683 might be due to the loss
Scazzocchio, 1975) A strain with an identical phenotype, or strengthening of these hydrophobic interactions
isolated in another laboratoryaeA200Q Hynes, 1975), (Scazzocchio, 1990).
was shown to carry an identical substitution (T.Langdon
and H.N.Arst,Jr, unpublished data).

As a consequence of the total loss of uric acid uptake
activity, areA102strains cannot utilize uric acid as nitrogen Selection and genetic characterization of specific
source. We have shown that it is possible to obtain suppressors of areA102

Results

revertants which grow on uric acid. Theis-acting We previously have described promoter mutations which
mutations responsible for the suppression aséA102 suppress thareAl02mutation specifically for growth on
specifically for growth on uric acid are adjacent to either uric acid and xanthine. A number of these are adjacent to

the uapA or the uapC genes (Arst and Scazzocchio, the uapClocus (Diallinaset al, 1995), but only one, a
1975; Gorfinkielet al, 1993; Diallinaset al, 1995). We 164 bp duplication, is @s-acting mutation upstream of
speculated that such revertants may have acquired AreA-the coding region of thaapAgene (Arst and Scazzocchio,
binding sites similar to those present in genes which are 1975; Gorfimtiehl, 1993). We sought to isolate
expressed normally or are overexpressed inateA102 additional suppressors mapping in the promoteuabA.
strains. One such suppresseapA100(previously called Spores fromtaAl areA10Xtrain were plated on medium
uapl00Q, was shown to affect drastically the expression containing uric acid as sole nitrogen source. Strains able
of the uapA gene. In anareA" background,uapA100 to grow on uric acid were selected either as spontaneous
results in constitutivity and overexpression of thapA mutants or after UV mutagenesis (15% survival). Wild-

gene. However, this mutation does not suppress a total type revertants or those able to grow on uric acid because
loss-of-functionareA allele, nor a null mutation iruay the Val683 has been substituted by a methionine can
the gene coding for the transcription factor mediating be distinguished easily from suppressors specific for

specific induction by uric aciduapA100is a 164 bp utilization of uric acid and presumably mapping in the
duplication. This duplication includes the single specific uapAor uapC promoters by their effects on growth on a
UaY-binding site (Stiez et al, 1995) and a couple of number of unrelated nitrogen sources (Arst and
putative, almost adjacent, AreA-binding sites, the sequence Scazzocchio, 1975eKatld 990). One spontaneous
being CGATAGagAGATAA. Data from a number of and seven UV-induced mutant strains carrying uric acid—
laboratories have shown that while AreA and other GATA xanthine specific suppressor mutations were found.
factors are able to bind to single WGATAR sites (Merika Extragenic, specific suppression was shown for these eight
and Orkin, 1993; Ko and Engels, 1993; DiGez, strains by recovery, in every case, of 288¢A102non-
B.Cubero and C.Scazzocchio, unpublished data; suppressed progeny in crosses vatieA" strains. These
A.Ravagnani and H.N.Arst,Jr, unpublished data), physio- eight strains were then crossguAi®0 areA102and
logically relevant sites occur often in direct or inverted uapC201 areAl0Ztrains carrying previously character-
repeats separated by a few base pairs (Maittial., 1989; izeduapAanduapC promoter mutations respectively. At
Strausset al, 1992; Fenget al, 1993; Langdoret al, least 300 progeny were analysed for each cross. Four
1995; M.I.Muro, J.Strauss, and C.Scazzocchio, unpub- strains each carry a suppressor mutation unlinked either
lished data). It was showin vitro that low affinity or to uapA or uapC and were not analysed further. Two
even WGATTR sites can be bound if nearby there is a strains carry suppressor mutations (desigp@&ob
strong binding site. This cooperativity is evident even in anduapC307 in or very near theuapC promoter. These
fusion proteins containing little more than the DNA- will be described in a separate publication.

binding domain (Fenget al, 1993; D.Gaonez, B.Cubero Three strains carry suppressorsaséA102which map

and C.Scazzocchio, unpublished data). Although the con- in or very nearafi®promoter: they are designated
sensus for GATA factors is usually written WGATAR, uapA302uapA310anduapA349In particular, the pheno-
CGATAR sites are recovered at low frequency in random typically identical mutatiapA302and uapA310did
selection experiments (Ko and Engel, 1993; Merika and not yield anyuapA" recombinants in, respectively, 1110
Orkin, 1993). A physiological function for such CGATAR and 2680 progeny in crosses in repulsioapié&l00
sites has not been described to date. We speculated thaMitotic haploidization analysis showed thapA349strain

the non-canonical cytosine present in the CGATAGagA- to carry a I-VIl chromosome translocaii@dmaps to
GATAA sequence of thauapA promoter is indeed the chromosome | (Arst, 1988), and thus this translocation
base which results in the inability of theapA promoter might be identical to the suppressor mutation. The
to respond to an AreA102 mutated protein. We thus extent of suppression afforded hyapA310is shown
analysed a number of mutations which were obtained as in Figure 1.

specific revertants on uric acid but that showed a rather

different phenotype fromuapAl1l00 These mutations  Molecular characterization of the uapA promoter
accommodate the AreAl02 (AreAval) protein without suppressors of areA102

affecting the non-induced levels ahpAexpression. The The phenotypically identical mutatiamespA302 and
NMR solution structure of the GATA-1-DNA complex uapA310consist of a single base pair change in tlagA
showed that the conserved leucine in position 7 of the prom@e&ATAGagAGATAA is mutated toT GATA-

loop of the Zn finger makes a number of hydrophobic GagAGATAA (positions from nucleotide 653 to 666 in
contacts, including one with the first base of the AGATAA Gorfinkiel al, 1993, relevant bases in bold). For
sequence used in NMR studies (Omichinekil., 1993). uapA302 we have sequenced 874 bp upstream of the
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Fig. 1. The specific suppression of tleeAl02mutation by different mutations in the HGATAR sites in thapApromoter is shown. The Petri
dishes contair.nidulansminimal medium with 5 mM ammonium+) tartrate (NH*), 700 uM hypoxanthine (Hx) or 70uM uric acid (UA) as
sole nitrogen sources. The genotype of each strain is indicated! is the wild-type allele (AreALeu)areA600is a total loss of function, chain
termination mutation (Kudl&t al, 1990) and is included as a contrareA102codes for the AreA(Val) proteiryapA' is the wild-type promoter
(CGATAGagAGTATA). uapA100is a 164 bp duplication within theapA promoter containing the CGATAGagAGTATA sequence described
previously (Gorfinkielet al, 1993).uapA310carries theT GATAGagAGATAA pair of sites,uapA500the CGATAGag GATAA pair anduapA501

the TGATAAagT GATAA pair of sites (see text). Mutant bases are in bold. MutatiapA501contains, in addition to the substitutions in the first
base of the HGATAR sites, an inversion between nucleotides 452 and 802 wdpiAgromoter (hnumbering as in Gorfinkiet al, 1993). This has
presumably occurred because a very similar 9 bp sequence flanks these nucleotides. Despite several attempts, it was not possible to obtain a
transformant which did not also carry this inversion. Note that this inversion inverts the relative orientation of AreA- and UaY-binding sites in
relation to theuapAtranscription startpoint.

uapA initiation codon For uapA310 160 bp comprising uapA*  uapA*  uapA302 uapA3l0 uapA310
the AreA- and UaY-binding sites were sequenced. It was ‘:;”"+l “:l"mf “;‘;’“0;" “;;';Amf %":
shown by transformation of a suitatdee A102strain with

the 160 bp mutated fragment that the mutation found was - .
sufficient to suppress there A102phenotype on uric acid
and that the degree of suppression was identical to that
found in the originalapA302anduapA310stains (Figure

1). No change was detected in the cognate region of

uapA349 Southern blots hybridized with a number of x
probes upstream from theapAgene showed a transloca- 'm actin u
tion breakpoint ~3.2 kb from the transcription start point .

(results not shown). This translocation is presumably Fig. 2. Northern blots showing the steady-state leveluabAmRNA
H H H ] H 1g. 2. Northern blots snowing the steady-state levelsl m
associated with the weak suppressioa@A102in strains in areA", areA102and suppressor mutations located in tizpA

carryinguapA349 As this work concerns specifically the  romoter as described in the text. In the right hand panel, the steady-

GATA-binding sites, this translocation was not analysed state levels for aiapA310single mutant are shown. All procedures

further. were carried out in parallel and the RNAs run in the same gel. NI,
mycelia grown under non-inducing conditions, | mycelia grown under
induced conditions as described in Materials and methods.

uapA -~

Levels of uapA transcripts in strains carrying point

mutations in the uapA promoter In vitro binding of wild-type and mutant AreA

These are shown in Figure 2. The weak suppression Offusion proteins to the uapA promoter

areA102by the two identical point mutations is clear, and The binding of a His fusion protein containing the AreA
is similar to the degree of suppression conferred by the DNA-binding domain (residues 468—729) to the relevant
uapA100duplication (Figure 5 of Gorfinkiegt al., 1993). region of theuapA promoter was investigated. Figure
However, while the duplication results in constitutivity and 3 (top panel) shows that the AreA(Leu) protein binds
considerably increased expression irea@A* background specifically to a 162 bp probe derived from toh@pA
(Arst and Scazzocchio, 1975; Gorfinkiet al, 1993), promoter and containing the CGATAGagAGATAA
uapA310does not result in constitutivity and, in fact, sequence. A mutant probe in which both sites have been
somewhat decreasaapAinduced expression in areA* mutagenized to CGGAGagCGGGAA (substituted bases
[AreA(Leu)] background. in bold) does not bind to AreA(Leu), nor is it able to
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Fig. 3. (A) Specificity of binding of the AreA(Leu) protein. Four
hundred ng of a His-AreA(Leu) protein were incubated with a 162 bp
uapApromoter probe, prepared by PCR following the standard
conditions indicated in Materials and methods and comprising the
CGATAGagAGATAA sites, or with the same probe mutated in the
cognate sites (mutated to G&AGagCGGGAA as described in Platt

et al, 1996b, see Materials and methods; mutagenized bases in bold).
The presence and absence of the His-AreA protein is indicated as ‘—'
and ‘+’ respectively. Competition was with 100 times excess of cold
probe. WT designates the wild-type and Mut the mutant probe.

(B) Relative affinities of the AreA(Leu), AreA(Val) and AreA(Met)
protein for the 162 bmapA promoter region containing the
5'CGATAGagAGATAA sequence. ‘—' indicates probe incubated
without protein, ‘Leu’, ‘Val' and ‘Met’ the three different His-AreA
fusion proteins used. Increasing quantities of proteins are indicated at
the bottom of the figure.

compete with the binding of a wild-type probe. Figure 3

(bottom panel) shows that the wild-type probe described

above has less affinity for the AreA(Val) protein than for
the wild-type AreA(Leu) or AreA(Met) proteins.

Figure 4 (left panel) shows DNase | footprints of the
non-template strands of the wild-typ&pA promoter, a
promoter carrying theiapA310uapA302C - T substitu-
tion in the first base of the (upstream) CGATAG site and
a promoter carrying an AT mutation in the first base of
the (downstream) AGATAA site. The striking result is the

‘GATA’ zinc fingers and promoter recognition

considerable loss of protection of the upstream site seen
with AreA(Val) protein in the CGATAGagAGATAA pro-
moter. The protection is recovered using bothTI&ATA-
GagAGATAA and the CGATAGagGATAA probes
(mutant bases in bold type). Note that improved binding
of the AreA(Val) protein to the downstream site of the
latter probe restores protection to the pattern observed
with the AreA(Leu) protein. This is consistent with a
cooperative effect between the AreA molecules occupying
the two sites. Interestingly, both mutant probes show
additional protected bases with the AreA(Val) mutant. The
first bases of the wild-type probe (the G opposite the C
in the first position of the upstream site and the T opposite
the A in the first position of the downstream site) are not
protected by the AreA(Leu), AreA(Val) or AreA(Met)
proteins. The A opposite the first T of the upstream site
in the TGATAGagAGATAA mutant probe and the A
opposite the T in the downstream site of the CGATA-
Gagl GATAA mutant probe (relevant bases in bold type)
show clearly increased protection by the AreA(Val) pro-
tein. This implies that the AreA(Val) protein binds to
TGATAR sites more tightly than the AreA(Leu) or AreA-
(Met) proteins and/or binds in a conformation resulting in
extended protection. The footprint of the template strand
(Figure 4, right panel) shows a slight but uniform decrease
in protection of the CGATAGagAGATAA and GATA-
GagAGATAA probes by the AreA(Val) protein when
compared with that afforded by the AreA(Leu) and AreA-
(Met) proteins. For the latter probe, the T in the fourth
position of the downstream site is less protected by the
AreA(Val) protein than by AreA(Leu) and AreA(Met).
For the CGATAGagTGATAA probe, the G in the second
position of the downstream site is sensitive to DNase | in
the presence of the AreA(Leu) and AreA(Met) proteins
but is clearly protected by the AreA(Val) protein. These
subtle changes are consistent with conformational differ-
ences between the different AreA-DNA complexes.

The effect of a T in the first position of an HGATAR
site (where H stands for A, T or C) is shown clearly by
the dUTP interference experiment of Figure 5. In this
method, random substitution of thymines by uracil residues
is used to investigate the role of a methyl group in position
5 of the pyrimidine ring in a given protein—~DNA interaction
(Pu and Struhl, 1992). A striking interference is seen
for the TGATAGagAGATAA probe with the AreA(Val)
protein. Thus, a 5-methyl group in the first base is only
essential when a valine is the amino acid in position 7 of
the Zn finger loop. Moreover, there is clear preferential
binding with the uracil-substituted probe for the AreA(Leu)
and AreA(Met) proteins (comparing the lanes correspond-
ing to the bound and unbound probes). These results show
clearly that a methyl group on carbon 5 facilitates the
binding of AreA(Val) while it interferes with the binding of
AreA(Leu) and perhaps, even more strongly, AreA(Met).

Interaction between the hydrophobic amino acid

in position 7 and the first base pair of an HGATAR

sequence

The results obtained by changing systematically the first

base of the CGATAG sequence in two different contexts

are shown in Figure 6. In one context, the downstream
binding site is the AGATAA wild-type sequence, in the

other this sequence was mutated to TGATAA. We have
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Fig. 4. DNase | protection of the 162 bpapApromoter sequence containing two HGATAR sites. ‘Probe’ indicates whether the sites were
CGATAGagAGATAA (wild-type promoter), TGATAGagAGATAA (uapA302and uapA310mutations) ofCGATAGagl GATAA (uapA500mutation,

see below). Only the first bases of the HGATAR sites, here indicated in bold, are shown. ‘G ladders’ and ‘T ladders’ show the cognate Maxam and
Gilbert (1977) reaction for each of the probes respectively from left to right. DNase | digestions of each probe, in the absence of any protein and in
the presence of AreA(Leu), AreA(Val) and AreA(Met), are indicated by —, L, V and M respectivelyNon-template strand. The sequence on the

side is the protected sequence (complement of CGATAGagAGATAAgc). The arrows indicate the positions of the mutations, visible as the absence of
a band, respectively in the G and T ladders. The stars at the left of weak or missing bands indicate the extended protection conferred by AreA(Val)
to the mutant probes as discussed in the t&.Template strand. The protected sequence, including the CGATAGagAGATAA sequence, is shown

on the side. The arrows indicate the mutations, visible in this strand as additional Ts. The stars to the right of bands indicate the specific loss of
protection as described in the text.

investigated qualitatively, in conditions of excess probe, It is, however, striking that AreA(Val) gives only the
the binding of AreA(Leu), AreA(Val) and AreA(Met) to  low mobility complex with the wild-type CGATAGagA-
these different probes. To investigate the importance of a GATAA probe. The affinity is reduced drastically, but

5-methyl (pyrimidine) group in the first position of the both sites are occupied. This is even true for the traces of
upstream site, we have constructed, in addition to probes complex formed with the AGATAGagAGATAA probe.
with thymine at this position, also probes with 5-methyl- Overexposure of the gels shown in Figure 6 revealed the

cytosine. low mobility complex clearly, but failed to show the high
Complexes of two different mobilities are seen. We mobility complex for these two probes (not shown). These
shall assume in the discussion which follows that the high results are perfectly consistent with the DNase | protection
mobility complex contains one molecule of AreA protein experiments. Modification of the pattern on one strand,
attached to the probe and the low mobility complex while the pattern of protection of the other strand is not
contains two molecules attached to the probe. If this modified, is consistent with a change of conformation of
assumption is correct, a number of conclusions follow. the complex, leading presumably to an increase in the
Firstly, there is no AreA binding to GGATAR sites, in  dissociation constant, rather than to occupation of only
other words, G in the first position is not acceptable. one site. The gel retardation and DNase | footprinting

Independent evidence for the latter has been obtainedresults with the mutant TGATAGagAGATAA probe are
through a detailed analysis of thernD-B intergenic both perfectly consistent with tight binding of the AreA-
region (D.Ganez, B.Cubero and C.Scazzocchio, unpub- (Val) protein to both HGATAR sites. There is, however,
lished data). With a GGATAGagAGATAA probe, the an apparent contradiction. The AreA(Val) protein shows
AreA(Leu) and AreA(Met) proteins show binding to only  only the high mobility complex with the CGATAGagTG-
one site while the AreA(Val) protein shows no binding ATAA probe. When the longer version (162 bp) of the
whatsoever. This is consistent with very weak binding of same probe was used, only the low mobility complex was
AreA(Val) to AGATAR sites. An almost opposite situation seen (not shown) and protection of both sites was observed
is seen for the GGATAGagTGATAA probe. The well in DNase I footprinting (Figure 4). A footprint carried out
defined, high mobility complex seen with AreA(Val) with AreA(Leu) and AreA(Val) and the 52 bp CGATA-
implies that it binds only to the downstream site. GagTGATAA probe showed occupancy of both GATA
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Fig. 5. dUTP interference of aapApromoter probe containing a
TGATAGagAGATAA mutant sequence. Leu, Val and Met designate
respectively the amino acid present at the seventh position of the Zn
finger loop. Differential interference is seen for the T in the first
position of the upstream site (see text), while interference for the
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internal Ts is seen with all three proteins. Note that this gel also shows

binding to a non-canonical CGATCG site 27 bp downstream from the
two canonical sites. A clear, albeit partial interference is seen for all
proteins, for the T in position 4 of the site. This binding and the
interference of internal Ts of the canonical GATA sites constitute
suitable internal controls for this experiment.

sites for both proteins (results not shown). The DNase |
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Fig. 6. Systematic variation of the first base of the upstream GATA
site (CGATAG) of theuapApromoter. In all experiments, 52 bp
probes, derived from the wild-type promoter as described in Materials
and methods, were used. The probes were all prepared using a
standard protocol and thus are in approximately equimolecular
amounts and in excess for the binding reaction with all proteins.
Mutations were carried out irA) wild-type (AGATAA) downstream

site context andR) in a mutant (TGATAA) downstream site context.
The bases mutated in one or more of the different probes are shown in
bold. C¥ indicates 5-methylcytosine Each group of four tracks
corresponds to a given probe, ‘' indicates absence of protein and L,
V and M, fusion proteins with leucine, valine and methionine,
respectively in the seventh position of the Zn finger loop. An excess
of labelled probe was incubated with 400 ng of protein in each case.

treatment is carried out in solution, before the separation What less than the AreA(Leu) protein to the TGATAGagA-
of the bound and unbound probes. These results stronglyGATAA probe. Another subtle difference between the
suggest that an unstable two-site complex is formed in AreA(Leu) and AreA(Met) proteins is that the latter binds
solution but that the AreA molecule bound to one of the Somewhat better to both the AGATAGagAGATAA and

two sites (presumably the CGATAG site) dissociates the AGATAGagTGATAA probes.

during electrophoresis. The instability of the complex

We have noted above that TGATAGagAGATAA is not

formed with the 52 bp probe accounts also for the upward equivalent to AGATAGagTGATAA. With the AreA(Val)
smears observed in the gel retardation experiments. Thusprotein, a low mobility complex is formed in the first case
the contradiction between the set of experiments in Figure While a fast mobility complex (albeit with an upward

6 (52 bp probes) and Figure 4 (DNase | footprints, 162 bp smear) is seen in the second case. This might be due to
probes) is only apparent and reflects a lower stability of the the difference in the base in the sixth position between

protein-DNA complexes obtained with the shorter probes.

the upstream and downstream sites. That the base in the

The presence of a methyl group, whether in thymine sixth position can influence the relative affinities of binding

or 5-methylcytosine, in position 1 of either or both sites
drastically improves the binding of the AreA(Val) protein.
5-Methylcytosine in the first position of the site diminishes

the binding of the AreA(Leu) and, to a lesser extent,

AreA(Met) proteins. The Ara(Met) protein binds some-

sites is supported by the difference observed between a

CGATAGagTGATAA and a CGATAagTGATAA probe

(relevant bases in bold). With the former, we see only the

high mobility complex, while with the latter we see mainly
the low mobility complex.
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Phenotypes of strains carrying CGATAGagTGATAA

and TGATAGagTGATAA mutations in the uapA o000 @ oS00 o 00° o

promoter ®0 0 0 ® 420 ‘s o b

The binding experiments described above establish that ®s00

both CGATAR and AGATAR sequences bind poorly to : : oo o0 8 & ¢0
LR

the AreA(Val) protein and that a mutation from CGATA-
GatAGATAA to CGATAGagr GATAA is sufficient to

restore the binding pattern seen with the AreA(Leu)
protein. We have therefore constructed,ibyitro muta- L © 0 » o

genesis followed by transformation, strains carrying a | & 4 o © o i
CGATAGagr GATAA (to be calleduapA500Q or aT GATA- I . o0 g
Gagl GATAA mutation (to be calleduapA50} in the 3 e e

uapA promoter (mutant bases in bold type). Figure 1

shows that these mutations are able to suppress the uric

acid phenotype of aareA102mutation somewhat better /"

than the TGATAGagAGATAA mutation previously (LR N

described. It is clear that a thymine in the first position [ oamno oamo

of either or both sites affords a clear suppression of the
phenotype ofareA10ZVal) on uric acid and xanthine /
(only uric acid shown). This experiment and the phenotype L0 © "";‘/

of mutations uapA302 and uapA310show that, while B

the sequence CGATAGagAGATAA is unable to promote Fig. 7. phenotypes of strain carrying substitutions in the seventh
efficient transcription in a AreA(Val) context, mutation in  position of the Zn finger loop of AreA. ‘Leu’ indicates the wild-type
the first base of either (or both) HGATAR site to T results areAgene, ‘ter’ indicates a strain carrying a total loss of function,

; ; s chain termination mutation in thereA gene areA60Q Kudla et al.,
in levels of Expression aiapAsufﬁuent to allow grOWth 1990). Other substitutions are as indicated. The plates contain

o Met o aVal o

on uric acid as sole nitrogen source. A.nidulansminimal medium suplemented with the following nitrogen
sources: from left to right, top row ammonium [as the){tartrate],

Phenotypes of strains carrying other amino acid nitrate (as the sodium salt), acetamide; bottom row, uric acid,

substitutions in position 7 of the Zn finger loop citrulline, acrylamide. The different nitrogen sources are used at the

Thein vitro binding experiments showed that the AreA- Standard concentrations (Arst and Cove, 1973).

(Val) protein binds poorly to both CGATAR and AGATAR
sites. We have constructed, fry vitro mutagenesis and of the zinc finger loop makes hydrophobic contacts with
transformation, strains having alanine, threonine, iso- adenine-1, guanine-2 and the thymine opposite to
leucine or asparagine, respectively, in position 7 of the adenine-3 (Omichensldi, 1993; Cloreet al, 1994).
AreA Zn finger loop. These strains were tested on a Inorder to provide a structural rationale for the differences
number of nitrogen sources (including ammonium, nitrate, in affinity and specificity observdd bivthandin vitro,
nitrite, uric acid,L-proline, L-arginine, acetamide, acryl- the binding of AreA(Leu), AreA(Val) and AreA(Met) with
amide L-histidine,L-citrulline and urea). The threonine and the AGATAA sequence was modelled. Substitutions of
alanine substitutions behave like the valine substitution, asthe first adenine by cytosine or thymine were studied in
expected (see below). The isoleucine substitution is an the same way. To remove steric hindrance effects resulting
interesting case. It results in slightly better growth than from these substitutions, the model corresponding to
the wild-type (leucine) on nitrogen sources such as acryl- each complex was subjected to 100 conjugate gradient
amide and citrulline, which are favoured by the valine, minimization steps. No water molecules were included in
threonine and alanine substitutions but, unlike them, hardly the modelling as these should be excluded from the
affects growth on uric acid and xanthine. The asparagine protein-DNA interface (Clorest al, 1994). The models
substitution strain grows somewhat less than the wild-type obtained are shown in Figure 9. Each change results in
strain on all nitrogen sources tested except ammonium, butobvious modification of the van der Waals distances
does not show striking differential effects. Some examples between the methyl group(s) of the amino acid side chain
of the phenotypes are shown in Figure 7. and the base in position 1.

An examination of these models shows a very satisfying
Modelling the interactions between the wild-type correlation of the specificity and affinity differences
and mutant AreA Zn fingers and an HGATAA described in other sections of this article with the hydro-
sequence phobic packing of the residue in the seventh position of
The high level of sequence identity of the DNA-binding the zinc finger loop and the first base of the HGATAA
regions between chicken GATA-1 and AreA permitted sequence. A striking result is the shortening of the van
direct use of the atomic coordinates of the GATA-1-DNA der Waals distances in the AreA(Val)-TGATAA complex,
complex (Omichinskiet al, 1993; pdblgat.ent Protein which accounts nicely for the experimental findings. The

Data Bank, Chemistry Department, Brookhaven National drastic effect of a valine substitution on the binding to an
Laboratory, Upton, NY 11973) to model the wild-type AGATAA sequence is neatly explained by this model. It
AreA(Leu)-AGATAA complex (Figure 8). is less straightforward to account for ihevivo and

Most of the important specific contacts in the GATA- in vitro results obtained with CGATAR sites and the
1-AGATAA complex are of a hydrophobic nature. In AreA(Val) protein as the lengthening of the van der Waals
particular, the conserved leucine in the seventh position distances is not particularly drastic. The explanation of
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Fig. 8. Model of the wild-type AreA(Leu)-~AGATAA complex as derived from the solution structure of the GATA-1-AGATAA complex (Omichinski

et al, 1993). The protein backbone is shown as a ribbon representation in orange. The DNA double helix is shown in green. The side chain of the
leucine in the seventh position of the Zn finger loop is shown. The side chain of this leucine is within the van der Waals distance of three bases of
the major groove of the DNA. These are shown in a space filling form in different colours as indicated. The adenine and guanine are respectively

the first and second bases in the AGATAA sequence, the thymine is the base complementary to the adenine in the third position.

this apparent disagreement between the model and the changes involving only a few base pairs. aralrs of

experimental results probably lies in the observation of
Clore et al. (1994) that water molecules are excluded
from the interface between the CD1 methyl group of the
leucine and the adenine in the first position in the GATA-1—-
AGATAA complex. The modest increase in distance
between valine and cytosine (and, fortiori, adenine)
might well be sufficient to allow water molecules in the
interface and therefore to prevent favourable hydrophobic
interactions.

The strengthening of the hydrophobic interactions in
the AreA(Met)-AGATAA and AreA(Met)-CGATAA

alleles with antisymmetrical properties and their respective
specific initiator suppressors could well provide the means
to identify and classify initiator sites in an eukaryote by
purely genetic means.’ (Arst and Scazzocchio, 1975). This
work shows that the response of promoters to a set of
mutant GATA factors depends on the first base of a
HGATAR DNA-binding sequence.

This work provides qualitative evidence that different
combinations of HGATAR sites and residues at the seventh
position of the Zn finger loop result in differences in
binding strength of the AreA—HGATAR complexes. The

complexes is also predicted. The spatial arrangementggreement between the resuits vivo, the binding of

shown for the AreA(Met)-TGATAA complex is the only
one permitted by the minimization procedure, other posi-
tions of the methyl group of the methionine being sterically
impossible. Thus the possibility of hydrophobic inter-
actions between the methyl groups of thymine and
methionine is almost nil.

Leucine appears to be the only amino acid capable of
forming a strong hydrophobic bond with all three bases
found in the first position of physiological HGATAR sites,
which perhaps accounts for its universal occurrence in the
most abundant sub-class of GATA factors.

Discussion

We previously have suggested, thare€A binding sites
might exist in discrete classes related to each other by

AreA proteinsin vitro and the modelling of the different
AreA—HGATAR complexes is excellent. While we have
not analysed in detail the kinetics of binding of the
different proteins to different probes, or established which
kinetic parameter(s) is affected by the various mutations,
it is clear that valine only works well when a methylated
base is present in the first position. It is satisfying that

suppressor mutations obtained long before evidence that

areAl102results in a Leuw Val change (Gorton, 1983)

turned out to be G T transitions in the first position of

an HGATAR site. The effects of valine in the seventh
position on thein vivo phenotypes are drastic; those of
methionine are qualitatively mirror images of those of

valine but are more subtle [see Figure 7, note the poor
growth on acetamide of the AreA(Met) strain]. Our
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Fig. 9. Systematic variation of the van der Waals distances obtained from specific substitutions in the model shown in Figure 1. The relevant
distances between the amino acid in position seven of the Zn finger and the first base of the HGATAA sequence are Tidicdes possible

HGATAA sequences are shown in complexes with AreA-binding domains containing leucine, valine or methionine in the seventh position of the Zn
finger loop.

qualitative binding studies show relatively little difference We show for the first time that CGATAR sites are used
between the AreA(Leu) and AreA(Met) proteins (for in vivo in a GATA factor-responsive promoter, and that
example with the TGATAGagAGATAA and theMIGATA- the wild-type AreA(Leu) is able to accommodate all
GagTGAGAA probes in Figure 6). Subtle differences are HGATAR sequences. This might have an interesting
apparent also in the dUTP interference experiment. The implication. The C of a CGATAR sequence can potentially
differences noted are consistent with thHa vivo be methylated. 5-Methylcytosine at the first position clearly
phenotypes. impairs the binding of an AreA(Leu) protein. This observ-
The amino acid which is changed iareA102 and ation suggests a novel and unexpected possible mechanism
areA30(and3l) is strictly conserved among all character- to down-regulate GATA-factor-dependent promoters in a
ized GATA factors having 17 amino acid Zn finger loops. variety of organisms including metazoans.
This is true for both the amino- and carboxy-terminal It was unexpected that substitution of the hydrophobic
fingers of those GATA factors of metazoans and fungi leucine by hydrophilic asparagine would allow at least
which have two Zn fingers. Omichinskt al. (1993) have some activation of virtually all promoters subject to

shown that the leucine residue contributes substantially to AreA control. Further work should disclose whether new
specific DNA binding with three different hydrophobic hydrophilic interactions enable the binding of mutant
interactions. Our work shows that the length of the GATA factors having a hydrophilic amino acid at position
hydrophobic chain of loop residue 7 is the parameter 7. A very restricted number of natural GATA factors have
which determines whether a given AreA protein will a hydrophilic amino acid in the seventh position of the
prefer AGATAR, CGATAR or TGATAR sites. Model Zn finger loop, but all of these have an 18 residue Zn
building based on published atomic coordinates for the finger loop, with an additional basic amino acid present
GATA-1-AGATAA complex provides a sound structural at position 16. No details on their mode of binding have
rationale for then vivo andin vitro experimental results.  been reported (Ballariet al, 1996).
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The CGATAGagAGATAA sequence is 31 bp upstream
from the uapA transcription startpoint. In theapA pro-
moter there is only one other canonical GATA site (AGA-
TAG), and it is 391 bp upstream from theapA
transcription startpoint. It is not known whether this site

‘GATA’ zinc fingers and promoter recognition

thepergillus oryzae amd§ene has three AGATAA
sequences and one CGATAA sequence in its promoter. This

gene is well expressed when introduceilnitdalans
AreA(Leu) and AreA(Met) backgrounds but expressed

very poorly when introduced into an AreA(Val) back-

has any physiological importance. This site is presumably ground (M.Hynes and M.A.Davis, personal communic-

inactive in an AreA(Val) context and thus the mutations

described here demonstrate the crucial and sufficient

role of the CGATAGagAGATAA pair of binding sites.
Mutation of either (this work) or duplication of both of
these sites (Gorfinkiedt al, 1993) is sufficient to allow
at least someiapAtranscription in an AreA(Val) context.

It should also be noted that these sites are 35 bp down-

stream from the only binding site for the UaY protein,
which mediates pathway-specific induction (Beet al.,

ation).

Strains carryingareA102 in contrast to wild-type

strains, also utilize as nitrogen sources certain natural
metabolites such as histidine and citrulline (see Figure 7).

This implies the presence of TGATAR sites suitably
positioned in the promoters of the relevant structural

genes. Almost all AreA-responsive genes are also subject

to pathway-specific induction, mediated by positive-acting
transcription factors. Mutations in a number of regulatory

1995, see below). We have characterized another genegenes mediating inductioni¢A, uaY amdR can eliminate

which is also virtually not expressed in an AreA(Val)
context. This is theilapCgene encoding a wide specificity

purine permease. The structure of its promoter is very

similar to that ofuapA There are three closely spaced
MGATAA sites downstream (17 bp for the site nearest)
from a unique canonical UaY-binding site. There is also
a single TGATAG site 244 bp upstream of the UaY-
binding site. Presumably, one or more of the MGATAA
sites are relevant toapCtranscription while the upstream
TGATAG site is not (see below; see Diallinesal,, 1995
for the sequence of theapC promoter).

areA102 the Leu- Val substitution, was selected for

growth on acrylamide as sole nitrogen source (Hynes and

Pateman, 1970). Acrylamide is not utilized by the wild-
type but its utilization is enabled by overexpression of the
amdSgene, coding for acetamidase. It is of interest to
examine HGATAR sites in themdSpromoter, the predic-
tion being that at least one relevant physiological site
should be a TGATAR site. This examination reveals an
interesting paradox. Hynest al. (1988) have proposed
that the AreA-binding site(s) cdimdSare downstream of
nucleotide —111 (numbering from the initiation codon).

Transformants lacking sequences upstream of —111 were

still dependent on AreA for utilization of acetamide.
However, no HGATAR site lies downstream of nucleo-

nitrogen metabolite repression and/or by-pass the need for
the AreA protein (Arst and Cove, 1973; Rand and Arst,
1978; Tollervey and Arst, 1981; Andrianopoulous and
Hynes, 1990; Burgeret al, 1991; Oestreicher and
Scazzocchio, 1995). Furtheromesting mutations,
altering the response of tremdSgene to specific regu-
lators, can be obtained as suppressarsAofull
mutations (reviewed by Davis and Hynes, 1991). The
explanation for the acquisitiorat®A102strains of the
ability to utilize nitrogen sources not utilized by the wild-
type resides in the increased affinity for the AreA(Val)
transcriptional activator, thereby obviating the likely need
for a pathway-specific regulator, which presumably
responds to a specific co-inducer. The inability of the
wild-type strain to utilize the nitrogen source would thus
imply that the physiological inducer is a metabolite not
directly involved in the pathway. For example, histidase
synthesis is not induced by histidine (Polkinghorne and
Hynes, 1975) but might nevertheless be induced by
an unidentified and possibly unrelated metabolite. The
regulation of trEendSgene provides a precedent. It is
induced by acetamide, through its conversion to acetyl-
CoA (Hynes, 1978), but also by an unrelated metabolite,
B-alanine (Arst, 1976). The possibility of uncoupling
induction from metabolism is a hecessary corollary of the

tide —111. There are only three such sites from position concept of gratuity, as elaborated by Monod (1970), and

—111 to position —650, and all three belong to the TGATAR

a potential source of evolutionary variation. It is interesting

class. We can propose one resolution of this paradox: onethat a single amino acid change in a transcription factor

or more of the TGATAR sites is the physiological site(s)
for amdSexpression. This is also consistent with the poor
growth on acetamide of strains carrying the AreA(Met)
substitution. The transformants of Hynes$ al. (1988)

can focus on this wider evolutionary process.

Materials and methods

were selected for growth on acetamide in a recipient Aspergillus nidulans strains and genetic techniques

deleted for theamdSgene and contained the transforming

amdSsequences inserted at unknown places in the genome
The selection method necessitates that the gene is trans

cribed. That is possible if it is placed next to a constitutive
promoter (which would have resulted in AreA independ-
ence) or suitably positioned HGATAR sites, which are not

rare in the genome. Crosses of these transformants with

strains carrying theareA102 and areA30 alleles would
have revealed the nature (whether CGATAR or AGATAR

Aspergillus nidulansstrains carried auxotrophic or colour markers in
standard use (Arst and Cove, 1973; Rand and Arst, 1977; Ketcdé,

1990; Clutterbuck, 1993; Stankovieial, 1993), and genetic techniques
followed Pontecorveet al. (1953) with the modifications of Clutterbuck
(1974). Transformation ofA.nidulanswas carried out according to
Tilburn et al. (1983). Transformation with small DNA fragments was

carried out according to Burget al. (1991).

Sequencing of mutations
A 10 kb EcoRI fragment comprising theiapA gene region of a strain
carrying theuapA310mutation was cloned iREMBL4. M13 subclones

as opposed to TGATAR) of these sites. Recent results derived from this phage were used to sequence the whole promoter

(M.Hynes, J.A.Sharp and M.A.Davis, personal communic-
ation) are completely consistent with this interpretation,

and demonstrate a physiological role for the most down-

stream TGATAR site of themdSpromoter. Moreover,

region from nucleotide 1 to 906 (numbering as in Gorfinketlal,
1993). The sequence change found was checked as indicated below for
strains carrying mutationsapA302and uapA349

For strains carrying theapA302anduapA349mutations, the promoter
region comprising the regulatory elements (AreA- and UaY-binding
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Table I. Sequence and position of the oligonucleotides used for the construction oapiAepromoter probes

Oligonucleotide name Sequence Start position
MEC CONT CGTCCAAGCCACTCTAGCAG -172
MEC UAP CGTCCAAGCCACTCTAGCAGCBATA -172
UAP33 TGgGaTcCAAGAGAAAGATAACCATG 25R
UAP55 AGGACTATCCACCCTGTATGG —465
UAP 102 SUP GTCAAGCTAGCTGCTTATCWCTCTATCNCTGCTAGAG -125R
UAP CORE 3 AACTGTCAAGCTAGCTGCTT -121 R
UAP AGATA CCACTCTAGCAGB(8)CTAGCTTGACAG -163 R
UAP GGATA CGTCCAAGCCACTCTAGCAGQGATA =172
UFOOT3 ATTAGCGTGGCGTCAGCCACAG —-68 R
UFOOT5 TCTCATCCTCCGCACCCGCTGTC -229
UAP GATAA CGTCCAAGCCACTCTAGCAGCGATAaAG =172
U/S UAP INT15 CGTCCAAGCCACTCTAGCAGCGQggAGAG -172

Nucleotide changes are shown in lower cadtirmicates the 5-methylcytosine replacement. Reverse oligonucleotides are indicated by an ‘R’
following the startpoint.

sites) was amplified (from nucleotide 540 to 704, numbering as in T
Gorfinkiel et al, 1993) with suitable primers, and cloned in the Table Il. PCR amplification of the 52 bpapApromoter probes
appropriate Bluescript plasmid. Four independent clones were sequenced

for each strain. Sequencing was carried out by the dideoxynucleotide Template sequence Forward Probe sequence
termination method (Sangeet al, 1977). The mutations generated oligonucleotide
in vitro in the AreA DNA-binding region and in theapA promoter
were sequenced directly from PCR products obtained after amplification CGATAGAGAGATAA MEC CONT CGATAGAGAGATAA
of a DNA fragment from nucleotide 540 to 704. CGATAGAGAGATAA MEC UAP MGATAGAGAGATAA
tGATAGAGAGATAA MEC CONT tGATAGAGAGATAA
Detection of transcription levels of uapA aGATAGAGAGATAA MEC CONT aGATAGAGAGATAA
Growth of mycelia, induction conditions, extraction of total RNA and CGATAGAGAGATAA UAP GGATA gGATAGAGAGATAA
Northern blots have been described previously” (Suat al, 1991; CGATAGAGIGATAA MEC CONT CGATAGAGIGATAA
Oestreicher and Scazzocchio, 1995). The gratuitous inducer 2-thiouric CGATAGAGIGATAA MEC UAP MGATAGAGIGATAA
acid was used thoughout to induce transcription of tle®A gene IGATAGAGIGATAA MEC CONT tGATAGAGIGATAA
(Oestreicher and SCB.ZZOCChiO, 1995) aGATAGAGIGATAA MEC CONT aGATAGAGIGATAA
CGATAGAGIGATAA UAP GGATA gGATAGAGIGATAA
Plasmid construction, expression and purification of the CGATAGagAGATAA UAP GATAA CGATAaAGAGATAA

oligohistidine fusion proteins - - - . -
The construct pARBD4 expressing the wild-type oligohistidine—AreA-  All forward 0I|gonu_c|eot|des have been u_sed in combination Wlth_UAP
(Leu683) fusion protein (residues 468—729) was described in Langdon CORE3 reverse oligonucleotide. Nucleotide changes are shown in

et al. (1995). The constructs expressing the AreA(Val683) and the lower case. ¥ indicates the 5-methylcytosine replacement.
AreA(Met683) fusion proteins were made by replacing a 226pj—

Dralll fragment in pARBD4 with the corresponding fragments obtained Gel retardation assays, DNase | footprinting and uracil

from PCR products amplified from thareA102 and areA30 mutant interference.
strains described in Kudlet al. (1990). All constructs were checked by Gel retardation assays and DNase | footprinting were performed as
sequencing. described in Langdoet al. (1995).

Expression, purification and gquantitation of wild-type and mutant The dUTP interference was adapted from Pu and Struhl (1992). A
fusion proteins were described in Langdenal. (1995) and Ravagnani PCR probe was prepared as described above, includingM@UTP
and Arst (1995). (final concentration) in the reaction. The binding reaction (containing

1.5 pg of fusion protein and F0c.p.m. of probe) was subjected to gel

Wild-type and mutant probes retardation assay to separate bound and unbound probe. The DNAs were
All probes were generated by PCR amplification using éfie-end- recovered and, following uradilglycosylase and piperidine treatments,

labelled and one cold oligonucleotide, followed by gel purification. The were subjected to electrophoresis on a 6% denaturing gel.
plasmid constructs p5SUA3 (wild-type) and pUADS-B3 (in which both
GATA sites were destroyed) which served as templates were described Directed mutagenesis of the AreA DNA-binding region
in Plattet al. (1996b). All the other templates were prepared as follows Overlap PCR was used to create the site-directed mutant DNA fragments
(see Table | for oligonucleotide sequence and position). Two PCR used for transformation. The PCR products were transformed directly
fragments were amplified using UAP55/UAP 102 SUP and NBRTA/ into A.nidulansand the mutants characterized as described previously
UAP33. The two products were combined and re-amplified using the (Langdah 1995; Tilburnet al, 1995; Plattet al, 1996a,b). The
external oligonucleotides UAP55 and UAP33. The final product was cut different substitutions at codon 683 (codon numbering according to
with Ncd and used to replace the equivalent fragment in the wild- Langda, 1995) were constructed by transformingamA5 inoB2
type construct pSUA3. Of the eight possible combinations potentially fwALl strain, whereareA5is a substitution of the first Cys of the Zn
generated by the UAP 102 SUP (...NGATAGagWGATAA...), we were finger (residue 673) by a Tyr, resulting in complete loss of function
unable to obtain the constructs containing the sequenG&ATA- (Plattet al, 1996a). Transformants were selected for rescue cAha5
GagWGATAA.... The corresponding probes were obtained using a mutation, they were checked by crossingreii atrain, Southern
specific oligonucleotides (see Table I). hybridization and sequencing throughout the DNA-binding region. In
The 52 bp probes used in the experiment shown in Figure 6 were each case, the new mutation segregated 1:1, the Southern blot showed
constructed using the primers shown above (Table 1) in combination a normal restriction pattern for thareA locus, no extraneous sequence
with oligonucloetide UAP CORE3. In Table II, we show for each probe changes were detected and sequencing revealed the desired changes
the original sequence, the final GATA site sequence and the forward
primers used. Construction of A.nidulans strains carrying mutations in the
The gel retardation assays shown in Figure 3, the DNase | footprintings HGATAR sites
and the dUTP interference were performed using 162 bp PCR probes Plasmids used to tran&fardutams areA108train were constructed
generated from the appropriate templates using the oligonucleotides by the following procedure. Plasmid pSUA3 contains a 976Sad—
UFOOT5 and UFOOTS3. Narl fragment comprising the entir&iapA promoter region (Platt
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et al, 1996b). AnNcd fragment of the above insert, containing the a novel family of transporters conserved in prokaryotes and eukaryotes.
CGATAGagAGATAA sequence, was substituted by a cognate fragment  J. Biol. Chem. 270, 8610-8622.
carrying either a CGATAGAaDGATAA or a TGATAGagl GATAA Feng,B., Xiao,X. and Marzluf,G.A. (1993) Recognition of specific

(mutant bases in bold) sequence, constructed as detailed above (see nucleotide bases and cooperative binding by the trans-acting nitrogen
wild-type and mutant probes). The resulting plasmids were used to  regulatory protein NIT-2 ofNeurospora crassaNucleic Acids Res.
transform arA.nidulans areA103train. Transformants able to grow on 21, 3989-3996.
uric acid were selected and, from these, one transformant for each of Fu,Y.H. and Marzluf,G.A. (1990hit-2, the major nitrogen regulatory
the mutant plasmids was shown to carry only a simple replacement of  gene ofNeurospora crassaencodes a protein with a putative zinc
the wild-type sequence. The introduction of the mutant sequences in the finger DNA-binding domainMol. Cell. Biol.,, 10, 1056—1065.
uapApromoter was checked by DNA sequencing after PCR amplification.  Gorfinkiel,L., Diallinas,G. and Scazzocchio,C. (1993) Sequence and
regulation of theuapAgene, encoding a uric acid—xanthine permease

Modelling procedures in the fungusAspergillus nidulans]. Biol. Chem.268 23376-23381.
Models of AreA—AGATAA complexes were generated using INSIGHT/  Gorton,D.J. (1983) Genetical and biochemical studies of the uptake of
DISCOVER modules from the Biosym/MSI package. (Biosym/MSI, purines and their degradation productsAispergillus nidulansPh.D.
9685 Scranton Road, San Diego, CA 92121-3752). Thesis, University of Essex, UK.
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