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Abstract

Glutathione homeostasis is crucial for cell functioning. We describe a novel Imil protein of
Saccharomyces cerevisiae affecting mitochondrial integrity and involved in controlling
glutathione level. Imil is cytoplasmic and, except for its N-terminal Flo11 domain, has a
distinct solenoid structure. A lack of Imil leads to mitochondrial lesions comprising aberrant
morphology of cristae and multifarious mtDNA rearrangements and impaired respiration. The
mitochondrial malfunctioning is coupled to significantly decrease of the level of intracellular
reduced glutathione without affecting oxidized glutathione, which decreases the
reduced/oxidized glutathione ratio. These defects are accompanied by decreased cadmium

sensitivity and increased phytochelatin-2 level.

Introduction

A precisely controlled redox state is crucial for the correct execution of numerous biological
processes, the majority of which require reducing conditions. In such conditions sulthydryl
groups are reduced and key enzymes and non-enzymatic proteins remain functional. In
eukaryotic cells, highly reducing environments prevail in the cytosol, mitochondrial matrix,
and peroxisomes (Ayer et al., 2014).

Glutathione (y-L-glutamyl-L-cysteinylglycine), a redox buffer and protectant, is the
best-known and most abundant non-enzymatic component of the antioxidant defence system.
Glutathione is present within the cell in both reduced (GSH) and oxidized (GSSG) forms
(Schafer & Buettner, 2001). GSSG can be reduced to GSH by glutathione reductase and by
the thioredoxin or glutaredoxin systems (Tan et al., 2010; Luikenhuis ef al., 1998; Stroher &
Millar, 2012). Inside the cell glutathione cycles between GSH and GSSG, forming a redox
couple that has a major effect on the overall redox status. Changes in the GSH/GSSG ratio are

routinely used as indicators of perturbation of the intracellular redox state (Meister &
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Anderson, 1983; Schafer & Buettner, 2001; Ostergaard et al., 2004). Glutathione plays
several important roles in the cell (Burhans & Heintz 2009; Ayer ef al., 2010). Its homeostasis
is critical for protection of mitochondria (including the maintenance of their genome) from
the deleterious effects of reactive oxygen species (ROS) abundantly produced by the electron
transport chain. Consequently, glutathione deficiency leads to mitochondrial damage and
subsequent cell apoptosis (Meister, 1995; Turrens, 2003). Glutathione also has other
activities, including the formation of mixed disulfides with redox-active protein thiols, which
can modulate the properties of a variety of cellular targets (Handy & Loscalzo, 2012).

Glutathione metabolism in the yeast Saccharomyces cerevisiae is well characterized
(Jamieson, 1998; Bachhawat et al., 2009; Petrova & Kujumdzieva, 2010). S. cerevisiae cells
with disrupted glutathione biosynthesis exhibit reduced tolerance to a wide range of stress
conditions (Izawa et al., 1995; Turton et al., 1997; Grant et al., 1998) and an increased rate of
apoptosis (Madeo et al., 1999).

Although the genome of S. cerevisiae was the first eukaryotic one to be sequenced
(Goffeau et al., 1996), a substantial fraction of the ca. 6000 of its open reading frames still
lack an assigned molecular function. Here we characterize a newly identified protein encoded
by a gene which we named /MI] (GenBank accession number: KC256787.1). Deletion of the
IMII gene caused degeneration of mitochondrial cristac and mtDNA rearrangements leading
to respiratory deficiency, and a decreased intracellular GSH level. Surprisingly, those defects
were accompanied by an increased tolerance of the imil4 mutant to cadmium, which
correlated with an elevated level of phytochelatin-2. Thus, the Imil protein is a novel factor
affecting mitochondral integrity and glutathione homeostasis and therby modulating cell

functioning.
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Materials and methods

Nomenclature, strains, media, growth conditions

Standard genetic nomenclature is used to designate wild-type alleles (e.g., IMI1, URA3),
recessive mutant alleles (e.g., ade2-1), and disruptants or deletions (e.g., imil.::kanMX6,
imilA). The deletion of IMI1 is as follows: IM11(30, 2812)::kanM X6, which means that the
IMI1 open reading frame has been replaced by kanMX6, a kanamycin resistance gene
conferring G418 resistance on S. cerevisiae. The open reading frame is deleted from
nucleotide 30 through 2812, where 30 is the A 30 nucleotides downstream from the ATG
START codon and 2812 is the T immediately following the STOP codon. The kanMX6
cassette was PCR-amplified from plasmid pFA6a- kanMX6 (Béhler et al., 1998) using
primers
5’"GACGAAAGCGTTGCTATCAATGGTTGTCCAAATTTGGATTTCAACTGGCACGCC
AGATCTGTTTAGCTTGCC3’ and
5’GGTTTATATGGTATACGAACGAGAATGGCGTAGGGACATGAAAGATGGTAGAA
TGGTTTAAACTGGATGGCGGCGTTAGTATC3’. The PCR product was transformed into
W303 strain. The IMI1 disruption was verified by PCR, genetic analysis and Southern
blotting. Protein denoting is as follows: Imil encoded by IMII gene. S. cerevisiae strains used
in this study are listed in Table 1. Yeast culture media were prepared as described (Rose et al.,
1990). YPD contained 1% Bacto-yeast extract, 2% Bacto-peptone and 2% (all w/v) glucose,
YPGal as YPD but 2% galactose instead of glucose. SD contained 0.67% yeast nitrogen base
without amino acids (Difco) and 2% glucose. For auxotrophic strains, the media contained
appropriate supplements. Respiratory capacity was assessed on YPG medium (as YPD except
glucose was replaced with 2% glycerol). For drop tests, cells were grown overnight in YPD or
minimal media and adjusted to a density of ODgpp=1. Growth was analyzed by plating 5-uL.

drops of 10-fold serial dilutions of cell suspensions onto solid media. Tests were repeated at
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least three times. Standard methods were used for genetic manipulation of yeast (Rose et al.,
1990). Plasmid propagation was performed in chemically competent Escherichia coli XLL1-

Blue MRF’ (Stratagene).

Cadmium-induced formation of petite mutants

The assay is based on the fact that growth of yeast on glycerol-containing media requires
mitochondrial respiration, while growth on glucose-containing media is possible without it
(Shadel, 1999). Moreover, W303 strain and its derivatives bear ade2-1 mutation which causes
accumulation of an adenine-intermediate-derived pigment inside the vacuole that gives a red
color to the colonies grown on medium containing limiting amounts of adenine (Sharma et
al., 2003). However, respiratory-deficient cells lose this coloration and become white. To
determine the rate of formation of cadmium-induced petite mutants the imilA [rho (W303)]
strain was constructed by back-crossing imi/4 with W303 parental strain. Cells were grown
o/n in liquid YPG medium to stationary phase and were then diluted in SD medium (with
appropriate nutritional supplements) to ODgp=0.05. Where indicated, SD medium was
supplemented with 20 uM CdCl,. Samples were taken from the cultures after 20 h of growth
at 30°C with shaking (200 rpm) on a rotary shaker, diluted to ca. 100 CFU per plate, plated on
YPD medium and grown for 7 days at 30°C. The number and color of colonies was
determined and the percentage of white colonies was calculated. Respiratory competence of
randomly picked white and red colonies was verified on YPG medium. At least 15 red and 15
white colonies counted in each experimental condition in each repetiton were tested. As
expected, all red colonies were respiration-competent and all white ones were respiration-

incompetent (petite). The experiment was repeated three times.

Plasmid construction



135  IMII open reading frame together with flanking regions of ca. 850 bp at either side was PCR-
136  amplified from genomic DNA of W303 wild-type strain using TaKaRa LA Taq polymerase
137  (Takara Bio, Inc) and primers 5SP037cF (5CTGTACAAGACCGAGTGTTCGTTC3’) and
138 3P039cR (5’ GCATTAGCCACGTAGGAAGCAGS3’). The amplified DNA (4445 bp) was
139  cloned into pGEM-TEasy vector (Promega) and sequenced. The resulting plasmid pGEM-
140  IMII was used as a basis for subsequent constructs which are listed in Table 2. The nucleotide
141  sequence of IMI] has been deposited in GenBank (KC256787.1). The Imil-RFP fusion

142 protein was constructed by PCR amplification of Imil-encoding sequence together with

143 upstream region, from nucleotide -850 to 2808, where 1 represents A of ATG START codon
144  and 2808 is the last nucleotide (T) before the STOP codon. Primers used: SP037cF

145 (5°CTGTACAAGACCGAGTGTTCGTTC3’) and IMI1-Sall

146  (5'GCCGTCGACAATGAAAGCTAGAGGAAGAGCGG3"). After the T the GTCGAC

147  sequence was introduced bearing Sall-recognition site, which enabled further gene fusion.
148  Sall-digested PCR product was cloned into Sall-EcolCRI digested pUG35 plasmid in which
149  GFP-encoding sequence was replaced by RFP-encoding gene PCR-amplified from pDB790
150  plasmid (Campbell et al., 2002; Balciuniene et al., 2013). The final plasmid was named P-
151  IMI-RFP. The plasmid P,.,o-IMI1-RFP was constructed by PCR amplification of the whole
152  Imil-RFP-encoding sequence using Pj,~-IMI-RFP as template and primers

153  5’ATGGTTGTCCAAATTTGGATTTCAAC3’ and

154 5S’TTAGGCGCCGGTGGAGTGGCGGCC3’ and cloning of the blunt-ended product into

155  Hpal-digested pCM189 vector (Gari ef al., 1997). The plasmid P,.,0-IMI1 was constructed by
156  cloning PCR-amplified /MI1 to pCM189 vector using pGEM-IMI] as a template and

157  S'ATGGTTGTCCAAATTTGGATTTCAAC3' and

158 5'CTAAATGAAAGCTAGAGGAAGAGS3' primers. All plasmids were verified by restriction

159  analyses and DNA sequencing.
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MtDNA isolation and restriction enzyme digestion

mtDNA was obtained from isolated mitochondria (Defontaine et al., 1991). Briefly, an
overnight 20-mL culture grown in YPD at 28°C under shaking was harvested by
centrifugation at 500 x g for 5 min. The pellet, 0.3 - 0.4 g wet weight, was washed twice in
water and once in 1.2 M sorbitol, 50 mM EDTA, 2% mercaptoethanol, resuspended in 5 mL
of 0.5 M sorbitol, 10 mM EDTA, 50 mM Tris, pH 7.5 containing 2% mercaptoethanol and 1
mg/mL of Zymolyase 100 T, and then incubated at 37°C for 45 min. Subsequent steps were
carried out at 4°C. The suspension was sonicated 3 x 1 min in a Bioruptor UCD-200
(Diagenode) set at H-level and the lysate was centrifuged at 3000 x g for 10 min. The
supernatant containing mitochondria was centrifuged at 15000 x g for 15 min, and the crude
mitochondrial pellet was collected and then rinsed four times with the same solution lacking
Zymolyase to eliminate genomic DNA contamination. The mitochondria were resuspended in
0.2 mL of 100 mM NacCl, 10 mM EDTA, 1% Sarcosyl, 50 mM Tris, pH 7.8 and allowed to
lyse for 30 min at room temperature. The mitochondrial lysate was extracted with phenol-
chloroform and nucleic acids were precipitated with 2 vols of ethanol from the aqueous phase.
The pellet was dissolved in water, digested with RNAse A for 30 min at 37°C, and purified
again by phenol-chloroform extraction and ethanol precipitation. The obtained mtDNA was
digested with restriction enzymes using buffers and digestion conditions provided by the
enzymes’ manufacturers, electrophoresed in 0.5% agarose in TBE, stained with ethidium

bromide and photographed under UV illumination.

Western blotting
To visualize RFP-tagged proteins on Western blots, protein samples (100 pg lane™) were

subjected to 10% SDS—-PAGE in Laemmli system (1970), at 10 V cm™, usually for 1.5 h,
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followed by wet blotting onto Hybond-C extra membrane (in 25 mM Tris pH 8.3, 192 mM
glycine and 20% methanol) and probing with an anti-RFP antibody (Living colors DsRed
Polyclonal antibody, Clontech, Cat. No. 632496) diluted 1000-fold. Secondary anti-rabbit,
alkaline phosphatase-conjugated antibodies (Promega, Cat. No. S3731) diluted 1:7500 and
Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega, Cat. No. S3841) were

used to detect proteins.

Fluorescence microscopy

To visualize RFP-tagged Imil a Carl Zeiss Axiolmager M2 fluorescence microscope
(Microlmaging GmbH) with a 100x objective was used. RFP fluorescence was observed
using a 20 HE filter set (Carl Zeiss, Cat. No. 489020-0000-000). Images were captured using
an AxioCam MRc 5 camera (Carl Zeiss). DNA was stained with DAPI (4',6-diamidino-2-
phenylindole) by incubating cells in fresh growth medium supplemented with 2.5 ug mL™" of

DAPI for 1 h at 30 °C.

Electron microscopy

For electron microscopy cells were fixed in 1.5% paraformaldehyde and 3% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at 4°C. Cells were washed with the same
buffer and post-fixed with 6% KMnQO, in 0.1 M cacodylate buffer for 1 h, then washed in
30% ethanol and further dehydrated in a graded ethanol series, and embedded in Epon 812.
Ultrathin sections were mounted on copper grids and air-dried. The sections were examined

and photographed with a JEOL JEM 1011 electron microscope (Jeol, Tokyo, Japan).

Glutathione determination
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For glutathione quantification yeast were grown overnight in SD medium with necessary
auxotrophic supplements and 1.5-mL samples of the cultures were spun down in a microfuge
at 14 000 rpm for 5 min. To determine intracellular oxidized glutathione (GSSG) cells were
extracted with 12% perchloric acid with 50 mM NEM (N-ethylmaleimide). The excess of
NEM was removed by hexane extraction and GSSG was determined fluorimetrically with
glutathione reductase (Bergmeyer, 1983, Winiarska ef al., 2003). Reduced glutathione (GSH)
was determined by a modification of the method of Hiraku et al. (2002). For intracellular
GSH measurements cells were extracted with 12% perchloric acid with 0.4 mM Na,S,0s. To
measure GSH in growth medium 500 pL of culture supernatant after sedimenting cells was
mixed with equal volume of 24% perchloric acid with 0.8 mM Na,S,0s. Samples were
separated on an Agilent Zorbax SB-C18 reversed-phase column (5 pm, 4.6 x 250 mm) at a
flow rate of 1 mL min and column temperature of 30°C using a Dionex ICS3000 HPLC
apparatus (Thermo Scientific, Waltham, USA) with electrochemical detector. The mobile
phase contained 99 mM phosphate buffer (pH 2.5), 1% methanol (v/v), 200 mg L sodium-1-
octanesulfonate and 5 mg L' EDTA. The gold electrode potential was set at +0.78 V against
an Ag/AgCl reference electrode. The amounts of GSSG and GSH are expressed as pumol g
dry weight of cells used for extraction or of cells sedimented from medium used for

determination.

Phytochelatin determination

Phytochelatins (PCs) were determined according to the procedure of Wojas ef al. (2008)
adapted for yeast. A total of 75 ODg units of yeast culture was spun down and cells were
homogenized (3 x 50 s, 6500 rpm) with glass beads using MagNALyser (Roche) in 1 mL of a
mixture composed of 890 uL of 6.3 mM diethylenetriaminepentaacetic acid, 50 pL of 1 M

NaOH, 50 pL of 6 M NaBH4 (in 0.1 M NaOH), and 10 pL of 1 mM N-acetyl-L-Cys (an

10
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internal standard). The whole procedure was conducted at 4°C and samples and all solutions
were kept on ice. The homogenate was centrifuged in a microfuge (10 min, 14 000 rpm) and
250 pL of the obtained extract was mixed with 10 uL of 20 mM monobromobimane and 450
uL of 4-(2-hydroxyethyl)-1-piperazine-3-propane sulfonic acid (HEPPS) buffer (pH 8.2)
containing 6.3 mM diethylenetriaminepentaacetic acid. Derivatization was performed at 45°C
in the dark for 30 min and stopped with 300 uLL of 1 M methanesulfonic acid. The reaction
mixture was filtered through 0.22-um filter and stored at 4°C in the dark until HPLC analysis.
Non-protein thiols were separated using a Waters 2695 HPLC apparatus (Waters Alliance,
USA) with a Waters 2997 PDA detector and Nova-Pak C18 (Waters) column. Separation was
carried out at 37°C using a methanol-water gradient, both with 0.1% trifluoroacetic acid. The
injection volume was 20 uL. GSH and phytochelatin-2 (PC-2) (ANAWA Trading, # 60791)

were used for column calibration. The data were integrated using Waters Millenium software.

Protein determination
Cell extract prepared for phytochelatin quantification was mixed with 4 volumes of ice-cold
acetone and centrifuged for 10 min at 14 000 rpm, the pellet was rinsed with 80% acetone,

air-dried and dissolved in 6 M urea. Protein was determined by the method of Bradford

(1976).

In silico analyses of amino acid sequences

Amino acid sequences were analysed using The Basic Local Alignment Search Tool
(BLAST) tools (Acland et al., 2014). Repeats in Imil protein were identified using the
TRUST program (Szklarczyk & Heringa, 2004). Proteins with repeated motifs were found
using the Pattern Search program available on the http://myhits.isb-sib.ch website (Pagni et

al.,2007). The indicated sequence source was UniRef50 and no taxonomic restriction was

11
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applied. Full sequences of the identified proteins were obtained from the UniProt KB database
(UniProt Consortium, Apweiler et al., 2014) and domains were identified in those sequences
using Pfam (Finn et al., 2014) and HHpred (Hildebrand ez al., 2009). The MAFFT alignment
was then analysed using protein PSI-BLAST (Altschul & Koonin, 1998) algorithm to identify
other similar repeats that were missed by Pattern Search. Their domains were identified using
Pfam (Finn et al., 2014) and HHpred (Hildebrand ef al., 2009), similarly as in the first set of
proteins found. Solenoid structure was analyzed using REPETITA server
(http://protein.bio.unipd.it/repetita/) (Marsella et al., 2009). Secondary structures were

analysed using Quick2D server (http://toolkit.Imb.uni-muenchen.de/quick2 d/).

Results

Imil-encoding DNA sequence has diverse organization in two popular yeast strains

The Imil (Irr1-mediated-interaction) protein was discovered in a two-hybrid screen
(manuscript in preparation) for interactors of the Irr1/Scc3 protein, primarily involved in
chromosome segregation (Kurlandzka et al., 1995; Toth et al., 1999). Basing on the data from
the Saccharomyces Genome Database (SGD) we initially identified the prey protein as Prm7
encoded by the YDL039C ORF of a poorly defined function. Since the SGD genomic
sequence represents the reference strain S288c (Mortimer & Johnston, 1986) and we were
using another popular laboratory strain, W303 (Thomas & Rothstein, 1989), showing
substantial genomic divergence from S288c (Ralser ef al., 2012), we sequenced the relevant
region in W303 DNA. The sequence obtained was clearly different from the S288c one: in
addition to several small deletions and point mutations the two sequences had a different
functional organization. In S288c the 2097 nucleotide-long ORF YDL039C (PRM?7) is
preceded by YDL037C (BSCI) of 986 nucleotides, terminating with a single STOP codon and

followed by 519 nucleotides of an intergenic, apparently non-coding region. In W303 that

12
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STOP codon is absent and as a consequence a continuous ORF comprising YDL037C,
YDL039C and the intergenic region (together, 2811 bp) is formed, encoding a putative protein
of 936 amino acids. The reading frame is preserved so its amino acid sequence is largely
identical with the two shorter ones encoded in the S288c genome, apart from the “linker”
corresponding to the stretch separating the two ORFs of S288c. Fig. 1. shows the organization

of the genomic region in question in the two strains.

Wa0a _“ >

Fig. 1

Fig. 1. S. cerevisiae chromosome IV region encompassing /M1 in W303 and ORFs
YDL037C and YDL039C in S288c strain.

To see which organization is predominant among diverse yeast strains, we examined the
nucleotide seqences of the region corresponding to /M1 in 17 other S. cerevisiae strains
whose genomes were available in databases and sequenced this region in four wine strains
commercially available in Poland. Strains SK1, Y55, DBVPG6044 and three Polish wine
strains contain one continous ORF, almost identical with IMI], wherease in 15 strains two
separate ORFs are present. The length of YDL039C OREF varies from 1542 to 3795 bp, and

that of YDL037C from 834 to 1114 bp (data not shown).

Imil protein has a repetitive structure
To infer the cellular function of Imil we performed diverse bioinformatic analyses of its

amino acid sequence and putative structure. We found that its N-terminal part (amino acids 1-

13
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153) is likely to form a Flo11 domain (Pfam: PF10182, HHpred similarity analysis:
probability: 100, e-value: 9¢-58). This domain has been identified in 65 proteins of
Ascomycota (http://smart.embl-heidelberg.de), most of which are only putative and
uncharacterized. For some, an involvement in flocculation and pseudohyphal growth is
deduced basing on an analysis of respective null mutants. No direct characteristics of any of
those proteins could be found.

Since we could not deduce an Imil function basing on its similarity to known proteins,
we analysed its architecture. We noticed that outside the N-terminal Flo11 domain Imil
contains numerous repeated regions of different lengths. We identified a previously unknown
sequence motif [TS]-[SP]-X-D-P-[TS]-[TS]-S-[VIST]-X-[TSIV]-[ST], containing numerous
serine and threonine residues. In positions 4-7 of the motif aspartic acid — proline — threonine
- serine is usually present, therefore we named the whole 12-amino acid repeat the DPTS
motif.

In all, Imil contains seven perfect and at least nine imperfect DPTS motifs scattered
throughout its C-terminal part but mostly concentrated in its central region (Fig. 2). In
addition to Imil, numerous other, mostly yeast, proteins containing the DPTS motif were
found in databases, representing several types of overall domain architecture, as shown in

Fig. 3.

MVVQIWISTGMSQQNILHYDMDVTSVSWVKDNTYQITVHVKAVKDIPLKYLWSLKIIGVN
GPSSTVQLYGKNENTYLISDPTDFTSTFQVYAYPSSDGCTVWMPNFQIQFEYLQGDAA
QYWQTWQWGTTTFDLSTGCNNYDNQGHSQTDFPGF
YWTYQCKGNNDGTCTKASSSSITTSSITTSSTTTSSSTTSSSTKTSTTTSSTVKSSSTTSIDVTTSVDSHTSSSV
ADIYRSRTSTDVTTLAASTSPFSSFTSSDSSSSSDVTSSTIQT TSVDPTISVVSS SSADPTSSSAVT TLV
DSTTSAVLT TSADPSSSVTIS TSTGSTSSIEYT TSDDPHASSSL AGMYRTRSSDEVT TSTDPTSSSNVA
TSVDPTSSIVSS GSVDPTTSADST TSTVQTTSADLSISVISS TSSVDPTSSSAV TSVDQTSSSDVA
TSVDPTTSVISS TSADPTTSADS TISAVQT TPVDPTSSVVSS A PVDPASSVVSLTS PYPTSSSTVT
ISANSNGSATLTAQT TSIDPVSSIVSS SGATTIISSA SIDPASSVVSS TSSEPTSFIVSSTSVYSTRPSG
PTISTDPATFSDTIILRVSTISTSQDTQTVSSSLTDMVSSTGSADLSVSSIQR SQVDPSTFAVS NSPV
YPTASTRSTSTGIPIASESLSLSRQQGISATSSSSIVILTPVDSASSSRSSATSIIKPNMPVSSSDSKTQSSV
SVVDAFQSTKSSYPSI TSADPTTLAS ENGLVGSSSSAHPITLDRTYASAHPITLDRTYASAHASVTDIV
SRVTDSTRHTTLITSNINIQSEVGNPNYSGPKDTTITKQSAFITSPASTSTISNVQSTASVMNHSIEDNISA
AASLGSVSGTSTKDYSSQSSAIHYTNSFTTTTTNAFITSKHSIAAVSTGAITSSASISLIMEGSANIEAVG
KLMWLAAALPLAFI

Fig.2

14
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Fig. 2. Distribution of DPTS repeats in Imil amino acid sequence. The N-terminal part of
Imil (boxed) is the Floll-like domain. The remaining part contains perfect (red) and

imperfect (blue) DPTS motifs.
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Fig. 3. Domain organization of DPTS repeat-containing proteins. Types I and II are similar to
whole Imil and its C-terminal part, respectively. Narrow unmarked bars depict DPTS motifs,

larger boxes represent indicated domains.

An independent bioinformatic and experimental analysis of the region encompassing
YDL037C-YDL039C in S288c has been performed earlier by Namy et al. (2003). They found
that in S288c the STOP codon of YDL037C can be bypassed with 25% efficiency. Four amino
acid repeats (TTSVDPTTS), spaced by 15 amino acids, around the YDL037C STOP codon
and in the intergenic region were shown to be critical for the STOP codon read-through.

Using the REPETITA server (Marsella et al., 2009) we found that, except for its N-
terminal Flo11 domain, Imil forms a solenoid. Solenoids are modular assemblies of
structurally identical units. They contain secondary structure elements, B-strands or a-helices,
coiled along a common axis and with a fixed curvature (Marsella et al., 2009).

The prediction of solenoid-forming repeats in Imil is highly significant (zmax = 9 and pg
= 4.6, where zmay 1s the significance of the detected periodicity in the sequence under analysis

and py represents the deviation from an experimentally set threshold) (Fig. 4). These results
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strongly indicate that the DPTS repeats in Imil form a characteristic periodic winding
structure. According to a Quick2D server prediction the solenoid is predominantly composed
of a-helices with the repeat length of 12 amino acids.

Thus, while indicating a very interesting novel motif for Imil and a few structurally

related proteins, the modeling offered little clue as to the possible functions of Imil.

Fig. 4

Fig. 4. The C-terminal part of Imil likely has a distinct solenoid structure. The Imil amino

acid sequence without the N-terminal part (amino acids 1-153, including the Flo11 domain)
was analyzed using the REPETITA server and the z,,.x and pg values obtained were plotted

together with those for a benchmark set of proteins of known structure (red, non-solenoids,

green, solenoids). The line represents best separation between solenoid and non-solenoid

structures. Encircled is position of Imil.

Database analysis suggests promiscuous action of Imil

To predict the role(s) played by Imil we turned to databases reporting results of large-
scale studies on physical and genetic interactions. Unfortunately, since the studies reported
have been carried out in the background of the S288c strain, no direct reference to Imil or its
gene could be found. Data from genome-wide protein-protein interactions (Tarassov ef al.,

2008) and a proteome chip study of protein phosphorylation (Ptacek et al., 2005) reporting the
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two putative proteins encoded by YDL037C and YDL039C, corresponding to the N- and C-
terminal parts of Imil, were not very conclusive. They have revealed that the YDL037C-
encoded protein Bscl interacts with Rtcl, a subunit of the SEA complex engaged in
intracellular vesicular transport, and the Prm7 protein encoded by YDL039C interacts with
protein kinases Hal5, Hek2, Kin82, Prr2, and Yck2, and with the Nam7 protein involved in
nonsense-mediated mRNA decay.

All the genetic interactions of YDL037C and YDL039C were identified in a genome-
scale genetic interaction screen looking for a significant deviation of the fitness of a double
mutant compared with the expected multiplicative effect of the two respective single mutants
(Costanzo et al., 2010). For YDL037C two such interactions, with SMT3 and STR2, have been
found. SMT3 encodes SUMO, a small protein similar to ubiquitin, whose post-translational
atachement to other proteins modulates their functioning. The second gene, STR2, encodes
cystathionine y-synthase. This enzyme converts cysteine to cystathionine and thus, by
consuming cysteine, modulates GSH level. In str24 strain an excess of GSH is produced but
is degraded by specific peptidases (Ganguli et al., 2007), whereas overexpression of STR2
decreases the intracellular glutathione concentration (Suzuki et al., 2011). The str24ydl037cA
strain grows slower than could be expected from the effects of the single deletions (Costanzo
et al., 2010), suggesting that the YDL037C-encoded protein could be involved in the
metabolism of sulfur amino acids.

Many more genetic interactions (45) have been reported for ORF YDL039C,
corresponding to the 3’-part of /M1 gene and encoding most of the predicted solenoid
domain of Imil. Among these genetic interactors the largest group (12) comprises genes
related to mitochondria (4/IM36, ATP23, CMCI, ERTI, GCV2, MDL1, MDM12, PET20,
PUF3, RML2, UPS1, YBR238C, YHM?2). This suggests a likely involvement of the YDL039C-

encoded protein, and by inference also of Imil, in mitochondrial processes. Other interactions
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are rather diverse and include genes related to RNA metabolism (8 genes), transcription (5),
protein kinases (ERGS, RIM15, TPK3) possibly phosphorylating the protein, and various
metabolic processes.

Also genome-wide deletion analyses in yeast missed the /M1 gene and only reported
phenotypes of the ydl037cA and ydl039cA strains. The phenotypes of ydl037cA included an
increased competitive fitness regardless of carbon source in growth medium, and increased
sensitivity to cycloheximide, methylglyoxal, and streptomycin. For ydl039cA strain some
analyses indicated an increased competitive fitness upon growth on glycerol- or ethanol-
containing medium, but others actually reported a lack of respiratory growth and increased

mitophagy and glutathione excretion.

Deletion of IMI1 causes rearrangements of mitochondrial DNA and alters mitochondrial
morphology

The Imil structure modeling and the analysis of reported data on the two shorter ORFs
did not indicate unequivocally a role Imil could play in the cell, but suggested several
processes in which the protein was likely involved. In the following experimental study of
Imil functions we focused on mitochondria and some aspects of sulfur amino acid
metabolism. We first checked whether the /MI] gene was required for cell viability, the Imil
protein expressed, and where it localized. An imil4 mutant was constructed by replacing the
IMI1 ORF with the kanamycin resistance gene kanMX6.
When analyzed on complete YPD medium the mutant was fully viable. However, it did not
grow on media containing ethanol, lactate or glycerol as a carbon source (see Fig. 5), which
indicated a likely respiratory incompetence. To verify this imilA was crossed with a rho"
tester strain MR6/b-3, a derivative of W303 (Godard ef al., 2011). MR6/b-3 bears a wild copy

of IMI1 but lacks the entire mitochondrial genome, thus the diploid’s mitochondrial DNA
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could only be derived from the imilA strain while a functional Imil protein would be
provided by the intact IMI] gene. The obtained imil A/IMI1[rho"] diploid did not grow on
non-fermentable media (Fig. 5), which confirmed the lack of respiration-competent

mitochondria in imilA cells.

imilA /IMIT [rho°)

e © .
imi1A N R
® &

glucose glycerol

Fig. 5

Fig. 5. Deletion of /MI1 gene precludes mitochondrial respiration. Indicated strains were
grown in YPD medium and diluted to identical concentrations. Serial 10-fold dilutions were
spotted onto YPD (containing 2% glucose, left) and YPG (containing 2% glycerol, right) and
incubated at 30°C for two days.

To characterize further the mitochondrial dysfunction of imilA its mtDNA was isolated
and subjected to restriction enzyme digestion, which demonstrated substantial rearrangements
of the mtDNA compared to that of the parental /MI1 strain (Fig. 6). Notably, those

rearrangements differed between individual imi/4 clones.
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436  Fig 6. mtDNA is rearranged in imilA. Negative image of ethidium bromide-stained agarose
437  gel after electrophoresis of Ndel, EcoRV or Sacll-digested mtDNA of parental /M]/ strain
438  and two imilA clones (1, 2). IMI1[rho"] — control MR6/b-3 strain, devoid of mtDNA, M —
439  DNA size marker.

440

441 We then studied mitochondrial morphology of imilA cells using transmission electron
442  microscopy. As shown in Fig. 7, in imilA4 mitochondria the cristae are reduced or absent.
443 Thus, a lack of Imil leads to mtDNA instability and to major defects of the mitochondrial

444  inner membrane.
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Fig. 7. Deletion of IMI1 gene affects mitochondrial morphology. Transmission electron
micrographs of cells of IMI] (wild type), IMI1 [rho"] (as IMII but devoid of mtDNA), and
imilA mutant strain. Mitochondrial structures typical for a given strain are shown on the right.

N — nucleus. Bar, 500 nm.

Imilis likely localized in the cytoplasm

The experiments described above showed that deletion of /MI] gene affected cell functioning,
suggesting that the gene encodes a functional p

rotein. To confirm this conclusion and to establish the cellular localization of the IMI1-
encoded protein we constructed two /M11-RFP fusion genes, one controlled by the original
IMI1 promoter (P;;) and the second — by the tetracycline-regulatable tetO promoter (P..0)
(Gari et al., 1997). Either gene was introduced on a centromeric plasmid (see Table 2) to the
imilA mutant. To confirm correct expression of the chimeric protein, Western blotting of
whole-cell extracts was performed. Upon expression of /MI/-RFP from the original promoter
the protein was undetectable but the construct driven by the strong tetO promoter produced
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enough protein to allow its detection (Fig. 8a). The electrophoretic mobility of the anti-RFP
reactive band was substantially less than expected from the calculated molecular mass of
Imil-RFP (122 kDa), albeit one should note that the resolution of the gel in the high-
molecular-mass region is too low for exact mass determination. It is also likely that owing to
its peculiar structure the protein migrates aberrantly.

To localize Imil-RFP in the cells they were subjected to fluorescence microscopy.
Consistent with the Western blotting results, expression of /MI1-RFP from the original
promoter did not produce a detectable signal (Fig. 8b), while in cells expressing P.,o-IMI1-
RFP the red signal was clearly visible and was predominantly present in the cytoplasm (Fig.
8C), without any accumulation in the vacuole or the nucleus. These data show that under
standard conditions Imil is a low-abundance protein. When overexpressed, it is not degraded
nor forms aggregates, but it cannot be excluded that its predominant uniform cytoplasmic

localization masks faint signals from organelles or membrane structures.

(a) (o)

kDa M QW™ Q®
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Fig.8
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Fig. 8. IMI1 encodes a low-abundance protein which, when overexpressed, is predominantly
localized to cytoplasm. (a) Immunoblot of soluble protein extract of whole cells bearing /M11-
RFP fusion gene under original P, or P,o promoter. Imil-RFP fusion protein was detected
using anti-RFP antibodies. (b) Imi1-RFP fluorescence is undetectable upon expression from
the original Pj,;; promoter. (¢) Upon expression from the P, promoter Imil-RFP
fluorescence is present in cytoplasm. Cells of imilA strain bearing respective plasmids
encoding Imil-RFP were grown in SD medium with appropriate supplements. Localization of
Imil-RFP was followed by direct RFP fluorescence. For visualization of DNA, cells were

stained with 4,6-diamidino-2-phenylindole (DAPI), DIC - differential interference contrast.

Deletion of IMI1 gene impairs GSH/GSSG balance

Since the major antioxidant protection mechanism involves glutathione, and mitochondria are
the major source and also target of ROS, we reasoned that the observed mitochondrial defects
could be associated with a disturbed glutathione homeostasis in imilA cells. Also the database
information discussed above suggested a connection of Imil with cysteine/glutathione
metabolism. To verify this assumption we determined the level of reduced and oxidized
glutathione. We found that the imi/A4 mutant contained ca. 40% less GSH than the parental
IMI1 strain (Fig. 9a). Notably, expression of /MI] from a plasmid only partially reverted the
depletion of GSH. The level of intracellular GSSG was similar in the /MI] and imilA strains
(Fig. 9a). As a consequence, both the total content of glutathione and, more importantly, the
GSH/GSSG ratio, were decreased in imilA relative to the wild type. Those changes were not
caused by excessive GSH secretion to the medium, as it was at a similar very low level in
both strains (Fig. 9b). The level of GSSG in the growth medium was also fairly similar for the

two strains (ca. 8+1.2 pmol g d.w., not shown).
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Fig. 9. Deletion of /MI1 gene decreases intracellular GSH content. (a) intracellular GSH and
GSSG, (b) GSH in growth medium. Cells were grown o/n in YPD medium, diluted to ODgg

=0.05 in SD medium and grown for 20 h. The values are the mean + SD of three independent

experiments, each determined in triplicate.
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Yeast strains with an altered glutathione redox state are hypersensitive to oxidative
stress induced by peroxides (Grant ef al., 1998). We found that also the imilA mutant showed
an increased sensitivity to oxidative agents present in growth medium (Fig. 10a). Introduction
of an IMI1-bearing plasmid (p/MI1) into imilA suppressed this sensitivity only marginally
probably due to the damage of cellular structures accumulated in imilA cells prior to their
transformation with p/MI1, and this result parallelled the incomplete restoration of GSH level
found earlier (Fig. 9). Overexperssion of /MI1 from the strong P,.;o promoter actually
increased the sensitivity to H,O, compared to imilA (Fig 10a, bottom lane), which suggests
that a tightly controlled level of Imil is required for optimal cell defence against oxidizing
agents.

To verify whether the increased sensitivity of imil4 to oxidizing agents is caused by its
defective mitochondria, we constructed an imilA [rho  (W303)] strain by back-crossing with
IMI1[rho"]. That strain had the same sensitivity to hydrogen peroxide and KMnOj, as the wild
type (Fig. 10b), which indicated the causative role of the mitochondrial dysfunction in the

increased sensitivity of imi/A to oxidative stress.
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Fig.10.
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Fig. 10. Deletion of /MI1 gene increases sensitivity of yeast cells to oxidative agents likely
due to mitochondrial damage. (a) IMI1, IMI1[rho"] and imilA strains bearing pRS316 plasmid
or pRS316 with IMI1 gene under original P, or P.0 promoter. (b) IMI1 and imilA [rho']
strains. Cells were grown in SD medium supplemented as appropriate and diluted to identical
concentrations. Serial 10-fold dilutions were spotted onto SD medium and SD supplemented

with 0.5 mM H,O; or 0.005% KMnQ,. Cultures were grown at 30°C for two days.

Deletion of IMI1 decreases cells sensitivity to cadmium likely due to increased level of
phytochelatin-2

One of the functions of cysteine-containing peptides and proteins, such as metallothioneins,
glutathione, or phytochelatins (PCs), is protection against the toxicity of heavy metals
(Cobbett, 2000). Since imilA cells had a lower content of glutathione, we checked their
sensitivity to cadmium, expecting it to be enhanced. Surprisingly, the imilA cells were less
sensitive to cadmium than their /M1 counterparts (Fig. 11). The decreased cadmium
sensitivity of imilA was unlikely to be due to its mtDNA defects since IMI1[rho’] was more
cadmium-sensitive than /MI] (Fig. 11a). The increased cadmium-resistance of imilA was not
affected by introduction of intact mitochondria, but was abrogated by /MI! introduced on
centromeric plasmid under original P;,; promoter. Overexperssion of IMI] from the strong
P...o promoter did not influence the sensitivity of imi/A to cadmium compared to wild-type
strain (Fig 11b, bottom lane).

To explain this conundrum we determined the level of PCs, which are synthesized from
glutathione, in the imilA4 mutant. S.cerevisiae has been reported to express exclusively
phytochelatin-2 (PC-2) in limited amounts (Kneer et a/., 1992; Wunschmann et al. 2007), and
some studies even failed to detect any PC (Clemens et al., 1999). In agreement with the
former, we detected PC-2 in both the control strain and the imi/4 mutant (Fig. 11c). Notably,
the imil4 mutant contained three times as much PC-2 as the wild type did (20.5 = 6 pmol

mg' protein vs. 7.5 + 4 pmol mg™' protein, average of two experiments). Cadmium exposure
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did not affect those levels (not shown). Thus, the partial cadmium resistance of imil4 seems

likely to be due to its elevated PC-2 level.
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Fig. 11. Deletion of /M1 gene decreases yeast sensitivity to cadmium likely due to increased
PC-2 level. (a) imilA strain is less sensitive to cadmium than /MI1, (b) IMI1 reverts this
partial resistance. Cells were grown in SD medium and diluted to identical concentrations.
Serial 10-fold dilutions were spotted onto SD and SD + 30 uM CdCl,. (¢) HPLC analysis of
cysteine-containing peptides from /MI1 and imilA strains. Peaks corresponding to PC-2 and
GSH are marked. Extracts of S. cerevisiae cells were labeled with monobromobimane and
analyzed by HPLC using a reversed-phase column and fluorescence detection. Two
independent experiments were conducted giving highly similar results; one determination is

shown.

To establish whether the decreased overall sensitivity of imi/A to cadmium was
correlated with the protection of mitochondria against cadmium toxicity we performed a
petite-mutant induction assay. Formation of petite mutants is a good measure of mtDNA
integrity in yeast (Shadel, 1999). Since the original mitochondria of imil4 were strongly
damaged, we used already mentioned imilA4 [rho (W303)] strain and exposed it to 20 uM
cadmium. This cadmium concentration did not significantly affect the cells (their viability
was ca. 80%).

We found that imilA [rho (W303)] produced ca. 50% less petite colonies than the wild-
type IMI1 did (Fig. 12). In the absence of cadmium the two strains showed the same rates of
spontaneous petite-mutant formation. Thus, the imi/4 mutation affords small, but significant
protection of mtDNA against deleterious effects of cadmium.

The increased content of PC-2 in the imi/A4 mutant explained, at least in part, its
decreased sensitivity to cadmium seen both as improved cell growth and decreased frequency
of petite colonies. However, it could not explain the decreased GSH content of imil4 since

PC-2 was present at a level much below 1% of GSH.
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Fig. 12. imilA strain exhibits decreased frequency of cadmium-dependent petite formation.
Yeast were grown o/n in YPG medium, diluted and grown for 20 h in SD medium
supplemented or not with 20 uM CdCl,, then plated on YPD medium and respiratory
incompetent (white) colonies were scored after 10 days of incubation at 30°C. The values are

the mean +SD of three independent experiments.

Discussion

Much of our understanding of glutathione homeostasis at the molecular level is based on
research done on S. cerevisiae. Here we describe a new low-abundance cytoplasmic protein
Imil involved in this process. Imil seems specific to yeast and does not have homologues
characterized at the molecular level. The Imil protein has not been reported before likely
because in the reference yeast strain S288c the /M1 gene is split into two apparently
independent ORFs. However, it has been found that in S288c the unique stop codon of
YDL037C (BSC1), representing a part of I/MI1, is bypasssed with 25% effciency (Namy et al.,
2003). Thus, it is quite likely that a small amount of a read-through protein 84% identitcal
with Imil is in fact present in S288c.

The intracellular glutathione level depends on its biosynthesis, degradation, and

consumption in diverse processes, and additionally may be altered by its
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600 compartmentalization and efflux from the cell (Perrone et al., 2005; Ganguli et al., 2007). A
601  lack of Imil causes a 40% decrease of GSH level and thus a drop in the GSH/GSSG ratio.
602  Since it has been demonstrated that as little as 1% of wild-type GSH level is sufficient to
603  allow respiratory growth (Ayer et al., 2010), it is rather unlikely that the observed 40%

604  decrease of its level destabilizes the mitochondrial genome and cristae. We propose instead
605  that the lack of Imil causes a primary defect leading to mitochondrial damage. The resulting
606  petite phenotype would cause an increased GSH utilization as a response to overproduction of
607  ROS due to the malfunctioning of mitochondria.

608 Our data also indicate a role of Imil in the protection against heavy metal toxicity.
609  Despite a decreased intracellular GSH content the lack of Imil actually improves the yeast
610 tolerance of cadmium ions both at the general physiological level and at the level of

611  mitochondrial genome stability. While the increased sensitivity to oxidizing agents is due to
612  the imilA cells being petite, the decreased cadmium sensitivity is independent of the

613  mitochondrial defects. The protection of mitochondria against cadmium toxicity is likely
614  linked to an increased production of phytochelatin-2.

615 The mechanism of cadmium toxicity is not fully understood although it has long been
616  known that exposure to cadmium severely damages mitochondrial cristae (Lindegren &

617  Lindegren, 1973; Thévenod, 2009). By increasing the production of mitochondrial ROS,
618  cadmium causes mitochondrial membrane damage, mtDNA cleavage and impaired ATP

619  generation (Tamas et al., 2006; Cuypers et al., 2010). Although cadmium has a high affinity
620  for thiols and GSH is its primary target (Lopez et al., 2006), phytochelatins constitute an
621  equally important chelating agent. It is believed that the presence of cadmium results in some
622  GSH depletion affecting the redox balance and impairing the activities of GSH-dependent
623  enzymes, thereby affecting diverse cellular processes (Wysocki & Tamas, 2010). Our results

624  show that a low level of PC-2 can be detected in W303 strain without cadmium induction and
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a lack of Imil increases this level three-fold. Therefore, imilA is slightly more resistant to
Cd*" than the parental strain IMI]. Whether the increased PC-2 production in the absence of
Imil is a consequence of the decreased GSH content and/or the GSH/GSSG ratio, or a direct
effect of the lack of Imil remains to be established.

Finally, the imilA yeast can be of practical interest as a convenient model of eukaryotic
cell with a lowered glutathione content. Ample data indicate an association between
suboptimal cellular glutathione levels and diverse diseases involving renal, hepatic, and
especially brain tissue damage accompanied by mitochondrial dysfunction (Jain et al., 1991;
Martensson et al., 1990; Wallace 2005; Wallace & Fan 2010; Lin & Beal, 2006; Calabrese et
al., 2005). Notably, in Parkinson's disease GSH concentration is decreased by 30—40% in
cells of substantia nigra pars compacta (Sofic et al., 1992; Sian et al., 1994), similarly as in
the imilA yeast cells. Thus, further studies of the imilA defects and their molecular
mechanism may help understand the causes and effects of altered glutathione homeostasis in

disease.
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908 Tables

909 Table 1. S. cerevisiae strains

Strain Description Genotype Source
IMI1 W303-1A, wild- MAT a ade2-1 his3-11,15 leu2- Rothstein
type 3,112 trpl-1 ura3-1 canl-100 collection
(Columbia
University,
New York,
USA)
imilA W303-1A MAT a ade2-1 his3-11,15 leu2- This study
derivative 3,112 trpl-1 ura3-1 canl-100
imil::kanMX6
imilA[rho" (W303)] imilA containing MAT a ade2-1 his3-11,15 leu2- This study
mitochondria 3,112 trpl-1 ura3-1 canl-100
derived from imil : :kanMX6 [mtDNA rho']
W303
MR6/b-3 W303 derivative, MAT o ade2—1 his3—11,15 leu2—  Godard et
[rh0"] 3,112 trpl—1 ura3—1 CANI al., (2011)

910

arg8::HIS3 [rho"]
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913

Table 2. Plasmids used in this study

Plasmid Description

pGEM-IMI1 Amp", derivative of pGEM-
T Easy (Promega)

Pumgi-IMI1 URA3, AmpR, centromeric

Puur-IMII1-RFP

Pieio-IMI1-RFP

P tetO'IMI ]

(derivative of pRS316)
URA3, AmpR, centromeric,
(derivative of pUG35)
URA3, AmpR, centromeric,
(derivative of pCM189)
URA3, AmpR, centromeric,

(derivative of pCM189)
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