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Preface

This thesis is a bachelor’s degree project in Biology at the Swedish University of
Agricultural Sciences (SLU) in Uppsala. The project corresponds to 15 HP credits
and was carried out during the spring semester of 2026 as part of a Biology
bachelor’s degree. The topic of this study emerged from an interest in
bioinformatics and genetics. The project was introduced to me by the researcher
and my supervisor Levi Yant.

Polyploidy is a common phenomenon in the plant kingdom and has been shown to
contribute to increased genetic diversity and evolutionary innovation. Despite its
importance, many aspects of how individual genes and proteins adapt following
genome duplication events remain insufficiently understood.

This study aims to explore potential signatures of adaptive change in candidate
proteins in autopolyploid plants. The project focuses on identifying amino acid
substitutions that may have arisen or been selected after genome duplication and
examining whether these occur within conserved or functionally important protein
domains.

The work presented in this thesis was carried out by Maximiliam G. Schylander.
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1. Summary

This study investigated amino acid mutations in the SKI2 protein between diploid
and tetraploid Mimulus plants following whole genome duplication (WGD) (See
figure 1). By comparing protein sequences using multiple sequence alignment and
analyzing predicted AlphaFold structures. 12 tetraploid-specific amino acid
changes were found. Most changes were conservative and located in less
functional regions, but three substitutions (S584Y, L918Q, and T1331M) stood
out as strong candidates for potential functional changes.

Abstract

Keywords: Whole genome duplication (WGD), polyploidy, adaptive mutations, RNA helicase, SKI2 protein,
protein structure
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Abbreviations and Definitions

AA - Amino acid

ATP - Adenosine triphosphate

DNA - Deoxyribonucleic acid

MSA - Multiple sequence alignment

RNA - Ribonucleic acid

WGD - Whole genome duplication

SKI2 - RNA helicase protein involved in RNA degradation as part of the Ski
complex

RNA helicase — An enzyme that unwinds RNA molecules using ATP

Polyploidy — A Condition in which an organism contains more than two complete
sets of chromosomes

Diploid — An organism with two sets of chromosomes

Tetraploid - Organism with four sets of chromosomes

Gene duplication — A process in which a gene is copied within the genome
Ortholog - Genes in different species that evolved from a common ancestral gene
Domain - Conserved region of a protein associated with a specific function

PDB - Protein Data Bank

InterPro - Database used to identify protein families and functional domains
AlphaFold - Artificial intelligence system used to predict protein structures
BLOSUMBG62 - Substitution matrix used to evaluate similarity between amino acid
substitutions

FASTA - Text-based sequence file format used for nucleotide or protein
sequences

P-loop - Phosphate-binding loop motif associated with nucleotide (e.g. ATP)
binding in many ATPases and helicases

NTPase - Nucleoside triphosphatase; enzyme domain that hydrolyzes nucleoside
triphosphates such as ATP

SUPV3-like helicase - Annotated RNA helicase-related domain identified in
SKI2

MTR4 - Ski2-like RNA helicase associated with RNA surveillance and the
exosome. Used here as a homologous reference domain annotation

Exosome — A multi-protein complex involved in RNA processing and degradation
TSV — Translated site variant

Resi - Residue

Acidic — An amino acid with a negatively charged pH

Basic — An amino acid with a positively charged pH

Polar — An amino acid interact with water or form hydrogen bonds.
Hydrophobic — An amino acid tends to avoid water.

PyMOL - Molecular visualization software to inspect and see protein structures.



2. Introduction

2.1 Evolution and genetic variation

The diversity of life on Earth is, for the most part, explained through the processes
of evolution and natural selection. Charles Darwin first proposed the theory of
evolution by natural selection, and since then, scientists have understood that
variation among individuals within a population provides the material through
which natural selection can act. Traits that improve an organism’s survival rate or
reproduction success tend to become more common in populations over time
(Darwin,1871).

The theory of evolution by natural selection proposes that all living organisms
share a common evolutionary origin and are built from similar biochemical
components. Modern-day biology has demonstrated and proved that all life on
earth is based on a universal genetic code. This suggests that all organisms could
descend from a common ancestor. Over time, evolution has happened, and genetic
variation has allowed populations to adapt to changing environments and
ecological conditions (Hillis et al. 2011, pp. 2-9).

Genetic variations are thought to arise through several different mechanisms.
Some of these are substitutions, genomic recombination’s, and gene duplications.
Among these processes, gene duplications have been recognized as an important
source of evolutionary innovation. By creating additional copies of genetic
material, the duplication event provides opportunities for genes to change and
acquire new functions without disrupting biological processes. Mutations provide
new raw material for evolution by creating variety (Hillis et al. 2011, pp, 256-
257).

One of the most dramatic forms of gene duplication occurs through whole-
genome duplication (WGD). This is where an organism gains an additional
complete set of chromosomes. Events like this can significantly alter genomic
structure and create new evolutionary opportunities by significantly increasing the
amount of genetic material available for diversification and adaptation. WGD is a
mutation that is dramatic in its course, where the wheat is separated from the
chaff. But research on these latest genetic variations is still in its early stages,
where both positive and negative outcomes still need to be researched and found
(Hamala et al. 2024, p. 1).



2.2 Whole genome duplication and polyploidy

Whole genome duplication (WGD), also known as polyploidization, is a process
in which an organism creates additional complete sets of chromosomes. In diploid
organisms, cells normally contain two sets of chromosomes, one inherited from
each parent. But sometimes errors occur during cell division, particularly during
meiosis or mitosis, and it can result in the duplication of entire chromosome sets,
creating individuals with multiple full.genome copies (Hillis et al. 2011, pp. 224-
234).

Polyploidy is especially common in plants and has played a significant role in
plant evolution). Many plant lineages have experienced one or more WGD events
during their evolutionary history. These events can generate large amounts of
genetic changes, creating new opportunities for evolutionary adaptation or
innovation (Heslop-Harrison et al. 2023, p. 1).

After a whole genome duplication event, organisms suddenly possess multiple
copies of each gene. While some duplicated genes may eventually be lost or
become nonfunctional, others can accumulate mutations and diverge in function
over time and thrive. This can lead to the evolution of new gene functions, or
changes in the gene regulation, increasing the genetic and functional diversity of
the organism and helping it. It is an everlasting question how WGD and its ways
to adapt to new environments will influence evolutionary biology (Hamaéla et al.,
2024, p. 6).

The evolutionary importance of gene duplication was first emphasized by Susumu
Ohno, who proposed that duplicated genes provide the raw material for
evolutionary novelty (Ohno, 1970). According to this idea, while one copy of a
duplicated gene maintains its original function the additional copy may
accumulate mutations that can lead to new biological functions without
compromising essential cellular processes (Ohno, 1970).

Research has shown that whole-genome duplication events are associated with
increased diversification in flowering plants. Polyploidy may allow organisms to
tolerate environmental stress and adapt to new ecological niches by increasing
genetic variation and providing additional opportunities for evolutionary change
(Soltis et al., 2009).

Despite the potential advantages associated with polyploidy, the sudden
duplication of the entire genome can also create challenges for cellular processes.
The presence of multiple gene copies may disrupt gene regulation, protein
interactions, and genome stability. Understanding how organisms adapt to these



genomic changes remains an important and ongoing question in evolutionary
biology.

2.3 SKI2 and Ski2-like RNA helicases

SKI2 is a member of the Ski2-like family of ATP-dependent RNA helicases
whose purpose, among other things, is to identify RNA that is not working as it
should; its main purpose is to clean and unwind threads in the RNA that have
been “entangled” and need to be untangled or cleaned. It is a group of proteins
involved in RNA surveillance, RNA processing, and RNA degradation. In many
organisms, Ski2-like helicases function together with the RNA exosome and play
important roles in directing RNA substrates toward degradation. Structural and
functional studies of Ski2-like helicases, including SKI2 and it’s homolog MTR4
has shown that these proteins contain a conserved helicase-associated regions
involved in ATP binding, RNA binding, and ATP dependent RNA translocation
(Johnson & Jackson, 2013, Quinton et al., 2021). The functional part of Ski2-like
helicases is formed by two RecA domains. These domains are responsible for ATP
binding and ATP movement along the RNA. Outside the core there is an arch and
helical region that helps guide RNA, support the structure, and affect how the
protein changes shape during RNA handling. This makes Ski2 helicases useful for
studying whether amino acid substitutions happen in parts of the protein that may
affect function (Halbach, F. 2012). The study by Quinton et al (2021) identified
proteins necessary for cells that have gone through WGD which are vital for cell
survival. This result opens up for studies about new cancer treatments. Ski2-like
helicases are therefore highly suitable candidates for comparative analyses of
amino acid substitutions in relation to protein function.

SKI2 was selected as a candidate protein in this study since previous work from
the Yant group laboratory identified SKI2 as a strong candidate gene, showing
peaks in amino acid divergence between diploid and tetraploids in the species
Mimulus Guttatus. Because SKI2 contains multiple conserved domains associated
with helicase activity and RNA interaction, it provides a useful system for
investigating whether whole genome duplication may be associated with
functionally meaningful protein divergence. By examining amino acid
substitutions in relation to conserved domains and known functional regions, it is
possible to identify candidate mutations that may be associated with adaptive or
functionally relevant divergence following whole genome duplication. This means
in plain English that researchers are looking for positive selections as the outcome
from whole genome duplications. A positive selection can be that the cell finds a
new way to function which is more adapted to the polyploid state, and it is
important to understand why the change is to the advantage for the cell. The



method is used to map out what the change looks like and also why the adaptation
is to an advantage (Yant et al., 2013)

2.4 Aim and research

The aim of this study is to investigate adaptive change in candidate proteins
following whole genome duplication in autopolyploid plants. By comparing
protein sequences between diploids, tetraploids and well documented species this
study seeks to identify amino acid substitutions that may have appeared after
genome duplication and make hypotheses if these changes occur in conserved or
functionally important protein regions.

2.5 Research questions

This study addresses the following research questions:
1. What are the non-synonymous changes in the coding region?
2. Do tetraploidspecific mutations occur within conserved or functionally
important regions of the proteins?
3. Could these amino acid substitutions potentially influence protein
structure or function?

3. Materials and Methods

3.1 Sequence collection

Protein sequences for the candidate gene SKI2 were given by the Yant laboratory
at the Swedish University of Agricultural Sciences (SLU). The dataset included
sequences extracted from both diploid and tetraploid Mimulus to identify
mutations that could be associated with whole genome duplication.

To give an evolutionary context and see sequence conservation in homologous
genes of SKI2, protein sequences from multiple model organisms were included.
The model organisms are well documented. These model organism species were:
Arabidopsis thaliana, Homo sapiens, Mus musculus, Rattus norvegicus,
Saccharomyces cerevisiae, and Caenorhabditis elegans taken from PDB
2026/03/12.

Well-studied organisms that are distantly related were included, which helped to
identify conserved regions in the protein. These regions areas served as references
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to assess whether amino acid changes occurred in important regions. Literature
and PDB databases were used to study these positions. By comparing known
functions, a hypothesis could be formed about how changes in Mimulus affect
protein structure. Kdgel et al. (2023) was used as a reference to identify different
regions in the alignment and to compare functionally important sites. By using
PDB, it is possible to visualise where in the 3D physical structure the amino acid
replacements are placed (Berman et al., 2000).

3.2 Multiple sequence alignment

Protein sequences were aligned using the MAFFT multiple sequence alignment
algorithm, which was run in a Linux (Ubuntu 22.04 LTS) environment. The
alignments were then imported into Geneious (version 2026.0.2) and Jalview
(version 2.11.5.1) to help visualize and inspect. These tools were used to examine

sequence conservation and to compare amino acid differences (Katoh & Standley,
2013).

The alignments were manually inspected to ensure that conserved regions and
functional domains, were aligned. Special attention was given to positions where
amino acid changes differed between diploid and tetraploid Mimulus sequences.
Mutations occurring within known functional regions of the protein were
considered of a higher priority of interest. PDB was used for structural reference,
while published literature was used to interpret functional importance.

By comparing the locations of observed amino acid mutations with functional
domains it was possible to prioritize mutations in regions likely to influence
protein structure and/or function. These positions were analysed as candidate
mutations potentially associated with WGD.

3.3 Domain annotation

Functional domains within the SKI2 protein were identified using domain
prediction tools and previously published literature on RNA helicases. Domain
functions were obtained from databases such as InterPro (Paysan-Lafosse et al.,
2023) and Protein Data Bank (PDB) resources describing the protein's functions
in detail in other more well documented species.

Particular attention was given to conserved domains characteristic of Ski2like
RNA helicases, like the DExH helicase core, the arch domain, and the Cterminal
MTRA4like region which are known to play roles in ATP binding, RNA binding,
and helicase activity.
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3.4 Identification of amino acid substitutions

Amino acid substitutions were identified through analysis of the aligned
sequences. Positions were examined to detect mutations present in tetraploid
Mimulus sequences but not in the diploid reference sequence.

Candidate changes in amino acids were annotated and evaluated based on their
location within the protein sequence. Priority focus was given to mutations
occurring within conserved regions or known functional domains as these changes
may have potential functional significance.

3.5 Analysis of Amino Acid Substitutions and Structural
Impact

To identify mutations with a high potential for functional impact, amino acid
changes in the SKI2 protein were first evaluated based on their physicochemical
difference. Changes were classified as either conservative or non-conservative
using amino acid property classes (e.g., acidic, basic, polar, and hydrophobic) and
established metrics such as the BLOSUMG62 matrix (See Figure 2) and the
Genetic code table (See Figure 3). This allowed for the prioritization of mutations
likely to cause significant evolutionary or chemical differentiation.

3.6 Alphafold and PyMOL

To further investigate these findings, three-dimensional structures of the SKI2
protein were used. Protein homology models were created using AlphaFold
version 3.0 on the Czech national HPC MetaCentrum. The reduced database was
used with a model preset of monomer and a maximum template data of 2021-09-
30. (Varadi et al., 2022). Two protein homology models were created using
AlphaFold version 3.0 on the Czech national HPC MetaCentrum. The reduced
database was used with a model preset of monomer and a maximum template data
of 2021-09-30. Separate models were produced for the diploid (2n) and tetraploid
(4n) Mimulus lineages. This made it possible to compare how amino acid
mutations were positioned in the predicted protein structures. The models were
then imported into The PyMOL Molecular Graphics System, Version 3.0
Schrdodinger, LLC for visualization and inspection. In PyMOL the positions of
candidate amino acid mutations were mapped onto the predicted structures and
examined one by one (see table 2, figure 4, figure 5). This was done to see
whether the mutations were located in exposed outer regions, structured domains,
or close to known functional regions such as catalytic sites. Special attention was
given to mutation that were near the helicase core, ATP-binding motifs, RNA-
interaction surfaces or other conserved regions previously identified from domain
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annotation and published studies of SKI2-like helicases. The PyMOL models
were also used to assess if residue appeared to face outward toward the protein
surface or inward toward the protein core. These observations were used to
support interpretations and to help make a hypothesis of whether the mutations
changed the functional part of the protein.

4. Results

4.1 Amino acid substitutions identified in SKI2

A comparison of the SKI2 protein sequences from diploid and tetraploid Mimulus
plants was made. 12 high frequency changes were identified in the proteins’
amino acids. Some of these changes are in the functional regions of Ski. While
others are in the outer areas according to the InterPro prediction (Table 1).

Multiple mutations were found within functional regions. These include the
SUPV3, P-loop regions and the C-terminal MTR4 segment. Focus was placed on
these changes because they occur in conserved regions. Mutations in these areas
are more likely to alter how the protein functions compared to changes in less
important regions.

4.2 Structural mapping of substitutions in predicted SKI2
models

In the predicted AlphaFold structure the SKI2 has the an wild shape (see figure 4
and 5) similar to other Ski2-like RNA helicase. The functional core of the protein
is formed by the RecA1 and RecA2 domains. These two domains are probably
responsible for ATP binding, ATP movement and RNA handling. Outside of this
core domain SKI2 has an N-terminal domain, an arch-associated domain, and a
helical domain. These parts help guide RNA, support the structure and affect how
the protein changes shape. The model was used to see where the amino acid
mutations are located. They are spread across several parts of the SKI2 protein in
the N-terminal, the RecA1, RecA2 core, the arch, and the helical region. Some of
these changes are conservative and located on the protein's outer surface. This
means the amino acid changed keeps similar properties and is less likely to
strongly change protein structure or function. Some mutations caused clear
chemical changes and were in more important structures and functional parts of
the protein.

The M138L mutation is in the N-terminal region. This is a conservative change
between two hydrophobic amino acids (BLOSUMG62 = 2). It is not expected to
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significantly change the chemical properties. In the AlphaFold model residue 138
is on a small helix and is faced outward (See figure 6). Comparing with the
human SKIV2L reference shows that this region is near the hSKI2 wedge
segment (specifically residue W146 and G147). This means M138L is located
near a regulatory region.

The E271D change is also in the N-terminal region. This is a conservative change
between two acidic amino acids (BLOSUMG62 = 2). In the AlphaFold model
residue 271 is on a flexible loop and is faced away from the protein(See figure 7).
No functional residues were found in the human SKIV2L reference that is close to
this area.

In the RecA1l region of the SKI2 the [468M change was found. This is a
conservative change between two hydrophobic amino acids (BLOSUMG62 = 1).
Even if this is a small change the AlphaFold model shows that residue 468 is in an
important position on the protein structure. It is on a loop at the surface, and it is
faced toward the helicase (See figure 8). In comparison with human SKIV2L
shows that many important residue (such as 1402 and S405) are located closely to
this mutation. In humans, these residue are linked to RNA handling and the state
of the protein's normal structure. This probably means that [468M is located in a
functional part of the protein.

The S584Y change is in the RecA2 of the SKI2. This is a non-conservative
change where a small polar residue is replaced by a larger aromatic residue
(BLOSUMG62 = -2). It is one of the more chemically stronger changes found in
the tetraploid sequences. In the AlphaFold model, residue 584 is on a loop at the
proteins surface and is faced outward (See figure 9). When compared to the
human SKIV2L reference the closest functional residue is hSKI2 R483. This
residue is part of a hotspot for ATPase function. Although S584Y does not directly
sit on a known functional site its location could mean it occurs in a structurally
and functionally important part of the RecA2.

The E591D change is also located in the RecA2 region. This is a conservative
change between two acidic amino acids (BLOSUM®62 = 2), meaning that it is only
a small chemical effect. In the AlphaFold model residue 591 is on an exposed
loop on the surface of the protein (See figure 10). It is faced outwards rather than
toward the core that looks almost as it is buried. This region is near the hSKI2
R483 hotspot in the human reference. E591D does not overlap a known functional
region.

In the arch region was a E§97D mutation. This is a conservative change between
two acidic amino acids (BLOSUMSG62 = 2) meaning a small chemical effect. In the
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AlphaFold model residue 897 is on a helical element and is faced outward from
the protein (See figure 11). When comparing this site to the human SKIV2L
reference we found no functional residue in the area. The closest known
functional sites are located further away.

The L918Q change is also located in the arch. This is a non-conservative change
from a hydrophobic residue to a polar uncharged residue (BLOSUMG62 = -2). It is
one of the most chemically different changes found. In the AlphaFold model
residue 918 is on a helical segment that connects the arch to the rest of the protein
(See figure 12). Comparison with the human SKIV2L reference shows that the
nearest functional site is R888 (equivalent to Mimulus 976). L918Q does not
really overlap this site. but it clearly introduces a chemical change in the arch
region.’

Several additional changes were found in the arch region forming a cluster in part
a of the protein. One is V1004A it is located on a distant loop away from the
center of the protein. This is a conservative change where a valine is replaced by a
smaller alanine. This means only a small chemical effect. In the AlphaFold model
the side chain is faced inward (See figure 13). This indicates that the residue may
still be important for local structural bonding. When compared to the human
reference the nearest functional site is pretty distant. No functional residues were
found directly in this position.

The V1015I change is located nearby in the same arch. This is a conservative
change between two hydrophobic amino acids (BLOSUMG62 = 3) meaning very
little chemical change. AlphaFold places residue 1015 on a loop within the protein
in an accessory region. It is faced inward toward the surrounding structure and the
helicase (See figure 14). Similar to V1004A no functional residue’s were found in
the human reference in this position.

The V1026A change is also in the arch. This is a conservative change where a
valine is replaced by a smaller alanine (BLOSUMG62 = 0). This means there is
only a minor change in the protein’s properties. In the AlphaFold model residue
1026 is part of a structure rather than a loop (see figure 15). It sits close to a
nearby helical segment. Like the previous two sites no functional residue was
found in the human reference close to this position.

The V10431 change is also located in the arch. This is a conservative change
between two hydrophobic amino acids (BLOSUMG62 = 3) meaning a very small
chemical effect. In the AlphaFold model residue 1043 is positioned on a loop and
is faced outward (See figure 16). As with the other sites, no functional residues
were in the human reference that directly overlap this position. Together,
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V1004A, V10151, V1026A and V10431 form a cluster in the same region. They
are all located in outer parts of the protein relatively distant from any mapped
functional parts.

The final mutation T1331M is located in the helical domain. This is not a very
conservative change from polar to a hydrophobic amino acid (BLOSUM62 = -1).
This shows a clear change in the chemical properties of the site. In the AlphaFold
model residue 1331 sits on a helical element and is faced outward (See figure 17).
According to the human SKIV2L reference this region is near surfaces used for
RNA interaction and the RNA-exit area. Specifically, it is close to residue’s that
correspond to positions 1308 and 1318 in the human protein. T1331M occurs in a
structured part of the helical domain right next to a functionally important region.

To sum up the result of the AlphaFold mapping. The most significant chemical
changes occur in the RecA2, arch, and helical domains. Other, more conservative
changes form a cluster in the arch-associated accessory region. Overall, the
mutations range from small changes in exposed outer areas to more important
mutations in the organized parts of the protein's framework.

5. Discussion

The structural analysis shows that the changes in the tetraploid sequences do not
all have an equally big effect on SKI2’s function. Most mutations are conservative
and located in outer regions. These changes are less likely to have an impact on
SKI2’s function. In comparison to more significant chemical changes that are
located in better characterized regions. These sites are stronger candidates for
explaining how the protein’s function could have changed.

The M138L mutation is a conservative change. Based on its chemistry alone it is
unlikely to have an effect on SKI2 function. The residue is faced outward
meaning it does not disrupt the protein's core. But its position in the N-terminal
region is close to the hSKI2 wedge segment. In humans, this segment is part of a
module that helps the protein handle RNA and separate it. M138L is a lower
priority candidate, and the mutation probably doesn’t affect the protein’s function
at all. But it is possible it could affect the separation of the RNA through subtle
changes in the protein’s flexibility.

Even if [468M is a conservative change, its structural position says it could still be

functionally relevant. The change is in the RecAl helicase on a loop turned
toward the protein's center. This means that it may affect local packing or how
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different parts of the protein connect rather than being a simple change on the
surface. [468M is close to several residue’s (like as 1402 and S405) that are
known to be important in human SKIV2L. In humans these residues help the
protein handle RNA and change its shape. While 1468M likely does not stop the
protein from working it could in some ways change how the RNA-handling
region moves. This could affect how efficiently the protein uses ATP to move
along the RNA strand.

S584Y is one of the most interesting mutations in the study. It is a large chemical
change and in an interesting location in the conserved helicase. Replacing serine
with tyrosine means a much larger side chain with different hydrogen bonding
abilities. This makes it more likely to affect the protein structure than the smaller
changes seen in the other places. The AlphaFold model shows that residue 584
sits on an outward-facing loop rand not deep inside the core but this doesn’t mean
that it is neutral. In Ski2-like helicases, loops can affect how the protein changes
shape, how the RNA is formed or its bonding abilities. Because S584Y is located
in the RecA2 close to an important site in human SKIV2L reference, it could
affect how efficiently the protein moves along the RNA strand by changing the
behavior of the loop or the chemistry of its surface.

By itself E591D a very strong candidate in this study. The mutation is chemically
conservative keeping the same acidic and negative charge. The AlphaFold model
also shows that the residue is located on an outward facing loop instead of deep
inside the helicase. These features could mean it does not have a direct effect on
protein stability or function. But its position in the RecA2 might still be important
in a broader context. Surface loops in helicase domains can contribute to
flexibility or how the surface interacts during RNA shift. E591D is best described
as a little change. Its importance likely depends more on it being in the same
important region as other, stronger changes such as S584Y but on its own E591D
likely has no important function.

E897D is unlikely to be a functional change. The mutation is chemically
conservative. The AlphaFold model shows the residue is in an outward facing
position on a helical element. No important residue’s from the human SKIV2L
reference were found closely to this region. The most likely result is that ES97D
has little direct effect on SKI2’s function. It could be a minor change to the
protein's surface or bonding. While the arch region can be important, the
structural evidence does not mean that E897D is a high-priority candidate
compared to the other changes.

L918Q is one of the most interesting mutations in this study and a strong
candidate. It is a significant chemical change with a location in an important part
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of the arch. Replacing leucine with glutamine adds polarity to a spot that is
normally hydrophobic. This change could affect how the protein folds or how the
segment behaves. L918Q might have an impact on the structure. It is also in the
broader arch region near the KOW fold that helps guide RNA and regulate how
the protein changes shape during RNA handling. This makes this region more
interesting. L918Q could affect how the arch region is positioned or how it moves
during RNA handling. Because the arch helps regulate the protein, L918Q is one
of the most exciting changes in our data. A possible hypothesis is that this
mutation affects how the arch region is held together or how it moves rather than
directly changing catalytic activity.

The mutations between positions 1004 and 1043 are best seen as a together
instead of as individual mutations. In the alignment these changes are grouped
together in the same arch associated region. Most of them are conservative
changes and on their own they probably do not have any effect on SKI2’s
function. But because they close together in the same part of the protein they may
still be important as a combined force of change. A possible hypothesis is that
these mutations together affect how this arch-associated accessory region is held
together or how it moves. This could cause small changes in local folding
flexibility or the positioning of this part during RNA handling. Even if each
mutation by itself makes little difference. The combined effect of several changes
in the same region could create a structural change in this part of the protein.

T1331M is one of the most interesting mutations in this study. Together with
L918Q it is one of the strongest candidates. It is both a clear chemical change in
an important region and near a functional part of the helical domain. Replacing
threonine with methionine removes a polar side chain. This adds a larger
hydrophobic one. This changes the surface properties and could change how the
helix interacts with other parts of the protein. The AlphaFold model shows that
the residue is outward, it might still be functionally important. This is very
important since it is in a region linked to RNA interactions and the RNA exit path
in the human protein. While T1331M is probably not going to be a direct catalytic
mutation, it could influence the helicase surface chemistry or the way the protein
changes shape during its work. Because of its chemistry and its location, T1331M
stands out as one of the most exciting changes in my data.

In summary, the strongest candidates in this study are S584Y, L918Q, and
T1331M. If taking all amino acid substitutions in tetraploid Mimulus SKI2 it
probably hasn’t lost its functionality. They suggest more subtle tuning after
whole-genome duplication. Most of the substitutions are conservative and are
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located in exposed or outer regions of the protein. This means they are less likely
to strongly affect function. A smaller number of the substitutions involve bigger
chemical changes and are in more functionally important domains. The main
ATP-dependent RNA helicase function of SKI2 is probably still the same but the
parts of its RNA handling may have changed. This could affect RNA binding,
RNA movement along the protein, unwinding or how the protein changes shape in
RNA handling. This can be important after whole-genome duplication where cells
have to handle changes in gene amounts and how much RNA is produced.
Because SKI2 is involved in RNA surveillance and RNA degradation even small
changes of its efficiency or regulation ability could help the cell maintain RNA
stability when it’s polyploid (Halbach, F. 2012).

5.1 Future studies

Future studies should investigate these candidate changes in wet lab experiments
to test if they have functional effects on the SKI2 protein. This could include
testing how the strongest candidate mutations affect RNA handling, ATP- activity,
protein stability or helicase function. More structural analysis can be done by
examining charge and hydrophobicity in the AlphaFold. This can give a better
understanding of how the changes may change local surface chemistry, structural
interactions or movement in important regions of the protein. Together, this would
determine whether the predicted structural differences have real biological effects.
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/. Popular summary

Whole genome duplication (WGD) is when an organism gains one or more of a
full set of chromosomes. This is a common event in plants and can create both
opportunities but also disadvantages. This project looked at the protein SKI2 in
Mimulus Guttatus plants to see if they had changed after going though WGD. The
SKI2 protein that was looked at is involved in RNA degradation. Meaning its
function is to remove faulty RNA.

Most of the amino acid changes in the tetraploid SKI2 were small and probably
doesn’t affect protein function. A few of the mutations stood out as stronger
candidates. These were S584Y, L918Q, and T1331M. These may have caused
subtle changes in how the protein functions. To summarize the results suggest that
SKI2 has probably kept its main function after WGD but might have gone through
small changes that could be important to adapting to a polyploid state.

8. Figures

Table 1
Identified amino acid mutation changes between diploid and tetraploid SKI2
protein sequences. Summarizes amino acid position, residue change, chemical
change, BLOSUMG? score, and predicted domain location.
Positio Diploi Tetraploi Hydrophob BLOSUM Zone / Domain Priorit
n dAA dAA ic / Polarity 62 Score y

Change

138 M IL, Hydrophob 2 Outside Low
ic — annotated
Hydrophob domain
ic (no
major
polarity
change)

271 E D Acidic 2 ATPdependent Mediu
polar RNA helicase m
(negative) SUPV3like
— Acidic
polar
(negative)
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468 Hydrophob 1 ATPdependent Mediu
ic — RNA helicase m
Hydrophob SUPV3like /
ic (no DEADDEAHbD
major 0X helicase
polarity domain
change)

584 Small polar -2 ATPdependent  Very
uncharged RNA helicase High
—  Bulky SUPV3like /
aromatic, Ploop
weakly containing
polar nucleoside

triphosphate
hydrolase

591 Acidic 2 ATPdependent Mediu
polar RNA helicase m
(negative) SUPV3like /

— Acidic Ploop

polar containing

(negative) nucleoside
triphosphate
hydrolase

897 Acidic 2 ATPdependent Mediu
polar RNA helicase m
(negative) SUPV3like
— Acidic
polar
(negative)

918 Hydrophob -2 ATPdependent High
ic — Polar RNA helicase
uncharged SUPV3like /

near Exosome
RNA helicase
MTRA4like,
betabarrel
domain

1004 Hydrophob 0 ATPdependent Mediu
ic — RNA helicase m
Hydrophob SUPV3like /

near Exosome
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ic (smaller

RNA helicase

side chain) MTRA4like,
betabarrel
domain
1015 V Hydrophob ATPdependent Low
ic — RNA helicase
Hydrophob SUPV3like /
ic (no near Exosome
major RNA helicase
polarity MTR4like,
change) betabarrel
domain
1026 V Hydrophob ATPdependent Mediu
ic — RNA helicase m
Hydrophob SUPV3like /
ic (smaller near Exosome
side chain) RNA helicase
MTRA4like,
betabarrel
domain
1043 V Hydrophob ATPdependent Low
ic — RNA helicase
Hydrophob SUPV3like /
ic (no near Exosome
major RNA helicase
polarity MTRA4like,
change) betabarrel
domain
1331 T Polar ATPdependent High
uncharged RNA helicase
— SUPV3like /
Hydrophob ATPdependent
ic RNA helicase
Ski2/MTRA4,
Cterminal
region
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Table 2
Colors used in the predicted SKI2 3D models. Categorizes color to structural

regions, mapped important residues, and tetraploid-specific substitutions in the
AlphaFold models.

Pink Arch
Blue RecA1l domain
Purple RecA2 domain

Light green  Helical domain

Grey N-terminal region

Yellow Functionally mapped reference residues/highlighted
important sites

Red Tetraploid-specific mutations analyzed in this project
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Figure 1
Picture of Mimulus Guttatus.
Source - Yant, Levi (2025)
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BLOSUMG2 matrix

ARla A 4

Arg R -1 5

Azm W -2 0 &

Bsp D -2 -2 1 6

CysC 0 -3 -3 -3 9

@ln Q-1 1 0 0-3 5§

GluE -1 0 0 2 -4 2 &

Gly G 0 -2 0 =1 -3 =2 =2 &

His H -2 0 1-1-3 0 0-2 8

Ile I -1 -3 -3 =3 =1 =3 =3 -4 =3 {4

Leu L -1 -2 -3 -4 -1 -2 -3 -4 -3 2 4

Lys E -1 2 0-1-3 1 1-2-1-3-2 5

Met M -1 -1 -2 -2 -1 0 -2 -3 =2 1 2 =1 5

Phe P -2 -3 -3 -3 -2 -3 -3 -3-1 0 0-3 0 &

Pro P =] =2 =2 =] =3 =] =] =2 =2 =3 =3 =] =2 =4 7

S8er 8 1 -1 1 0-1 0 0 0-1-2-2 0-1-2-1 4

Thes T 0 -1 0 -1 -1 -1 -1 -2 -2 -1 -1-1-1-2-1 1 &

I'rp¥®W -3 -3 -4 -4 -2 -2 -3 -2 -2 -3-2-3-1 1-4 -3=211

Ty ¥ -2 -2 -2 -3 -2 -1-2-3 2-1-1-2-1 34-3-2-2 2 7

Valv 0 -3 -3 -3 -1 -2 -2-3-3 3 1-2 1-1-2-2 0-3-1 4
A R N D C Q E 6 HI L EMTPFUP S5 TWTY V

Figure 2

BLOSUMG? substitution table used to see amino acid changes. Positive scores
indicate more common or conservative substitutions while negative scores
indicate less common or more chemically distinct substitutions.

Source - Guidi, Giulia (2020)
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Figure 3.

Genetic code table illustrating codon-to-amino acid assignments and examples of
mutation types. Amino acids are grouped according to general physicochemical
properties like basic, acidic, polar, and nonpolar/hydrophobic.

Source - Hdaggstrom, Mikael (2014)
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Pink

Blue

Purple

Light green

Grey

Yellow

o a  Red

Figure 4 Diploid SKI2

Arch

RecAl domain
RecA2 domain
Helical domain
N-terminal region

Functionally mapped reference residues‘highlighted
important sites

Tetraploid-specific mutations analyzed in this project

Predicted AlphaFold structure of the Diploid SKI2 protein visualized with
PyMOL. Major structural regions are colored to distinguish the N-terminal
accessory domains and the central helicase core (See table 2).
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Grey

Yellow

Figure 5 Tetraploid SKI2

RecAl domain

RecA2 domain

Helical domain

N-terminal region

Functionally mapped reference residueshighlighted
important sites

Tetraploid-specific mutations analyzed in this project

Predicted AlphaFold structure of the tetraploid SKI2 protein visualized with
PyMOL. Major structural regions are colored to distinguish the N-terminal
accessory domains and the central helicase core (See table 2)
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Figure 6 Residue #138
Zoom structural view of the residue 138 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the N-terminal region.

Figure 7 Residue #271
Zoom structural view of the residue 271 substitution in the SKI2 model. The
residue is shown as a red stick and is located in a flexible loop.
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Figure 8 Residue #468
Zoom structural view of the residue 468 substitution in the SKI2 model. The
residue is shown as a red stick and is located within the RecAl region

X ¢

S584Y —

ESS1D——

Figure 9 Residue #584
Zoom structural view of the residue 584 substitution in the SKI2 model. The
residue is shown as a red stick and is located within the RecA2 region.
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Figure 10 Residue #591
Zoom structural view of the residue 591 substitution in the SKI2 model. The
residue is shown as a red stick and is located within the RecA2 region.
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Figure 11 Residue #897
Zoom structural view of the residue 897 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch region.
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V1043l

Figure 12 Residue #918
Zoom structural view of the residue 918 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch-associated region.

V1004A

Figure 13 Residue #1004
Zoom structural view of the residue 1004 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch-associated region.
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V1015l

Figure 14 Residue #1015
Zoom structural view of the residue 1015 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch-associated region.

V1004A

L918Q
Figure 15 Residue #1026

Zoom structural view of the residue 1026 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch-associated region.
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V1026A

Figure 16 Residue #1043
Zoom structural view of the residue 1043 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the arch-associated region

T1331M

Figure 17 Residue #1331
Zoom structural view of the residue 1331 substitution in the SKI2 model. The
residue is shown as a red stick and is located in the helical domain.
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