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Abstract Iron deficiency causes oversynthesis of ribo-

flavin in several yeast species, known as flavinogenic

yeasts. Under iron deprivation conditions, Pichia guillier-

mondii cells increase production of riboflavin and mal-

ondialdehyde and the formation of protein carbonyl groups,

which reflect increased intracellular content of reactive

oxygen species. In this study, we found that P. guillier-

mondii iron deprived cells showed dramatically decreased

catalase and superoxide dismutase activities. Previously

reported mutations rib80, rib81, and hit1, which affect

repression of riboflavin synthesis and iron accumulation by

iron ions, caused similar drops in activities of the men-

tioned enzymes. These findings could explain the previ-

ously described development of oxidative stress in iron

deprived or mutated P. guilliermondii cells that overpro-

duce riboflavin. Similar decrease in superoxide dismutase

activities was observed in iron deprived cells in the non-

flavinogenic yeast Saccharomyces cerevisiae.

Introduction

Pichia guilliermondii belongs to a group of so-called flavi-

nogenic yeast species that overproduce riboflavin under iron

limitation conditions. This group also includes Candida

albicans, Debaryomyces hansenii, industrial riboflavin

overproducer Candida famata and some other yeast species

[1, 14]. The molecular mechanisms of such regulation and

physiological advantages of this phenomenon are not

known. It has to be mentioned that iron-dependent repres-

sion of riboflavin synthesis is also found in some species of

bacteria and plants. It has been hypothesized that excreted

riboflavin promotes iron acquisition in bacteria, yeasts, and

plants that overproduce riboflavin under iron deficiency. The

readers are referred to the recent review on riboflavin syn-

thesis and its regulation for more details [1].

The P. guilliermondii mutants rib80, rib81, and hit1 that

constitutively overproduce riboflavin under iron repletion

condition mimic to some extent the wild-type strain under

iron deficiency though it was unexpectedly shown to con-

tain more iron in the cells as compared to the wild-type

cells [10, 11]. Mutations rib80, rib81, and hit1 are reces-

sive, monogenic and possess nuclear localization [11, 31,

32]. So, the strains bearing these mutations are useful

models to study interrelationships between iron and ribo-

flavin metabolisms despite the fact that none of the mutated

genes has been identified so far.

It is known that both iron and riboflavin are able to

facilitate transfer of electrons during oxidation–reduction

reactions, which are essential for all living cells. Though,

the same property makes these compounds potentially

toxic because of their ability to generate reactive oxygen

species that damage cellular components by oxidizing

lipids, proteins, and nucleic acids [25]. Superoxide anion

(O2
-) and hydrogen peroxide (H2O2) are known to be
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potentially dangerous products of oxygen metabolism in

aerobic organisms. To reduce the harmful effects of

superoxide anion and hydrogen peroxide, cells produce

detoxifying enzymes. Enzymatic mechanisms include

superoxide dismutases (SODs) that convert superoxide

anion to hydrogen peroxide and oxygen, whereas catalases

convert hydrogen peroxide to water and oxygen [13, 36].

Superoxide dismutases (SOD) can be classified according

to metal cofactor(s) utilized: the copper and zinc (Cu,

Zn-SOD), manganese (Mn-SOD), iron (Fe-SOD), and

nickel (Ni-SOD) containing enzymes [3, 13, 26, 28]. Typi-

cally, eukaryotes express cytosolic Cu,Zn-SOD and mito-

chondrial Mn-SOD. Saccharomyces cerevisiae possesses

two forms: the cytosolic Cu,Zn-SOD and the mitochondrial

Mn-SOD which have been shown to play an important role

in protecting the cells against oxygen toxicity [26]. Candida

albicans genome harbors six genes encoding SODs. Four of

them, namely SOD1, SOD4, SOD5, and SOD6, encode

Cu,Zn-dependent enzymes whereas SOD2 and SOD3 both

encode Mn-dependent enzymes that are localized to mito-

chondria and cytoplasm, respectively [4, 15–17, 24, 29].

In S. cerevisiae, there are two forms of catalase, cytosolic

Ctt1 and peroxisomal Cta1 encoded by genes YGR088W and

YDR256C, respectively, both utilizing heme as a co-factor

[34]. In contrast, there is only one gene encoding catalase in

the genome of the methylotrophic yeast Hansenula poly-

morpha (http://genomeportal.jgi-psf.org/Hanpo2/Hanpo2.

info.html). There is very little information available

regarding P. guilliermondii genes encoding catalases and

SODs. Genes encoding these enzymes are annotated in the

database for Candida guilliermondii genome (anamorph of

P. guilliermondii) (http://www.broad.mit.edu/annotation/

genome/candida_guilliermondii/Info.html#t0); although

the functions of these genes have not been studied yet.

We have demonstrated earlier, that mutations affecting

the regulation of riboflavin biosynthesis and iron acquisi-

tion as well as iron deficiency itself cause oxidative stress

in P. guilliermondii [2]. We hypothesized that the up-reg-

ulation of riboflavin biosynthesis and iron hyper-accumu-

lation could occur in response to oxidative stress. Though

the mechanisms connecting riboflavin oversynthesis, iron

metabolism, and development of oxidative stress by

P. guilliermondii were not discussed. Here, we present

evidence that disturbing the iron metabolism dramatically

decreases catalase and SOD activities, which in turn may

be a primary reason for evolving the oxidative stress in

P. guilliermondii under iron starvation.

Materials and Methods

The strains used in this study are listed in Table 1. The cells

were grown on modified synthetic Burkholder medium as

described [33]. Iron-supplemented media contained 3.6 lM

of iron added as ammonium ferrous sulfate hexahydrate. Iron-

deficient media contained approximately 0.18 lM of iron.

Iron was removed from the medium with 8-hydroxyquinoline

as described earlier [33]. Cobalt-supplemented media con-

tained 0.9 mM of cobalt added as cobalt chloride. Cultivation

media were supplemented with appropriate amino acids

(40 mg/l) whenever required. The cells were grown in

Erlenmeyer flasks on a gyro-shaker (200 rpm) at 30 �C.

Riboflavin was assayed fluorometrically (Turner Quan-

tech FM 109510-33 fluorometer) using solution of syn-

thetic riboflavin as a standard. Protein concentration was

determined by the Lowry method [23].

Intracellular reactive oxygen species (ROS) was detec-

ted using the oxidant-sensitive probe 20,70-dichlorofluo-

rescein diacetate (DCFH-DA) [8]. Measurements of

intracellular oxidation were performed with 20 mg (dry

weight) of mid-exponential phase grown cells. A fresh

ethanol stock solution of DCFH-DA was added to the

culture to a final concentration of 10 lM and cells were

incubated for 30 min at 28 �C. After cells were cooled on

ice, harvested by centrifugation and washed twice with

distilled water. The samples were viewed with a fluorescent

microscope (Axio Imager A1; Carl Zeiss MicroImaging,

Jena, Germany) coupled to a monochrome digital camera

(Axio Cam MRm; Carl Zeiss MicroImaging) and processed

using the AxioVision 4.5 (Carl Zeiss MicroImaging) and

Adobe Photoshop 7.0 software (Adobe Systems, Mountain

View, CA). The increase in DCF fluorescence represents

Table 1 Strains used in this study

Strain Genotype Phenotype References

P. guilliermondii L2 (ATCC 201911) RIB80 RIB81 HIT1 hisX, MAT- Wild type [32]

P. guilliermondii rib80-1018-31 rib80 RIB81 HIT1 metX, MAT? Riboflavin oversynthesis;

hyper-accumulation of iron

[33]

P. guilliermondii rib81-131-6 RIB80 rib81 HIT1 hisX, MAT- Riboflavin oversynthesis;

hyper-accumulation of iron

[32]

P. guilliermondii hit1-1 RIB80 RIB81 hit1 hisX, MAT- Riboflavin oversynthesis;

hyper-accumulation of iron

[11]

S. cerevisiae L 3262 MAT? ura3-52 leu2-3, 112 his4-34 Wild type [20]
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the generation of ROS. Cell extracts were prepared by

vigorous vortexing of cells with an equal volume of glass

beads (0.3–0.4 mm) and 0.15 ml of 10 mM sodium phos-

phate buffer, pH 7.8. After centrifugation (14,0009g for

20 min) supernatant was used for fluorescence measure-

ment using Turner Quantech FM 109510-33 fluorometer

with excitation at 490 nm and emission at 515 nm. The

values were normalized by protein content in the mixture.

Protein oxidation was measured as total carbonyl groups

content using 2,4-dinitrophenylhydrazine as described [7].

Carbonyl protein content was evaluated spectrophotomet-

rically at 370 nm using a reported molar extinction coef-

ficient [22] and normalized by protein content in the

mixture.

To evaluate malondialdehyde (MDA), an end-product of

fatty acid peroxidation 0.8 ml of exponentially growing

culture (culture medium together with cells) were treated

with thiobarbituric acid as described [2].

The MDA production was calculated as follows

MDA production ¼ A532 � K � A440ð Þ � d � V=1:56

� 105 � N

K = 0.187 coefficient for calculation of absorp-

tion of unidentified complex at k532

d dilution

V sample volume (L)

1.56 9 105 cm-1 M-1 coefficient of molar absorption of

MDA-TBA complex at 532 nm

N g of dry cells in a probe

For assay of SOD activity the modified method [5] was

used. After electrophoresis the gel was washed twice in

50 mM phosphate buffer (pH 7.8) for 20 min. Then it was

soaked in 50 mM phosphate buffer pH 7.5, 0.064 mg/ml of

riboflavin, 3.2 ll/ml N,N,N0,N0-tetramethylethylenediamine,

0.3 mg/ml of 2,3,5-triphenyltetrazoliumchloride for 20 min.

Area of SOD activity remained yellowish-clear after the gel

was exposed to the UV light (using UV-transilluminator

(SPECTROLINE), whereas the rest of the gel turned red due

to reaction of 2,3,5-triphenyltetrazoliumchloride with super-

oxide anion that resulted in formation of colored formazan.

To find out which band corresponds to Cu,Zn-SOD

10 lg of total cellular proteins were applied on to the gel.

Loading buffer was supplemented with 1 mg/ml of bovine

serum albumin (BSA). After electrophoresis, the gel was

washed as described above. Then, the stripes of the gel

were soaked for 60 min in reaction buffer supplemented

with 5 mM of potassium cyanide or 0.1 mM of diethyldi-

thiocarbamate. The reaction buffer without additional

supplements was used as a control. The subsequent pro-

cessing of the gel strips was identical.

Results

Earlier it has been reported, that iron deficiency causes

pleiotropic effect on yeast P. guilliermondii resulting in

increased production of riboflavin and MDA [2]. Mutations

rib80, rib81, hit1 causing iron hyper-accumulation and

riboflavin overproduction [2, 10] as well as wild-type cells

supplementation with cobalt exerted similar effects on

P. guilliermondii (Table 2). Iron content in the mutant cells

grown under iron deprivation decreased similarly to that in

the wild-type cells. Increased production of MDA in the

mutants tested could suggest that mutations rib80, rib81,

and hit1 cause chronic oxidative stress to P. guilliermondii

cells. Iron depletion evoked significant increase in MDA

production, especially pronounced in mutant cells. To fur-

ther study development of the oxidative stress caused by the

mentioned mutations and iron deprivation, we measured

both ROS level and content of protein carbonyl groups in

mutant and wild-type strains grown in iron defined media.

As expected, intracellular oxidation levels in the cells of

rib80, rib81, hit1 mutants grown under iron repletion con-

dition was several folds higher as compared to the wild-type

cells (Fig. 1; Table 2). In the presence of cobalt ions, the

highest intracellular oxidation levels were observed in

mutant cells again. Observed increase of protein carbonyl

groups further supports this suggestion (Table 2).

The search of the P. guilliermondii genome database (http://

www.broad.mit.edu/annotation/genome/candida_guillier

mondii/Info.html#t0) suggests that the presence of two

putative catalases genes, PGUG_01850.1 and PGUG_

05581.1 that are similar to peroxisomal and cytosolic cata-

lases reported in S. cerevisiae, respectively [6, 34]. We

hypothesise that decrease of iron availability would lower

catalase activity since both enzymes require iron ions for

their activity. To check that, we compared catalase activity in

the P. guilliermondii cells grown in media supplemented

with different concentration of iron. In addition, we tested

cells grown in the same medium supplemented with 3.6 lM

of iron and 0.9 mM of cobalt (added as CoCl2�6H2O) since it

was suggested that cobalt ions act as a competitor of ferrous

ions [9]. As was expected, iron limitation led to significant

decrease (up to 9 times) of catalase activity in the cells of the

wild-type strain (Fig. 2). Cobalt supplementation caused

similar but less pronounced effect. In addition, we found that

catalase activity in the cells of riboflavin overproducing

mutants grown in iron sufficient medium is also decreased

(Fig. 3). Riboflavin production caused by iron deficiency, Co

supplementation or mutations mentioned above was

increased in these experiments (data not shown), as previ-

ously described [2, 11, 31, 32]. Notwithstanding that all

P. guilliermondii riboflavin overproducing mutants were

shown to contain several times more iron as compared to the

wild-type strains [10].
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SOD activity in different P. guilliermondii strains were

also analyzed. Since this yeast species is closer to C. albicans

than to S. cerevisiae (http://www.broadinstitute.org/anno-

tation/genome/candida_group/MultiHome.html), multiple

genes encoding SOD could be expected in its genome.

Search for homologies to SODs reported in C. albicans

revealed five P. guilliermondii genes putatively encoding

SODs (Table 3). Due to multiplicity of SOD genes and

isozymes, we applied a gel staining method to evaluate SOD

activity in P. guilliermondii cells instead of measurement of

the total activity in the cell-free extracts.

Cells of the wild-type strain (L2) grown to the late

logarithmic phase exhibited two distinct bands of SOD

activity. One of them (fast migrating) was partially inhib-

ited by both 5 mM of potassium cyanide or 0.1 mM of

diethyldithiocarbamate (Fig. 4) [3, 24]. Contrary, the

activity in slowly migrating upper band was not inhibited

by these agents (Fig. 4). Thus, the fast migrating band

would represent Cu,Zn-SOD activity(-ies) while slow

migrating band could be attributed to other SODs encoded

by P. guilliermondii nuclear genes (Table 3).

The activity of slow migrating form of SOD is slightly

visible in the younger cells (Fig. 5). Activity of Cu,Zn-

SOD which is the major form in younger cells, apparently

did not depend on the growth phase. Contrary, the activity

of this form of SOD is dramatically decreased in cells of

rib80-1018-31 mutant as compared to the wild-type cells.

Cells of rib81-131-6 strain also possess decreased activity

of this form as compared to the wild-type cells. Contrary to

all other tested strains, the cells of hit1-1 mutant possessed

Cu,Zn-SOD activity only.

We expected that P. guilliermondii iron deprived cells

possess increased activity of SODs since they are oxida-

tively stressed under such conditions. Unexpectedly, we

revealed a completely opposite phenomenon. Iron deprived

P. guilliermondii cells exhibited dramatic decrease in

activity of SODs (Fig. 6). The band of Cu,Zn-SOD activity

was slightly visible in the cells from earlier logarithmic

phase. There were only traces of activity of this form and

no activity of slow migrating SOD in the cells harvested at

middle or late logarithmic phase as well as in the cells

grown to earlier stationary phase. Contrary to that, two

typical bands of SOD activity were found in the cells of the

same strain grown in the medium supplemented with

3.6 lM of iron (iron sufficient conditions). Only the fast

migrating band of SOD activity (apparently Cu,Zn-SOD)

was found in the cells grown in the same medium sup-

plemented with 0.9 mM cobalt and 3.6 lM iron. These

results suggested that decrease in iron availability leads to

dramatic reduction of SODs activity in P. guilliermondii

cells.

Interestingly, the model organism non-flavinogenic

yeast S. cerevisiae possessed very similar changes in SOD

activity as both, iron deprived or cobalt loaded, cells

exhibited decreased SOD activities (Fig. 7). Thus, decrease

in SOD activities under iron starvation occurs in both

flavinogenic (P. guilliermondii) and non-flavinogenic

(S. cerevisiae) yeast species.

Table 2 Cellular iron content, intracellular oxidation level, protein carbonyl groups content and MDA production by P. guilliermondii mutant

and wild-type strains grown in iron defined media

Strains Iron content in

the medium

Iron content in the

cells, lg/g dry cells

Intracellular oxidation level, relative

fluorescence/mg of protein

Protein carbonyl groups,

nmol/mg of protein

MDA production,

lmol/g dry cells

L2 ?Fe 99 ± 7 21 ± 1 2.2 ± 0.1 0.5 ± 0.1

?Fe?Co 113 ± 8 171 ± 3 Nd 1.4 ± 0.3

-Fe 48 ± 3 31 ± 2 3.0 ± 0.1 1.2 ± 0.2

rib80 ?Fe 280 ± 10 81 ± 5 4.0 ± 0.2 2.8 ± 0.2

?Fe?Co 336 ± 12 374 ± 15 Nd 7.0 ± 0.4

-Fe 60 ± 3 Nd Nd 6.6 ± 0.7

rib81 ?Fe 119 ± 6 53 ± 3 2.1 ± 0.1 4.3 ± 0.4

?Fe?Co 281 ± 9 603 ± 21 Nd 9.8 ± 0.5

-Fe 51 ± 3 Nd Nd 12.8 ± 1.4

hit1 ?Fe 235 ± 9 78 ± 5 2.9 ± 0.10 2.0 ± 0.3

?Fe?Co 430 ± 18 272 ± 14 Nd 3.6 ± 0.2

-Fe 60 ± 4 Nd Nd 18.3 ± 3.5

Nd not determined

For MDA measurement, cells were incubated for 8 h

-Fe medium supplemented with 0.18 lM of iron

?Fe medium supplemented with 3.6 lM of iron

?Co medium supplemented with 3.6 lM of iron and 0.9 mM of cobalt

Mean ± SD from at least three experiments are shown
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Discussion

Earlier we observed that mutations rib80, rib81, hit1

affecting regulation of riboflavin biosynthesis and iron

acquisition cause oxidative stress in P. guilliermondii [1,

27]. Data on the elevated ROS level and content of protein

carbonyl groups in the cells of riboflavin overproducing

mutants further confirmed this assumption. It should be

stressed that the mutants exhibited chronic oxidative stress

without pro-oxidants treatment. It could be suggested that

oxidative stress in these mutants is caused by hyper-accu-

mulation of iron that promotes formation of free radicals

via Fenton reactions [10, 25]. To analyze this phenomenon,

we evaluated both catalase and superoxide dismutase

activities in the P. guilliermondii cells undergoing oxida-

tive stress caused by mutations rib80, rib81, hit1 or iron

deficiency. As was expected, we found substantial reduc-

tion of catalase activity in P. guilliermondii cells grown

under iron-deficient conditions (as compared to iron-sup-

plemented cells). Interestingly, mutations leading to ribo-

flavin oversynthesis and iron hyper-accumulation also

caused reduction of catalase activity in the cells though to

the lesser extent. Apparently this hyper-accumulated iron

remains in an unavailable form, which could not be utilized

by the cells. Indeed, the mutant cells with iron hyper-

accumulation behave like iron deprived wild-type cells as

both are characterized by increased riboflavin production

[1, 11, 31, 32].

To prove that defects in iron metabolism can cause

decrease of catalase activity we used cobalt since this metal

is thought to be a competitor of iron [9]. Earlier it was

shown that in S. cerevisiae cobalt stress selectively induces

a number of genes of a so called ‘‘iron regulon’’, coding

mainly for iron transport proteins, a response strikingly

similar to iron starvation. As result of cobalt-mediated

activation of ‘‘iron regulon’’, this treatment led to twofold

Fig. 1 Fluorescence

microscopy analysis of ROS

generation by P. guilliermondii.
Pichia guilliermondii rib80-

1018-31 (rib80 ?Fe), rib81-

131-6 (rib81 ? Fe), and hit1-1

(hit1 ? Fe) mutant were grown

in the synthetic medium

containing 3.6 lM of iron.

Wild-type cells L2 were grown

in the synthetic medium

containing 3.6 lM (WT ? Fe)

and 0.18 lM (WT-Fe) of iron,

respectively. PCM phase

contrast microscopy, DCFH-DA
DCFH-DA stained cells.

Representative images are

shown
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increased iron content in S. cerevisiae cells [35]. Similarly

to that, P. guilliermondii wild-type strains treated with

cobalt possessed significantly higher riboflavin production

and decreased catalase activity, thus behaving like the

mutants or like iron deprived wild-type cells [2, 11, 31, 32].

So, availability of iron has significant impact on catalase

activity in P. guilliermondii.

Unexpectedly, we observed that iron availability had

much more pronounced effect on SOD activity. Traces of

activity were found in iron deprived P. guilliermondii cells

of wild-type strain, whereas cobalt loaded cells possessed

only one band of activity (apparently belonging to Cu,

Zn-SOD(s) (Fig. 6), as observed for hit1-1 mutant. The

activity of this form of SOD is substantially decreased in

cells of both rib80-1018-31 and rib81-131-6 mutants, as

compared to the wild-type strain (Fig. 5). The situation is

Fig. 2 Catalase activity in P. guilliermondii wild-type strain cells

grown in iron defined and cobalt-supplemented media. Pichia
guilliermondii L2 cells were grown in the synthetic medium containing

3.6 lM of iron (?Fe), 0.18 lM of iron (-Fe), and 3.6 lM of iron and

0.9 mM Co (?Fe?Co). Cells from earlier (1), late (2) logarithmic and

stationary (3) growth phase were analyzed. Means and SD from

triplicate experiments are shown. Error bars represent SD

Fig. 3 Catalase activity in P. guilliermondii strains grown in iron

sufficient medium. Cells of P. guilliermondii wild-type strain L2

(WT) and rib80-1018-31 (rib80), rib81-131-6 (rib81), and hit1-1

(hit1) riboflavin producing mutants were grown in the synthetic

medium containing 3.6 lM of iron. Cells from earlier (1), late (2)

logarithmic, and stationary (3) growth phase were analyzed in each

case. Means and SD from triplicate experiments are shown. Error
bars represent SD

Table 3 Pichia guilliermondii proteins exhibiting significant simi-

larity to C. albicans SODs

Putative P.
guilliermondii
SODs

Protein of

C. albicans
Identical

residues

Similar

substitutions

% of

similarity

PGUG_00172.1 SOD3 [21] 133/201 23/201 77

SOD2 [29] 129/199 25/199 77

PGUG_00849 SOD4 [24] 80/170 33/170 66

SOD5 [24] 75/162 31/162 64

SOD6 [24] 63/161 27/161 55

SOD1 [16] 38/124 22/124 48

PGUG_02053.1 SOD6 [24] 73/155 31/155 67

SOD5 [24] 51/118 22/118 61

SOD4 [24] 53/117 15/117 58

PGUG_02952.1 SOD2 [29] 147/207 27/207 84

SOD3 [21] 131/199 28/199 79

PGUG_03463.1 SOD6 [24] 93/165 26/165 72

SOD5 [24] 71/166 23/166 56

SOD4 [24] 69/166 25/166 56

* Only proteins exhibiting more than 48 % of homology are shown

Fig. 4 Inhibition of SOD activity in P. guilliermondii. Cells of

P. guilliermondii wild-type strain L2 were grown to middle logarith-

mic growth phase in the synthetic medium containing 3.6 lM of iron

(iron repletion conditions). 10 lg of cell protein were applied on to

the gel in each case. 1 reaction mixture without inhibitors added, 2
reaction mixture supplemented with 0.1 mM of diethyldithiocarba-

mate, 3 reaction mixture supplemented with 5 mM potassium cyanide
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really complicated since data show multiplicity of SOD

coding genes. There are at least five genes in P. guillier-

mondii genome potentially encoding SODs. It should be

noted that two of the proteins listed in Table 3, namely

PGUG_02952.1 and PGUG_00172.1 were annotated as

putative Fe,Mn-containing SOD. Apparently these two

enzymes but not others could be inactive in the case of

decreased availability of iron. Also it should not be

excluded that transcription of SOD genes in P. guillier-

mondii is repressed under iron deficiency through Hap43

transcriptional repressor like it was reported for other genes

in C. albicans [14]. Pichia guilliermondii five putative

SODs apparently are sorted to different cellular compart-

ment (cytosol and mitochondria). To further investigate the

role of the particular SOD genes in oxidative resistance

(and subsequently in riboflavin biosynthesis regulation) we

plan to construct strains containing double or triple dele-

tions of the particular genes in the future. Such study

should provide important insights into this phenomenon.

Involvement of iron-sulfur clusters in a link between

Cu,Zn-SOD activity and iron metabolism was suggested

earlier in S. cerevisiae [12, 18, 19]. It was supposed that

increased iron demand in the sod1 mutant may be a reflec-

tion of the cell efforts to reconstitute iron-sulfur cluster-

containing enzymes that are continuously inactivated in

conditions of superoxide excess [12]. It is important to

mention here that iron deficiency strongly diminished SOD

activity in S. cerevisiae (Fig. 7); so the observed phenom-

enon is similar between flavinogenic (P. guilliermondii) and

non-flavinogenic (S. cerevisiae) yeasts. Iron-sulfur clusters

are universally involved in regulation of iron metabolism in

yeast cells [30]. It can be supposed that in P. guilliermondii

Fig. 5 Areas of SOD activity (a) and riboflavin production (b) by

P. guilliermondii strains. Cells were grown in the synthetic medium

containing 3.6 lM of iron (iron repletion conditions). 40 lg of cell

protein were applied in each case. WT wild-type strain L2, rib80

strain rib80-1018-31, rib81 strain rib81-131-6, hit1 strain hit1-1. Cells

from earlier (1), middle (2), and late (3) logarithmic growth phase

were analyzed in each case. Results of the typical representative

experiment are shown. For riboflavin measurement cells were grown

to late logarithmic phase. Means and SD from triplicate experiments

are shown. Error bars represent SD

Fig. 6 Areas of SOD activity (a) and riboflavin production (b) by

P. guilliermondii wild-type strain. Cells of P.guilliermondii strain L2

were grown in the synthetic medium containing 0.18 lM of iron

(-Fe), 3.6 lM of iron, and 0.9 mM Co (?Fe?Co) and 3.6 lM of

iron (?Fe). Cells from earlier (1), middle (2), late logarithmic (3) and

stationary (4) growth phase were analyzed. 40 lg of cell protein were

applied in each case. For riboflavin measurement cells were grown to

late logarithmic phase. Means and SD from triplicate experiments are

shown. Error bars represent SD
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iron-sulfur clusters are involved in regulation of riboflavin

biosynthesis as well. This assumption could explain ribo-

flavin overproduction by oxidatively stressed P. guillier-

mondii cells. Although these hypotheses need to be tested in

greater details, the observed significant decrease, both cat-

alase and SODs activities can be the main reasons of oxi-

dative stress evolving in iron deprived P. guilliermondii

wild-type cells as well as in cells of the riboflavin overpro-

ducing mutants mentioned above.
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