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Abstract

It is known for many years that iron represses synthesis of riboflavin (RF) and most of RF-synthesizing enzymes in several yeast
species, known as flavinogenic yeasts. However, the mechanism of such repression is not known. We have found that iron represses
transcription of RIB1 and RIB7 genes coding for the first and the last enzymes of RF biosynthesis in the model flavinogenic organ-
ism Pichia guilliermondii. To decipher molecular mechanisms of iron-dependent repression, isolation and study of the regulatory
mutants defective in corresponding regulation is desirable. However, no suitable methods for isolation of such mutants were pre-
viously available. We have produced a single-point transition mutation in the RIB1 gene. The corresponding rib1-86mutant exhibits
leaky phenotype and is unable to grow in iron-sufficient minimal medium without exogenous RF. However, it can grow in minimal
iron-deficient medium without RF, or in iron-sufficient medium upon introduction of the previously-isolated regulatory mutation
rib81, which leads to increase in RF production. Using the rib1-86 mutant as parental strain, a collection of mutants able to grow in
iron-sufficient medium without exogenous RF has been isolated. The mutants appeared to be defective in regulation of RF biosyn-
thesis and iron homeostasis and were divided into six new complementation groups. Study of one corresponding mutant, red6,
showed derepression of RIB1 mRNA synthesis in iron-sufficient medium.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

It is known for many years that iron regulates RF
synthesis in several yeast species, known as flavinogenic
yeasts. The list includes Pichia (Candida) guilliermondii,
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Candida famata (Debaryomyces hansenii), the patho-
genic yeast Candida albicans and some other species
[1–4]. Some of the flavinogenic yeasts possess very high
biosynthetic potential, which is illustrated by the fact
that mutants isolated from C. famata belong to the
strongest RF overproducers and are used for industrial
RF production [5]. Mechanisms by which iron regulates
RF synthesis are poorly understood. The good model
organism for such studies is the sporogenous yeast P.

guilliermondii, because methods for hybridization and
. Published by Elsevier B.V. All rights reserved.
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analysis of meiotic spore progeny, as well as DNA trans-
formation, have been developed for this species [6–8]. It
has been demonstrated that iron inhibits RF synthesis in
P. guilliermondii by repression of all (with exception of
the second one) enzymes involved in RF production
[9]. However, the mechanisms and the level at which
iron represses synthesis of enzymes involved in RF pro-
duction have not been identified yet. Several mutants
defective in iron-dependent repression of RF synthesis
have been isolated in P. guilliermondii, designated as
rib80, rib81, hit1 [10–12], though the methods for isola-
tion of such mutants were laborious and time-
consuming.

Earlier, the P. guilliermondii rib1-86 RF-deficient mu-
tant lacking the activity of the first enzyme of RF syn-
thesis, GTP cyclohydrolase, has been isolated [13]. It
was found that some revertants isolated from the rib1-

86 mutant appeared to be suppressor mutants [14]. This
paper contains molecular characteristics of the rib1-86

mutation and shows how it can be used for simple posi-
tive selection of the mutants derepressed in RF produc-
tion in iron-sufficient medium. The corresponding
regulatory mutants are preliminarily characterized. We
demonstrate that iron regulates RF synthesis at tran-
scriptional level, repressing production of RIB1 and
RIB7 mRNAs, and that such transcriptional repression
is alleviated in the regulatory mutants rib81 and red6.
2. Materials and methods

2.1. Strains and plasmids

Pichia guilliermondii strains used in this study are
listed in Table 1. For plasmid construction and propaga-
tion Escherichia coli strain DH5a (lacZDM15 recA1

endA1 gyrA96 thi-1 hsdR17 ðr�Kmþ
K Þ supE44 relA1 deoR

D(lacZYA-argF)U169) has been used. E. coli strain
WA802-81 (F� e14� (McrA�) lacY1 supE44 galK2

galT22 rfbD1 metB1 mcrB1 hsdR2 ðr�k mþ
k Þ rib1), defec-
Table 1
Yeast strains used in this study

Strain Genotype Ref. of source

ATCC9058 Wild type [7]
L2 (ATCC201911) MAT� his-17 [7]
9D303 MAT+ ade 2-19, rib 1-86 [13]
LV381 MAT� hit1-1 his-17 [12]
LV107 MAT+ rib80-22 arg-1 [6,11]
LV158 MAT� rib81-131 his-17 [6,10]
LV 461 MAT� red1-2 ade2-19 [14]
LV 462 MAT� red2-32 his-17 [14]
LV 463 MAT� red3-26 ade2-19 [14]
LV 464 MAT� red4-37 ade2-19 [14]
LV 465 MAT �red5-4 ade2-19 [14]
LV 466 MAT � red6-8 ade2-19 [14]
tive in the GTP cyclohydrolase II gene, was used in com-
plementation experiments [8]. The plasmid p19R1
carrying the P. guilliermondii RIB1 gene coding for
GTP cyclohydrolase II was described earlier [8].

2.2. Growth conditions and media

Yeast cells were grown on YPD or synthetic Burk-
holder medium supplemented with amino acids
(40 mg l�1), bases (20 mg l�1) and RF (200 mg l�1) if re-
quired [6]. Iron-deficient media contained about
0.18 lM of iron. Iron was removed from the medium
with 8-hydroxyquinoline as described earlier [15]. Iron-
supplemented media contained 3.6 lM iron added as
ammonium ferrous sulfate hexahydrate. Yeast cells were
grown in Erlenmeyer flasks on a gyro shaker (200 rpm)
at 30 �C. E. coli strains were grown in Luria–Bertrani
medium (LB) at 37 �C supplemented with RF
(200 mg l�1) or ampicillin (100 lg ml�1) if necessary.
Yeast hybridization and subsequent spore progeny anal-
ysis was done as described [7].

2.3. Biochemical analyses

RF was assayed fluorometrically. Activity of GTP
cyclohydrolase II was determined by a fluorometric
method as described earlier [16]. Protein concentration
was determined by the Lowry method [17]. Ferric reduc-
tase activity and total iron content in cells were assayed
by the a,a 0-dipyridile method as described [12].

2.4. DNA manipulations and transformation procedures

The 2.1-kbp DNA fragment carrying the GTP cyclo-
hydrolase II gene was amplified by a polymerase chain
reaction using primers Rib1for (5 0-GGCTCT-
AGATTTCACTCCGAAGGTAGG-3 0) and Rib1rev
(5 0-CGCGGATCCTAGAGTCGACACACATCA-3 0)
and chromosomal DNA of P. guilliermondii rib1-86

strain as a template. The obtained DNA fragment was
purified using the QIAGEN (Chatsworth, CA) PCR
purification kit, digested with BamHI and XbaI, and
cloned into pUC19 vector cut with the same endonucle-
ases. Three independent recombinant plasmids were se-
quenced using an ABI automated DNA sequencer
model 373A (GMI, Inc., Ramsey, MN). A homology
search and alignments were performed with the aid of
the BLAST and ClustalW 1.8 programs (available on-
line at www.ncbi.nlm.nih.gov/BLAST/index.html and
www.searchlauncher.bcm.tmc.edu/multi-align/multi-
align.html). Construction of the C207V mutant allele of
the RIB1 gene will be described elsewhere. For yeast
electroporation, a modified protocol of Becker and Gua-
rente was used [18]. Yeast cells were grown in rich med-
ium (YPD) to an optical density OD600 6 0.7, chilled on
ice and pelleted at 4000g for 10 min. The cells were

http://www.ncbi.nlm.nih.gov/BLAST/index.html
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washed with 0.1 M Li acetate, twice with ice-cold water,
and twice with 1-M saccharose. They were then re-
suspended in 1-M saccharose to a final concentration
of 5 · 109 cells ml�1. Aliquots of 200 ll were dispensed
into 1.5-ml tubes. Plasmid DNA (0.05–0.20 lg in
1–2 ll of TE buffer) was added and mixed gently. The
mixture was transferred into prechilled 2-mm electro-
poration cuvettes. Electroporation was performed as
follows: resistance 400 Ohms; capacitance 25 lF; volt-
age 2.3 kV. Cells were washed out from the cuvettes with
1-M saccharose, plated on selective medium and
incubated at 30 �C for 3 d.

2.5. RNA analysis

Cells were grown to middle-log phase on synthetic
media containing defined concentrations of iron. Total
RNA was extracted from these cells as described [19].
For the Northern-blot analysis, RNA was denatured
with formamide, separated in 1.5% agarose gel contain-
ing formaldehyde, and blotted to nylon membrane (Hy-
bondtm-N+, Amersham, Little Chalfont, UK). The
Rib1 probe was generated by PCR with primers
5 0-GAAACTCACGAATTTACC-3 0 and 5 0-GTGCG
AATCTGCATATGAATAG-3 0, using plasmid p19R1-
86 as a template. The 0.42 kb KpnI fragment of the
P. guilliermondii structural gene coding for RF synthase
(GenBank AY138984) was used as a Rib7 probe. The
probes were labeled with 32P radionuclide using a ran-
dom-priming kit (Gibco-BRL, Carlsbad, CA). Northern
blotting and hybridization were carried out essentially as
described [3]. The filters were then exposed to X-ray film
at �70 �C for 2 d prior to developing. After hybridiza-
tion, RIB1 and RIB7 mRNA levels were quantified
using the Scion (Frederick, MD) software (Scion Image
version 4.0.2). Values for mRNA signals were normal-
ized with volume values for ethidium bromide stained
rRNAs on the membranes.
3. Results and discussion

3.1. Molecular cloning of the rib1-86 allele of the GTP

cyclohydrolase II structural gene

Earlier, the P. guilliermondii RIB1 gene coding for
GTP cyclohydrolase II has been cloned and sequenced
[8] (GenBank Acc. No. AX009185). Based on these
data, we designed primers to amplify the rib1-86 mutant
allele of the gene. The 2.1 kb DNA fragment was ampli-
fied and cloned into pUC19 vector as described in
Section 2. In contrast to the plasmid p19R1 carrying
the wild-type (WT) allele of the RIB1 gene, the newly-
constructed recombinant plasmid (named p19R1-86)
purified from three independent E. coli DH5a transfor-
mants did not complement RF deficiency in E. coli
rib1 and P. guilliermondii rib1 mutants lacking GTP
cyclohydrolase II activity. Analysis of nucleotide se-
quences of these three plasmids revealed the same
single-point mutation G620A (numbering from the first
nucleotide of the initiator ATG codon) in the structural
gene. This transition converts a cysteine codon TGT to a
tyrosine codon TAT, resulting in C207Y substitution in
the predicted amino-acid sequence of GTP cyclohydro-
lase II (Fig. 1).

3.2. C207Y substitution in P. guilliermondii Rib1p leads

to leaky RF deficiency

Alignment of several known GTP cyclohydrolases re-
veals that the mutated position (C207) is usually occu-
pied by a valine residue (Fig. 1). In contrast, a cysteine
residue was found at this position in GTP cyclohydro-
lases II of P. guilliermondii, Debaryomyces hansenii

and Candida albicans, species that exhibit iron-depen-
dent regulation of flavinogenesis. Substitution of tyro-
sine-207 by valine in the rib1-86 allele of the RIB1

gene restored activity of GTP cyclohydrolase II. Plas-
mids carrying 207V allele of the gene complemented
RF deficiency in both E. coli and P. guilliermondii mu-
tants deficient in GTP cyclohydrolase II, but all yeast
transformants were unable to oversynthesize RF on
iron-depleted media (data not shown).

The functional role of the cysteine-207 residue re-
mains unknown.

Recently, it has been reported that the catalytic site of
GTP cyclohydrolase II from E. coli contains one zinc
ion (per subunit) coordinately bound by cysteine resi-
dues C54, C65, C67 [20]. They correspond to the
C176, C187, C189 cysteine residues in the P. guilliermon-

dii enzyme but not to C207 (Fig. 1). Since the active site
of the enzyme is not affected, most likely C207Y substi-
tution incompletely inactivates P. guilliermondii GTP
cyclohydrolase II or, renders it unstable. In favor of this
hypothesis, regulatory mutation rib81 partially sup-
pressed rib1-86 mutation: double mutant rib1-86 rib81

was RF-prototroph but could not oversynthesize RF
[13,14].

Earlier it was shown that iron deficiency causes a
10–20 times increase in GTP cyclohydrolase II activity
in the P. guilliermondii WT strain [6,10]. RF production
and activity of GTP cyclohydrolase II under these con-
ditions both can reach values reported for the constitu-
tive RF-overproducing mutant P. guilliermondii rib81

[10]. We found that iron deficiency stimulates growth
of the rib1-86 strain in the absence of RF (Fig. 2). The
rib1-86 mutant did not accumulate RF in the culture
medium, whereas the WT strain accumulated about
8 mg of RF per 1 g of cell dry weight in the culture
medium under these conditions. In contrast, no growth
of P. guilliermondii rib1-86 was observed on the medium
containing a physiological concentration of iron but



Fig. 1. Sequence comparison of GTP cyclohydrolases II. Pgu, Pichia guilliermondii; Cal, Candida albicans; Dha, Debaryomyces hansenii; Sce,
Saccharomyces cerevisiae; Kla, Kluyveromyces lactis; Spo, Schizosaccharomyces pombe; Pfl, Pseudomonas fluorescens; Vvu, Vibrio vulnificus; Eco,
Escherichia coli; Abr, Azospirillum brasilense; Ath, Arabidopsis thaliana. * – position of C207Y mutation.
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without RF. Thus, it can be supposed that iron defi-
ciency or the rib81 regulatory mutation cause hyperex-
pression of the RIB1 gene (and possibly of other RIB

genes), leading to suppression of RF deficiency in rib1-

86 strain.
Although the rib81 mutation and iron deficiency sup-

pressed RF auxotrophy in rib1-86 mutant, we could not
determine activity of GTP cyclohydrolase II in double
rib1-86 rib81 mutant. Maybe, activity and/or stability
of GTP cyclohydrolase II carrying C207Y substitution
are low and activity of the enzyme could not be deter-
mined due to insufficient sensitivity of the method used
(data not shown). Despite that, the results suggested
that identified mutation rib1-86 (G620A) leads to leaky
RF deficiency that can be partially suppressed by hyper-
expression of RF biosynthesis genes due to a regulatory
mutation or iron deficiency.
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Fig. 2. Dependence of growth of P. guilliermondii mutant strain rib1-
86 on iron supplementation. Both cultures were grown overnight in a
synthetic medium supplemented with 200 mg RF ml�1 and 0.18 lM
iron. Cells were harvested, washed three times with the same medium
but without RF, inoculated (OD600 = 0.001) into fresh synthetic media
(without RF) supplemented with 3.6 and 0.18 lM of iron, respectively.
Cultures were grown on a shaker for 3 d at 30 �C and OD600 was
measured. Strain L2 was used as a WT. Values shown are the means of
three independent experiments.
3.3. rib1-86 As a tool for isolation of regulatory mutations

affecting RF biosynthesis and metal homeostasis

In contrast to other P. guilliermondii rib1 mutants,
the rib1-86 strain spontaneously reverted to RF proto-
trophy at high frequency (Fig. 3). Based on the results
described above, we hypothesized that some of such rev-
ertants could carry mutations affecting regulation of RF
biosynthesis. To check this hypothesis, we isolated and
analyzed a collection of spontaneous revertants (RF
prototrophs) derived from rib1-86.

It has been reported earlier that colonies of the P. guil-
liermondii RF-overproducing mutants rib80 and hit1 are
characterized by both elevated ferrireductase and overall
nonspecific reductase activities. Their colonies were
stained red on a medium supplemented with 2,3,5-triphe-
nyltetrazoliumchloride (TTC), due to reduction of TTC
to insoluble red triphenylformazan [11,12,21,22]. There-
fore, in order to facilitate identification of suppressor
regulatory mutations and to distinguish them from intra-
locus reversion in rib1-86, RF-deficient synthetic med-
ium supplemented with 40 mg l�1 TTC was used to
select for spontaneous revertants. Cells of the rib1-86

strain were pre-grown in YPD medium supplemented
with RF, pelleted, washed once with water and plated
on selective medium (108 cells per plate). Colonies of
RF prototrophs appeared after 6–15 days of incubation
at 30 �C (Fig. 3). Some of them were stained red. Com-
plementation analysis revealed that all of them carried
a rib81 mutation that provided suppression of RF defi-
ciency. But elevated reducing activity toward TTC was
apparently due to additional mutations, since rib81 mu-
tants did not exhibit this phenotype [10]. To check that,
we crossed each newly-selected mutant with previously
characterized hit1 and rib80 strains and analyzed the
phenotype of the resulting diploids. As a result, 30 strains
that carry regulatory mutations different from previ-
ously-known mutations hit1 and rib80 were identified
(Fig. 4).

In order to segregate newly-obtained secondary
mutations, each of the selected red RF prototrophs
was crossed with the isogenic wild-type strain. Haploid



Fig. 3. Kinetics of appearance of RF revertants of P. guilliermondii rib1-86 mutants. Cells of the strain were pre-grown on YPD medium containing
200 mg l�1 of RF to late-log phase, pelleted, washed twice and re-suspended in sterile water. 3 · 108 Cells were plated on each plate and incubated for
15 d at 30 �C. Photos were taken after 5, 7, 9, 11, 13 and 15 d of incubation (numbered 1, 2, 3, 4, 5 and 6 correspondingly).
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segregants, red stained on the medium supplemented
with TTC, were isolated and analyzed by crossing to
the rib1-86 parental strain as well as to the rib81 strain.
The progeny (complementary to both mutations, rib81
and rib1-86) of both mating types (and carrying auxil-
iary markers) was identified and used for subsequent
analysis. Each of the novel mutants was crossed to
WT and corresponding mutations were found to segre-
gate in a 1:1 fashion (data not shown), as expected for
a single recessive mutation in a haploid genetic system.
To determine the number of genetic loci represented
by our mutants, we crossed each mutant to the others
and screened diploids for TTC reduction phenotype.
By this means, we found that the 30 strains represented
mutants in six independent loci, named RED1 to RED 6
(reduction) (Fig. 4).

Relative to the WT strain, all red mutants had ele-
vated levels of RF production and increased activity of
GTP cyclohydrolase II (Table 2). Also, red mutants
exhibited increased ferric/cupric reductase activity and
higher non-hemin iron content (Table 2). They were
more sensitive to transition metals than the WT strain
[14]. Thus, red mutations had pleiotropic effect on P.

guilliermondii metabolism, as reported before for the
mutations hit1, rib80 and rib81 [10–12].

It should be noted that selected red mutations could
not suppress RF deficiency in the rib1-86 mutant with-
out a concomitant rib81 mutation. The high rate of
appearance of two independent mutations in one hap-
loid cell could be explained by long incubation under
selective pressure, since it has been reported that the rate
of mutation in starved yeast cultures can reach 10�3

[23,24]. Also, it might be supposed that the original
mutation rib1-86 increased the mutability of the strain.

To check this hypothesis, we studied frequencies of
spontaneous mutations in strain rib1-86 and two inde-
pendent transformants of this strain carrying the inte-
grated WT allele of the RIB1 gene. The L2 strain was
used in these experiments as a WT strain. Whereas the
rib1-86 strain produced resistant colonies at a frequency
of 1.5 · 10�7 on the medium supplemented with ribofla-
vin, 5-fluoroorotic acid (FOA) and uridine, WT strain L2
exhibited a five times lower frequency of mutation (about
3 · 10�8) (Fig. 5). Introducing the WT allele of the RIB1
gene decreased the mutation rate of rib1-86 strains to a
level similar to that of the WT strain. In addition, the
spontaneous mutation frequency in the rib1-86 strain
on the synthetic medium supplemented with 125 lM
canavanine (i.e., appearance of resistant colonies) was
8–10 times higher than in the isogenic WT strain (data
not shown). Together with the data on RF prototrophs
selection (see above) these results tentatively suggested
that C207Y substitution in GTP cyclohydrolase II leads
not only to RF auxotrophy but also to increased muta-
tion frequency in the strain.

It has been shown earlier that E. coli GTP cyclohy-
drolase II as well as MutT protein can remove pyro-
phosphate from 8-oxo-7,8-dihydro-2 0-deoxyguanosine
5 0-triphosphate (8-oxo-dGTP) [25], which efficiently in-
duces T:A ! G:C and G:C ! T:A transversions. It is
thought that the produced 8-oxo-dGMP is further elim-
inated from the nucleotide pool [26]. In the case of



Table 2
RF production, GTP cyclohydrolase II activity, iron content and ferrireductase activity in red mutants and wild-type strain

Strains RF production,
lg (mg dry cells)�1

GTP cyclohydrolase activity
E (mg protein)�1 · 10�5

Fe content, lg
(g dry cells)�1

Rate of Fe+3 reduction,
nM Fe (mg dry cells)�1

WT 0.2 ± 0.05 0.7 ± 0.17 56.2 ± 4.32 4.2 ± 0.23
red1 0.4 ± 0.06 1.6 ± 0.16 288.7 ± 16.47 20.2 ± 1.62
red2 0.3 ± 0.07 2.2 ± 0.16 186.1 ± 8.28 12.8 ± 0.92
red3 0.4 ± 0.05 2.1 ± 0.14 194.2 ± 9.14 12.1 ± 0.97
red4 0.5 ± 0.08 2.1 ± 0.28 244.5 ± 12.31 22.2 ± 1.27
red5 0.8 ± 0.07 2.6 ± 0.19 276.3 ± 14.21 22.5 ± 1.80
red6 0.9 ± 0.07 2.8 ± 0.24 298.9 ± 16.24 24.1 ± 0.93

Values shown are the means of three independent determinations.

Wild 
type 

otypes: 

Sporulation 
Analytical crossings and analysis of both

TTC reduction and RF synthesis by
diploids

Complementation analysis. 
(crossing red mutants with each other
and screening diploid colonies for
TTC reduction phenotype).

Collection of red-stained Rib+ meiotic
segregants (genotype redX) with opposite 
mating types and different auxiliary markers 

Analytical crossings and analysis of both
TTC reduction and RF synthesis by 

diploids

Red-stained Rib+ meiotic
segregants (possible gen
rib1-86 rib81 redX or 
rib81 redX or 
redX) 

rib1-86, 
rib81

16 red-stained Rib+ revertants
(genotype rib1-86 rib81 rib80
and rib1-86 rib81 hit1) 

Hybridization

30 red-stained Rib+ revertants
(genotype2 rib1-86 rib81 redX)

rib1-86, 
rib81, 
rib80, 
hit1

Transfer on synthetic medium
supplemented with 40 mg/l TTC

46 red-stained1 Rib+ spontaneous revertants

Mutant rib1-86
(phenotype Rib-)

red6red5red3red2 red4red1

Fig. 4. Scheme of selection of P. guilliermondii red mutants. 1 – ‘‘red stained’’ – means that colonies of a strain appear red-colored on media
supplemented with 40 mg l�1 TTC; 2 – in order to simplify the figure, mating types and auxiliary markers of the strains are not shown.
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DmutT background, GTP cyclohydrolase II deficiency
significantly increased the frequency of spontaneous
mutation in E. coli [25]. It is also known that the E. coli
RIBA gene, encoding GTP cyclohydrolase II, is a mem-
ber of the soxRS regulon, which is induced by superox-
ide-generating agents [27]. Thus, E. coli GTP
cyclohydrolase II can serve as an additional means (able
to partially suppress mutT deficiency) to inactivate 8-
oxo-dGTP [25].
In yeast, transcription of genes involved in oxidative
stress response is upregulated by transcription factor
Yap1 [28]. The promoter region of the S. cerevisiae

GTP cyclohydrolase II gene contains a number Yap1-
binding sites. Despite of some inconsistency in the data,
it can be assumed that expression of this gene under
oxidative stress is increased [29,30]. Our analysis of the
promoter region of the P. guilliermondii GTP cyclohy-
drolase II structural gene revealed Yap1-like binding
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resistant P. guilliermondii mutants. Cells of the strains were pre-grown
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phase, pelleted, washed and re-suspended in sterile water. 3 · 108 Cells
were plated on each plate and incubated for 10 d at 30 �C. Synthetic
medium (0.67% YNB, 2% glucose, 0.8% CSM-ura) supplemented with
RF 200 mg l�1, uridine – 50 mg l�1, FOA-1 g l�1 and 15 g�l of agar
was used. Strain L2 was used as a WT reference strain. Values shown
are the means of three independent experiments.
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sites TTAGTCA, TTGCCAA, TTAGTGA, TTA-
CAAA, TTACTCA, located 286, 233, 167, 133 bp up-
stream of the ATG translational start codon,
respectively. This suggests that expression of the gene
could be enhanced under oxidative stress in order to
Fig. 6. Effect of iron supplementation and mutations red6, rib81 on expressi
sample was analyzed by Northern blotting as described in Section 2. rRNA w
dependent expression of RIB1 and RIB7 genes in P. guilliermondii rib1-86 m
media supplemented with 0.18 lM iron (designated as �Fe) or 3.6 lM iron (d
mutants red6, rib81 and wild-type strain ATCC9058. Cells were grown on syn
protect DNA synthesis from oxidized nucleotides. In
support of the existence of such regulation, P. guillier-
mondii increases RF production in response to oxidative
stress [31].

Thus, it could be supposed that in P. guilliermondii

GTP cyclohydrolase II is involved in degradation of 8-
oxo-dGTP, a potent mutagenic substrate for DNA syn-
thesis. This specific approach to reduce the quantity of
mutations may serve as a supplement to DNA mismatch
recognition and repair machinery in yeast [32,33]. To
prove the involvement of yeast GTP cyclohydrolases II
in degrading 8-oxo-dGTP, it is necessary to study both
frequency of spontaneous mutation in rib1 knockout
strains and substrate specificity of the enzymes purified
from different yeasts.

3.4. Iron represses transcription of RIB1 and RIB7 genes

in the wild-type strain of P. guilliermondii but not in the

regulatory mutants rib81 and red6

Inhibiting action of iron on RF production in flavi-
nogenic yeasts is known for 60 years [1], although the
mechanism of such inhibition is not known. Inhibition
of RF production by iron in P. guilliermondii results
from repression of the first, third, fourth, fifth and sixth
reactions of RF production, whereas the second enzyme
is synthesized constitutively [9]. The molecular level
at which iron represses RF-synthesizing enzymes has
not been elucidated. In some schemes, it has been
assumed that iron regulates transcription of the corre-
sponding genes and that regulatory mutants possess
on of RIB1 and RIB7 genes in P. guilliermondii. The RNA from each
as detected by ethidium bromide staining as a loading control. (a) Iron-
utant and wild-type strain ATCC9058. Cells were grown on synthetic
esignated as +Fe). (b) Expression of the RIB1 gene in P. guilliermondii

thetic medium supplemented with 3.6 lM iron as described in Section 2.
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constitutively-derepressed enzymes of RF production in
iron-rich medium [6,9]. We decided to test this hypothe-
sis experimentally by assaying the level of RIB1 and
RIB7 mRNAs in P. guilliermondii cells grown in iron-
rich and iron-deficient media.

Results of Northern blotting demonstrated that cells
of the rib1-86 mutant as well as of the wild-type strain
exhibited relatively low levels of RIB1 gene expression
in medium supplemented with 3.6 lM iron (Fig. 6(a)).
Decrease of iron concentration in the medium caused
at least a tenfold increase in RIB1 mRNA levels in both
strains. A very similar pattern of regulation was ob-
served for the RIB7 gene coding for RF synthase (Fig.
6(a)). As expected, the regulatory mutation rib81 also
dramatically increased the level of RIB1 mRNA. These
results suggested that an increase in RF production by
P. guilliermondii caused by iron starvation or regulatory
mutation correlates with an elevated level of mRNAs of
key enzymes involved in this biosynthetic pathway. We
conclude that regulation of RF biosynthesis by iron in
P. guilliermondii occurs at the transcriptional level.

In the next experiment, we tested expression of the
RIB1 gene in one of red mutants, namely, red6. In
iron-supplemented synthetic medium, the red 6 mutant
exhibited a lower level of RIB1 transcript relative to
the formerly isolated regulatory mutant rib81, although
about five times higher than in a WT strain (Fig. 6(b)).

Thus, iron strongly regulates transcription of genes
involved in RF biosynthesis in the wild-type strain of
P. guilliermondii. Such regulation is impaired in mutants
isolated earlier (rib81) and described in this study (red6),
as transcription of RF structural genes is elevated signif-
icantly in these mutants in iron-deficient medium.

It is known that different yeast species possess differ-
ent modes of action of iron-sensing transcriptional fac-
tors. For example, transcriptional activation of certain
genes under iron deficiency in S. cerevisiae is provided
by the transcriptional activators Aft1p and Aft2p
[34,35]. In contrast, transcription of a similar set of
genes is inhibited under iron-repletion conditions by
the transcriptional repressor Fep1p in Schizosaccharo-

myces pombe [36,37].
The mechanism of iron-dependent transcriptional

regulation of RF biosynthetic genes in P. guilliermondii

still needs to be elucidated. The simple method for posi-
tive selection of mutants impaired in iron-dependent
repression of RF biosynthesis developed in this work,
opens a possibility to decipher the molecular mecha-
nisms of such regulation in P. guilliermondii.
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