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ABSTRACT

CHARACTERIZATION OF THE MOH1 PROTEIN IN THE YEAST
MODEL

Olgun, Cagla Ece
Doctor of Philosophy, Molecular Biology and Genetics
Supervisor: Prof. Dr. Mesut Muyan

August 2024, 84 pages

The primary circulating estrogen hormone, 17p-estradiol (E2), plays important roles
in the physiology and pathophysiology of many tissues. The regulation of cell
functions in tissues in response to E2 is mediated primarily by estrogen receptor (ER)
alpha, a transcription factor. Identifying E2-responsive genes and protein products

could be critical for developing prognostic tools or therapeutic targets.

Our previous studies revealed that YPEL?2 is an estrogen-responsive gene, which is
a member of a YPEL family, YPELI- YPELS5, with highly conserved sequence
homology encoding YPEL proteins with similar structural and functional features.
This similarity renders deciphering the functional features of YPEL2 in the presence
of other YPELs difficult. Nevertheless, using an inducible expression system we
showed that YPEL2 interacts with proteins involved in oxidative stress. However,
the mechanism by which YPEL?2 exerts its effects is unclear. In yeast, there is one
YPEL homolog: MOH 1. This provides an opportunity to analyze YPEL2 functions
independently of YPELs using yeast complementation approaches. Although
mechanisms are unknown, my MSc studies on Mohlp functions suggested that

MOH]1 contributes to stress responses affecting cell survival.

In this study, I aimed to attribute functions to Moh1p using the MOH I-deleted yeast

strain, moh1A, and assess its effect on cell morphology, biomolecular composition,



and transcriptomic profile. Our scanning electron microscopy studies indicate
structural alterations in the cell wall of mohlA. Fourier Transform Infrared
Spectroscopy and RNA sequencing reveal dramatic lipid and protein modifications
resulting from differentially expressed genes that encode proteins involved in lipid

and protein metabolisms and stress responses.

Keywords: MOH1, S. Cerevisiae, FT-IR, RNA-Sequencing, Scanning Electron

Microscopy
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0z

MOH1 PROTEINININ MAYA MODELINDE KARAKTERIZASYONU

Olgun, Cagla Ece
Doktora, Molekiiler Biyoloji ve Genetik
Tez Yoneticisi: Prof. Dr. Mesut Muyan

Agustos 2024, 84 sayfa

Dolasimdaki birincil dstrojen hormonu olan 17-6stradiol (E2), bircok dokunun
fizyolojisi ve patofizyolojisinde Onemli roller oynar. Dokulardaki hiicre
fonksiyonlariin E2'ye yanit olarak diizenlenmesi birincil olarak bir transkripsiyon
faktorli olan Ostrojen reseptor (ER) alfa tarafindan gerceklestirilir. E2°ye Duyarlt
genlerin ve protein {riinlerinin belirlenmesi, prognostik araclarin veya terapotik

hedeflerin geligtirilmesi igin kritik 6neme sahip olabilir.

Onceki ¢aligmalarimiz, YPEL2’nin &strojene duyarli bir gen oldugunu ortaya
cikarmistir. YPEL2, benzer yapisal ve fonksiyonel ozelliklere sahip YPEL
proteinlerini (YPEL1 — YPELS5) kodlayan yiiksek oranda korunmus sekans
homolojisine sahip, YPEL ailesinin bir iiyesidir. Bu benzerlik, diger YPEL'lerin
varliginda YPEL2'nin islevsel 6zelliklerinin tayin edilmesini zorlagtirmaktadir. Buna
ragmen, indiiklenebilir bir ekspresyon sistemi kullanarak YPEL2'in oksidatif strese
dahil olan proteinlerle etkilesime girdigini gosterdik. Ancak YPEL2min etkilerini
hangi mekanizma iizerinden gerceklestirdigi belirsizdir. Mayadaki tek YPEL
homologu MOH[’dir. Bu, maya tamamlama yaklasimlari1 kullanarak YPEL2
fonksiyonlarim1 YPEL'lerden bagimsiz olarak analiz etme firsati saglar. Mohlp’nin
fonksiyonlar lizerine gerceklestirdigim yiiksek lisans ¢aligmalarim, mekanizmalari
bilinmemekle birlikte, MOHI’in hiicrenin strese tepkisine katkida bulunarak

hiicrenin hayatta kalmasin1 etkiledigini 6nermektedir.
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Bu calismada, MOH! silinmis maya susu mohlA'yi kullanarak Mohlp'ye
fonksiyonlar atfetmeyi ve Mohlp’nin hiicre morfolojisi, biyomolekiiler
kompozisyon ve transkriptomik profil iizerindeki etkisini degerlendirmeyi
amagladim. Taramali elektron mikroskobu c¢aligmalarimiz mohlA'nin hiicre
duvarindaki yapisal degisiklikleri gostermektedir. Fourier Donilisimii KizilGtesi
Spektroskopisi ve RNA sekanslama c¢aligmalarimiz, lipid ve protein
metabolizmalarinda ve stres yanitlarinda yer alan proteinleri kodlayan genlerin
ifadesindeki  degisikliklerden  kaynaklanan dramatik lipid ve protein

modifikasyonlarini ortaya koymaktadir.

Anahtar Kelimeler: MOHI1, S. Cerevisiae, FT-IR, RNA-Sequencing, Taramali
Elektron Mikroskobu
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CHAPTER 1

INTRODUCTION

17B-estradiol (E2), the primary estrogen hormone in the bloodstream, is crucial for
the function of various organs and tissues. Effects of E2 on target cells are mediated
by estrogen receptors (ERs) a and f. When E2 binds to these receptors, they regulate
the expression of genes that control cellular proliferation, differentiation, and death.
Disrupted E2-ER signaling is a significant factor in the development of malignancies
in target tissues. Given the critical role of E2-ER signaling in the health and disease
of E2-responsive tissues, identifying estrogen-responsive genes and their protein
products could aid in creating prognostic tools and therapeutic targets. In our
research to better understand the genomic action of E2-ER, we previously identified

Yippee Like 2 (YPEL2) as a gene responsive to E2-ERa signaling [1].

1.1 Human Yippie Like (YPEL) Gene Family

YPEL?2 is a member of the human YPEL gene family, which is named after the
Yippee gene found in Drosophila. This family includes 100 genes from 68 different
species, spanning from yeast and plants to mammals, and exhibits a remarkably high
degree of nucleotide sequence similarity [2]-[4]. The human YPEL family includes
five YPEL genes, YPELI-5, which arose from ancestral gene duplications and are
located in different chromosomes. The expression of the YPEL family of genes is
also mediated by common signaling pathways including growth factors and steroid

hormones [5].

The YPEL family genes produce small proteins that share a high degree of amino
acid sequence identity, which is predicted to form a zinc-finger-like metal binding

pocket, known as the Yippee domain [2], [3]. This significant sequence similarity



among YPEL proteins leads to structural conservations that likely reflect functional
commonalities. YPEL proteins are involved in similar cellular processes, including
proliferation, senescence, and cell death [4], [6]-[22]. Consistent with these,
deregulated YPEL gene expressions have been suggested to be associated with the
initiation and/or development of various disorders, malignancies, and resistance to

therapies [6], [12], [15], [20], [23]-[29].

Although YPEL proteins could be crucial in both physiological and pathological
processes; the evolutionary conservation in nucleotide sequences, the ubiquity, and
commonalities in the regulation of YPEL gene expressions, as well as structural
similarities among YPEL proteins, render the deciphering of functional features of a
YPEL protein in the presence of other YPELSs in cellular processes difficult. To begin
to address the function(s) of YPEL2, we recently attempted to identify the protein
partners of YPEL2 utilizing an inducible heterologous expression system combined
with dynamic proximity biotin labeling and subsequent mass spectrometry analyses
in non-tumorigenic COS7 cells that endogenously synthesize YPEL proteins. Our
findings revealed that YPEL2 interacts with proteins involved in various cellular
processes, including responses to stress [30]. Based on these results, along with our
observations that ectopically synthesized YPEL2 as endogenous YPEL proteins
localize to stress granules in response to oxidative stress, we proposed that YPEL2
plays a role in cellular stress adaptation [30]. However, the mechanisms by which

YPEL?2 exerts its effects in cells remain unclear.

1.2 MOH]I as the yeast homolog of the human YPEL gene family

The basic mechanisms of cellular events including proliferation, metabolism, and
death of the budding yeast S. cerevisiae share characteristics with evolutionarily
distant species, including humans, due to its highly conserved gene homology [31].
This conservation enables the use of functional complementation approaches to
study the characteristics of homologous proteins. The yeast genome contains a single

YPEL gene ortholog: MOH]I. Based on this, we predicted that complementing



MOHI] in a yeast model with a YPEL gene could provide significant insights into
the role of a YPEL protein in cellular processes, independent of other YPEL proteins.
A limited number of studies suggest that the MOH1 gene is essential for the
stationary phase [32]. Cells with a deleted MOH1 gene are unable to survive under
nutrient-depleted stationary phase conditions [32], [33]. This is consistent with
observations that the transition from the stationary phase to a nutrient-rich
environment increases the expression of several genes, including MOHI [34].
Additionally, studies have shown that MOH-deleted yeast cells (mohlA) show
resistance to stress induction compared to wild-type (WT) strains when exposed to
various stressors, such as UV irradiation, chemicals, heat, and hyperosmotic shock
[22]. These studies collectively suggest that Mohlp, as the human YPEL?2 protein,
contributes to cellular stress responses. Studies also showed that the ectopic
expression of MOH 1 or individual YPEL genes in the moh1A strain restores the WT
phenotype in response to various stressors [22]. Moreover, during my Master studies,
we established a yeast model in which we inserted the wild-type MOHI (mohl-i)
and flag-tagged MOH1 (f-mohl-i) cDNA into the genomic locus of MOH]I in the
mohlA yeast genome. Under normal growth conditions, we observed no difference
between WT and mohlA in the manner of growth or survival (Figure 1C). We also
confirmed the finding that the deletion of MOH]1 leads to a decrease in the colony-
forming unit when the mutant strain was grown in water [33] as a nutrient-depleted

stress environment [35] (Figure 1A).
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Figure 1. Spot Test Results A) Growth in water for 14 days B) Growth in the stress
conditions H>SO4 and KCI; in which the absence of MOH]I leads to a decrease in
survival rate. C) Growth on YPD Agar; Control Group D) Growth in the stress
conditions CH3COOH and H>O3; in which the absence of MOH1 provides a survival
advantage.

Under oxidative stress induced by various concentrations of H>O», the moh1A strain
showed greater resistance and a higher survival rate compared to the WT strain
(Figure 1D). Conversely, the mohlA strain had a lower survival rate than the WT
strain when exposed to different concentrations of H2SO4 as an acidic stress inducer
(Fig 1B). When subjected to weak organic acid stress with acetic acid, the mohlA
strain shows resistance similar to that observed with H>O> (Figure 1D). However,
under hyperosmotic stress with KCI, the WT strain had a higher survival rate (Figure
1B). Thus, the absence of MOH1 affects cell survival differently depending on the
type of stress inducer. However, how the moh1 protein (Moh1p) exerts its effect on

cellular phenotype is unclear.



1.3 The Aim of the Study

Because the E2 signaling pathway plays a crucial role in cellular physiology and
pathophysiology, identifying E2-responsive genes and their functions can be vital
for the diagnosis and treatment of E2-mediated diseases. Therefore, we aimed to
determine the function of YPEL?2, an estrogen-responsive gene. YPEL?2 is a member
of the YPEL family, which has high amino acid sequence homology. This structural
similarity leads to functional commonalities, making it challenging to identify the
function of YPEL2 among other members of the YPEL family. Although we do not
yet understand the mechanisms involved, we have found that YPEL2 is associated
with proteins involved in cellular stress responses and localizes to stress granules
under oxidative stress conditions using inducible systems. To better understand the
functions of YPEL2, we decided to use a yeast model, as yeast contains the only
homolog of the YPEL family, MOH]I. Our studies indicate that Mohlp plays a
significant role in cellular stress responses and affects cellular survival differently
under various stress conditions. However, we still do not know the specific
mechanisms by which Moh1p contributes to cellular survival under stress conditions.
These studies collectively suggest that Mohlp, as the human YPEL2 protein,

contributes to cellular stress responses.

Since the elucidation of functional features of mohl could provide important clues
about YPEL functions, in this study, we aimed to characterize the Moh1 protein by
investigating how its presence and absence affect the cell's morphology,
biomolecular/biochemical composition and transcriptomic profile. Through this
study, we aimed to obtain better understanding to of Mohlp functions in the cell

which leads to shed on the functions of YPEL2 and other YPEL family members.






CHAPTER 2

MATERIALS AND METHODS

2.1 Homology modelling

For the alignment of amino acid sequences, the Jalview application was used

together with the Clustal W plug-in. The secondary structure analysis of mohl and

YPEL2 was carried out with the jPred4 online tool for the prediction of structural

similarities. In addition to these, tertiary structure analysis was performed for mohl

and YPEL2 by using the Alphafold plug-in found in the ChimeraX molecular

visualization program. The homology modeling studies for YPEL2 and Mohlp were

carried out with the Phrye2 web tool.

2.2 Cell Strains and Growth Conditions

All strains used in this study are derived from the S. Cerevisiae BY4741 strain (Table

1).

Table 1. Cell Strains used in this study

Name Genotype Abbr.
WT-BY4741 MATa his3A1 leu240 met1 540 ura340 WT

mohl1A-BY4741

moh1A-By4741+WT-MOH1

moh1A-By4741+flag-MOH1

MATa his341 leu2A0 met1540 ura340
mohlA::KanMX4

MATa his341 leu2A0 met1540 ura340
mohlA::WT-mohl

MATa his341 leu2A0 met1540 ura340
mohlA::flag-mohl

mohl

mohl-i

f-moh1-i




For the growth of the cell strains, yeast extract-peptone-dextrose medium (YPD) was
used. This medium contains 1% yeast extract (Sigma, Germany, 70161), 2%
dextrose (Sigma, Germany, 49159), and 2% peptone (Sigma, Germany, 912489). For
the solid plates, 2% bacteriological agar was added to the culture. For the stress
induction, “stress agar plates” were prepared. The autoclaved YPD-Agar medium
was cooled down to 55°C and 3.25 mM H>O» was added onto this autoclaved YPD-
Agar as stress inducer. For the selection of transformant cells URA(-) plates
containing 0.67% yeast nitrogen base without amino acids (Sigma, Germany,
Y0626), 2% dextrose, and 0.192% yeast synthetic drop-out medium supplement

without uracil were used.

For the stress induction, short- and long-term stress were applied to cells. For the
short-term stress, cells were grown in YPD at 30°C with reciprocal shaking at 180
rpm overnight. After this growth, cells were subcultured into a fresh YPD medium
at 1:100 dilution and grown until the log phase (ODgo0=0.4-0.6). Then, H>O> with a
final concentration of 3.25 mM was added into the culture and further incubated for
45 minutes at 30°C with reciprocal shaking. When incubation was terminated, cells
were harvested and pelleted by centrifugation and processed for subsequent events.
For the long-term stress induction, stress agar plates were used. Cells were grown as
described in short-term stress induction. After cells were subcultured and they
reached the log phase, cells were spotted on stress agar plates. These stress agar
plates were incubated at 30°C for 40 hours. Cells were collected with a cell scraper

into sterile water and pelleted for subsequent experiments.

2.3 Western Blot

Cells were treated with short- or long-term stress as described in Section 2.2. Pelleted
cells were washed with sterile distilled water and then re-suspended in 100 pl of
urea-lysis buffer (40 mM Tris, pH=6.8; 0.1 mM EDTA; 5% SDS; 9M urea; 0.02
mg/ml bromophenol blue). 75 pl of glass beads were added onto resuspended cells.

The mixture was vortexed 5 times for 1 minute with icing for 1 minute in between



vortexes. By using a hot syringe needle, the bottom of the tube was punctured and
placed onto a new, clean tube and centrifuged at 4000 rpm for 2 minutes to separate
glass beads. This mixture was then re-centrifuged for 15 min at 14000 rpm. After

centrifugation supernatant was transferred into a clean tube.

After protein isolation, the same amount of protein (25 pg) was loaded to 10% SDS-
PAGE gel for western blot (WB) analysis. Proteins were run at 100 V for 1.5 hours.
Proteins were then transferred by using a wet transfer system onto a PVDF
membrane (Advansta, WesternBrightTM PVDF-CL, L- 08008-001). The membrane
was blocked with 5% skim milk in 0.1% Tris Buffered Saline-Tween (TBS-T). For
the detection of proteins, a flag antibody (M2-Flag, Sigma-Aldrich, F-1804) was
used in a 1:1000 dilution in TBS-T. After primary antibody incubation, the
membrane was washed with 0.1% TBS-T 3 times for 5 min each. The membrane
was then incubated with a goat anti-mouse-HRP antibody with a 1:4000 dilution
(Santa Cruz Biotechnology, USA) for 1 hour and washed with TBS-T 3 times. For
protein detection, the membrane was treated with WesternBright ECL substrate
(Advansta, K-12045-D50) in a 1:1 luminol-enhancer reagent:peroxide reagent ratio
in the dark for 2 min. Visualization was carried out with the ChemiDocTM MP

system (Bio-Rad, USA).

24 RNA isolation and RT-qPCR

Cells were subjected to short- or long-term stress as described in Section 2.2.
Harvested cells were resuspended in 400 pl of ice-cold acetate-EDTA (AE) buffer
(50 mM sodium acetate; 10 mM EDTA, pH = 8) and then 25 pl of 20% of SDS was
added to the resuspended cells. The cell suspension was then mixed with 500 ul of
acidic phenol:chloroform:isoamyl alcohol (25:24:1; PCI) solution and incubated at
65°C for 15 minutes followed by incubation on ice for 10 minutes. After the first
PCI incubation, samples were centrifuged for phase separation at 14000 rpm at 4°C
for 15 minutes. The liquid phase was transferred into a clean microfuge tube and 500

ul of acidic PCI solution was added into the liquid phase. This mixture was vortexed



for 20 seconds and incubated on ice for 10 minutes. Then samples were centrifuged
again with the same conditions, the liquid phase was taken into a new microfuge tube
and 1/10 volume of sodium acetate (pH = 5.3) and 3 volumes of 100% EtOH were
added into the tubes. After incubation at -80°C for 30 minutes, the mixture was
centrifuged to precipitate RNA at 14000 rpm at 4°C for 15 minutes. The precipitated
RNA was air-dried for 15 minutes at most and then dissolved with
diethylpyrocarbonate (DEPC)-treated water. RNA isolation was followed by DNAse
I treatment to remove genomic DNA from the sample. The DNA-free RNA samples
were then converted into cDNAs with The RevertAid First Strand cDNA Synthesis
Kit (Thermo-Fisher) with oligo (dT)ig primers according to the manufacturer’s
instructions. For qPCR experiments, these cDNAs were used as templates, and
experiments were carried out by using SsoAdvanced Universal SYBR Green
SuperMix (Bio-Rad, USA) and transcript variant-specific primers (Table 3 in
Appendices A). FCYI and ALGY were used as reference genes for normalization in
the analyses, and the differential expression was shown as fold change using 244
[36]. All of the RT-qPCR experiments were performed by following MIQE
Guidelines (Table 4 in Appendices B) [37].

2.5 Scanning Electron Microscopy

For the scanning electron microscopy experiments, (1) WT, (2) mohlA and (3)
mohl-i cells were grown until the logarithmic and the stationary phases, as well as
on solid culture. For all these culture conditions, a single colony was selected into
the YPD medium and grown overnight at 30°C with reciprocal shaking at 180 rpm.
For cells grown until the logarithmic phase, cells were subcultured at a 1:100 ratio,
and grown at 30°C with reciprocal shaking at 180 rpm until ODsoo reached 0.4-0.6.
Then, half of the culture was subjected to short-term stress, and the other half was
used as control. For cells grown until the stationary phase, we applied the same
growth condition mentioned in the logarithmic phase except, after subculturing, cells

were grown for 48 hours at 30°C with reciprocal shaking at 180 rpm. For the cells
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on solid culture, after cells reached the logarithmic phase, they were counted with a
hemocytometer, and 250 cells were seeded onto the YPD-Agar or stress agar plates.
These plates were incubated for 40 hours at 30°C and then collected with a cell
scraper. After growing cells from each phase, cells were washed with sterile water
twice. Cells were pelleted at 1000 rpm for 5 minutes and mixed in 0.4%
glutaraldehyde solution for fixation for scanning electron microscopy (SEM)
visualization. SEM visualization was done by Prof. Dr. Zekiye Suludere and Prof.

Dr. Demet Cetin at Gazi University.

2.6 Fourier Transformed Infrared Spectroscopy (FT-IR)

The WT and moh1A yeast strains were grown overnight in the YPD medium at 30°C
with reciprocal shaking at 180 rpm. After overnight growth, cells were subcultured
into a fresh YPD medium with a 1:100 dilution. Cells grown to OD600=0.4 were
then spotted on the YPD-Agar plates. Plates were incubated at 30°C for 40 hours.
Cells were collected by a scraper from the agar plate into sterile distilled water and
pelleted at 1000 rpm for 5 minutes by centrifugation. Cells were then washed with
distilled water and 20x107 were resuspended in 5 pul of water. For FTIR studies, five

biological replicates of WT and moh1A cells were used.

All FTIR readings were performed at the East Anatolia High Technology
Application and Research Center of Atatiirk University by using the Attenuated
Total Reflectance (ATR) mode of FTIR spectroscopy (Bruker Vertex 70, Ettlingen,
Germany). For this, 3 ul of concentrated yeast were placed on ATR crystal, and cells
were dried with N> gas for 5 min. For each group, five spectra were collected with 2
technical replicas for each. Spectra were acquired with 32 scans in the 4000-400 cm™
I'spectral region at a spectral resolution of 4 cm™ by using the OPUS 7.5 (Bruker,
Ettlingen, Germany) software. After each measurement, 70% ethanol and distilled

water were used to clean the diamond crystal of the spectrometer.
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Before chemometric analysis, spectral preprocessing was performed. For this,
sample spectra were first smoothened (Savitzky-Golay smoothing, smoothing factor:
17) and the baseline was corrected using concave rubber band correction (iteration:
15; iteration number: 64). The Opus 5.5 software (Bruker, Germany) was then used
to normalize the base-line corrected data as min-max in the 4000-400 cm™' spectral

region.

For all unsupervised chemometric analysis, the Unscrambler® X 10.3 (CAMO
Software AS, Norway) software was used. To determine the spectral differences
between WT and mohlA cells, principal component analysis was initially applied to
the preprocessed spectra in the 4000-400 cm™! spectral region. For PCA, the mean-
centered data, the full cross-validation method, and the singular value decomposition
(SVD) algorithm were used. To provide support for the PCA score plot, hierarchical
component analysis (HCA) was also performed by using Ward’s algorithm and

squared Euclidean distance measurements.

The average of sample spectra was first acquired and baseline-corrected to visually
determine the spectral band differences between the WT and moh1A groups. Then,
their differences were calculated and given in the two main spectral regions of 3700—
2750 ecm™ and 1770-400 cm™'. To illustrate these variations between groups in
detail, the second derivative of each group’s average spectra data was obtained and
vector-normalized. The main spectral bands were described on the PCA loading plot,
and their contribution variance was calculated to elucidate the cellular
macromolecular differences between the WT and mohlA groups that contribute to
their differentiation. The quantitative spectral analyses including the calculation of
the band frequency, bandwidth, band area, and area ratio values were conducted in

accord with previous studies [38], [39].

For testing the statistical significance of the quantitative spectral data, a student’s t-
test was performed via GraphPad Prism 6.0 statistics software (Graph Pad, La Jolla,
CA). The data are presented as the mean = S.E.M, and P<0.05 was considered

statistically significant.
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2.7 RNA-Sequencing

2.7.1 RNA Isolation

For the RNA Sequencing experiments WT and moh1A cells were used. Cells were
grown on YPD-Agar plates and collected with a cell scraper into water. Harvested

cells were used for RNA isolation as describedin Section 2.4.

2.7.2 RNA-Seq Analysis

From each group, at least 2 pg of RNA were used for sequencing. For RNA
sequencing, RNA-seq libraries were performed with the BGISEQ-500 100bp
double-ended sequencing approach [40] with a sequencing depth of at least 30
million. Results obtained after the sequencing process were subjected to quality
control. Contaminants in the read data, adapter sequences, sequences below a certain
base number (30 bases), and low-quality readings were filtered out. The clean
readings obtained after the initial filtering were aligned to the most recent version of
the S. Cerevisiae genome (Ensemble 101) using the STAR (Hierarchical Indexing
for Spliced Alignment of Transcripts) software [41]. Transcript and gene count
matrices were obtained with the featureCounts program after the alignment process
[42]. The count data were used to analyze differentially expressed genes by using the
DeSeq?2 analysis [43]. For the multi-factor analysis, the WT group was used as the
reference. After analysis, the threshold for adjusted p-value was 0.05 and the
threshold for log fold change values at the base of logarithm 2 was determined as -
1/+1. After the DeSeq2 analysis, differentially expressed genes (DEGs) are listed.
All these analyses were conducted by using the R language [44]. We utilized the
Metascape portal for GO analysis (https://metascape.org/) [45] with DEGs using a
p-value of 0.05 as the threshold.
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2.7.3 Verification of RNA-Seq results with RT-qPCR

For the verification of RNA Sequencing results, the fractionally reserved RNA
samples subjected to RNA-Seq were converted into cDNA libraries using the
RevertAid First Strand cDNA Synthesis Kit (Thermo-Fisher) with oligo (dT)18
primers according to the manufacturer’s instructions. For the verification of RNA-
Seq results, three differentially expressed genes from RNA-Seq results were
selected: ALD3, GREI, and SRLI according to their functions in the cell. RT-qPCR
experiments were carried out as described in Section 2.4 by using transcript-specific

primer sets (Appendix A).
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CHAPTER 3

RESULTS

3.1  Inmsilico analyses

Protein functions are largely derived from their structural characteristics. Amino acid
homologies between two proteins within a protein family can be used to predict
structural similarities [46]. Based on this, we initially examined the structural
similarities between the human YPEL proteins and the yeast homolog Mohlp. We
started the in silico analysis with primary sequence homology alignment for Mohlp
and YPEL2. For this analysis, we used the Jalview software [47]
(https://www.jalview.org/) with the ClustalOmega plug-in [48]. Our results for the
human YPEL gene family were consistent with the previous studies [2], [3] in which
YPEL 1-4 were shown to share between 83.2-96.6% amino acid sequence homology,
while YPELS shows the lowest sequence identity to other YPEL proteins ranging
from 43.8 to 49.5%. In addition, Mohlp shows 37.8% amino acid sequence
homology with YPEL2 while the amino acid identity ranges from 31.4%-40.2% with
other YPEL proteins (Figure 3A). For the secondary structure homology analysis of
Mohlp and YPEL2, we used the JPred4 server
(http://www.compbio.dundee.ac.uk/jpred4/index.html) [49]. This analysis indicated
that both of the proteins mostly comprised beta sheets (Figure 3B). Along with these,
by using the AlphaFold server (https://alphafold.ebi.ac.uk/) [50], [51] with the
ChimeraX molecular visualization software (https://www.cgl.ucsf.edu/chimerax/),
[52], [53], we carried out the tertiary structure prediction analysis. According to the
results, both Mohlp and YPEL2 fold into globular structures except for the
immediate amino-terminus regions, which are distinct (Figure 3C). Lastly, we used
the Phyre2 server [54],
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) to analyze the
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structural homologs of moh1 and YPEL2. The Phyre2 results indicated. that Mohlp
and YPEL2 matched with multiple protein families (PDB headers), including ligase,
RNA binding, hydrolase, oxidoreductase, and Mss4-like, with probabilities of more
than 90% confidence (Figure 3D, Table 5 and 6 in Appendices C).
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Figure 2. In silico analyses of mohl and YPEL2. A. The alignment of the amino
acid sequence of YPEL proteins and moh1 B. Secondary structure analysis of Mohlp
and YPEL2 via the jPred server C. Prediction and superimposition of tertiary
structures of YPEL2 and Mohlp D. Homology modeling of YPEL2 and Mohlp
with the Phyre2 server.

Our recent studies showed that YPEL2 may be involved in stress surveillance in
model cells [30]. In addition, we showed that Mohlp exhibits different effects on
the survival rate of yeast cells under different stress conditions (Figure 1). The
structural similarities of Mohlp and YPEL2, the homology of Mohlp and YPEL2
to protein families of oxidoreductases, and the possible function of YPEL?2 in stress
surveillance mechanisms suggest that Mohlp and YPEL2 might have evolutionarily

conserved common functions in cells.



3.2 Investigation of expression levels of MOHI1 and its protein product

under stress conditions

Observations that the moh1A cells cannot survive under nutrient-depleted stationary
phase conditions [32], [33] suggest that MOH1 is a stationary phase-essential gene
[32]. This is also consistent with the findings that the exit from the stationary phase
in response to a nutrient-rich environment augments the expression of a set of genes
including MOH1 [34]. Moreover, the mohlA strain exhibits enhanced cell viability
in response to various stressors including UV irradiation, chemicals, heat, and
hyperosmotic shock compared with the WT strain [22]. Furthermore, the ectopic
expression of MOH1, as individual YPEL genes, in the mohlA strain was reported
to restore WT phenotype in response to various stressors [22], as I also showed
during my Master studies that the mohlA strain compared to WT cells exhibits
resistance to H2Oz as an oxidative stress inducer. These results are consistent with

the prediction that Moh1p contributes to cellular stress responses.

Since very little is known about the functional features of Mohlp, before embarking
on studies aimed at the dissection of YPEL?2 functions on cellular processes through
functional complementation in yeast, I wanted to explore the molecular events
affected by the MOH1 gene. Based on our in silico analysis Mohlp may belong to
the oxidoreductase family, I continued to use H20O: as the stress inducer for my

studies on Mohlp functions.

To understand whether MOH 1 expression levels are altered under stress conditions,
I'subjected WT, moh1A, and f-moh1-i cells to short- and long-term H»O» stress. After
stress induction, RNAs isolated from cells were converted into cDNA. By using
these cDNAs as the template, RT-qPCR was performed. According to RT-qPCR
results, either the short- or long-term H>O» exposure leads to the repression of the
expression of MOHI in WT or f-mohl-i cells. As expected, we could not detect the

presence of transcripts from the samples isolated from mohlA (Figure 3A and B).
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Figure 3. Expression of MOH1 and its protein product in the presence of H20:.
Expression levels of MOHI in WT, moh1A, and f-mohl-i cells A. After exposure to
short-term stress B. After exposure to long-term stress. Expression of MOHI was
normalized to ALGY as the internal control. Protein levels of f-Mohlp in WT,
mohlA, and f-mohl-i cells C. After exposure to short-term stress D. After exposure
to long-term stress. For WB analysis, Ponceau staining was used as a control for
equal loading.

We also examined the levels of Mohlp by using Western Blot (WB). Due to the
absence of an antibody specific to Mohl, I used the Flag antibody for the detection
of f-Mohlp in the f-moh1-i strain. It was unexpected to detect any protein with the
Flag antibody in samples from WT and mohlA. Unfortunately, however, the Flag
antibody recognizes a non-specific protein species that shows molecular mass
similar to the f-mohl1 protein. Nevertheless, our results clearly showed that both
short- and long-term H>O» exposure leads to a decrease in the levels of the f-mohl
protein (Figure 3C and D). This indicates a positive correlation between the
expression of MOHI and Moh1 protein levels which decrease in response to H2O»

stress.
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33 Scanning Electron Microscopy

While examining yeast cells under the microscope, we noticed that although the
number of cells remains similar among strains, the moh1A cells compared to WT are
of smaller sizes and tend to clump (data not shown). Since clumping can occur when
the separation of cells or septum formation is affected [55], [56], we decided to
examine whether strains exhibit distinct structural/morphologic features that could
account for our microscopic observations. For this, we decided to use scanning
electron microscopy (SEM), which is frequently utilized to study the ultrastructure
of biological sample surfaces to provide important information about cellular
morphology and topography [57], [58]. We subjected WT, moh1A, and moh-i cells
grown in different growth conditions (logarithmic, stationary, and growth on solid

media) without or with H>O; as the oxidative stress inducer to SEM.

SEM images revealed differences in cell morphology. While the WT and moh1A-i
strains showed similar cell sizes and ovoid morphology with smooth surfaces under
all growth conditions, the moh1A strain cells displayed a pronounced spherical shape
with a rough surface topology manifested as protrusions/indentations(Fig 4A and C,
Figure 12 in Appendices D). Quantitative analyses further revealed that indeed the
shape and the size of the moh1A cells differ from the WT or moh1A-i strain cells as
assessed with analyses of a minimum of 50 cells from each strain by using ImageJ
software [59] independently of H>O> stress (Fig 4B and D). These results suggest
that the deletion of MOH 1 leads to alterations in cell morphology.
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Figure 4. SEM Images of WT, mohlA , and mohl-i cells grown on solid media
in the presence and absence of stress. A. SEM images in the absence of H2O».
White squares indicate Inset images. B. Cell length and width ratio in the absence of
H>0, C. SEM images in the presence of H>O,. White squares indicate Inset images.
D. Cell length and width ratio in the presence of H>O, C. Student t-test was

conducted among groups for statistical difference. **** indicates significant
difference (p<0.001).

34 Fourier Transformed Infrared Spectroscopy (FT-IR)

SEM analysis revealed that there is a morphological difference between moh1A cells
and WT cells regardless of the stress exposure. This difference, which appears to
occur specifically in the cell membrane and/or cell wall, could arise from the
differences in the composition and arrangement of cellular macromolecule

components.
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The yeast cell wall is a dynamic structure that undergoes continuous
remodelingduring cell growth, division, and in response to environmental changes
to maintain the shape and structural integrity of the cell crucial for cellular function
and survival [60], [61]. There are three main components of the yeast cell wall: beta-
glucans, mannoproteins, and chitin. Approximately 50-60% of the cell wall mass
consists of beta-glucans and 40-50% mannoproteins. The main beta-glucans found
in cell wall are B-(1,3)-glucan and B-(1,6)-glucan. B-(1,3)-glucan is the amorphous
component of the cell wall and has a microfibrillar coiled spring-like structure that
provides the cell wall with elasticity and tensile strength. $-(1,6)-glucan on the other
hand forms a highly branched structure that crosslinks -(1,3)-glucans and other cell
wall components including mannoproteins and chitin [62]-[64]. Mannoproteins are
non-filamentous glycoproteins linked with a glycosyl-phosphatidylinositol (GPI)
anchor to the plasma membrane and are localized to the outermost layer of the yeast
cell wall. Mannoproteins are connected by B-1,6-glucan chains to the innermost,
fibrous layer formed of B-1,3-glucan chains and chitin [62], [63]. Chitin is a linear
polymer glycosidically linked to non-reducing ends of B-(1,3)-glucan and B-(1,6)-
glucan branches. Chitin is a long-chain polymer of N-acetylglucosamine represents
little in mass (approximately 1-3%) compared to beta-glucans and mannoproteins in
the yeast cell wall. By interconnectingcell wall components, chitin is critical for
strengthening and maintaining the structural integrity of the cell wall as well as

spetum and bud scars [62], [63].

The highly dynamic plasma membrane of yeast cells contains similar amounts of
proteins and lipids and acts as a barrier between the cytoplasm and cell wall [65].
Proteins on the membrane are responsible for regulating the entry and exit of
substances, including enzymes catalyzing the cell wall formation or receptors, into
the cell [66]. The lipid composition of the membrane is highly diverse containing
mainly phospholipids (glycerophospholipids, PL), sphingolipids, and sterols, and
affects the activity of proteins in the cell membrane [66], [67]. Phospholipids of the
cell membrane have an amphipathic character due to their hydrophobic

diacylglycerol content and hydrophilic polar head groups. While the physical
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properties of PLs are determined by different polar groups, the diverse nature of PLs
is provided by the unsaturated and saturated fatty acid composition of diacylglycerol
moiety [67]. In the cell, most of the sphingolipids are found in the membrane
(approximately 90%). Sphingolipids have a sphingoid backbone and are produced
only by the cell wall-generating eukaryotes critical for cell growth. Inositol
phosphate is attached to the ceramide which is formed by binding to a saturated fatty
acid to the long-chain sphingoid backbone. Sphingolipids are crucial for the proper
growth of cells [66]-[68]. Sterols are the nonpolar lipid class in the yeast plasma
membrane. The main sterol form in S. Cerevisiae is ergesterol (Erg) which is the
human equivalent form of cholesterol. Although sterol synthesis is vital for cell and
cell membrane integrity, sterol synthesis is tightly regulated since the accumulation
of free sterols leads to toxicity in cells [67]. The close arrangement of sphingolipids
and sterols is crucial for correct sorting proteins from the Golgi apparatus to the

plasma membrane and plasma membrane functions [69].

Our observations with SEM revealed morphological differences between the WT
and moh1A cells independently of H20: as an oxidative stress inducer (Figure 4).
These observations raise the possibility that the deletion of MOH leads to alterations
in the biomolecular composition of cells. To examine this issue, we conducted
Fourier Transform Infrared Spectroscopy, FTIR, analyses. FTIR spectroscopy
allows the elucidation of the chemical properties of biomolecules including proteins,
lipids, nucleic acids, or polysaccharides of a biological sample, and generates
sample-specific distinct molecular fingerprints [70]-[78]. Previous studies using
FTIR spectroscopy investigated biomolecular changes in yeast exposed to many
different conditions including stress responses, toxicity, and apoptosis [79]-[87]. A
single infrared spectrum, IR, of a cell sample contains a large of spectral data points,
as many as thousands, requiring various chemometric or advanced statistical
methods for analysis [88]-[97]. One of the chemometric methods used with FTIR is
principal component analysis (PCA). By converting data into a collection of
orthogonal components, PCA decreases the dimensionality of large datasets and

simplifies the complexity of the data. Variables called as principal components (PC)
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effectively capture the most important variations in the data, facilitating the
visualization and interpretation of patterns [98]-[101]. For the description of the
correlation between mohlA and WT cells, we performed PCA on preprocessed
spectra of these groups. The PCA score graph for WT and moh1A cells was plotted
by PC1 and PC2 (Figure 5A), in which PC1 denotes the highest spectral variation
while PC2 indicates the second highest spectral variation. Results show a 98%
variance between the WT and mohlA cell groups (PC1:96%+PC2:2%) and
demonstrate a considerable difference in their biomolecular contents. In addition to
the PCA score plot, we also performed hierarchical clustering analysis (HCA) on the
spectra of the WT and mohlA cells. HCA is a highly efficient method for
categorizing and distinguishing distinct samples. This method organizes similar
spectral data into clusters and thus, determines the distance between the biological

samples [102], [103].
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Figure 5. PCA score plot, HCA dendrogram, and PCA loading plot of WT and
mohl cells. A. PCA score plot B. HCA dendrogram C. PCA loading plots for the
PC-1 and PC-2.
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HCA analysis, depicted as an HCA dendrogram in Figure 5B, reveals distinct
clustering of WT and mohl1A cells with a high relative distance value. The HCA
result is also consistent with the PCA score finding. We also examined the PCA
loading plots and spectra to quantitatively clarify the main spectral features,
contributing to their accurate segregation. PCA loading plots highlight the critical
wavenumbers that most significantly affect data variation. Thus, these plots enable
the differentiation of various sample types or conditions [104]. The y-axis of the
PCA loading plot denotes the eigenvalue. The high eigenvalue of a spectral band
indicates that this peak has a great impact on the discrimination between the groups.
Hence, we determined the wavenumber of these peaks and calculated their variances
from the PC1 and PC2 loading spectra, shown in Figure 5C, together with band
variance values and their assignments depicted in Table 2. For these bands, we
obtained high variance values exceeding 70% indicating that the protein, lipid,
triglyceride, nucleic acid, mannan, and beta-glucan contents of the WT and moh1A

cell groups differ.

Table 2. IR band assignment of the spectral bands in the PCA loading plots and
their explained variance for PC-1 and PC-2.

WT vs mohl1A

Ban.d PC1 PC2 Band Assignment Reference
Location

3289 99.80 99.87 Amide A: proteins [105]

3064 95.75 96.18 Amide B: proteins [105]
3005-3010 5.14 11.75 Olefinic group =CH: unsaturated [106]

lipids

2964 91.68 91.76 Vasym CH3 lipids [107]

2925 98.43 98.44 vasCH2 (lipids) [107]

2855 85.23 85.92 vsCH3 (lipids) [107]

1745 9491 97.69 vC = O ester of lipids [108]

1638 99.74 99.79 Amide I: proteins, C = O stretching: 3 [109]

sheet structure

1532 99.22 99.33  Amide II: proteins, SN-H (bending) [107]
and vC-N (stretching)
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Table 2. (Continued)

WT vs mohlA
Ban.d PC1 PC2 Band Assignment Reference
Location
1454 65.75 65.78 Various CH»/CHj3 bending vibrations [107]
in lipids and proteins
1395 99.47 99.51 Carboxylates of amino acids and [80]
0SCH: of lipids
1344 99.43 99.49 CH» wagging vibrations in lipids [110]
1307 99.32 99.40 Amide III: C-N and C-O stretching, 107]
N-H and O C-N bending: protein
1236 99.65 99.48 Vasym PO2™ in DNA, RNA, and [107]
phospholipids
1135 99.66 99.78 Mannans and 1,3 glucans [111]
1064 9431 95.20 vsym C-O-C of nucleic acids and 112]
phospholipids
1030 7521 75.57 B1,4 glucan [111]
993 98.42 98.48 B1,6 glucan [111]
970 9442 95.15 Mannans [111]
916 79.87 80.24 Pyranose ring asymmetric vibrations [113]
810 92.79 95.78 Mannans [111]

To visually present the spectral differences between the WT and moh1A cell groups,

spectral preprocessing procedures, including second derivative and vector

normalization analysis, were applied to the average sample spectra of each group.

Results indicate (Figure 6) distinct spectral regions. The first region corresponds to

unsaturated and saturated lipid-associated spectral bands, located between 3050 and

2750 cm! (Figure 6A). On the other hand, the second spectral region is called as

fingerprint region, located between 1770 and 400 cm™ (Figure 6B) and includes

specific biomolecular-associated spectral peaks unique for yeast strain. These peaks

are attributable to triglycerides, proteins, nucleic acids, mannans, and beta-glucan.

According to these results, there are notable differences in the intensity and

wavenumber of the spectral bands of the WT and moh1A groups.
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Figure 6. The second derivative-vector normalized spectra of the WT and
moh1A cells in the (A) 3050-2750 cm-1 and (B) 1770-400 cm-1 spectral regions.

To elucidate the quantitative information of cell components from the FTIR spectral
data, peak shifts, bandwidths, band area, and area ratios can be used. To compare the
FTIR spectra of the WT and moh1A cells quantitatively, we calculated the band area

ratio, the shift in the wavenumber, and the bandwidths of the spectral bands.

We initially analyzed variations of lipid-associated spectral bands of these two

groups (Figure 7). Lipids play crucial roles in maintaining cell membrane integrity,
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signaling, and energy storage, and their composition can significantly impact the
ability of cells to withstand and adapt to various stress conditions including oxidative
stress. To determine the unsaturated lipid content, we used the area ratio of
unsaturated and saturated lipid content (A3o0s/A2sss5+2925) of the WT and moh1A cells.
Results revealed that there is a significant decrease in the content of unsaturated fatty
acids in mohlA cells compared to the WT strain (Figure 7A). In addition to the
unsaturated lipid, we examined the amount of saturated lipids and acyl chain length
by taking the band area ratios of the related bands, Azgss/A2sss+2925 and Az925/A2964,
respectively (Figure 7B and C). Results indicate that the unsaturated and saturated
lipid concentrations as well as acyl chain length in moh1A cells compared to the WT
strain decreased significantly. Furthermore, the Aj74s/A2sss+2925 ratio of the
triglyceride-cholesterol ester concentration of mohlA cells increased dramatically

compared to that of the WT strain (Figure 7D).
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Figure 7. The quantitative changes in lipids in the WT and moh1A cells. A)
unsaturated lipid, B) saturated lipid, C) triglyceride-cholesterol ester, D) acyl chain
length of fatty acids (*p <0.05, ** p <0.01,****p < 0.0001).

Since the lipid compositions show differences between the WT and moh1A cells, we

also examined the lipid order or the degree of lipid packing. FTIR results showed
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that membrane lipid order as an indication of tightly packed lipid molecules within
membranes increases in mohlA cells compared to the WT cells (Figure 8A).
Collectively these results suggest that the membrane fluidity of mohlA cells is
decreased (Figure 8B). Referring to the viscosity of the lipid bilayer of a cell
membrane, membrane fluidity is essential for maintaining the functionality and
integrity of the cell membrane, ensuring that cellular processes occur efficiently in
response to varying internal and environmental conditions [114], [115]. The
symmetric and asymmetric stretching vibrations of the methylene (CH») groups in
the fatty acid chains of lipids are sensitive to the packing and order of the lipid
molecules and can be effectively assessed with FTIR spectroscopy. The lower
frequency of the CH; stretching mode (2964-2855 cm! spectral regions) suggests a
decrease in membrane fluidity, as the lipid chains are more ordered and more tightly
packed [114], [116] . Indeed, we observe that the moh1A cells exhibit a substantially

reduced membrane fluidity compared to the WT cells.

A Membrane Lipid Order B Membrane Fluidity
(W2855) (BW2355)

*kkk
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Bandwidth(cm-")

WT moh1A WT moh1A

Figure 8. The quantitative changes in membrane lipid order and fluidity in the
WT and mohlA cells. A. Membrane lipid order B. Membrane fluidity (*p <0.05, **
p <0.01,****p <0.0001).

Consistent with changes in lipids, membrane proteins significantly contribute to the
regulation of membrane fluidity through lateral mobility, density, conformational
changes as well as interactions with lipids. To assess whether the MOH1 deletion
affected cellular proteins, we calculated the protein concentration as the band area
ratio of amide II/amidel +amide II (48). Results suggest a decline in protein

concentration in the mohl1A strain compared to the WT cells (Figure 9A). On the
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other hand, conformational changes in proteins as the band area ratio of the amide

I/amide II (A1638/A1524) increased significantly in moh1A cells compared to WT cells.
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Figure 9. The quantitative changes in protein in the WT and mohlA cells
A) protein concentration B) protein conformation and C) protein carbonylation (*p
<0.05, **** p <0.0001).

Protein carbonylation is a common form of protein oxidation where carbonyl groups
(—C=0) are introduced into proteins, often as a result of oxidative damage which is
associated with various pathological conditions and aging [117]. In addition to
changes in protein concentrations and conformations, FTIR results also suggest
carbonylation of proteins as the band area ratio Ajms/Aiss2 (49) increases

dramatically in mohlA cells compared to WT cells.

The interplay between proteins and lipids is crucial for maintaining the dynamic
nature of biological membranes, essential for various cellular functions and
responses to environmental changes. Since the WT and mohlA cells show distinct
cellular morphology assessed with SEM, we also wanted to examine the components
of the cell wall. . For this, we computed the band area ratio of beta-glucan- and
mannan-associated spectral bands (Figure 10). There is a substantial increase in the
B-(1,6)-and B-(1,3)-glucan contents as well as mannan concentration of mohl1A cells
compared to WT cells (Figure 10). An increase in f-(1,6)-glucan, B-(1,3)-glucan,

and mannan concentrations suggests reinforcement of the cell wall of moh1A cells.
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Figure 10. The quantitative changes in beta-glucan and mannan in the WT and
mohlA cells. A) B-(1-6)-Glucan, B) B-(1-3)-Glucan C) Mannan concentrations
D)Mannan concentrations (*¥*: p < 0.01,****: p < 0.0001).

Thus, the deletion of MOH1 appears to lead to a sequence of events dramatically
altering biomolecule compositions, structures, and interactions. These alterations in
turn could result in changes in membrane permeability and cell wall rigidity that are
manifested as morphological differences between the WT and mohlA cells as we

observe with SEM.

35 RNA-Sequencing

To assess the underlying molecular events leading to differences in biomolecular and
morphological changes as a result of the MOH1 deletion, we initially examined the
transcriptomic profiles of the WT and the moh1A strains. For this, total RNA from
cells was subjected to high-throughput RNA sequencing (RNA-Seq). We analyzed
RNA-Seq results by using the DeSeq2 package in R. The threshold of log2 fold
change was determined as -1/+1, and the threshold of adjusted p-value was
determined as 0.05 for the identification of differentially expressed genes (DEGs).
Results indicated that 43 genes, including MOHI as expected, are differentially
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(Table 7 in Appendices E), expressed in the moh1A strain compared to the WT cells.
We also verified the differential expression of ALD3, GREI, and SRLI (Figure 11)
which we selected as contributing components for stress responses and cell wall

integrity [118]-[121].

ALD3 GRET1 SRL1

10— 2.5 1.5

. T e .
1.0
*

T
24 0.5
oL B oo

WT moh1A WT moh1A WT moh1A

*

)
1
Fold Change

Fold Change
Fold Change

Figure 11. Verification of RNA-Seq results via RT-qPCR. Expression of genes
was normalized to ALG9 and FCY1 as the internal control. * indicates the significant
change in the expression.

To assess gene ontologies of DEGs affected by the MOH! deletion for biological
functions, we analyzed RNA-Seq results with the Metascape portal
(https://metascape.org/), which is an integrated web-based system that allows
functional enrichment, interactome analysis, gene annotation, and membership

search [45].

We also used the STRING database (https://string-db.org/), which is an integrated
publicly available source of protein-protein interaction information for performing
gene-set enrichment analysis and visualization of interaction networks using various
classification systems including Gene Ontology and KEGG [122]. Both database
analyses revealed that 12 DEGs encode dubious open reading frames or are putative
proteins with unknown functions. These DEGs are YCRO18C-A, YDL218W,
YDRO048C, YGL177W, YHR214W-A, YJR115W, YKLO68W-A, YMR324C,
YNL234W, RRT1, PAU19 and YLLO67C. The analysis of the remaining DEGs
revealed enrichments in the GO-terms of metabolic pathways (KEGG: sce01100)
and glycolysis (R-SCE-70171). As components of metabolic pathways (KEGG:
sce01100), differentially expressed genes include PMT2, SUR2, YBR242W, PDC6,
THI4, CYS4, SORI, PFK27, ALD3, SNO4, ERR3, ERR2 and MET6. Differential
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expressions of PFK27, ERR3, ERR2, SORI, YBR242W, PDC6, and YNL234W define
glycolysis  pathway  (R-SCE-70171)  associated genes (Fig  12B).
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Figure 12. RNA Seq Results A) Heatmap of differentially expressed genes B)
Metascape results of differentially expressed genes C) A network of enriched terms
using differentially expressed genes D) The enriched term network is represented by
colored p-values

To avoid biases in subsequent analyses due to the small number of genes in pathway
enrichments, we also carried out manual annotations using the functional features of
each gene product. Results revealed the majority (17/30) of DEG products
encompassing 44D10, ALD3, CYS4, ERR2, ERR3, GID10, MCH2, MET6, PDC6,
PFK27, PMT2, RCKI, SNO4, SORI, SUR2, THI4, and YBR242W are enzymes
involved in protein and lipid metabolism, and yeast stress responses. Of the genes,
AADI10, ALD3, GID10, SNO4, SUR2, THI4, CPP3, GREI, ECLI, and RCKI are
stress-related or pleiotropic stress-responsive genes in S. Cerevisiae. AAD10, ALD3,
SNO4, THI4, ECLI, GREI, and RCK] are, for example, genes that are oxidative
stress-related or oxidative stress-responsive genes [118], [123]-[130]; whereas,
YNL234W, ALD3, GIDI10, GREI, and THI4 are osmotic stress-related or osmotic
stress-induced genes [118], [128], [131]-[133]. Interestingly, the expression of all
these stress response genes is upregulated in the moh1A strain compared to WT cells.

This suggests that the absence of MOH1 in cells leads to the activation of some stress
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response genes, which in turn implies that moh1p is involved in the stress attenuation

in S. cerevisiae cells.

Our functional analyses also indicate that some of the stress-responsive DEGs
including AAD10, ALD3, and SUR2 are also associated with lipid metabolism.
AADI10, a member of the aryl-alcohol dehydrogenase gene family, encodes for a
putative aryl-alcohol dehydrogenase. The expression of A4DI0 is shown to be
minimal in cells cultivated under standard aerobic conditions but is elevated under
oxygen-limited growth and various stress conditions, including glucose repression,
heat shock, osmotic stress, and nitrogen starvation [123], [124], [131]. ALD3 as
cytoplasmic aldehyde dehydrogenase is important for beta-alanine synthesis. The
expression of ALD3 is dependent on the general-stress transcription factors and
important for salt stress resistance [118], [119]. Lipid oxidation (lipid peroxidation)
is a harmful chain reaction in cell membranes where reactive oxygen species (ROS)
oxidize polyunsaturated fatty acids (PUFAs), continuing to damage the membrane
until a radical encounters another radical or an antioxidant [134]. Dehydrogenases
are important enzymes to cope with this oxidative damage caused by lipid
peroxidation. Our FTIR results suggested the degradation of unsaturated and
saturated fatty acids in mohlA cells compared to the WT strain. The main
degradation pathway of fatty acids is beta-oxidation [135]. The increase in
dehydrogenase expressions indicates an increase in the oxidation of lipids as a result
of an oxidative stress response. Sphingolipids are also critical structural components
of cell membranes [136], [137]. An increase in the expression of SUR2, which is a
sphinganine C4-hydroxylase involved in sphingolipid synthesis, in mohlA cells
could indeed contribute to cell survival as sur2A deletion is shown to be sensitive to

oxidative stress [138].

Further analyses reveal that in addition to stress responses, some of the DEGs
including COS12, CPP3, CYS4, GID10, MET6, PDC6, PMT2, SNO4, PHO92, and
RDNS5 are also involved in protein metabolism. CYS4, PDC6, ALD3, and MET6 for
example play critical roles in amino acid metabolic processes. CYS4 is cystathionine

beta-synthase that catalyzes the conversion of homocysteine as a critical first
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committed step in the biosynthesis of cysteine, which is essential for the folding,
assembly, and stability of proteins due to its ability to form disulfide bonds [139].
MET6, on the other hand, is a cobalamin-independent methionine synthase involved
in methionine biosynthesis and regeneration by converting homocysteine into
methionine [140]. MET6 is also important for the synthesis of glutathione (GSH),
which protects the cells from oxidative stress [140], [141]. PDC6 is the minor
isoform of pyruvate decarboxylase that decarboxylates pyruvate to acetaldehyde and
is also involved in amino acid catabolism [142]. PDC6 expression is induced under
high-glucose stress conditions and its expression is inversely correlated with the
oxidation-reduction potential of the cell [120], [143]. Furthermore, some DEGs
including GIDI0 are involved in protein degradation. GIDI0 is a strictly stress-
induced gene and encodes a protein as an N-recognin component of the Pro/N-
degron pathway that identifies and targets proteins with N-terminal degradation
signals for degradation [132], [144]. We also observe that the expression of PMT2
acting as protein O-mannosyltransferase of the ER membrane which transfers
mannose residues from dolichol phosphate-D-mannose to serine/threonine residues
of target proteins and is involved in ER protein quality control [145], as well as the
expression of SRLI which encodes srllp mannoprotein tightly associated with the
cell wall [121] are reduced. These together with a decrease in the transcript levels of
SFG1 acting as a transcription factor for genes encoding cell wall degrading enzymes
[146] suggest that the MOH]I deletion in S. cerevisiae leads to an altered state of

protein synthesis and degradation which are supportive of our FTIR results.

Collectively these results indicate a correlation between differential gene expressions
and biomolecular, including lipids and proteins, modifications that are reflected as
structural alterations in the cell wall of mohlA cells critical for cell faith in response

to various stresses.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

Protein functions are closely related to their structural characteristics, and similarities

between proteins can be predicted by amino acid homologies. Our in silico analyses

revealed that:

1.

Sequence alignment indicates that human YPEL 1-4 proteins have high amino
acid sequence homology (83.2-96.6%), whereas YPELS is less similar (43.8-
49.5%). Mohlp shows 37.8% homology with YPEL2, with lower identity
percentages for other YPEL proteins.

Both Mohlp and YPEL2 predominantly consist of beta sheets and exhibit
globular tertiary structures, with some differences at their amino-terminus

regions.

Phyre2 analysis indicated that both proteins are related to multiple protein

families, including ligases and oxidoreductases, with high confidence.

Additionally, functional studies suggest that YPEL2 may be involved in
stress response, and Mohlp affects yeast cell survival under stress, implying

that Moh1p and YPEL2 could share evolutionary conserved functions.

Our previous studies showed that in the absence of Mohlp, cell survival is affected

by various stress conditions differently. Also, studies showed that the MOH1 gene is

essential for cell survival during nutrient-depleted stationary phase conditions, as

mohlA cells cannot endure this phase but show increased viability under various

stressors like UV, chemicals, heat, and hyperosmotic shock [22], [32]-[34].

To further investigate Mohlp's functions, particularly concerning oxidative stress,

the impact of MOH1 expression was examined under H>O> stress.
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RT-qPCR results showed that, MOH1 expression is decreased under short-
or long-term oxidative stress induction.
When protein levels of the Mohl1p are assessed with Western blot, there is a

reduction in f-Moh1 protein levels under short- or long-term oxidative stress.

These results suggested that MOHI expression and Mohl protein levels are

negatively correlated with oxidative stress exposure.

According to our microscopic observations of the yeast cells, the mohlA cells

compared to WT have smaller sizes and tend to clump. To understand whether there

is a structural or morphological change between moh1A cells and WT cells, we used

scanning electron microscopy. Our results showed that:

1.

WT and mohl1A-i cells have similar cell sizes and ovoid shapes, whereas
mohlA cells have a more spherical shape with a rough surface due to
protrusions/indentations. This means that moh1A cells have different shapes
and sizes when compared to WT or moh1A-i strains.

Also, this shape and size difference are examined under stress conditions.
These studies showed that cellular morphology due to Mohlp absence is

independent of stress induction with H>O».

After morphological studies to understand the underlying cause of morphological

differences in MOH 1-deleted cells, we performed FTIR. FTIR results revealed that:

1.

mohlA cells and WT cells have distinct clustering patterns and there is a
variation between these cell types according to PCA and HCA plots,
indicating differences in the biomolecular content.

When lipid content is examined, we find a decrease in unsaturated/saturated
fatty acids, whereas the triesterglycerol/cholesterol amount is increased.
Also, there is a decrease in membrane fluidity, as the lipid chains are more
ordered and more tightly packed.

Consistent with changes in lipids, membrane proteins significantly contribute

to the regulation of membrane fluidity through lateral mobility, density,
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conformational changes as well as interactions with lipids. Protein
examinations by FTIR showed that there is a decrease in protein
concentration while there is an increase in the conformational changes of
proteins in the moh1A strain compared to the WT cells. In addition to these,
protein carbonylation, a common form of protein oxidation, increases
dramatically in moh1A cells.

Lastly, since there is a difference in the cell wall of the moh1A cells and WT
cells, beta-glucans and mannans, major cell wall components, were
examined. Results indicate that there is a dramatic increase in both beta-

glucans and mannan concentrations.

Collectively FTIR results suggest that, in the absence of MOHI, the biomolecular

composition of cells changes dramatically. Observed changes in membrane

permeability and cell wall rigidity might be the cause of the morphological changes

in the cell wall.

Lastly, RNA sequencingwas performed to understand the transcriptomic changes

that occur in the absence of MOHI. The RNA-Seq results revealed that:

1.

There are 43 differentially expressed genes (DEGs), including MOH1 as
expected, when mohl1A cells compared to the WT cells.

Our Metascape and STRING analysis gave a little information about the
pathways in which DEGs play a role since the number of DEGs is very small
rendering annotation to specific pathways difficult.

To understand the importance of DEGs in the cells, we manually annotated
DEGs individually. Seventeen of the DEGs are enzymes which are related to
protein metabolism, lipid metabolism, and stress response.

The increase in the expression of all stress-related genes suggests that the
absence of MOHI in cells triggers the activation of certain stress response
genes. This in turn implies that Mohlp plays a role in reducing stress in S.

cerevisiae cells.
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DEGs related to lipid metabolism include dehydrogenases and genes that are
important for sphingolipid synthesis. Since dehydrogenases decrease the
oxidation effects in the cells, an increase in the dehydrogenase expressions
could be related to lipid oxidation which may result in a decrease in
unsaturated/saturated lipid concentration.

Lastly, DEGs related to protein metabolism are associated with amino acid
metabolism and protein degradation pathways. Also, there are genes related
to cell wall proteins, whose expressions also show decrease. According to
these results, MOH1 deletion leads to changes in protein synthesis and
protein metabolism which may explain the decrease in protein concentration

assessed with FTIR.

Overall, these results suggest that MOH1 deletion leads to morphological changes in

yeast cells which is related to changes in the biomolecular composition of the cell

and differentially expressed genes which are important for lipid metabolism, protein

metabolism, and stress response. This indicates that Moh1p has a crucial role in cell

faith under different stress conditions by changing the biomolecular composition and

transcriptome of the cells.

To better understand the function of Mohl:

1.

TurbolD system can be used to find Moh1p protein partners. In cells, proteins
function within the context of a dynamically changing network of interacting
protein partners. Therefore, deciphering the protein interaction network in
cells could reveal important information regarding protein function.
TurbolD, a proximity-dependent biotin labeling system, is a versatile and
effective system to identify the interaction partners of a test protein in the
cellular environment [147].

Currently, we are working to determine the intracellular localization of
MOHLI. Proteins operate in the cell within specific subcellular locations to
interact with other molecular partners. Therefore, identifying the subcellular

localization of a protein can provide insights into its function [148].
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3. Proteins are made of amino acid chains that fold into specific three-
dimensional shapes. Bonds within the protein help stable confirmation,
allowing it to perform its function effectively [149]. Therefore, the structural
properties of a protein can give a clue about the protein's function. Therefore,
we are planning to decipher the 3D structure of Moh1p by producing Mohlp

recombinant protein.
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A. PRIMER LIST

APPENDICES

Table 3. Primers that are used in this study

Primer Name

Sequences (5°-3°)

MOHI1 gPCR FP

GTTATTCCACTCTCAGCATCGATCGC

MOH!1 gPCR REP

CACAGACTAAGTAGTCGCCAGTCAAC

FCY! qPCR FP

AAGTGTTCTCGGTCGTGGTC

FCY1 gqPCR REP

GCATGGAGACAGCGTCGTAT

ALG9 gPCR FP

CACGGATAGTGGCTTTGGTGAACAATTAC

ALGY9 gPCR REP

TATGATTATCTGGCAGCAGGAAAGAACTTGGG

ALD3 gPCR FP

CCTGGTTATGGTTCCGTTGTG

ALD3 qPCR REP |CAATACTGAGCCGCCAACCT
GRE1 gPCR FP TCCCTACGGCGAAGAAAACC
GRE1 qPCR REP | TCGTCGTCCAACTGACCTTG
SRL1 gPCR FP ACTACCACTTTAGCGCCCAG
SRL1 gPCRREP |CGCATTGGTAATGGTGGCTG
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B. MIQE CHECKLIST

Table 4. MIQE Checklist

ITEM TO CHECK IMPORTANCE = CHECKLIST
EXPERIMENTAL DESIGN
Definition of experimental and control E YES
groups
Number within each group E YES
.Assay'carried out by core lab or D YVES
investigator's lab?
Acknpwl;dgement of authors' D N/A
contributions
SAMPLE
Description E N/A
Volume/mass of sample processed D N/A
Microdissection or macrodissection E N/A
Processing procedure E N/A
If frozen - how and how quickly? E N/A
If fixed - with what, how quickly? E N/A
Sample storage conditions and duration E N/A

(especially for FFPE samples)
NUCLEIC ACID EXTRACTION

Procedure and/or instrumentation E YES
Name f)f kit and details of any E YES
modifications
Source of additional reagents used D N/A
Details of DNase or RN Ase treatment E YES
Contamination assessment (DNA or
RNA) ( E YES
Nucleic acid quantification E YES
Instrument and method E YES
Purity (A260/A280) D NO
Yield D NO
RNA integrity method/instrument E NO
RIN/RQI or Cq of 3' and 5' transcripts E NO
Electrophoresis traces D NO
Inhibition testing (Cq dilutions, spike or E NO

other)
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Table 4. (Continued)

REVERSE TRANSCRIPTION
Complete reaction conditions E YES
Amount of RNA and reaction volume E YES
Priming ohgonucleo‘ude (if using GSP) E YES
and concentration
Reverse? transcriptase and VES
concentration
Temperature and time E YES
Manufacturer of reagents and D YES
catalogue numbers
Cgs with and without RT D* NO
Storage conditions of cDNA D YES

qPCR TARGET INFORMATION
If multiplex, efficiency and LOD of each

E N/A
assay.
Sequence accession number E YES
Location of amplicon D YES
Amplicon length E YES
In silico specificity screen (BLAST, E YES
etc)
Pseudogenes, retropseudogenes or D YES
other homologs?
Sequence alignment D YES
Sgcondary structure analysis of D NO
amplicon
Locatlop of egch primer by exon or E YES
intron (if applicable)
What splice variants are targeted? E YES
qPCR OLIGONUCLEOTIDES
Primer sequences E YES
RTPrimerDB Identification Number D N/A
Probe sequences D** N/A
Locg‘uon gnd identity of any E N/A
modifications
Manufacturer of oligonucleotides D YES
Purification method D YES
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Table 4. (Continued)

qPCR PROTOCOL

Complete reaction conditions E YES

Reaction volume and amount of N/A
cDNA/DNA

Prlmer,'(probe), Mg++ and ANTP E N/A
concentrations

Polymerase identity and concentration E YES

Buffer/kit identity and manufacturer E YES

Exact chemical constitution of the D YES
buffer

Additives (SYBR Green [, DMSO, E YES
etc.)
Manufacturer of plates/tubes and catalog D YES
number
Complete thermocycling parameters E YES
Reaction setup (manual/robotic) D YES
Manufacturer of qPCR instrument E YES

qPCR VALIDATION

EV1dF:nce of optimisation (from D NO
gradients)
Spec1ﬁ01ty (gel, sequence, melt, or E YES
digest)
For SYBR Green I, Cq of the NTC E YES
Standard curves with slope and y- E YES
Intercept

PCR efficiency calculated from slope E YES

Confidence interval for PCR

. D NO

efficiency or standard error

12 of standard curve E YES
Linear dynamic range E YES

Cq variation at lower limit E YES

Confidence intervals throughout range D N/A
Evidence for limit of detection E NO
If multiplex, efficiency and LOD of each E N/A

assay.
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Table 4. (Continued)

DATA ANALYSIS
qPCR analysis program (source, version) E YES
Cq method determination E YES
Outlier identification and disposition E N/A
Results of NTCs E YES
Justification of number and choice of
reference genes E YES
Description of normalisation method E YES
Number and concordance of biological
replicates ) b YES
Number and stage (RT or qPCR) of
technical replica%es( ! : E YES
Repeatability (intra-assay variation) E YES
Reproducibility (inter-assay variation,
0, ch) y( y D YES
Power analysis D NO
Statistical methods for result significance E YES
Software (source, version) E YES
Cq or raw data submission using RDML D N/A
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C. Phyre2 RESULTS

Table 5. Mohl1p Phyre2 Results (Confidence > 80)

#

Template | Confidence | id %

Template Information

c8qbnY 100 37

PDB header: ligase

Chain: Y

PDB Molecule: protein yippee-
like 5

PDBTitle: structure of the non-
canonical ctlh €3 substrate
receptor wdr26 bound to ypel5

c7sfzC_ 96.9 22

PDB header: cell cycle
Chain: C

PDB Molecule: protein mis18-
alpha

PDBTitle: crystal structure of
mis18a-yippee domain

couml C_ 97.5 25

PDB header: ligase

Chain: C

PDB Molecule: protein cereblon
PDBTitle: structural basis for
thalidomide teratogenicity
revealed by the2 cereblon-ddb1-
sall 4-pomalidomide complex

c2k8dA 90.7 20

PDB header: oxidoreductase
Chain: A

PDB Molecule: peptide
methionine sulfoxide reductase
msrb

PDBTitle: solution structure of a
zinc-binding methionine sulfoxide
reductase
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Table 5. (Continued)

PDB header: signaling protein
Chain: A

PDB Molecule: cereblon isoform
4

PDBTitle: cereblon isoform 4
from magnetospirillum
gryphiswaldense in complex2 with
lenalidomide

5 c4v30A 97.2 21

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
sulfoxide reductase b2,
mitochondrial

PDBT:itle: structure-functional
analysis of mammalian msrb2
protein

c2l1uA_ 88.3 17

PDB header: ma binding
protein/rna

Chain: A

PDB Molecule: dicer related
helicase

PDBTitle: crystal structure of
caenorhabditis elegans dicer-
related helicase 32 (drh-3) c-
terminal domain with 5'-ppp 8-mer
ssrna

7 coOm6TA 95.5 20

PDB header: hydrolase

Chain: A

PDB Molecule: retinoic acid
inducible protein i

PDBTitle: structure of duck rig-i
c-terminal domain (ctd)

8 c4a2vA 88.9 18

68



Table 5. (Continued)

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide

9 c3hcj B 90.8 16 methionine sulfoxide reductase
PDBTitle: structure of msrb from
xanthomonas campestris
(oxidized2 form)

PDB header: hydrolase

Chain: A

PDB Molecule: interferon-

10 c3ga3A 95.5 19 induced helicase ¢ domain-
containing protein 1

PDBTitle: crystal structure of the
c-terminal domain of human mda5

PDB header: hydrolase

Chain: B

PDB Molecule: probable atp-
dependent rna helicase dhx58;
PDBTitle: crystal structure of the
regulatory domain of human Igp2

11 c2w4rB_ 95.1 16

PDB header: hydrolase

Chain: G

PDB Molecule: probable atp-

12 co6symB 89.6 16 dependent rna helicase ddx58;
PDBTitle: crystal structure of the
regulatory domain of human rig- i
with bound2 zn

PDB header: hydrolase

Chain: G

PDB Molecule: probable atp-

13 c2qfbG_ 84.7 16 dependent rna helicase ddx58
PDBTitle: crystal structure of the
regulatory domain of human rig- i
with bound2 Zn
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Table 5. (Continued)

14

c2kaoA

91.6

22

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
sulfoxide reductase bl
PDBTitle: structure of reduced
mouse methionine sulfoxide
reductase b12 (sec95cys mutant)

15

COtr8A

90.3

15

PDB header: oxidoreductase
Chain: A

PDB Molecule: peptide-
methionine (r)-s-oxide reductase;
PDBTitle: corynebacterium
diphtheriae methionine sulfoxide
reductase b (msrb)2 solution
structure - reduced form

16

¢5hjoC

97.1

14

PDB header: ligase

Chain: C

PDB Molecule: kinetochore
protein mis18

PDBTitle: crystal structure of
mis18 ' yippee-like' domain

17

c7e43A

86.6

15

PDB header: oxidoreductase
Chain: A

PDB Molecule: peptide
methionine sulfoxide reductase
msra/msrb

PDBTitle: structural insights into
a bifunctional peptide methionine
sulfoxide2 reductase msra/b fusion
protein from helicobacter pylori
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Table 5. (Continued)

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
18 c3cezA 92.8 16 sulfoxide reductase

PDBTitle: crystal structure of
methionine-r-sulfoxide reductase
from2 burkholderia pseudomallei

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
19 c5fa9B 91.8 13 msra

PDBTitle: bifunctional
methionine sulfoxide reductase ab
(msrab) from treponema2
denticola

PDB header: hydrolase/rna
Chain: B

PDB Molecule: probable atp-
20 c3lrB_ 85.6 17 dependent rna helicase ddx58
PDBTitle: crystal structure of
human rig-i ctd bound to a 12 bp
au rich 5' ppp2 dsrna

PDB header: oxidoreductase
Chain: A

21 c6qalA 90.3 11 PDB Molecule: methionine-r-
sulfoxide reductase b3;
PDBTitle: msrb3 - aa 1-137

PDB header: transport/dna
binding/dna

Chain: D

PDB Molecule: protein hairless;
PDBTitle: structure of the su(h)-
hairless-dna repressor complex

22 c5e24D 89.4 64

Fold: Mss4-like

23 d1xmOal 89.4 12 Superfamily: Mss4-like
Family: Sel R domain
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Table 5. (Continued)

24

dillda_

89.7

11

Fold: Mss4-like
Superfamily: Mss4-like
Family: Sel R domain

25

c7ctoF _

94

PDB header: oxidoreductase
Chain: F

PDB Molecule: peptide
methionine sulfoxide reductase
msrb

PDBTitle: staphylococcus aureus
msrb

26

c3eOmB

93.3

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
msra/msrb 1

PDBTitle: crystal structure of
fusion protein of msra and msrb
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Table 6. YPEL2 Phyre2 Results (Confidence > 80)

#

Template

Confidence

id %

Template Information

c8gbnyY

100

45

PDB header: ligase

Chain: Y

PDB Molecule: protein yippee-
like 5

PDBTitle: structure of the non-
canonical ctlh e3 substrate
receptor wdr26 bound?2 to ypel 5

c2k8dA

93.6

21

PDB header:
oxidoreductase

Chain: A

PDB Molecule: peptide
methionine sulfoxide
reductase msrb

PDBTitle: solution structure
of a zinc-binding
methionine sulfoxide
reductase

c4v30A

97.4

24

PDB header: signaling
protein

Chain: A

PDB Molecule: cereblon
isoform 4

PDBTitle: cereblon isoform
4 from magnetospirillum
gryphiswaldense in
complex2 with lenalidomide

c6umlC

97.6

22

PDB header: ligase
Chain: C

PDB Molecule: protein
cereblon

PDBTitle: structural basis
for thalidomide
teratogenicity revealed by
the2 cereblon-ddbl-sall 4-
pomalidomide complex
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Table 6. (Continued)

5 c2w4rB

92.5

19

PDB header: hydrolase
Chain: B

PDB Molecule: probable
atp-dependent rna helicase
dhx58

PDBTitle: crystal structure
of the regulatory domain of
human Igp2

6 c6qalA

94.1

18

PDB header:
oxidoreductase

Chain: A

PDB Molecule: methionine-
r-sulfoxide reductase b3
PDBTitle: msrb3 - aa 1-137

7 CHtr8A

93.9

21

PDB header:
oxidoreductase

Chain: A

PDB Molecule: peptide-
methionine (r)-s-oxide
reductase

PDBTitle: corynebacterium
diphtheriae methionine
sulfoxide reductase b
(msrb)2 solution structure -
reduced form

8 c3lrB_

85.5

19

PDB header: hydrolase/rna
Chain: B

PDB Molecule: probable atp-
dependent rna helicase ddx58
PDBTitle: crystal structure of
human rig-i ctd bound to a 12 bp
au rich 5' ppp2 dsrna
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Table 6. (Continued)

c6symB

94

19

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
msrb

PDBTitle: crystal structure of
escherichia coli msrb (reduced
form)

10

c4a2vA

90

16

PDB header: hydrolase

Chain: A

PDB Molecule: retinoic acid
inducible protein i

PDBTitle: structure of duck rig-i
c-terminal domain (ctd)

11

cOmorA

94.8

21

PDB header: ma binding
protein/rna

Chain: A

PDB Molecule: dicer related
helicase

PDBTitle: crystal structure of
caenorhabditis elegans dicer-
related helicase 32 (drh-3) c-
terminal domain with 5'-ppp 8-
mer ssrna

12

c3hcjB

93.2

15

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
PDBTitle: structure of msrb from
xanthomonas campestris
(oxidized2 form)

13

c7stzC _

97

16

PDB header: cell cycle
Chain: C

PDB Molecule: protein mis18-
alpha

PDBTitle: crystal structure of
mis18a-yippee domain
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Table 6. (Continued)

14

c2qfbG

88.6

15

PDB header: hydrolase

Chain: G

PDB Molecule: probable atp-
dependent rna helicase ddx58
PDBTitle: crystal structure of the
regulatory domain of human rig- i
with bound Zn

15

c5hjoC_

97.1

13

PDB header: ligase

Chain: C

PDB Molecule: kinetochore
protein mis18

PDBTitle: crystal structure of
mis18 ' yippee-like' domain

16

c5fa9B

94.8

13

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
msra

PDBTitle: bifunctional
methionine sulfoxide reductase ab
(msrab) from treponema2
denticola

17

c211uA_

92.1

15

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
sulfoxide reductase b2,
mitochondrial

PDBTitle: structure-functional
analysis of mammalian msrb2
protein

18

c2kaoA

90.3

20

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
sulfoxide reductase bl
PDBTitle: structure of reduced
mouse methionine sulfoxide
reductase b12 (sec95cys mutant)
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Table 6. (Continued)

19

c/ctoF

95.3

12

PDB header: oxidoreductase
Chain: F

PDB Molecule: peptide
methionine sulfoxide reductase
msrb

PDBTitle: staphylococcus aureus
msrb

20

c3ga3A

91

13

PDB header: hydrolase

Chain: A

PDB Molecule: interferon-
induced helicase ¢ domain-
containing protein 1

PDBTitle: crystal structure of the
c-terminal domain of human
mda5

21

c3cezA

94.7

14

PDB header: oxidoreductase
Chain: A

PDB Molecule: methionine-r-
sulfoxide reductase

PDBTitle: crystal structure of
methionine-r-sulfoxide reductase
from2 burkholderia pseudomallei

22

c3eOmB _

94.7

11

PDB header: oxidoreductase
Chain: B

PDB Molecule: peptide
methionine sulfoxide reductase
msra/msrb 1

PDBTitle: crystal structure of
fusion protein of msra and msrb

23

dlxmOal

923

12

Fold: Mss4-like
Superfamily: Mss4-like
Family: Sel R domain
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Table 6. (Continued)

24

c7e43A

92

12

PDB header: oxidoreductase
Chain: A

PDB Molecule: peptide
methionine sulfoxide reductase
msra/msrb

PDBTitle: structural insights into
a bifunctional peptide methionine
sulfoxide2 reductase msra/b
fusion protein from helicobacter

pylori

25

cS5e24D

88.2

57

PDB header: transport/dna
binding/dna

Chain: D

PDB Molecule: protein hairless;
PDBT:itle: structure of the su(h)-
hairless-dna repressor complex
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D. SEM IMAGES OF LOGARITHMIC AND STATIONARY PHASE
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Figure 13. SEM Images of WT, mohlA , and moh1-i cells at logarithmic phase
in the presence and absence of stress. A. SEM images in the absence of H,O».
White squares indicate Inset images. B. Cell length and width ratio in the absence of
H20; C. SEM images in the presence of H,O,. White squares indicate Inset images.
D. Cell length and width ratio in the presence of H>O» C. Student t-test was
conducted among groups for statistical difference. **** indicates significant

difference (p<0.001).
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Figure 14. SEM Images of WT, moh1A , and mohl-i cells at stationary phase in
the presence and absence of stress. A. SEM images in the absence of H2O2, White
squares indicate Inset images. B. Cell length and width ratio in the absence of H20-
C. SEM images in the presence of H>O2. White squares indicate Inset images. D.
Cell length and width ratio in the presence of H2O2 C. Student t-test was conducted
among groups for statistical difference. **** indicates significant difference

(p<0.001).
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E. DIFFERENTIALLY EXPRESSED GENE LIST

Table 7. Differentially expressed genes when WT and mohl1A cells compared

81

Systematic Name Gene Name | Log2 Fold Change Adjusted p-value
YBL049W MOH1 -6,428332386 3,13E-58
YCRO18C-A YCRO18C-A -5,727669642 1,88E-54
YMR323W ERR3 3,963633533 4,26E-19
YBL048W RRT1 -2,662623772 2,37E-13
YHR092C HXT4 1,777350656 1,02E-08
YDL218W YDL218W 2,616126083 2,39E-06
YDRO034W-B CPP3 1,833289418 4,57E-06
YNCJ0028C IRT1 1,494902813 5,74E-06
YPL223C GREI1 1,22602174 2,20E-05
YJR155W AADI10 1,56659673 2,38E-05
YGR155W CYS4 1,029783629 0,000100923
YKL221W MCH2 1,190305732 0,000241171
YMR325W PAU19 3,571804424 0,000279455
YGRO087C PDC6 1,741279566 0,00036334
YGL263W COS12 -2,17915759 0,000586242
YMRO032W HOF1 -1,240539441 0,000586242
YAL023C PMT2 -1,065131943 0,000879719
YOR247W SRL1 -1,516423755 0,001030188
YHR214W-A YHR214W-A -1,30193866 0,001486807
YDL039C PRM7 2,072706193 0,002499803
YMR324C YMR324C 3,930924205 0,003093842
YJR094C IME1 1,545321287 0,004113023
YDR297W SUR2 1,032835306 0,00463821
YKLO068W-A YKLO68W-A 1,046620573 0,006810718
YGL177W YGL177TW 1,211506633 0,007194614
YNCLO0018W RDNS -2,087843197 0,00935186
YOR315W SFG1 -1,257929003 0,00935186
YDR374C PHO92 2,12275328 0,01028738
YERO091C MET6 1,036596042 0,014045424
YGR146C ECL1 1,185510434 0,015168998
YGR144W THI4 1,311413389 0,017717567
YLL067C YLLO067C -1,253496124 0,018082702
YMR322C SNO4 1,329344536 0,02199161
YJR115W YJR115W 1,177707103 0,026521778



Table 7. (Continued)

Systematic Name
YMR169C
YPL281C
YGRO066C
YNL234W
YBR242W
YJR159W
YDRO048C
YGL158W
YOL136C

Gene Name
ALD3
ERR2
GID10

YNL234W

YBR242W
SORI1

YDR048C
RCK1
PFK27

Log2 Fold Change Adjusted p-value
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1,265593012
2,149782297
1,319162818
1,029735191
1,200320327
1,250341501
4,88697742
1,45846603
1,267542807

0,028533969
0,029049994
0,031497663
0,032005909
0,04198109
0,04198109
0,04198109
0,047126492
0,047664313
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