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Background: During salt stress, the yeast Debaryomyces hansenii synthesizes tyrosine as a strategy to avoid the
oxidation of proteins. Tyrosine reacts with nitrogen radicals to form 3-nitrotyrosine. 3-nitrotyrosine prevents
the effects of associated oxidative stress and thus contributes to the high halotolerace of the yeast. However,
the mechanism of how D. hansenii counteracts the presence of this toxic compound is unclear. In this work, we
evaluated D. hansenii's capacity to assimilate 3-nitrotyrosine as a unique nitrogen source and measured its
denitrase activity under salt stress. To identify putative genes related to the assimilation of 3-nitrotyrosine, we
performed an in silico search in the promoter regions of D. hansenii genome.
Results: We identified 15 genes whose promoters had binding site sequences for transcriptional factors of
sodium, nitrogen, and oxidative stress with oxidoreductase and monooxygenase GO annotations. Two of these
genes, DEHA2E24178g and DEHA2C00286g, coding for putative denitrases and having GATA sequences, were
evaluated by RT-PCR and showed high expression under salt and nitrogen stress.
Conclusions: D. hansenii can grow in the presence of 3-nitrotyrosine as the only nitrogen source and has a high
specific denitrase activity to degrade 3-nitrotyrosine in 1 and 2 M NaCl stress conditions. The results suggest
that given the lack of information on transcriptional factors in D. hansenii, the genes identified in our in silico
analysis may help explain 3-nitrotyrosine assimilation mechanisms.
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1. Introduction

Oxidative stress is one of the most harmful conditions for a cell.
Reactive oxygen and nitrogen species are produced after different
alterations of cellular homeostasis, such as changes in external or
internal factors (pH, salt, temperature, oxygen levels and oxidants,
metabolism, etc.), and react extremely rapidly with the components of
the cell. For unicellular organisms exposed directly to environmental
challenges, it is vital to respond immediately to protect themselves
against primary stress and to avoid the initiation of secondary stress
and consequently its damage. Oxidative stress occurs in halotolerant
yeasts when they grow in the presence of sodium. This secondary
stress is caused because of an increased demand for ATP to activate
osmoregulatory mechanisms under salt stress [1], which accelerate
s).
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the respiration and the consequent leakage of electrons and, in turn,
lead to the overproduction of reactive oxygen and nitrogen species.
One of the principal problems is the formation of the peroxynitrite
species, which can inactivate proteins by mediating the nitration of
tyrosine, thus affecting important cellular functions [2,3].

The damage by free radicals can be countered at three levels:
(1) preventive: for example the mitochondrial uncoupling protein 2
decreases the proton electrochemical potential gradient, leading to
increased oxidation of electron carrier pools, and decreases local
oxygen concentration, thus decreasing the production of free radicals;
(2) neutralization of free radicals: enzymes such as catalase, superoxide
dismutase, and glutathione peroxidase, among others, participate
to neutralize free radicals; (3) repair of damage caused by oxidation:
for example, methionine sulfoxide oxidation can be reduced by the
methionine sulfoxide reductases Msr-A and Msr-B. Despite these three
levels of response, there are irreversible damages, such as the oxidation
of aromatic amino acids, particularly tyrosine, which results in the
formation of 3-nitrotyrosine (3-NT), a nondegradable compound [4]. In
yeast, genes coding for oxygen and nitrogen radical-scavenging
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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proteins, such as catalases, prevent damage to biomolecules [2,5,6];
however, no information is available on the repair of irreversible
damages such as the production of 3-NT.

Growth of the moderately halotolerant yeasts Saccharomyces
cerevisiae and Debaryomyces nepalensis under salt stress increases
reactive oxygen species (ROS) production, protein carbonylation, and
the specific activity of antioxidant enzymes [7,8]. In the halotolerant
yeast Debaryomyces hansenii, the ROS production increases after
salt stress [9,10]. This yeast has also been found to have a repair
response and damage prevention to ROS and reactive nitrogen species,
e.g., increased expression of genes such as DhAHP and DhARO4; the
former codes for alkyl hydroperoxide reductase [9], which is active
against H2O2, organic peroxides and peroxynitrite [11], whereas the
latter codes for a DAHP synthase, which is involved in the synthesis of
the amino acid tyrosine [12]. The induction of DhARO4 expression
during salt stress increases the specific activity of DhAro4p. However,
the levels of free tyrosine do not increase because it is rapidly oxidized
to 3-NT [10]. We suggest that the rapid formation of 3-NT prevents
the oxidation of tyrosine in proteins. However, once the 3-NT is
formed, it is uncertain what D. hansenii does with the excess of 3-NT.

This work aims to define the 3-NT assimilation and detoxification
mechanisms in D. hansenii exposed to hypersaline stress. We describe
the organism's ability to assimilate free 3-NT and identify putative
genes for its degradation. We also assess the correlation of
transcriptional changes resulting from nitrogen, salt, and oxidative
stress by analyzing the distribution and frequency of the corresponding
binding sites in all putative gene promoter regions in the D. hansenii
genome. To validate our results, we evaluated the expression of
some genes identified by our search strategy that, given the lack of
information regarding gene promoter annotation and regulation for
D. hansenii genome, represents an in silico effort to elucidate novel
response mechanisms to oxidative and nitrosative damage.

2. Materials and methods

2.1. Yeast strains and growth conditions

D. hansenii strain Y7426 (homologous to strain CBS 767)was obtained
from the US Department of Agriculture, Peoria, IL. The capacity of D.
hansenii to assimilate the oxidized compound 3-NT as the sole nitrogen
source was evaluated on the basis of the results of previous assays that
used 2 and 5 mM 3-NT as nitrogen source for the bacteria Variovorax
paradoxus JS171 and Burkholderia sp. strain JS165 respectively [13]; we
determined that 10 mM 3-NT is the maximum concentration at which
D. hansenii can grow with this poor source of nitrogen.

To obtain growth curves, the cells were grown overnight in YPD
medium and were then re-inoculated in Erlenmeyer flasks containing
fresh minimal medium without any sources of nitrogen such as amino
acids and ammonium sulfate and supplemented only with 10 mM
3-NT. To evaluate the effect of the combination of the two main
stressors in this work (NaCl and 3-NT), we prepared the minimal
medium with 10 mM 3-NT and 1 M NaCl. From each of these cultures,
0.4 ml aliquots were taken and applied in triplicate to the wells
of a 96-well plate. Growth was monitored spectrophotometrically
(Bioscreen C model) using a 96-well plate reader. Absorbance was
automatically recorded at 600 nm every 60 min during 110 h of
incubation at 28°C with continuous shaking.

For denitrase activity assay and RT-PCR, D. hansenii cells were
re-inoculated in Erlenmeyer flasks containing fresh YPD medium
(control condition) or with 1 and 2 M NaCl (salt stress). The cells were
collected by centrifugation when the OD reached 0.9 units at 600 nm.

2.2. Denitrase activity assay in cell extracts

The reduction of 3-NT by denitrase enzyme (removal of the NO2

group from 3-NT) was evaluated according to in vitro assay of Zeyer
and Kocher [14], in which the enzyme denitrase contained in a crude
extract reacts to with commercial 3-NT, after the 3-NT disappears, it
must be taken into account that also the absorbance of this compound
decreases, and this diminution is recorded at 410 nm. After growth in
YPD medium with or without 1 or 2 M NaCl, D. hansenii crude extracts
were obtained [10]. The reaction medium [0.1 mM 3-NT, 0.4 mM
NADPH, 4 mM MgSO4] was added to a 3-ml quartz cuvette, and
then the optical density was observed spectrophotometrically
(DW2a-SLM-Aminco-Olis). The reaction was started by adding 120 μl of
the crude extract, and absorbance changes at 410 nm were recorded for
2 min. To evaluate the specific activity of denitrase enzyme,
p-nitrophenol and 2-nitrophenol were used as alternative nitrate
substrates. Enzymatic activities were calculated using the molar
extinction coefficients of 3-NT and 2-nitrophenol (4400 and 3470,
respectively) and were then expressed as units (μmol of substrate
consumed in 1 min) per mg of protein mass.

2.3. Searching for denitrase candidate genes

2.3.1. D. hansenii genome database
Genome sequences of D. hansenii, including a total of 6252 genes

and their annotations in Gene Ontology (GO), were obtained from
the Genolevures database (www.genolevures.org/deha.html; now at
http://igenolevures.org). We considered the region 1000 bp upstream
from the initiation ATG codon, i.e., from positions -1 to -1000, as
putative promoter regions for the construction of a putative promoter
database.

2.3.2. Sequences for transcription factor binding sites
Using our promoter database, we mapped for the presence of seven

binding sites (BS) (Table S1) as reported for S. cerevisiae [15,16]. The
transcriptional factors (TFs) were related to the type of stress to which
D. hansenii was exposed during its growth: NaCl stress (NaS), 3-NT
as a poor nitrogen source (PNS), and the oxidative stress produced
when the yeast grows in the presence of sodium (OSNa). We searched
for two main TFs for each type of stress, with the basic consensus
sequence for each BS with minimal modifications. These modifications
were made to refine our search; for example, in the sequence
WGATWR for both GLN3 and GAT1 BSs [17], we included the letter H
at the end of GAT1 motif (i.e., A, C, or T at the end) as suggested by
Cornish-Bowden [18]. The BS sequences from this work, additional
sequences for diverse stress types, and search tools used are available
at http://www.deha.abacoac.org.

The in silico searchwas performed in three stages.We first identified
616 genes whose promoter region had BSs for TFs that respond to
the three stresses: NaS (Msn2p/Msn4p and Sko1p), PNS (Gat1p and
Gln3p), and OSNa (Skn7p and Yap1p). We also identified 1917 genes
with sequences responding to OSNa and PNS stress. Next, we included
in our search the definition of function for each gene from GO. Because
the main function of denitrases is the catalysis of oxidoreductions, we
looked for this annotation in both gene groups (616 and 1917 genes).
We identified 104 genes with oxidoreductase activity. From this
group of 104 genes, we searched with a more precise annotation
for denitrase activity as monooxygenase enzymes that incorporate
molecular oxygen, with NADP or FMN as cofactors and the inclusion of
one atom of oxygen into the other donor. We found 15 genes with
denitrase function.

2.4. RNA extraction and expression RT-PCR

The expression of some of the candidate denitrase genes obtained
through the in silico search was evaluated by end-point RT-PCR.
D. hansenii was grown in YPD medium with or without 1 or 2 M NaCl
or 10 mM 3-NT. Genes that do not code for denitrase enzyme, as
indicated by GO, and that have one or two BSs for all TFs used in the
search were defined as negative controls.

http://igenolevures.org
http://www.deha.abacoac.org


Fig. 1. Debaryomyces hansenii grown in the presence of 3-NT. Yeast cells were grown in
fresh medium with or without 10 mM 3-NT and in the presence of 1 M NaCl and
10 mM 3-NT. Growth curves were followed in an automatic spectrophotometer at
600 nm during 110 h. The data are representative of three independent experiments.
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Total RNAwas extracted following themodified hot phenol protocol
of Schmitt et al. [19]. RNA quality was verified by electrophoresis on
1.5% formaldehyde agarose gels. The sequences of forward and reverse
primers used to evaluate the expression of genes were designed using
the software program Primer 3 v.0.4.0. cDNA was synthesized using
SuperScript III (Invitrogen) following the manufacturer's instructions.
PCR conditions were as follows: initial denaturation at 95°C for 2 min;
35 cycles of denaturation at 95°C for 15 s, annealing at 52–56°C
(depending on the gene sequence) (Table S2), and extension at 72°C
for 40 s; and finally 5 min on the last cycle. The RT-PCR products were
verified by electrophoresis on DNA agarose gels. The intensity of the
bands was quantified by densitometry using the Image Lab 5.2.1
software program (BioRad) and was normalized to D. hansenii actin
gene expression. To determine a change in expression, the intensity
value of the control band (YPD medium) was taken as reference, and
Fig. 2.Denitrase activity in cell extracts ofDebaryomyces hanseniiunder salt stress. Cellswere gro
activitywith 3-NT andwith 2-nitrophenol and p-nitrophenol as alternative nitrated substrates. D
protein. Results are the mean values of three independent experiments +SD.
the intensity value of each treatment (YPD + sodium or YPD + 3-NT)
was divided by the reference value. The ratios of scanned bands
are represented as means ± SD and were analyzed using Tukey test
comparisons. Differences with P b 0.05 were considered significant.

3. Results

3.1. 3-NT assimilation and recycling

We first tested and found that D. hansenii could grow with 3-NT
as the sole nitrogen source. The growth rate was double of that in
a medium without 3-NT. We also tested the effect of the presence
of sodium and 3-NT at the same time, observing a severe growth
restriction (Fig. 1), with OD values ranging from 0.5 to 0.6 at 600 nm.
Considering the severity of using both stressors together, for our later
evaluations of denitrase activity assay, we used YPD as control
medium, adding NaCl after (as in Section 2.1).

In the crude extracts of D. hansenii grown in YPD medium with and
without 1 and 2 M NaCl, we observed a high denitrase activity under
conditions of salt stress (Fig. 2). In the presence of 2-nitrophenol and
p-nitrophenol, the denitrase activity decreased five-fold compared to
that in the presence of 3-NT but increased slightly in the presence of
p-nitrophenol with 1 M NaCl (Fig. 2).

3.2. Validation of denitrase genes

To confirm that our in silico search is an optimal approach to predict
the genetic expression of D. hansenii under NaS and PNS stress growth
conditions, we evaluated the expression of some of these genes by
RT-PCR. First we evaluated the expression of negative control genes,
DEHA2G10054g and DEHA2F25564g, which did not change in the
presence of 10 mM 3-NT; only the former had an expression above 1
(Fig. 3a). Conversely, the genes DEHA2E24178g and DEHA2C00286g,
both candidates coding for denitrase enzymes, showed an increased
expression, the former with the highest expression in all three
conditions and the latter in 2 M NaCl and PNS stress (Fig. 3b).
However, the genes that only coded for putative enzymes with
oxidoreductase function showed a different expression; the gene
DEHA2G08162g had an increased expression in the presence of 1 M
NaCl and 10 mM 3-NT, but not under 2 M NaCl stress, while the
wn inYPDmediumwith 1 or 2MNaCl. Total protein extractswere evaluated for denitrase
enitrase activity is reported as units (μmoles of substrate consumedmin-1) permg of total



Fig. 3. RT-PCR expression of candidate genes identified in silico. Total RNA from D. hansenii grown in YPDmediumwith 1 and 2 M NaCl or 10mM 3-NT was used for RT-PCR analysis. The
expressions of negative control (a) and genes identified as oxidoreductase and denitrase (b) were calculated from the densitometry analysis of the bands. Changes in expression levels are
the ratio of the intensity value of the control band (YPD medium) to the intensity value of each treatment's band (YPD + sodium or YPD + 3-NT). Ratio values are the means of three
biological replicates + SD. Significantly different ratios are indicated by * (P b 0.05) and *** (P b 0.001).
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expression of DEHA2C14784g only increased under NPS stress. Both
DEHA2D17446g and DEHA2C03036g showed an expression above
1 only with 3-NT treatment Fig. 3b). The latter results corroborate that
our in silico search of BS frequency for specific TF, coupled to function
definition, can be useful as a tool to predict gene expression.
Table 1
Frequency of binding sites in the promoter regions of selected genes and their expression und

Gene GO annotation for function Tra

Yap

DEHA2G08162g Oxidoreductase activity 1
DEHA2D17446g Oxidoreductase activity 1
DEHA2C03036g Oxidoreductase activity 1
DEHA2E24178g Monooxygenase activity 2
DEHA2C14784g Oxidoreductase activity 3
DEAH2C00286g Monooxygenase activity 1
Negative control
DEHA2G10054g Fatty acid elongase 1
DEHA2F25564g Subunit of the stator stalk of mitochondrial F1F0 ATP synthase 1
DEHA2B07128g POL5 protein

a indicates the number of BS copies in the promoter.
b indicates the expression ratio of genes (without changes [eq], positive [+], or negative [-]

respectively (see Fig. 3).
We assessed a possible correlation among the expressions of these
genes and the number and position of BSs in all promoter regions
(Table 1). From this table, a correlation between the number of
GAT1 and the increase in gene expression in all three conditions
was apparent, particularly in the presence of 10 mM 3-NT. In addition,
er NaCl and 3-NT stress.

nscription Factor Frequencya Expressionb

1 Msn2/Msn4 Sko1 Gat1 Gln3 1 M NaCl 2 M NaCl 10 nM 3-NT

1 1 1 + eq +
1 3 eq eq +

1 1 eq – +
3 1 + + +

eq – +
3 + + +

eq + eq
eq eq eq

1 2 + + +

) over control conditions, calculated for cells treated with 1 or 2 M NaCl or 10 mM 3-NT,
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we noted a synergistic association between the number of NPS and
OSNa stress BSs and the increase in gene expression. Furthermore, we
evaluated DEHA2B07128g expression, which codes for a POL5 protein,
that has only two BSs for GAT1, and we still observed an increase with
10 mM 3-NT treatment; however, no change of expression occurred in
the negative control's DEHA2F25564g and DEHA2G10054g, which
have no BS and have only one for OSNa, respectively (Fig. 3a and
Table 1).

4. Discussion

In this work, we demonstrate that D. hansenii can grow in the
presence of 10 mM 3-NT as the sole nitrogen source, showing
elevated denitrase activity under salt stress. This enzymatic activity
is consistent with the growth properties of D. hansenii, which has
been described to commonly occur in media rich in proteins, such as
cheese [20,21]. In the cheese-making process, for example, there are
different steps and biochemical transformations such as salting and
acidification, which induce protein changes. Hence, it is very likely
that at some stage of the process, 3-NT emerges as a subproduct of
protein oxidation, and therefore, the denitrase activity of D. hansenii is
indispensable to eliminate it. We postulate that this enzymatic activity
is essential for this yeast's survival when grown in diverse stress
conditions in which 3-NT is produced and may have biotechnological
use for the reduction of this compound in oxidized organic substrates.
In this scenario, and returning to our initial goal of finding 3-NT
detoxification genes, it is important to consider that gene expression is
complex because it implies the transcription of genes whose promoters
have responsive elements not only to salt or oxidative stress but also to
metabolite degradation or assimilation.

Despite the complexity of gene regulation,we searched for the genes
that impart D. hansenii its capacity to transform 3-NT into a metabolic
compound of easy assimilation. For the search, we considered
the following two important facts: the existence of considerable
investigation concerning S. cerevisiae gene expression and regulation
[22,23,24] and the absence of studies on TFs of D. hansenii. So we
designed a novel search strategy, looking in silico for genes associated
with BS sequences of common TFs described in S. cerevisiae as
responsive to stress in all promoter regions of D. hansenii genome. Our
proposal is innovative and can be useful as a tool to predict gene
expression because it suggests that the localization and enumeration
of the BSs for TFs in the promoter region of a gene determines the
expression of a gene. For example, we counted the number of GATA
sequences, which are the BS of the GAT1 TF, which is activated when
there is a change to a poorly assimilated nitrogen source such as
oxidized 3-NT. We then selected five genes with GATA sequences
in their promoter and experimentally confirmed the increase in the
expression levels of the five genes. This implies that their expression
increases when D. hansenii is grown in the presence of 3-NT.
Moreover, we observed that the increase in the expression levels
correlates with a larger number of GATA sequences in the promoter
region. In this regard, De Hertogh et al. [25] were pioneers in the
annotation and classification of the proteins of four unconventional
yeasts, among them D. hansenii, through a comparative BLAST analysis,
and they compared each of the 24,165 hemiascomycete proteins
against a database of S. cerevisiae proteins. In addition, Nikolauo et al.
[26] performed a reciprocal BLAST search of the orthologous genes
of S. cerevisiae involved in signaling pathways and TFs in 13 species
of fungi and yeasts, including D. hansenii. Tsankov et al. [27] used
the motif sequences of diverse DNA-binding proteins of S. cerevisiae
to study chromosome organization of 12 Hemiascomycota yeast
species, including D. hansenii. These works support our in silico search
employing BS sequences for NaCl, nitrogen, or oxidative stress in
S. cerevisiae.

When D. hansenii is grown in 1 M NaCl and 10mM 3-NT, there is an
evident increase in the expression of the genes that code for putative
oxidoreductases and denitrases. We postulate that this expression
depends on the TFs Yap1p and Gat1p as they are involved in the
regulation of oxidative and nitrogen stress, respectively. This
observation supports our original assumption that salt stress produces
an associated secondary oxidative stress condition [9,10]. We did
not observe the same correlation in gene expression between salt
concentration and NaCl stress TFs because when MSN2/MSN4 BS was
present in the promoter region in two of the six genes examined, only
one gene's expression levels increased. We speculate that either there
are other TFs that activate gene expression in the presence of NaCl or
the expression of this gene is indispensable under different stress
conditions. We favor the second possibility because the expression
level of this gene was higher than that of the other genes tested.

The increase in the gene expression of putative oxidoreductases and
denitrases leads us to consider that D. hansenii has a system of catabolic
repression of nitrogen (NCR) similar to that of S. cerevisiae, offering
D. hansenii an advantage of survival in adverse stress conditions, such
as high salt and PNS. We argue in favor of the possibility that in
D. hansenii, a NRC response is functional as this system involves the
participation of Gln3p and Gat1p as genes transcription activators for
the assimilation of PNS [28,29]. In the presence of a good nitrogen
source, Gln3p and Gat1p are restricted to the cytoplasm by interaction
with Ure2p; however, when a change to PNS occurs, the two TFs are
translocated to the nucleus to activate the NCR genes [30]. There are
few studies that have demonstrated the presence of genes related to
NCR responses during salt stress, such as in Hansenula polymorpha
[31] or D. hansenii, where it has recently been confirmed that DhGFZ3
gene (encoding a putative negative TF of GATA) functions as a
negative repressor of nitrogen regulation [32]. However, our proposal
of a functional NCR system in D. hansenii is very likely because we
found that D. hansenii can grow in a PNS such as 3-NT.

The fact that the growth of D. hansenii in the presence of sodium and
3-NT increases the mRNA levels of genes such as DEHA2E24178g and
DEHA2C00286g provides an opportunity for the biotechnological
development of gene therapy, specifically in degenerative diseases
such as type-2 diabetes [33] or Alzheimer's [34], in which there is
an accumulation of nitrated proteins, such as 3-NT, which causes
significant changes in protein function. There is a particular interest in
finding organisms that naturally degrade 3-NT because, to date, there
is no clear evidence of detoxification systems that can help eliminate
3-NT in mammals, and D. hansenii may offer such a possibility.
Furthermore, it has been shown that the bacteria Burkholderia sp.
JS165 and Variovorax paradoxus JS171 can grow in 2–5 mM 3-NT and
have specific 3-NT deaminase and HNPA denitrase activities [13];
however, our results show that D. hansenii can grow at higher 3-NT
concentrations than Burkholderia sp. and V. paradoxus.

Although the GO function annotations of the genes DEHA2E24178g
and DEHA2C00286g indicated that both code for putative denitrases
and belong to the same family of monooxygenases as it was annotated
in Genolevures (GL3R0157), only DEHA2E224178g has 24% of similarity
to a S. cerevisiae (YH-R176w) flavin-containing monooxygenase (EC
1.14.13.8); therefore, further research is necessary to confirm that
the proteins encoded by these two genes have denitrase specific activity.

5. Conclusions

We report the ability of D. hansenii to grow in a medium with
the oxidized compound 3-NT as the sole nitrogen source. We
also show that protein extracts have specific denitrase activity for
3-NT degradation, increasing remarkably in 1 and 2 M NaCl stress
conditions. These results support that D. hansenii develops NCR gene
response when grown in a PNS such as 3-NT.

We demonstrate that the use of known BS sequences of common
S. cerevisiae TFs analyzed in silico can be an adequate tool for the
identification of genes potentially involved in the metabolism of 3-NT
in D. hansenii.
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We also suggest that an in silico search reduces labor time and costs
in the laboratory because in most works where massive analysis of
gene expression are first applied, for example, the sequencing of total
RNA where actively transcribed genes are found, it is not until later
that the researcher can ask which and how many TFs activated the
transcription of the genes found. We propose that this question
should be asked first, followed by the evaluation of a few genes'
expression, as it is presented in our results. Here, we provide evidence
that a less time-consuming approach is possible.
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