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F-box motif encoding genes as targets for the development of stress-tolerant traits
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Stress tolerance is a useful trait actively sought by the bioprocess industry for biofactories dealing with bioconversion of
varied raw materials or carbon sources. Fungal or yeast species are useful in bioconversion and are sustainable bioresources
for biochemicals and biofuel production. Genetic manipulation strategies are in practice to enhance the tolerance against
stress agents for the improved bioconversion process. In this review, we highlight the importance of the F-box motif
encoding genes and their interactions in imparting the stress tolerance phenotype to the yeast species. The F-box motif
proteins constitute a part of the SCF-E3 ligase complex and are involved in the recruitment, and ubiquitination, followed by
degradation of the substrate proteins by the 26S proteasome. It highlights the current scenario on the F-box motif encoding
genes and their interaction partners as targets for the stress tolerance phenotype in the yeast and plant species and their

utility in the bioconversion processes.
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The bioprocess industries are multibillion-dollar
growing enterprises. The current and future
sustainability goals also favor bio-based industries for
the production of industrial biopharmaceuticals, green
chemicals, and biofuels. Fungal strains, including
Saccharomyces cerevisiae (Brewer's Yeast), have
been very useful in the bioprocess industry. The
fungal strains used in the industry face many
challenges, such as byproduct toxicity, metabolic
stresses, and changes in pH and oxygen levels in the
surrounding of the biofactory, therefore, impacting
the product yields and efficiency'.

The bioprocess industry requires cost-effective
technologies. The biological strains are the backbones
of the bioprocess industry that convert substrates into
products. To minimize the cost industries are in
constant need of biological strains which exhibit
stress-tolerant or resistance traits to toxic byproducts
for the optimization of product generation for the
industry. The industrially important S. cerevisiae
yeast species’ requires the development of the stress
tolerance phenotypes which are the most sought traits
for the bioprocess industry”.
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There are varieties of methods in use for the
generation of the stress-tolerant strains, such as
isolation from the extreme environment®,
experimental evolution’, one-step mutagenesis®’, and
cross-kingdom competition’®. The yeast strains
isolated from the extreme environment are unsuitable
for direct use in the industrial bioprocess as the
industrial environment is quite complex compared to
the environment. The utility of such strain in the
complex industrial environment requires genetic
modification or synthetic biology tools. However,
such tools have their limitation and host limitations.
The stress tolerance phenotype is considered as
polygenic trait and unearthing of genetic determinants
needed multiple approaches'>*!".

Here, in this review, we provide evidence and
propose that the F-box motif encoding genes in the
combination of other genetic determinants could be
attractive targets for the development of stress-
tolerant traits in the yeast, fungi, and plant species.

F-box motif and molecular function

The F-box protein motif is observed in the proteins
of the eukaryotic origin from yeast to humans, that is
approximately 50 amino acid long conserved stretch
at the N-terminus region'?. The F-box motif was first
observed in the cyclin F protein of the S. cerevisiae'
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which forms the part of the SCF E3 ligase complex of
the ubiquitin-proteasome system (UPS)'>. The SCF
E3 ubiquitin ligases are a tetrameric complex (Fig. 1)
which includes, Skpl (S-phase kinase-associated
protein 1), Cull (Cullin 1) adaptor protein, RING
proteins as a scaffold protein, and F-box substrate
recognizing protein, where F-box motif interacts with
the Skp1'*. The number of genes encoding the F-box
motif is enormous in the eukaryotic kingdom and
their numbers vary according to the species'’. The
genome of Arabidopsis thaliana encodes almost 700
F-box motif proteins, C.elegans, 500 F-box motif
proteins, Drosophila melanogaster 33 F-box motif
proteins, Homo sapiens 69 F-box motif protiens and
S.cerevisiae, 21 F-box proteins (Table 1)'°. These F-
box motif proteins regulate several biological
processes through catabolic action (Fig. 2), such as
glucose metabolism, DNA replication, cell cycle
process, protein degradation, circadian clock
regulation, genome stability regulation, and stress
response’’

The F-box motif-containing proteins through their
C terminus protein-protein interaction domain recruit
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Fig. 1 — Schematics of the tetrameric complex of SCF-E3 ligase.
[The F-box motif protein interacts with the Skpl of the complex

the phosphoproteins for ubiquitination'®'®. Based on
the observed protein-protein interaction domain at the
C terminus region, the F-box motif proteins of
S. cerevisiae are grouped into three categories: FBXL
class containing leucine-rich repeats (LRR), FBXW
class containing tryptophan-aspartic acid (WD)
repeats, and FBXO class containing other protein-
protein interaction domains (Fig. 3)". The targets of
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Fig. 2 — Role of F-box motif proteins in the indicated biological
processes. [The F-box proteins have been implicated in the
biological process which determines the response to the stress
thus indirectly involved in the stress response]

Fig. 3 — The F-box motif proteins of Saccharomyces cerevisiae

through the N-terminal F box motif whereas the C-terminus with C terminus protein-protein (Leucine-rich repeat, LRR,
domain recruits the substrate proteins for ubiquitination] WD40 and other domain) interaction domains.
Table 1 — List of F-box motif encoding genes of Saccharomyces cerevisiae and associated gene ontology terms.
F-box motif genes Gene ontology terms Associated genes GO ID
UFO1, MFB1, PFUI, CDC53CDC34, SCF-dependent proteasomal  UCCI, AMNI, DIA2, DAS1, CDC34, GO:0031146
DASI, YDRI31C, SAF1, ROYI, HRT3, ubiquitin-dependent protein ~ MDM30, PFUI, MET30, HRT3,
ELAI, SKP2, MDM30, CTF13, UCCI, catabolic process UFOI, GRRI1,SAF1, CD(C4,
RCYI1, MET30, CDC4,GRR1, DIA2, YDRI131C, CDC53, MFB1
AMNI
Response to methylmercury  UCCI, HRT3, UFOI, GRRI GO:0051597
Organonitrogen compound CDC34, DASI, DIA2, AMNI, UCCI, GO:1901564

metabolic process

[Source: SGD]

MET30, MDM30, PFUI, ELAI,
SAF1, HRT3, UFOI, SKP2, GRRI,
YDRI31C, MFB1, CDC53, CDC4
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the many F-box motif proteins of each species remain
to be identified for the understanding of their detailed
role in the biological process.

F-box proteins and Stress tolerance

The common function of the majority of F-box
proteins in the eukaryotic kingdom is to remove the
specific target proteins after attaining the function or
upon signal transduction. The deletion or over
expressions of each of the F-box motif encoding
genes have varied phenotypes ranging from alteration
of cell morphology to stress tolerance both in yeast
and fungi (Fig. 4).

During industrial processes such as fermentation,
fungal strains are subjected to many environmental
stresses viz. oxidative, osmotic, and nutrient stress.
This stress can lead to damage to macromolecules and
alteration in the gene transcriptional program to adapt
to the environmental changes for survival. For
adaptation to the environmental changes, yeast cells
apply a variety of stress-tolerant mechanisms such as
alteration of transcriptional pattern of the genes
involved in the stress response, changes in the
concentration of stress protectants, alteration of
membrane composition, post-translation modification
of proteins, and inhibition of the translational
mechanisms**=*,

Biological processes such as the ubiquitin-
mediated protein degradation process have been
associated with stress tolerance in plant species™*
and yeast’’. The SCF E3 ligases have been implicated
in the regulation of stress response as well>. The SCF
E3 ligase complex component, F-box proteins are
associated with the stress tolerance in the phenotype
in the S. cerevisiae. However, the deletion of the F-
box motif encoding gene and other biological process-
related genes together could also contribute to the
stress tolerance phenotype albeit their utility in the
industrial process needs to be investigated.
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Ethanol

Fig. 4 — F-box proteins and stress agents. [The deletion of the F-
box motif encoding gene or overexpression is implicated in the
tolerance to the indicated strains]

Genetic interactions of F-box motif encoding genes and stress
response

The ablation of two genes together when results in
different phenotypes compared to single-gene deletion
indicates a functional relationship between both the
genes which is termed genetic interaction®®. The gene-
gene interactions at the global level have been
instrumental in assigning the role of genes in the
various biological processes”’. F-box motif proteins
impact various biological processes, such as DNA
Replication®®?, metabolism™, and stress response’’.
The stress adaptation or tolerance requires the
rewiring of the genetic networks in the absence of key
molecules as the cell has an alternate robust
mechanism to deal with the stress condition. The
recent studies from our group””*’ and others™
indicate the F-box motif gene as an attractive target
for the stress tolerance phenotype. The study by
Sharma ef al* shows that key transcriptional
regulator RLM1 genetically interacts with the F-box
motif encoding gene SAFI to regulate the stress
response and genome stability. In this study, the
authors show that ablation of both the genes (SAFI
and RLMI) together results in a stress tolerance
phenotype in the S. cerevisiae which could be
important for industrial application. In another study
by Pandita er al”, the F-box motif protein Uccl,
characterized as the glyoxylate pathway regulator
encoded by UCC! genetically interacts with the SRO9
which encodes a protein product, that is involved in
the RNA biogenesis’. The genetic interaction
between UCCI and SRO9 regulates the response to
oxidative, alternate carbon metabolism stress, and
growth rate. The study also shows that the absence of
both the genes together contributes to the stress
resistance. Another study by Shoket et al.*® shows that
genetic interactions between F-box motif encoding
YDRI31C and RTGI which encodes for a protein
involved in the retrograde signaling, regulates the
response to oxidative, genotoxic and cell wall
stressors. In the study, the authors show that ablation
of both the genes together (YDRI3IC and RTGI)
contributes to the stress tolerance phenotype. The
stress tolerance traits in the strains lacking the F-box
motif gene and interaction partners are further
supported by the induced apoptosis assay in both the
studies”™ (Table 2).

The F-box motif proteins or genes are emerging as
attractive targets for the stress tolerance phenotype as
indicated in recent studies (Table 2). Based on recent
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Table 2 — Recent literature on the role of F-box proteins in stress response in (A) Yeast; and (B) Plants

Name of Gene and Species

(A) Yeast
SAF1/S. cerevisiae
YDRI131CI/S. cerevisiae
UCCI/S. cerevisiae
Met30/S.cerevisiae
Fbpl/C. neoformans
Dia2/S.cerevisiae

(B) Plants
At5g15710/Arabidopsis
AT2G16220/Arabidopsis
At1g08710/Arabidopsis
LTSF1I and LTSF2/Capsicum chinense
SaFbox40, SaFbox51, SaFbox136 and SaFbox170/Sedum alfredii
TaFBAl, Triticum aestivum
MdMAX?2/Arabidopsis

[Source: PUBMED]

Stress Tolerance PMID

Cell wall and Osmo stress
Osmo and genotoxic stress

34627408, 34627408
34309121, 34309121

-do- 33797855
Heavy metal Stress 32817489
SDS Stress 21478432

Genotoxic stress 23172854, 16751663

Salt and Drought stress 34655724
Arsenic stress tolerance 33340971
Drought stress 33360542
Low-temperature stress tolerance 32933000
Cadmium stress tolerance 33542339

Heat stress tolerance, Oxidative stress 29740462, 25906259
General stress response 27909441

emerging literature and the detailed role of F-box motif
proteins in the regulation of wvarious biological
processes, It is proposed that they could be studied for
the development of the stress-tolerant phenotypes in
the industrially important fungal species.

Conclusion

The stress tolerance traits development in the
industrially important yeast or fungal species is the
most desired research endeavor for the bio-based
industries. We propose that the F-box motif encoding
genes along with their interaction partners can be an
attractive target for the development of stress-tolerant
traits in the industrially important yeast or fungal
species. The approach could be either transitional
genetic manipulations or the CRISPER/Cas9 genome
editing tools. Further, the strains obtained can be
optimized for product generation through the
fermentation process or can be utilized for research
purposes.
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