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Abstract- The p62/SQSTM1 (Sequestosome 1) is a conserved adaptor protein involved in various cellular pathways like
selective autophagy, ubiquitin signalling, and protein homeostasis. p62 is extensively studied in higher eukaryotes, while its
structural and functional roles in lower eukaryotes remain unclear. This study analyses the p62 homolog of Dictyostelium
discoideum (Dd) through phylogenetic, structural, and domain interaction analysis. Cross-species evolutionary assessment
revealed that Ddp62 retains key functional domains but exhibits differences in oligomerisation and ubiquitin-binding
mechanisms. Using AlphaFold 3-based structural modelling and molecular docking, we accessed and compared the
oligomerisation properties of the Ddp62-PB1 domain with PB1 domains of higher eukaryotic organisms (Homo sapiens,
Rattus norvegicus). Results show that Ddp62-PB1 can form both homo- and heterodimers with a strong affinity than human
p62. Similarly, the UBA domain of Ddp62 displayed a strong electrostatic binding affinity for ubiquitin, indicating a more
rigid and specific interaction, unlike the more flexible ubiquitin recognition in higher eukaryotes. Our findings suggest that
p62 functions primarily as an aggregation-prone scaffold protein in lower eukaryotes. At the same time, in higher organisms,
it has evolved into a dynamic regulator of selective autophagy and cellular stress responses. This study provides insights into
the functional divergence of p62, highlighting its transition from a structural autophagy adaptor to a versatile signalling hub in
eukaryotic evolution.
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INTRODUCTION

Sequestosome 1 (p62/SQSTM1) is a multifunctional
adaptor protein involved in selective autophagy, protein
degradation, and intracellular signalling pathways. p62 is
an evolutionarily conserved protein from Amoebozoa to
Metazoa. It plays a crucial role in maintaining proteostasis
by bridging ubiquitinated cargo and degradation pathways,
including the autophagy and the ubiquitin-proteasome
system (UPS).! In addition, p62 is also an integral
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component of stress response pathways (NRF2), NF-xB
signalling, and phase separation during protein
condensates, showing its broad functional role in cells.?
This protein is also established as an adaptor in the
mitophagy pathway.’ Recent studies revealed that p62 is a
crucial regulator of liver metabolism, and it’s impaired
function is linked to liver disease progression.* It also links
cellular defence against oxidative stress and viral
pathogenesis.’ Due to its multifactorial role in the cell, p62-
mediated autophagy is also linked to ageing.’
Structurally, p62 consists of multiple functional
domains that regulate its interactions. Among them, N-
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terminal Phox and Bem1 (PB1) and C-terminal Ubiquitin-
Associated (UBA) are directly involved in the quality
control mechanism of cellular proteins. The PB1 domain
contains a conserved OPCA (Oligomerization PB1 C-
terminal acidic) motif and basic lysine residues, facilitating
electrostatic interactions mediating its oligomerisation.”
Thus, this enables the formation of p62 condensates
essential for autophagosome biogenesis and selective
autophagy.® The hetero-oligomerisation of PB1 domain
in higher eukaryotes allows it to interact with other PB1-
domain-containing proteins like PKCC (Protein Kinase CQ),
MEKS5 (Mitogen-activated protein kinase kinase 5) and
NBR1 (Neighbor of BRCA1 gene 1) regulating NF-«kB
(Nuclear Factor Kappa-Light-Chain-Enhancer of Activated
B Cells) signalling, and cell survival pathways.”!? Structural
studies have also shown that PB1-mediated oligomerisation
amplifies selective degradation pathways by forming
higher-order assemblies that cluster ubiquitinated cargo into
phase-separated condensates.!"!> Mutations in the PB1
domain of p62 disrupt its oligomerisation, leading to
autophagic defects and accumulation of protein aggregates
linked with neurodegenerative diseases (ALS, Parkinson’s,
and Alzheimer’s), Paget’s disease of bone'® and cancer'®,
indicating its significance role in maintaining quality
control. On the other hand, the Ubiquitin-Associated
(UBA) domain, found at the C-terminal end, mediates
selective recognition of polyubiquitin chains, directing
substrates for degradation via autophagy or the
proteasome.'> The UBA domain has a distinct structural
role, containing a conserved hydrophobic patch that
specifically binds Lys48- and Lys63-linked polyubiquitin
chains.'® Therefore, mutations in the UBA domain have
been strongly implicated in Paget’s disease of bone (PDB)
and neurodegenerative conditions, where impaired
ubiquitin recognition disrupts cellular degradation
pathways.!” Recent crystal structure analyses have revealed
that UBA binding to ubiquitin induces a conformational
switch, shifting from a dimeric state to a monomeric state,
which increases its binding affinity and enables efficient
substrate recognition. '8

The p62 protein as an autophagy adaptor protein
was first identified amongst the Amoebozoa group. Few
studies in soil amoeba Dictyostelium discoideum have
experimentally explored the aggregation and ubiquitin-
binding properties of p62 homolog in this amoeba.!**°
Present study aims to examine the primitive form of p62/
SQSTMI protein in Dictyostelium discoideum to

understand the evolutionary and mechanistic insights into
its role during cellular homeostasis. This study employs
computational approaches for the comparative assessment
of structural and evolutionary features and functional
interactions of the Dictyosteium p62 protein. Due to the
unavailability of the experimentally resolved 3D structure
of Dictyosteium p62 (Ddp62) and higher disordered
regions, we have utilised novel diffusion-based deep
learning to predict high-quality structures of conserved PB1
and UBA domains using AlphaFold 3 server.?! Generated
models were refined using molecular dynamic simulations
(MD simulations) and assessed RMSD (root mean square
deviation), RMSF (root mean square fluctuation), and Rg
(radius of gyration). Refined 3D models were then utilised
for protein-protein docking and detailed assessment of the
interaction interface of protein complexes to identify the
interacting residues, type of interactions involved and
overall complex stability. This study uncovers the crucial
structural features of Dictyostelium p62 protein and its
functional divergence from complex organisms to get
clearer insights into the key functions of p62 protein.

MATERIALS & METHODS

Sequence retrieval and construction of phylogenetic
tree

The p62/SQSTMI1 protein sequence of Dictyostelium
discoideum was retrieved from dictyBase.org (http://
www.dictybase.org). p62 homologue protein sequences of
human (Homo sapiens; sqstml), mouse (Mus musculus;
sqstml), Drosophila melanogaster (Ref (2)P), Danio rerio
(sqstm1) and Caenorhabditis elegans (sqstl) were obtained
from UniProt databse (http://www.uniprot.org/uniprotkb).?
Retrieved sequences were imported to Molecular
Evolutionary Genetics Analysis Software (MEGA11)? and
aligned by multiple sequence alignment, and a phylogenetic
tree was constructed using the maximum likelihood tree
method. Evolutionary relationships between different
orthologs were identified using the OrthoDB database.?*
Identification of conserved domains, motifs and
interacting proteins

To identify the conserved domains in p62 protein,
the protein sequences of Homo sapiens p62 (Hsp62) and
Dictyostelium discoideum p62 (Ddp62) were subjected to
InterPro 104.0 and conserved domains were identified.?

Conserved motifs across p62 protein sequences were
identified using MEME (Multiple Em for Motif Elicitation)
Zmotif discovery tool 5.5.7 by selecting discriminative
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search mode and for 10 motifs per sequence. The protein
sequence of Hsp62 was taken as a control for motif
discovery.

Functional protein association networks of Ddp62 and
Hsp62 were prepared using the STRING #’ tool (https://
string-db.org). An evidence-based full-string network was
accessed with medium confidence (0.400) and 10
maximum interactors in the first shell. Gene ontology-based
functional enrichment was also analysed for the p62 protein
in the analysis tab of STRING.

Tertiary structure prediction and refinement

For 3D structure prediction of different domains, a
sequence of specific domain was retrieved from the UniProt
database and subjected to the AlphaFold 3 server with
default parameters. Alphafold- 3 uses diffusion-based deep
learning to predict biomolecule structures using a pair
former module.?! Alphafold generated five high-scoring
models, and the quality of the generated models was then
accessed based on the pLDDT ( per-atom confidence) and
pTM (predicted template modelling score) scores.

The stability of these generated 3D models was
checked by molecular dynamics simulations in the
WebGrow-UAMS server (https://simlab.uams.edu) using
the GROMACS with the GROMOS96 43al force field.?®
The complexes were solvated using a simple point charge
(SPC) water model in a triclinic box with the addition of
0.15M NaCl. Five thousand energy minimisation steps were
employed using the steepest descent approach. After that,
the system was subjected to NVT/NPT equilibration at 298
K temperature and 1 bar pressure, followed by a production
run of 50 ns for 5000 frames per simulation. Resulted
parameters, including Root Mean Square Deviation
(RMSD), Radius of Gyration (Rg), and Root Mean Square
Fluctuation (RMSF), were analysed. After the MD run, 3D
models were refined using the GalaxyRefine tool® in the
GalaxyWEB server (https://galaxy.seoklab.org). Most
stable models were selected to generate a complete
PROCHECK analysis* in the PDBsum database®! to get
the Ramachandran plot for the 3D model.
Protein-protein docking and complex refinement

The template-based protein-protein docking was
performed using the Homomer3*? and Heteromer?® tools in
the GalaxyWEB server. It uses template-based assembly
to predict homomer and heteromer and performs ab initio
docking if a template is unavailable. Generated models were
arranged based on interface area and template similarity.

Ab initio rigid body docking was performed using
GalaxyTongDock** which is a program to dock heteromeric
proteins.

The docked protein-protein complexes were further
refined using the Refinement tool in HADDOCK 2.4
(https://rascar.science.uu.nl/haddock2.4).3’ As a result, top-
scoring complexes were generated and ranked based on
the weighted sum of different energy, which was named
The HADDOCK score.*® The HADDOCK scoring function
can be described as the below equation:

HADDOCK score=02x E , +1.0xE , +1.0x E, ,+0.1xE

Where E , is the van der Waals energy, £, _denotes
the electrostatic energy, £, . represents the desolvation
energy, and £, represents the ambiguous interaction
restraints energy.

Analysis of protein-protein interface

The interaction interface in a complex was analysed
using the PDBsum Generate tool (https://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/Generate.html).>! The
protein-protein interaction interface, representing key
interacting residues involved was analysed. Cartoon
representations of the protein complexes, highlighting polar
interactions, were generated using PyMOL (Schrédinger,
LLC).

RESULTS & DISCUSSION

Phylogenetic analysis of p62 protein

For comparative analysis of the phylogeny of p62
protein, sequences of p62 proteins of model organisms
across different species (Dictyostelium discoideum,
Drosophila melanogaster, Caenorhabditis elegans, Danio
rerio, Mus musculus, Homo sapiens) were retrieved, and
multiple sequence alignment was performed using
ClustalW, and a phylogenetic tree was constructed
using MEGA11. The phylogenetic tree [Figure 1.A]
illustrates the evolutionary relationships of the SQSTM1
(Sequestosome-1) proteins across different species,
highlighting varying degrees of divergence. The closest
relationship was observed between the p62 protein from
Homo sapiens (human), Mus musculus (mouse) and Danio
rerio (zebrafish) (evolutionary distance < 0.5). In contrast,
the p62 ortholog in Drosophila melanogaster (Ref(2)P)
exhibits greater divergence. The most significant
evolutionary distances were observed in Caenorhabditis
elegans (nematode) and Dictyostelium discoideum (slime
mould), which exhibit a primitive form of p62 protein in
lower eukaryotes. The tree shows that SQSTM1 homologs
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are highly conserved in vertebrates (humans, mice,
zebrafish) and have diverged more significantly in
invertebrates (Drosophila, Caenorhabditis) and protists-
(Dictyostelium). It indicates that p62-like proteins existed
in early eukaryotes and evolved separately in different
lineages.

Orthology search by OrthoDB indicated the first
appearance of the SQSTM1 orthologs in Amoebozoa
(Dictyostelium) [Figure 1.C]. In contrast, another well-
characterised autophagy adaptor protein, the NBR1
orthologs, shows sign of first appearance in Red Algae
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(Rhodophyta) [Figure 1.B]. Functionally, the most evolved
or specialised forms of NBR1 and p62 is present among
fungi and metazoa. From these results, we can predict that
the origin of Selective Autophagy Receptors (SARs) may
be linked to Dictyostelium, which has evolved functionally
in different species. Although phylogenetic tree analysis
predicted Caenorhabditis elegans as the most primitive and
distantly related form of p62, it could probably be due to
any domain loss or rapid sequence divergence in the p62
homolog of Caenorhabditis elegans.
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Figure 1: Phylogenetic and evolutionary analysis of SQSTM1 (p62) and NBR1 protein across different species. (A) Phylogenetic
analysis of p62 protein across different organisms generated by MEGA11 tool using maximum likelihood method and Clustal W was used as
multiple sequence alignment tool. Branch lengths indicating the degree of divergence. The highest evolutionary distance is observed for C.
elegans and Dictyostelium discoideum. The tree includes sequences from: Homo sapiens (Uniprot ID: Q13501), Mus musculus (Uniprot ID:
Q64337), Danio rerio (Uniprot ID: Q6NYKS), Drosophila melanogaster (Ref(2)P, Uniprot ID: P25006), Caenorhabditis elegans (Uniprot
ID: Q20967), Dictyostelium discoideum (Uniprot ID: Q54PS8). Orthology analysis of (B) NBRI and (C) SOSTM1 (p62) genes, showing
their presence across different taxonomic groups based on OrthoDB data. The proteins are conserved in fungi, metazoans, plants, and
amoebozoa, suggesting an ancient origin and functional divergence. OrthoDB search results show the origin and diversification of the p62
ortholog from Amoebozoa (highlighted in red box) and NBR1 ortholog from Rhodophyta (highlighted in green box).

Identification and functional analysis of conserved
domains and motifs

Domains are independent structural and functional
units of a protein that can fold and operate autonomously,
while the motifs are short, conserved sequence patterns
that are often present within domains and contribute to
specific functional properties. Domains and motifs are
crucial in determining a protein’s function and evolution.
To investigate the conservation of these structural elements,
conserved domains in Homo sapiens (Hsp62) [Figure
2.A(1)] and Dictyostelium discoideum (Ddp62) [Figure
2.A(ii)] were identified using InterPro 104.0.% Results from
InterPro showed that the three major domains- Phox and

Beml (PB1), Zinc Finger (ZZ), and Ubiquitin-Associated
Domain (UBA) were conserved from Dictyostelium to
Homo sapiens, suggesting their fundamental role in cellular
processes. An NBR1-like domain was also identified in
Ddp62, located downstream of the Zinc Finger domain,
indicating potential functional divergence of p62 while
maintaining core regulatory mechanisms. Along with these,
Ddp62 have more intrinsically disordered regions dispersed
across the protein.

To examine the presence of conserved motifs, the
MEME Motif Discovery tool was used in MEME Suite
5.5.7,% with Hsp62 protein as a reference. The analysis
identified 10 motifs [Figure 2. B] in H. sapiens and Mus
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musculus (Mmp62), while Danio rerio (Drp62) contained
six motifs. A gradual reduction was observed in Drosophila
melanogaster (Dmp62), Caenorhabditis elegans (Cep62),
and Dictyostelium discoideum (Ddp62), which exhibited
only 3, 1, and 2 motifs, respectively. Among them, a motif
within the ZZ domain was the only one consistently found
across all species, including Dictyostelium, emphasising
its essential function. In contrast, a motif containing the
LIR (LC3-interacting region) sequence was exclusively
detected in H. sapiens, M. musculus, and D. rerio, likely
due to more significant evolutionary divergence of these
vertebrates from lower eukaryotes. Motif search results
showed that Ddp62 and Cep62 have the highest p-values
of 3.55e-35 and 1.94e-21, respectively, showing the
weakest conservation of motifs.
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Figure 2: Comparative domain architecture and motif analysis of
SQSTMI1 across species (A) Domain organisation of SQSTM1
protein of (i) Homo sapiens and (ii) Dictyostelium discoideum. The
conserved protein domains, including PB1 (Phox and Bem1 domain),
ZF 77 2 (zinc finger domain), and UBA (ubiquitin-associated
domain), are highlighted in different colours with intrinsically
disordered regions marked in green. (B) Conserved motif analysis of
SQSTM1 across different species, including Caenorhabditis elegans,
Drosophila melanogaster, Danio rerio, Mus musculus and Homo
sapiens using the MEME Suite. The presence and location of
conserved motifs are represented by colour bars along with their
respective p-values. Sequences of the identified motifs are provided
in the inset. The p-values indicate the statistical significance of
conserved motifs, with the highest values in Caenorhabditis elegans
and the lowest values in Mus musculus and Homo sapiens.

As observed, the presence of several conserved
domains and motifs in Hs p62 is the key factor behind its
diverse functionality across multiple cellular pathways.
Among identified domains, the PB1 domain mediates homo
or hetero-oligomerisation with other signalling proteins,
enabling p62 to form protein aggregates during autophagy.?
Another key domain, the ZZ-type zinc finger, binds with
RIPK1 (Receptor-interacting serine/threonine-protein
kinase 1), regulating NF-«kB signalling.?” The C-terminal
UBA domain is responsible for the binding of ubiquitinated
proteins.'> The KEAPI-interacting region (KIR motif)
enables the interaction of p62 with KEAP1, leading to Nrf2
activation and antioxidant response,*® while the TRAF6-
binding motif links p62 to NF-«B signalling.* The LC3-
interacting region (LIR motif), a short-conserved sequence
(WXXL/I/V), facilitates binding to LC3 and GABARAP
family proteins of the autophagosome, allowing p62 to
function as an autophagy adaptor.'*’ Like many motifs,
the LIR motif (represented by a dark green bar at C-terminal
of proteins in Figure 2.B) was also absent in Cep62, Dmp62
and Ddp62, indicating their higher evolutionary divergence.
The Cep62 has the highest p-value for conserved motifs,
suggesting a higher likelihood of domain loss or rapid
evolutionary changes.

To understand the functional interaction enrichments
of Ddp62, we compared the STRING interaction networks
of Ddp62 with Hsp62. In the STRING results, Hsp62
[Figure 3. A(i)] was found to interact with LC3 proteins
(MAPILC3A and MAPILC3B) and the GABARAP
family proteins (GABARAP, GABARAPLI, and
GABARAPL2), which are essential for autophagosome
formation and maturation. Additionally, Hsp62 interact with
UBC (Ubiquitin C), reinforcing its role in targeting
misfolded proteins for degradation. Another notable
interaction was with NBR1, an autophagy adaptor known
for oligomerising with p62. Furthermore, interactions of
Hsp62 with TRAF6 (TNF receptor-associated factor 6),
KEAPI1 (Kelch-like ECH-associated protein 1), and RIPK1
(Receptor-interacting protein kinase 1) reaffirmed its
involvement in NF-kB signalling, Nrf2-mediated oxidative
stress response, and cell death pathways, respectively. Due
to its multiple interacting partners, Hsp62 functions as a
signalling hub rather than solely an autophagy adaptor, as
the domains and motifs facilitating these interactions are
well-conserved across metazoans. On the other hand,
Ddp62 [Figure 3. A(ii)] exhibited strong associations with
ubiquitin proteins (UbgB, UbqC, UbqO, and UbqP) and
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autophagic components such as Atg8 (LC3 homolog in
Dictyostelium). It also interacted-with an uncharacterised
PB1 domain-containing protein (DDB0185872; hereafter,
DdX), suggesting the presence of another adaptor protein.
It shows that some interactions of PB1 domain
(oligomerisation with another PB1-containing protein) and
UBA domain (with ubiquitin molecules) are conserved
from Dictyostelium to Homo sapiens, suggesting functional
similarity. Unlike Hsp62, Ddp62 lacks direct connections
to oxidative stress regulators, cell-death components, and
NF-kB pathway elements, indicating a more targeted
function in proteostasis and autophagy rather than complex
signalling. Gene Ontology (GO) enrichment analysis
[Figure 3.B] further supports this distinction, predicting
the involvement of Ddp62 in cellular catabolic processes
and the macro-autophagy pathway, with at least 80% group
similarity and the highest statistical significance (False
Discovery Rate ~ 1.0e-05 and ~ 7.0e-05). These findings
suggest that while Hsp62 has evolved into a multifunctional
signalling hub, Ddp62 primarily specialized in proteostasis
and autophagy, reflecting evolutionary divergence in its
functional roles.
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Figure 3: Comparative analysis of interaction network and
functional enrichment of SQSTM1 protein of Homo sapiens and
Dictyostelium discoideum. (A) Protein-protein interaction networks
of (i) SQSTM1 (p62) in Homo sapiens and (ii) its homolog in
Dictyostelium discoideum (identifier: DDB0190801), generated using
the STRING database. Nodes represent proteins, and joining lines
indicate interactions, with different colours representing various
interactions. In the STRING network, blue lines represents known
interactions from the curated databases, pink/red indicates
experimentally determined interactions, green shows predicted
interactions from gene neighbourhood, light blue/cyan represents gene
co-occurrence, black indicates co-expression, purple signifies
interactions based on protein homology, and yellow is derived from

text mining. (B) Gene Ontology (GO) enrichment analysis of
SQSTM1 of Dictyostelium discoideum, showing associated biological
processes. The X-axis represents the enrichment signal, while the Y-
axis lists the associated biological processes, including
macroautophagy, protein ubiquitination and response to starvation.
The size of the circles corresponds to the involved gene count, and
the colour gradient indicates the False Discovery Rate (FDR), with
lighter shades representing lower FDR values.

Tertiary structure prediction of desired domains

The tertiary structure of a protein is crucial for
understanding its function, stability, and interactions. Since
structure defines how a protein binds to partners and carries
out biological activities, modelling provides deeper insights
into its functional mechanisms. Therefore, to understand
better the functional relevance of p62 protein in
Dictyostelium, we predicted the tertiary structures of PB1
domain, UBA domain of Ddp62 and PB1 domain of p62
interacting protein (identified interacting partner from
STRING database) based on diffusion-based deep learning
architecture using AlphaFold 3 server.*! [Figure 4]

The quality of modelled structures was determined
based on pLDDT and pTM scores, which show the local
residue-level confidence and overall global fold reliability,
respectively. All three structures showed maximum residues
having very high confidence scores (pLDDT > 90) and
some residues in high confidence regions (90 > pIDDT >
70), indicating high-quality prediction. However, the
structure of the PB1 domain from uncharacterised protein

A Ddp62-PB1 domain B Ddp62-UBA domain

pTM=036 pTM=0.67

C DdX-PB1 domain

Figure 4:3D structure prediction and confidence assessments of
different domains of Ddp62 and uncharacterised PB1 containing
protein from Dictyostelium discoideum. Figure shows the structural
models and confidence scores for (A) PB1 domain of Ddp62, (B)
UBA domain of Ddp62, and (C) PB1 domain of the uncharacterised
protein (DdX; DDB0185872). Models are colour-coded based on
pLDDT confidence scores, depicted in the lower bar and heatmap
showing the expected positional error for aligned residues (in A) in
predicted models.
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showed a region with high flexibility between residue 60
and 80. Most predicted structures have a pTM score of 0.7
or higher, indicating high confidence in their global fold
accuracy. In contrast, one model (UBA domain) with a pTM
of 0.67 suggests slightly lower but reasonable structural
reliability [Figure 4B]. A top-scoring model was selected
for further analysis among the predicted model clusters
for each domain. The tertiary structures of the UBA domain
of Homo sapiens (Hsp62, PDB; 2JY8)* and the ubiquitin
monomer from Homo sapiens (HsUB, PDB; 1TUBQ)* were
retrieved from the Protein Data Bank (PDB).

Structure refinement and validation

The stability and flexibility of all protein structures
(predicted models and obtained from PDB) were analysed
through fully solvated Molecular Dynamics (MD)
simulations conducted for 50 ns using the GROMACS in
the WEBGROW server.*** The key parameters, such as
RMSD, Rg, and RMSF, [Figure 5] were evaluated to assess
the structural quality of each domain. Root Mean Square
Deviation (RMSD) represents protein structural stability
and conformational changes over time. The RMSD values
for Ddp62-PB1 and DdX-PB1 [Figure 5A(i) and C(i)]
remained within the ranges of 0.1-0.25 nm and 0.1-0.4
nm, respectively, indicating minimal structural deviations
throughout the simulation. Conversely, the Ddp62-UBA
domain exhibited a sharp increase in RMSD during the
first 10 ns, reaching approximately 0.4 nm before stabilizing
around 0.5-0.6 nm, probably due to conformational shifts
and its structural flexibility [Figure 5B(i)]. The RMSF value
of a protein represents the residue-level flexibility of the
structure. RMSF analysis of Ddp62-UBA confirmed a
significant fluctuation in different regions of the protein
[Figure 5B(ii)] with a considerable fluctuation at the C-
terminal region (~0.5 nm), suggesting possible unfolding
or increased flexibility. In the Ddp62-PB1 domain, a
notable peak (~0.45 nm) was observed at residue ~45,
showing a flexible region [Figure 5A(ii)]. Similarly, in the
PB1 domain of the DdX protein, two prominent peaks were
identified at residues 40 and 50, along with a minor peak
around residue 70, indicating the dynamic behaviour of
the protein [Figure 5C(ii)].

The Radius of Gyration (Rg) shows the compactness
of a protein during simulation. The Rg values remained
relatively stable in the Ddp62-PB1 domain, while the PB1
domain of the DdX protein showed initial fluctuations but
stabilised after 10 ns, with values around 1.18-1.20 nm
[Figure 5A(iii) and 5C(iii)]. The Ddp62-UBA domain

exhibited more noticeable fluctuations [Figure 5B(iii)], with
Rg values ranging between 0.95 and 1.05 nm, suggesting
greater flexibility. Therefore, MD results indicate that the
PB1 domain of Ddp62 is the most stable and compact,
while the PB1 domain from the uncharacterised protein
demonstrates intermediate stability with some flexible
regions. In contrast, the UBA domain appears to be the
least stable, likely undergoing significant conformational
rearrangements as observed in the Hsp62-UBA domain.*?

RMSD RMSF Rg
ADdp62-PB1 (i) (i) (i)

B Ddp62-UBA (i) *

fMWM
!

CDdX-PB1 (i) (i) (i)

U

Figure S: Structural stability and conformational dynamics of
predicted domain structures in MD simulation. Graphical
representation of (i) RMSD, (ii) RMSF, and (iii) Rg (y-axis) values
of the backbone atoms from (A) Ddp62-PB1, (B) Ddp62-UBA, and
(C) DdX-PB1 (PB1 domain of uncharacterized protein) protein
structures.

All three predicted domain structures were further
refined using the Refine tool from the GalaxyWEB server.
GalaxyRefine optimizes side-chain conformations using a
rotamer library and refines the backbone structure,
generating multiple refined models and ranking them based
on stability and quality metrics. Based on the
Ramachandran plot, high-quality, stable models were
selected and analyzed using PDBsum for PROCHECK
validation. The PROCHECK confirms high structural
quality for all three domain statistics. The DdX-PB1 domain
showed 97.4% of residues in the most favoured regions,
indicating a highly stable structure. The Ddp62-PB1 and
Ddp62-UBA domains had 90.8% and 92.3% residues in
the most favoured region, respectively, with the rest in
allowed regions (data not shown). This suggests good
stability, though they exhibit slightly more structural
flexibility than DdX-PB1. All three domains structures
exceed the 90% threshold, making them suitable for
protein-protein docking.
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Molecular docking and refinement of protein complexes

The p62 protein plays a vital role in forming
ubiquitinated protein aggregates and also facilitates their
removal through the selective autophagy pathway. Its N-
terminal PB1 and C-terminal UBA domains, along with
the LIR motif, are crucial for this process. The PB1 domain
mediates homo- or hetero-oligomerisation of p62, while
the UBA domain binds with the ubiquitin-tagged proteins,
leading to the formation of cytosolic aggregate. The
autophagy machinery then recognizes and degrades these
ubiquitinated aggregates, ensuring cellular protein
homeostasis. To explore the functional significance of
Ddp62, we analysed its PB1 domain interactions for homo-
or hetero-oligomerisation and its UBA domain binding with
the ubiquitin monomer from Homo sapiens to understand
its affinity for ubiquitinated proteins. The GalaxyHomomer
tool on the GalaxyWEB server predicted Ddp62-PB1
homo-oligomer structures by identifying structural
templates and applying ab initio blind docking for structure
generation and refinement. Similarly, GalaxyHeteromer
was used to predict hetero-oligomers of Ddp62-PB1 and
DdX-PBI1, following the same approach. The Galaxy
Homomer tool predicted five homodimer complexes for
Ddp62-PB1, of which four were template-based docking
structures, and one was generated using an ab initio docking
approach. Similarly, the GalaxyHeteromer tool identified
the same template structure for heterodimer prediction of
Ddp62-PB1 and DdX-PB1. In both cases, the template
suggested by GalaxyWEB corresponded to the crystal
structure of a PB1 domain complex of Protein Kinase C
iota and Par6 alpha from Homo sapiens*®, which was
selected as a reference complex for studying interactions.
Unlike Galaxy Homomer, GalaxyHeteromer does not
generate de novo docked complexes, likely due to its
limitation in creating entirely new heteromeric structures.
Therefore, ab initio docking of Ddp62-PB1 with DdX-PB1
was performed using GalaxyTongDock, a rigid-body
docking web server. Similarly, the docking of Ddp62-UBA
and Hsp62-UBA with human ubiquitin (Hs-Ub) was
conducted using the same approach. From GalaxyTong
Dock results, the complex with the largest cluster size and
highest docking scores was selected for further refinement.

The selected protein complexes were then refined
using the explicit solvent refinement protocol of the
HADDOCK?2.4 server. In this protocol, protein complexes
first undergo semi-flexible refinement to allow

conformational adjustments and energy minimisation,
followed by short molecular dynamics simulations to
remove the hindrance from steric clashes and optimised
hydrogen bonding.

Analysis of the top-scoring clusters (Table 1) revealed
that among the Dictyostelium PB1 homodimers, the de novo
docked Ddp62-PB1 homodimer exhibit the lowest
HADDOCK score (-154.5 + 3.8), indicating a highly
favourable binding. This claim was further supported by
strong electrostatic interactions (-701.8 £21.3), suggesting
a more stabilized complex. Similarly, among the Ddp62-
PB1 heterodimers, the de novo docked complex showed
higher stability than the homology-based docked complex
with a significantly lower HADDOCK score (-117.4 £2.8)
and stronger binding interactions. Although de novo docked
Ddp62-PB1 heterodimer has slightly higher desolvation
energy (25.5 + 0.8) than homology based complex, but it
could not overshadow the overall binding strength of the
complex. These observations indicate that the de novo
docked PB1 complexes displayed higher stability, probably
making them closer to the actual complexes. In the overall
comparison of PB1 interaction, the PB1 homodimer exhibit
a higher HADDOCK score than the heterodimer (-154.5 +
3.8 vs -117.4 £ 2.8) along with the stronger electrostatic
interactions, indicating a more favourable and stable
binding. In the p62UBA-ubiquitin (Ub) interaction, the
Ddp62UBA-Ub complex demonstrated a higher
HADDOCK score (-95.5 + 4.9) than Hsp62UBA-UD (-
85.8£0.9), predicting higher stability of the complex. This
could be due to the more substantial electrostatic energy (-
351.9 £ 10.5 vs -121.9 + 7.3) of the Ddp62UBA-Ub
complex. While the Hsp62UBA-Ub complex exhibits
higher van der Waals energy (-63.1 + 1.7 Vs -33.8 £ 2.8)
and lower desolvation energy (1.7 = 1.2 Vs 8.7 + 2.6),
making it more relied on hydrophobic interactions for its
stability but overall Ddp62UBA-Ub complex was more
stable and energetically favourable.

From these findings, we can say that in Dicyostelium,
p62 homodimer formation is energetically more favourable
than heterodimers, which could explain its aggregation
properties.'® The Dictyostelium p62 possesses a Type I/II
PB1 domain, allowing it to self-oligomerise and interact
with Type I PB1 domains. It could be the reason behind its
strong ability of homo- and hetero-oligomerization. This
contrasts with human p62, which has a strictly Type [ PB1
domain, relying on heterotypic interactions for functional
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regulation.*’*® Similarly, the interaction of the UBA domain
of Ddp62 with ubiquitin is more efficient than its human
homolog, suggesting functional differences in ubiquitin
recognition and binding across species. These differences
highlight evolutionary variations in ubiquitin-binding
efficiency between the UBA domains, surprisingly, with
Ddp62UBA potentially more optimised for stronger
interactions than Hsp62UBA.

Table 1: HADDOCK refinement scores and interaction
energies of protein complexes.

Protein HADDOCK | RMSD Van der Electrostatic | Desolvation
complex Score (A) Waals Energy Energy Energy
Ddp62-PB1
Homodimer (de | -154.5+3.8 [05+£03 | -309+12 |[-701.8+213 | 16.8+1.8
novo docked)
Ddp62-PBI1
Homodimer -853£60 [05+03] -36.0+£20 |[-3284+205( 164+18
(Homology based
Dd-PBI
Heterodimer | -117.4+28 [0.6+03 | -362+1.5 |[-533.4+172( 255+08
(Homology based
Dd-PBI1
Heterodimer (de | -85.8+1.5 [05+£03| -28.6+24 |-388.6+113| 204+33
novo docked)
Hsp62UBA-Ub [ -858+09 | 0.6+03| -63.1+17 -121.9+73 1.7+12
Ddp62UBA-Ub | -95.5+4.9 [05+03] -33.8428 [-351.9+£105] 8.7+2.6

Domain interaction analysis

Interactions in a protein-protein or protein-ligand
complex directly influence its conformational and
functional properties by determining binding affinity,
specificity, and structural stability. Hydrophobic
interactions drive protein folding and interface stabilisation,
while hydrogen bonds contribute to structural integrity and
specificity. Van der Waals forces assist in molecular
packing; salt bridges ensure electrostatic stability, and
disulfide bonds reinforce structural rigidity, collectively
maintaining the stability and functionality of the complex.*
In this study, we have tried to functionally characterise the
interactions of PB1 and UBA domains of Dictyostelium
p62 based on key structural features. To do that, we
retrieved 3D structures of Hsp62PB1-homodimer (PB1
homo-dimer from Homo sapiens p62, PDB;6JM4)>°,
HsPKCi-Par6a-PB1-heterodimer (PB1 domain complex of
Protein Kinase C iota and Par6 alpha of Homo sapiens,
PDB;1WMH)*!, Rnp62PB1-homodimer (p62 PB1 dimer
of Rattus norvegicus, PDB; 2KTR)*?, from Protein Data
Bank (PDB database).

All protein complexes (docked and retrieved from
PDB) were subjected to a Protein database (PDBsum) to
access interactions among key residues (Table 2). These
protein complexes were further subjected to the
GETAREA web server to identify the Solvent Accessible

Surface Area (SASA) for the given complex (Table 3). The
solvent-accessible surface area plays a critical role in
stability, as a larger SASA generally corresponds to a more
exposed interface, requiring stronger stabilising interactions
to maintain structural integrity.® The known 3D structures
of protein complexes were used as a reference for
comparative analysis of complex interfaces. Among the
PB1 homodimers, the Ddp62PB1 homodimer [Figure
6A,F] formed 14 hydrogen bonds and seven salt bridges
(Table 2) involving Lys 5, Glu 46, and Arg 74 with a total
SASA of 8786.26 A% In contrast, the Hsp62PB1
homodimer [Figure 6B] has the highest SASA among
homodimers (8872.33 A?) (Table 3) but forms only four
hydrogen bonds and salt bridges. It relied more on
hydrophobic interactions, making it structurally weaker
than the Ddp62PB1 homodimer. The Rnp62PBI1
homodimer [Figure 6C] showed a significantly larger
SASA 0f 12030.60 A2, indicating a lesser buried interface,
but forms six hydrogen bonds and salt bridges, including
strong ASP-ARG ionic interactions, contributing to
moderate stability despite its expansive surface. These
observations highlight that PB1 domain-mediated
homodimerization is primarily stabilized by electrostatic
interactions, with Lys 7 and Asp residues being the most
conserved. However, species-specific variations in charged
and hydrophobic residues, such as Glu 46 (Ddp62), Arg
94 (Rnp62), and Tyr 89 (Hsp62), indicate evolutionary
modifications that influence stability and oligomerisation
tendencies.

Table 2: Analysis of protein-protein interface
interactions using PDBsum.

Non-
Complex Hydrogen bonded S:alt Tota!
Bonds Bridges| Interactions
Contacts

Ddp62PBI 14 99 7 120
Homodimer

Rnp62PB1

Homodimer 6 43 6 >3

1sp62PB1 4 63 4 71
Homodimer

Ddp62PB1
Heterodimer 16 o1 > 112

HsPB1

Heterodimer 10 84 7 101
Ddp62UBA-
Ub Complex 8 74 4 61
Hsp62UBA-
Ub Complex 8 101 i 109
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Table 3: Solvent Accessible Surface Area (SASA) of polar
and apolar residues calculated using the GetArea server.

Complex Polar Apolar Total area
P area (A% | area (A2 (A%
Ddp62PBI 3616.72 | 5169.54 | 8786.26
Homodimer
Rnp62PBI 524879 | 6781.81 | 12030.6
Homodimer
HSp62}.)B1 3155.46 5716.88 8872.33
Homodimer
de62PBl 3455.62 5262.9 8718.52
Heterodimer
HSPB.I 3850.26 5501.31 9351.57
Heterodimer
Ddp62UBA-Ub 3042.59 4104.33 7146.92
Hsp62UBA-Ub 3117.83 4475.94 7593.77

Among the PB1 heterodimers, the Ddp62PB1
heterodimer [Figure 6D, G] achieves strong stability
through a dense hydrogen bonding network (16 hydrogen
bonds) and five salt bridges, with Glu 47 being the critical
residue in polar interactions. The Hsp62PB1 heterodimer
[Figure 6E] has a larger SASA (9351.57 A?) than the
Ddp62PB1 heterodimer, forming 10 hydrogen bonds and
seven salt bridges. This higher solvent exposure and fewer
hydrogen bonds suggest a less stable complex than the
Ddp62PB1 heterodimer. However, Glu, Arg, and Lys
residues are involved in complex stabilization in both
complexes.

On the other hand, in UBA domain interaction with
ubiquitin monomer, the Ddp62UBA- Ub complex showed
higher stability than Hsp62UBA-Ub with higher interface
area and lower solvent accessibility (SASA value, 7146.92).
The interface of the Ddp62UBA-Ub complex [Figure
7A,C] has four salt bridges, eight hydrogen bonds, and 74
non-bonded hydrophobic contacts. The Hsp62UBA- Ub
Complex [Figure 7B,D] has a higher solvent accessible
area (7593.77 A?) with a similar number of hydrogen
bonding but much higher hydrophobic (van der Waals)
interactions, making it less stable. Both of these UBA
domains share conserved key residues Asn44 (Hsp62) and
Asn60 (Ddp62) involved in hydrogen bonding and interface
stabilisation; however, Ddp62UBA-Ub exhibits stronger
electrostatic interactions with Glu64, His68, whereas
Hsp62UBA-Ub relies more on hydrophobic and polar
interactions of Pro21, Ser43.

These results suggest that p62/SQSTM1 has
undergone functional adaptations across the evolution. PB1
domain in Dictyostelium p62 protein is more specialised
for oligomerisation because of its stronger electrostatic

/Rt
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interactions and a more rigid structural framework.>* In
contrast, human PB1-mediated interactions appear more
dynamic, likely allowing for greater regulatory control over
autophagy and signal transduction rather than stable and
rigid polymerisation. The evolutionary transition from Type
I/I1 to Type 1 PB1 domains in higher eukaryotes supports
this phenomenon of functional shift from rigid
oligomerisation (structural role) to dynamic signalling
scaffolding (functional adaptation in autophagy).*®
Similarly, the UBA domain in Dictyostelium exhibits a
more electrostatically driven interaction with ubiquitin
[Figure 7A], whereas the human UBA domain has evolved
to accommodate a broader and more transient binding
profile [Figure 7B]. This functional shift in humans may
be linked to the ability of p62 UBA to recognise diverse

A Ddp62PB1-h B Hsp62PB1-h C Rnp62PB1-h D DdPB1 E HsPB1.
DdX-PB1 Ddp62-PB1  HeParBa-PB1 HsPKC-PB1
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G @D @D 67 . : G % Ghs @ : :
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Non- bonded contacts. ; cycle

F Ddp62-PB1 homodimer

G Ddp62-PB1 heterodimer

Figure 6: Comparative analysis of interface interactions and polar
contacts in different PB1 complexes. Interaction profile of PB1
homodimers of (A) Dictyostelium discoideum (de novo docked), (B)
Homo sapiens (PDB;6JM4) (C) Rattus norvegicus (PDB; 2KTR)
and PBI heterodimers of (D) Dictyostelium discoideum (de novo
docked) (E) Homo sapiens (PDB;1WMH) generated by PDBsum
Generate tool. Interaction maps displaying hydrogen bonds (blue
lines), salt bridges (red lines), and non-bonded contacts (dashed lines)
between key residues of homodimeric and heterodimeric complexes.
Interface residues are colour-coded based on their chemical properties.
(F—G) Structural representations of the Ddp62-PB1 homodimer and
heterodimer complexes highlight polar interactions contributing to
complex stability.
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Figure 7:Comparative analysis of interface interactions and
polar contacts in p62-UBA domain and Ub (ubiquitin monomer)
complex of Dictyostelium discoideum and Homo sapiens.
Interaction profile of UBA (Ubiquitin-Associated) domain of (A)
Ddp62 and (B) Hsp62 with ubiquitin monomer (Homo sapiens,
PDB;1UBQ) generated using PDBsum. Interaction maps
highlighting hydrogen bonds (blue lines), salt bridges (red lines),
and non-bonded contacts (dashed orange lines) between key residues
and interface residues are colour-coded based on their chemical
properties. (C—D) Cartoon representations of Ddp62UBA-Ub and
Hsp62UBA-Ub complexes, showing key polar interactions.

ubiquitin signals, such as K48- and K63-linked
polyubiquitin chains, which regulate proteasomal
degradation and autophagy, respectively.”>*¢ In contrast,
the lower eukaryotic counterpart may interact with ubiquitin
more rigidly and specifically, less optimised for different
ubiquitin modifications.*’ This evolutionary divergence
highlights the transition of p62 from a primarily
oligomerisation-driven scaffold in Dictyostelium to a more
versatile signalling adaptor in higher eukaryotes, facilitating
dynamic regulation of cellular homeostasis.*®

CONCLUSIONS

This study highlights the evolutionary transition of
p62/SQSTMI1 from a rigid, aggregation-prone scaffold in
lower eukaryotes to a multifunctional signalling adaptor
in higher organisms. In Dictyostelium, p62 primarily
supports protein sequestration and autophagy through
strong PB1-mediated oligomerisation and stable ubiquitin
interactions, reflecting its role in primitive proteostasis
mechanisms. In contrast, the structure of human p62 has
evolved towards more flexibility to accommodate more
binding partners for regulating pathways like autophagy,

oxidative stress response, and NF-kB signalling through
additional motifs and a more selective ubiquitin-binding
interface. This shift in structure and the function of p62
from rigid oligomer formation to more dynamic scaffold
network formation indicates an adaptation towards
increasing cellular complexity. These findings provide a
better understanding of how the architecture of protein
evolves to meet the cellular complexity of organisms and
shape the functional diversification across species.
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