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In some of yeast species, iron ions are involved in
the regulation of production of the flavinogenesis
enzymes [1, 2]. In 

 

Pichia

 

 

 

guilliermondii

 

, one of the yeast
species most extensively studied in this respect, under
iron deficiency the level of transcription of riboflavin
(RF) biosynthesis genes increases sharply, thereby
increasing the intensity of flavinogenesis [3]. We have
previously described the 

 

rib

 

80

 

, 

 

rib

 

81

 

, 

 

hit

 

1

 

, and 

 

red

 

6

 

mutants of this species, which, aside from the high fla-
vinogenesis intensity, are characterized by changes in
iron metabolism. These mutations are recessive, mono-
genic, and are not associated with the riboflavin biosyn-
thesis genes [1, 3, 4]. It has been previously suggested
that the mutations 

 

rib

 

80, 

 

rib

 

81, 

 

hit

 

1

 

 and 

 

red

 

6

 

 inactivate
the hypothetical heterooligomeric repressor protein
which controls both riboflavin biosynthesis and the
transport of iron ions in 

 

P

 

. 

 

guilliermondii

 

 [1]; however,
the nature of these mutations and the molecular mech-
anisms of their functioning are still unknown.

In most yeast species, including 

 

Saccharomyces
cerevisiae

 

, unlike 

 

P. guilliermondii

 

, iron deprivation
does not result in a marked increase in flavinogenic
activity [4]. The regulation of RF biosynthesis in

 

S. cerevisiae

 

 is poorly understood, whereas the control
mechanisms which regulate iron uptake are well-
known [5, 6]. The regulation of iron assimilation by

 

S. cerevisiae

 

 is known to be controlled by the Aft1p and
Aft2p transcriptional activators [7]. The transcription
of the genes involved in iron transport is controlled by
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these factors and depends on the mitochondrial Fe–S
cluster biosynthesis, rather than on the cytosolic iron
levels [6]. It is also known that impaired Fe–S cluster
synthesis leads to mitochondrial iron accumulation in

 

S. cerevisiae

 

 and 

 

Candida albicans

 

. In addition,
increased production of vitamin 

 

Ç

 

2

 

 was noted in 

 

Can-
dida albicans

 

 [8, 9]. The Fe–S clusters and/or the pro-
teins which contain them are probably universal com-
ponents of the systems which control iron metabolism
in yeast cells. Also, it is possible that these factors are
involved in the regulation of riboflavin biosynthesis in
some yeast species.

This work provides evidence of the pleiotropic
nature of the 

 

rib80, hit1

 

, and 

 

red6 

 

mutations of 

 

P. guilli-
ermondii.

 

 These mutations, in addition to certain abnor-
malities in the regulation of riboflavin biosynthesis and
iron assimilation, cause a decrease in growth rates,
structural changes in mitochondria, as well as inhibi-
tion of the activity of Fe–S cluster proteins (aconitase
and flavocytochrome 

 

b

 

2

 

).

MATERIALS AND METHODS

In our study, we used the yeast strain 

 

Pichia

 

 

 

guilli-
ermondii

 

 ATCC 9058 and the 

 

rib

 

80

 

, 

 

hit

 

1

 

 and 

 

red

 

6

 

mutants of this species which exhibited impaired regu-
lation of riboflavin biosynthesis [10–12].

The yeasts were grown in the modified Burkholder
medium. The medium composition and cultivation con-
ditions were previously described in [13]. The removal
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of metals from the media was performed with the use of
8-oxyquinoline. The yeast biomass was determined tur-
bidimetrically with a Helios Gamma UVG-100105
spectrometer at 

 

λ

 

 = 600 nm. Riboflavin concentrations
were measured with an EF-3M fluorometer.

The content of iron in the cells and in the mitochon-
drial fraction was determined colorimetrically with

 

α

 

,

 

α

 

'

 

-dipyridyl [14]. The concentration of the Fe

 

2+

 

–dipy-
ridyl complex was measured with a Helios Gamma
UVG-100105 spectrometer at 

 

λ

 

 = 522 nm.
Exponential phase cells (

 

Ä

 

600

 

 = 1.0) were used for
the isolation of protoplasts. To obtain protoplasts, the
cell disintegration and differential centrifugation were
performed according to the method described by Tan
et al. [15]. The efficiency of fractionation was deter-
mined according to the activity of the marker protein,
the mitochondrial membrane-bound enzyme flavocyto-
chrome 

 

b

 

2

 

, in the pellet and supernatant fractions.
Gel filtration of the cell-free extracts was carried out

in a column (

 

1.5 

 

×

 

 10

 

 cm) with Sephadex G-10 at the
flow rate of 50 ml/h. The activity of citrate(isocitrate)
hydrolyase (EC 4.2.1.3; aconitase) in the column elu-
ents was determined by the rate of isocitrate transfor-
mation into 

 

cis

 

-aconitate according to the method
described in [16]. The enzyme quantity required for the
synthesis of 1 

 

µ

 

mol of 

 

cis

 

-aconitate in 1 min was
accepted as an activity unit.

The activity of L-lactate cytochrome reductase
(EC 1.1.2.3; flavocytochrome 

 

b

 

2

 

) was determined in a
dialyzed cell-free extract according to the method
described in [17]. The enzyme quantity required for the
oxidation of 1

 

 µ

 

mol of L-lactate in 1 min was accepted
as an activity unit. The protein concentration was deter-
mined by the method of Lowry et al.

The respiratory activity of the cells was determined
by means of an oxygen sensor Biological Oxygen Mon-
itor YS1 Model 5300 at 

 

30°ë

 

 in oxygen-saturated cell
suspensions (0.5 mg/ml) in a mineral medium (pH 5.6)
under constant stirring. The respiratory activity was
expressed as 

 

é

 

2

 

 amount (

 

µ

 

mol) consumed by 1 mg of
dry cells in 1 min.

Electron microscopic examination was performed
according to [18].

All the experiments were carried out in triplicates.
The statistical processing of the results was performed
using the Microsoft Office Excel software package.

RESULTS

The mutants 

 

rib80, hit1

 

, and 

 

red6

 

 are known to
exhibit elevated flavinogenic activity, a considerably
increased rate of iron transport, and intracellular iron
accumulation [10–12]. However, they differ in the level
of their flavinogenic activity. While riboflavin produc-
tion by 

 

rib80

 

 grown in the media with the optimal iron
content (3.6 

 

µ

 

M) was 3.4 mg RF/g dry cells, the
amount of riboflavin produced by 

 

hit1

 

 was about two
times lower; in the case of 

 

red6

 

, it was as low as
0.51 mg RF/g dry cells. As in the wild type strain,
decreased iron content in the medium (0.18 

 

µ

 

M of iron
ions) resulted in an increase in flavinogenic activity in
all the studied mutants.

Analysis of the growth of the 

 

P. guilliermondii

 

mutants exhibiting impaired regulation of riboflavin
biosynthesis has shown that, as in the wild type strain
ATCC 9058, the exponential growth phase of the
mutant cells lasted for 14–16 hours, with a subsequent
decrease in growth rates and transition to the stationary
phase. The mutants 

 

rib80

 

 and 

 

hit1

 

 differ from the wild
strain in their growth rates. The specific growth rate of
the strain ATCC 9058 was 0.25 h

 

–1

 

; the generation time
was 2.75 h. The specific growth rates of the 

 

rib80

 

 and

 

hit1

 

 mutants were 0.2 and 0.19 h

 

–1

 

; the generation times
were 3.2 and 3.5 h, respectively. The strain carrying the

 

red6

 

 mutation did not differ from the wild strain in
growth kinetics.

Electron microscopic examination demonstrated
that the number of mitochondria in the mutants 

 

rib80,
hit1

 

, and 

 

red6

 

 was higher than that in the wild strain
(Fig. 1).
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Fig. 1.

 

 Ultrathin sections of 

 

P. guilliermondii

 

 cells grown in the medium with 90 

 

µ

 

M of iron: (

 

1

 

) wild type strain ATCC 9058;
(

 

2

 

) 

 

rib80

 

; (

 

3

 

) 

 

hit1

 

; (

 

4

 

) 

 

red6.
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The total iron concentrations in the cells of the
mutants were two–three times higher than those con-
tained in the cells of the wild type strain (Fig. 2b). The
iron content in the mitochondrial fraction of the rib80,
hit1, and red6 mutants of P. guilliermondii was found to
be 2.5–3 times higher than that in the mitochondrial
fraction of the wild type strain (Fig. 2a). The ratio of
mitochondrial membrane-bound flavocytochrome b2
contained in the cytosol (supernatant) fraction and in
the pellet varied from 16.8 to 22.9. This fact suggests a
slight degradation of mitochondria, which could result
in a partial loss of iron during isolation. Nevertheless,
the results obtained indicate that, in all the studied
mutant strains, the iron content in the mitochondria is
higher than that in the wild type strain.

Theoretically, high iron concentrations in the mito-
chondrial fraction of mutant cells could explain their
decreased growth rates, for instance, due to the inhibi-
tion of their respiratory activity by excessive iron con-
centrations or to a decrease in the activity of Fe–S clus-
ter proteins, as has been demonstrated in the case of the
∆yfh1 mutants of C. albicans and S. cerevisiae [9, 19].
We observed a slight decrease in the specific rate of
oxygen consumption by the cells of the investigated
P. guilliermondii mutants, as compared to the wild type
strain both without an exogenous carbon source (Fig. 3)
and in the presence of glucose and glycerol (data not
shown). As could have been expected, the intensity of
oxygen consumption both by the mutant and the wild
type cells grown under iron deficiency (0.18 µM) was
1.3–1.5 times lower. Hence, the increase in the iron
content in the cells correlates with a decrease in both
the growth rate and the respiratory activity of the rib80
and hit1 mutants, but not of the red6 mutant. However,
the decrease in the respiratory activity of the studied
P. guilliermondii strains did not exceed 20–30%, while
the rate of oxygen consumption by the ∆yfh mutant
cells of C. ‡lbicans was four–five times lower [9].

Figure 4 shows the activity profiles of the two Fe–S
cluster proteins, aconitase and flavocytochrome b2, in
the studied strains of P. guilliermondii grown in the
medium with optimal iron concentration (3.6 µM) and
under iron deficiency (0.18 µM). The assayed enzy-
matic activities of the rib80 and red6 mutants was 1.5–
1.8 times lower than that of the wild type strain. Iron
deprivation caused the decrease in aconitase and flav-
ocytochrome b2 activity both in the wild type strain and
the rib80 and red6 mutants. It should be noted that the
activity of both enzymes in the mutant hit1 was four–
six times lower, irrespective of iron concentrations in
the medium. Figure 4 shows that time of cultivation
(24–48 h) had practically no effect on aconitase and fla-
vocytochrome b2 activities in all the strains. It seems
likely that the rib80 and red6 mutations do not affect
Fe–S cluster synthesis in P. guilliermondii, since the
decrease in aconitase and flavocytochrome b2 activity
in these strains was not as pronounced as in the mutants
of C. ‡lbicans and S. cerevisiae with impaired Fe–S
cluster synthesis [6, 8].

DISCUSSION

In the yeast S. Òerevisiae, a traditional subject of
molecular biology research, the expression of the genes
involved in iron metabolism is regulated by the Aft1p
and Aft2p transcriptional activators [7]. It has been
demonstrated that Fe–S clusters, rather than the con-
centration of cytosolic iron, are the main effectors in the
regulation of the corresponding genes [6]. In this spe-
cies, an inverse correlation was revealed between the
activity of Fe–S cluster proteins and the transcription
level of fet3 and ftr1 genes involved in high-affinity iron
transport into cells.

Both in C. ‡lbicans and S. Òerevisiae, iron assimila-
tion is generally regulated at the level of transcription of
the corresponding genes. However, unlike S. Òerevi-
siae, C. albicans cells synthesize riboflavin in excessive
quantities under iron deficiency [9]. The specific tran-
scription factors regulating the expression of the genes
responsible for iron assimilation and riboflavin biosyn-
thesis in this species have not been identified; however
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Fig. 2. Concentrations of iron in the mitochondrial frac-
tion (a) and cells (b) of P. guilliermondii, wild type strain
ATCC 9058 (1), and the mutants hit1 (2), red6 (3), and
rib80 (4). Growth time 24 h.
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it was demonstrated that the yeast global repressor
Tup1p is involved in these processes [2].

Mutations of the corresponding genes involved in
iron assimilation are responsible for the generation of
similar phenotypic properties in S. cerevisiae and
C. albicans [2, 9, 19]. Moreover, many such mutations
can be complemented by the insertion of appropriate
orthologic genes. Hence, in these yeast species, some
elements of the regulatory mechanisms providing cells
with iron are quite similar. However, in spite of impres-
sive progress in the study of the regulation processes of
iron assimilation, the mechanism of iron sensing in
yeasts is unknown.

The previously published data [1, 4, 20], as well as
the results of this study, suggest that the regulatory
mechanisms providing P. guilliermondii cells with iron
are similar to those of C. albicans [2, 9]. The mutants
rib80, hit1, and red of P. guilliermondii were selected
for the property “capacity for riboflavin overproduction
in the presence of iron” [10–12]. Further investigations
into the properties of the mutants have shown that iron
deprivation was not responsible for riboflavin overpro-
duction. Moreover, mutant cells accumulate several
times more iron than the wild strain. More recently, it
was demonstrated that these mutations lead to oxidative
stress as well [20].

According to the phenotypic properties (increased
concentrations of iron in the cells and in the mitochon-
drial fraction, high concentrations of malonic dialde-
hyde, a sharp decrease in aconitase and flavocyto-
chrome b2 activity), the hit1 mutant is very similar to
the previously described mutants with impaired Fe–S

cluster synthesis [6, 8]. The activity of aconitase and
flavocytochrome b2 in the rib80 and red6 mutants of
P. guilliermondii is relatively high. The observed
changes in the respiratory activity in all the studied
mutants were less significant as in ∆yfh cells of C. ‡lbi-
cans [9].

None of the studied mutations probably affects the
gene yfh. It can be assumed that Fe–S cluster synthesis
in the studied mutants of P. guilliermondii is not
impaired, and a slight decrease in aconitase and flav-
ocytochrome b2 activity results from the degradation of
labile Fe4−S4 groups due to oxidative stress, as had
been shown in the case of the jac1 mutants of S. cerevi-
siae [8].

The observed decrease in the growth rates and the
morphological changes of the mitochondria in the
mutants rib80 and hit1 are a further indication of the
pleiotropic nature of these mutations. It is probable that
expression of the genes responsible for riboflavin bio-
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Fig. 3. Oxygen consumption by the cells of P. guilliermon-
dii wild type strain ATCC 9058 (1) and the mutants hit1 (2),
red6 (3), and rib80 (4) grown at various iron concentrations
(the incubation mixture did not contain any exogenic sub-
strates). Fe+ and Fe–, iron concentrations of 3.6 and
0.18 µM, respectively.
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synthesis correlates with the expression of the genes
involved in the iron transport in this yeast species, as in
C. ‡lbicans [9].

The rib80, hit1, and red6 mutants of P. guilliermon-
dii possess a number of properties typical of the cells of
the wild type strain grown under iron deficiency (ribo-
flavin overproduction, high ferrireductase activity and
high transport rates of iron ions, increased concentra-
tions of malonic dialdehyde) [10–12, 21]. This fact may
point to the impact of the investigated mutations on the
availability of intracellular iron, or to certain abnormal-
ities in the mechanisms of iron sensing. The results
obtained indicate the existence of specific common ele-
ments involved in the regulation of riboflavin biosyn-
thesis, iron assimilation, and, possibly, in oxidative
stress response in P. guilliermondii.

The authors thank A.R. Kulachkovskii, Senior Sci-
entist, Ivan Franko National University of Lviv for his
help in carrying out electron microscopic examina-
tions.
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