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ABSTRACT The Yippee-like (YPEL) proteins are a evolutionarily con-
served eukaryotic family implicated in proliferation, senescence, and
stress adaptation, yet their molecular functions remain poorly defined.
Humans possess five paralogs (YPEL1-YPELS5), while the budding yeast
S. cerevisiae contains a single ortholog, MOH1, previously linked to stress
responses but with an unclear cellular role. Here, we investigated the
function of MOH1 in S. cerevisiae. MOH1 deletion resulted in stress-
specific phenotypes, including increased sensitivity to sodium azide and
sulfuric acid, but enhanced resistance to hydrogen peroxide and acetic
acid. Moh1 protein levels were dynamically regulated, decreasing upon
hydrogen peroxide treatment and increasing in response to sulfuric acid.
Morphological analyses including SEM revealed that moh14 cells are
rounder, form aggregates, and exhibit altered surface architecture in-
dependently of stress. RNA profiling and FTIR spectroscopy uncovered
transcriptional reprogramming and metabolic remodeling, including al-
terations in lipid, protein, and cell wall polysaccharide levels and compo-
sition. Functional analyses showed that increased resistance to hydrogen
peroxide is not due to altered mitochondrial ROS production but rather
to reduced intracellular ROS accumulation. This effect is attributed to
decreased cellular uptake resulting from altered permeability, supported
by resistance to Congo red and sensitivity to SDS, consistent with cell en-
veloperemodeling. Collectively, our findingsidentify Moh 1 as aregulatory
factor linking gene expression to metabolism and cellular architecture,
thereby influencing cell envelope permeability and conferring selective
stress resistance in S. cerevisiae.
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Abbreviations:

AMA - Antimycin A,

DEG - Differentially Expressed Gene,
E2-17p-Estradiol,

ER- Estrogen Receptor,

FTIR - Fourier Transform Infrared
Spectroscopy,

GO - Gene Ontology,

H,DCFDA-2"7'-
Dichlorodihydrofluorescein Diacetate,
HCA - Hierarchical Cluster Analysis,
moh714-MOH1 Deleted,

PCA - Principal Component Analysis,
ROS - Reactive Oxygen Species,
RNA-Seq - RNA Sequencing,

RT-gPCR - Reverse Transcription
Quantitative Polymerase Chain Reaction,
SEM - Scanning Electron Microscopy,
SGD - Saccharomyces Genome Database,
WB - Western Blot,

WT-Wild Type,

YPD - Yeast Extract Peptone Dextrose,
YPEL - Yippee-Like Protein,

YPRG - Yeast Extract Peptone Raffinose
Galactose.
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INTRODUCTION

The YPEL family has 100 genes in 68 species, ranging
from yeast and plants to mammals, with a remarkably high
nucleotide sequence identity [1-3]. While the budding yeast
Saccharomyces cerevisiae (S. cerevisiae) contains a single gene
named MOH1 (YBLO49W), the human YPEL family includes five
YPEL genes, YPEL1-5, located on different chromosomes,
which are suggested to have arisen from ancestral gene
duplications [1-3]. The YPEL2, YPEL3, and YPEL5 genes are
ubiquitously expressed, albeit at varying levels, in human
tissues; whereas, YPELT and YPEL4 show expression patterns
largely restricted to the testis and brain, respectively [2]. In
addition to the ubiquitous tissue expressions, various signaling
pathways, including 17 g-estradiol (E2)-estrogen receptor (ER)
signaling [4, 5], co-modulate the expressions of YPEL2, YPEL3,
and YPELS5.

The YPEL family genes encode small proteins with a high
amino-acid sequence identity predicted to form a zinc-finger-
like metal binding pocket, or the Yippee domain [1,2]. This
high degree of sequence identity among YPEL proteins results
in structural conservation that is likely reflected in functional
commonalities, as YPEL proteins are involved in similar
cellular processes, ranging from proliferation, senescence,
and death [3 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, 13, 20, 23-29].

Despite the potential importance of YPEL proteins in phys-
iology and pathophysiology, the evolutionary conservation in
nucleotide sequences, the ubiquity, and commonalities in the
regulation of YPEL gene expressions, as well as structural sim-
ilarities among YPEL proteins, render the deciphering of func-
tional features of a YPEL protein in cellular processes in the
presence of other YPELs difficult. We recently employed an in-
ducible heterologous expression system, combined with dy-
namic proximity biotin labeling and mass spectrometry analy-
ses, in non-tumorogenic COS7 cells, an immortalized African
green monkey kidney fibroblast-like cell line that synthesizes
endogenous YPEL protein(s). Resultsindicated that YPEL2 inter-
acts with proteinsinvolved in cellular processes, including stress
response [30]. Based on these and our observations that YPEL2,
as the endogenous YPEL protein(s), localizes to stress granules
in response to oxidative stress, we suggested that YPEL2 partici-
pates in stress surveillance [30]. However, the mechanism(s) by
which YPEL2 exerts its effects on cells remain unclear.

The basic mechanisms of cellular events, including prolifer-
ation, metabolism, and death, in the budding yeast S. cerevisiae
share characteristics with those of evolutionarily distant species,
such as humans, due to their highly conserved gene homol-
ogy [31]. This allows the implementation of functional comple-
mentation approaches to address the features of homologous
proteins. Since the yeast MOH 1 (YBLO49W) gene is the ortholog
of the human YPEL gene family, we envisioned that comple-
menting MOH 1 in a yeast model with a human YPEL gene could
yield significant information about the role of a YPEL protein in
cellular processes independently of other YPEL proteins.
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A limited number of studies suggest that the MOH1 gene
is a stationary phase-essential gene [32], as MOH1-deleted
(moh14) cells cannot survive under nutrient-depleted stationary
phase conditions [32, 33]. This is consistent with observations
that the exit from the stationary phase in response to a
nutrient-rich environment augments a set of gene expressions,
including MOH1 [34]. Moreover, various stressors, including
heat, zinc ion starvation, and hydrogen peroxide, modulate
MOH1 expression [35-38]. Extending these observations,
moh14 cells have been reported to exhibit enhanced cell
viability compared to the wild-type (WT) strain when treated
with various stressors, including UV irradiation, chemicals,
heat, and hyperosmotic shock [22]. Furthermore, the ectopic
expression of MOH1 or individual YPEL genes in the moh14
strain restores the WT phenotype in response to stressors [22].
In addition, recent studies reported that the genotoxic agent
methyl methanesulfonate induces MOH1 expression [39] and
that MOHT may act as a stress response regulator, enhancing
sensitivity to DNA damage in Candida albicans [40]. These
studies collectively suggest that Moh1p, like the human YPEL2
protein, isinvolved in cell survival and stress response. However,
how Moh1p exerts its effect on cellular phenotype is unclear.
Since the elucidation of functional features of Moh1p could
provide important clues about YPEL functions, here we used
S. cerevisiae as a model system to initially explore the effects of
MOH1 on molecular events. Our findings, obtained using light
and scanning electron microscopy (SEM), RNA sequencing
(RNA-Seq), and Fourier Transform-Infrared Spectroscopy
(FTIR), indicate that the deletion of MOHT in S. cerevisiae leads
to constitutive molecular alterations that affect cell wall integrity,
conferring selective advantages/sensitivities under specific
stress conditions. Our results suggest that Moh 1p constitutively
influences metabolic and physiological processes critical for
selective stress adaptation and cell survival.

RESULTS

Structural analysis of Moh1p and its similarity to YPEL
proteins

Although the YPEL protein family is structurally conserved, most
analyses have focused on primary sequence. Alignments based
on the highly conserved cysteine residues reveal a striking
amino acid identity among YPEL proteins, with numerous
identical residues forming the Yippee domain. This domain,
which contains two cysteine pairs separated by 52 amino acids
(Cys-X,-Cys-Xs,-Cys-X,-Cys), is predicted to form a zinc-binding
pocket [1, 2] critical for folding and generating a presumably
ligand-binding aromatic cage [41, 42].

To assess the relationship between yeast Moh1p and
human YPEL proteins, we performed in silico analyses.
Multiple sequence alignment (Clustal Omega, visualized
with Jalview) [43, 44] confirmed that human YPEL1-4 share
~83% identity, while YPEL5 is less similar (43.8-49.5%)
(Figure 10) [1, 21. S. cerevisiae Moh 1p shares 37.8% identity with
YPEL2 and 31.4-40.2% with other YPEL proteins. Secondary
structure predictions using the JPred4 server [45] indicated
that both Moh1p and YPEL?2 are rich in g-strands (Figure 10).
Tertiary structure models using AlphaFold and visualization with
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FIGURE 1 @ Insilico analyses of Moh1 and the YPEL family proteins . (A) The alignment of the amino acid sequence of YPEL proteins and Moh1. Red
squares indicate CXXC motifs. (B) Secondary structure analysis of Moh1 and YPEL2 with the jPred server (C). Prediction and superimposition of tertiary
structures of YPEL2 and Moh1 with the AlphaFold server using the ChimeraX molecular visualization program. (D) The Phyre2 web tool was used for the

homology modeling of Moh1 and YPEL2.

ChimeraX [46-49] further showed that Moh1p and YPEL2 adopt
similar globular, superimposable folds, differing mainly at their
amino-termini (Figure 10). Additional structural comparisons
using Phyre2 [50] predicted high-confidence structural matches
(>90%), suggesting that the Yippee domain is a conserved fold
found across a broad range of functionally diverse protein
families, including ligases, RNA-binding proteins, hydrolases,
oxidoreductases, and Mss4-like proteins involved in essential
cellular processes such as proteolysis, centromere priming,
oxidative stress defense, and stress responses (Figure 10,
Supplementary Information Table S1) [51-59]. However, the
functional role of the Yippee domain in these proteins remains
largely unclear. Nonetheless, MOH1 has been reported to be
essential for survival in the stationary phase, as moh14 cells
are unable to proliferate under nutrient-depleted, respiration-
dependent conditions [32, 33,60]. Consistent with this, the
expression of MOH1 was found to increase upon re-entry into
growth from the stationary phase [34]. Additionally, moh14
cells exhibit altered viability under UV, heat, chemicals, and
osmotic shock, which can be rescued by ectopic MOH1 or a
YPEL gene expression [22]. These findings, together with our
recent observations that YPEL2 is involved in oxidative stress
surveillance [30], suggest a role for Moh1p in stress response.
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Effects of MOH1 deletion on cell survival under various
stress conditions

Since moh14 cells cannot grow under nutrient-depleted,
respiration-dependent conditions [33, 61], we aimed to validate
this observation by comparing the colony-forming ability of
WT and moh14 cells after 18 days in water, which mimics
nutrient-depleted conditions (Figure 20). We also included
the MOH1-rescued strains in which MOH1 (moh1-i) or a Flag-
tagged MOH1 (FmohT-i) was reintroduced into the moh74
background to determine whether the insertion of MOH1
rescues the phenotype observed in moh14 cells (Figure 20).
Consistent with earlier findings [32, 33], moh14 cells showed
reduced survival compared to WT cells, while both rescued
strains restored growth (Figure 20). Importantly, the Flag tag
did not impair Moh1p function, confirming that the Fmoh1-i
strain is suitable for protein-level analyses in our subsequent
experiments.

Unlike the reduced ability of moh 14 cells to resume growth
after the stationary phase, moh14 cells were reported to grow
comparatively better than WT cells following DNA damage,
heat shock, and hyperosmotic shock treatments [22]. To further
examine the growth and survival of yeast cells in response to
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