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Abstract

Membrane trafficking proteins are essential for organelle communication. However, whether
different functional classes evolve under distinct evolutionary pressures remains unclear. In order
to investigate this, eight protein families (ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, Rab
GTPases, VPS4, SNAREs and tetraspanins) were taken across Saccharomyces cerevisiae,
Arabidopsis thaliana and Homo sapiens. Sequence identity, domain architecture, motif
conservation, phylogenetic relationship, structural overlays and intrinsic disorder patterns were
inspected to find out which features remain conserved and which are not. The investigation
showed a clear hierarchy where the catalytic proteins (Rab GTPases, VPS4) showed high
sequence identity, near perfect motif conservation along with strong structural similarity.
However, structural proteins (ESCRT-I, II, IIl and SNAREs) showed moderate conservation with
preserved folds despite sequence divergence. And finally the regulatory adaptor proteins
(ESCRT-0, tetraspanins) showed the greatest divergence, including missing domains, very low
sequence identity, and increased disorder. These results from our investigation led us to believe
that conservation in the membrane trafficking systems is not uniform. Rather, it follows a
hierarchy in which it offers compensation in the structural and adaptor regions while remaining

highly conserved for the catalytic roles.

Keywords: Membrane trafficking proteins; conserved; catalytic proteins; structural proteins;

regulatory adaptor proteins; hierarchy
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Chapter 1
Introduction:

1.1 Membrane trafficking and cellular organization

Membrane trafficking is a fundamental feature of eukaryotic cells that maintains organelle
identity, mediates cargo exchange and supports cellular homeostasis [1-2]. Eukaryotic cells
contain an interconnected network of membrane bound organelles that exchange proteins, lipids
and other cargos through coordinated vesicle mediated transport. The membrane trafficking
system supports a variety of cellular processes including the export of newly synthesized proteins,
uptake of extracellular material, intracellular targeting of proteins and lipids and maintenance of
compartmentalization within the cell. The broad conservation of endomembrane compartments
and trafficking pathways across eukaryotes indicates an ancient evolutionary origin of this system
and the persistence of shared core mechanisms [1].

The endomembrane system consists of several interconnected compartments that exchange
materials through vesicle mediated transport in several trafficking pathways [1, 3-4]. Major
components include the endoplasmic reticulum, the Golgi apparatus, early and recycling
endosomes, late endosomes or multivesicular bodies (MVBs), lysosomes or vacuoles and the
plasma membrane [S-6]. Transport between these compartments is mostly mediated by vesicles
that bud from a donor membrane and subsequently fuse with a target acceptor organelle [7-9].
Protein trafficking through this system begins with the synthesis of membrane and secretory
proteins. In eukaryotic cells, many newly synthesized proteins are first translocated into the
endoplasmic reticulum during translation. From there, proteins are transported to the Golgi
apparatus where they undergo further processing and are sorted into different trafficking pathways
that determine the final cellular destination. Proteins destined for secretion or plasma membrane
localization enter the secretory pathway and proteins enter the degradative compartments like
vacuoles by the vacuolar protein sorting pathways [10].

In addition to biosynthetic trafficking, eukaryotic cells internalize plasma membrane proteins and
extracellular materials through endocytosis. Cargo proteins are delivered to endosomes after
internalization which functions as the central sorting compartment within the endosomal system.
At this stage, proteins may be recycled back to the plasma membrane or transported to other

intracellular compartments. Some proteins are returned to the Golgi apparatus and others are
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targeted for degradation through the maturation of early endosomes into late endosomes and
multivesicular bodies [3, 10-11]. The multivesicular body pathway represents an important
degradative route within the endosomal system. Multivesicular bodies are specialized late
endosomal compartments characterized by the presence of intraluminal vesicles formed through
inward budding of the endosomal membrane [12-14]. During this process, membrane proteins
destined for degradation are incorporated into these vesicles. The multivesicular bodies fuse with
lysosomes to form endolysosomes or with vacuoles and release the vesicles along with their
cargos into the lumen for degradation [7, 15-17].

Cargo sorting into the multivesicular body pathway commonly depends on ubiquitination which is
a conserved post translational modification that acts as a signal for degradation [3, 10, 13, 18].
This process ensures that membrane proteins which must be removed or downregulated are
efficiently delivered to lysosomes or vacuoles. The inward budding of endosomal membranes
during vesicle formation represents an important form of membrane remodelling that contributes

to intracellular trafficking and the regulation of protein turnover [12].

1.2 Overview of trafficking protein families

Every eukaryotic cell faces a fundamental challenge on how to selectively transport proteins and
lipids between membrane-bound organelles while maintaining the distinct identity of each
compartment. This challenge is met by a complex membrane trafficking system that relies on the
precise cooperation and coordination of multiple protein families. At the molecular level, Rab
GTPases establish compartment identity and trafficking specificity by cycling between active
GTP-bound and their inactive GDP-bound states. This allows them to recruit specific effector
proteins to the right membranes at the right time [19-21]. Among these effectors are the
endosomal sorting complexes required for transport (ESCRT), a multi-subunit machinery
composed of ESCRT-0, -1, -II and -III that drives inward membrane remodelling and packages
cargo into intraluminal vesicles within multivesicular bodies (MVBs) [22-25]. This ESCRT
driven budding generates intraluminal vesicles [26-27] and has been seen to have direct
implications for exosome biogenesis [28-30]. To sustain this process, the ESCRT machinery must
be recycled after each round. This is where the VPS4 ATPase (vacuolar protein sorting associated
protein 4) performs its function. It assembles into hexameric rings that disassembles ESCRT III

filaments and recycle the system for subsequent sorting [31-34].
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The ESCRT budding cycle does not happen randomly, rather it takes place within specialised
microdomains organised by tetraspanins. These proteins cluster through lateral interactions to
form tetraspanin-enriched microdomain (TEMs) platforms for protein sorting and vesicle
formation [35-37]. Tetraspanins have conserved extracellular loops (EC1 and EC2) containing
disulfide bonds and a signature CCG motif which helps them to organise the endosomal
membrane by concentrating proteins into areas primed for budding [38-40]. CD63, CD81 and
CD9 are common standard biomarkers found on exosomes which reflect their enrichment in
MVB membranes and packaging into intraluminal vesicles [35, 41-43]. Once the vesicles form,
they must deliver cargo to the right destination. SNARE proteins handle this final step. SNAREs
(Soluble N-ethylmaleimide-sensitive factor attachment protein receptors) are not involved in
vesicle formation but are essential for ensuring vesicle fuse with correct target membranes
[44-46]. Vesicle anchored SNARE (v-SNAREs) on vesicles paired with complementary target
membrane anchored (t-SNAREs) on target membranes, zippering into a four-helix bundle that
pulls membranes close enough to fuse [47-49]. Different SNARE combinations create different
specificity, which can ensure a vesicle headed for the lysosome does not accidentally fuse with the
golgi [44, 50]. Thus, these interconnected protein trafficking families work as an integrated

network to guide cargo from initial sorting to their respective destinations.

1.3 Evolutionary conservation of trafficking systems

The membrane trafficking system of eukaryotes composed of interconnected cell organelles
involves a sequential process of vesicle formation, transport and membrane fusion. These
processes are carried out by conserved protein families like the small GTPases, vesicle coat
complexes, cargo adaptors, tethering complexes and SNARE proteins [51]. From a comparative
genomic and phylogenetic analysis, studies show that the membrane trafficking system is highly
conserved across eukaryotic lineages. The core components of the trafficking system are present
in organisms ranging from fungi and plants to protists and animals, suggesting that the membrane
trafficking system emerged early in eukaryotic evolution and was present in the last eukaryotic
common ancestor (LECA) [1, 52]. Orthologous proteins in distantly related organisms often have
similar functions and cellular localization, indicating that the basic framework of vesicular

transport is conserved across eukaryotes [1,53].
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Despite the conservation of core trafficking machinery, evolutionary divergence has occurred
through gene duplication and specialization of protein families. Such paralogs function in distinct
trafficking pathways or organelles, adding to the complexity of the endomembrane system while
still maintaining a conserved core machinery [1, 51]. A key feature of such conservation is the
presence of conserved catalytic cores within trafficking protein families. For example, Rab
GTPases contain highly conserved GTP-binding domains responsible for regulating vesicle
targeting and trafficking through GTP hydrolysis [19, 54]. Additionally, SNARE proteins are core
molecular machinery with stable helical bundles which drive membrane fusion. The domains and
motifs of the protein families are conserved as the structural and functional unit. For instance, the
SNARE protein families contain a conserved coiled-coil SNARE domain involved in the
formation of the SNARE complex during membrane fusion [S5]. The preservation of these
domains and motifs across eukaryotic species reflects the evolutionary pressure to maintain the
structural and functional roles in the membrane trafficking system [56]. Moreover, studies on a
wide range of eukaryotic genomes demonstrate that most components of ESCRT-I, ESCRT-II,
ESCRT-III and ESCRT-III associated factors are conserved throughout the eukaryotic lineage.
Among these components, ESCRT-III subunits and the AAA-ATPase Vps4 constitute the
conserved functional core of the system [57].

Moreover, divergence also exists in regulatory components involved mainly in cargo recognition
and recruitment of ESCRT components to endosomal membranes [58]. An example of this is the
ESCRT-0 complex which is responsible for the recognition of ubiquitinated cargo and the
recruitment of downstream ESCRT complexes. Comparative genomic analyses show that the
ESCRT-0 complex is restricted primarily to fungi and animals, suggesting that other eukaryotic
lineages use alternative mechanisms for the initial recognition of ubiquitinated cargo and
recruitment of the ESCRT machinery [57-58]. Besides, because of gene duplication and
expansion of protein families like Rab GTPases, they have generated lineage-specific regulatory
networks causing an increased complexity in membrane trafficking [S6, 59]. Despite sequence
divergence across species, the conserved cores maintain similar mechanisms and structural

features, reflecting strong evolutionary constraints in their functions [56].
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1.4 Model organisms used for evolutionary comparison

The budding yeast, Saccharomyces cerevisiae is the first eukaryote with full genome sequenced
and is widely used as a model organism for studying eukaryotic cells [60-61]. Its high
experimental tractability and conserved cellular features makes it an ideal fungal model system.
As a unicellular fungus, it shares the complex intracellular organization of higher eukaryotes
including a nucleus, endoplasmic reticulum, the Golgi apparatus, vacuole etc. [10]. Yet, it has a
short generation time, rapid growth and can be easily genetically manipulated. Furthermore,
various fundamental cellular pathways are also conserved between yeast and higher eukaryotes,
making it an effective model organism for studying evolutionary conservation across different
lineages [62-64]. The highly efficient homologous recombination machinery enables precise
genome editing in yeast cells, allowing researchers to create mutants for studying its cellular
mechanisms [10]. Research in yeasts played a crucial role in studying the molecular basis of
vesicular transport. Through the isolation of mutants defective in secretion (sec), vacuolar protein
sorting (vps) and endocytosis (end), researchers were able to identify key components involved in
intracellular trafficking. Research in yeasts has also improved the understanding of the ESCRT
machinery responsible for MVB formation and vacuolar degradation. As key trafficking proteins
are highly conserved between yeast and higher eukaryotes, discoveries in yeast provide insights
into similar processes in more complex organisms [10].

Arabidopsis thaliana is an established model organism for plant biology due to its practical
advantages and genetic study [65]. It has a short generation time, less requirements for growth
and prolific seed production through self-pollination, enabling large scale mutant screens and
genetic analysis for research [66-67]. Moreover, the membrane trafficking system in Arabidopsis
thaliana comprises a network of similar cell organelles like ER, Golgi apparatus, endosome and
vacuoles that communicate through vesicle-mediated transport [68]. Most of its core components
identified in sorting, packaging and fusion of vesicles have clear orthologs in yeast, mammals and
other eukaryotes, reflecting a common ancestral trafficking system [69-70]. This conservation
validates its use as a model organism to explore fundamental trafficking mechanisms across the
eukaryotic lineages.

Homo sapiens serves as a representative model organism for studying metazoan genomics due to
its high conservation of core genetic and cellular machinery across the animal kingdom.

Approximately 55-60% of human protein-coding genes are descended from the last common
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ancestor of all animals (Urmetazoan) [71]. The membrane trafficking system in humans is highly
conserved across eukaryotes, sharing core organelles and molecular machinery [1]. It comprises
the ER, Golgi apparatus, endosomes and lysosomes that communicate through vesicle-mediated
transport [72]. Besides, the fundamental components such as Rab GTPases, SNARE proteins,
ESCRT and coat complexes involved in vesicle sorting share strong evolutionary conservation
with homologous proteins in yeasts and plants. However, in metazoans, these systems have
undergone further diversification to support specialized cellular functions [73]. Thus, human cells
serve as representative systems for studying membrane trafficking in metazoa as they contain full
components of endomembrane organelles and regulatory machineries of complex multicellular

eukaryotes.

1.5 Evolutionary principles relevant to protein conservation

Evolutionary principles provide an important framework for understanding patterns of protein
conservation across species. Proteins evolve under the influence of natural selection where
mutations that reduce protein function are typically removed from populations through purifying
selection. The rate ratios of synonymous (silent) and nonsynonymous (amino acid changing)
mutations can provide insight about DNA sequence evolution [74]. At the molecular level, this
form of selection can be detected when the rate of synonymous substitutions (dS) exceeds the rate
of nonsynonymous substitutions (dN) which indicates that amino acid changing mutations are
selectively eliminated to ensure protein function or stability. As a result, most protein coding
genes experience strong purifying selection [75].

Different residues evolve at different rates within proteins depending on their structural and
functional roles. Residues that contribute directly to protein stability or biochemical activity are
subject to stronger selective pressure and therefore evolve more slowly than less critical regions.
Catalytic sites in enzymes represent particularly conserved positions as they are directly
responsible for substrate binding and strong selective pressure acts to maintain their function
across evolutionary time [76-78]. Studies have shown that residues located close to catalytic sites
tend to display a gradient of conservation and evolutionary conservation decreases with
increasing distance from the catalytic center in the three dimensional structure. This pattern
supports the fact that enzyme catalysis requires coordinated contributions from multiple residues
along with the key catalytic amino acids and this imposes evolutionary constraints on a larger

portion of the protein structure [76]. Another key principle of protein evolution is that structural
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constraints strongly influence evolutionary rates at individual sites. Residues located in the
protein core are generally more conserved than surface exposed residues with more variation [79].
Similar conservation patterns are observed across the evolutionary family of enzymes where
enzymes with more similar sequences typically diverge more recently from a common ancestor.
In some cases, the structural folds and active sites of enzymes are so strongly conserved that they
can be traced back to the Last Universal Common Ancestor (LUCA) [77]. Thus, across
evolutionary time, structural constraints often preserve functionally important folds even when
amino acid sequences diverge substantially. This principle is especially relevant for trafficking
proteins where catalytic motifs and structured cores may remain conserved despite divergence in
flexible terminal or regulatory regions.

Protein structure is widely recognized to be more conserved than amino acid sequences across
evolutionary time [80]. Analysis of Structural Classification of Proteins (SCOP) superfamilies
show that homologous proteins often retain similar structural folds even when their sequences
diverge substantially. Study showed that distant homologs can share comparable three
dimensional structures despite low sequence identity and structurally conserved regions remain
detectable within highly divergent protein families [81]. Similarly, structural features are
considered more resistant to the effects of mutation and therefore preserve evolutionary
information over longer timescales than primary sequence data. The primary amino acid
sequences of a protein are highly variable while the secondary, tertiary and quaternary structure of

proteins tend to be more conserved [82].

1.6 Knowledge gap

A major limitation in membrane trafficking research is that core trafficking machineries have
rarely been analyzed as an integrated evolutionary system across multiple eukaryotic lineages.
The individual families like the Rab GTPases, ESCRT complexes, VPS4, tetraspanins and
SNARE proteins have been extensively studied but in isolation. Researchers have clearly
classified and explained Rab functions in yeast secretion [19] while also establishing SNARE
specificity in plant vacuolar trafficking [83]. But most of these investigations were limited to their
individual protein families within single model organisms. This leaves a clear gap for a systematic
comparative analysis that examines multiple trafficking protein families together across major

eukaryotic lineages.
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Studying this gap remains significant due to the fact that the endomembrane system itself is
considered to be ancient and conserved. But the proteins in these systems have undergone lineage
specific expansions and sequence divergence [84]. This matter can be better understood when
they are compared across a multitude of species. Humans have more than 70 different Rab
GTPase family members while, in contrast, the yeast Saccharomyces cerevisiae has only 11 Rab
GTPases (often referred to as Ypt proteins) [85-86]. Again, while humans possess 33 tetraspanins
compared to 17 in Arabidopsis thaliana, the evolutionary implications of such differences can be
significant [38, 87]. A comparative approach spanning yeast, plant, and human system could be
used to distinguish core universally conserved features from lineage-specific adaptations. Our
study addresses this gap by systematically comparing membrane trafficking proteins from
Saccharomyces cerevisiae, Arabidopsis thaliana, and Homo sapiens using sequence, structural,
and phylogenetic tools to uncover patterns of conservation and divergence across the eukaryotic

tree of life.

1.7 Aim of the study

The aim of this study is to analyze the evolutionary conservation and divergence of membrane
trafficking proteins across eukaryotic lineages including yeast (Saccharomyces cerevisiae), plant
(Arabidopsis thaliana) and human (Homo sapiens). A fundamental feature of these eukaryotic
cells is their membrane trafficking system. The core machinery is widely conserved across diverse
taxa, indicating their essential roles in eukaryotic cells and ancient origin [1]. Despite such
conservation, lineage-specific expansion, secondary losses and functional diversification have
been observed, reflecting organism-specific adaptation [88]. Through a comparative sequence,
structural and phylogenetic analysis of the key protein families involved in membrane trafficking
including ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, Rab GTPases, Disassembly, SNAREs and
tetraspanins, the study will identify the conservation pattern of these proteins and the evolutionary
relationships of the representative organisms.

The study is based on the hypothesis that different trafficking protein families evolve under
distinct evolutionary constraints. Catalytic regulators such as Rab GTPases and VPS4 are
expected to exhibit high conservation due to strict functional constraints and conserved molecular
mechanisms [89-90]. Additionally, structural scaffold proteins including ESCRT-1, ESCRT-II,

ESCRT-III and SNARE-associated proteins are expected to show moderate conservation [57,
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91-92]. Lastly, regulatory adaptor proteins like ESCRT-0 and tetraspanins are likely to display less
conservation across the species [40, 57]. Ultimately, this analysis will provide insights into how
the fundamental mechanisms of the membrane trafficking system have been conserved across

major eukaryotic lineages.

Protein families Protein type Conservation level
Rab GTPases, VPS4 Catalytic regulators High conservation
ESCRT-I, ESCRT-II, Structural machinery Moderate conservation

ESCRT-III, SNAREs

ESCRT-0, tetraspanins Regulatory adaptor proteins High divergence

Table 1: Conservation level of different protein families across eukaryotes
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Chapter 2
Materials & Methods:

2.1 Sequence retrieval from UniProt database
Protein sequences for yeast (Saccharomyces cerevisiae), human (Homo sapiens) and plant
(Arabidopsis thaliana) were retrieved from the UniProt database (https:/www.uniprot.org/) for

the following protein families: ESCRT-0, ESCRT-I, ESCRT-1I, ESCRT-III, Rab GTPases

(Rab5/Rab7), VPS4, SNAREs and Tetraspanins. Representative sequences with similar functions
were selected from each protein family across the three species based on curated annotations and
literature evidence. Amino acid sequences were downloaded in FASTA format and their UniProt

accession numbers were recorded for subsequent analysis.

2.2 Multiple sequence alignment using MAFFT
Multiple Sequence Alignment (MSA) for each protein family was performed using the MAFFT

alignment program (https://maftt.cbrc.jp/) with default parameters. The final alignments were

downloaded in FASTA format for further analysis.

2.3 Pairwise sequence identity and similarity analysis using EMBOSS Needle
Global pairwise sequence alignments were performed using the EMBOSS Needle tool

(https://www.ebi.ac.uk/jdispatcher/psa/emboss_needle). Three pairwise comparisons were formed

for each protein family: yeast-human, yeast-plant and human-plant. The analysis was conducted
separately for full length unaligned sequences and aligned functional domains and motifs. Percent

identity, percent similarity and alignment lengths were recorded in comparative tables.

2.4 Domain architecture analysis using UniProt annotations

Domain organization for each protein was determined using annotations under the Family &
Domains section of the UniProt database. The position and boundaries of major functional
domains were recorded including catalytic cores, regulatory domains, transmembrane helices and
low complexity regions. Schematic domain diagrams were generated using BioRender

(https://www.biorender.com/) which showed protein length and domain positions. The diagrams
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of yeast, human and plant proteins were aligned side by side for each protein family for visual

comparison of domain organization across species.

2.5 Motif validation using multiple sequence alignment

Motif validation was performed using the MAFFT sequence alignment files taking the yeast
protein sequence as reference. Known functional motifs for each protein family were identified in
the yeast protein based on UniProt annotation and other literature evidence. The corresponding
regions in plant and human sequences were examined within the alignment to determine whether
these motifs were conserved. Conserved residues and conservative substitutions within the motif
regions were recorded. Motif conservation was further visualized by generating sequence logos
with alignment regions containing motifs of interest using the Weblogo server

(https://weblogo.threeplusone.com/).

2.6 Phylogenetic tree construction with bootstrap support using Maximum Likelihood
method
Phylogenetic trees were constructed with the Maximum Likelihood method based on MAFFT

multiple sequence alignment using MEGA Alignment Explorer (https://www.megasoftware.net/).

In addition to yeast, plant and human proteins, sequences from three additional species (Mus
musculus, Drosophila melanogaster and Caenorhabditis elegans) were included to improve
phylogenetic resolution. The analysis was performed using protein sequences with automatic
model selection (JTT model) and 1000 bootstrap replicates to estimate branch support. The trees

were exported in image and Newick format with bootstrap values.

2.7 Structural conservation analysis using AlphaFold structures and TM-align
Three dimensional structures for all protein sequences were obtained from the AlphaFold Protein
Structure Database (https://alphafold.ebi.ac.uk/) using UniProt accession numbers. Pairwise

structural comparisons (yeast-human, yeast-plant and human-plant) were performed using

TM-align web server (https://aideepmed.com/TM-align/). The Root Mean Square Deviation
(RMSD) value and template modelling score (TM-align) were recorded. Structural conservation

was interpreted based on established thresholds: RMSD <2 A: very strong structural conservation,
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RMSD 2-3 A: moderate conservation, TM-score between 0.3 and 0.5: partial structural similarity,

TM-score > 0.5: same fold and TM-score > (.7: highly similar.

2.8 Motif mapping onto three-dimensional structures using PyMol
Conserved residues and motifs identified from multiple sequence alignments were mapped and
highlighted  onto  representative  protein  structures  visualized using PyMOL

(https://www.pymol.org/).

2.9 Intrinsic disorder prediction using IUPred2A
Intrinsic ~ disorder predictions were performed using the IUPred2A web server

(https://iupred2a.elte.hu/). Amino acid sequences from UniProt were submitted to the server with

default parameters. Residues with disorder scores greater than 0.5 were considered intrinsically

disordered. Disordered probability plots for each protein were then compared.

2.10 Cross-complex evolutionary comparison of protein families

A comparative table was constructed to understand evolutionary patterns by summarizing the key
metrics for each protein family: overall sequence identity range, core domain conservation,
structural conservation and identification of major divergent regions. A unified evolutionary

model was developed to describe the differential conservation patterns across all protein families.
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Chapter 3
Results
3.1 Sequence identity comparison across species
Protein families | Comparison % Identity % Similarity
ESCRT-0 Yeast (Vps27)-Human (Hrs) 21.1 34.9
Yeast (Vps27)-Plant (TOL2) 10.6 20.3
Human (Hrs)- Plant (TOL2) 9.4 16.5
Yeast (Vps27)-Human (Hrs) 21.1 34.9
Yeast (Vps27)-Plant (TOL6) 18.0 32.6
Human (Hrs)- Plant (TOL6) 19.8 314
Yeast (Hsel)- Human (STAM) 22.8 37.6
Yeast (Hsel)-Plant (TOL2) 14.7 28.4
Human (STAM)-Plant (TOL2) 15.0 24.1
Yeast (Hsel)- Human (STAM) 22.8 37.6
Yeast (Hsel)-Plant (TOL6) 15.5 26.9
Human (STAM)-Plant (TOL6) 16.4 259
ESCRT-I Yeast (Stp22)- Human (Tsg101): 25.6 45.5
Yeast (Stp22)-Plant (ELC): 22.4 40.0
Human (Tsg101)-Plant (ELC): 29.2 47.0
ESCRT-1I Yeast (VPS36)-Human (VPS36) 16 29.7
Yeast (VPS36)-Plant (VPS36) 17.6 31.2
Plant (VPS36)-Human (VPS36) 333 49.8
ESCRT-III Yeast (Snf7)-Plant (Snf7) 31.7 479
Yeast (Snf7)-Plant (Snf7.1) 28.8 42.1
Plant (Snf7.1)-Human (CHMP1A) 22.6 36.6
Plant (Snf7.1)-Human (CHMP1A) 22.2 36.2
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Yeast (Snf7)-Human (CHMP1A) 19.9 36.7
RABS Yeast (Ypt52)-Plant (RABSA) 41.9 55.6
Yeast (VPS21)-Plant (RAB5SA) 46 63.3
Yeast (Ypt51)-Human (RABS) 50.2 63.7
Yeast (Ypt52)-Human (RABS) 42.7 54.2
Plant (RAB5A)-Human (RABS) 59.4 71.4
RAB7 Yeast (Ypt7)-Human (RAB7) 61.4 74.0
Yeast (Ypt7)-Plant (RAB7) 35.5 52.7
Plant (RAB7)-Human (RAB7) 59.4 71.4
Disassembly Yeast (VPS4)-Human (VPS4) 59.0 73.6
Yeast (VPS4)-Plant (VPS4) 54.8 68.1
Plant (VPS4)-Human (VPS4) 53.0 68.8
SNARESs Yeast (VAM3)-Human (STX10) 16.6 38.0
Yeast (VAM3)-Plant (SYP121) 18.6 33.2
Plant (SYP121)-Human (STX10) 13.2 25.7
Tetraspanins Plant (TET8)-Human (CD63) 21.8 37.3
Plant (TET8)-Human (CD81) 22.0 33.7
Plant (TET8)-Yeast (SUR7) 11.2 16.3
Yeast (SUR7)-Human (CD63) 1.2 2.5
Yeast (SUR7)-Human (CD81) 2.0 3.5

Table 2: Pairwise sequence identity and similarity values across species. The table shows all the

identity and similarity values obtained by pairwise comparison of full length unaligned sequences

EMBOSS NEEDLE.

Pairwise sequence comparisons revealed substantial variation in conservation across membrane

trafficking protein families indicating that different functional modules evolve under different

evolutionary constraints. In ESCRT-0 (Vps27-Hrs-TOL2), yeast Vps27 and human Hrs showed

more identity (21.1%) and similarity (34.9%) with each other than with plant TOL2 which
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suggests divergence of plant homologs despite conservation of core functional roles. Similar
results were observed in ESCRT-0 (Vps27-Hrs-TOL6) but plant TOL6 showed more identity and
similarity with Vps27 and Hrs proteins compared to TOL2. Yeast Hsel and Human STAM
showed more identity (22.8%) and similarity (37.6%) with each other than with plant TOL2 and
TOL6 in ESCRT-0 (Hsel-STAM-TOL2) and ESCRT-0 (Hsel-STAM-TOL®6) further indicating
the divergence of plant ESCRT-0 components.

In ESCRT-I (STP22-TSG101-ELC), somewhat increased identity and similarity values were
observed with the highest values in human Tsgl01 and plant ELC comparison (29.2% identity
and 47% similarity) which suggests a stronger conservation of core complex assembly functions.
ESCRT-II and ESCRT-III showed further increases in conservation. Plant and human VPS36
showed the most identity (33.3%) and similarity (49.8%) in ESCRT-II (VPS36-VPS36-VPS36).
Highest identity (31.7%) and similarity (47.9%) was observed in plant and yeast Snf7 in
ESCRT-II (Snf7-Snf7-Snf7.1-CHMP1A).

In contrast to ESCRT-0 and SNARE associated comparisons, Rab GTPases and VPS4 proteins
showed markedly higher identity and similarity values across species, consistent with stronger
conservation of catalytic trafficking regulators. In RABS5 (YPT52-VPS21-RAB5A-RABS), the
identity values ranged from 41.9-59.4% and the similarity from 54.2-71.4% with the highest
values observed in plant RAB5A and human RABS. The identity values ranged from 35.5-61.4%
and the similarity values ranged from 52.7-74% in RAB7 (YPT7-RAB7-RAB7) with the highest
values in yeast Ypt7 and human RAB7. In Disassembly (VPS4-VPS4-VPS4), high identity
(52-59%) and similarity (68.1-73.6%) in all three pairs.

SNAREs and Tetraspanins protein families showed comparatively lower sequence conservation,
suggesting greater divergence in membrane fusion associated or membrane organizing proteins
than in catalytic trafficking regulators. In SNAREs (VAM3-SYP121-STX10), identity values
ranged from 13.2-18.6% and the similarity from 25.7-33.2% with the highest values in yeast
VAM3 and plant SYP121. In case of Tetraspanins (SUR7-TET8-CD63-CDS81), plant TET8
showed most identity and similarity with human proteins CD63 (21.8% identity and 37.3%
similarity) and CD81 (22.0% identity and 33.7% similarity). Yeast SUR7 showed the lowest
identity and similarity value with human proteins CD63 (1.2% identity and 2.5% similarity) and
CDS81 (2.0% identity and 3.5% similarity).
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Vps27 and Hrs retain comparable VHS, UIM and FYVE-type zinc finger domain architecture
whereas plant TOL proteins show partial architectural correspondence with marked divergence in
UIM and FYVE related features which indicates lineage specific remodelling of regulatory
architecture. Low complexity regions are present in human HRS and plant TOL6. The VHS

domain is retained as an N-terminal conserved module in all three sequences.
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Figure 1.3: ESCRT-0 (Hsel-STAM_TOL?2) protein family schematic diagram (Generated using
BioRender). Domains are represented as colored boxes: VHS (orange), SH3 (yellow), UIM motif
(dark green), GAT (blue) and low complexity regions (pink) arranged along a linear protein scale

from N- to C- terminal.
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(dark green), GAT (blue) and low complexity regions (pink) arranged along a linear protein scale
from N- to C- terminal.

The domains of Hsel and STAM (VHS, UIM and SH3) are conserved. Plant TOL proteins show
partial architectural similarity with marked divergence in UIM and SH3 related features which
indicates lineage specific remodelling of regulatory architecture. Low complexity regions are
present in all sequences in various ranges. The VHS domain is retained as an N-terminal

conserved module in all three sequences.
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Figure 1.5: ESCRT-1 (TSG101-STP22-ELC) protein family schematic diagram (Generated using
BioRender). Domains are represented as colored boxes: UEV (orange), Coiled coil (dark green),
SB (dark pink) arranged along a linear protein scale from N- to C- terminal.

The ESCRT-I sequences have UEV and SB domains with similar domain positions indicating the

preservation of overall domain architecture across species.
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Finger motif RanBP2-type 1(light green), Zinc Finger motif RanBP2-type 2 (purple) and GLUE

C-terminal (blue) arranged along a linear protein scale from N- to C- terminal.

The domains GLUE N-terminal and GLUE-C terminal are present in all sequences which indicate
conservation of core functional modules. However, yeast VPS36 is the longest sequence and
contains two other domains which are absent in plant and human VPS36 suggesting lineage

specific domain expansion.
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Figure 1.7: ESCRT-III (Snf7-Snf7-Snf7.1-CHMP1A) protein family schematic diagram
(Generated using BioRender). Domains are represented as colored boxes: N-terminal helical loop
(light blue), C-terminal regulator tail (yellow) and MIT interacting motif (light purple) arranged

along a linear protein scale from N- to C- terminal.

In ESCRTH-III, the position of the N-terminal helical loop is conserved in yeast and plant while the
C-terminal regulator tail and MIT interacting motif show similar positioning in all three
sequences which indicates preservation of key functional regions. Variable regions are observed

in the centre positions of all the sequences indicating localized divergence.
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Figure 1.8: Rab GTPases (YPT52-VPS21-RAB5A-RABS) protein family schematic diagram

(Generated using BioRender). Domains are represented as colored boxes: P-loop Walker A (light

green), Switch I (light orange), Switch II (light purple), NKxD motif (blue) and C terminal

prenylation motif (light red) arranged along a linear protein scale from N- to C- terminal.

The RABS sequences have conserved domains and similar domain positions indicating the

preservation of overall domain architecture across species.
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Switch I (light orange), Switch II (light purple), NKxD motif (blue) and C terminal prenylation

motif (light red) arranged along a linear protein scale from N- to C- terminal.

The RAB7 sequences have conserved domains and similar domain positions indicating the

preservation of overall domain architecture across species.
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Figure 1.10: Disassembly (VPS4-VPS4-VPS4) protein family schematic diagram (Generated
using BioRender). Domains are represented as colored boxes: Walker A (light purple), Pore loop
residue (light green), Walker B (blue) and Arginine finger (orange) arranged along a linear protein

scale from N- to C- terminal.

For VPS4, all the conserved domains are in the central position and the length of all sequences are
also similar which supports strong structural conservation. However, the Pore loop residue is
absent in human VPS4 and Walker B region is absent in plant VPS4 which shows lineage specific

architectural differences. Variations are also observed in both C terminal and N terminal.
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Figure 1.11: SNAREs (VAM3-SYP121-STX10) protein family schematic diagram (Generated

using BioRender). Domains are represented as colored boxes: t-SNARE coiled coil homology

(orange) and transmembrane helical (light green) arranged along a linear protein scale from N- to

C- terminal.

The conserved t-SNARE coiled coil homology and transmembrane helical are positioned at the C

terminal in all three sequences which shows preservation of core functional architecture.

Variations are observed in the N terminal and the overall sequence lengths differ which suggest

divergence in

regulatory regions.

N-terminal C-terminal
o 6 26 117 137141 161 189 209
SUR7 D-:( f 1 ; ] 5 ]
15 27 116 138140 162 188 210 309
o 8 28 46 66 76 96 236 256
o S . -
TET8: 1% | ! b i} ! i : :
1 7 29 45 67 75 97 235 257 273
o 12 32 52 72 82 102 204 224
HUMAN | o G (D D G D -
CD63 ! ! ] H i ' H ! :
2 1 33 .51 73 81 103 203 225 238
0 13 33 64 84 90 112 202 224
MGG G O 2GS G
cD8l ! ! b 1 g : t h {
1 12 34 63 85 89 113 201 225 236
D Topological Domain (Cytoplasmic)
- Transmembrane (Helical)
@ Topological Domain (Extracellular)

Figure 1.12:

Tetraspanins (SUR7-TET8-CD63-CD81) protein family schematic diagram

(Generated using BioRender). Domains are represented as colored boxes: Topological domain
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(cytoplasmic) (orange), Transmembrane (helical) (blue) and Topological domain (extracellular)

(light green) arranged along a linear protein scale from N- to C- terminal.

The same domain is present multiple times in all three sequences. The first topological domain
(cytoplasmic) and the last topological domain (extracellular) are both longer in yeast. The second
topological domain (extracellular) is longest in plant and shortest in yeast. Human protein
sequences are shorter than plant and yeast which shows differences in domain length and

organization across species.

Protein family Domain Comparison % Identity | % Similarity
ESCRT-0 VHS Yeast-Human 23.7% 38.2%
(VPS27-
Hrs- Yeast-Plant 16.8% 39.6%
TOL2)
Plant-Human 27.3% 50.8%
UM 1 Yeast-Human 36.8% 57.9%
Yeast-Plant 20.8% 33.3%
Plant-Human 13.0% 30.4%
UIM 2 Yeast-Human 20.0% 50.0%
Yeast-Plant 14.3% 47.6%
Plant-Human 22.7% 50.0%
FYVE-type zinc finger | Yeast-Human 42.6% 65.6%
Yeast-Plant 14.9% 23.0%
Plant-Human 1.0% 1.9%
Tail region (C Yeast-Human 16.6% 29.5%
terminal)
Yeast-Plant 1.9% 4.3%
Plant-Human 1.6% 2.2%
ESCRT-0 VHS Yeast-Human 23.7% 38.2%
(VPS27-
Hrs- Yeast-Plant 20.4% 42.3%
TOLO6)
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Plant-Human 36.7% 59.4%
UIM 1 Yeast-Human 36.8% 57.9%
Yeast-Plant 15.0% 35.0%
Plant-Human 3.2% 12.9%
UIM 2 Yeast-Human 20.0% 50.0%
Yeast-Plant 5.9% 5.9%
Plant-Human 3.2% 12.9%
FYVE-type zinc finger | Yeast-Human 42.6% 65.6%
Yeast-Plant 0.8% 1.5%
Plant-Human 5.0% 5.8%
Tail region (C Yeast-Human 16.6% 29.5%
terminal)
Yeast-Plant 5.3% 10.5%
Plant-Human 9.9% 17.8%
ESCRT-0 (Hsel- | VHS Yeast-Human 25.7% 45.1%
STAM-
TOL2) Yeast-Plant 21.2% 38.6%
Plant-Human 23.5% 40.9%
UIM Yeast-Human 40.0% 75.0%
Yeast-Plant 6.9% 20.7%
Plant-Human 25.0% 30.0%
SH3 Yeast-Human 41.7% 63.3%
Yeast-Plant 4.9% 11.1%
Plant-Human 18.8% 29.0%
ESCRT-0 VHS Yeast-Human 25.7% 45.1%
(Hsel-
STAM- Yeast-Plant 25.9% 43.5%
TOL6) Plant-Human 30.4% 45.2%
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UIM Yeast-Human 40.0% 75.0%
Yeast-Plant 5.0% 10.0%
Plant-Human 5.0% 10.0%
SH3 Yeast-Human 41.7% 63.3%
Yeast-Plant 3.2% 4.3%
Plant-Human 2.2% 5.6%
ESCRT-I UEV Yeast-Human 25.8% 49.0%
(STP22- ELC-
TSG101) Yeast-Plant 24.0% 40.4%
Plant-Human 37.9% 60.0%
Coiled Coil Yeast-Human 13.8% 48.3%
Yeast-Plant 20.0% 40.0%
Plant-Human 26.7% 50.0%
SB Yeast-Human 40.6% 55.1%
Yeast-Plant 23.1% 39.7%
Plant-Human 35.4% 51.9%
ESCRT 11 GLUE N-terminal Yeast-Human 18.9% 38.9%
domain
Yeast-Plant 21.9% 42.7%
Plant-Human 32.5% 44.2%
GLUE C-terminal Yeast-Human 20.5% 48.7%
domain
Yeast-Plant 31.7% 41.5%
Plant-Human 27.8% 44.4%
ESCRT-111 N-terminal helical Yeast-Human 9.5% 26.2%
o Yeast-Plantl 22.6% 48.4%
Yeast-plant2 16.1% 38.7%
Plant1-Human 35.5% 45.2%
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Plant2-Human 29.0% 35.5%

MIM Yeast-Human 11.8% 11.8%
Yeast-Plantl 70.0% 70.0%

Yeast-Plant2 70.0% 70.0%

Plant1-Human 28.6% 35.7%

Plant2-Human 28.6% 35.7%

C-terminal regulatory | Yeast-Human 0.0% 25.0%
tal Yeast-Plantl 14.3% 14.3%
Yeast-Plant2 14.3% 14.3%

Plant1-Human 0.0% 50.0%

Plant2-Human 0.0% 50.0%

RABS P-loop (Walker A) Yeast-Human 77.8% 100%
VPS21-Human 88.9% 100%

Yeast-Plant 66.7% 66.7%
VPS21-Plant 55.6% 66.7%
Plant-Human 55.5% 66.7%
Switch | Yeast-Human 77.8% 88.9%
VPS21-Human 66.7% 77.8%
Yeast-Plant 77.8% 88.9%
VPS21-Plant 66.7% 77.8%

Plant-Human 100% 100%

Switch 11 Yeast-Human 100% 100%
VPS21-Human 100% 100%

Yeast-Plant 100% 100%

VPS21-Plant 100% 100%
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Plant-Human 100% 100%
NKxD motif Yeast-Human 75.0% 75.0%
VPS21-Human 75.0% 75.0%
Yeast-Plant 75.0% 75.0%
VPS21-Plant 75.0% 75.0%
Plant-Human 100% 100%
C-terminal prenylation | Yeast-Human 100% 100%
motif
VPS21-Human 50.0% 50.0%
Yeast-Plant 66.6% 66.6%
VPS21-Plant 25.0% 50.0%
Plant-Human 66.6% 66.6%
RAB7 P-loop (Walker A) Yeast-Human 100% 100%
Yeast-Plant 100% 100%
Plant-Human 100% 100%
Switch [ Yeast-Human 72.7% 81.8%
Yeast-Plant 81.0% 100%
Plant-Human 81.8% 81.8%
Switch II Yeast-Human 100% 100%
Yeast-Plant 100% 100%
Plant-Human 100% 100%
NKxD motif Yeast-Human 75.0% 75.0%
Yeast-Plant 75.0% 75.0%
Plant-Human 100% 100%
C-terminal Yeast-Human 66.6% 66.6%
Yeast-Plant 66.6% 66.6%
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Plant-Human 66.6% 66.6%
Disassembly Walker A Yeast-Human 100% 100%
Yeast-Plant 100% 100%
Plant-Human 100% 100%
Walker B Yeast-Human 100% 100%
Yeast-Plant 71.4% 100%
Plant-Human 71.4% 100%
Arginine finger Yeast-Human 100% 100%
Yeast-Plant 100% 100%
Plant-Human 100% 100%
Pore loop residues Yeast-Human 100% 100%
Yeast-Plant 75.0% 75.0%
Plant-Human 75.0% 75.0%
SNARESs t-SNARE coiled coil | Yeast-Human 19% 46%
homology
Yeast-Plant 23.8% 46%
Plant-Human 14.5% 38.7%
TM Helix Yeast-Human 13.6% 59.1%
Yeast-Plant 43.5% 69.6%
Plant-Human 23.8% 71.4%
Tetraspanins Four transmembrane Yeast-Human 19.6% 32.6%
helices CD63
Yeast-Human 16.7% 28.6%
CDS81
Yeast-Plant 15.5% 27.2%
Plant-Human 20.9% 49.3%
CD63
Plant-Human 20% 40%
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CD81
Topological Yeast-Human 1.4% 2.8%
Cytoplasmic tails CD63
Yeast-Human 1.9% 3.3%
CDS81
Yeast-Plant 1.7% 3.4%
Plant-Human 21.2% 31.2%
CD63
Plant-Human 22.2% 31.6%
CDS81
Extracellular Yeast-Human 0% 0.6%
Topological CD63
domains
Yeast-Human 20.7% 24.8%
CD81
Yeast-Plant 1.2% 1.8%
Plant-Human 23.8% 38.1%
CD63
Plant-Human 22.1% 35.3%
CDS81

Table 3: Domain-wise conservation comparison for each protein family. The table shows all the
identity and similarity values obtained by pairwise comparison of aligned functional domains and

motifs using EMBOSS NEEDLE.

In ESCRT-0 (VPS27- Hrs-TOL2 and VPS27-Hrs-TOL6), the UIM and FY VE-type zinc finger
domains of yeast showed more conservation with human Hrs and the VHS domain showed more
conservation with plant TOL2 and TOL6. This suggests that ubiquitin binding and membrane
targeting functions are more conserved among yeast and humans while cargo recognition by the
VHS domain may have diverged differently across lineages. For ESCRT-0 (Hsel-STAM-TOL?2),
all three domains (VHS, UIM and SH3) of yeast showed more conservation with human STAM
indicating closer functional conservation. In ESCRT-0 (Hsel-STAM-TOL6), more conservation

of yeast VHS was seen with plant TOL6 suggesting partial functional adaptation in plants.
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In ESCRT-I (STP22-ELC-TSG101), the UEV domain of yeast is more conserved with plants and
the SB domain shows more conservation with humans. The sequences corresponding to the
GLUE N-terminal domain of yeast showed more conservation among plant and human and
C-terminal domain of yeast showed more conservation with plant in ESCRT-1I
(VPS36-VPS36-VPS36). This suggests that the membrane interaction functions are broadly
conserved  while other regions may be lineage specific. In  ESCRT-III
(Snf7-Snf7-Snf7.1-CHMP1A), the sequences corresponding to the N terminal helical core of
yeast was most conserved among plant Snf7 and human CHMP1A and the MIM domain of yeast

showed conservation with both plant proteins.

In RABS (YPT52-VPS21-RAB5A-RABS), all domains show very high conservation (50-100%
identity and 50-100% similarity) with Switch II showing 100% conservation in all sequences and
C terminal prenylation motif showing 100% conservation among yeast and human. RAB7
(YPT7-RAB7-RAB7) domains show even higher conservation (66.6-100% identity and
66.6-100% similarity) where P loop (Walker A) and Switch II show 100% conservation in all
sequences. This reflects strong evolutionary constraints required for GTP binding and hydrolysis.
Highest conservation (71.4-100% identity and 75-100% similarity is observed in Disassembly
(VPS4-VPS4-VPS4). Walker A and Arginine finger of VPS4 show 100% conservation in all
species while Walker B and P loop residues show 100% conservation among human and yeast.

This shows the conservation of VPS4 sequence for ATPase activity across all three species.

TM helix and t-SNARE coiled homology domains of yeast show more conservation with plants in
SNAREs (VAM3-SYP121-STX10) which suggest some conservation of membrane fusion
machinery  despite  sequence  divergence. In all domains of  Tetraspanins
(SUR7-TET8-CD63-CD81), more conservation is observed among plant and human proteins.
Four transmembrane helices domains of yeast show some conservation with human proteins.
However, the lower identity and similarity values indicate significant divergence in tetraspanin

domains despite retention of functional roles.
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3.3 Motif conservation analysis

VHS:
sp|P40343| —————————————————— MSV-—————————— STPSELDALTEQATSESIPNGDLDLPIA
BRAZ3366.1 ——————————————————— MGR——————————— GSGTFERLLDKATSQLLLETDWE-—-SI

sp|QI9LNCE| MDELEIAEWGEKLKTGGAQMSEMVSERKVEDMLOAPTLESKMVDEATLETLEEPNWG—-MN
* . B

. e e EE . - .

sp|P40343| LEISDVLRSERVNPEDSMRCIKKRILNTADNPNTQLSSWEKLTNICVENGGTPFIKEICSR

BRAZ3366.1 LRICDLIRQGDTQAKYAVNSIKKKV--NDKNPHVALYALEVMESVVENCGQTVHDEVANK

sp|QI9LNCE| MRICAQINNDEFNGTEIVRAIKRKI--SGKSPVSQRLSLELLEACAMNC-EKVESEVASE
B * - . * . - - -

s *E e - * * -

sp|P40343| EFMDTMEHVILR-EDSNEELSELVKTILYELYVAFENDSQLNYVAKVYDELISRGIKFPE

BRAZ3366.1 QTMEELKDLLEKR-QVEVNVRNEILYLIQAWAH-AFRNEPKYKVVQODTYQIMKVEGHVEPE

SplQ9LNCE| EVLDEMVWLIENGEADSENEERAFQLIRAWGO-—SQDLTYLEPVFHQTYMSLEGEN-—————
B - . . .. - - x - . * .

UIM 1:

sp|P40343| DYSTPEDEEELIRRAIELSLEKESRN-——————————————————— sz

BAA23366.1 DETALQEEEEL-QLALALSQSEAFEKERLRQKSTYTSYPKAEPMPSZ

sp|QI9LNCE| SMLNTEGKPNHTEDDLTVSLMEK-————————————————————— CE
- - - - - & *

UIM 2:

sp|P40343| NEVEKRQEIEEEEDPDLEKAATQESLREAEEAKLER:
BARZ23366.1 PVNSSAPLAFDIDPELARYLNRENYWEEEKQEEAR
splQSLNCGo| TDDEGVLFEALHLNDELQOVLSSYKKPDETEEK

Sp|P40343| KLTLSNSPTAMFDSKTPADWIDSDACMICSKKFSLLNRKHHCRSCGGVECQEHSSNSIPL
BAR23366.1 —-—-FKESDAMFAAERAPDWVDAEECHRCRVQFGVMTREKHHCRACGQIFCGKCSSKYSTI
SP|QOLNCE | —————————— GLHARGEENSMPGQSSLESLMQRPVPV

. k3 * .
Sp|P40343| PDLGIYEPVRVCDSCFEDYD-——————— LKRHDDSKKSKK——————————— HRHKRKKDR
BAR23366.1 PRFGIEKEVRVCEPCYEQLN-—————-- RKAEGKATSTTELPPEYLTSPLSQQSQLPPKR

sp|Q9LNCE&| PPPGSY-PVPNQEQALGDDDGLDYNFGNLSIKDEEEQIEI-——————————— TRNSLELLS

* * *

Figure 2.1: MSA showing conserved motifs of ESCRT-0 (VPS27-Hrs-TOL2). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

Some consecutive residues show partial conservation in the VHS domain (LEIS, MRCIKKRI,
SWKLTN, KEICSRE). Other domains have no consecutive conserved residues. Overall, the VHS
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domain retained several conserved hydrophobic and basic residues across species, the UIM motifs
were only partially conserved and FY VE-type zinc binding domains were strongly absent in plant

TOL2.

VHS:

sp|P40343]|
BAR23366.1
sp|080510]|

MSVSTPSELDALTIEQATSESIPNGDLDLPIATLEISDVLESREVNPEDSMRCIKKRILNTA
MGRGSGT-FERLLDEATSOLLLETDWE-—SILQICDLIRQGDTQAKYAVNSIKKKV——ND
MASSSAS-ATVAVDKATSDLLLGPDWT ——TNMEICDSVNSLHWQAKDVVEAVEKRL-——QH
* - - R -

R * - -k * S EE . -

sp|P40343| DNPNTQLSSWELTNICVENGGTPFIKEICSREFMDTMEHVILREDSNEELSELVETILYE
BARZ3366.1 ENPHVALYALEVMESVVENCGQTVHDEVANKEQTMEELEDLLERQVEVNVRENKILYLIQAW
sp|080910| ESSRVQLLALTLLETLVENCGDYLHHQVAEENILGEMVEIVEEKEADMQVRDKILVMVDSW
+ . . . xxE o . - . . .

sp|P40343| LYVAFEN-DSQLNYVAKVYDELISRGIKFPEKLTLSNSPTAMFDSKTEADW——————— ID
BAAZ3366.1 AH-AFRN-EPKYKEVVQDTYQIMEVEGHVFPE-———-FKESDAMFAARERAPDW-——————— VD
sp|0809%10| QQ-AFGGPEGKYPQYYWAYDELRRSGVEFPR——————————————— RSPDASPIITPPVS

*FE Doz LFDo ®EE . F I.
sp|P40343| DSCFEDYDLKRHDDSKEKSKEK-——————————— HRHEKRKKDRDYSTPEDEEELIRKAIELSL
BAAZ23366.1 EPCYEQLNRRKAEGKATSTTELPPEYLTSPLSQQOSQLPPRRDETALQEEEEL-QLATATSQ
sp|080910| RRLDEAMATEVEGLSLSSIESMRDVM-DLLGDMLOAVDPSDREAVEDEVIV-DLVERCRS

* - - - - . * - P -
sp|P40343| KESRN— SASSEPIVPVVESKN
BAA23366.1 SEAEEKERLRQK-——————————————————— STYTSYPKAEPMPSASSAPPASSLYSSP

sp|080%10| NQKKLMQMLTSTGDDELLGRGLDLNDSLQILTLAKHDATASGSPLPVQASGSPLSVQASKP
- - *

UIM 2:
sp|P40343| EVERQEIEEEEDPDL——————————————— KAATQESLREAEEA
BAAZ3366.1 VNSSAPLAEDIDPEL——————————————— ARYLNRENYWEKKQE
sp|0B80%10| ADSSPKSSEAKDSSSIAGSSSPIPATVSTGKSPIDEEYEEEEDE
* * - - * -
FYVE:
sp|P40343| LYVAFRN-DSQLNYVAKVYDKLISRGIKFPEKLTLSNSPTAMFDSKTPADW———— 1D
BAA23366.1 AH-AFRN-EPKYKVVQDTYQIMKVEGHVFPE--—-FKESDAMFAAERAPDW-—————— VD
sp|080910| QQ-AFGGPEGKYPQYYWAYDELRRSGVEFPR——————————————-— RSPDASPIITPEVS
sp|P40343| SDACMICSKKFSLLNRKEHCRSCG-—--GVECQEHSSNSIP—————- LPDLGIYEPVRVC
BAA23366.1 AEECHRCRVQFGVMTRKHHCRACG-—-—QIFCGKCSSKYST—————— IPKFGIEKEVRVC

sp|080910| HPPLRQPQGGYGVPPAGYGVHOAGYGVPQAGYGIPQAGYGVPQAGYGIPQVGYGMPSGSS
s = = * - -x %

sp|P40343| DSCFEDYDLKRHDDSKRSKR-——————————— HRHEKRKKDRDY STPEDEEELIRKATELSL
BAAZ23366.1 EPCYEQLNRKAEGKATSTTELPPEYLTSPLSQQOSQLPPKRDETALQEEEEL-QLALATSQ
sp|080610| RRLDEAMATEVEGLSLSSIESMRDVM-DLLGDMLQAVDPSDREAVKDEVIV-DLVERCRS

* - * PR

Figure 2.2: MSA showing conserved motifs of ESCRT-0 (VPS27-Hrs-TOL6). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.
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Some consecutive residues show partial conservation in the VHS domain (ATSE,LEIS, IKKRI
VKNGG, EICSRE, KIL, AL, FP). UIM residues DE show some conservation in human and yeast
and other domains have no consecutive conserved residues. Overall, the VHS domain retained
several conserved hydrophobic and basic residues across species, the UIM motifs were only

partially conserved and FY VE-type zinc binding domain were strongly absent in plant TOL.

VHS:
sp|F38753| MSSSAT-——————————————————— KIENA————————— LLEATDPELRSDNWQYILD
NP_OD3464. MPLFATNFFDQD————————————————————————————— VEEATSEMNTAEDWGLILD
sp | Q9LNC6| MDELEIAEWGEKLETGGAQMSREMVSERVEDMLOAPTLESKEMVDEATLETLEEPNWGMNME
* -

- E -

spl|P38753| VCDLVEEDPEDNGREVMSLIEKRLEQODANVILRTLSLTVSLAENCGSRLRQEISSENET

NP 003464. ICDEVGQS-RTGPEDCLRSIMRRVNHKDPHVAMQALTLLGACVSNCGEKIFHLEVCSRDFA

spl|Q9LNCe| ICAQINND-EFNGTEIVRAIKRKISGESPVSQRLSLELLEACAMNCEKVES-EVASEKVL
- % . - " - - -

* - - . * & - x - *

spl|P38753| SLLYALIESHSVHITLEKAVTDVVEQLSDSFKDDESLRAMGDLYDKIKRKAPYL--VQPN
NP _003464. SEVSNVLNEG--HPKVCEKLKALMVEWTDEFENDPQLSLISAMIKNLEEQGVIFPAIGSQ

sp|Q9LNC&| DEMVWLIKNGEADSENRKRAFQLIRAWG——————————————————— QSQDLTYLEVEFHD
UIM:
sp|P38753| VPEEHNMS———————— TOQADNSDDEELOEATLEMSLFEYERD.
NP_D 03464. ARFQARASPATLVAKDPGTVANEKEEEDLAKATELSLEEQRQD
sp|Q9LNCE| TYMSLEGENGLHARG——————— EENSMPGOSSLESLMORPV
SH3:
sp|P38752] QQHQQONQAPAHKIPAQTVVRRVRALYDL-————— TTNEPDELSFREKGDVITVLEQVYRD
NP_003464. QHEG———————————————— REVRAIYDF———— EAAFDNELTFFKAGEIITVLDDSDPN
splQILNCe| QALG———————————————— DDDGLDYNFGNLSIKDEEEQIEITENSLELLSSMLNTEGK
sp|P38753| WWEGALRGNMGIFPLNYVTPIVEPS-KEEIEEKEKN-—————————————— EEAIVESQET
NP_003464. WWEGETHQGIGLFPSNEVTADLTAE-PEMIKTEREKTVOFSDDVQVETIEPEPEFPAFIDED
spl@ILNCe| - ——————————— PNHTEDDLTVSLMEKCEQSQPLIQ-————-MITESTTDDEGVLFEALH

* -

Figure 2.3: MSA showing conserved motifs of ESCRT-0 (Hsel-STAM-TOL2). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

Partial motif conservation is observed in some consecutive residues in the VHS domain (KAT,

IEKRL, LIES, EISS). UIM domain (DDEEL, KMS) and SH3 domain (YDL, ELS, DVIT, NYV)
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show very less conservation. Overall, low sequence conservation is observed as only the VHS

domain retained several conserved hydrophobic and basic residues across species.

VHS:

sp|P38753| MSSSATK-IRNALLEATDPELRSDNWQYILDVCDLVEEDPEDNGQEVMSLIEKRLEQQDR
NP 003464. MPLFATNEFFDQDVERATSEMNTAEDWGLILDICDEVGQS-RTGPEDCLESIMEEVNHEDE
SpTOBO9lO| MASSSAS-ATVAVDEATSDLLLGPDWITNMEICDSVNSL-HWQAKDVVEAVEERLOHESS

* . . T EEE .oF priEE F . - DorFIIoL.
sp|P38753| NVILRTLSLIVSLAENCGSRELRQEISSENFTSLLYALIESHSVHITLEEKAVTDVVEQLSD
NP_003464. HVAMOATLTLLGACVSNCGKIFHLEVCSEDFASEVSNVLNEG--—HPEVCEELEATMVEWTD
sp|0B0910| RVQLLALTLLETLVENCGDYLHHQVAEENILGEMVEIVEEKA-DMOVEDEILVMVDSWOQ

* . .. PR B - .. - - - . -

I . *EE - .

sp|P38753| SFED-DPSLRAMGDLYDKIKRKAPYL--VQPNVPEKHNMS————————-— TRADNSDDEEL

NP _003464. EFKN-DPQLSLISAMIKNLEKEQGVTFPAIGSQAAEQARKASPALVAKDPGTVANKKEEEDL

spl080910| AFGGPEGKYPQYYWAYDELRRSGVEFP-————————————————————————————————
* . P .

UIM:

sp|P38753| SFED-DPSLRAMGDLYDKIKRKAPYL--VQPNVPEKHMNMS-——————-——— TQADNSDDEEL

NP 003464. EFEN-DPQLSLISAMIKNLEEQGVTFPAIGSQAAEQAKASPALVAKDPGTVANKKEEEDL

sp|080910|] AFGGPEGKYPQYYWAYDELRRSGVEFP-——————-—————————————————————————
x - - . -

sp|P38753| QKALKMSLFEYERQKKLQEQEKESAEVLPQOQQQOHQQONQAPAHKIPAQTVVRRVRALYD

NP_OO3464. AFKATELSLEEQROOSTTLSTLYPSTSSLLTNHQHEG—————"———-—————— EEVEAIYD
S| CEUYLT| ==—————===—— FRSPDASPIITPPVSHFPLEQPQGG——————— ¥YGVPPA————————— G
SH3:

sp|P38753| QKALKMSLFEYERQKKLQEQEKESAEVLPQQQOQQHQQONQAPAHKIPAQTVVRRVRALYD
NP_003464. AFATELSLEEQROOSTTLSTLYFSTSSLLTNHQHEG-———————————————— REEVRAIYD

splo80%10| ——————— ERSPDASPIITPPVSHPPLRQPQGG——————— YGVPPA-—————————— G

sp|P38753| LTTNEPDELSFREKGDVITVLEQVYRDWWKGATRGNMGIFPLNYVTPIVEPSKEEIEKEK—

NP_003464. FEAAEDNELTFKAGEIITVLDDSDPNWWKGETHQGIGLFPSNFVTADLTAEPEMIKTEEK

spl0B0S10| YGVHQAGYGVPQAGYGIPQAGYGVPQAGYGIPQVGYGMPSGSSRRLD-————— EAMATEVE
. . - * - * -

* * * - *

Figure 2.4: MSA showing conserved motifs of ESCRT-0 (Hsel-STAM-TOL6). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

VHS domain shows partial conservation (KAT, LDVCDLYV, TLSL, NCG, LRQEISSKNF, LIES,
DKIKRKA). No conserved motifs are observed in other domains. Overall, low sequence
conservation is observed as only the VHS domain retained several conserved hydrophobic and

basic residues across species.
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UEV domain (N-terminal):

sp|P25604| MSANGKISVE——————————— EAVVNWLFEVIQPIYNDGRTTFHDSLALLDNFHSLRP
NP _006283. M——————————————————————— AVSESQLKEMVSKYRYRDLTVRETVNVITLYKDLEKP
spl@9LHGE| M——-————- VPPPSNPQQVQQFLSSALSQRGPSSVPYEESNKWLIRQHLLNLISSYPSLEP

* . * ‘k

sp|P25604| RTRVFTHSDGTPQLLLSIYGTISTGEDGSSPHSIPVIMWVPSMYPVEFPFISINLENFLDM
NP _006283. VLDSYVFNDGSSRELMNLTGTIPVPYRGNT-YNIPICLWLLDTYPYNPPICFVE-——————
spl| Q9LHGE | KTASFMHNDGRSVNLLQADGTIPMPFHGVT YNIPVIIWLLESYPRHPPCVYVN-——————

LFE - e * - o kE. -k *& - kE

sp|P25604| NTISSSLP-IQEYIDSNGWIALPILHCWDPAAMNLIMVVQELMSLL-HEPPQDQAPSLEE
NP_006283. PTSSMTIK-TGKHVDANGKIYLPYLHEWKHPQSDLLGLIQVMIVVFGDEPPVFSRPISAS
spl| Q9LHGE | PTADMIIKRPHAHVTPSGLVSLPYLQNWVYPSSNLVDLVSDLSAAFARDPPLYSRRRPQP

* - * - FE k- & - - - e

Coiled Coil:

sp|P25604| IIATDENHLEAVEQAIEQTMHSLNAQIDVLTANRAKWV
NP 006283. DLEEGHQKLEEMVTRELDQEVAEVDENIELLEKEKDEEL
sp | QO9LHGSH | ELNIGLKEM?EEKETLEQQLQIISMNTDILDSWVREN

- .-* . . .-* -

C-terminal Vps23 core / SB domain:

spl|P25604| ARTDGLNQLYNLVAQDYALTDTIECLSEMLHRGTIFLDTFVEQGRELARQQFLVEWHIQ-
NP _006283. PTAPLYKQILNLYAEENATEDTIFYLGEALRRGVIDLDVFLEHVRLLSREQFQLRATMQK
sp | Q9LHGE | CGDTLSKQMLECTALDLAIEDAIYSLDKSFQDGVVPFDQYLRNVRLLSREQFFHRATGSK

r*¥ror F o Fp oFrx ok FLrorF o orrrr FokpEokx %
splP25604| -BIT-————— SELS——————
NP 006283. ARKT-————— AGLSDL——Y

sp|Q9LHGS | VRAAQMEVQVAATIAGRLHS
x - - -

Figure 2.5: MSA showing conserved motifs of ESCRT-I (STP22-ELC-TSG101). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

UEV domain (HDSLALL, FTHSDG, GTI, HSIPVIMWYV, YPVKPP, LPILH, NLIMVYV, EPP) and
SB domain (NQL, DTI, LDTFVKQ, LARQQF) show some partial motif conservation. Overall,

moderate sequence conservation is observed.

GLUE N-terminal domain

splQO06696| MEYW-—————————— HYVETTSSGQPLLREGEEDIFIDQSVGLYHGRKSKILQRQ——RGRIF
NP_057159. MDRF-————————————— VWTSG--LLEINETLVIQQRGVRIYDGEEKIKFDA-——-GTLL
sp | Q9FF81| MASGSSSIAIGGLFENAEVTTSGRPVLRRNEVECFLLSSIDIDSEDDPPRFTALRSGNLI

L Ex - % * - +

spllee9e| LTSQRIIYIDDAKPTONSLGLELDDLAYVNYSSGFLTRSPFRLILFFEDPSSKEDELGESARE
NP_057159. LSTHRLIW-RDQENHECCMAILLSQIVFIEEQA-—————————————————— AGIGESAK
spl@SFF81| LTTHRLIWIPSQSNESVPSSIPLSAVTHIYSHK ——————————————————————— KSIK

* * * - * *
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GLUE C-terminal domain

splQO06696| EENSLARNKSSHSALSSSSSTGSSTEEVQLSFREKSDGVL-F-————— SQATERALENILTE
NP 057159. EPGPF-——————————————— QSSKNSYIKLSFEEHGQIE-FYRRLSEEMTQRRWENMPVS
sp|Q9FFB8l| DPGSI————————————————————— VVTIVFRGKGDFDGFLSKELWECWRGEAWEEEEES

* - * * * .

splQO0e696| ENEHIFNQNVVSVNGVDMREGAS-——SHEYNNEVPFIETKLSRIGISSLEKSRENQLLNN

Np_05715%. Q5———————"———~ LOTNEGPQ—————————————— PGRIRAVGIVGIERKLEEKRKET

splQ9FF8l| ES———————————— ETSKSGSGTVAQGLYGN————— DGTVREMVGLAGILREEQEQWEST
. * . -k . - - PR

Zinc finger motif (RanBP2-type 1)

splg06696| TASADVVSTWVCEICMVSHNETQGEFTKDTLPTPICINCGVEAD
NP 057159. IV-————————"——————————~———~—————————————————
spl@9FFB1| sM-—————————————"—"—"—"""——————————————————————

Zinc finger motif (RanBP2-type 2)

splQ06696| ANPOQNQFGVNSENICFACTFANHEQIGNCEICGHELE
NP 057159. ——— " ——————————————————————————
splQ%FFB81| ———m——7"—""-"7"-"7""—"—"""""————————————

Figure 2.6: MSA showing conserved motifs of ESCRT-II (VPS36-VPS36-VPS36). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

A very small number of residues are conserved in the GLUE-N terminal domain (SSG,
IFLTSQRIIY) and GLUE C-terminal domain (FR, EN). No conservation is noticed in the Zinc

finger motifs. Overall, low sequence conservation is observed.
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N-terminal helical core:

spl|P39929| MWSSLEGWTSSNAKNKESPTKAIVRLREHINLLSKEQSHLRTQITNQENEARIFLT
sp|P39929| MWSSLEGWTSSNAKNKESPTKAIVRLREHINLLSKEQSHLRTQITNQENEARIFLT

sp|Q9SZE4 | MMNRLFG----KPKQEANALQTLDKLNETLEMLEKKEKVLLKKAGAEVEKAKEYSR

SPIQOSZEL~ ———————————— e —m MLEKKEKVLLKKAGAEVEKAKEYSR

NP_002759. MDDTLF-——--———-—————————— QLKFTAKQLEKLARKKAEKDSKAEQAKVERALL
* * - - -

C-terminal regulatory tail:

sp|P39%25| AQENANQETSKIVNNNVNAAPISENKVSLPSVPSNKIKQSENSVKDGEEEEDEEDEDEER
sp|P39%29 | AQENANQETSKIVNNNVNAAPISENKVSLEPSVPSNEIRKQSENSVEDGEEEEDEEDEDEER

splQ9SZE4| ESE---ELESQLLQPATTAPP——————— LPSVPVPAGRQPARPVPQKRTAEEEE——————

sp|Q9SZE4— ESE-—--ELESQLLQPATTAPP-—————— LPSVPVEAGRQPARPVEQKRTAEEEE——————

NP _00275%. AEENGLEVLDQ-———————————————— LSQLPEGASAVGESSV-——-RSQEDQ-——————
* - - * - * E

sp|P39929| LRELQAEMGL
Sp|P39929| LRELQAEMGL
sp|Q9SZE4 | LAALQAEMAL
sp|Q9SZE4- LAALQAEMAL

NP_002759. LSRRLAALRN
* *

MIM (MIT-interacting motif):

sp|P39929| LRELQAEMGL
sp|P39929| LRELQAEMGL
sp|Q9SZE4 | LAALQAEMAL
sp|Q9SZE4— LAALQAEMAL
NP 002759. LSRRLAALRN

* x*

Figure 2.7: MSA showing conserved motifs of ESCRT-III (Snf7-Snf7-Snf7.1-CHMPI1A).
Conserved residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and
weakly similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT

which correspond to the domains are shown.

In ESCRT-III, motif pattern based analysis was done. A similar motif pattern was observed in
N-terminal helical core (conserved alpha helical region with sequences LREH), C-terminal
regulatory tail (variable acidic region with sequences EEEE) and MIM (MIT- interacting motif
with sequences LRELQA). All these motifs were present but showed substitutions across species

reflecting low sequence conservation.

P-loop (Walker A): Switch I region: NKXD motif:
3p|P36018|FKLVLLGDSSVGKSS 5p|p36018|ELRESTIGAAE sp | P36018 | SNKVDL
sp|P36017 | IKLVLLGERAAVGESS sp | P36017 |\ENKEPTIGAR sp|P36017 |SNKIDM
BEFQESTIGAA B
sp|P31582 | AKLVLLGDVGAGRSS 51 p31582| sp|P31582 | SNKADL

[EFQESTIGAR ~
et Rl NP_004153.5NKADL
—_ —_ x

* = & & &k kA
**‘k**‘k: __***‘.k - - ** T .

NP 004153.F
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Switch II region: C-terminal tail prenylation motif:

sp|P36018 |[KFEIWDTAGQER sp|P36018| PS--TNDPTSCCS-
sp| P36017 |KFEIWDTAGQER sp|P36017| DG--TSANSACSC-
sp|P31582 |KFEIWDTAGQER  sp|P31582| GPGATAVSSSCCA-
NP 004153 KFEIWDTAGQER NP _004153. QP--——TRNQCCSN

"EtxEEEFE TR ETEE *

Figure 2.8: MSA showing conserved motifs of RABS5 (YPT52-VPS21-RAB5A-RABS).
Conserved residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and
weakly similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT

which correspond to the domains are shown.

High conservation of motifs was observed in RABS as well. P-loop (Walker A) motif with
GDSSVG in yeast and C-terminal tail prenylation motif with CCS showed low sequence
conservation. Thr/Ser rich Switch I region motif, Switch II region motif (DTAGQ) and NKXD

motif with NKVD showed high sequence conservation.

P-loop (Walker A): Switch I region:

splP32939| MSSREKKNILKVIILGDSGVGKTSLMI
spl004157| MSTRRERTLLKVIILGDSGVGKTSLM!
NP 004628. MTSRKKVLLKVIILGDSGVGKTSLMI

sp|P32939| YVNDKYSQQYKI

sp| 004157 | YVNNKFSQQYKI

NP 004628, YVNKKFSNQYKI
- * &

Keokes shhkhkhhhAE AR AR Kk K PR
Switch II region: NKXD motif: C-terminal tail:
sp|P32939| QVWDTAGQ! splP32939| FVILGNKIDI sp|P32939| NN5CSC
sp|004157] QIWDTAGQ! spl004157| FILLGNKVD spl004157| ~GGCAC
NP_004628. QIWDTAGQ! NP 004628. FVVLGNKID: NP 004628, AESCSC
ke kkkkkk - koakkokKk K - o B

Figure 2.9: MSA showing conserved motifs of RAB7 (YPT7-RAB7-RAB7). Conserved residues
are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly similar
residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

High conservation of motifs was also observed in RAB7. P-loop (Walker A) motif with
GDSGVGKT in yeast, Thr/Ser rich Switch I region motif, Switch II region motif (DTAGQ),
NKXD motif with NKVD and C terminal tail with CCS showed high sequence conservation.
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Walker A: Walker B: Arginine finger:
sp|P52917| GPPG TGKSYL sp|P52917]| SIIFIDEVD sp|P52917| AIRRRFERRI
NP 037377. GPPG TGKSYL NP 037377. SIIFIDEVD NE 037377. AIRRRFEKRI
sp |Q9ZNTO| GPPG TGKSYL sp |Q9ZNTQ | SIIFVDEID sp]Q9zNT0 | PIRRRFDKRI

*kErk ETEEEELE L EEEEEKL 2 K E

Pore loop residues:

'STFFSVSSSDLVSKWMGE
sp|P52917] .

NP_D37377_ STFESVSSSDLMSEWLGE
spT1QozNT0| 'STEFSVSSSDLVSKWNMGE

FExrFT XX T T FET T KT FT - F

Figure 2.10: MSA showing conserved motifs of Disassembly (VPS4-VPS4-VPS4). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.

High motif conservation was observed in VPS4 as well. Walker A motif with GPPGTGKS,
Walker B motif with IIFIDE, Arginine finger with RRR and Pore loop with WMGE showed very

high sequence conservation across all three species.

SNARE motif (t-SNARE coiled-coil homology):

splQl2241| QQGLSQEELDFQTIIHQERSQQIGRIHTAVQEVNAIFHOLGSLVKEQGEQVTTIDENISH
sp|Q9ZSD4 | GRGRVLDTINE----IQERHDAVKDIEKNLRELHQVFLDMAVLVEHQGAQLDDIESHVGE
sp|0O60439| QQ-—————————— 1LIMDEQDQQLEMVSGS IQVLKHMSGRVGEELDEQGIMLDAFAQEMDH

- - E . - . - - = - . - . * % - - - .
splQl2241| LHDNMQNANKQLTRADQHQRDRNKCGKVTLIIIIVVCMVVLLAVLS-————————————~—
sp|Q9Z5D4 | ASSFIRGGTDQLOTARVYQKNTREWTCIAIIILITIIITVVVLAVLKPWNNSSGGGGGGGE
sp|06049%9| TOSRMDGVLRKLAKVSHMTSDRROWCAIAVLVGVLLLVLILLESL————=—=——————————

- - - . .o ow .

C-terminal TM Helix:

spll2241 | LHDNMONANEKQLTRADQHQEDENKCGEVTLITIIIVVCMVVLLAVLS
spl|Q9E5D4 | ASSFIRGGTDQLOTARVYQRNTREWTCIAIIILIITIITVVVLAVLE
spl06&0499| TQSEMDGVLRKLARKVSHMTSDRROWCATAVLVGVLLLVLILLFSL-

* E e L - = =K *

Figure 2.11: MSA showing conserved motifs of SNAREs (VAM3-SYP121-STX10). Conserved
residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and weakly
similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT which

correspond to the domains are shown.
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Partial motif conservation was observed in the SNARE motif (QER, VKEQG) and C-terminal
TM Helix (VTLIL IVV, VVLL). Overall, moderate sequence conservation was observed.

Four transmembrane helices:

sp|Q07651| MIFK——REFVNLLVFLFLLGAGLLTFFL sp|Q07651| MLLISLFFIVLALVEGFLATFLI

sp|QBS8Q6| MA—————RCSNNLVGIT——————— NFLV sp|Q858Q6| LMVV-——————————— ATAGL——-
NP_001771. MAVEGGMKCVKFLLYVI,——————- LLAF Np 001771. LELV——————————— AFVGC——-
NP_004347. MGVEGCTRCTRYLLFVF-—-———- NEVE np 004347. MMFV——— GFLGC——-

* . . E .

sp Q07651 | A VPVLYCVLSWLAFFFIILAA sp| Q07651 | FAFIWTSVFLMLVNAIWSTIFS;
sp|Q8s8Q6| SCCRVIWLLWVYLEVMEFLLILL sp|QBS8Q6 | EGRKGYKEYKLGDYSTWLOKRVE
NP 001771, A-CKENYCIMITFAIFLSLIML yp Q01771. AGYVFRDKVMSEFNNNFRQQME!
NP 004347, A-IQESQCLLGTFFTCLVILFA yp 004347, WOEVNRDOIARDVRQFYDQALO:

Topological Cytoplasmic tails:

splQ07651| MIFK-——
sp|©B858Q6| MA-—————!
NP_001771. MAVEGGM
NP_004347. MGVEGCT!

*

EC2 Cys residues (Extracellular Topological domains):
splQ07651| MLLISLFFIVLALVPGFLATFLEFEA-VEVLYCVLSWLAFFFITLAACLYTGCYVEARET

spl@B8s58Q6e| LMVV-—-—-————————— ATAGL———-IGSCCRVIWLLWVYLEVMFLLILLVFE-—-CIT—-——-V
Np_001771. LFLV-—————————— AFVGC———-CGA-CRENYCIMITFAIFLSLIMLV-———————————
NP _004347. MMFV-—————————— GFLGC-——-YGA-IQESQCLLGTFFTCLVILFAC————————————
spl@07651| FRNSGRSARLGPENFAFIWTSVFLMLVNAIWSTIFSAT-——-HRKAHSTYS-———-—-— DHDM
splQ858Q6| FAFVVINKEGAGEATIECGEGYKEYKLGDY STWLOERVENG———ENWNEIRSCLVESKEVCSEL
NP 001771. -——————-— EVAAATAGYVFRDRVMSEFNNNFRQOMENY ———PENNHTASIL-—————— DERM

NP:OO4347. ———————— EVAAGIWGEVNEDQIAKDVEQFYDQATL.OQQAVVDDDANNAKAVV —————— KETF

Figure 2.12: MSA showing conserved motifs of Tetraspanins (SUR7-TETS8-CD63-CDS81).
Conserved residues are indicated by asterisks (*), colons (:) and periods (.) represent strongly and
weakly similar residues and gaps are shown by dashes (-). MSA regions generated using MAFFT

which correspond to the domains are shown.

No significant sequence conservation was observed for tetraspanins.
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520
1.0
0.0
5 10 15 20
4.0
030
520
0 TYEPVRVCESCEEDED
b 45 50 55 60

WebLogo 3.9.0

WeblLogo 3.9.

]

QzFCeRSSSKEZP

25 30 35 40

Webloge 3.9.0

Figure 3.1: Sequence motif logos illustrating conservation of functional motifs of ESCRT-0

(VPS27-Hrs-TOL2). The height of each letter reflects residue conservation at each position.

Generated using WebLogo.
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Weblogo 3.90

WtLogo 390

Weblogo 39.0

Figure 3.2: Sequence motif logos illustrating conservation of functional motifs of ESCRT-0

(VPS27-Hrs-TOL6). The height of each letter reflects residue conservation at each position.

Generated using WebLogo.
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ivesaTervmerdisvalRiloeyrne ErNesESHRET

0AES LN LRETELeT Y {BRYBARYRE 1 LS I [ReRER
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Figure 3.3: Sequence motif logos illustrating conservation of functional motifs of ESCRT-0
(Hsel-STAM-TOL2). The height of each letter reflects residue conservation at each position.
Generated using WebLogo.
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WeblLogo 3.9.0

Figure 3.4: Sequence motif logos illustrating conservation of functional motifs of ESCRT-0

(Hse1-STAM-TOLG6). The height of each letter reflects residue conservation at each position.

Generated using WebLogo.

UEV domain (N-terminal):

85 90 95 100 105 110 115 120
4.0
£3.D
e C H D D
1.0 "i- R2e éSN red VQE E% ABEMVMSESR
0.0 -
125 130 135 140 145 150
Webloge 3.9.0
Coiled Coil:

De| ReBRAEY

5 10 15 20 25
WeblLogo 3.9.0
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C-terminal Vps23 core / SB domain:

4.0

mBD

=20

1038ELSs NLYAE T | ES| 2EALSRGVIPL|)?
o 5 10 15 20 25 30 35 40
4.0
30
o Hv sRe()kE QQKARA ”HQ | A2LSR S
0.0 VN A ' 5
45 50 85 60 65 70 75

Weblogo 3.9.0

Figure 3.5: Sequence motif logos illustrating conservation of functional motifs of ESCRT-I. The

height of each letter reflects residue conservation at each position. Generated using WebLogo.

GLUE N-terminal domain

T BDAKNESSER

55 60 65 70 75

0>
7
o>
>
i
-
oI
»

80

WeblLogo 39.0

WebLogo 3.8.0

Figure 3.6: Sequence motif logos illustrating conservation of functional motifs of ESCRT-II. The

height of each letter reflects residue conservation at each position. Generated using WebLogo.
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N-terminal helical core:
40

P 3.0
520
1.0
0.0

0.0

C-terminal regulatory tail:

VEQKRTAEEEE |

225 230 235

MIM (MlIT-interacting motif:
4.0
- 3.0

“io] apLQAENAL

250

>
>

Figure 3.7: Sequence motif logos illustrating conservation of functional motifs of ESCRT-III.

The height of each letter reflects residue conservation at each position. Generated using

WebLogo.

P-loop (Walker A):

4.0

250
=]
1.0 L] I NS <QF Dsa
s A |1ﬁ.|: u.‘ )45 GNKGTS
5 10 15 20 25 30 35 40

Switch I region:

é%?FeENREPTIGAAFL

Switch II region:
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Figure 3.8: Sequence motif logos illustrating conservation of functional motifs of RABS. The

height of each letter reflects residue conservation at each position. Generated using WebLogo.

P-loop (Walker A):

- 3.0
“ o )lssRiksn LKVITLGDSGYGKTS
0.0

5 10 15 20

Switch I region:

P 30

‘520
1.0 V
0.0

Switch II region:

Ba0l
1.0 L vayv LVTMQT
0.0

45 50 55 60 65
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NKXD motif:

Figure 3.9:Sequence motif logos illustrating conservation of functional motifs of RAB7. The

height of each letter reflects residue conservation at each position. Generated using WebLogo.

Walker A:

" 3.0

520
o dHLET RGI||Y T
0 165 170 175 180 185

Walker B:

:g S0

E20 —
ésyc\! S80I V‘EKWMGESEKl VKN| FEMARERKPSTTFIDEY
W 205 210 215 220 225 230 235 240

Arginine finger:

285 290 295

Pore loop residues:
030
520

1.0 “ ‘\‘\‘\ \!‘\ { hn I“ |

0.0
205 210 215

Figure 3.10: Sequence motif logos illustrating conservation of functional motifs of Disassembly.
The height of each letter reflects residue conservation at each position. Generated using

WebLogo.
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SNARE motif (t-SNARE coiled-coil homology):

WeblLogo 3.9.0

WeblLogo 3.9.0

Figure 3.11: Sequence motif logos illustrating conservation of functional motifs of SNAREs. The

height of each letter reflects residue conservation at each position. Generated using WebLogo.

Four transmembrane helices:

Weblogo 3.9.0
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Topological Cytoplasmic tails:

4.0
o 30
520
”;EM%EVEG (YRENe | | | BrONSTSSSL | [ | || fEsiEARERY Y

85 90 95 100 105 110 115 120

125 130 135 140 145 150 155 160

Weblogo 3.9.0

Weblogo 39.0

Figure 3.12: Sequence motif logos illustrating conservation of functional motifs of Tetraspanins.

The height of each letter reflects residue conservation at each position. Generated using

WebLogo.
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3.4 Phylogenetic relationships among proteins

100 BAAZ23366 1 Hrs Homo sapi
95 sp|QI9LISHGS MOUSE He
splQ9B0X8IHRS DROME H
tr|Q17796/Q17796 CAEEL H
splP40343|VPS27 YEAST V
splQILNCE|TOL2 ARATH T

88

Figure 4.1: Phylogenetic trees with bootstrap support values for ESCRT-0 (Vps27-Hrs-TOL2).
Branches show evolutionary relationships with bootstrap values at each node. Mouse, Drosophila
and nematode sequences were included only to meet MEGA'’s sequence requirements and are not

part of study focus.

This phylogenetic tree shows that human and mouse are the most similar to each other among all
the sequences with a bootstrap value of 100. Subsequently drosophila and the nematode cluster
with this group with bootstrap values of 95 and 88 respectively. This clustering indicates that
these proteins are close orthologs inherited from a shared ancestral protein. Then we find the yeast
(Vps27) and plant (TOL2) to be the most divergent from the previous sequences and placed at the
basal region of the tree. These sequences are orthologs that have diverged along their respective

lineages over time, suggesting that these are more divergent.

100 BAA23366.1 Hrs Homo saj
93 sp|QIILISHGS MOUSE Hi
sp|Q9B0X8HRS DROME }
sp|P40343|VPS27 YEAST
98 5p|O80910[TOLE ARATH T
trQ17796/Q17796 CAEEL

Figure 4.2: Phylogenetic trees with bootstrap support values for ESCRT-0 (Vps27-Hrs-TOL6).
Branches show evolutionary relationships with bootstrap values at each node. Mouse, Drosophila
and nematode sequences were included only to meet MEGA’s sequence requirements and are not

part of study focus.
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This phylogenetic tree shows that human and mouse are most similar with a bootstrap score of
100 indicating as highly reliable. Then Drosophila clusters with this clade with a bootstrap value
of 93. In the next parallel clade, yeast and plant group together with a bootstrap value of 98,
whereas the nematode stays as the most divergent lineage in the base of the tree. The fact that
yeast and plant group together while the human, mouse and Drosophila sequences form their own
cluster is a direct reflection of how these lineages have evolved separately over an evolutionary

time period.

76 sp|P38753HSE1 YEAST Cla

24 sp|001498|STAM1 CAEEL S

trlQ9XTL2|Q9XTL2 DROME

MNP 003464 1 signal transdud

100 sp|P70297|STAM1 MOUSE 9

sp|QILNCE[TOL2 ARATH T{

Figure 4.3: Phylogenetic trees with bootstrap support values for ESCRT-0 (Hsel-STAM-TOL?2).
Branches show evolutionary relationships with bootstrap values at each node. Mouse, Drosophila
and nematode sequences were included only to meet MEGA'’s sequence requirements and are not

part of study focus.

This phylogenetic tree shows that yeast and nematode share a common evolutionary origin with a
bootstrap value of 76. Then drosophila clusters with this clade with a bootstrap value of 54. In
another clade, the human and the mouse sequence cluster perfectly with a bootstrap value of 100,
where the plant stays as the most divergent lineage. The branching pattern reflects that while the
human and mouse sequences have remained the most conserved, the yeast, nematode, and
Drosophila sequences form a separate evolutionary cluster, reflecting a distinct pattern of lineage

evolution and divergence over time.
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83 sp|P38753|HSE1 YEAST Cl3
sp|001498|STAM1 CAEEL 3
NP 003464 1 signal transdug

100 sp|P70297|STAM1 MOUSE
trjQIXTL2|QIXTL2 DROME
97 sp|080910|TOL6 ARATH T(

Figure 4.4: Phylogenetic trees with bootstrap support values for ESCRT-0 (Hsel-STAM-TOLSG).
Branches show evolutionary relationships with bootstrap values at each node. Mouse, Drosophila
and nematode sequences were included only to meet MEGA’s sequence requirements and are not

part of study focus.

This phylogenetic tree of ESCRT 0 sequences shows two primary clades where the top one
showed close evolutionary relationship of yeast and nematode clustered with human and mouse
both at a confidence level of 82% and 100% respectively. This clade was again clustered with the
other clade which showed a close evolutionary relationship of drosophila and plant sequences at a
bootstrap value of 96. This reflects that the human and mouse orthologs are the most conserved in
this dataset, as shown by their perfect 100% bootstrap support. In contrast, the deeper branching

of the Drosophila and plant lineages reflects a clear pattern of divergence over time.

100 MNP 006283.1 tumor suscept
63 sp|Q61187[TS101 MOUSE T

tQOVVATIQSVVAT DROME

sp|P25604|STP22 YEAST 5

100 sp|QILHGS|ELC ARATH Prc

tO76258|076258 CAEEL T

Figure 4.5: Phylogenetic trees with bootstrap support values for ESCRT-I. Branches show
evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of ESCRT I sequences shows two primary clades where the top one shows
robust evolutionary relationship of human and mouse at bootstrap value of 100, which is clustered

with the drosophila sequence at 63% confidence level. The other clades show a near perfect
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relationship of the yeast and plant sequence whereas the nematode sequence was left as the
basally divergent lineage. This pattern reflects that the human, mouse, yeast, and plant sequences
are all highly conserved within their respective clades, as it is seen from their perfect 100%
bootstrap support. In contrast, the branching of the Drosophila and nematode lineages at lower
confidence levels indicates a pattern of divergence, which shows how these orthologs have

evolved differently across their lineages over time.

% | sp|Q06696|VPS36 YEAST
61 | sp|Q9FF81|VPS36 ARATH
| NP 057159.2
100 | sp|Q91XD6|VPS36 MOUSE

sp|Q9VU8B7|VPS36 DROME
tr|Q19519|Q19519 CAEEL

Figure 4.6: Phylogenetic trees with bootstrap support values for ESCRT-II. Branches show

evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

The phylogenetic tree of ESCRT II (VPS36) sequences shows two primary clades where the top
one shows the evolutionary relationship of yeast and plant sequence at 96% confidence level
which is clustered with another subgroup of mouse and human. Though mouse and human share a
bootstrap value of 100, their cluster shows a confidence level of only 61. Conversely the
drosophila and nematode sequences represent the most divergent lineages. This pattern reflects
that while the human, mouse, yeast and plant orthologs are highly conserved within their specific
clades, they share a more distant common origin. In contrast, the branching of the Drosophila and

nematode lineages at the base of the tree shows a clear pattern of divergence over time.
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sp|QISZE4|VP322 ARATH
100

71 sp|Q9SZE4-2|VP322 ARATH

sp|Q9D7S9|CHMP5 MOUSE
69

trQ18886|Q18886 CAEEL

98

sp|Q8TOQ4|CHM4 DROME

sp|P39929|SNF7 YEAST

NP 002759.2

Figure 4.7: Phylogenetic trees with bootstrap support values for ESCRT-III. Branches show
evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of ESCRT III sequences shows two primary clades where the top one
shows the evolutionary relationship of the two plant sequences at 100% confidence which is
clustered with the mouse sequence at 71%. This clade is nested with the other clade of nematode
and drosophila at confidence level 69%, even though the bootstrap value within this subgroup was
98. This reveals that the plant,drosophila and nematode subgroups show strong conservation
within their lineages. And finally the deeper branching of yeast and human shows significant

lineage evolution and divergence over time.

89 sp|P36018|YPT52 YEAST
—94,—: sp|P36017[VPS21 YEAST
sp|P31582|RAF2A ARATH
NP 4924811
—71‘—: NP 004153 2
5 sp|QICQDT|RAB5A MOUSE

sp|QY9V3I2|RABS DROME

Figure 4.8: Phylogenetic trees with bootstrap support values for RABS. Branches show

evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
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sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of RABS, YPT52 and VPS21 sequences shows two primary clades where
the top one shows the evolutionary relationship of the two yeast sequences at bootstrap value of
89 which is clustered with the plant sequence at 94% confidence. The second clade shows near
perfect evolutionary relationship of the mouse and human sequences nested with the nematode
sequence at 71% confidence. The tree structure indicates that these sequences may be orthologs
that have been conserved across yeast, plant and animals. However, the tight clustering of the
human, mouse and insect sequences compared to the yeast and plant clades clearly shows a

distinct pattern of lineage evolution and divergence.

NP 004628.4
100

. sp|P51150|RAB7A MOUSE

sp|076742|RAB7 DROME

sp|P32939|YPT7 YEAST

50

sp|O04157|RAG3B ARATH

trlQ23146|Q23146 CAEEL

Figure 4.9: Phylogenetic trees with bootstrap support values for RAB7. Branches show
evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of RAB7 sequences shows two primary clades where the top one shows
the evolutionary relationship of the human and mouse at bootstrap value of 100 which is nested
with the drosophila sequence at 77% confidence. In the next clade the yeast and plant sequence
showed evolutionary relevance at 50% confidence. This pattern shows the human, mouse and

drosophila sequences are highly conserved within their clade. In contrast, the clustering of the
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yeast and plant lineage along the distant branch shows a clear pattern of divergence across these

orthologs.

NP 037377.1
100

82 NP 569053.1

trlQ9Y162|Q9Y 162 DROME

sp|P52917|VPS4 YEAST

99

sp|Q9ZNTO|VPS4 ARATH

tr|Q9BL83|Q9BL83 CAEEL

Figure 4.10: Phylogenetic trees with bootstrap support values for Disassembly. Branches show
evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of VPS4 sequences shows two primary clades where the top one shows the
evolutionary relationship of the human and mouse sequences at bootstrap value of 100 which is
nested with the drosophila sequence at 82% confidence. In the next clade the yeast and plant
sequence showed evolutionary relevance at 99% confidence. The tight clustering of the human,
drosophila, yeast, and plant pairs indicates that these sequences may be orthologs that have
remained conserved within their respective clades. But the distinct separation between the clades

reflects the divergence over time as these lineages evolved from a common ancestor.

4@?: tr|Q7JY00]Q7JY00 DROME
100 sp|P83528|STX6 CAEEL
sp|060499|STX10 HUMAN
sp|Q12241|VAM3 YEAST
sp|Q9ZSD4|SY121 ARATH
sp|Q9D3G5|STX11 MOUSE

58

Figure 4.11: Phylogenetic trees with bootstrap support values for SNAREs. Branches show

evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
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sequences were included only to meet MEGA’s sequence requirements and are not part of study
focus.

This phylogenetic tree of SNARESs sequences shows two primary clades where the top one shows
the evolutionary relationship of the drosophila and nematode sequence at a confidence level of
67% which is nested with the human sequence at bootstrap value of 100. This again was clustered
with the yeast sequence at 58% confidence level. These results confirm that these sequences may
be orthologs originating from a shared ancestral SNARE gene. However the varying bootstrap
values across the tree highlight a pattern of lineage evolution, where the yeast, plant, and mouse
sequences show significant divergence compared to the more closely clustered drosophila,

nematode, and human group.

99 | NP 001771.1
60 ' sp|P41731|CD63 MOUSE
sp|Q8S8Q6| TETS ARATH
| sp|Q07651|FMP45 YEAST
54 | NP 004347.1
tr|Q9XVI4|Q9XVI4 CAEEL
tr|A1Z8K7|A1Z8K7 DROME

Figure 4.12: Phylogenetic trees with bootstrap support values for Tetraspanins. Branches show
evolutionary relationships with bootstrap values at each node. Mouse, Drosophila and nematode
sequences were included only to meet MEGA’s sequence requirements and are not part of study

focus.

This phylogenetic tree of Tetraspanin sequences shows a primary clade where the top one shows
the evolutionary relationship of the human (CD63) and mouse sequence at a confidence level of
99%. This is clustered with the plant sequence at 60% confidence. The next clade shows the
evolutionary relationship with yeast and human (CD81) at bootstrap value of 54. The clustering
pattern confirms that these sequences may be orthologs that have diverged from a shared ancestral
gene while maintaining their core structural characteristics across species. The higher bootstrap
values for the human, mouse, and plant group compared to the yeast and insect branches reflects

their distinct lineage evolution and divergence over time.
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3.5 Structural conservation across species

Figure 5.1: Structural overlays of ESCRT-0 proteins (A: Yeast Vps27 vs Human Hrs; B:
Yeast Vps27 vs Plant TOL2; C: Human Hrs vs Plant TOL2 ; D: Yeast Vps27 vs Human Hrs;
E: Yeast Vps27 vs Plant TOL6; F: Human Hrs vs Plant TOL6; G: Yeast Hsel vs
Human STAM; H: Yeast Hsel vs Plant TOL2; I: Human STAM vs Plant TOL2; J: Yeast Hsel
vs Human STAM; K: Yeast Hsel vs Plant TOL6; L: Human STAM vs Plant TOL6).
Superimposed structures (blue for protein 1 and red for protein 2) generated using TM-align web

server illustrate varying degrees of structural conservation.
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Figure 5.2: Structural overlays of ESCRT-I proteins (A: Yeast Vps23 vs Human TGSI1; B:
Yeast Vps23 vs Plant VPS23; C: Human TGS101 vs Plant VPS23). Superimposed structures

(blue for protein 1 and red for protein 2) generated using TM-align web server illustrate varying

.

Figure 5.3: Structural overlays of ESCRT-II proteins (A: Plant VPS36 vs Human VPS36; B:

degrees of structural conservation.

Human VPS36 vs Yeast Vps36; C: Plant VPS36 vs Yeast Vps36). Superimposed structures
(blue for protein 1 and red for protein 2) generated using TM-align web server illustrate varying

degrees of structural conservation.

-.
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Figure 5.4: Structural overlays of ESCRT-III proteins (A: Yeast Snf7 vs Plant Snf7; B:
Yeast Snf7 vs Plant Snf7.1; C: Yeast Snf7 vs Human CHMPI1A; D: Plant Snf7 vs
Human CHMPI1A; E: Plant Snf7.1 vs Human CHMP1A). Superimposed structures (blue for
protein 1 and red for protein 2) generated using TM-align web server illustrate varying degrees of

structural conservation.

Figure 5.5: Structural overlays of RABS (A: Human RABS vs Plant RAB5SA; B: Human RABS5
vs Yeast ypt52; C: Yeast Ypt52 vs Plant RABSA; D: Yeast Vps2l vs Human RABS; E:
Yeast Vps21 vs Plant RABSA; F: Yeast Ypt7 vs Plant RAB7; G: Yeast Ypt7 vs Human RAB7;
H: Human RAB7 vs Plant RAB7). Superimposed structures (blue for protein 1 and red for
protein 2) generated using TM-align web server illustrate varying degrees of structural

conservation.

Figure 5.6: Structural overlays of Disassembly proteins (A: Yeast Vps4 vs Human VPS4l B:
Yeast VPS4 vs Plant VPS4; C: Human VPS4 vs Plant VPS4). Superimposed structures (blue
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for protein 1 and red for protein 2) generated using TM-align web server illustrate varying

.

Figure 5.7: Structural overlays of SNAREs proteins (A: Human STX10 vs Plant SYP121; B:

degrees of structural conservation.

Human STX10 vs Yeast Vam3; C: Yeast Vam3 vs Plant SYP121). Superimposed structures
(blue for protein 1 and red for protein 2) generated using TM-align web server illustrate varying

degrees of structural conservation.

Figure 5.8: Structural overlays of Tetraspanins proteins (A: Yeast SUR7 vs Plant TETS; B:
Yeast SUR7 vs Human CD63; C: Yeast SUR7 vs Human CDS81; D: Plant TET8 vs

Human CD63; E: Plant TET8 vs Human CDS81). Superimposed structures (blue for protein 1
and red for protein 2) generated using TM-align web server illustrate varying degrees of structural

conservation.
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Protein Species Aligned | RMSD | TM-score | Interpretation

family length

ESCRT-0 Yeast 259 6.23 0.296 Low structural similarity
(Vps27)-Human
(Hrs)
Yeast 193 5.26 0.313 Partial structural
(Vps27)-Plant similarity
(TOL2)
Human (Hrs)- 177 4.38 0.30 Partial structural
Plant (TOL2) similarity
Yeast 259 6.23 0.296 Low structural similarity
(Vps27)-Human
(Hrs)
Yeast 226 5.32 0.283 Low structural similarity
(Vps27)-Plant
(TOL6)
Human (Hrs)- 225 5.56 0.27 Low structural similarity
Plant (TOL6)
Yeast (Hsel)- 175 4.80 0.29 Low Structural Similarity
Human (STAM)
Yeast 150 3.69 0.32 Partial Structural
(Hsel)-Plant Similarity
(TOL2)
Human 179 4.19 0.34 Partial Structural
(STAM)--Plant Similarity
(TOL2)
Yeast (Hsel)- 175 4.80 0.29 Low structural similarity
Human (STAM)
Yeast 203 5.04 0.31 Partial structural
(Hsel)-Plant similarity
(TOL6)
Human 185 4.60 0.265 Low structural similarity

(STAM)--Plant
(TOL®6)
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ESCRT I Yeast (Stp22)- 200 5.89 0.36 Partial Structural
Human (Tsgl101): Similarity
Yeast 158 3.31 0.36 Partial Structural
(Stp22)-Plant Similarity
(ELC):
Human 171 2.89 0.4 Partial Structural
(Tsg101)-Plant Similarity
(ELC):

ESCRT II Yeast 301 3.81 0.53 Similar overall fold
(VPS36)-Human
(VPS36)
Yeast 167 3.65 0.32 Partial structural
(VPS36)-Plant similarity
(VPS36)
Plant 150 1.9 0.35 Partial structural
(VPS36)-Human similarity
(VPS36)

ESCRT III Yeast 148 3.81 0.5 Partial structural
(Snf7)-Plant similarity
(Snf7)
Yeast 148 3.81 0.5 Partial structural
(Snf7)-Plant similarity
(Snf7.1)
Plant 109 2.58 0.46 Partial structural
(Snf7.1)-Human similarity
(CHMP1A)
Plant 109 2.58 0.46 Partial structural
(Snf7.1)-Human similarity
(CHMPI1A)
Yeast 103 2.11 042 Partial structural
(Snf7)-Human similarity
(CHMPI1A)

RABS5 Yeast 174 1.47 0.77 Similar overall fold and

(Ypt52)-Plant
(Rab5A)

highly conserved.
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Yeast 194 1.98 0.875 Similar overall fold and
(VPS21)-Plant highly conserved.
(RAB5A)

Yeast 177 1.04 0.83 Similar overall fold and
(Ypt51)-Human highly conserved.
(RABS)

Yeast 172 1.35 0.71 Similar overall fold and
(Ypt52)-Human highly conserved.
(RABS)

Plant 176 1.69 0.79 Similar overall fold and
(RAB5A)-Huma highly conserved.

n (RABS5)

RAB7 Yeast 202 2.19 0.89-0.89 | Similar overall fold and
(Ypt7)-Human 9 can be considered as
(RAB7) conserved.

Yeast 189 1.24 0.89 Similar overall fold and
(Ypt7)-Plant highly conserved.
(RAB7A)

Plant (RAB7A)- | 188 1.61 0.87-0.86 [ Similar overall fold and
Human (RAB?7) highly conserved.

Disassembly | Yeast 410 2.29 0.87 Similar overall fold and
(VPS4)-Human partial structural
(VPS4) conservation.

Yeast 429 33 0.87 Similar overall fold and
(VPS4)-Plant partial structural
(VPS4) conservation.

Plant 410 2.79 0.89 Similar overall fold and
(VPS4)-Human partial structural
(VPS4) conservation.

SNAREs Yeast 148 4.73 0.36 Partial structural
(VAM3)-Human similarity
(STX10)

Yeast 129 4.75 0.36 Partial structural

(VAM3)-Plant
(SYP121)

similarity
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Plant 149 4.5 04 Partial structural
(SYP121)-Huma similarity
n (STX10)

Tetraspanin | Plant 145 4.33 0.38 Partial structural
(TETS8)-Human similarity
(CD63)
Plant 148 4.96 0.38 Partial structural
(TET8)-Human similarity
(CD81)
Plant 144 5.04 0.37 Partial structural
(TETS8)-Yeast similarity
(SUR7)
Yeast 194 3.86 0.62 Similar overall fold
(SUR7)-Human
(CD63)
Yeast 173 3.54 0.55 Similar overall fold
(SUR7)-Human
(CDS81)

Table 4: Structural alignment metrics including RMSD and TM-score values. Structural
conservation was interpreted based on established thresholds: RMSD <2 A (very strong structural
conservation), RMSD 2-3 A (moderate conservation), TM-score between 0.3 and 0.5 (partial

structural similarity), TM-score > 0.5 (same fold) and TM-score > (.7: highly similar.

The structural alignment metrics of these proteins reveals a clear spectrum of evolutionary
conservation. RAB5, RAB7 and VPS4 families exhibit the highest structural similarity with
TM-scores frequently exceeding 0.7 and low RMSD values. This indicates strong preservation of
catalytic folds across species. On the contrary, structural alignment revealed limited global
structural similarity for the ESCRT-0 and ESCRT-I complexes as reflected by low TM scores
(typically below 0.4) and higher RMSD values. This suggests that these proteins show sequence
divergence accompanied by substantial fold level divergence. The other families, such as
ESCRT-II, ESCRT-III and tetraspanin maintain a similar overall fold with partial structural
similarity indicating that the core remains recognisable, but specific functional domains have

adapted to their unique requirements.
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3.6 Mapping conserved motifs onto protein structures

Figure 6.1: Comparative mapping of the conserved domains and motif of ESCRT-0
(Vps27-STAM-TOL2) on representative protein (Vps27). On the left side, the red highlighted
regions indicate the known functional domains, while on the right are the domain residues which
remain conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualisation demonstrates the identification of conserved motifs or residues within the
domains of ESCRT-0 proteins Vps27-STAM-TOL2. The initial mapping at the left identifies the
primary functional domains of Vps27, characterised by a compact helical VHS domain, the SH3
domain and the FYVE domain. The mapping at the right only shows the residues and motifs that
remain highly conserved across all these three sequences. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.2: Comparative mapping of the conserved domains and motifs of ESCRT-0
(Vps27-STAM-TOLG6) on representative structure (Vps27). On the left side, the red highlighted

regions indicate the known functional domains, while on the right are the domain residues which
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remains conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualisation demonstrates the identification of conserved structural elements within the
domains of ESCRT-0 proteins Vps27-STAM-TOL2. The initial mapping at the left identifies the
primary functional domains of Vps27, characterised by a compact helical VHS domain, and SH3
domain and the lower FYVE domain. The mapping at the right only shows the residues and
motifs that remain highly conserved across all the sequences. Mapping of conserved regions onto
the representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.3: Comparative mapping of the conserved domains and motif of ESCRT-0
(Hsel-STAM-TOL2) on representative structure (Hsel). On the left side, the red highlighted
regions indicate the known functional domains, while on the right are the domain residues which
remain conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualisation demonstrates the identification of conserved structural elements within the
ESCRT-0 proteins Hsel-STAM-TOL2. The initial mapping at the left identifies the primary
functional domains of Hsel, characterised by a compact helical VHS domain, the SH3 domain
and the lower helical UIM domain. The mapping at the right only shows the residues and motifs
that remain conserved across all the sequences. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.
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Figure 6.4: Comparative mapping of the conserved domains and motif of ESCRT-0
(Hsel-STAM-TOLG6) on representative structure (Hsel). On the left side, the red highlighted
regions indicate the known functional domains, while on the right are the domain residues which
remain conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualisation demonstrates the identification of conserved structural elements within the
ESCRT-0 proteins Hsel-STAM-TOL6. The initial mapping at the left identifies the primary
functional domains of Hsel, characterised by a compact helical VHS domain, the SH3 domain
and the lower helical UIM domain. The mapping at the right only shows the residues and motifs
that remain highly conserved across all the sequences. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.5: Comparative mapping of the conserved domains and motif of ESCRT-I
(TSG101-STP22-ELC) on representative structure (TSG101). On the left side, the red highlighted

regions indicate the known functional domains, while on the right are the domain residues which
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remain conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualisation demonstrates the identification of conserved structural elements within the
ESCRT-I proteins. The initial mapping (left) identifies the primary functional domains of STP22,
characterised by a compact helical UEV domain, the helical structure-coiled coil and helical
structure at right-SB. Finally the refined mapping (right) only shows the residues and motifs that
remain highly conserved across all the sequences. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.6: Comparative mapping of the conserved domains and motif of ESCRT-II
(VPS36-VPS36-VPS36) on representative structure (yeast VPS36). On the left side, the red
highlighted region indicate the known functional domains, while on the right are the domain
residues which remain conserved. The PDB files of the proteins were visualised using the

PYMOL visualisation tool.

This visualisation illustrates the structural conservation within the ESCRT II proteins. The initial
mapping at the left highlighted the functional domains of VPS36, showing the N-terminal GLUE
domain and the central VPS36 core domain. At the right, the mapping isolates the specific
residues and motifs that are highly conserved across all the sequences. Mapping of conserved
regions onto the representative structure showed that conserved motifs preferentially clustered
within compact structured cores whereas more variable residues distributed along peripheral

loops, terminal segments or low-complexity regions.
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Figure 6.7: Comparative mapping of the conserved domains and motif of = ESCRT-III
(Snf7-Snf7-Snf7.1-CHMP1A) on representative structure (yeast Snf7). On the left side, the red
highlighted regions indicate the known functional domains, while on the right are the domain
residues which remain conserved. The PDB files of the proteins were visualised using the

PYMOL visualisation tool.

The mapping of the ESCRT-III proteins illustrates the motifs required for membrane remodelling.
The left picture identifies the primary helical organisation, including the N-terminal helical core,
MIM and the C-terminal regulatory tail. At the right, only the highly conserved MIM (MIT
interacting motif) was found across the species. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.8: Comparative mapping of the conserved domains and motif of Rab GTPases
(YPT52-VPS21-RAB5A-RABS) on representative structure (YPT52). On the left side, the red
highlighted regions indicate the known functional domains, while on the right are the domain
residues which remain conserved. The PDB files of the proteins were visualised using the

PYMOL visualisation tool.
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This visualization demonstrates the identification of conserved structural elements within the
Rab5 family representatives, including VPS21, YPT52, and RABS5A. The initial mapping (top)
identifies the primary functional architecture of the G-domain, characterized by the P-loop
(Walker A), the NKXD motif, and the regulatory Switch I and II regions. Finally, the refined
model (right) isolates only the residues and motifs that remain highly conserved across all
sequences. Mapping of conserved regions onto the representative structure showed that conserved
motifs preferentially clustered within compact structured cores whereas more variable residues

distributed along peripheral loops, terminal segments or low-complexity regions.

Figure 6.9: Comparative mapping of the conserved domains and motif of Rab GTPases
(YPT7-RAB7-RAB7) on representative structure (YPT7). On the left side, the red highlighted
regions indicate the known functional domains, while on the right are the domain residues which
remain conserved. The PDB files of the proteins were visualised using the PYMOL visualisation

tool.

This visualization demonstrates the identification of conserved structural elements within the
Rab5 family proteins. The initial mapping (top) identifies the primary functional architecture of
the G-domain, characterized by the P-loop (Walker A), the NKXD motif, and the regulatory
Switch I and II regions. Finally, the refined model (right) isolates only the residues and motifs that
remain highly conserved across all sequences. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.
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Figure 6.10: Comparative mapping of the conserved domains and motif of VPS4 proteins on
representative structure (yeast VPS4). On the left side, the red highlighted regions indicate the
known functional domains, while on the right are the domain residues which remain conserved.

The PDB files of the proteins were visualised using the PYMOL visualisation tool.

The mapping of the VPS4 family identifies the characteristic mechanical organization of a classic
AAA ATPase. On the top, the primary domains are identified through the Walker A and Walker B
motifs required for ATP binding and hydrolysis, alongside the Arginine finger. Finally, the refined
model (right) isolates the highly conserved Pore loop residues, which are evolutionarily
maintained to provide the physical force necessary for the disassembly of the ESCRT-III complex.
Mapping of conserved regions onto the representative structure showed that conserved motifs
preferentially clustered within compact structured cores whereas more variable residues

distributed along peripheral loops, terminal segments or low-complexity regions.

Figure 6.11: Comparative mapping of the conserved domains and motif of SNAREs
(VAM3-SYP121-STX10) on representative structure (VAM3). On the left side, the red
highlighted regions indicate the known functional domains, while on the right are the domain
residues which remain conserved. The PDB files of the proteins were visualised using the

PYMOL visualisation tool.



88

This visualisation illustrates the structural mapping of the SNARE family. The initial mapping at
the top shows the primary functional hallmark of the family, characterised by elongated SNARE
motif and the C-terminal TM helix. The mapping on the right only represents those residues
which remain strongly conserved across all the species. Mapping of conserved regions onto the
representative structure showed that conserved motifs preferentially clustered within compact
structured cores whereas more variable residues distributed along peripheral loops, terminal

segments or low-complexity regions.

Figure 6.12: Comparative mapping of the conserved domains and motif of Tetraspanins
(SUR7-TET8-CD63-CD81) on representative structure (SUR7). On the left side, the red
highlighted regions indicate the known functional domains, while on the right are the domain
residues which remain conserved. The PDB files of the proteins were visualised using the

PYMOL visualisation tool.

This structural mapping of the Tetraspanin family at the top identifies the four transmembrane
helices and the cytoplasmic tail. The refined model only shows a few residues which remained
conserved across all the species. Mapping of conserved regions onto the representative structure
showed that conserved motifs preferentially clustered within compact structured cores whereas
more variable residues distributed along peripheral loops, terminal segments or low-complexity

regions.
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3.7 Intrinsic disorder analysis

L ¥ . [ s PR

Figure 7.1: Intrinsic disorder prediction of ESCRT-0 proteins (A: Yeast Vps27; B:Human Hrs;

C: Plant TOL2; D: Plant TOL6; E:Yeast Hsel; F: Human STAM). The X-axis represents the
residue positions and the Y-axis denotes the disorder propensity score. The colored curve
represents the predicted disorder score along the protein sequence, where the color variations
indicate prediction by different models. The disorder prediction graphs were generated using their

IUpred2 A web server using the respective amino acid sequences.

In case of all the proteins of the three species, the VHS domain tends to be ordered (<0.5 score)
while the C-terminal region shows predicted disorder (>0.5 score). Additionally, the FYVE
domain is ordered in yeast Vps27 and human Hrs but absent in plant TOL2 and TOL6. The UIM
region shows predicted disorder in human Hrs and yeast Vps27 but absent in plant TOL2 and
TOL6. Moreover, the UIM and SH3 domains are ordered in yeast Hsel and human STAM but
absent in plant TOL2 and TOLS6.

Regions showing lower sequence conservation frequently corresponded to predicted disordered or
low-complexity segments whereas the structured catalytic or domain cores tended to remain less
disordered across species. Consistently, the MSA results also show higher sequence conservation
in the VHS domain than other regions, suggesting that regions with a higher sequence

conservation correspond to ordered segments.
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Figure 7.2: |Intrinsic disorder prediction of ESCRT-I proteins (A:Yeast STP22; B:
Human TSG101; C: Plant ELC). The X-axis represents the residue positions and the Y-axis
denotes the disorder propensity score. The colored curve represents the predicted disorder score
along the protein sequence, where the color variations indicate prediction by different models.
The disorder prediction graphs were generated using the IUpred2A web server using their

respective amino acid sequences.

The UEV domain and SB domain / C-terminal region of the three species are ordered (<0.5
score). While the coiled coil domain of yeast is ordered, it is predicted to be somewhat disordered
in human and plant (close to 0.5 score). Regions showing lower sequence conservation frequently
corresponded to predicted disordered or low-complexity segments whereas the structured catalytic
or domain cores tended to remain less disordered across species. Consistently, the MSA results
also show that the UEV domain and the SB domain are more conserved across the three species
than the coiled coil domain, suggesting that regions with a higher sequence conservation

correspond to ordered segments.
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Figure 7.3: Intrinsic disorder prediction of ESCRT-II proteins (A:Yeast VPS36; B: Plant VPS36;
C: Human VPS36). The X-axis represents the residue positions and the Y-axis denotes the
disorder propensity score. The colored curve represents the predicted disorder score along the
protein sequence, where the color variations indicate prediction by different models. The disorder
prediction graphs were generated using their [Upred2A web server using the respective amino

acid sequences.

The GLUE N-terminal and GLUE C-terminal both are ordered regions (<0.5 score). While the
conservation is low, both these regions show more conservation than the other regions (Zinc
finger motifs) in the MSA results, suggesting that regions with a higher sequence conservation
correspond to ordered segments. In contrast, regions showing lower sequence conservation
frequently corresponded to predicted disordered or low-complexity segments. The structured

catalytic or domain cores tended to remain less disordered across species.

Figure 7.4: Intrinsic disorder prediction of ESCRT-III (A: Yeast Snf7; B: Plant Snf; C:
Plant Snf7.1; D: Human CHMP1A). The X-axis represents the residue positions and the Y-axis
denotes the disorder propensity score. The colored curve represents the predicted disorder score

along the protein sequence, where the color variations indicate prediction by different models.
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The disorder prediction graphs were generated using their IUpred2A web server using the

respective amino acid sequences.

The N-terminal region is ordered (<0.5 score) across all the three species. The MIT interacting
motif and C terminal regions are predicted to be disordered (>0.5 score) in yeast and plant but
ordered in human. Regions showing lower sequence conservation frequently corresponded to
predicted disordered or low-complexity segments whereas the structured catalytic or domain
cores tended to remain less disordered across species. However, the MSA results did not show

any significant higher conservation in the N-terminal region than the other regions.
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Figure 7.5: Intrinsic disorder prediction of Rab GTPases (A: Yeast Ypt52; B: Yeast VPS21 C:
Plant RAB5SA; D: Human RABS; E: Yeast Ypt7; F: Plant RAB7; G: Human RAB7). The

X-axis represents the residue positions and the Y-axis denotes the disorder propensity score. The
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colored curve represents the predicted disorder score along the protein sequence, where the color
variations indicate prediction by different models. The disorder prediction graphs were generated

using their [Upred2A web server using the respective amino acid sequences.

The P-loop, Switch I, Switch IT and NKxD regions all are ordered (<0.5 score) across the species
while the C terminal regions show predicted disorder (>0.5 score). This aligns with the MSA
results where higher conservation is noticed in the P-loop, Switch I, Switch II and NKxD domains
than the C-terminal region, suggesting that regions with a higher sequence conservation
correspond to ordered segments.

Regions showing lower sequence conservation frequently corresponded to predicted disordered
or low-complexity segments whereas the structured catalytic or domain cores tended to remain

less disordered across species.
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Figure 7.6: Intrinsic disorder prediction of Disassembly proteins (A: Yeast VPS4; B:
Plant VPS4; C: Human VPS4). The X-axis represents the residue positions and the Y-axis
denotes the disorder propensity score. The colored curve represents the predicted disorder score
along the protein sequence, where the color variations indicate prediction by different models.
The disorder prediction graphs were generated using their I[Upred2A web server using the

respective amino acid sequences.

The Walker A, Walker B, Arginine finger and Pore loop residues all are ordered (<0.5 score). This
also aligns with the MSA results where high conservation is noticed in all these regions,

suggesting that regions with a higher sequence conservation correspond to ordered segments.
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Regions showing lower sequence conservation frequently corresponded to predicted disordered
or low-complexity segments whereas the structured catalytic or domain cores tended to remain

less disordered across species.
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Figure 7.7: Intrinsic disorder prediction of SNAREs proteins (A: Yeast VAM3; B:
Plant SYP121; C: Human STX10). The X-axis represents the residue positions and the Y-axis
denotes the disorder propensity score. The colored curve represents the predicted disorder score
along the protein sequence, where the color variations indicate prediction by different models.
The disorder prediction graphs were generated using their [Upred2A web server using the

respective amino acid sequences.

The t-SNARE coiled-coil homology is ordered in plant and human (<0.5 score) but shows
predicted disorder in yeast (>0.5 score). However, the TM helices are ordered across the three
species. This aligns with the MSA results where a comparatively higher conservation is noticed in
the TM helix than the t-SNARE coiled-coil homology, suggesting that regions with a higher
sequence conservation correspond to ordered segments. Regions showing lower sequence
conservation frequently corresponded to predicted disordered or low-complexity segments

whereas the structured catalytic or domain cores tended to remain less disordered across species
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Figure 7.8: Intrinsic disorder prediction of tetraspanins proteins (A: Yeast SUR7; B:
Plant TETS; C: Human_CD63; D: Human_CDS81). The X-axis represents the residue positions
and the Y-axis denotes the disorder propensity score. The colored curve represents the predicted
disorder score along the protein sequence, where the color variations indicate prediction by
different models. The disorder prediction graphs were generated using their [Upred2A web server

using the respective amino acid sequences.

The Topological domain (Extracellular) and TM helix are ordered (<0.5 score) across all the three
species. The Topological domain (Cytoplasmic) is predicted to be disordered in yeast but ordered
in plant and human. However, the MSA results show that all the regions exhibit a very low

conservation, contradicting that lower sequence conservation corresponds to disordered segments.
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Protein Sequence Domain / Motif Structural Divergent
family Conservation Conservation Similarity Regions
ESCRT-0 Low sequence VHS Low Structural | FYVE-type zinc
conservation Similarity finger
SH3
UIM
ESCRT-I Moderate UEV Low Structural Coiled coil
sequence Similarity region
conservation SB
ESCRT-1I Low sequence | GLUE N-terminal | Partial structural | Zinc finger motif
conservation similarity (RanBP2-type 1)
GLUE C-terminal Zinc finger motif
(RanBP2-type 2)
ESCRT-III Low sequence Helical core Partial structural N-terminal
conservation similarity helical core
MIM
C-terminal
Rab GTPases | High sequence Walker A High structural Little to no
conservation ' similarity divergence
Switch I within the motifs
Switch II
NKxD
Disassembly High sequence Walker A High structural Little to no
conservation similarity divergence
Walker B within the motifs
Arginine finger
Pore loop residues
SNARESs Moderate t-SNARE Partial structural | Some regions in
sequence coiled-coil similarity the SNARE
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conservation homology motif
Transmembrane
helices
Tetraspanins Very low Topological Partial structural Topological
sequence domain similarity domain
conservation (Cytoplasmic) (Extracellular)
TM Helix

Table 5: Cross-complex evolutionary comparison summarizing sequence conservation and
structural similarity across protein families

From the table, the findings suggest that the protein families analyzed reveal a hierarchical pattern

of evolutionary conservation within the membrane trafficking system. Catalytic proteins such as

Rab GTPases and VPS4 reveal the highest level of sequence, motif and structural conservation. In

contrast, structural scaffold proteins such as ESCRT-I, ESCRT-II, ESCRT-III and SNAREs

display moderate conservation with preservation of core domains despite sequence divergence. At

the other end of the hierarchy, regulatory adaptor proteins such as ESCRT-0 and tetraspanins show

greater evolutionary divergence in both sequence and domain architecture, often accompanied by

an increased disorder or low-complexity regions.
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Figure 8: Illustration of conservation tiers across trafficking proteins. Catalytic proteins are

shown in dark red (high conservation), structural proteins in light pink (moderate conservation)

and regulatory proteins in blue (higher divergence). Generated using BioRender.
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Chapter 4
Discussion

4.1 Conservation of catalytic trafficking proteins

The results obtained here clearly demonstrate the strong conservation of catalytic trafficking
proteins such as Rab GTPase and VPS4 ATPases across yeast, human and plants. Pairwise
comparisons and domain specific alignments indicate that key motifs (P-loop, Switch I and II,
NKxD in Rab proteins and Walker A, Walker B, Arginine finger and Pore loop residues in VPS4)
are highly conserved. Several of these motifs showed complete conservation across yeast, plant
and human in multiple sequence alignments. This supports the claim that strong purifying
selection acts on residues involved in catalysis and the regions adjacent to these catalytic cores
also show higher conservation [76-77]. Phylogenetic analyses highlight the evolutionary
divergence of these proteins. In RABS, yeast sequences cluster together with plants and vertebrate
sequences form a separate clade. In RAB7 and VPS4, vertebrate sequences cluster with high
bootstrap value and plant and yeast sequences group separately. Here, the key catalytic motifs are
conserved despite evolutionary divergence. This indicates that the divergence has occurred in
regions outside the functional core and selective pressure has conserved the essential catalytic
regions.

Structural alignment further supports the functional importance of this conservation. TM-scores
exceeding 0.7 and low RMSD values indicate that the overall three dimensional fold is
maintained across species. Additionally, intrinsic disorder analysis show that conserved catalytic
motifs correspond to stable ordered regions and less conserved regions are more disordered like
the C-terminal tail in Rab proteins. This suggests that structural stability of catalytic regions is
critical for maintaining enzymatic activity and other regions may be variable among species.
Overall, these findings show that catalytic trafficking proteins Rab GTPase and VPS4 ATPases

maintain a highly conserved structural and functional core despite evolutionary divergence.

4.2 Structural conservation despite sequence divergence
The results demonstrate that structural conservation is maintained despite substantial sequence
divergence across the protein families. For example, ESCRT complexes exhibit low to moderate

sequence identity (ranging from 9 to 33%) but maintain conserved structural elements such as
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VHS domain in ESCRT-0, UEV and SB domains in ESCRT-I, GLUE domains in ESCRT-II and
helical core and MIT-interacting motif in ESCRT-III. While there are divergent regions observed
among these ESCRT complexes, they show partial structural similarity. Similarly, SNARE
proteins show moderate sequence conservation while retaining coiled-coil organization and
transmembrane helices. Additionally, tetraspanins show higher sequence divergence yet have
partial structural similarity.

Structural conservation is observed even when sequence identity is low because proteins can
differ extensively in amino acid sequences due to evolution while still maintaining a stable
three-dimensional structure and biological functions [93-94]. The mentioned protein families of
yeast, plant and human have derived from common ancestral genes [1]. Though their amino acid
sequences have diverged over time due to species-specific adaptation, their overall structure has
been maintained to preserve the essential functions of the eukaryotic cells. This indicates the
evolutionary pressure to conserve structure rather than retaining the exact amino acid sequences
in proteins. As mentioned earlier, in the membrane trafficking system, the core structure of
protein families is evolutionarily conserved as it is required for the key processes of vesicle
formation, transportation, fusion etc. [56]. Despite sequence divergence observed in the protein
families, the protein structures are conserved by strong structural and functional constraints
required to maintain their stability and core functions [95-97]. Thus, even across distant species,

proteins can exhibit low sequence identity but retain conserved structural folds.

4.3 Divergence of regulatory and adaptor proteins

The results showed that adapter proteins like ESCRT-0 components and tetraspanins exhibit
higher divergence compared to other protein families. Pairwise sequence analysis for ESCRT-0
show yeast and human sequences were more conserved with each other than with plant homologs.
In case of tetraspanins, plant TET8 shows moderate similarity with human CD63 and CD81 and
yeast SUR7 showed very low identity in pairwise comparison.

Domain specific analysis indicated low sequence conservation of these adaptor proteins across
yeast, plant and human as well. The VHS domain of ESCRT-0 shows relatively higher
conservation in domain specific analysis and multiple sequence alignment than UIM, SH3 and
FYVE-type zinc finger domains. This indicates that the core VHS domain is somewhat conserved

in ESCRT-0 but the other regions show sequence variation. The plant sequences did not contain
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the other domains except VHS which indicates that these regions may be less critical for
maintaining fundamental ESCRT-0 function across all species. In case of tetraspanins,
transmembrane helices showed moderate conservation while topological cytoplasmic tails and
extracellular topological domains showed more conservation between plant and human among
three species in domain specific analysis. However, no significant continuous conserved regions
were found in multiple sequence alignment of tetraspanins. Although pairwise comparisons show
moderate similarity, the multiple sequence alignment reveals only scattered conserved residues
indicating overall low sequence conservation across all species.

Phylogenetic tree also showed widespread evolutionary divergence of ESCRT-0 and tetraspanins
sequences which is consistent with lower sequence conservation. Intrinsic disorder prediction
showed the VHS domain is more ordered and stable compared to other domains which is
supported by its partial sequence conservation. However, TM-scores and RMSD values for
ESCRT-0 showed low structural similarity which is consistent with observed high sequence
divergence. Overall, it can be interpreted that only the VHS domain may retain some structural
and functional features of ESCRT-0 across species. In case of tetraspanins, TM-scores and RMSD
value indicated partial structural similarity and similar overall fold across species despite low
sequence conservation. Intrinsic disorder pattern also showed Topological domain (Extracellular)
and TM helix are ordered in all species indicating stable protein structure despite low sequence
similarity. These findings partially support the idea that protein structure is more conserved than
sequences [81-82]. Overall, ESCRT-0 and tetraspanins show high evolutionary divergence
compared to catalytic proteins. This may be because catalytic proteins need conservation to
maintain enzymatic activity but adapter proteins which primarily mediate interaction with cargos

can tolerate sequence changes.

4.4 Evolutionary hierarchy of membrane trafficking proteins

The results collectively suggest an existence of evolutionary hierarchy within these protein
families, where the degree of conservation across yeast, plant and human directly reflects their
functional roles. At the top tier, RAB GTPases and VPS4 showed the highest sequence identity,
structural similarity, motif conservation and consistently ordered regions. In the intermediate tier,
ESCRT-1, ESCRT-II, ESCRT-III and SNAREs showed moderate conservation and partial

structural similarity. This suggests that they showed signs of maintaining conserved folds and
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functional domains while tolerating divergence in regulatory regions. At the base of this
hierarchy, ESCRT-0 and tetraspanin showed the greatest evolutionary divergence with low
sequence identity, poor structural similarity and minimal conserved residues within their
functional domains.

By analyzing the results, it was demonstrated that selective pressure acting on a protein is
proportional to the functional consequences of its mutation. In VPS4, Walker A, Walker B,
Arginine finger and Pore loop residues were all consistently ordered and highly conserved. In
RAB GTPases, although the P-loop, Switch I and Switch II regions were ordered, the NKxD
motif and C-terminal regions showed disorder despite retaining relatively high conservation in the
sequence analysis. This suggested that conservation and structural order are not always directly
coupled. Similarly conservation regions in the UEV domain in ESCRT-I and the GLUE domains
in ESCRT-II were consistently ordered, while peripheral regions showed higher disorder scores.
This again indicated that only the structurally stable regions are subject to selective conservation.
However for tetraspanins, transmembrane helices and extracellular domains were ordered across
all species despite very low sequence conservation, which contradicts the expected relationship
between disorder and sequence divergence. This indicates that while the disorder analysis
generally supports the proposed hierarchy, structural order alone is not a reliable predictor of
sequence conservation across all protein families.

For this reason, phylogenetic analysis and PyMOL structural mapping together provide two
complementary lines of evidence that further validate this hierarchy. Since the phylogenetic trees
used in this study are topology based without branch lengths, they cannot be used to quantify the
rate or degree of divergence directly. However, they can establish whether sequence variation is
evolutionarily structured or not. If sequences group according to known species relationships, the
variation is constrained by lineage rather than being random. For RAB GTPases and VPS4, the
trees recover well-resolved clades in which yeast, plant and animal sequences separate into
distinct, phylogenetically coherent groupings. This indicates that selective pressure has kept these
sequences within predictable evolutionary boundaries. For ESCRT-0 and tetraspanins, the
topologies are less resolved, consistent with sequences having diverged more independently
across lineages. PyYMOL structural mapping then provides the spatial dimension of this argument.
For tier 1 proteins, conserved residues are distributed broadly across the entire three-dimensional

structure, indicating that constraint is global and that almost no region of the protein can tolerate
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substitution without consequence. For tier 3 proteins, conserved residues collapse into a compact,
localised core, while peripheral loops, terminal segments and inter-domain regions remain free to
vary. This means that a greater fraction of the protein surface can accommodate mutation without
disrupting function. The correlation between topological structure in the phylogenetic trees and
the spatial distribution of conserved residues in the PyMOL models therefore provides a mutually

reinforcing validation of the evolutionary hierarchy.

4.5 Biological implication

The conservation pattern across yeast, plant and human proteins carry significant biological
implications which reflects the fundamental nature of vesicular transport in eukaryotic cell. The
conservation of catalytic cores suggests that these proteins represent core cellular processes that
emerged early in eukaryotic evolution and have remained conserved for a very long evolutionary
period [19]. This can be seen as basic functions like nutrient uptake, organelle maintenance and
intracellular communication depend on intact trafficking machinery and are required by all
eukaryotic cells [98]. In a similar way, the shared conservation of SNARE proteins and ESCRT
complexes suggests that the basic mechanisms of vesicle formation and membrane fusion were
already established in the last eukaryotic common ancestor (LECA), and they have been retained
across diverging lineages [99]. So the greater divergence which was seen in the adaptor proteins
like ESCRT-0 and tetraspanin could likely reflect how different organisms have adopted tier
trafficking systems to meet their specific cellular needs [100].

Thus from an evolutionary perspective, the fact that these core proteins remain conserved across
organisms separated by hundreds of millions of years of evolution strongly suggests that
mutations disrupting them would cause some form of disturbance which also could be lethal in

nature [19].
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Chapter 5

Conclusion

This study demonstrates a comparative analysis of different protein families involved in
membrane trafficking systems across yeast, plant and human. The studied trafficking proteins
exhibit varying degrees of sequence conservation and structural similarity across the eukaryotes.
While some proteins exhibit a higher sequence and structural similarity, others demonstrate
significant sequence divergence but retain conserved structural features essential for their core
function. This highlights that conservation is not uniform across all components of the trafficking
system. Instead, it depends on the functional roles of the individual protein families, where
structural and catalytic proteins remain more conserved than regulatory adaptor proteins,
supporting the evolutionary conservation model. The catalytic proteins like Rab and VPS4
showed higher levels of sequence and structural conservation, reflecting strong evolutionary
pressure to retain their essential roles. Therefore, higher conservation of these proteins across
diverse eukaryotic lineages highlights their fundamental roles in maintaining key cellular
processes. Additionally, some proteins show low sequence identity while retaining their
conserved three-dimensional folding structure, suggesting that structural integrity is maintained
by evolutionary pressure to sustain their functional roles rather than preserving the exact amino
acid sequences. Moreover, the higher level of sequence divergence in regulatory proteins like
ESCRT-0 and tetraspanins demonstrates reduced evolutionary constraints compared to catalytic
proteins, highlighting their roles in maintaining organism-specific regulatory processes depending
on their cellular complexity. As a result, such proteins exhibit greater evolutionary flexibility
while still maintaining structural and functional roles.

Altogether, the study supports the existence of an evolutionary hierarchy within the membrane
trafficking system where the catalytic proteins are highly conserved, structural scaffold proteins
show moderate conservation and regulatory proteins show higher variation. The membrane
trafficking system is evolutionarily conserved at the structural and functional level with the
presence of sequence variation. Overall, the findings contribute to a broader understanding of how
conserved biological systems like membrane trafficking are maintained across diverse eukaryotic

lineages.
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Table S1 Complete pairwise identity matrices
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Comparison % Identity % Similarity Alignment Length
Yeast (Vps27)-Human (Hrs) 21.1% 34.9% 848
Yeast (Vps27)-Plant (TOL2) 10.6% 20.3% 714
Human (Hrs)- Plant (TOL2) 9.4% 16.5% 859
Yeast (Vps27)-Human (Hrs) 21.1% 34.9% 848
Yeast (Vps27)-Plant (TOL6) 18.0% 32.6% 752
Human (Hrs)- Plant (TOL6) 19.8% 31.4% 880
Yeast (Hsel)- Human (STAM) 22.8% 37.6% 591
Yeast (Hsel)-Plant (TOL2) 14.7% 28.4% 538
Human (STAM)--Plant (TOL2) 15.0% 24.1% 622
Yeast (Hsel)- Human (STAM) 22.8% 37.6% 591
Yeast (Hsel)-Plant (TOL6) 15.5% 26.9% 728
Human (STAM)--Plant (TOL6) 16.4% 25.9% 793
Yeast (Stp22)- Human (Tsgl01): 25.6 45.5 418
Yeast (Stp22)-Plant (ELC): 224 40.0 447
Human (Tsg101)-Plant (ELC): 29.2 47.0 17.6
Yeast (VPS36)-Human (VPS36) 16 29.7 607
Yeast (VPS36)-Plant (VPS36) 17.6 31.2 641
Plant (VPS36)-Human (VPS36) 333 49.8 454
Yeast (Snf7)-Plant (Snf7) 31.7 47.9 240
Yeast (Snf7)-Plant (Snf7.1) 28.8 42.1 240
Plant (Snf7.1)-Human (CHMP1A) | 22.6 36.6 235
Plant (Snf7.1)-Human (CHMP1A) | 22.2 36.2 221
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Yeast (Snf7)-Human (CHMP1A) 19.9 36.7 267
Yeast (Ypt52)-Plant (Rab5A) 41.9 55.6 241
Yeast (VPS21)-Plant (Rab5A) 46 63.3 215
Yeast (Ypt51)-Human (Rab5) 50.2 63.7 223
Yeast (Ypt52)-Human (Rab5) 42.7 54.2 253
Plant (Rab5A)-Human (Rab5) 59.4 71.4 217
Yeast (Ypt7)-Human (RAB7) 61.4 74.0 215
Yeast (Ypt7)-Plant (RAB7) 35.5 52.7 220
Plant (RAB7)-Human (RAB7) 59.4 71.4 217
Yeast (VPS4)-Human (VPS4) 59.0 73.6 451
Yeast (VPS4)-Plant (VPS4) 54.8 68.1 451
Plant (VPS4)-Human (VPS4) 53.0 68.8 455
Yeast (VAM3)-Human (STX10) 16.6 38.0 295
Yeast (VAM3)-Plant (SYP121) 18.6 33.2 392
Plant (SYP121)-Human (STX10) | 13.2 25.7 385
Plant (TET8)-Human (CD63) 21.8 37.3 303
Plant (TET8)-Human (CD81) 22.0 33.7 300
Plant (TET8)-Yeast (SUR7) 11.2 16.3 412
Yeast (SUR7)-Human (CD63) 1.2 2.5 520
Yeast (SUR7)-Human (CD81) 2.0 3.5 509

Table 1: Complete pairwise identity matrices for all protein families
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Supplementary Table S2 Domain / Motif position and residue conservation data

Protein | Protein | Domain | Domain | Conserve | Motif Functional | Conservatio
Family | names / Motif |/Motif |d Pattern | significanc | n Status
(Yeast- | to Position | residues/ |/ e
Plant- Verify | (in yeast | motifs (in | Structu
Human) protein | yeast) ral
raw Feature
sequenc
e)
ESCRT- | VPS27- | VHS 18-149 | LEIS N-termi | Cargo Some
0 Hrs- domain nal recognition | conserved
TOL2 MRCIKK [ conserv residues
RI ed fold observed
across
SWKLTN species
KEICSR
EFMDT
M
UIM 1 |258-227 |LS Short Ubiquitin | Low
acidic-h [ binding conservation
ydropho across
bic species (no
motifs consecutive
conserved
residues)
UIM2 |301-320 Short Ubiquitin | No fully
acidic-h | binding conserved
ydropho residues
bic
motifs
FYVE 170-230 Cys-ric | PI3P Low
domain h binding conservation
Zn-bind (no
ing consecutive
motif conserved
residues)
VPS27- | VHS 18-149 | IEQATSE [ N-termi | Cargo Some
Hrs- domain nal recognition | conserved
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TOL6 conserv residues
LEISDV | ed fold observed
L across
VKNGG species
EICSRE
GIKFP
UIM 1 258-257 | DE Short Ubiquitin Low
acidic-h | binding conservation
ydropho across
bic species
motifs
UIM2 |301-320 Short Ubiquitin | No
acidic-h | binding conservation
ydropho observed
bic across
motifs species
FYVE 170-230 Cys-ric | PI3P No
domain h binding conservation
Zn-bind
ing
motif
Hsel- VHS 15-145 | KAT N-termi | Cargo Some
STAM- | domain IEKRL nal recognition | conserved
TOL2 LIES conserv residues
EISS ed fold observed
across
species
UIM 162-181 | DDEEL | Short Ubiquitin | Low
motifs KMS acidic-h | binding conservation
ydropho across
bic species
motifs
SH3 217-276 | YDL B-barrel | Protein—pro | Low
domain SH3 tein conservation
(STAM- ELS fold interaction
like) residues
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DVIT
NYV
Hsel- VHS 15-145 | KAT N-termi | Cargo Some
STAM- | domain LDVCDL | nal recognition | conserved
TOL6 A" conserv residues
TLSL ed fold observed
NCG across
LRQEISS species
KNF
LIES
DKIKRK
A
UIM 162-181 Short Ubiquitin | No
motifs acidic-h | binding consecutive
ydropho conservation
bic across
motifs species
SH3 217-276 B-barrel | Protein—pro | No
domain SH3 tein consecutive
(STAM- fold interaction | conservation
like) residues across
species
ESCRT- [ STP22- | UEV 12-161 | HDSLAL | UEV Ubiquitin | Some
domain L fold binding conserved
I T5G101- (N- signatur residues
ELC terminal FTHSDG | € observed
) residues across
species
GTI
HSIPVIM
wV
YPVKPP

LPILH
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NLIMVV
EPP
C-termi | 272-300 | NQL Conserv | ESCRT-I Some
nal ed core | complex conserved
Vps23 DTI residues [ assembly residues
core / observed
SB LDTFVK across
domain species
Q,
LARQQF
Coiled | 322-385 NQL Very low
Coil conservation
DTI
LDTFVK
Q
LARQQF
ESCRT- | VPS36- | GLUE | 7-96 SSG Phosph | Membrane | Low
N-termi oinositi | targeting conservation
i VPS36- 1 al GRIFLTS | de-bindi across the
VPS36 domain QRITY ng fold species
GLUE |255-288 | FR Conserv | ESCRT-III | Very low
C-termi ed recruitment | conservation
nal EN structur across the
domain ed species
region
Zinc 114-151 Cys/His | Structural | No
finger clusters | stabilizatio | conservation
motif n in plant and
(RanBP human
2-type
1)




120

Zinc 177-205 Cys/His | Structural | No
finger clusters | stabilizatio | conservation
motif n in plant and
(RanBP human
2-type
2)
ESCRT- | Snf7- N-termi | 20-120 | LREH Conserv | Polymeriza | Low
I Snf7- nal ed tion conservation
helical alpha-h | scaffold across the
Snf7.1- | core elical species
CHMP]1 region
A C-termi [ 160-210 | EEEE Variable | VPS4 Low
nal acidic interaction | conservation
regulato region |/ regulation | across the
ry tail species
MIM LRELQA [ LxxLxx | VPS4 Low
(MIT-int L-like binding conservation
eracting motif across the
motif) species
RAB5S YPT52- | P-loop | 18-25 GDSSVG [ Gxxxx | GTP Moderate
VPS21- (Walke GKST | binding conservation
rA) across the
RABSA- species
RABS5
Switch | 47-55 Conserv | Effector High
I ed interaction | conservation
region flexible across the
loop species
(Thr/Ser
-rich)
Switch | 60-64 DTAGQ [ Conserv | Conformati | High
I ed onal conservation
region ngG switching across the
motif species

region
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NKX 120-123 | NKXD NKXD | Guanine High
D specificity | conservation
motif across the
species
C-term CCS CcC/ Membrane | Moderate
inal CXC/ |attachment | conservation
tail Cys-con across the
taining species
preny] tail
ation
motif
RAB7 YPT7-R | P-loop | 10-17 GDSGV [ Gxxxx | GTP High
AB7-RA | (Walke GKT GKST | binding conservation
r A) across the
B7 species
Switch | 35-42 Conserv | Effector High
I ed interaction | conservation
region flexible across the
loop species
(Thr/Ser
-rich)
Switch | 57-61 DTAGQ [ Conserv | Conformati | High
I ed onal conservation
region DXX.G switching across the
motif species
region
NKX 125-128 | NKID NKXD | Guanine High
D specificity | conservation
motif across the

species
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C-term CCS cC/ Membrane | High
inal CXC/ |attachment | conservation
tail Cys-con across the
taining species
prenyl tail
ation
motif
Disasse | VPS4-V | Walker | 173-180 | GPPGTG | Gxxxx | ATP Very high
mbly psavp | A KS GKST [ binding conservation
across the
S4 species
Walker |229-234 | IIFIDE hhhhDE | ATP Very high
B hydrolysis | conservation
across the
species
Argini | 287-289 | RRR Conserv | ATPase Very high
ne aa ed Arg | oligomer conservation
finger residue | function across the
species
Pore 206-209 | WMGE Conserv | Substrate Very high
loop ed translocatio | conservation
residu aromati | n across the
o c/hydro species
phobic
residues
SNARE | VAM3- | t-SNAR | 190-252 | QER Coiled- | Membrane | Moderate
E coil fusion conservation
> SYPI21- coiled-c VKEQG | heptad | complex across the
STX10 | oil repeats species
homolo

gy
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C-termi | 262-282 | VTLII Hydrop | Membrane | Moderate
nal TM hobic anchoring | conservation
helix Vv stretch across the
(~20-25 species
VVLL aa)
Tetraspa | SUR7- Four T™™1: LV Four Membrane | Very low
nins TETS- transme | ¢-26 MLLI hydroph | scaffold conservation
CD63- mbrane obic across the
CD81 helices T™?2- zegment species
117-137
TM3:
141-161
TM4:
189-209
Extracel |27-116 |G Conserv | Disulfide Very low
lular ed Cys |bond conservation
Topolog pairs formation
ical
domains
Short N-termi | M Basic Signalling | Very low
cytoplas | nal: 1-5 charged |regulation | conservation
mic tails residues across the
C-termin species)
al:
210-309

Table 2: Domain / Motif position and residue conservation data
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Supplementary Figure S1 Full multiple sequence alignments for each protein family
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Figure 1.1: MAFFT multiple sequence alignment result for ESCRT-0 (Vps27-Hrs-TOL2)
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ESCRT-0 (Vps27-Hrs-TOL6)
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Figure 1.2: MAFFT multiple sequence alignment result for ESCRT-0 (Vps27-Hrs-TOLO6)

125



ESCRT-0 (Hse1l-STAM-TOL2)
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———————————————————————————————————— ELGLS-----—-———-SDEDER-—-

R . -
QFATL

Figure 1.3: MAFFT multiple sequence alignment result for ESCRT-0 (Hsel-STAM-TOL?2)
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ESCRT-0 (Hse1-STAM-TOL6)

sp|P38753| MESSAIFR-IFNALLFATDPELESDMWOY ILDVCDLVEEDPELDNGOEVMSLIERRLEOQCDR

NP _003464. MPLFATNPFDODVERATSEMNTAEDNGLILDICDEVGQS-RTGPRDCLRSIMRRVNEEDE

sp |C080910| MASSSAS-ATVAVDEATSDLLLGPDMTTNMEICDSVNSL-HWCOARDVVEAVEERLOHESS
- -

B - A PR .. . . PR

sp|P38753| NVILRTLSLIVSLAENCGSRLROEISSENFTSLLYALIESHSVHITLERAVTDVVEQLSD
NP_003464. HVAMOALTLLGACVSNCGRIFHLEVCSRDFASEVSNVLNKG-—HPEVCERLRALMVEWTD
sp[080510| RVOLLALTLLETLVENCGDYLHHQVAERNILGEMVEIVEERRA-DMOVRDKILVMVDSHQQ

. oA . Ak .. .. - aw . s . . . -
sp|P38753| SFRD-DPSLRAMGDLYDEIRRRAFYL——VOPNVEERHNMS-————————— TQADNSDDEEL
NP_003464. EFRN-DPOLSLISAMIRNLREQGVTFPAIGSQARFQARASPALVARDPGTVANKREEEDL
sp|0OB0910| AFGGPEGRYPQYYWAYDELRRSGVEFP—————————————————————

- =

ap | P38753| QFALFMSLFEYERCQERLOEQEFESAFEVLEPOQOCOHCOONCAPAHRTIPAQTVVERVELALYD
NP _003464. RRATELSLEEQRQOSTTLSTLYPSTSSLLTNHOHEG———————————————— EEVRATIYD
sp|C80910| -——————————- FERSPDASPIITPEVSHPPLROPOGG——————— YGVPPA-—————————— G

sp|P38753| LTTHNEPDELSFREGDVITVLEQVYRDWWEGALRGNMGIFPLNYVIPIVEPSKEEIEEER-
NP _003464. FERARDNELTFRAGEIITVLDDSDPNWWEGETHOGIGLFPSNFVTADLTAEPEMIRTERR

sp|0B0910| ¥GVHOAGYGVPOAGYGIPOAGYGVPOAGYGIPOVGYGMPSGSSRRLD-———— ERMATEVE
. . * * . - - o L -

sp|P38753| ———— NEEAI-—————— VFSQRTTIDQLHNSLNAASKTG—————————————————— N

NP_003464. TVOFSDDVOVETIEPEPEPAFIDEDRMDOLLCMLOSTDPSD-————————————————— D

sp|080910| GLSLS———SIESM—————————— RDVMDLLGDMLOAVDPSDREAVEDEVIVDLVERCRSN

woa w - A - L - -

sp|P38753| SNEVLODPHIGDM-———————————————=——= YGSVTPLRPOVTRMLGRYAR--EREDM

NP 003464. QPDLPELLHLEAMCHOMGPLID-——ERLEDIDREHSELSELNVEVMEATSLYTELMNEDPM
sp 080510 QFFLMOMLTSTGDDELLGRGLDLNDSLOILLARHDATASGSFLEVORSGSPLSVOASEPR

sp|P38753| LSLROQVLANAFRSYNOLMDRAAN-————- AHISPPVPGPALYAG-—-MTHA-NNTPVMEP
NP_003464. YSMYARLONQPYYMQSSGVSGSQ-————- VYAGPPPSGAYLVAGNAQMSEL-QSYSLEPE
sp|080910| DSSPRSSEAR——--DSSSIAGSSSPIPATVSTGRSPIDEEYEEEEDEFACLARRHSKFPA
- - - e e
sp|P38753| QRO——————————— SYQSNEYSP——————————————————————————— ¥PSNLPIQH
NP_003464. QLS-——————————— SLSQAVVPESANPALPSQOTQRAAYPNTMVSSVOGNTYPSQAPVYS
sp|080910| SVTTDEFTSLESHNAASNALATALEFDPPPPVNTTREQDMIDLLSITLCTPSTPEAPSSOFES
B - -
sp|EP38753| P ———— TNSANNTPQY-———————————————— GYDL———
NP_003464. PPPAATARAATA-———————- DVTLYQNAGPNMPQVP————=————==—=—===— NYNLTSS
sp|080910| PPPPAGSDONTHIYPQPQPRFDSYVAPWACQOOPOOPORQOGY SQHOOHOOOOGY SQPOH
- - PR -
sp|EP38753| ————- GYSVVSQPPP——GYEQ—————————————————————————————————

NP_003464. TLPQPGGSQ-QPPOPQQPYSQ———————————————————————————————————————
spl0O80910| SQOOQGYSQLOOPQPOOGY SOSQPQAQVOMOPSTRPQNPYEYPPPPWASTSANAYYTERA
- A - W L

SP | P3BT53| —mmmmmm o m o e
NP 003464, ——mmm
sp|C080910| NASASYTDTSALAGRSLOOSNSFPTRAGDPQATITASNISGVSVGOEFFVESYRLFEDLDV

Sp|P38753| =—=———mmmmmmmm e
NP 003464, ———————————— e RALL
sp|C80510| FGSADGFHNEPANSSNGSONLSGSOTOOSMIGERFMI

Figure 1.4: MAFFT multiple sequence alignment result for ESCRT-0 (Hse1-STAM-TOL6)



ESCRT-I (STP22-TSG101-ELC)
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sp|P25604| MSANGKISVP-———————————-— EAVVNWLEFEVIQPIYNDGRTTFHDSLALLDNFHSLRFE

NP 006283. M-—————————————————————- AVSESQLEEMVSKYKYRDLTVEETVNVITLYEDLEF

Sp|@9LHGE | M———— VEPPSNPQOVQOFLSSATLSQRGESSVEYEESNEWLIRQHLI.NLTSSYEFSLEF
* . - - - .

+ - - * &

NP 006283. VLDSYVFNDGSSRELMNLTGTIPVEYRGNT-YNIPICLWLLDTYPYNPPICEVE-—————
sp | @SLHGE | KTASFMHNDGRSVNLLOADGTIPMPFHGVT-YNIPVIIWLLESYPRHPPCVYVN--————

ko * - **k * - - TE . o % =k E ..

sp|P25604 | NTISSSLP-IQEYIDSNGWIALPITHCWDPAAMNLIMVVQELMSLL-HEPEQDOAPSLPP

NP_006283. PTSSMTIE-TGEHVDANGEIYLPYLHEWKHPOSDLLGLIQVMIVVEGDEPPVESRPISAS

sp|Q9LHGE| PTADMIIKRPHAHVTPESGLVSLPYLONWVYPSSHNLVDLVSDLSAAFARDEPPLYSRREPQP
- . - - o

* - - * - E * - - EFE

sp|P25604 | KPNTQLQQEQNT--PPLPPKPKS————PHLKPPLP———————— PPPPPQPASNALDLMDM
NP_006283. YPPYQATGPPNT--SYMPGMPGGISPYPSGYPPNPSGYPGCPYPPGGPYPATTSSQYPSQ
sp|Q9LHGS | PPP---—-SPPTVYDSSLSRPPSADQSLPRPFPPSPYG-——————— GGVSRVQVQHVHHQQ
x= .. = *_ * *Ex * .
sp|P25604 | DN-TDISPTNHHEMLQNLQTVVNELYREDVDYVADKILTRQT----VMQE-—--SIARFHE
NP_006283. PPVITVGPSRDGTISE--DTIRASL-———ISAVSDKLRWRMKEEMDRAQAELNALKRTEE
sp|Q9LHGS | QSDDAAEVFKRNAINKMVEMVHSDL----VSM--RRAREAEAFEELLSLQA-—--GLKRRED
- . - - * - - k. - & -
sp|P25604| IIAIDKNHLRAVEQAIEQTMHSLNAQIDVLTANRAKVQQFSSTSHVDDE--—--DVNSIAV
NP_006283. DLKKGHQKLEEMVTRLDQEVAEVDKNIELLKKKDEELS--SALEKMENQSENNDIDEVII
sp|Q9LHGS | ELNIGLKEMVEEKETLEQQLQIISMNTDILDSWVRENQ-—-GKTKNLVDL----DVDNAFE
. - . PR - - - - = - - . .

. 1 : T.ono1: . . . .

sp|P25604 | ARKTDGLNQLYNLVAQDYALTDTIECLSRMLHRGTIPLDTFVEQGRELARQQFLVEWHIQ—
NP_006283. PTAPLYEQILNLYAEENATEDTIFYLGEALRRGVIDLDVFLEHVRLLSEEQFOLRATMOK
sp|Q9LHGE| CGDTLSEQMLECTALDLATEDAIYSLDESFQDGVVEPFDOYLRNVELLSREQFFHRATGSE

5z 3 i g g g ¥ 5z Lz ST Sop3 I OWoTEowT W
sp|P25604| -RIT————— SPLS—————
NP 006283. ABREKT-————— AGLSDL——Y

sp | Q9LHGE | VRAAQMEVQVAAIAGRLHS

* - - B

splP25604| RTRVFTHSDGTPQLLLSIYGTISTGEDGSSPHSIPVIMWVESMYPVEPPEFISINLENEFDM

Figure 1.5: MAFFT multiple sequence alignment result for ESCRT-I (STP22-TSG101-ELC)



ESCRT-II (VPS36-VPS36-VPS36)

sp| Q06696 |
NP_057159.
sp | Q9FF81 |

sp| Q06696 |
NP_057159.
sp|Q9FF81 |

sp Q06696 |
NP _057159.
sp|Q9FF81 |

sp| Q06696 |
NP_057159.
sp|Q9FF81 |

sp| Q06696 |
NP_057159.
sp | Q9FF81 |

sp| Q06696 |
NP_057159.
sp | Q9FF81 |

sp| Q06696 |
NP_057159.
sp|Q9FF81 |

sp| Q06696 |
NP _057159.
sp | Q9FF81 |

sp| Q06696 |
NP_057159.
sp|Q9FF81 |

sp| Q06696 |
NP_057159.
sp|Q9FF81 |

sp Q06696 |
NP _057159.
sp|Q9FF81 |

MEYW-—————————— HYVETTSSGOPLLREGERDIFIDOSVGLYHGESEILORO-—RGRIF

MDRF—————————————— VWTSG——LLEINETLVIQORGVRIYDGEERIKFDA-——GTLL

MASGSSS5IATGGLFENAEVTTSGRPVLERNEVECFLLSSIDIDSEDDPPREFTALESGNLI
- *

v - W - * - -

LTSORIIYIDDARPTONSLGLELDDLAYVNYSSGFLTRSPRLILFFEDPSSEDELGESAE

LSTHELIW-RDOFENHECCMAILLSQIVFIEEQA—————————————————— AGIGERSAK
LTTHELIWIPSQSNESVPSSIPLSAVIHIYSHR————————"—————————————— ESIK
Wrwaws W . " - s * W

TASADVVSTWVCPICMVSNETQGEFTEDTLPTPICINCGVPADYELTRSSINCSNATIDPN

ANPONQFGVNSENICPACTFANHPOIGNCEICGHRLPNASEVESEKLNELNFHDSEVHIEL

—————————————————————————————————————————————————— VHLHPAPENEK
—————————————————————————————————————————————————— FHSPRIRFOQ
- :
EENSLARNESSHSATLSS8585TGESTEFVOLEFRESDEVL-F—-———— SQATERALENILTE
EPGPF-————————————— QO8SKENSYIRLSFREHGOIE-FYRRLSEEMTORRWENMEVS
IEEE === VVIT IVFRGEGDEFDGFLSELWECWREGRAWEEEEKS

- - . = k. v * * -

ENRKHIFNONVVSVNGVDMREGAS———SHEYNNEVPFIETELSEIGISSLEESRENQLLNN

gs--—-—-—-————————- LOTNRGPQ-—————————————— PGRIFRAVGIVGIERKLEERREET
ES-————————— ETSKSGSGTVAQGLYGN————— DGTVEMVGLAGILERREQEQWEST
= * = . =

DILFNNALTDLNELMSLATSIERLYRNSNITM---KTETLNLODESTV-NEPRTERFLLI

DENISEAFEDLSELMIRAREMVELSKSIANKI-——-KDKOQGDITEDETI--——RFESYLLS
DESLODAFODLNATLMSFAREMVSLAEKMRORLLSAPSSONGSTDDEEMGSEEEMOQWMLS
¥ -_:*: *'Ar_ * W *__: w . - . . e . . - -k
LD-—————— REEFLNEELFLDEIAREIYEFTLSEFEDLNSDTNYMIITLVDLYAMYNKESMR
MGIANPVTRETYGSGTOQYHMOLARQLAGILOVPLEERGG————— IMSLTEVYCLVNRAR-
VGIISPVTRES——AGALYHQELSROLADFVEIPLERAGG————— MISLTDMYYHFNEAR-
- c soccooc s - S T * - -

IGTGLISPMEMREACERFEHLGLNELERLVEVNERILCV-—TSERFDVVEEELVDLIGDNFE
-GMELLSPEDLVNACKMLEALEKL-PLELRVFDSGVMVIELOSHREEEMVASATETVSE ——
—-GTELISPDDLWOACTLWERFDV-PVMLRRFDSGVMVIQONRKSHSDEEVMSRIBMLVTE ——

* o kR = -k * - - - * - - . - * - -

GEDLLRLTOILSSNNSESNWTLGILMEVLONCVDEGDLLIDRQLSGIYYYENSY —————-

-KGSL----TSEEFAKLVGMSVLLAKRERLLLAERMGHLCRDDSVEGLRFYPNLF-———-—

-TETLRVGVTASDAALTLRIAPAMAKEHLLSAETKGLLCRDMSPDGLRFYFNLFPEIDPT
. " .. 2 = * % . *® " . _*: :* w*

————————————— W-----PBSHI

——————————————————— MTQS

NLHIVEEFGTYGEWIRKATSLLSV
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Figure 1.6: MAFFT multiple sequence alignment result for ESCRT-II (VPS36-VPS36-VPS36)



ESCRT-III (Snf7-Snf7-Snf7.1-CHMP1A)

130

* - -

sp|P39929| LRELQAEMGL
sp|P39929| LRELQAEMGL
sp|Q9SZE4| LAALQAEMAL
sp|Q9SZE4— LAALQAEMAL
NP _002759. LSRRLAALRN

* x

NP 002755%. ALDKALSTMDLOKVSSVMDRFEQ

* *E .

- *

*

sp|P39929| MWSSLEGWTSSNAKNKESPTKAIVRLEEHINLLSKEQSHLRTQITNQENEARIFLTEGN-
sp|P399%28| MWSSLEGWTSSNAKNKESPTKAIVRLEEHINLLSKEQSHLRTQITNQENEARIFLTEGN-

sp|Q95ZE4| MMNRLFG————KPEQEANALQTLDELNETLEMLEKKEEKVLLEKAGAEVEKAKEYSRAEKN—
Fo[|CESERI> —em—eme oo o, MLEKEKEEVLLEFAGAEVEFAEEYSRERAEN—
NP_OO2759. MDDTLF————————————————— OLEFTAKQLERTLARKAEKDSEAEQARVERALLOENV
* * .. *
sp|P399%258| —---EVMAENALEFKEKTIEQLLSEVEGTMESMEQOLFSIESANLNLETMRAM-QEGAKAME
sp|P399%2%8| ———-EVMAENALEEKEKTIEQLLSEVEGTMESMEQQLFSIESANLNLETMRAM-QEGAKAME
splQY93ZE4| ——-KRAAIQCLERERLYEGOVEQLGNFQLRIHDOMIMLEGAKATTETVDAL-BRSGASAMK
sp|Q9SEZE4—- ———-KRAATQCLEREKRLYEGOVEQLGNFQLRIHDOMIMLEGAKATTETVDAL-RSGASAME
NP_002759. ECARVYAENATREKE-——————— NEGVNWLRMASRVDAVASEVOTAVTMEGVTENMAQVTE
. * * c . .. . * . ..

sp|P399%28| TIHSGL——-DIDKVDETMDEIREQVELGDEISDAISRFPFLITGANEVD--EDELDEELDML
sp|P39%2%| TIHSGL-——-DIDKVDETMDEIREQVELGDEISDAISRPLITGANEVD--EDELDEELDML
Sp|Q9SZE4 | AMOEAT---NIDDVDKTMDEINEQTENMEKQIQEATATEFM-GAAADFD--EDELAAELDEL
sp|Q95ZE4- AMQKAT---NIDDVDKTMDE INEQTENMKQIQEATLATPM-GAAADFD--EDELAAELDEL
QVONLDVHTSVMEDSM-SSATTLTTPQEQVDST.TMQT
x= . . - x - oo - .

splP3992%| AQENANQETSKIVNNNVNAAPISENKVSLPSVESNKIKQSENSVKDGEEEEDEEDEDEKA
sp|P39929%| AQENANQETSKIVNNNVNAAPISENKVSLPSVESNKIKQSENSVKDGEEEEDEEDEDEKA
sp|Q9SZE4| ESE-—-ELESQLLQPATTAPP
sp|Q9SZE4— ESE-—-ELESQLLQPATTAPP
NP 002759. AEENGLEVLDQ-———————————————-—

* .

* *

Figure 1.7 MAFFT  multiple
(Snf7-Snf7-Snf7.1-CHMP1A)

sequence

alignment

result

for

ESCRT-11I
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Rab GTPases (YPTS2-VPS21-RABSA-RABS)

splP36018|] M-——————————————— LOFELVLLGDSSVGESSIVHRFVKDTFDELRESTIGAAFLSQ
splP36017| M-—-——————————— NTSVTSIKLVLLGEAAVGKSSIVLEFVSNDFAENKEEPTIGAAFLTQ
sp|P31582| MA-————————— SSGNENINARLVLLGDVGAGKSSLVLRFVEDQFVEFQESTIGARFFSQ
NP 004153. MASRGATRPNGPNTGNKICQFKLVLLGESAVGKSSLVLRFVKGQFHEFQESTIGAAFLTQ

* *EkEEEE - FTEkFF -k FTEE E sk FEEFFFE - - X

sp|P36018| SITIHENDGNETKDVVIKFEIWDTAGQERYKSLAPMYYRNANAATVVYDITQEDSLOKAR

splP36017| RVIIN-—————— EHTVEFEIWDTAGQERFASLAPMY YRNAQAAT.VVYDVTEPQSFIKAR
splP31582| TLAVN-———————— DATVEFEIWDTAGQERYHSLAPMYYRGAARATIVFDITNQASFERAK
NP 004153. TVCLD-———————— DITVEFEIWDTAGQERYHSLAPMYYRGAQARATIVVYDITNEESFARAK

~kETEETEETETETETEL - FTExFEFEXFTEFET * FTE ..k -F-F . * - - F .

splP36018 | NWVDELENEVGDDDLVIYLLGNEVDLCQETPSTETSPDSNEGGDEEQKVRAISTEERAKQY

sp|P36017| HWVEELHEQ-ASKDIIIALVGNRIDMLQ—-——————————— EGG————— EREVAREEGEEL

sp|P31582| KWVQELQAQ-GNPNMVMALAGNRKADLLD-——————————————————— AREVSAEEAETY

NP 004153. NWVKELQRQ-ASPNIVIALSGNEADLAN-——————————————————— KRAVDFQEAQSY
- cEE FE e s i ek EEE K. ow * . cE .

splP36018| AQEQGLLFREVSAKTGEGVEEIFQDIGEKLYDLEEDEILSKQNRQIGGGNNGQVDINLQR
splP36017| AEEKGLLFFETSAKTGENVNDVFLGIGERIPLKTAEEQNSASNER-—ESNNQRVDLNAAN

sp|P31582| AQENSLFFMETSAKTATNVEDIFYEIAKRLPRVQPA-ENP—-———————————— TGMVLFPN
NP 004153. ADDNSLLFMETSAKTSMNVNEIFMAIAKKLPKNEP——QNPGAN————SARGRGVDLTEPT

*::: * * * **** _*:::* *_:::
sp|P36018| PS--TNDPTSCCS-—
sp|P36017| DG--TSANSACSC—
sp|P31582| GPGATAVSSSCCA—
NP 004153. QP--—-TRNQCCSN
*

Figure 1.8: MAFFT multiple sequence alignment result for Rab  GTPases
(YPT52-VPS21-RAB5A-RABS)

Rab GTPases (YPT7-RAB7-RAB7)

sp|P32939| MSSREENILKVIILGDSGVGETSLMHRYVNDRYSQQYKATIGADFLTKEVTVDGDEVATM
spl004157| MSTRRRTLLEVIILGDSGVGETSLMNOQYVNNEFSQOYKATIGADFVTKELQID-DRLVTL
NP 004628. MTSRERKVLLEVIILGDSGVGETSLMNQYVNEKFSNQYKATIGADFLTKEVMVD-DRLVTM

Foeoak .o sEETEFTETETEETETTETTEETETTL . -k E K -F.ExETETEEETTETETET AT . ) * .

sp|P32539| QVWDTAGQERFQSLGVAFYRGADCCVLVYDVINASSFENIKSWRDEFLVHANVNSFETFEP
spl004157| QIWDTAGQERFQSLGVAFYRGADCCVLVYDVNHLEKSFESLDNWHNEFLTRASFRDEFMAFP
NP 004628. QIWDTAGQERFQSLGVAFYRGADCCVLVFDVTAPNTFEKTLDSWRDEFLIQASPRDPENFP

FeFkrkFEFEF T T XTI FF A I T I T FT T LA I T T LA - F X - E . - * .o« kEkE - 3 * * &

spl|P32939| FVILGNKIDAE-ESKKIVSEKSAQELAKSLGDIPLFLTSAENAINVDTAFEEIARSALQQ
sp|004157| FILLGNKVDIDGGNSRVVSERKAREWCAEKGNIVYFETSAKEDYNVDDSELCITELALAN
NP 004628. FVVLGNKIDLE———NRQ?ATKRRQAWCYSKNNIPYFETSHKEAINVEQAFQTIARNALKQ

*: **** * ] . *: * * . . _-* * **** **- :* *:: z
sp|P32939| NQADTEAF-ED--—-————— DYNDAINIRLDGENNSCSC
sp|004157| —-ERDQDIYFQP——————— DTGSVEEQR————— GGCAC
NP 004628. -ETEVELY-NEFPEPIKLDEND----RAKASAESCSC
- * x= * *

Figure 1.9: MAFFT multiple sequence alignment result for Rab GTPases (YPT7-RAB7-RAB7)
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Disassembly (VPS4-VPS4-VPS4)

spl|P52917| MSTGDFLTRGIELVQKAIDLDTATQYEEAYTAYYNGLDYLMLALKYEKNP-KSKDLIRAK
NP 037377. M-TTSTLQRKATDLVTKATEEDKAKNYEEALRLYQHAVEYFLHATKYEAHSDEAKESTIRAK
sp | QOENTO| M- YSNFKEQAIEYVKQAVHEDNAGNYNKAFPLYMNALEYFKTHLKYEKNP KTREATTQK

* * - x - * * -*--* * - = E - ‘k** - E x *

sp|P52917| FTEYLNRAEQLKKHLESEEANA---ARKSPSAGSGSNGGNERISQEEGEDNGGEDNRKELE

NP 037377. CVQYLDRAERLKDYLRSKEKHGKKFVEENQSEGKGSD—————— SDSEGDN———-PEEEKLQ
spl|Q9ZNTO | FTEYLRRAEEIRAVL———DEGGSGPGSNGDAAVATRPKTKPKDGEGGGKDGEDPEQSKLR

SEIE B oo w3 : . - . . S E o EE
sp|P52917| GALSSAILSEEPNVEWEDVAGLEGAKEATLKFEAVILPVEFPHLFEGNREEPTSGILLYGEPEG
NP_D373??. EQLMGAVVMEEPNIRWNDVAGLEGAREALREAVILPIEFPHLFTGERTEPWRGILLEGPPG
splQ9ZNTO| AGLNSAIVREEPNIEKWSDVAGLESAKQALOEAVILPVKFPOFFTGEKRRPWEAFLLYGEPEG

+x * - . FErFET e F FTEFETFFF FTF.FFT.EFTFTFXFTFT X FTFEF . .F Tk T =EF k- TETFTFE

sp|P52917| TGESYLAKAVATEA-NSTFFSVSSSDLVSKWMGESEELVEQLFAMARENKEPSITFIDEVD
NP 037377. TGKSYLAKAVATEANNSTFESVSSSDLMSEWLGESERLVENLFELARQHKPSITIFIDEVD
sp|Q9ENTO| TGESYLAKAVATEA-DSTFEFSVSSSDLVSEWMGESERELVSNLFEMARESAPSIIFVDEID

FExETF I X EF T T ETTE F - e b o I o o e o - T F - k. o o I R

spl|P52917| ALTGTRGE-GESEASRRIKTELLVOMNGVGNDSQGVLVLGATNIPWQLDSATIRERFERRT
NP 037377. SLCGSENE-NESEAARRIKTEFLVOMOGVGNNNDGTLVLGATNIPWVLDSATIRRRFEKRT
splQ9ZNT0| SLCGTRGEGNESEASRRIKTELLVOMOGVGHNDEEVLVILAATNTPYALDQATRERFDERT

T S AU S ol e S o o o e T e o e U o o . FExEF FTEET T . e - i e SR b

spl|P52917| ¥YIPLPDLAARTTMFEINVGDTPCVLTEEDYRTLGAMTEGYSGSDIAVVVEDALMOPIRKI
NP 037377. YIPLPEEAARRAQMFRLHLGSTPHNLTDANIHELARKTEGYSGADISIIVREDSLMQPVREV
splQ9ZNTO| YIPLPEAKARQHMFEVHLGDTPHNLTEPDFEYLGQKTEGFSGSDVSVCVEDVLFEPVRET

*‘k***: *= & ‘k*_:::*_** **. o . *_ *‘k*:*‘k:*::: ‘k:* ‘k::‘k:**
splP52917| QSATHFKDVSTEDDETREK-—————- LTPCSPGDDGATIEMSWTDIE————ADELEEPDLTIEK
NP 037377. QSATHFEKVCGPSRTNPSMMIDDLLTPCSPGDPGAMEMTWMDVP-———-GDKLLEPVVCMS
spl|Q9ZNT0| QDAMFFFEK-—————————— SPDGTWMPCGPRHPGAIQTTMQDLHTKGLAEKIIPPPITRT

* & * ‘k* * T E - o. - 'k- - . *

spl|P52917| DFLEAIKSTRPTVNEDDLLEQEQFTRDFGQEGHN
NP 037377. DMLRSLATTRPTVNADDLLEVEKFSEDFGQES—
sp|@9ENTO| DEFERKVLARQRPTVSKESDLDVHERFTQEFGEEG—

* - - - **** ** - aE . ** 'k

Figure 1.10: MAFFT multiple sequence alignment result for Disassembly (VPS4-VPS4-VPS4)



SNAREs (VAM3-SYP121-STX10)

splolz241|
sp|Q9Z5SD4 |
sp|060499|

splQlz241]
splQ9zSD4 |
sp|060499]

splQlz241]
spl|Q9ZSD4 |
sp| 060499

splQlz241|
sp|Q9ZSD4 |
sp|0&0499|

splQlz241|
sp|Q9ZSD4 |
spl0&0499|

spll224]|
sp|Q9Z5SD4 |
spl0&0499|

splElz2241|
splQ9ZSD4 |
s5p|0&0499|

MSEFDIEAQS————————————————————~———————— SKGNSQQEPQF————STNQKT
MN--DLFSSSFSREFRSGEPSPRRDVAGGGDGVOMANPAGSTGGVNLDEFFEDVESVEEEL
Mfl======—==================================== EDPFF——--VVRGE
W : EE ..
KELSNLIETFA-—-——-EQSEVLE-—-KECTEKIGSK-RD————————— SEELRYEIE-———————

KELDRINETLSSCHEQSETLHNARAVEDLRSK-MDGDVGVALEKFARMIKVELEATDRANA
QFAVNTARGLY -——QRWCELL-——QESAAVGREELDWTTNELRNGLRSIEWDLE——————
- - - = .

- - - - k3 - . -

—TELIPNC-—TSVRDEIESNILTHON-GEL-——SADFENLETEYQSLQOSYNQRKSLFPL
ANRSLPGCGPGSSSDRTRTSVL——————————————— NGLREEILMDSMDSFNELEELI——
—————————————— DLEETIGIVEANPGEFELPAGDLOERKVEVEEMREAVQEMEDHMVS

* - - .

KTPISPGTSEERKDIHPRTEAVE-QDPESSYISTEVNEQSPLLHNEGQHOLOLOEEQEQQ
——————— SSEYRETVQRRYFTVTGENPDERTLDRLIS-————————-TGESERFLOKATQEQ
PTAVA-FLERNNEEILAGKPAAQ-KSPSDLLDASAVSATSRY T ——————————— EEQQAT

- - - x= -

QQGLSQEELDFQTIIHQERSQQIGRIHTAVQEVNAI FHQLGSLVKEQGEQVTTIDENISH
GRGRVLDTINE---—IQERHDAVKDIERNLREELHQVFLOMAVLVEHQGAQLDDIESHVGR
QQ———————— LIMDEQDQQLEMVSGS IQVLKHMSGRVGEELDEQGIMLDAFAQEMDH

- -k . - - - - . - . - - - * % - - - .

LHDNMONANEKQLTRADOQHOQRDENKCGEVTILIITIIVVCMVVLLAVLS——————————————
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Figure 1.11: MAFFT multiple sequence alignment result for SNAREs (VAM3-SYP121-STX10)
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Tetraspanins (SUR7-TET8-CD63-CD81)

sp|Q07651| MIFK---RFVNLLVFLFLLGAGLLTFFL--ILSGGRESGTLENFYWLQADTNGENSAPST
sp|Q858Q6| MA-————— RCSNNLVGIL——————— NFLV--FLLSIPILAGG-——IWLSQK——————————
NP _001771. MAVEGGMKCVKFLLYVL--————— LLAFCACAVGLIAVGVG-——AQL—————————————
NP _004347. MGVEGCTKCIKYLLEVF--————- NFVE--WLAGGVILGVA-——LWLRHD-—————— PQT
+* c . Eoa oo - *
sp|Q07651| TRWYNYNWCGYEDGQLANCSSRAPAKPFSPRDNFGNSVNLPSSFRNNRDTYYYLSRVGHA
sp|Q8sBRE| ——————————— T CERFLD-———— KPVIALGVE
NP 001771. ——————- VLSQTIIQ-—————— I PGSLLP————— VVIIAVGVE
NP 004347. T-———- NLLYLELGD——————— T PNTFYVG——-IYILIAVGAV
- - - =&
sp|Q07651| MLLISLFFIVLALVPGFLATFLPFKA-VPVLYCVLSWLAFFFIILAACLYTGCYVKARKT
sp|Q8S8QE| LMVV-—————————— ATAGL-——-IGSCCRVIWLLWVYLFVMFLLILLVF-——CIT-——-V
NP 001771. LELV-—————————— AFVGC-——CGA-CKENYCLMITFAIFLSLIMLV-———————————
NP 004347. MMFV-—————————— GFLGC———-YGA-IQESQCLLGTFFTCLVILFAC-———————————
sp|Q07651| FRNSGRSARLGPENFAFIWTSVFLMLVNAIWSTIFSAT--—-HKAHSTYS——————- DHDM
sp|Q858Q6| FAFVVINKGAGEAIEGKGYKEYKLGDYSTWLQKRVENG---KNWNKIRSCLVESKVCSKL
NP 001771. ———————- EVAAATAGYVFRDKVMSEFNNNFRQQMENY——-PENNHTASIL—————— DRM
NP _004347. ———————- EVAAGIWGFVNKDQIAKDVEQFYDQALQQAVVDDDANNARAVV—————— KTF
sp|Q07651| YAQYESPSVDTGAQMEKSTYNSGATDGA-———— GPITAAPVVGQPQPTTTTTPAGNGKEF
sp|Q858Q6| EAKFVNVPVNSFYREHLTALQSGCCKPSDECGFEYVNPTTWTKNTTGTHTNPDCQTWDNA
NP 001771. QADF-————————————————— KCCGAANYTDWEKI PSMSKNRVPDSCCINVIVGCGINE
NP 004347. HETL-————————————————— DCCGSS——————————— TLTALTTSVLKNNLCPSGSNI
sp|Q07651| QRLKTREQVPSAELEPAGDGGLAGPV-—————————————————————————— TVRD-————
sp|Q858Q6| KEKLCF-—————— DCQSCKAGLLDNVKSAWKKVAIVNIVFLVFLIIVYSVGCCAFRNNKRD
NP 001771. NEKAIHKE----GCVEKIGGWLRKNVLVVAAAALGIAFVEVLGIVFACCLVKSIRSG——-
NP 004347. ISNL-FKE---—-DCHQKIDDLFSGKLYLIGIAAIVVAVIMIFEMILSMVLCCGIRNSSV-
- *

sp| Q07651 ————————————

sp|Q858Q6| DSYSRTYGYKP-

NP 001771. ———————- YEVM

NP 004347. ———————- =

Figure 1.12: MAFFT multiple sequence alignment result for Tetraspanins

(SUR7-TET8-CD63-CD81)
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Appendix D.

Supplementary Data S1 Phylogenetic tree files (Newick format)

ESCRT-0 (Vps27-Hrs-TOL2):

(((BAA23366.1 Hrs Homo sapiens,sp|Q99LISIHGS MOUSE Hepatocyte growth factor-regul
ated tyrosine kinase substrate OS=Mus musculus OX=10090 GN=Hgs PE=1 SV=2)1.0000,s
p|Q960X8HRS DROME Hepatocyte growth factor-regulated tyrosine kinase substrate OS=
Drosophila_melanogaster OX=7227 GN=Hrs PE=1 SV=1)0.9570,tr|Q17796|Q17796 CAEEL _
Hepatocyte growth factor-regulated tyrosine kinase substrate OS=Caenorhabditis_elegans O
X=6239 GN=hgrs-1 PE=1 SV=2)0.8720,'sp|P40343|VPS27 YEAST Vacuolar protein
sorting-associated protein 27 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c¢)
0X=559292 GN=VPS27 PE=1

SV=3'"sp|QOLNC6|TOL2 ARATH TOMI1-like protein 2 OS=Arabidopsis_thaliana OX=3702
GN=TOL2 PE=1 SV=1),

ESCRT-0 (Vps27-Hrs-TOL6)

(((BAA23366.1 Hrs Homo sapiens:0.0206656307994185,sp|Q99LISIHGS MOUSE Hepatocy
te_growth factor-regulated tyrosine kinase substrate OS=Mus musculus OX=10090 GN=Hgs
_PE=1_SV=2:0.0457361660112471)1.0000[stddev=0.00000000]:0.431796449943375,sp|Q960X
8JHRS DROME Hepatocyte growth factor-regulated tyrosine kinase substrate OS=Drosophil
a_melanogaster OX=7227 GN=Hrs PE=1 SV=1:0.490138645789766)0.9130[stddev=0.904986
19]:0.230843393108645,tr|Q17796|Q17796 _CAEEL_Hepatocyte growth factor-regulated tyrosi
ne kinase substrate OS=Caenorhabditis_elegans OX=6239 GN=hgrs-1 PE=1 SV=2:0.612918
824263557)0.9850[stddev=0.44271887]:0.324969331724587,'sp|P40343|VPS27 YEAST
Vacuolar protein sorting-associated protein 27 OS=Saccharomyces cerevisiae (strain ATCC
204508 / S288c) OX=559292 GN=VPS27 PE=1

SV=3":1.20608476776199,sp|080910|TOL6_ ARATH TOMI1-like protein 6 OS=Arabidopsis_t
haliana_OX=3702_ GN=TOL6 PE=1 SV=1:1.34873230133113);

ESCRT-0 (Hsel-STAM-TOL?2)

(('sp/P38753/HSE1 YEAST Class E vacuolar protein-sorting machinery protein HSE1
OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) 0X=559292 GN=HSE1 PE=1
SV=1",sp|O01498|STAM1 CAEEL Signal transducing adapter molecule 1 OS=Caenorhabditi
s_elegans OX=6239 GN=stam-1_PE=1 SV=2)0.7680,tr|Q9XTL2|Q9XTL2 DROME Jak path
way_signal transduction_adaptor molecule OS=Drosophila_melanogaster OX=7227 GN=Stam
_PE=1 SV=1,(NP_003464.1 signal transducing adapter molecule 1 isoform a Homo sapiens
,sp|P70297|STAM1_MOUSE Signal transducing adapter molecule 1 OS=Mus_musculus OX
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=10090_GN=Stam PE=1 SV=3)0.9980,sp|QILNC6/TOL2 ARATH TOMI-like protein 2 OS
=Arabidopsis_thaliana OX=3702 GN=TOL2 PE=1 SV=Il);

ESCRT-0 (Hse1-STAM-TOL6)

(('sp/P38753/HSE1 YEAST Class E vacuolar protein-sorting machinery protein HSE1
OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) 0X=559292 GN=HSE1 PE=1
SV=1",sp|O01498|STAM1 CAEEL Signal transducing adapter molecule 1 OS=Caenorhabditi
s elegans OX=6239 GN=stam-1 PE=1 SV=2)0.8230,(NP_003464.1 signal transducing_ adapt
er_ molecule 1 isoform a Homo sapiens,sp|P70297|STAM1 MOUSE Signal transducing adap
ter molecule 1 OS=Mus musculus OX=10090 GN=Stam PE=1_ SV=3)1.0000,(tr|Q9XTL2|Q9
XTL2 DROME Jak pathway signal transduction adaptor molecule OS=Drosophila_melanog
aster OX=7227 GN=Stam_ PE=1 SV=1,sp|O80910]TOL6 ARATH TOMI-like protein 6 OS=
Arabidopsis_thaliana OX=3702 GN=TOL6 PE=1 SV=1)0.9680);

ESCRT-I (STP22-TSG101-ELC)

(((NP_006283.1 tumor_susceptibility gene 101 protein Homo sapiens,sp|Q61187|TS101_MO
USE Tumor susceptibility gene 101 protein OS=Mus_musculus OX=10090 GN=Tsgl101 PE
=1 SV=2)1.0000,tr|Q9VVA7|QI9VVA7 DROME Tumor suppressor protein 101 OS=Drosophi
la_melanogaster OX=7227 GN=TSG101 PE=1 SV=2)0.6460,('sp|P25604|STP22 YEAST
Suppressor protein STP22 of temperature-sensitive alpha-factor receptor and arginine permease
OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) OX=559292 GN=STP22 PE=1
SV=3"sp|QOILHGS8|ELC_ARATH_Protein ELC OS=Arabidopsis_thaliana OX=3702 GN=ELC
_PE=1_SV=1)0.9990,tr|076258|076258 CAEEL_ Tumor susceptibility gene 101 protein OS=
Caenorhabditis_elegans OX=6239 GN=tsg-101 PE=1 SV=2);

ESCRT-II (VPS36-VPS36-VPS36)

(((splQ06696|VPS36 YEAST,sp|Q9FF81|VPS36 _ARATH)0.9600,(NP_057159.2,sp|Q91XD6|VP
336 MOUSE)1.0000)0.6100,sp|Q9VU87|VPS36 DROME., (r|Q19519/Q19519 CAEEL);

ESCRT-III (Snf7-Snf7-Snf7.1-CHMP1A)

((((splQ9SZE4|VP322_ ARATH,sp|Q9SZE4-2[VP322 ARATH)1.0000,sp|Q9D7S9|CHMP5 MO
USE)0.7110,(tr]Q18886/Q18886 CAEEL,sp|Q8T0Q4/{CHM4 DROME)0.9880)0.6950,sp|P39929
ISNF7_YEAST,NP 002759.2);

Rab (YPTS52-VPS21-RABSA-RABS)

(((sp|P36018]YPTS2_YEAST,sp|P36017|VPS21_YEAST)0.8950,sp|P31582|RAF2A_ ARATH)0.9
480,(NP_492481.1,(NP_004153.2,sp|Q9CQD1[RAB5A_MOUSE)0.9990)0.7170,sp|Q9V3I2|RA
B5_DROME);
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Rab (YPT7-RAB7-RAB7)

((NP_004628.4,sp|P51150RAB7A_MOUSE)1.0000,sp|076742]RAB7_DROME)0.7780,(sp|P32
939]YPT7_YEAST,sp|004157RAG3B_ARATH)0.5070,tr|Q23146/Q23146_CAEEL);

Disassembly (VPS4-VPS4-VPS4)

(((NP_037377.1,NP_569053.1)1.0000,tr/Q9Y162|Q9Y 162 DROME)0.8270,(sp[P52917|VPS4 Y
EAST,sp|Q9ZNTO[VPS4 ARATH)0.9980,t/Q9BLS83|Q9BLS3 CAEEL):;

SNAREs (VAM3-SYP121-STX10)

((sp|Q9ZSD4SY 121 ARATH:0.913328808350036,sp|Q9D3G5|STX 11 MOUSE:1.20988979503
883)0.5870[stddev=1.56076904]:0.225299212807783,sp|Q12241|VAM3_YEAST:0.57469709732
7348,(sp|060499|STX 10 HUMAN:0.301482261749452,(tr|Q7JY00|Q77Y00 DROME:0.357542
09655391,3p|P83528|STX6 CAEEL:0.626283442354567)0.6700[stddev=1.48694317]:0.206843
636291082)1.0000[stddev=0.00]:1.3313145378462);

Tetraspanins (SUR7-TET8-CD63-CD81)

(((NP_001771.1,sp|P41731|CD63_MOUSE)0.9990,sp|Q8S8Q6|TETS _ARATH)0.6090,(sp|Q0765
1[FMP45_YEAST,NP_004347.1)0.5410tr|Q9XVI4|Q9XVI4 CAEEL,tr|/A1Z8K7|A1Z8K7 DRO
ME);
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