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ABSTRACT

Antibiotic resistance poses a significant global health threat, necessitating
the exploration of novel therapeutic strategies. This review examines the
intricate interplay between the host ubiquitin-proteasome system (UPS)
and bacterial pathogens, emphasizing its potential as a target for host-
directed therapies. The UPS plays a pivotal role in modulating immune
responses and regulating cellular processes critical for pathogen
clearance. Bacterial pathogens have evolved sophisticated mechanisms to
subvert UPS functions, thereby enhancing their survival and virulence.
Targeting specific components of the UPS, such as deubiquitinating
enzymes and ubiquitin-like systems, offers promising avenues for
therapeutic intervention. Additionally, leveraging targeted protein
degradation technologies may provide novel strategies to disrupt
bacterial resistance mechanisms. While challenges related to specificity
and off-target effects remain, the modulation of the UPS presents a
multifaceted approach to combating antibiotic-resistant infections.
Continued interdisciplinary research is essential to elucidate the
underlying molecular mechanisms and translate these insights into
effective clinical interventions.
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often following relatively quickly as new antibiotics
are introduced.*

The ubiquitin-proteasome system (UPS) is a crucial
regulatory pathway in eukaryotic cells, controlling
protein  degradation and maintaining cellular
homeostasis.’ It involves a sequential enzymatic
the cascade to tag target proteins with ubiquitin, marking
them for degradation by the 26S proteasome.® The

UPS regulates various cellular functions, including

authors or
publishers.(https://creativecommons.org/licenses/by-
nc/4.0/)

INTRODUCTION:

Antimicrobial resistance (AMR) is a global issue has

epigenetics, gene expression, cell cycle progression,
and signal transduction.” Dysregulation of the UPS
been implicated in diseases like cancer,
neurodegenerative disorders, autoimmune diseases,

affecting countries at all income levels, driven by
misuse and overuse of antibiotics in human medicine,
agriculture, and animal farming.! This leads to the
emergence of resistant bacteria, fungi, and viruses,
reducing treatment effectiveness and resulting in
longer hospital stays, increased medical costs, and
higher mortality rates.> The rapid spread of resistant
bacteria worldwide threatens to undermine significant
medical advances achieved over the past century.? The
history of antibiotic discovery and the emergence of
resistance reveals a concerning trend, with resistance

and cardiovascular diseases.® Therapeutic strategies
targeting the UPS to treat diseases are essential

Ubiquitin signalling is crucial in the interaction
between bacterial pathogens and their hosts,
influencing the immune response and infection
outcomes. The host ubiquitin system is essential for
detecting and clearing bacteria, activating innate
immune responses, and regulating DNA damage
response during viral infections. ° Bacterial pathogens
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manipulate the host ubiquitin system to promote their
survival and dissemination by encoding E3 ligases
and deubiquitinases, targeting host signalling
pathways, modulating autophagy, and reversing
lipopolysaccharide ubiquitylation. These strategies
aim to manipulate the host ubiquitin system and
disrupt immune responses.The aim of this review
article is investigate the role of the ubiquitin in the
combat against antibiotic resistant bacteria.!°

The Ubiquitin-Proteasome System (UPS)

The ubiquitin-proteasome system (UPS) is a crucial
mechanism for regulated protein degradation in
eukaryotic cells, essential for maintaining cellular
homeostasis and eliminating old, damaged, misfolded,
or regulatory proteins.!! The UPS machinery consists
of several key components, including the Ubiquitin
Activating Enzyme (El), Ubiquitin-Conjugating
Enzymes (E2), Ubiquitin Ligases (E3), the 26S
Proteasome, and  Deubiquitinating  Enzymes
(DUBs).!2 El activates ubiquitin through an ATP-
dependent reaction, forming a high-energy thioester
bond between E1 and ubiquitin. E2 enzymes accept
ubiquitin from El1 and hold it in a thioester-linked
form. E3 ligases recognize specific protein substrates
and facilitate the transfer of ubiquitin from E2 to
lysine residues on the substrate protein.'> The 26S
proteasome is a large, multi-subunit complex
responsible  for  degrading  poly-ubiquitinated
proteins.'* Deubiquitinating Enzymes (DUBs) reverse
ubiquitination by removing ubiquitin chains from
target proteins and recycling ubiquitin molecules for
reuse.'>!® The ubiquitination process involves a
cascade of enzymatic reactions, including ubiquitin
activation, ubiquitin conjugation, substrate
recognition and ligation, and multiple rounds of
ubiquitination.'

The 268 proteasome is a large, multi-subunit protease
complex essential for regulated protein degradation in
eukaryotic cells. It plays a crucial role in various
cellular processes, including protein homeostasis,
stress response, cell division, and signal transduction.
The 26S proteasome is the primary component of the
ubiquitin-proteasome system (UPS), responsible for
degrading proteins tagged with ubiquitin.'” The
proteasome consists of two main subcomplexes: the
20S core particle (CP) and the 19S regulatory particle
(RP). The CP contains the proteolytic active sites,
while the 19S RP recognizes and prepares
ubiquitinated proteins for degradation. The 20S
proteasome can degrade oxidized proteins even
without the 19S RP. The 19S RP recognizes
polyubiquitinated  proteins, unfolds them, and
translocates them into the 20S core particle. The
proteasome's primary function is to degrade
ubiquitinated proteins in a regulated manner. The
proteasome's structure is barrel-shaped and consists of
33 different subunits. '8
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The Unfolded Protein Response (UPR) is a crucial
quality control mechanism in cells, removing old,
damaged, misfolded, or regulatory proteins to prevent
cellular toxicity and aggregation diseases. It oversees
the assembly of protein complexes and induces the
degradation of defective complexes.!® The UPS
identifies misfolded proteins and targets them for
degradation, ensuring proper composition and
architecture of multimeric protein complexes. It also
regulates mitochondrial function and efficiency,
ensuring proper cell division.?? The UPS regulates
signal transduction pathways by modulating key
regulatory proteins, fine-tuning cellular responses to
stimuli. It also regulates hormone-responsive gene
expression profiles, regulating immune signalling, and
cell cycle control.?! The UPS plays a crucial role in
both innate and adaptive immune responses, affecting
antigen presentation, T cell activation, and B cell
activation. It also regulates inflammatory responses by
targeting key signalling proteins. 2> 2> The UPS and
autophagy are interconnected quality control systems
that work together to maintain cellular homeostasis.
When the UPS is impaired, autophagy can step in to
degrade ubiquitinated proteins and maintain cellular
health.

Ubiquitin Signalling in Host Defense Against
Bacterial Infections

The ubiquitin system is a crucial mechanism for host
cells to recognize and respond to bacterial pathogens.
It activates inflammation and degrades bacterial
effectors, providing protection. The process is
complex, involving various steps from pathogen

recognition to cellular responses. Ubiquitination
activates innate immunity, targets pathogen-
containing vacuoles, facilitates autophagy, and

regulates protein function. However, pathogens can
manipulate the ubiquitin system to promote their
survival. They can escape host responses, exploit the
host ubiquitin system, interfere with ubiquitin-like
pathways, and reverse ubiquitylation, blocking host
immunity. Examples of ubiquitin-related interactions
include  Salmonella  Typhimurium, Legionella
pneumophila, and Mycobacterium tuberculosis. 2

Ubiquitination is a regulatory mechanism in innate
immunity, influencing pathogen recognition, immune
signalling pathways, and autophagy. It is involved in
the recognition of bacterial PAMPs, which induce
inflammatory responses to ensure host defense. PRRs
like Toll-like receptors (TLRs) and NOD-like
receptors (NLRs) recognize these PAMPs, triggering
intracellular signalling cascades that lead to the
expression of inflammatory cytokines and interferons.
26 Ubiquitination directly regulates PRR activation
and signalling, such as the recruitment of E3 ubiquitin
ligases PUBI2 and PUBI3 to the FLS2 receptor
complex upon flagellin detection in Arabidopsis.?’
Ubiquitination also regulates various immune
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signalling pathways, such as the linear ubiquitin chain
assembly complex (LUBAC) and E3 ubiquitin ligases
like RNF128, which promote innate antiviral
immunity through Ké63-linked ubiquitination of
TBK1. 2 Deubiquitinating enzymes (DUBs) play a
critical role in regulating innate antiviral immunity.
Pathogens can manipulate the host's ubiquitination
system to evade immune responses, such as
Herpesviruses.  Understanding  these  complex
interactions is vital for developing new therapeutic
strategies against infectious diseases. 2

Autophagy and xenophagy are essential cellular
processes that rely on ubiquitin-dependent pathways
to target and degrade intracellular components and
bacteria. 3° Ubiquitination is a post-translational
modification where ubiquitin is attached to target
proteins, facilitating the degradation of proteins.
Selective autophagy receptors (SARs) recognize
ubiquitinated cargo and facilitate their engulfment by
autophagosomes.>! Xenophagy targets intracellular
bacteria for degradation, which is critical for host
defense against bacterial infections. Ubiquitination
also regulates the autophagy machinery itself,
controlling the stability and activity of autophagy-
related proteins (ATGs) 2 Viral modification of
autophagy can be manipulated by viruses, with some
expressing proteins that inhibit autophagy or exploit
autophagy for replication and transmission. 3

Understanding these pathways is crucial for
developing therapeutic strategies to target diseases
like neurodegenerative disorders, cancer, and
infectious diseases.>*

Exploiting the UPS to Combat Antibiotic
Resistance

The ubiquitin-proteasome system (UPS) is a critical
cellular mechanism that regulates protein degradation
and maintains cellular homeostasis. Recent studies
have highlighted the potential of exploiting the UPS
to combat antibiotic resistance by targeting bacterial
factors and modulating host pathways.>> Manipulating
the UPS can enhance host defense, degrade
resistance-conferring bacterial proteins, and leverage
small molecules or antibodies to disrupt resistance
mechanisms.?¢

Host-targeted  therapies (HTTs) that inhibit
deubiquitinating enzymes (DUBs) such as USP25,
USP46, and Otud7b have shown promise in
enhancing bacterial clearance. For instance, the DUB
inhibitor AZ-1 has been demonstrated to reduce
intracellular loads of multidrug-resistant bacteria and
improve outcomes in infection models, particularly
when combined with antibiotics. These findings
suggest that modulating host UPS components can
bolster the host's immune response, thereby aiding in
the elimination of resistant pathogens.3" %
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Conversely, some bacteria employ effectors that
mimic UPS components, such as E3 ligases and F-box
domains, to degrade host resistance proteins, thereby
subverting immune defenses and promoting infection.
This molecular mimicry underscores the dynamic
interplay between pathogens and the host UPS,
highlighting the need for therapeutic strategies that
can disrupt these interactions.®® Additionally,
advancements in targeted protein degradation (TPD)
technologies, such as PROTACs, offer the potential to
direct bacterial resistance proteins for ubiquitination
and degradation, further expanding the arsenal against
antibiotic resistance.*

In conclusion, targeting the UPS represents a
multifaceted approach to overcoming antibiotic
resistance. By inhibiting host DUBSs, directing
bacterial resistance proteins for degradation, and
developing small molecules that manipulate ubiquitin
signaling, these strategies can enhance host defense
and may be combined with traditional antibiotics for
improved efficacy against resistant pathogens.
Continued research and development in this area hold
promise for novel therapeutic interventions in the
fight against antibiotic-resistant infections.

Bacterial Evasion Strategies

Bacterial pathogens, including antibiotic-resistant
strains, have evolved sophisticated mechanisms to
subvert the host's immune defenses, often by targeting
the ubiquitin-proteasome system (UPS). The UPS
plays a pivotal role in regulating immune responses
by mediating the degradation of key signaling
proteins. By manipulating this system, bacteria can
evade immune detection, persist within the host, and

resist clearance, thereby complicating treatment
strategies and the development of effective
therapeutics.*>*

One prevalent strategy employed by bacteria involves
the secretion of effector proteins that mimic host UPS
components, such as E3 ligases or deubiquitinases. *
These effectors can directly interfere with the host's
ubiquitination machinery, disrupting the normal
tagging and degradation of proteins involved in
immune defense. For instance, Yersinia species
produce YopJ, a deubiquitinating protease that
removes K48- and K63-linked ubiquitin chains from
key signaling intermediates, thereby inhibiting NF-xB
and MAPK pathways essential for inflammatory
responses.* Similarly, Shigella flexneri secretes Ospl,
which deamidates Ubc13, impairing its ability to form
K63-linked polyubiquitin chains and dampening
immune signalling.*®

The manipulation of the UPS by antibiotic-resistant
bacteria further underscores the complexity of host-
pathogen interactions. For example, Staphylococcus
aureus, a major antibiotic-resistant pathogen, employs
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a variety of immune evasion proteins that target
neutrophil-mediated killing, a process that can involve
UPS components. ¥ Understanding these bacterial
strategies is crucial for developing UPS-based
therapeutics aimed at restoring or enhancing host
immune function. Such interventions could potentially
improve the clearance of resistant pathogens and
mitigate the challenges posed by antibiotic resistance.

The Bacterial Ubiquitin-like System

Bacterial lineages have independently evolved protein
modification systems, termed ubiquitin-like (Ubl)
systems, which exhibit mechanistic parallels to the
eukaryotic ubiquitin-proteasome system (UPS).*
These Ubl systems, while not universally distributed
across the Dbacterial domain, participate in
fundamental aspects of bacterial physiology and
defense against environmental stressors, including
bacteriophage infection. Emerging evidence further
suggests a potential involvement of these regulatory
pathways in modulating bacterial virulence and the
development of antibiotic resistance, highlighting
their significance in bacterial adaptation and
survival.®*

The molecular machinery of bacterial Ubl systems
often comprises operons encoding homologs of the
eukaryotic El ubiquitin-activating enzyme, E2
ubiquitin-conjugating enzyme, and the Ubl protein
itself. These enzymatic components facilitate the
conjugation of Ubls to lysine residues on target
proteins, mirroring the ubiquitination process
observed in eukaryotes.”® Notably, bacteria also
possess ancestral homologs of E1 and Ubl proteins
primarily implicated in sulfur metabolism; however,
their capacity for bona fide protein conjugation has
only recently been elucidated. The association of
identified bacterial Ubl systems with phage defense
islands underscores their role in protecting bacteria
from viral predation.!

Given the distinct structural and functional attributes
of bacterial Ubl systems compared to the eukaryotic
UPS, these pathways represent promising targets for
the development of novel antimicrobial therapeutics.>
Pharmacological inhibition of these bacterial-specific
modification systems could disrupt crucial bacterial
processes, such as defense mechanisms and adaptive
responses potentially linked to virulence and
antibiotic resistance, without significant off-target
effects on host cells. Consequently, targeting bacterial
Ubl systems offers a unique and potentially
complementary strategy to combat the growing
challenge of antibiotic-resistant infections.>

DolI-10.004687/1000-9035.2025.223

Table 1: Bacterial UBI systems

Feature Eukaryotic UPS Bacterial Ubl System
Core E1l, E2, E3,|El, E2, Ubl (no
Components | ubiquitin canonical E3)

Function Protein Antiviral defense,
degradation, protein regulation
signalling

Prevalence Universal in | Found in some bacteria
eukaryotes

Mechanistic | Yes (conjugation | Yes (structural and

Parallels cascade) mechanistic)

Challenges and Future Directions

The intricate relationship between ubiquitin signalling
pathways and the multifaceted phenomenon of
antibiotic resistance remains a subject of ongoing
scientific inquiry. While contemporary investigations
have established the involvement of deubiquitinating
enzymes (DUBs) and the broader ubiquitin-
proteasome system (UPS) in modulating host-
pathogen interactions and shaping immune responses,
the precise molecular mechanisms underpinning their
influence on antibiotic resistance phenotypes
necessitate further rigorous examination. For instance,
pathogen-induced alterations in DUB expression have
been observed to impact immunomodulatory
pathways, such as the secretion of tumour necrosis
factor-alpha (TNF-o); however, a comprehensive
understanding of the scope and implications of these

effects concerning resistance acquisition and
maintenance requires in-depth mechanistic
elucidation. 3

A salient imperative exists for expanded research
endeavours aimed at the identification of specific UPS
targets and the subsequent development of highly
selective pharmacological modulators. Although
certain small-molecule inhibitors, exemplified by AZ-

1, have demonstrated preliminary efficacy in
augmenting bacterial clearance and attenuating
disease severity in preclinical models, their

incomplete therapeutic potency and the consequent
requirement for synergistic administration with
conventional antibiotics underscore the critical need
for the design and synthesis of more precise and
efficacious modulatory agents.®® The limited
repertoire of regulatory agency-approved therapeutics
targeting components of the UPS further highlights
the inherent challenges associated with translating
fundamental scientific discoveries into clinically
viable antimicrobial interventions.’

The manipulation of the host UPS engenders potential
liabilities, notably the risk of off-target effects and
associated toxicities. ® Given the ubiquitous
involvement of the UPS in a diverse array of
fundamental cellular processes, encompassing cell
cycle progression, apoptotic signaling, and immune
regulation, broad or non-selective inhibition of this
system can perturb normal cellular homeostasis,
potentially leading to adverse physiological

1724



Journal of Molecular Science

Volume 35 Issue 4, Year of Publication 2025, Page 1721-1727

Journal of Molecular Science

consequences.®® Clinical experience derived from the
application of proteasome inhibitors in oncological
therapeutics has revealed inherent limitations
pertaining to undesirable side effects and the
emergence of drug resistance, thereby emphasizing
the paramount importance of developing highly
selective and context-dependent UPS modulators to
mitigate these risks and enhance therapeutic
translatability.*

Addressing the extant limitations in our understanding
and the challenges in therapeutic development
necessitates the implementation of interdisciplinary
research strategies that synergistically integrate the
expertise of microbiology, immunology, and
pharmaceutical sciences.’’ The convergence of
knowledge from these disparate yet complementary
fieldsholdsthe potential to accelerate the identification
of critical UPS components that govern host defence
mechanisms, delineate their specific roles in the
context of antibiotic resistance, and ultimately
facilitate the rational design of targeted therapeutic
interventions. Such integrated approaches are poised
to yield innovative host-directed therapies that can
effectively complement traditional antimicrobial
agents in combating the escalating global threat of
antibiotic-resistant bacteria.®”> Future perspectives on
the successful clinical translation of UPS-based
strategies hinge on continued progress in elucidating
the nuanced regulation of immune responses by the
UPS, the development of next-generation modulators
exhibiting enhanced specificity and efficacy, and the
exploration of synergistic therapeutic regimens
incorporating existing antibiotics.5

CONCLUSION:

This review underscores the pivotal role of the host
ubiquitin-proteasome system (UPS) in modulating
immune responses to bacterial pathogens and
highlights the sophisticated strategies employed by
bacteria to subvert this system. The intricate interplay
between ubiquitin signalling pathways and the
mechanisms underlying antibiotic resistance presents
a promising avenue for therapeutic intervention.
Targeting specific components of the UPS, such as
deubiquitinating enzymes, or leveraging targeted
protein degradation approaches against bacterial
resistance  factors, offers novel strategies to
complement traditional antibiotics.

The potential of harnessing ubiquitin signalling as a
novel strategy to combat the escalating challenge of
antibiotic resistance is substantial. Modulating the
host UPS to enhance pathogen clearance, disrupting
bacterial mimicry of UPS components, and targeting
unique Dbacterial ubiquitin-like systems provide
multifaceted approaches to overcome resistance
mechanisms. The development of selective
modulators and the exploration of synergistic

DolI-10.004687/1000-9035.2025.223

combinations with existing antibiotics hold the key to
translating these insights into effective clinical
applications.

In conclusion, continued and intensified research at
the intersection of ubiquitin signalling and antibiotic
resistance is of  paramount importance.
Interdisciplinary efforts integrating microbiology,
immunology, and drug discovery are crucial to fully
elucidate the underlying molecular mechanisms and to
identify and validate novel therapeutic targets.
Overcoming current limitations in specificity and
efficacy will pave the way for innovative strategies
that can effectively address the growing threat posed
by antibiotic-resistant bacteria.
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