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The Euryhaline Yeast Debaryomyces hansenii has Two Catalase
Genes Encoding Enzymes with Differential Activity Profile
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Abstract Debaryomyces hansenii is a spoilage yeast able
to grow in a variety of ecological niches, from seawater to
dairy products. Results presented in this article show that
(i) D. hansenii has an inherent resistance to H,O, which
could be attributed to the fact that this yeast has a basal
catalase activity which is several-fold higher than that
observed in Saccharomyces cerevisiae under the same
culture conditions, (ii) D. hansenii has two genes (DhCTA1
and DhCTTI) encoding two catalase isozymes with a dif-
ferential enzymatic activity profile which is not strictly
correlated with a differential expression profile of the
encoding genes.

Introduction

All aerobically growing organisms are subjected to oxi-
dative stress which is caused by exposure to partially
reduced forms of molecular oxygen, known as reactive
oxygen species (ROS). These are highly reactive molecules
that can damage cellular constituents such as DNA, lipids,
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and proteins. Exposure to ROS is a consequence of the
aerobic life; organisms have evolved mechanisms to pro-
tect their components against ROS. Oxidant defense sys-
tems have been widely studied [3, 18, 40], and it has been
found that after exposure to oxidative stress cells elicit a
number of inducible adaptive responses which result in
protection from oxidants, such as H,O,, superoxide anion,
and lipid peroxidation products. The oxidative stress
responses appear to be regulated, at least in part, at the
transcriptional level and there is a considerable overlap
between those induced by oxidative stress and those pro-
voked by other stressful conditions, allowing the cell to
integrate a combined response when cells are simulta-
neously affected by various environmental insults [20, 43,
48]. Yeasts can proliferate in the presence of many dis-
turbances in its growth media, and can withstand the
presence of stressors in different ways. In order to cope
with the ROS that are generated during respiration when
O, is incompletely reduced and during fatty acid metabo-
lism in the peroxisome [24, 40, 45], Saccharomyces cere-
visiae displays an enzymatic and a non-enzymatic
response. The enzymatic adaptation is carried out through
the concerted action of superoxide dismutase and catalase
proteins, which degrade ROS up to oxygen and water [5,
44]. It has been shown that when S. cerevisiae is cultured in
rich media (YP) containing ethanol as a carbon source,
catalase total activity is 12-fold higher than when grown in
the presence of glucose (88.1 & 21.7 and 7.27 &+ 1.69,
respectively) [23].

Saccharomyces cerevisiae has two catalases. CTAI-
encoded catalase A that is confined to peroxisomes which
is involved in the degradation of the ROS generated
during fatty acid degradation [52], and the CTT-encoded
catalase T, which is a cytoplasmic enzyme, that contends
with the H,O, that reaches the cytoplasm [38, 42]. It has
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been reported [16] that only the double null mutant
devoid of Ctal and Crtl is sensitive to oxidative stress,
while single mutants show no stress-related phenotype,
indicating that these activities are at least partially
redundant.

Although S. cerevisiae has been considered to be
the best known and studied eukaryotic organism, the
sequencing of a large number of yeasts has put forward the
possibility that other biological models could provide
important information which could result in biotechno-
logical applications which cannot be derived from studies
with the budding yeast. For many organisms the exposure
to high environmental osmolarity leads to dehydratation of
cells and decreased viability. To overcome this, some cells
have developed mechanisms to adapt the critical osmotic
changes in their environments. Osmoregulation is a com-
plex cellular response and many efforts have been made to
understand the molecular mechanism of this phenomenon
[5, 19, 47]. In Debaryomyces hansenii it has been shown
that glycerol and arabinitol are the main osmolytes
involved in salt resistance response [46]. D. hansenii is a
halotolerant yeast, whose response to oxidative stress has
been recently started to be analyzed [26]. Considering that,
it has developed mechanisms to withstand hyperosmotic
environments; the study of this yeast’s response to oxida-
tive stress could put forward the existence of novel
mechanisms that might simultaneously provide resistance
to both osmotic and oxidative stress. D. hansenii is found
as contaminant of brine food that displays the capacity to
grow in media containing a wide range of salt concentra-
tions, including seawater, from where it was first isolated
[29]. It is also found on meat, wine, hams, dairy products,
fruits, and soil. It could thus be considered that D. hansenii
has evolved protection systems promoting a general
adaptation to various stresses, which are not present in
stress-sensitive organisms like S. cerevisiae, which is able
to transiently respond to stress but not adapted to the
continuous presence of high osmolyte concentration
[4, 36].

Results presented in this article show that D. hansenii
has two catalase-encoding genes (DhCTAI and DhCTTI),
that DhCrtal activity is selectively increased when the yeast
is grown on YPEthanol (YPE), while DhCttl activity is
only observed during stationary phase. Expression analysis
showed that DhCTTI and DhCTAI are both expressed
under fermentative conditions while DhCTAI is most
abundant under respiratory metabolism, and that NaCl
regulates expression of both genes under different cir-
cumstances which not correlate with the salt-dependent
modulation of catalase activity, revealing a potentially dual
role for this metabolite. DhCtal purification showed that
this enzyme displays kinetic behavior similar to that of
catalases purified from other microorganisms [9, 22, 25].
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Materials and Methods
Strains and Growth Conditions

Debaryomyces hansenii Y7426 (kind gift of A. Pefla from
IFC, UNAM) and S. cerevisiae S288C wild-type strains
were used throughout this study. Cells were routinely grown
in rich media containing 1% yeast extract, 2% peptone, and
2% glucose (YPD) or 2% ethanol (YPE) when specified.
Growth was monitored by measuring optical density at
600 nm. S. cerevisiae was routinely pre-grown overnight on
YPD and D. hansenii on YPD plus 0.6 M sodium chloride
(NaCl) at 30°C with shaking (180 rpm). Both strains were
inoculated at 0.05 ODgggnm in the specified growth media.
Solid media were prepared by the addition of 2% agar. In
this study, exponential growth phase was considered to be
that when cultures reached an ODgyo,, = of 1.0 (around
10 h for S. cerevisiae and 25 h for D. hansenii). Stationary
phase was defined as the growth reached after 72 h of
continuous culture on rich media.

Preparation of Cell-Free Extracts and Catalase
Determinations

Cells were collected by centrifugation from the pertinent
cultures, washed in sterile deionized water and resuspended
in 0.05 M sodium phosphate buffer, pH 7.0 [6]. Cells were
grinded by vortexing with glass beads and the suspension
was centrifuged for 10 min at 13,000g at 4°C. The extract
was kept on ice and assayed for enzyme activity, a repre-
sentative sample was used for PAGE and zymograms, and
the rest of the crude extract was used for enzyme purification.

H,0, Sensitivity Assays

To test cell viability after an oxidative shock with H,O,
[8], culture tubes containing YPD media with and without
0.6 M NaCl were supplemented with 0-30 mM hydrogen
peroxide concentrations, and inoculated at an ODgyopnm =
0.5 with yeast cells (S. cerevisiae and D. hansenii)
collected from the exponential or stationary growth phases.
The inoculated tubes were cultured for 180 min in the
presence of H>O, at 30°C with shaking. After the oxidative
treatment, H,O, was removed by centrifugation, cells were
suspended in distilled H,O, the OD was adjusted to an
ODgoonm Of 0.5, and the cultures were then serially diluted.
Each dilution was spotted into YPD plates, and the plates
were incubated at 30°C for 5 days.

RNA Isolation and Northern Blotting

The RNA extraction was performed using aurintricarb-
oxylic acid (ATA) as nucleases inhibitor [13]. D. hansenii
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cells precultured in YPD-0.6 M NaCl were inoculated at
ODgponm = 0.05 in YPD, YPE and YPE-0.6 M NaCl. The
cultures were incubated at 30°C with shaking and yeasts
were grown until they reached either exponential or sta-
tionary growth phases. 15 ml of cells was treated with
300 pl of chilled 1.0 M sodium azide (NaN3) and gently
mixed. Samples were centrifuged for 7 min at 3,000 rpm.
Pellets were resuspended in 1 ml of 20 mM NaNj and
transferred to a microcentrifuge tube, quickly spinned and
decanted. Cells were resuspended in 100 pl of 20 mM
NaNj3 and 200 pl of phenol, pH 8.0, 100 ul of ATA lysis
buffer [1% SDS, 2 mM ATA, 0.5x LET and 0.5 mg/pl
dithiothreitol (DTT), all in HO-DEPC treated] and 0.3 g of
acid clean and sterilized glass beads were added (5x LET
buffer is 50 mM LiCl, 100 mM DTT in 0.5 M Tris buffer,
pH 7.4). Samples were vigorously vortexed for 3 min,
200 Wl LET 1x added, mixed, and centrifuged for 15 min at
13,000g. RNAs were precipitated by adding absolute eth-
anol to the supernatant and freezed for at least 1 hour,
washed with 70% ethanol with H,O-DEPC treated and the
pellet were resuspended in 1 mM ATA. RNA was separated
in a 1.5% agarose, 7% formaldehyde gel, transferred to a
nylon membrane, washed, and fixed. Membrane was pre-
hybridized for 2 h at 65°C in 7% SDS and 0.5 M Na,P0,,
pH 7.2. Radiolabeled probes were prepared by random
primer labeling with «-**P-dCTP. Hybridization was per-
formed at 65°C in 7% SDS and 0.5 M Na,P0,4, pH 7.2. The
blot was washed twice in 2x SSC (1x SSCis 0.15 M NaCl
and 0.015 M sodium citrate) containing 1% SDS for 30 min
each and twice in 0.2x SSC and 1% SDS for 30 min each at
65°C. Filters were sequentially hybridized with the different
probes for 18 h, followed by washing with 2x SSC con-
taining 0.1% SDS at 65°C for 30 min. Signal was quantified
using Typhoon 840 and ImageQuant TL.

Catalase Activity

Catalase activity was determined by a method adapted
from Aebi [1]. Briefly, a sample (1-50 pl) of the crude
extract or purified enzyme was transferred into 3 ml quartz
cuvettes and mixed with 2.9 ml assay mixture (100 mM
sodium phosphate buffer, pH 7.0 and Triton X 100 1 pl/
100 ml). The reaction was triggered by addition of 100 pl
of 500 mM hydrogen peroxide to the cuvette (final con-
centration of 16.6 mM), shaking vigorously. The cuvette
was placed in the spectrophotometer cell holder and cata-
lase activity was followed by As4onm decay for 3 min.
Catalase activity was calculated based on the rate of
decomposition of hydrogen peroxide, which is proportional
to the reduction of the absorbance at 240 nm. Catalase
activities of the extracts were normalized to total protein in
the lysate or sample and expressed as units per mg of
protein: Specific activity = m min/e¢/mg of protein;

m min = average minute slope during 3 min reaction;
& = molar extinction coefficient = 0.0394 M/cm [28].

Catalase activity was also determined by an alternative
method measuring the initial rate of dioxygen production
with a Clark microelectrode [37]. Reaction was started by
injecting crude extract or a purified catalase, usually 5 pl or
less, into a sealed chamber filled with 2 ml of 10 mM H,0,
in 10 mM phosphate buffer, pH 7.8. Units were defined as
micromoles of O, produced per min per mg of protein
under these conditions.

Catalase Purification

Catalase was purified from 3 1 of culture of D. hansenii
grown in YPE. Cells were harvested from stationary growth
phase cultures. Catalase purification was carried out using
the methods described by Aebi [1] and Trindade et al. [49].
Briefly, the crude extract was subjected to ammonium sul-
fate (NH,SO,) precipitation, keeping the 40-70% satura-
tion fraction in which activity was detected, for further
purification. This fraction was dialyzed against 50 mM
sodium phosphate buffer, pH 7.0 and subjected to hydro-
phobic interaction chromatography (HIC) on a phenyl-
sepharose CL-4B column, using 1.7 M NH,SO4,—50 mM
sodium phosphate buffer to bind catalases to the column.
The column was washed using a 1.7-0 M NH,SO, gradient,
and then eluted with 50 mM sodium phosphate buffer, pH
7.0, followed by spectrometric measurements at Asgonm Of
the eluted samples to detect the protein as it emerges from
the column. Catalase activity was determined in selected
samples. Fractions with activity were pooled and concen-
trated by polyethylene glycol to ~0.2 mg/ml of protein and
kept it at 4°C until further use.

Electrophoresis and Stain Activity

Non-denaturing or SDS polyacrylamide gel electrophoresis
was performed on 7.5% slab gels, running slowly at 12 V
for 24 h. Proteins in polyacrylamide gels were visualized
with Coomassie blue. To stain for catalase activity, the
non-denaturing gel was rinsed twice with tap water, incu-
bated in 100 mM H,O, solution for 10 min, rinsed again
with tap water and soaked in 1:1 iron (III) chloride:
potassium ferricyanide solution until the gel was stained.
Blue color developed in the gel except at zones where
H,0, was decomposed by catalase [50].

Kinetic Determinations and Effect of Inhibitors
To measure the catalytic parameters of the enzyme, 1 pg of
pure one was mixed with 2.9 ml of 50 mM phosphate

buffer; the reaction was triggered by the addition of dif-
ferent H,O, concentrations (0-100 mM) [33]. Catalase
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activity was determined spectrophotometrically measuring
the rate of hydrogen peroxide degradation at 240 nm. The
initial linear rate was used to calculate the specific activity.

Optimum pH was determined in 50 mM potassium
phosphate buffer (pH 4.0-8.5). Kinetic constants, includ-
ing Viax and Ky; apparent values, were determined by
Lineweaver—Burk and Eadie Hofstee plot graphs.

The inhibitory effects of various concentrations of NaCl,
3-amino-1,2,4-triazole (3-AT) [14, 25], NaN3, and ethanol
[17, 35] on catalase activity at constant enzyme concen-
trations, were estimated at pH 7.0, using a H,O, fixed
concentration as a substrate. The enzyme was incubated for
5 min in the presence of the inhibitor; the reaction was
triggered by the addition of 16.6 mM H,0,, and followed
spectrophotometrically.

Protein Determinations

Protein was quantified using the Quick Start Bradford
Protein Assay from Bio-RAD, which is based on the
absorbance at 595 nm of the complex between Coomassie
Brilliant Blue G-250 and protein. Bovine serum albumin
was used as standard.

Tandem Mass Spectrometry (Lc/Esi—Ms/Ms)

The protein band obtained after the purification was
excised from Coomassie stained SDS gel, distained,
reduced, carbamidomethylated, washed, digested with
modified porcine trypsin, and extracted as previously
described [51]. Peptide mass spectrometric analysis was
carried out using a 3,200 Q TRAP hybrid tandem mass
spectrometer, equipped with a nanoelectrospray ion source
(NanoSpray II) and a MicrolonSpray II head. The instru-
ment was coupled on line to a nanoAcquity Ultra Perfor-
mance LC system. Spectra were acquired in automated
mode using Information Dependent Acquisition (IDA).
Precursor ions were selected in Q1 using the enhanced MS
mode (EMS) as survey scans. The EMS was followed by
an enhanced resolution scan (ER) of the three most intense
ions at the low speed of 250 amu/sec, to determine the ion
charge state, and then by an enhanced product ion scan
(EPI). Precursor ions were fragmented by collision-acti-
vated dissociation (CAD) in the Q2 collision cell. The
fragment ions generated were captured and mass analyzed
in the Q3 linear ion trap.

Protein identification was performed by searching MS/
MS spectra datasets using MASCOT (version 1.6b9,
available at http://www.matrixscience.com). Mass toler-
ances of 0.5 and 0.3 Da were used for precursor and
fragment ion masses, respectively. Carbamidomethyl-cys-
teine was the fixed modification and one missed cleavage
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for trypsin was allowed. Search was conducted using the
Fungi subset of the NCBInr database (http://www.ncbi.
nih.gov).

Results

D. hansenii Displays a Higher H,O, Tolerance than
S. cerevisiae

Debaryomyces hansenii has been described as a halotol-
erant yeast [7, 12, 39]. However, we have found that the
Y7426 D. hansenii strain is able to sustain a similar growth
rate in either rich (u = 0.231 h™") or minimal (u =
0.154 h_l) growth media with or without 1.0 M NaCl [2],
in agreement with previous observations, which classify D.
hansenii as an euryhaline yeast [11, 46]. This characteristic
has allowed us to analyze certain aspects of the NaCl
response of this yeast using salt concentrations, which do
not affect growth rate, ruling out the possibility that the
observed response could be due to an effect of growth rate
variation. As Fig. 1 shows S. cerevisiae growth pattern is
similar on either YPD or YPD plus 0.6 M NaCl, reaching
the stationary phase after 30 h of incubation. D. hansenii
shows a higher duplication rate as compared to that of S.
cerevisiae but a similar growth kinetics on YPD and YPE
in the presence and absence of 0.6 M NaCl, reaching sta-
tionary phase after 50 h.

It has been shown that in S. cerevisiae, catalase activity
is increased by NaCl induced stress and that D. hansenii
displays high superoxide dismutase activity under these
conditions [15], it could be thus considered that high
H,0, production through SOD activity could exert a
positive effect on catalase activity or on the expression of
the encoding gene(s). To analyze this matter, we deter-
mined catalase activity in cultures of S. cerevisiae and
D. hansenii grown on rich YPD media without salt or in
the presence of 0.6 M NaCl. Extracts obtained from
S. cerevisiae cultures grown in the presence of salt, dis-
played a fivefold increased catalase activity as compared
to that obtained in extracts from NaCl-free culture con-
ditions (0.03 4 0.009) versus 0.152 (£0.021). In extracts
prepared from D. hansenii cultures, catalase activity dis-
played nearly a two-fold increase when it was determined
from salt-grown cultures as compared to that found in
the absence of salt (Table 1). In addition, D. hansenii
extracts, obtained from YPD cultures, showed 24-fold
higher catalase activity than those obtained from S. cerevisiae
(0.03 &+ 0.009 vs. 0.73 %+ 0.16); accordingly, D. hansenii
extracts obtained from cells grown on YPD-NaCl showed
eightfold higher activity than those of S. cerevisiae grown
on same media (0.152 £ 0.021 vs. 1.24 £ 0.02). It could
be thus considered that the higher basal level of catalase
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Fig. 1 Growth curve of S.

cerevisiae and D. hansenii
grown on YPD and YPD plus
0.6 M NaCl during 96 h. Also,
the growth curve of D. hansenii
shows YPE and YPE plus 0.6 M 10¢
NaCl culture media
£ £
a g
o -8~ DhYPD o
-©- DhYPD+NaCl
-4 DhYPE -®- ScYPD
0.1 _," & DhYPE+NaCl 015 -©- ScYPD+NaCl
0.01 T T T T 0.01 L L L L

Debaryomyces hansenii

20 40 60 80 100
t(h)

Saccharomyces cerevisiae

20 40 60 8 100
t(h)

Table 1 Total catalase specific activity (moles of H,O, oxidized/min/mg of protein) of D. hansenii grown until exponential and stationary

phases in rich media using two carbon sources and in the absence or presence of 0.6 M NaCl

D. hansenii catalase specific activity growing until exponential and stationary phases, in YPD and YPE with or without salt

Culture Glucose (YPD) Ethanol (YPE)

0.6 M NaCl - + - +
Exponential 0.73 (£0.16) 1.24 (£0.2) 3.8 (£0.22) 3.6 (£0.36)
Stationary 1.5 (£0.23) 0.4 (£0.18) 10.5 (£1.03) 2.0 (£0.47)

Catalase activity was highest in alcoholic carbon source when yeast was grown until exponential and stationary phases, compared when it was
grown in glucose. Interestingly, when D. hansenii was grown in the presence of 0.6 M NaCl, the catalase activity rather decreases in the
stationary growth phase, in opposition to the S. cerevisiae response to the NaCl stress. Values are presented as means (£SD) from at least ten

independent experiments

activity shown by D. hansenii extracts obtained from YPD
grown yeasts could result in a higher inherent resistance to
oxidative stress as compared to that displayed by S. cere-
visiae. To analyze this matter oxidative shock tolerance was
assayed. Both yeast species were treated with H,O,
increasing concentrations during exponential and stationary
growth phases. The results of this cell viability assay
showed that under exponential growth phase, D. hansenii is
able to grow in the presence of H,O, concentrations, which
inhibit S. cerevisiae growth, Fig. 2. When yeasts were
grown in the presence of 0.6 M NaCl and H,0,, resistant
phenotype was evident in D. hansenii; conversely, S. ce-
revisiae growth was severely impaired in the presence of
both stressors. When cells were collected from stationary
growth phase, both yeasts improved their resistance to H,O,
treatment (Fig. 2).

Above presented results indicate that D. hansenii dis-
plays an inherently high catalase activity in either YPD or
YPD-0.6 M NaCl that results in a higher H,O, tolerance as

compared to that displayed by S. cerevisiae. To further
analyze the role of catalase in stress resistance, sequence
genome comparison was carried out with S. cerevisiae to
search the corresponding orthologous gene(s).

D. hansenii has Two Genes Encoding Catalase
Isozymes

Saccharomyces cerevisiae has a CTAI-encoded peroxi-
somal catalase and a CTTI-encoded cytoplasmic catalase.
To analyze whether D. hansenii had CTAI and CTTI
orthologous counterparts, a computer-based analysis of the
Genolevures database (available at http://www.genole
vures.org) was performed [41], using D. hansenii geno-
mic sequence. This analysis revealed that this yeast har-
bored two ORFs that could presumably encode for two
catalase isoforms with approximate molecular weights of
54.9 and 63.1 kDa, respectively. The DhCTAI presumed
orthologous ORF was identified to be DEHA2F10582 g
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Fig. 2 S. cerevisiae and D.

hansenii resistance to H,O,

stress, after grown with and

without salt (0.6 M NaCl).

Exponential and stationary [H202], mM
growth phase cultures of S. 0
cerevisiae and D. hansenii were

diluted with fresh media (YPD)

and exposed to 0, 2.5, 5.0, 7.5, 2.5
10, 15, 20, and 30 mM H,0, for

3 h. After the treatment, H,O, 5
was removed by centrifugation.
The cultures were resuspended
in distilled water, serially
diluted, and each dilution was
spotted onto YPD plates,
ensuring that the same amounts
of cells were plated. Plates were
incubated at 30°C for 3-5 days

Exponential growth phase
YPD

5_

Saccharomyces cerevisiae
Stationary growth phase

YPD + NaCl YPD

YPD + NaCl

10" 10" 107

Exponential growth phase

(H202), mM YPD

0" 107107 10" 10" 10" 107 10° 10" 10" 107 107
Debaryomyces hansenii

Stationary growth phase

YPD + NaCl YPD + NaCl

e.s__
0007000 0|0 0000000
5____

Y

IO" 10" 10°

located in F chromosome, while DACTT1 counterpart was
found to correspond to DEHA2B16214 g located in B
chromosome. Accordingly, a zymogram performed on an
electrophoresed crude extract of D. hansenii, obtained from
YPD grown cultures after different incubation periods,
showed two bands displaying catalase activity (Fig. 3a).
Worth of mention is the fact that the low molecular weight
activity (DhCrtl) only appeared after 24 h of incubation
and was not observed in stationary phase NaCl-treated
cultures, Fig.3a and b. Only the DhCtal band was
observed when yeasts were incubated to exponential or
stationary phases in the presence of 0.6 M NaCl (Fig. 3b).
Extracts from YPE-grown cells were analyzed, and only
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the high molecular form (DhCtal) was observed under
exponential and stationary growth phases (Fig. 3b).

D. hansenii CTAI-Encoded Catalase Activity
is Positively Modulated by Growth Phase
and Non-Fermentable Carbon Sources

It has been previously reported, that when S. cerevisiae is
grown in 2% ethanol as carbon source, the activity of the
primary antioxidant enzymes (SOD and catalase) as well as
the levels of carbonyl-proteins and TBARS (thiobarbituric
acid-reactive substances), which accumulate as a result of
oxidative damage to proteins and lipids, are increased with
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Fig. 3 a Zymogram from D. hansenii grown in rich media containing
glucose as carbon source; samples were taken at different times: Lane
1, 6 h; lane 2, 12 h; lane 3, 24 h; lane 4, 48 h. b Zymogram from D.
hansenii grown until exponential and stationary phases in YPD and
YPE in the presence or absence of 0.6 M NaCl. Lane 1, YPD
exponential (exp); lane 2, YPD stationary (sta); lane 3, YPD-NaCl
exp; lane 4, YPD-NaCl sta; lane 5, YPE exp; lane 6, YPE sta; lane 7,
YPE-NaCl exp; lane 8§ YPE-NaCl sta; lane 9, human erythrocyte
catalase. ¢ Zymogram of the purified catalase from D. hansenii: Lane
1, human erythrocyte catalase; lane 2, 0.1 pg of purified D. hansenii
catalase; lane 3, Coomasie’s stain PAGE 10 pg of purified D.
hansenii catalase

respect to glucose containing media [24]. To analyze
whether D. hansenii showed a similar response when
grown in the presence of 2% ethanol, D. hansenii catalase
activity was determined during exponential and stationary
phases on YPD (glucose) and YPE (ethanol) growth
medium. Catalase activity determined as described by Aebi
[1], on extracts prepared from cultures grown on YPD,
showed a twofold increased activity in stationary growth
phase as compared to those prepared from exponential
growth cultures, which could be afforded by the combined
action of DhCtal and DhCittl, since both activities are
evident under stationary phase (Fig. 3a and b, Table 1).
DhCtt] zymogram-determined activity was not observed in
extracts obtained from stationary growth-phase cultures
carried out in the presence of NaCl, thus indicating that in
the presence of salt activity could only be provided by
DhCtal. These results also indicate that DACTTI could
have a differential expression pattern that may result in
expression repression under exponential growth phase and
in the presence of NaCl. In addition, it was found that
catalase activity determined in extracts prepared from
either exponential or stationary YPE cultures, showed a

four to sevenfold increase as compared to activity deter-
mined in equivalent extracts prepared from YPD cultures,
which was not observed when yeast was grown on YPE in
the presence of 0.6 M NaCl. These results indicate that
DhCTA1-dependent catalase activity is positively regulated
under stationary phase, this effect is enhanced in the
presence of ethanol as sole carbon source; these positive
effects are hindered in the presence of 0.6 M NaCl.

D. hansenii Catalase-Encoding Paralogues are
Differentially Regulated by the Carbon Source

In order to analyze whether increased catalase activity in
the presence of ethanol corresponded to increased expres-
sion level, Northern blot analysis was performed with total
RNA obtained from D. hansenii grown in YPD, YPD-
0.6 M NaCl; YPE and YPE-0.6 M NaCl, and samples
were taken from exponential and stationary growth phases.
Results show that DhCTAI and DhCTTI are differentially
expressed. DhCTAI expression levels are slightly higher
under respiratory conditions as compared to those found on
glucose, in agreement with the results obtained in the
zymogram analysis. In addition, DhACTAI expression was
repressed when the yeast was grown in glucose and NaCl,
this effect was not observed in RNA samples obtained from
ethanol grown cells. These results indicate that DhCTAI is
transcriptionally regulated by the carbon source and by
NaCl. Conversely, DhCTTI expression was highest under
fermentative conditions and repressed when the yeast was
grown on non-fermentable substrates like ethanol. In the
presence of 0.6 M NaCl, ethanol-dependent expression was
repressed (Fig. 4). These will be further discussed.

Catalase Purification from Ethanol-Growing Cells
and Identification of the Peroxisomal Catalase
(DhCtal) by Tandem Mass Spectrometry

Considering that on stationary phase ethanol grown cul-
tures a large single catalase band was observed, we purified
this isoform through ammonium sulfate precipitation fol-
lowed by a chromatographic HIC column. A single band
was obtained as seen on SDS/PAGE (Fig. 3c). The purified
protein was analyzed by MS/MS spectrometry. It was
found that the protein corresponded to a presumed
peroxisomal catalase (gi|50424473), DhCtal present in
D. hansenii. The global score was 1,182 with 26 matching
peptides that covered 63% of the sequence. The protein had
a nominal mass of 54,836 Da with a calculated pl of 6.47
(Fig. 5). Thus it can be presumed that the peroxisomal
catalase (DhCtal) is involved in hydrogen peroxide
detoxification generated during the oxidative stress induced
by ethanol in D. hansenii.

@ Springer



940 C. Segal-Kischinevzky et al.: The Euryhaline Yeast Debaryomyces hansenii

A o & _ -2
& fol ol 9y
& S TR T
Q 0 L QO & L &

20 Bl DhCTAT
: DhCTT1

1.5

1.0

0.5

Densitometric normalization =

0.0

SR G GO

et @ o N 3
& & € & &

- o'
&L« <

Fig. 4 Northern blot of D. hansenii RNA from cells grown on either
YPD or YPE and in the presence or absence of salt. Total RNA was
isolated from exponential (exp) and stationary (sta) growth phase
cultures. a Northern blot using DhCTA1, DhCTTI, and DhrDNA 18S
as a probe. The latter was used as internal control. Three sets of
deoxyoligonucleotides were used to PCR-amplify three fragments of
2,607 bp; 3,174 and 1,800 bp those were used as probes for sequential
hybridization of DhCTAI, DhCTTI1, and Dhi8S rDNA. b Normalized
expression levels of DhCTAI and DhCTT] using data obtained from
the Northern blot

Kinetic analysis of the purified enzyme preparation
under various H,O, concentrations, using the Lineweaver—
Burk and Eadie Hofstee plotting methods allowed to
get the apparent Ky; and V.« values which average of
44 mM and 106 mmol/min/mg of protein, respectively,
Fig. 6.

The effect of ionic strength on the activity of the purified
catalase was also tested with NaCl, showing virtually no inhi-
bition at any NaCl concentration assessed (0.1-1,000 mM).
In addition, we examined the effect of some catalase inhibitors,
including NaN3, which is a very potent inhibitor that binds
irreversibly to the heme cofactor [17]. This inhibitor impaired
catalase activity at a concentration as low as 0.5 pM, and
reached 80% enzyme inhibition at a concentration lower than
0.2 mM. Conversely, the specific catalase inhibitor 3AT [14]
showed no effect even at a 5 mM concentration. The effect of
pH was also assayed. As expected, a bell-shaped curve for
catalase activity was obtained for the pure DhCTAI prepara-
tion. The optimum pH for this purified catalase was 7.0 (data not
shown).

@ Springer

Discussion

When the yeast S. cerevisiae is grown in rich media in the
presence of 2% ethanol, it exhibits a strong activation of
antioxidant enzymes as compared to those found on rich
media containing glucose [23]. This article reports that,
as opposed to what has been found for S. cerevisiae,
D. hansenii shows a strong catalase activity in rich media
containing glucose, which increases significantly when the
yeast is grown in non-fermentable carbon sources like
ethanol. Catalase activity is further augmented in ethanol
cultures during stationary growth phase. However, the
positive effect exerted trough ethanol and stationary phase
is not observed in the presence of NaCl, suggesting that
under this condition, oxidative stress could be dampened
thus diminishing the stress response that triggers catalase
increase. This could also be considered as a NaCl protec-
tive role, which has also been observed for other xenobiotic
injuries [10, 30, 34].

Saccharomyces cerevisiae has two genes CTT1 and CTAI
that encode two proteins with catalase enzymatic activity.
Encoded enzymes have been studied in detail [38, 42, 52].
By gene sequence comparison, we identified two putative
ORFs in the D. hansenii genome, DEHA2B16214 g and
DEHA2F10582 g, respectively, localized in the B and F
chromosomes. In addition, we identified two proteins of
different size with catalase activity, using PAGE and dye
analyses. When we evaluated the specific activity using
spectrophotometrical and oxymetrical methods, we found a
higher level of catalase activity in this euryhaline yeast as
compared to that detected in S. cerevisiae (Table 1).
Zymogram analysis revealed DhCtal activity is increased
when D. hansenii is grown on YPE; the effect is enhanced
during stationary phase and hindered in the presence of
NaCl. Increased activity corresponded to increased DhCTA
specific mRNA; however, the negative effect exerted by
NaCl was not correlated with reduced expression on YPE-
NaCl, suggesting post transcriptional regulation. In spite of
this, in glucose grown cultures DhCTAI expression was
repressed in the presence of NaCl. In regard to DhCrtl,
although zymogram analysis indicated that this enzyme is
only evident in stationary phase, expression analysis indi-
cated that the encoding gene is not regulated by growth
phase since similar DhCTTI mRNA levels were detected
under exponential or stationary phase. These results indicate
that as well as for DhCTAI, posttranscriptional mechanisms
could play a key role determining DhCttl levels. In the
presence of ethanol, DhCTTI expression was repressed
suggesting that this gene expression could be regulated by
the nature or quality of the carbon source. The presence of
NaCl in the growth media further decreased DhCTTI
expression. Therefore, as opposed to what has been observed
in Saccharomyces, NaCl does not trigger the mechanism that
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Fig. 6 Kinetics parameters of catalase purified from YPE of D. hansenii. The apparent Ky; and V,,,, of catalase were calculated using two

methods

results in increased catalase activity in D. hansenii. NaCl
could have a protective role against oxidative stress in
D. hansenii, as has been reported recently by Navarrete et al.
[26]. We thus propose that D. hansenii growing in ethanol
and salt is refractory to oxidative stress and consequently
does not trigger a stress responsive reaction.

Catalase post transcriptional regulation has been
observed in the extremely halotolerant black yeast Hortaea
werneckii [31]. Author showed increased hydrogen per-
oxide degradation, indicating increased catalase activity
when this yeast was grown in 17% NaCl, however, no
change in oxidative responsive genes expression was

observed [32], thus it was concluded that increased activity
could be due to a post transcriptional mechanism. Con-
versely, in Aspergillus nidulans the two catalase-encoding
genes, catA and catB were transcribed under different
stress conditions although only CatB activity was present
in all conditions [27].

Debaryomyces hansenii has been classified as marine
yeast, mainly due to the fact that it was isolated from
marine water [29], where the average NaCl content is
around 0.6 M. However, this non-conventional yeast has
been largely recognized as a common contaminant of
sausages, chesses, brines, and dairy products, and even soft
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drinks and fruit syrups [36]. Other yeast species also found
in fruits, soil and food, are most likely not native to estu-
aries and seas, even if they are very frequently isolated
from such areas [21]. D. hansenii has been defined as a
Na' includer organism, since some reports have shown
that sodium is not toxic to this yeast and it can even be
stored inside the cell [34]. Some authors have classified
D. hansenii as a halotolerant yeast, others as a halophilic
one, and more recently as a salt loving yeast [36]. We think
that a more suitable classification may be euryhaline yeast
[11, 46], because it can adapt to a wide range of salinities
as described above.
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