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Iron uptake by the yeastPichia guilliermondii. Flavinogenesis and
reductive iron assimilation are co-regulated processes
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Abstract

Pichia guilliermondiicells overproduce riboflavin (vitamin B2) in responce to iron deprivation. The increase in
ferrireductase activity in iron-starve® guilliermondiicells correlated with the increase in flavin excretion. As

in Saccharomyces cerevisjaa typical b-type cytochrome spectrum was associated with the plasma membrane
fraction of P. guillermondiiand the cell ferrireductase activity was strongly inhibited by diphenylene-iodonium,
an inhibitor of flavoproteins, in both yeasts. MutantsRofguilliermondiiwith increased ferrireductase activity
were selected for further investigation of the relationship between iron reduction/uptake and flavin production. The
obtained mutation has been callgt(high iron transport). Ait mutant with a single recessive mutation showed the
following phenotype: high ferrireductase activity, increased rate of iron uptake and elevated flavinogenic activity.
Cu(ll) (50 um) strongly inhibited the growth of thigit mutant compared to the wild-type. The mutant cells grown

in copper-supplemented medium (5—-2B1) showed an increase of the ferrireductase activity (up to 2—3 fold).
The copper content of the mutant cells grown under these conditions was also higher (1.5-2 fold) than that of the
wild-type. The role of theHIT gene ofP. guillermondiiin the regulation of iron, copper and flavin metabolisms is
discussed.

AbbreviationsTTC, triphenyltetrazolium chloride; BPS, bathophenanthrolin disulfonic acid.

Introduction them, P. guilliermondij a yeast of industrial interest,
takes up iron by a reductive system very similar to
Reductive iron uptake is a two-step process by which that of S. cerevisiadFedorovichet al. 1995), as does
extracellular ferric chelates are reduced at the cell Candida albicangMorrisseyet al. 1996).
surface before the iron enters the cell. The reduc-  The molecular basis of reductive iron uptake in
tion step is catalysed by a plasma membrane-boundS. cerevisiadas been well studied. This yeast has two
electron transport system, which is induced under genes encoding structural components of the plasma
iron deprivation (Lesuisset al. 1987; Danciset al. membrane reductive systenkRE1 (Dancis et al.
1990). This reductive system of iron assimilation has 1990, 1992) and-RE2 (Georgatsou & Alexandraki
been well characterized iBaccharomyces cerevisae 1994), and their transcription is regulated by iron and
(review: Askwith & Kaplan 1998), and we have pre- copper. The high-affinity transport of iron into the cell
viously shown that several other fungi, in addition to is independent of the reduction step, and involves the
S. cerevisiaghave inducible plama membrane-bound formation of a plasma membrane complex between
ferrireductase activity (Lesuiss al. 1995). One of a mulicopper oxidase (Fet3p) (Askwitit al. 1994)



296

and a permease (Ftrlp) (Stearneral. 1996). Thus,
the copper which coregulates the expressiofrRE
genes, is also needed for the high affinity iron uptake
by the cells. Two other genes are important for the
regulation of reductive iron uptake, these MAC]I,
whose product probably interacts with copper and reg-
ulates the expression #8RE genes (Jungmanet al.
1993), andAFT1, whose product interacts with iron
and regulates the transcription of most of the genes in-
volved in reductive iron uptake (Yamaguchi-Ivedial.
1995, 1996).

It has been known for some time that there is a
link between iron metabolism and flavinogenesis in
the eukaryotic cell (Demain 1972). However, the phys-
iological implications of this link have never been
determinedP. guilliermondiiis a flavin overproducer,
which makes it a good tool for studying the inter-
actions between iron metabolism and flavinogenesis.
The products of at least two gen&B80andRIB8],
regulate both iron uptake and flavinogenesis in this
yeast (Shavlovskeet al. 1992, 1993). The mutants
rib80 andrib81 have increased flavin production and
increased ferrireductase activity (Fedorovieh al.
1992). This report shows that a third gehéT, is also
involved in the regulation of iron/copper uptake and of
flavinogenesis ifP. guilliermondii.

Materials and methods

Yeast strains and growth conditions

The P. guilliermondii strains used were: ATCC9058
(wild-type), L2 (isX, MAT—), L4 (cysX MAT+),
RG104 (ibl, hisX, MAT —), RIB801026-7 RIB8Q
metX MAT+), RIB81131-6 RIB81, hisX, MAT +).
The S. cerevisiaestrain used as a reference was
S150-2B @ra3, his4, leu2 trpl, MAT«). Unless
specified, the yeasts were grown on complete YPG
medium, or on synthetic medium containing (per
liter): 20 g sucrose, 3 g (NH2SQy, 0.5 g KHPOy,
0.2 g MgSQ-7H20, 0.2 g CaCl-6H,O, 1.5 mg
FeSQ, 2 mg biotin, 0.06 mg BBO3, 0.04 mg
CuSQ-5H,0, 0.05 mg MnS@7H,O, 0.12 mg
(NH4)6M07024-4H20, 0.3 mg ZnS@7H20. The
cells were grown in Erlenmeyer flasks on a gyro-
shaker (200 rpm) at 3CC.

Ferrireductase activity and iron/copper uptake

The ferrireductase activity of washed resting cells was
measured spectrophotometrically as previously de-

scribed (Lesuisset al. 1987; Fedoroviclet al. 1992)
with different ferric chelates (0.2 mM) as substrate,
in 50 mM phosphate buffer (pH 5.5) containing 2%
glucose. The cells were incubated at'80for 15 min
with agitation (200 rpm) before the iron and the iron-
trapping reagent (2,ipyridyl or bathophenantroline
disulfonate) were added. Iron uptake was measured in
50 mM citrate buffer (pH 6.5) containing 5% glucose,
using®°Fe as iron source. The cells were harvested in
exponential growth phase, washed with distilled water
and resuspended (1 mg wet weight/ml) in the citrate-
glucose buffer. After 3 min preincubation at 30,
iron was added as 2M Fe(lll)-citrate (1:20) and the
incubation was continued for 15 min. The reaction was
stopped by adding an excess (1 mM) of cold ferric
citrate and the cells were then washed on a filter with
10 ml ice-cold synthetic medium. The radioactivity on
the filters was counted by liquid scintillation.
Quantitative estimation of the total iron and cop-
per contents of the cells was carried out by Roentgen
fluorescence method (lida & Gohshi 1991). Riboflavin
was assayed fluorometrically (fluorometer EF-3M).

Mutant isolation and genetic analysis

Mutagenesis was performed by irradiating the cells
with UV light to obtain a 10% survival. The cells
were plated onto synthetic agar medium containing
40 mg/ml triphenyltetrazolium chloride to get about
100-200 colonies/plate. The colonies with high reduc-
tase activity turned red after 2—3 days.

Hybridization, sporulation and random spore
analysis were done as previously described (Sibirny
et al. 1977). Haploid strains of opposite mating types
and complementary auxotophies were crossed on ac-
etate medium (1% Na acetate, 0.5% KCI) and replica-
plated onto minimum synthetic medium to select the
prototrophic diploid strains. Sporulation was done on
acetate medium. The spores were selected by selective
killing of the vegetative cells with nystatine or 20%
ethanol.

Isolation of plasma membranes

Cell fractionation and plasma membrane purification
were done as described by Dufaatral. (1988) using
disruption of cells with glass beads followed by dif-
ferential centrifugation and acid precipitation (acetic
acid) of mitochondrial membranes. Aliquots of plasma
membranes were suspended at about 5 mg/ml in
10 mM Tris acetate buffer (pH 7.5) and frozen. Low
temperature spectra-(91°C) of plasma membrane
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Figure 1. Total flavin associated with the cells (A) or excreted in the
medium (B) byS. cerevisiag1) or P. guilliermondii (2). The cells Copper (uM)
were grown to stationary phase in complete medium with no addi- Figure 3. Ferrireductase activity (circles) and growth (squares) of
tion (M, iron-sufficient conditions) or in complete medium added P, guilliermondiicells as a function of the concentration of copper
with 0.2 mM BPS (J, iron-deficient conditions). in the growth medium. Cells of the wild-type strain (open sym-
bols) and of thehit mutant strain (closed symbols) were grown
on minimum medium containing different concentration of copper.
The cell ferrireductase activity and the growth yield were measured
respectively in exponential growth phase and in stationary phase.

0.01 A - ..
the P. guilliermondiicells excreted large amounts of

flavins into the extracellular medium in response to
iron deprivation (Figure 1). The increase in ferrire-
ductase activity in iron-starveld guilliermondiicor-
related well with the increase in flavin excretion (data
not shown). As irS. cerevisiaéLesuisseet al. 1996),

a typical b-type cytochrome spectrum was associated
with the plasma membrane fractionffguillermondii
(Figure 2), and the cell ferrireductase activity was
strongly inhibited by diphenylene-iodonium, an in-
hibitor of flavoproteins, in both yeasts (not shown).
Figure 2. Low-temperature absorbance spectrum of purified plasma Thus, both r-edUCtase Systems could include two re-
membranes fror®. guilliermondii The cells (wild-type strain) were dox centers, involving flavin(s) and heme(s). The need

grown to late exponential growth phase in complete (YPG) medium. for increased flavin production during iron starvation
could be partly due to the flavinic nature of one of the

redox centers involved in ferrireductase activity. In this
suspensions were recorded with an optical path length context, heme-deficie. cerevisiaeells are deficient
of 1 mm with one sheet of wet filter paper in the ref-  for ferrireductase activity (Lesuisse & Labbe 1989)
erence path. Spectra were corrected for the baselineyhijle heme-deficienP. guilliermondii cells have no
shift. flavin overproduction when they are starved of iron
(Schavlovsky & Laska 1973). However, the amount
of flavin produced by iron-starveR. guillermondii
Results and discussion clearly exceeds any flavin requirement for some re-
dox centers involved in iron metabolism, and it is

The cell iron status affected the flavin contents of not clear why massive amounts of flavins are excreted
bothS. cerevisiaandP. guilliermondiicells, but only
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Table 1. Phenotype ohit mutant and wild-type strains

Wild-type  Mutant

Reduction of TTC (mg/g cell) 1.1 42.4
Ferrireductase activity (nmol/mg cell/min)  0.42 4.35
Iron uptake rate (increase factor) 1 67
Riboflavin excretion (mg/g cell) 0.2 2.2

Table 2. Random spore analysis of hybrids of hit mutant and wild-type strains
of P. guillermondii. Segregants of group 1 formed red colonies and segregants of
group 2 white colonies on TTC-containing medium

Ferrireductase Iron uptake Riboflavin
activity rate excretion
(nmol/mg/min)  (increase factor)  (mg/g)

Parental strains

Wild-type 0.3 1 0.2

hit mutant 5.7 76 2.4
Hybrids 0.4 12 0.4
Segregants

Group 1 (305 clones) 2.7-4 51-79 1.4-2.2

Group 2 (310 clones)  0.4-0.65 1.4-3.3 0.2-0.3

into the extracellular medium under such conditions. analysed for random spore production on sporulation
The extracellular concentration of riboflavin does not medium and the phenotypes of the segregants were de-
influence the rate of iron uptake (from ferric cit- termined. An example of the results obtained is given
rate) by resting cells d®. guilliermondii(not shown). in Table 2. Crossing the mutant strains with the wild-
We further investigated the relationship between iron type yielded, after sporulation, a segregation ratio of
reduction/uptake and flavin production, mutants of 1/1 for the three phenotypic characteristics of the mu-
P. guilliermondiiwith increased ferrireductase activ- tant. Thus, mutants were affected in a single gene, that
ity were selected, and their ability to produce flavins we calledHIT (high iron transport). Previous studies
was examined. Some of the mutants obtained had high(Shavlovskyet al. 1985; Babyaket al. 1993) have
ferrireductase activity so that various electron accep- shown that cells mutated in tiRIB80or RIB81genes,
tors (ferricyanide, various ferric chelates, triphenyl- two genes involved in the regulation of flavin produc-
tetrazolium, FMN, riboflavin, etc.) were efficiently tion, have increased ferrireductase and flavinogenic
reduced by the cells as i8. cerevisiagLesuisse & activities. We checked to see if th#T gene was dif-
Labbe 1994). They also had high rates of iron transport ferent from theRIB80or theRIB81genes by crossing
when the iron was presented in either the ferric or the HIT mutant strains withrRIB80 and RIB81 mutants.
ferrous forms. Thus, the increased rate of iron uptake The ferrireductase activity of various hybrid strains is
of the mutants was not due to the increased ferrireduc- shown in Table 3. The data presented clearly show
tase activity. Lastly, they had increased flavinogenic thatHIT is a third gene involved in the regulation of
activity. The phenotypic differences between the mu- flavinogenesis and reductive iron uptakiéT mutants,
tants and wild-type strains are summarized in Table 1. and notRIB80or RIB81 mutants, showed an unusual
We determined whether the mutant phenotype resulted sensitivity to copper. 5@M of that metal strongly in-
from the mutation of one or several genes by back- hibited cell growth (Figure 3). Curiously, a non-lethal
crossing the original isolates with the parental strains. concentration of copper in the medium (5-2M)

All the heterozygous diploid strains were recessive for resulted in an increase in the ferrireductase activity
all the phenotypes. These diploid strains were then (Figure 3) ofHIT mutant cells. The copper content of
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Table 3. Ferrireductase activity of variou®. guillermondii Askwith CC, Kaplan J. 1998 Iron and copper transport in yeast and

strains its relevance to human disea3eends Biochem S&i3, 135-138.
- : — Babyak LYA, Sibirny AA, Shavlovsky GM. 1993 The selection and
Strain and Genotype Ferrireductase activity some characteristics of mutarichia guilliermondii rib81with
(nmol/mg cell/min) defects of riboflavin biosynthesis regulati@ytologia i genetika
) 27,28-31.
Wild-type, RIB8O RIB81 HIT 0.4 Dancis A, Klausner RD, Hinnebusch AG, Barriocanal, JG. 1990
hit mutant,RIB80 RIB81 hit 8.2 Genetic evidence that ferrireductase is required for iron uptake
rib80 mutant,rib80 RIB81 HIT 4.6 in Saccharomyces cerevisiae. Mol Cell Blf), 2294-2301.
rib81 mutant,RIB8O rib81 HIT 5.4 Dancis A, Roman DG, Anderson GJ, Hinnebusch AG. 1992 Ferric

hybrid hit mutant Xrib80 mutant 0.8 r_eductase_ anccharomyces cerewgdﬁolecular chara_cterlza—
o ; tion, role in iron uptake, and transcriptional control by irémoc

hybl’ld hit mutant X rib81 mutant 0.9 Natl Acad Sc US/&9, 3869-3873.

Demain AL. 1972 Riboflavin oversynthes&nnu Rev MicrobioR6,
369-388.

Dufour JP, Amory A, Goffeau A. 1988 Plasma membrane ATPase
from the yeasSchizosaccharomyces pombéethods Enzymol

the mutant cells was also higher (1.5-2 fold) than that 157 513-528.

of the wild-type (data not shown). Thus, tHéT gene ~ Fedorovych DV, Shaviovsky GM, Protchenko OV. 1992 Ferrireduc-
tase activity ofPichia guilliermondii cells and the peculiarities

is involvgd in the regulation of iron, copper and flavin of its regulationMicrobiologia 61, 11-17.
metabolisms. The increased sensitivity to copper of Fedorovych DV, Protchenko OV, Shaviovsky GM. 1995 The fer-
the cells and their increased ferrireductase activity rireductase of yeasPichia guilliermondit its properties and

: g : regulation of activity and synthesigkr Biokhim J67, 32—38.
are phenotyp|cal characteristics that are also found in Georgatsou D, Alexandraki E. 1994 Two distinctly regulated genes

the MAC1'P mutants ofS. cerevisiagJungmanret are required for ferric reduction, the first step of iron uptake in
al. 1993). In this yeast, th&4AC1 gene encodes a Saccharomyces cerevisiae Mol Cell Blel, 3065-3073.
transcriptional activator acting on genes involved in Graden JA, Winge DR. 1997 Copper-mediated repression of the
. . activation domain in the yeast Maclp transcription fadgvoc
iron and copper metabolismERE]1, CTR1, CTR3. Natl Acad Sc USA4, 55505555,

The activation domain of Maclp is repressed by cop- |ida A, Gohshi J. 1991 Trace element analysis by X-ray fluo-
per (Graden & Winge 1997). Ifr. guilliermondii rescenceHandbook on Synchrotron Radiatigh Amsterdam,
Shavlovski & Logvinenko (1982) have proposed that _ Elsevier Science Publishers BV, 307-348.

iboflavin bi thesis is t inti Il trolled Jungmann J, Reins H, Lee RA, Hassett R, Kosman O, Jentsch
riboriavin biosyntnesis 1S transcripuonally controlle S. 1995 MAC1, a nuclear regulatory protein related to Cu-

via a complex involving Fe(ll) and the products of the dependent transcription factors is involved in Cu/Fe utilisation
RIB80andRIB81genes. The same complex could also  and stress resistance in yedstiBO J12, 5051-5056.

regulate genes involved in reductive iron uptake. This Lesuisse E, Raguzzi F, Crichton RR. 1987 Iron uptake by the yeast
Id explain why both iron deficiency and mutations Saccharomyces cerevisiatnvolvement of a reduction steg.
would exp y y Gen Microbiol 133 3229-3234.

in the RIBBORIB81genes lead to flavin overproduc- Lesuisse E, Labbe P. 1989 Reductive and non-reductive mechanisms
tion and increased ferrireductase activity. We now  of iron assimilation by the yeasaccharomyces cerevisiag

; ; ; ; ; Gen Microbiol 135 257—-263.
know that the situation is still more complex, since Lesuisse E, Labbe P. 1994 Reductive iron assimilatioBancha-

a third gene_,HIT, is inV0|Ved- The product of this _ romyces cerevisialm: Winkelman G, Winge DR, ed$/etal lons
gene could interact with copper, as does Maclp in infungi.New York, Marcel Dekher Inc., 149-179.
S. cerevisiaelnteractions between the metabolisms Lesuisse E, Casteras-Simon M, Labbe P. 1995 Ferrireductase ac-

. : : tivity in Saccharomyces cerevisiaed other fungi: colorimetric
of iron and copper have been well characterized in assays on agar platesnal Biochen226, 375-377.

S. _CereViSiaeA common meChanism f_OI’ t_he Contro_l Lesuisse E, Casteras-Simon M, Labbe P. 1996 Evidence f@atbe
of iron/copper acquisition and riboflavin biosynthesis  charomyces cerevisiderrireductase system being a multicom-
could be essential for the regulation of electron trans-  Ponent electron transport chaihBiol Chem271, 13578-13583.

. . .. Morrissey JA, Williams PH, Cashmore AM. 19@&ndida albicans
port systems in the yeast celR. gu'”ermond”COUId has a cell-associated ferric-reductase activity which is regulated

be a good model to study these mechanisms, as shown i, response to levels of iron and coppicrobiology 142, 485—
by the present work. 492.
Sibirny AA, Zharova VP, Kshanovskaya BV, Shavlovsky GM. 1977
Selection of genetic line of the yedRichia guilliermondiicapa-
ble of producing large amounts of spor&sitologiya | genetika
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