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Abstract

Flavinogenic yeast overproduce riboflavin (RF) in iron-deprived media. In optimal growth media supplemented
with Fe, hexavalent chromium ‘Cr (VI)' treatment led to elevated RF synthesis in all cases of 37 flavinogenic
strains studied. The level of RF production exceeded the rate observed at iron-deficient conditions. At sublethal
Cr concentrations the RF oversynthesis over time correlated well with the growth-inhibitory adaptational period
as manifested by the prolonged lag phase. The consecutive logarithmic biomass growth was accompanied by a
drop in RF biosynthesis. Cr (VI)-induced RF overproduction was not a result of cellular iron level decrease. The
treatment of yeast with Cr (VI) led to the stimulation of GTP-cyclohydrolase and RF-synthase activities, the key
enzymes of the RF biosynthesis pathway.

Introduction severalAspergillus nigerstrains (Enari 1955; Shukla
& Prabku 1961). In turn, Zn (Il) presence leads to

A great majority of microorganisms can synthesize the enhanced RF synthesis in various ye@sindida
riboflavin (RF) from simple medium components. guilliermondii, C. parapsilosis C. flareri) as well as
Some bacteria, yeast, and yeast-like fungi are able in Asp. nigerlKnusel 1957; Naik 1964). However, the
to overproduce RF under specified cultivation condi- detailed mechanisms of the observed effects have not
tions in quantities which exceed their physiological as yet been explained.
requirements. This characteristic makes it possible  So far, iron is the only metal whose influence on
to obtain the vitamin on the industrial scale. The RF metabolism in yeast such &andida, Pichia, De-
yield of flavinogenesis depends on both the cultivation baryomycesand Schwanniomyceseems to be well
medium content and the physico-chemical environ- understood. Fe-deficient media (Shavlovsky & Logvi-
mental conditions such as temperature, pH or redox nenko 1988a) cause the derepression of enzymes of
potential. Dramatic changes of flavinogenesis activ- the RF biosynthesis pathway, which in turn leads to
ity can be caused by the use of various inhibitors, RF overproduction. Some of the strains exhibit a par-
antimetabolites and other toxic agents (Demain 1972). ticularly strong effect of the enhanced flavinogenesis

RF biosynthesis rate in many microorganism resulting from iron deprivation. Such strains are called
species can be modulated by metals. For example,flavinogenic yeasts.
Co at 104 M stimulates RF production bichia The vitamin B synthesis rate is strictly correlated
guilliermondii and many other yeasts, whereas a de- with the level of enzyme derepression. It has been
ficiency of Mg (1) ions can induce flavinogenesis in
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postulated (Shavlovsky & Logvinenko 1988b) that RF media contained less than 0.01 mg Fe/ml. Iron was
synthesis is controlled by an iron-regulated repres- removed from the media with 8-hydroxyquinoline.
sor protein. The genetic control of RF biosynthesis Sterile chromium (VI) kCr,O7 and (Ill) Cr(SOy)3

has been studied extensively in yeBsguilliermondii x 16H,0, salts were added directly to the cultivation
(Shavlovsky & Logvinenko 1988a). GendRIB1- media at concentrations given in Results.

RIB7, coding for the enzymes involved in consecutive Biomass check was done turbidimetrically, as op-
flavinogenesis stages, have been identified. The regu-tical density at 540 nm (ORyg). Yeast dry mass,
lation of synthesis of these enzymes is complex and expressed in mg per ml of the cell suspension, was
involves both negative (gen&dB80,RIB31, andHIT) calculated based on appropriate calibration curves as
and positive (geneRIB83 andRIB84) control mecha-  ODsgp x Dilution /1.9. Quantitative estimation of the
nisms. In this study we present experimental evidence total chromium and iron content in cells was car-
that in the case of flavinogenic yeasts yet another ried out by means of atomic absorption spectroscopy

metal — chromium (VI) — is involved in modulation
of riboflavin biosynthesis.

The interaction of chromium compounds with liv-
ing cells is a subject of extensive studies due to en-
vironmental pollution by Cr and extreme toxicity of
this metal (Cieslak-Golonka 1995; Costa 1997; Dilon
et al. 1998; Lay & Levina 1998). Bioremediation of
Cr contamination is of a special interest since in a

(AAS) after sample mineralization using a Varian
spectrometer model Spectr AA-20B. Riboflavin was
assayed fluorimetrically with an EF-3M fluorimeter.
The activity of GTP-cyclohydrolase and RF-
synthase was determined according to the method
of Shavlovsky (Shavlovskgt al. 1980; Trach et al.
1982). For cell permeabilization, DMSO (Sigma) was
used (Logvinenket al. 1977). Protein determination

hexavalent form Cr compounds can easily penetrate in cellular extracts was made according to the method

cell membranes through anion transport channels (Co-

hen et al. 1993; Costa 1997). Then, immediately

of Lowry (Lowry et al. 1951).
All of the chemicals were of analytical grade.

after entering the cell cytoplasm, various intermediates Whenever required, fully sterile conditions were ap-

are formed as a result of reduction by cellular redox

plied.

systems. These intermediates are responsible for geno-

toxic and severe metabolism-perturbing effects. The
reported yeast flavinogenesis stimulation by Cr (VI)

might be an important stress reaction of cells against

sublethal concentrations of this heavy metal.

Materials and methods

Thirty-seven flavinogenic and 17 non-flavinogenic
yeast strains were used in experiments. The
yeast strains studied belonged to various sys-
tematic groups such a#ichia, Candidg De-
baryomyces SchwanniomycesSaccharomycesZy-
gosaccharomyces Cryptococcus Kluyveromyces
Hansenulaand Torulopsis Also, a mutant strain
of Pichia guilliermondiiwas used, characterized by
genotypeib81, which reveals an impaired RF biosyn-
thesis regulation by iron (Babyagt al. 1993).

Yeast cultures were typically grown in 100 ml Er-
lenmeyer flasks on a gyro-shaker (200 rpm) af@0
for 3-5 days, either in synthetic (Sibireyal. 1977) or
rich (optimal growth) media. The latter were obtained
by supplementation of a synthetic salt medium with
0.2% yeast extract and 0.2% peptone (Gibco). Iron
(0.2 mg/l) was provided with Mohr salts. Fe-deficient

Results

Our previous studies on Cr accumulation (Fedorovich
et al 1999a,b) showed that some of the strains
which belong to the group of flavinogenic yeast could
overproduce riboflavin (RF) when the cultures were
grown in the presence of hexavalent (and not trivalent)
chromium. In this work we have investigated the influ-
ence of Cr (VI) on the RF synthesis in 37 flavinogenic
and 17 non-flavinogenic yeast. The yeast were grown
in optimal media fully supplemented with Fe ions so
as not to induce any flavinogenesis by iron deprivation
in the medium.

In all of the cases of flavinogenic strains,
chromium (VI) applied at sublethal concentrations of
0.2-0.6 mM, which caused a significant growth inhi-
bition, led to the dramatic increase in the vitamin B
production. At the same time, nonflavinogenic yeast
did not reveal such an effect. The results obtained for
the most typical strains are listed in Table 1. Apart
from the Cr effect — the RF synthesis levels at iron-
deficient conditions are also included. Table 1 also
shows that Cr (VI)-stimulated RF biosynthesis was
in most of the cases higher than that induced by the
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Table 1. The influence of iron and chromium (VI) on riboflavin biosynthesis by flavinogenic
and nonflavinogenic yeasts

Yeast strain Level of riboflavin produced, mg/g d.w.
synthetic medium rich medium
+Fe —Fe +Cr(vl) —Cr(vl

Flavinogenic yeasts

Pichia guilliermondiiATCC 9058 0.14 112 9.1 <0.20
Pichia guilliermondiirib 81 131-6 3.3 8.9 12.0 15
Pichia guilliermondiiVKM 1257 0.39 19.6 16.4 <0.20
Candida rhagiiVKM U-1520 1.25 8.5 11.3 <0.20
Candida specietlBFM U-454 0.75 4.3 9.8 <0.20
Candida famata 0.10 10.7 32.2 <0.20
Debaryomyces klocketi-102 0.10 11.2 27.6 <0.20
Debaryomyces hansenii 0.15 213 70.0 <0.20
Schwanniomyces occidentalis 0.10 11.6 72.4 <0.20

Nonflavinogenic yeasts

Candida boidinii T-2A 0.10 0.07 0.12 <0.1
Candida pulcherrima 0.17 0.34 0.3 <0.1
Hansenula polymorpha 0.04 0.30 0.14 <0.1
Saccharomyces cerevisi@A-171 0.12 0.36 0.21 <0.1

In rich media supplemented with Cr (VI), the stimulation of RF production by chromium was
observed at Cr (VI) concentrations within the concentration range of 0.3-0.5 mM, which were
sublethal for particular strains.

lack of Fe ions. It should be noted, however, that in this the yeast entered a phase of intense growth, finally
synthetic media the effect of chromium-enhanced RF reaching biomass densities close to the control level.
production was less manifested and was significantly During this phase the rate of flavinogenesis dropped
weaker than in the case of iron deficiency. The above significantly relative to the previous adaptational lag
results imply different metabolic background of the period.

observed phenomena. At higher chromium concentrations, as shown in
In a more detailed approach, in which flavino- Figure 3, the yeast was still able to adapt to the
genic yeast was exemplified Bichia guilliermondii presence of this metal but the initial lag phase was

strain ATCC 9058, flavinogenesis was investigated un- prolonged upto 9, and 11 days for Cr (VI) at 0.35 mM,
der various cultivation conditions, i.e. in optimal and and 0.55 mM, respectively. RF production correlated
synthetic media, and at several Cr (VI) concentra- well with the time range of growth inhibition caused
tions. The results are presented in Figures 1 and 2.by Cr: the lower the level of biomass formed, the
As seen in Figure 1, RF was oversynthesized only higher the amount of riboflavin synthesized (cf. the
in optimal growth medium, containing yeast extract 9-day growth at Cr (VI) above 0.4 mM given as
and peptone, at Cr concentrations high enough to in- open circles in Figure 3, and the respective RF level
hibit the growth of the yeast culture significantly. The represented as white bars).

results shown in Figure 2 prove that the yeast’s cul- The strong correlation between the phase of growth
ture resistance to chromium tended to increase overinhibition and the Cr concentration in the medium
time of the prolonged incubation. Both flavinogenesis is further documented by the experiment presented
and culture growth kinetics reveal a biphasic charac- in Figure 4. Circles represent the dependence of the
teristics, which was particularly visible at higher Cr length of the lag phase and bars reveal the RF amount
concentrations. The initial lag-phase was prolonged released to the medium at given Cr (VI) content.

and it depended strongly on the Cr (VI) content in It should be stressed that, for all the studied yeast
the medium. This stage was accompanied by the sub-strains, Cr (Ill) never induced any flavinogenesis. Fur-
stantial activation of vitamin Bproduction. Following thermore, for such yeast Bsguilliermondii rib80-R2,
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Fig. 1. Cr (VI) influence on culture growth and RF synthesis Bighia guilliermondii ATCC 9058 in iron supplemented optimal (A) and
synthetic (B) media. Open circles represent biomass produced after 3 d incubation with Cr (VI); full circles represent the amount of RF
synthesized by the yeast culture.

P. guilliermondii hit andP. ohmeri1253, which can In search of the detailed mechanisms of chromium(V1)-
synthesize excess RF constitutively, Cr (Ill) even had stimulated RF production we also verified that
an inhibitory effect (data not shown). the biosynthesis of riboflavin was triggered by the

The question of whether or not the enhanced RF derepression of a gene coding either for GTP-
synthesis induced by Cr (VI) is caused by a drop of cyclohydrolase, a key enzyme of the flavinogenesis
intracellular Fe concentration was highly interesting. pathway, or for RF-synthase, the enzyme which catal-
Such iron deficit might be a result of Fe ion transport yses the final step of riboflavin synthesis. Such a
mechanism perturbation which in turn could be the ef- mechanism has been reported for iron-deficient condi-
fect of chromium presence and be directly responsible tions, where the drop in intracellular Fe level led to the
for the derepression of RF synthesis genes. However,induction of the mentioned enzymes (Shavlovsky &
as exemplified by typical strains in Figure 5, itis clear Logvinenko 1988b). In our study, preliminaiy situ
that in media supplemented with 0.3 mM Cr (VI) the determinations discovered that — even though no el-
cellular Fe levels were not decreased at all and in someevated enzyme activities could be detected in cellu-
cases (e.d?. guilliermondiiL2) were even higherthan lar extracts obtained from Cr(VI)-treated cultures —
under optimal control conditions. P. guilliermondiistrain 1453 revealed up to 5-fold in-
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Fig. 2. Growth kinetics (A, full symbols) and RF production (B, open symbols) during treatmericbfa guilliermondii ATCC 9058 cell
culture with chromium VI at concentrations 0.2 mM (squares), 0.3 mM (up triangles), and 0.4 mM (down triangles). Circles represent the
control experiment.

crease in both GTP-cyclohydrolase and RF-synthasepression of flavinogenesis genes in the ydishia
activity (data not shown). Such results imply that guilliermondii includes the regulatory elements of
in fully viable, compartmentalized cells, chromium both positive and negative mode of action as well as Fe
may indeed lead to the derepression of genes involved(ll) ions (Shavlovsky & Logvinenko 1988a,b). Among
in the regulation of RF production. However, the other factors involved in the above mechanism are
above observations need to be further confirmed by a cAMP and FAD. The latter is a final RF biosynthesis
more rigorous genetic approach and by the extensive product which acts as an allosteric regulator of the key
enzymatic screening of a variety of other strains. flavinogenesis enzyme, GTP-cyclohydrolase. The rate

of RF production by yeast is also strictly dependent on

a pool of accessible intracellular riboflavin precursor,
Discussion GTP.

The results presented in this study prove that, apart

Biosynthesis of riboflavin by yeast can serve as a suit- from Fe(ll), the RF biosynthesis by yeast can be
able model for studies of the mechanisms of gene strongly affected by hexavalent chromium. It should
expression regulation by metals. The control of ex- be noted, however, that this effect was observed only
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Fig. 3. Long-term cultivation ofP. guilliermondii ATCC 9058 at high Cr (VI) concentrations. Light and dark symbols represent 9 and 11-day
incubation, respectively, lines — the amount of biomass formed (left scale), and bars — the RF synthesis (right scale).
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Fig. 4. Correlation between the length of the lag-phase (circles, left scal® ghilliermondii ATCC 9058 grown at various Cr (VI)
concentrations and the level of RF produced (bars, right scale).
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Fig. 5. Iron content in the cells of flavinogenic yeast: @ichia guilliermondii ATCC 9058, (2)Candida flarerj and (3)Schwanniomyces
occidentalis Yeast were grown in optimal medium supplemented with Fe (light bars) and after 1-day treatment with 0.3 mM Cr (VI) (dark
bars). Bar (4) represents the average value obtained for all the strains at iron-deficient conditions.

in the case of the flavinogenic yeasts, i.e. the strains this paper show that Cr (VI) supplemetation does not
which respond by extensive flavinogenesis to iron de- perturb the mechanisms of iron uptake by yeast. Still,
privation. The level of RF produced by flavinogenic the Cr(VI)-induced RF synthesis might involve the
strains was in most cases much higher in the presencederepression of flavinogenesis enzymes by some in-
of Cr (VI) than under Fe-deficient conditions. The teraction of Cr with the intracellular pool of iron, e.g.
amount of the released RF depended both on the Crthe complexation of ferrous and/or ferric ions, or due
(VI) concentration and on the content of the medium. to a simple redox mechanism involving the oxidation
In general, the higher the concentration of chromium, of ferrous ions by Cr (VI), all finally leading to the
the longer the lag phase of hampered growth revealed.relative local Fe (Il) deficit. The above suggestions
In addition, during that phase of culture physiological were supported bin situobservations of the increased
adaptation, yeast cells tended to synthesize the excessactivity of the enzymes involved in RF biosynthesis
riboflavin. such as GTP-cyclohydrolase and RF synthase, the ef-
It may be suggested that cell-accumulated Cr (VI) fect similar to that caused by iron starvation. However,
leads to the cellular total Fe ion deficit, as was we suspectthata detailed mechanism of Cr(VI)-Fe(ll)
described forNeurospora crassgRamana & Sas-  interaction in a cytoplasm is much more complex and
try 1994). However, this was not the case for the may involve certain proteins participating in redox re-
chromium treatment of the studied yeast strains where actions. Such an opinion is based on our observations
the cellular iron content kept constant or even elevated. that Cr presence in the yeast cell leads to the induction
As reported earlier (Fedoroviatt al. 1997, 1999a),  of new proteins (not shown).
the iron-deficient media which stimulated flavinogene- It is well documented that the bioremediation of
sis inP. guilliermondiiled to approx. fivefold decrease  Cr (VI) in a variety of living organisms involves an
of intracellular Fe content. The results presented in immediate and rapid reduction of this metal to lower
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valencies right after entering cellular matrix (Arslan
1987; Liuet al. 1995; Wang & Chen 1995; Corbett
et al. 1998; Appenrottet al. 1999). The reduced Cr

(4) Cr (VI) treatment does not affect negatively
the cellular total iron level. The putative mecha-
nism of Cr-induced RF synthesdis vivo may involve

intermediates may act as an oxidative stress and maythe derepression of the enzymes of flavinogenesis

be responsible for chromium toxicity (Shi & Dalal
1994; Luoet al. 1996; Lay & Levina 1998). It was
also shown thaE. coli responded to oxidative stress
with elevated GTP-cyclohydrolase activity (Kehal.
1996). However, as yet not much is known about
chromium involvement in oxidative stress reactions
in yeast and this topic is now under extensive study.

pathway reactions, namely GTP-cyclohydrolase and
RF-synthase.

(5) Riboflavin oversynthesis may be a stress-like
reaction leading to the enhanced yeast resistance to
hexavalent chromium.

Thus, it cannot be excluded that the extensive flavino- Acknowledgement
genesis observed in some yeast strains as areactionto _
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Fe metabolism. Both the detailed enzymatic analy-
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