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Abstract

The proteasome plays a crucial role in cellular homeostasis by degrading misfolded, damaged, or unnecessary
proteins. Understanding the regulatory mechanisms of proteasome activity is vital, particularly the interaction
with activators containing the hydrophobic-tyrosine-any amino acid (HbYX) motif. Here, we present ProEnd, a
comprehensive database designed to identify and catalog HbYX motif-containing proteins across the tree of
life. Using a simple bioinformatics pipeline, we analyzed approximately 73 million proteins from 22,000 reference
proteomes in the UniProt/SwissProt database. Our findings reveal the widespread presence of HbYX motifs

in diverse organisms, highlighting their evolutionary conservation and functional significance. Notably, we
observed an interesting prevalence of these motifs in viral proteomes, suggesting strategic interactions with the
host proteasome. As validation two novel HbYX proteins found in this database were experimentally tested by
pulldowns, confirming that they directly interact with the proteasome, with one of them directly activating it.
ProEnd's extensive dataset and user-friendly interface enable researchers to explore the potential proteasomal
regulator landscape, generating new hypotheses to advance proteasome biology. This resource is set to facilitate
the discovery of novel therapeutic targets, enhancing our approach to treating diseases such as neurodegenerative
disorders and cancer.
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Introduction

The proteasome is a key component in the cellular
machinery, orchestrating the degradation of misfolded,
damaged, or unnecessary proteins. Its function is critical
not only for maintaining cellular homeostasis but also for

*Correspondence:

David M. Smith regulating several biochemical pathways. In healthy cells,
dmsmith@hscwvu.edu the proteasome ensures the proper turnover of proteins,
'Department of Biochemistry and Molecular Medicine, West Virginia preventing the accumulation of potentially toxic proteins
University School of Medicine, 4 Medical Center Dr, Morgantown, WV, . . .

USA that could disrupt cellular functions [1-3]. Conversely, in
2Department of Plant Biology, Uppsala BioCenter, Swedish University of disease states, particularly in neurodegenerative diseases
Agricultural Sciences, Uppsala 75007, Sweden (ND) and certain cancers, the proteasome’s role becomes

3Department of Neuroscience, Rockefeller Neuroscience Institute, West
Virginia University, Morgantown, WV, USA

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

even more crucial. Aberrations in proteasome activity
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can lead to the accumulation of protein aggregates, a
hallmark of many NDs, or affect the cell cycle and apop-
tosis, as observed in cancer [4-7].

Because of this pivotal role/importance in disease, in
the last decade several groups have been trying to gener-
ate drugs/pharmaceuticals to specifically target the pro-
teasome and modulate its function in hope to present a
promising strategy for therapeutic intervention [7-9].
Velcade (Bortezomib), a pioneering proteasome inhibi-
tor, exemplifies the proteasome’s potential as a drug tar-
get. Approved for the treatment of multiple myeloma
and lymphoma, Velcade capitalizes on the need of pro-
teasome activity for cell survival, particularly in cancer
cells with high rates of protein synthesis and turnover
[10-12]. This success increased the interest in research-
ing and developing proteasome activators or alternative
inhibitors that could modulate proteasome activity, offer-
ing new avenues for treating NDs and cancer. The activa-
tion of the proteasome, for instance, could enhance the
clearance of protein aggregates, a shared feature of NDs,
potentially improving disease symptoms or progression
[7, 8, 13, 14]. Thus, understanding the mechanisms of
proteasome regulation, including the action of specific
activators, inhibitors, and regulatory complexes, is vital
for therapeutic intervention.

The 20S proteasome is defined as the core particle
responsible for the proteolytic breakdown of proteins. Its
cylindrical structure is composed of four stacked rings:
two outer a-rings and two inner pB-rings, each containing
seven distinct subunits in the case of eukaryotes [15-18].
The catalytic activity resides within the B-rings, where
three types of active sites, caspase-like, trypsin-like, and
chymotrypsin-like facilitate the breakdown of proteins
into peptides [15—17]. A critical aspect of the 20S protea-
some’s function is its gate, formed by the N-termini of the
a-subunits. This gate controls access to the inner cham-
ber, where protein degradation occurs, hence regulating
substrate entry. The gate’s default state is closed, prevent-
ing random protein degradation and ensuring selectivity
in the proteasome’s degradative capacity [15-17, 19].

Another system for regulation of substrate entry is the
existence of proteasome activators, such as the 19S regu-
latory particle (PA700), PA200, and PA28y (also known
as 11S), which bind to the 20S core and induce conforma-
tional changes that open the gate [20-23]. The 19S regu-
latory particle, in particular, recognizes ubiquitinated
proteins and uses ATPase activity to unfold and trans-
locate them into the 20S core for degradation. Similarly,
proteasome activators like PA200 or PA28y enhance the
proteasome’s ability to degrade specific non-ubiquiti-
nated substrates, highlighting the versatility and adapt-
ability of proteasome regulation [20, 24].

These mechanisms to regulate proteasome activity
exhibit remarkable conservation throughout evolution,
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spanning from archaea to eukaryotes. This evolution-
ary continuity allows us to observe specific features that
are essential across different domains of life [25-27].
For instance, the archaea e.g. Archegolbulous fuldgidous
contains a complete proteasome system including a 20S
proteasome and an ATP-dependent proteasome activa-
tor known as PAN (proteasome-activating nucleotidase),
which plays a pivotal role in this system, analogous to
the function of the 19S regulatory particle in eukaryotic
proteasomes [28]. Similarly, VCP (valosin-containing
protein) also known as p97 or CDC48 in eukaryotes, has
homologs in archaea (i.e. VAT) that shares functional
similarities with PAN in its role in stimulating protea-
some dependent protein degradation, highlighting the
conserved nature of these proteolytic processes [29, 30].

The T20S proteasome (20S from Thermoplasma aci-
dophilum) and its interaction with PAN have provided
a simplified model to study the fundamental aspects of
proteasome regulation. PAN, through its ATP binding
activity, facilitates the opening of the 20S proteasome
gate, enabling substrate entry, crucial for the degradation
mechanism to function [31, 32]. This interaction between
PAN and the 20S emphasizes the importance of ATP-
driven conformational changes for proteasome activ-
ity, a concept that is universally observed across species.
Moreover, VCP/p97 mediates the extraction of misfolded
proteins from the ER for delivery to the proteasome for
degradation, emphasizing the integrated nature of cel-
lular degradation pathways [30, 33-35]. Through the
examination of the basal archaeal proteasome system and
its eukaryotic counterparts, we have gained invaluable
insights into the conserved mechanisms of proteasome
degradation. Moreover, this evolutionary perspective
increases our comprehension of cellular regulation but
also highlights potential for discovery of therapeutic tar-
gets that span across species that await discovery.

The elucidation of the regulatory mechanisms gov-
erning the interaction between the proteasome acti-
vators and the 20S proteasome has been significantly
advanced by the discovery of the HbYX motif. This tri-
peptide motif, characterized by a hydrophobic amino
acid (H), followed by a tyrosine (Y), and any amino acid
(X), which must be the C-terminal residue, has emerged
as a key facilitator of proteasome activation and function.
Pioneering work on the archaeal PAN complex and sub-
sequent studies elucidated and highlighted the motif’s
crucial role in gate opening, a necessary step for substrate
entry into the 20S core [20]. The interaction of the HbYX
motif with the 20S proteasome is mediated by its dock-
ing into specific pockets between adjacent a-subunits,
known as a-pockets or intersubunit pockets, triggering
allosteric changes that lead to gate opening, which have
been recently characterized in mechanistic detail by
Chuah et al. 2023 and Gestwiki et al. 2022 [36-38].
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What makes the HbYX motif particularly intriguing is
its prevalence among most proteins that bind to the pro-
teasome [20]. This motif is not only conserved across a
wide range of proteasomal ATPases, including those
integral to the 19S regulatory particle, but also found
in proteins such as PA200, PI-31, Pac-1, Pac-2, and p97.
This conservation from archaea to humans highlights the
motif’s fundamental role in proteasome binding and pro-
teasome activation (gate-opening) denoting both, its util-
ity and specificity in regulating protein degradation.

The question arises as to whether we can identify other
HbYX proteins to discover new pathways for protein
degradation. In that context the use of bioinformatics
has revolutionized our ability to uncover and charac-
terize novel molecular entities, significantly advancing
our understanding of complex biological systems. Pro-
tein domains and transcription factor motifs, crucial for
regulating gene expression and protein function, serve as
prime examples of targets identified through computa-
tional approaches [39, 40]. However, the journey toward
discovering specific proteasome regulators, and spe-
cifically those associated with the HbYX motif, presents
unique challenges within the bioinformatics landscape.

Standard bioinformatics tools and pipelines, includ-
ing the widely used BLAST or MEME (Multiple Em for
Motif Elicitation) suite, offer powerful means to search
for and analyze motifs within protein sequences [41, 42].
These classical tools have been instrumental in identify-
ing recurring patterns that play significant roles in pro-
tein interactions, localization, and function. Despite
their utility, these tools often encounter limitations
when tasked with detecting highly specific motifs like
the HbYX. The inefficiency largely stems from the sheer
diversity and complexity of protein length sequences.
In addition, researchers often face challenges related to
the structure of the data and the interpretation of out-
puts from these bioinformatics tools, requiring extensive
manual curation to confirm the identified motifs.

In response to these challenges, there is a growing need
for the development of specialized pipelines and tools
[43] tailored to the detection and analysis of specific pro-
teasome regulators. Such advancements would enhance
the efficiency and accuracy of motif discovery processes,
enabling researchers to more effectively sift through the
vast universe of proteins for potential therapeutic tar-
gets. Despite the hurdles, the potential to uncover novel
regulators of the proteasome through bioinformatics and
novel machine/deep learning methods remains a promis-
ing frontier in molecular biology and disease research.

In this report we introduce the Proteasome End reg-
ulators database- ProEnd, a comprehensive database
designed to navigate the universe of proteins for the dis-
covery of new molecules featuring the HbYX motif. Pro-
End, represents both a curated source and specific tool to
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uncover and characterize the landscape of proteasomal
regulators. This ProEnd tool is specifically engineered
to address the limitations encountered with standard
motif search methodologies. By optimizing the search to
hone in on the unique characteristics of the C-terminal
HbYX sequence, ProEnd has successfully identified a
set of HbYX proteins across a wide range of organisms,
from archaea to humans, constituting a specialized data-
base dedicated to proteins with HbYX motif. This data-
base serves as a foundational resource for researchers
worldwide, facilitating searching, hypothesis generation,
and exploration of the HbYX motif’s role in proteasome
regulation and cellular function. By providing a platform
for systematic analysis and cross-species comparison, we
enable the scientific community to advance the under-
standing of new regulators and the diverse functions of
the HbYX motif.

Methods

Enrichment analysis

Enrichment analysis was performed for jawed vertebrate
species by extracting lists of HbYX proteins and analyz-
ing them in R (version 4.1.2) with the ‘clusterProfiler’
package [44]. The ‘enrichGO’ function was employed for
each species, and a heatmap was created using -logl0
transformed data to highlight significant enrichments in
molecular functions.

MSA and HMM logo construction

Sequences of HbYX proteins were identified with ProEnd,
retrieved from the UniProt database and aligned using
Jalview [45] with the ClustalX alignment tool. For the
construction of Hidden Markov Model (HMM) profiles,
we utilized WebLogo3 [46] and Python library Logo-
Maker to generate sequence logos and visualize the con-
servation and variability of the HbYX amino acids. For
PAN-2 (M]J1494), the substitution matrix BLOSUM62
was calculated using Python Bio. Align to assess evolu-
tionary divergences and similarities with PAN.

HbYX containing protein plasmid construction and
proteasome purifications

The DNA sequence for the HbYX protein PAN-2
(MJ1494) was fetched from UniProt and cloned into
pET-28a(+) vectors for recombinant E. coli overexpres-
sion under a T7 promotor and lac operator. A 6His tag
was added to the N-terminus of each construct for Ni-
NTA purification and pulldown experiments. The 6His
tag is followed by a TEV protease sequence (ENLYFQ/M)
where “/” indicates the cut site. The pET28a(+) vector
was chosen due to stable expression of other archaeal
proteins in the past in our lab. DNA sequences were
codon optimized for expression in the bacterial strain
BL21 star DE3. Transformed bacteria are overexpressed
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through IPTG induction. T. acidophilum 20S protea-
somes were expressed using the pET-28a(+) vector and
contain a C-terminal 6His tag on the § subunits preceded
by a TEV protease sequence in order to remove the 6His
tag following purification. The T20S was purified follow-
ing Seemiiller et al. [47], with variations. Following puri-
fication, the T20S was TEV cut. Following TEV cleavage
the T20S was added to an Ni-NTA column and only the
flow through was collected ensuring all T20S used in
pulldown experiments are tagless.

Proteasome activity assays—peptide substrates

Fluorogenic substrate peptide, suc-LLVY-amc, was
obtained from BostonBiochem. For activity assays, this
substrate was dissolved in DMSO and used at a final con-
centration of 100 uM. The reaction mixture also included
a final DMSO concentration of 2%. The assays were per-
formed in a buffer at 45 °C, with 2 mM ATP and 10 mM
MgCl2, to a total volume of 0.1 ml of reaction buffer. The
assays were conducted over 30 to 60 min and the results
were analyzed using BioTek Gen5 Data Analysis software.
Fluorescence at excitation/emission 380/460 nm was
measured every 55 s for 2 h. As LLVY bypasses the T20S
gate the initial rate of increase in fluorescence intensity is
directly proportional to proteasome quantity and activity.

Cell culture

HEK-293 cells were grown in DMEM (Life Technologies,
Carlsbad, CA) supplemented with 10% FBS (Sigma, St.
Louis, MO), and 1% penicillin/streptomycin (Life Tech-
nologies). Cells were cultured at 37 °C in 5% CO2 envi-
ronment at a density of 5x106 cells/ml and collected to
for pulldown assays. All cells were obtained from ATCC
(Manassas, VA).

Ni-NTA pulldown assay

Cell lysates were clarified by centrifugation at 20,000 rpm
using a F21-8x50y rotor (ThermoFisher) for 30 min.
Next, 200uL of Ni-NTA agarose resin (Qiagen) is added
to the supernatant and allowed to bind for 1 h shaking
at room temperature. The resin is washed extensively
with Wash buffer (50mM Tris+100mM NaCl supple-
mented with 2mM ATP, 10mM MgCl,. Following this
washing step the columns are capped and concentra-
tion matched T20S is added and allowed to incubate for
20 min at room temperature. After 20 min the column is
uncapped and the flow-through of unbound proteins is
allowed to flow through the column. Columns are then
washed with buffer (1x column bed volume) to further
remove unbound proteins. Finally, HbYX containing pro-
teins along with HbYX bound proteins are eluted using
the Wash buffer supplemented with 150mM imidazole.
Presence of 20S in the elution fractions indicates binding
to the HbYX protein bound on the Ni-NTA column, and
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the amount of 20S is quantified in the elution fraction by
running a proteasome activity assay using the fluorogenic
substrate suc-LLVY-amc as well as SDS-PAGE and west-
ern blot in the case of neurotensin.

SDS-PAGE and western blot

Proteins were separated by SDS-PAGE using Invitrogen
NuPAGE 4-12% Bis-Tris protein gels following manu-
facturer’s protocol. Samples were mixed with Invitrogen
SDS sample buffer (4x). Protein bands were visualized
with Coomassie stain (Simply Blue Safe Stain, Novex)
according to manufacturer instructions. Protein band
sizes (kDa) were visualized using the SeeBlue Plus2 pre-
stained protein standard (ThermoFisher). For West-
ern blot, the gel was transferred to an Immobilon®-FL
PVDF membrane at 30V overnight. The membrane was
blocked in Tris-buffered saline with 0.01% Tween-20
(TBST) and 10% nonfat milk for 1 h at room temperature
(~20°C), then briefly washed and incubated with the pri-
mary antibody (Anti-Proteasome o’s1,2,3,5,6,7 subunits,
Enzo, MCP231; Anti-PSMD7/Mov34, ab140428) diluted
1:1000 in TBST with 5% nonfat milk at 4°C overnight.
After washing three times for 5 min each with TBST, the
membrane was incubated with the secondary antibody
(DyLightTM 550, Thermo, 10173; Alexa Fluor Plus 680,
A32729) diluted 1:3000 in TBST with 5% nonfat milk for
1 h at room temperature. The membrane was washed
again three times for 5 min each with TBST and then
imaged using an Amersham Typhoon (GE).

Alphafold multimer predictions

Structural models of PAN-2 (MJ1494; UniProt ID:
Q58889) were generated using the AlphaFold Multimer
[48] v2.3.295, specifically configured to predict multi-
meric assemblies, reflecting the protein’s anticipated
homohexameric formation. This computational modeling
was performed on a high-performance computing plat-
form, utilizing six chains to represent PAN-2oligomeric
state accurately. The analysis employed a reduced data-
base preset, with a template search cutoff incorporating
the most current structural data available up to August
1, 2023, ensuring the model’s relevance with the lat-
est updates. The resulting models were visualized and
refined using ChimeraX software.

Results

ProEnd in the UniProt/Swissprot reference universe

To address the question of the prevalence of HbYX motif-
containing molecules and to overcome the limitations
of existing bioinformatics tools, we developed a work-
flow designed to efficiently identify proteins with the
specific C-terminal HbYX motif. Utilizing AWK, a text-
processing tool, our pipeline operated through a three-
step process that leverages protein data repositories for
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(See figure on previous page.)

Fig. 1 Prevalence of HbYX motif across organisms identified by ProEnd. A. Workflow for the design of the ProEnd database and the pipeline used to
retrieve proteomes from UniProt/SwissProt. AWK was utilized to develop the regular expressions. B. Distribution of HbYX Proteins Across Life Domains
and Viruses. Barplot indicates the number of HbYX proteins within various life domains, represented as percentages indicating the average occurrence of
HbYX proteins per domain. On the left side, organisms possessing a 20S proteasome—specifically Eukaryotes, Actinobacteria, and Archaea—are grouped
as highlighted by the line below. On the right, organisms lacking a 20S proteasome, including viruses and other bacteria, are displayed. C. Number of
known proteasome activators found in the ProEnd database. Structural representation of a 20S proteasome with a-rings in blue and 3-rings in gray. The
green box illustrates the eukaryotic 19S regulatory particle complexed with the 20 S proteasome (PDB: 6MSB), highlighting the conserved ATPases in
orange. Additional regulatory proteins are outlined to enable comparison with the archaeal proteasome regulator. The orange box displays the structural
complex of the archaeal 20S proteasome and PAN (PDB: 6HEC), with the PAN cap shown in salmon. In total 3,266 known activators form the 19S were
identified in Eukarya and 60 PAN-like proteins were identified in Archaea. D. Percentage of HbYX proteins independently validated as proteasome interac-

tors in other studies for Homo sapiens and Thermoplasma acidophilum, an archaeal model organism.

comprehensive analysis. First, we retrieved all reference
proteomes from the UniProt [49], representing all avail-
able spectrum of organisms. Subsequently, we streamline
the proteome data into a simplified format, arranging it
into a single file where each protein is listed on a sepa-
rate line (Linearization). In the final step of our pipeline,
we deploy a carefully designed regular expression to sift
through the linearized array of proteomes. This search
was finely tuned to detect the presence of the HbYX
motif, which is only found on the C-termini of the pro-
tein with the C-terminal residue being the "X” residue,
ensuring that any occurrences are accurately captured.
Upon identification, the protein and its associated motif
sequence were cataloged in a structured table. Addi-
tionally, we developed a user-friendly online database
(Fig. 1A), which not only enables researchers to interact
with the dataset but also allows direct access to struc-
ture prediction data from Google DeepMind’s AlphaFold
and to UniProt entries by clicking on the protein ID. This
approach not only simplifies the identification process
but also facilitates a more manageable analysis of the
data, allowing for a clearer understanding of the distri-
bution and diversity of HbYX motif-containing proteins
across different species.

Analysis of HbYX proteins

Our comprehensive analysis covered approximately
73 million proteins across about 22,000 reference pro-
teomes within the UniProt/Swissprot databases. The
goal was to catalog all proteins featuring the HbYX motif.
From this extensive survey, we observed an interesting
and noteworthy phenomenon in viruses. While more
than half of the viral proteomes examined do not possess
any proteins with the HbYX motif, contrarily the other
half of viral proteomes contain a high prevalence of HbYX
motif-containing proteins compared to other organisms.
Specifically, we identified approximately~ 7,500 HbYX
proteins in viruses, which represent 1.92% of all proteins
in these entities (Fig. 1B). Since a major function of the
proteasome is to generate viral peptides for detection by
the immune system (MHC-class I) [50, 51], these obser-
vations may indicate that virus could have evolved to

either strategically avoid the proteasome or to negatively
regulate it [52].

In addition, bacteria, which do not have a proteasome
system, presented approximately 235,000 HbYX motif-
containing proteins, accounting for 0.72% of the proteins
analyzed in these organisms. In bacteria, protein degra-
dation is primarily performed by ClpP or HslV proteases
and auxiliary AAA-ATPase particles such as ClpA, ClpX,
and HslU. These complexes are compartmentalized pro-
teases like the eukaryotic proteasome but are not evolu-
tionarily related [53, 54]. Although some studies suggest
HslU/V is somewhat related to the proteasome system,
and the C-terminus of HslU does bind to HslV in an
ATP-dependent manner for regulatory purposes, which
is analogous to 19S-20S or PAN-20S association [55, 56].
However, HslU does not have a HbYX motif [55, 56].

In addition, as a group, these bacterial protease systems
typically rely on adaptor molecules to target proteins for
degradation [57, 58]. The presence of HbYX motifs within
bacterial proteins suggests a broad, cross-kingdom utility
for these sequences in protein interaction networks. A
notable example is found in Actinobacteria, which have
acquired a eukaryotic-like 20S proteasome through hor-
izontal gene transfer. This proteasome is regulated by a
prokaryotic ubiquitin-like protein (Pup) and an ATPase
cap (Mpa) that contains a variant of the HbYX motif and
is structurally similar to eukaryotic AAA-ATPases [59,
60]. In Actinobacteria, we identified 982 proteins that
feature the HbYX motif (Fig. 1B).

Archaeal proteomes revealed~7.2 thousand proteins
with the HbYX motif at their C-termini, correspond-
ing to 0.93% of the proteins in these foundational life
forms. This finding highlights the evolutionary continu-
ity, as archaea, like eukaryotes, rely on the proteasome
system for protein degradation. The archaeal protea-
some system consists of a simpler 20S catalytic core and
a hexameric unfoldase complex known as PAN. Simi-
lar to the eukaryotic 19S ATPase complex (Rptl-6), the
PAN AAA-ATPase employs mechanochemical forces to
unfold and translocate target polypeptides into the 20S
catalytic chamber [26-28]. Like all known 20S caps in
eukaryotes and actinobacteria, PAN features a conserved
C-terminal hydrophobic-tyrosine-X (HbYX) motif that
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(See figure on previous page.)

Fig. 2 Conserved enrichment of HbYX proteins associated with neuronal pathways among jawed vertebrates indicates conserved functions for the
HbYX motif. A. Heatmap representing molecular function enrichment among model jawed vertebrates. The heatmap is colored by the significance of
enrichment (-log10 p-value’). Higher values indicate increased significance associated with the pathway. Rows indicate the enriched processes, and col-
umns represent the model animals. Enrichment was determined using ClusterProfiler. Zero values indicate no enrichment found for this process among
the HbYX proteins. B. Presenilin interaction with y-secretase (PDB: 6IDF). This structural model represents the HbYX interaction of PSEN1T with y-secretase,
suggesting a potential binding role of the HbYX motif. y-secretase is shown in gray, PSENT in blue, and the HbYX motif in red. C. Conservation of the HbYX
motif in jawed vertebrates. A total of 316 sequences of PSENT were recovered from different vertebrates, and a multiple sequence alignment (MSA) was
constructed using Jalview. On the right, the hidden Markov model (HMM) logo for the consensus sequence of the 316 PSEN1 sequences shows the high
conservation of the HbYX motif (FYI). D. Representation of the neuronal membrane glycoprotein GPM6A and its HbYX motif. E. Conservation of the HbYX
motif in jawed vertebrates A total of 379 GPM6A sequences from jawed vertebrates were retrieved, and an MSA was constructed using Jalview, highlight-

ing the conserved features of this protein. The consensus HMM logo was then plotted, showing a highly conserved HbYX motif (AYT).

facilitates proteasome gate opening and substrate entry
[26-28]. We identified 60 different PAN proteins across
the archaeal proteomes (Fig-1 C). Furthermore, the VCP/
p97/VAT/CDC48 AAA-ATPase, which also contains the
HbYX motif, has been shown to interact with the archaeal
20S proteasome and may function as an alternative regu-
latory complex, although its binding to the eukaryotic
20S proteasome and its effectiveness as a proteasome cap
are still under debate [30, 33, 35]. We identified 54 VAT/
CDC48 proteins with the HbYX in archaeal proteomes.
For perspective, the single archaea organism, Archaeo-
globus fulgidus, has 44 HbYX proteins including one
CDC438, but most of which have unknown functions. The
detection of HbYX motif-containing proteins in archaea
suggests a possible regulatory network conservation of
activators related to this motif across these domains.
Eukaryotic organisms displayed approximately 405
thousand proteins with the HbYX motif, about 1.01% of
their total protein count (Fig. 1B). This is expected given
the complexity and specialization of the eukaryotic pro-
teasome system, which needs diverse interactions with
various degradation pathways. From this amount 3,266
are known activators from the 19S family of regulators
and PA200 (Fig-1 C). In humans specifically, we found
234 proteins with the HbYX motif, representing 1.67% of
the protein-coding sequences. This is notably lower than
the anticipated random frequency of 2.5% for any given
amino acid sequence, implying a potential evolutionary
pressure to constrain the abundance of HbYX motif pro-
teins, possibly due to their specialized function in pro-
teasome regulation. Prior studies have also attempted to
identify Proteasome Interacting Proteins (PIPs) by vari-
ous methods such as pulldowns and mass spec. When
we compared the known PIPs with all identified human
HbYX proteins in ProEnd we found that 22.2% of these
human HbYX proteins have indeed been identified pre-
viously as PIPs [61-63](Fig. 1D). These findings provide
independent reinforcement to the idea that the HbYX
proteins identified by ProEnd have a high probability to
bind to the proteasome. This validation is extended to the
archeal organism Thermoplasma acidophilum, a widely
known model organism used to understand proteasome
function. In this organism independent validations have

shown that 25% of the HbYX containing proteins have
been detected by pulldown with the 20S proteasome [30]
(Fig. 1D). These independent validations show the poten-
tial of the HbYX motif as a cross-kingdom characteristic
that indicates the ability to interact with the proteasome
and potentializes all proteins containing HbYX in the
C-terminus as PiPs, many of which may be modulators
of proteasome function or related degradation pathways.

Biological-driven hypothesls generation with ProEnd:
HbYX motifs in neuronal pathways: enrichment and
implications for proteasome interaction

The most well-known and studied function of the HbYX
motifs is its ability to bind to and activate the 20S protea-
some. Known regulators such as PA200, PI31, and PACs,
are capable of activating, inhibiting, and assembling the
proteasome, respectively [22, 64, 65]. To determine addi-
tional functional diversity associated with the HbYX
motif identified by our approach we performed a gene
enrichment analysis [44] in model gnathostomata organ-
isms. Among jaw vertebrates the enrichment revealed a
prevalence of HbYX proteins in transmembrane trans-
port, neurotransmitter activity, and GABA receptor-
related functions (Fig. 2A). In humans, from the pool of
HbYX proteins, seven have been identified as involved
in Alzheimer’s disease pathways based on literature (not
counting the proteasome itself), and all but one bind APP
and include Presenillin 1 & 2 [66]. Interestingly, Preseni-
lin’s HbYX motif is extracellular, interacts with a pocket
on the gamma-secretase subunit [67] (Fig. 2B), affecting
its substrate gating and it is highly conserved among in
jaw vertebrates (Fig. 2C).

This suggests that HbYX motifs may regulate trans-
membrane enzymatic function/activity and could poten-
tially recruit extracellular proteasomes when not bound
to transmembrane partners. The 20S is present in the
cerebrospinal fluid, indicating putative extracellular 20S
docking sites with unknown functions. Most interest-
ingly we found that GPM6A, which has been suggested to
associate with Neuronal Membrane Proteasomes (NMPs
[68]) is a HbYX protein and its motif (AYT) is conserved
among jawed vertebrates (Fig. 2D-E). The NMP is emerg-
ing as an important factor in regulating neuronal activity
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and is proposed to be associated with neurodegeneration
(68, 69]. The existence on NMP open the possibilities for
the HbYX proteins found in the neuronal context such
as GABA receptors and others in our database as poten-
tial recruiters or modulators of proteasome function in
different cellular contexts from those expected so far,
where protein degradation by the proteasome remains
uncharted territory. Further validations are necessary to
fully understand the context and function of these mol-
ecules and whether there is a proteasome-independent
function for HbYX molecules, which seems likely, or if
it is recruited to perform localized functions in cellular
context. These are just a few examples of the potential
hypotheses generated from our HbYX protein database,
as HbYX-proteins can be found in almost every cellu-
lar compartment, such as cytosol, nucleus, ER, Golgi,
nucleoplasm, mitochondria, peroxisomes, and nuclear
speckles.

ProEnd identification of neurotensin-proteasome
interaction: a case study in HbYX protein function

To validate the utility and usage of ProEnd for novel pro-
teasome interacting proteins, we tested 2 examples from
different organisms. The first one we selected related to
neuronal regulation is an interesting example of a highly
conserved protein among jawed vertebrates, neuro-
tensin, a small protein that contains the HbYX motif in
the form of YYY. This motif is conserved across all ver-
tebrates with minimal changes in sauropsides where the
initial Y is replaced with a S (Fig. 3A). Under physiologi-
cal conditions Neurotensin is a regulatory peptide of 13
amino acids originated by the cleavage of the full-length
precursor protein, predominantly located in the gut and
brain influencing various dopaminergic pathways [70,
71]. The cleavage of the neurotensin precursor results in
the release of neurotensin and neuromedin N, along with
other peptide fragments. These peptides are less potent
than neurotensin but are also less sensitive to degrada-
tion, which may allow them to act as longer-lasting mod-
ulators in various physiological situations [72, 73].

One of these fragments is the very C-terminal which
contains the HbYX YYY motif. To test whether it is asso-
ciated with the proteasome, human biotin- fused to neu-
rotensin C-terminal HbYX peptide was synthesized to
perform a pull-down assays on HEK293 cell lysates. Our
results showed that neurotensin can pull down the 20S
proteasome from human cells (Fig. 3B-C), indicating an
interaction between this highly conserved HbYX-protein
and proteasome degradation pathways. This suggests
that highly conserved proteins with the HbYX motif are
capable of binding to the proteasome, hence, its function,
conserved through evolution can be related to protea-
some binding and regulation. It’s important to note that,
to date, there is no evidence in the literature suggesting
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that the neurotensin peptide or other HbYX motif-con-
taining proteins related to neurotransmission, such as
GABA receptors, are associated with proteasome bind-
ing, revealing that many of the HbYX molecules identi-
fied could recruit the proteasome to execute functions
in different cellular contexts, increasing the number of
functions associated with the proteasome and opening
the door to new possibilities for understanding the cellu-
lar context of degradation in each cell type. Neurotensin
presents an example of how proteins found with HbYX
motif in ProEnd database uncover a rich niche of new
functions, hypotheses and approaches to understanding
proteasome biology.

ProEnd discovery and functional analysis of a HbYX
proteasome regulator in M. jannaschii

Our second example comes from archaea, highlighting
the proteasome activities mediated by HbYX proteins in
these organisms. Specifically, we investigated a protein
from Methanocaldococcus jannaschii, this specie has the
known proteasome activator PAN [74], but with ProEnd
help we identified a HbYX containing protein annotated
as putative 26S proteasome regulatory subunit by simi-
larity according to UniProt (MJ1494, hereafter referred
as PAN-2). Motivated by its potential role as a protea-
some regulator, we generated this HbYX protein recom-
binantly to assess its regulatory capabilities within the
proteasome. To assess its ability to bind and regulate the
archaeal proteasome T20S, we employed an experimental
approach similar to Fig. 3B but with slight modifications.
First, recombinant T20S was purified using Ni-NTA
affinity chromatography followed by TEV cleavage in
order to remove the 6His tag. Concurrently, recombinant
HbYX protein PAN-2 was purified through sonication
and Ni-NTA affinity chromatography. Prior to elution,
purified and TEV cut T20S was added to columns con-
taining HbYX-bound PAN-2 and washed thoroughly. The
HbYX protein was then eluted using wash buffer supple-
mented with 150mM imidazole.

The presence of T20S in the elution fractions was
determined by a proteasome activity assay using the fluo-
rogenic substrate suc-LLVY-AMC, which is cleaved by
the T20S. The specificity of this assay allows us to mea-
sure the presence of T20S accurately and to calculate the
initial velocity (Vo) of substrate degradation, unaffected
by any regulatory effects on the T20S gate, since gate-
closure does not affect LLVY degradation. We found that
PAN-2 pulled down 7X more T20S, than did our control
Ni-NTA columns (Fig. 4A). This result validates PAN-2
as a HbYX containing protein with the ability to bind to
the proteasome, adding another validation to support
the HbYX containing proteins found in our ProEnd data-
base as proteasome regulators. Additionally, to under-
stand PAN-2 structure conformation we predicted its
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homo-oligomerization using AlphaFold Multimer [48].
We expected homo-oligomerization since PAN-2 con-
tains an ATP binding domain in the 161-168 positions,
and it is expected, based on homology with ATPases
such as PAN to form hexamers. The AlphaFold predic-
tion suggested a hexameric assembly with a pLDDT
score of 0.78 (Fig. 4B and D HbYX in orange), indicating
good overall structural accuracy. The Predicted Aligned
Error (PAE) plot revealed high confidence in the intra-
monomeric contacts and moderate confidence in the

inter-monomeric interactions, consistent with the hexa-
meric structure (Fig. 4C). While the local structures are
reliable, some inter-chain interactions may require fur-
ther experimental validation. According to the Alpha-
Fold prediction the HbYX motif seems to be buried in
the ATPase ring which is also a common feature shared
with PAN when it is not bound to ATP and not bound
to the proteasome, indicating structural similarities
between PAN-1 and PAN-2. Noteworthy is that PAN-2
homology percentage to M.jannaschii, PAN-1 is 29.77%



Salcedo-Tacuma et al. BMC Genomics (2024) 25:951

A. w B.
Z 150
3
5
= 1004
2
>
g
® 50-
€
o
7]
P
g N
& ;
S
Q%
«'\r
C.
30
20
10
0
0 1000 2000
E.

195-20S(26S) P97-20S
PDB: 6MSB PDB: 3CF3
About

Predicted LDDT

Page 11 of 15

Predicted LDDT per position
100 —

80 4

60 -

20 A
Average 0.78

0 500 1000 1500 2000
Positions

Side view

About Dataset Findings Validation

PA200-20S PI131-20S 22?-20S
PDB: 6KWX Alphafold v2

Weicome to Preteasome End regulators Database- Profnd. a resource for explonng the dwerse world of proteasome regulatory proteins

across all e forms inchuding viruses. ProEnd provides a comprehensive list of proteins that festure the HBYX motif—a protal tri-peptide

sequence that plays 3 crucial role in proteasome function and regulation. These proteins potentially cap and modulate the proteasome.

thereby influencing protein degradation pathways essential for cell regulation. Opening new venues for therapeutic intervention.
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using the BLOSUMG62 matrix. While this percentage sug-
gests some sequence similarity, it is relatively low, indi-
cating a distant evolutionary relationship and potentially
different regulatory roles or specificities. Importantly,
PAN-2 does possess the N-terminal OB domain, akin to

other proteasome ATPases, suggesting a conservation of
structural features despite the low homology. This find-
ing enhances our knowledge of proteasome activators in
ancient organisms like archaea, demonstrating the vari-
ability in PAN-like proteins across distinct organism
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Fig. 4 Archaeal HoYX ATPase PAN-2 (MJ1494) binds and activates the archaeal proteasome T20S. (A) Rate of substrate degradation of fluorogenic LLVY
after pulldown with T20S on PAN-2, pulldown with proteasome T20S alone. Stimulation of degradation was measured by the increase in LLVY hydrolysis
(rfu). (B) AlphaFold multimer prediction LDDT indicating overall confidence in the predicted structure. Scores above 0.51 are generally accepted. Scores
above 0.70 are considered to be of good quality, suggesting that most regions of the protein are predicted with high accuracy. (C) Predicted Aligned Error
(PAE) provides insights into the accuracy of the predicted inter-residue distances. The diagonal blocks with lower PAE values (indicated by blue regions)
suggest that the intra-monomeric contacts are predicted with high confidence. This aligns with the high pLDDT score (0.78), indicating reliable local
structure predictions within each monomer. The off-diagonal blocks show higher PAE values (indicated by red regions), reflecting moderate confidence
in the inter-monomeric contacts, indicating some uncertainty in the predicted interactions between monomers. The repeating pattern of the blocks in
the PAE plot is consistent with the hexameric nature of the protein, suggesting that each monomer’s predicted structure is similar and forms repetitive
interactions within the hexamer (D) Bottom and side views of the structural representation predicted by AlphaFold multimer visualized with ChimeraX.
The complex is shown in gray with the HbYX motif highlighted in orange for visualization. The HbYX motif appears to be buried inside the ATPase ring,
a common feature shared with PAN when not engaged with the 20S proteasome. (E) Screenshot of the main page of ProEnd. The database is available

at http://proend.org/

families and it also illustrates the evolutionary adaptation
and functional differentiation of proteasome regulators
in diverse biological contexts.

A web portal for HbYX motif-containing proteins

To allow researchers to interact with the comprehensive
dataset of HbYX motif-containing proteins, we created
ProEnd, a user-friendly online database (first released in
2024 Fig. 4E). Users can explore an expandable, interac-
tive matrix or a sortable list that can be filtered by spe-
cies, domain, or gene name. Clicking on a matrix tile or
list entry displays an information page that includes an
interactive protein structure viewer, where AlphaFold
structure predictions of the HbYX motifs can be exam-
ined and downloaded. The information page also pro-
vides UniProt entry information. These features facilitate
rapid searching, visualization, and analysis of several
HbYX proteins, making ProEnd an invaluable resource
for the global scientific community. The database is
hosted on Amazon Web Services using MongoDB,
ensuring high availability and performance. Researchers
can access ProEnd database at http://proend.org/ and
navigate the data to support their studies in proteasome
regulation and beyond. Additionally, the ProEnd tool is
available on GitHub at https://github.com/drTakuOmics/
proend-scripts, where a concise tutorial explains how to
perform searches of your data.

Discussion
The ProEnd database addresses a critical gap in pro-
teasome research by providing a targeted resource for
exploring proteins with the HbYX motif, which are
known to influence proteasome activity either through
activation or inhibition. This motif is critically impor-
tant due to its therapeutic potential and its potential role
in regulating specific cellular pathways through the 20S
proteasome. Previously, the research community lacked
a comprehensive source for identifying and generating
hypothesis with these potential proteasome interactors, a
gap now filled by ProEnd.

Our results highlight the evolutionary prevalence of the
HbYX motif not only in well-established domains such as

eukaryotes, actinobacteria, and archaea, which possess
the 20S proteasome, but also in viruses. This suggests
evolutionary pressures might be shaping the develop-
ment of this motif in viruses to either evade or hijack
the host’s degradation system. This is a very interesting
question which needs further exploration but indicates
this motif as a gold standard for protein degradation
modulation across all organisms. A critical component
to support the potential of the HbYX motif are 20S
pulldown validations where at least 25% of the HbYX-
containing proteins in human do indeed interact with
the proteasome, a result corroborated independently by
other researchers. This confirms the relevance of HbYX-
containing proteins as a source of potential proteasome
interactors.

Furthermore, the enrichment of HbYX proteins in spe-
cific processes such as ion channels and neurotransmis-
sion open new avenues for understanding the functions
of these motifs beyond proteasome interaction. This
is particularly intriguing in the context of the neuro-
nal membrane proteasome (NMP), where the full range
of interactors remains undefined. Additionally, specific
pipelines will be needed to understand the potential role
of the 20S association with these new HbYX proteins. In
addition, our validation of neurotensin as a proteasome
interactor exemplifies the utility of ProEnd. Neuroten-
sin, a neurotransmitter highly conserved, was shown to
interact with the 20S proteasome, suggesting potential
involvement in neurotransmission pathways through
the presence of the HbYX motif. While this does not
imply that neurotensin induces proteasome activity or
that this interaction is its primary function, the inter-
action suggests a potential role and raises important
questions about potential functional associations in neu-
ronal contexts. Further research, along with the devel-
opment of specific analytical pipelines, will be essential
to explore the implications of this 20S association more
comprehensively.

Additionally, the validation of PAN-2, a new PAN-
like molecule from the archaeal organism Methanocal-
dococcus jannaschii, which binds to and activates the
archaeal 20S proteasome, illustrates another significant
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application of the ProEnd database. This protein, identi-
fied and modeled using AlphaFold Multimer, highlights
the potential of ProEnd to generate hypotheses and guide
new questions in proteasome biology. Although further
characterization is required to understand the structural
specifics and substrates of this new activator, this finding
demonstrates the valuable role of our database in advanc-
ing proteasome research across various organisms.

Conclusions
The establishment of the ProEnd database marks a sig-
nificant advancement in the field of proteasome biol-
ogy, providing an invaluable resource for identifying and
characterizing HbYX motif-containing proteins across
a broad spectrum of species. By offering a comprehen-
sive curated catalog and an interactive platform, Pro-
End facilitates the exploration of potential proteasomal
regulators and their evolutionary conservation, uncov-
ering their potential diverse roles in cellular processes.
In this study, we identified a conserved enrichment of
HbYX motif-containing proteins in jaw vertebrates asso-
ciated with neuronal pathways (Fig. 2), suggesting that
the HbYX motif may regulate proteasome function in
unexpected contexts such as cellular membranes or in
extracellular recruitment of proteasomes within neuronal
environments. This finding aligns with emerging trends
in research focusing on the neuronal membrane protea-
some (NMP). We further validated the involvement of
two novel HbYX-containing proteins. Firstly, neuroten-
sin, a well-known neurotransmitter, was demonstrated
to interact with the 20S proteasome in human cell lines
through pull-down experiments (Fig. 3), highlighting its
potential role in proteasome modulation. Secondly, our
experimental results reveal that the PAN-like, HbYX-
containing protein PAN-2 from the archaeal organism
M.jannaschii interacts with and activates the archaeal
T20S proteasome (Fig. 4), illustrating the potential for
similar molecular mechanisms across other archaeal
species. Future directions will focus on optimizing and
validating our dataset and consistently applying our
methodologies to further elucidate the biological func-
tions associated with HbYX-containing proteins. The
findings reported here highlight the prevalence and
importance of HbYX motifs in proteasome regula-
tion, with implications extending from basic biological
research to potential therapeutic applications. This data-
base is expected to not only enhance our understanding
of proteasome mechanisms but also opens new avenues
for the discovery of novel proteasome modulators, with
potential far-reaching impacts to understanding protea-
some biology and treating human disease.

In conclusion, the ProEnd database is proving to be a
vital resource for the scientific community, enabling a
comprehensive exploration of proteasome regulation
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biology and facilitating discoveries that could have far-
reaching implications for understanding and treating dis-
eases linked to proteasome dysfunction.
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