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ABSTRACT

Antibiotic resistance has become a major global health
crisis, posing significant challenges in the treatment
of bacterial infections. Most antibiotic resistance
has emerged as a result of mutation or through the
transfer of genetic material between microorganisms.
Some studies on bacterial resistance have shown that
there is a huge diversity of resistance mechanisms,
with their distribution and interaction being mostly
complex and unknown. However, various biochemi-
cal and physiological mechanisms are responsible for
the development of antibiotic resistance. However,
emerging evidence suggests that protein moonlight-
ing, a phenomenon where a single protein can per-
form multiple functions in the cell beyond its originally
described role, plays an important role in antibiotic re-
sistance. Some proteins involved in the normal func-
tioning of bacterial cells may have the ability to inter-
act with antibiotics in ways that allow the bacteria to
resist their effects. For example, Pyruvate Dehydroge-
nase (PDH), a key enzyme in energy metabolism, can
bind to and detoxify fluoroquinolone antibiotics like
ciprofloxacin. In Pseudomonas aeruginosa (P. aerugi-
nosa), PDH sequesters the antibiotic within its active
site, rendering it inactive. Additionally, some proteins
involved in the transport of nutrients into the bacterial
cell may also be able to transport antibiotics out of

INTRODUCTION

From the Plague of Athens during the Peloponnesian War (430
BC), which killed approximately one third of the population
(Huremovic D, 2019), to the Corona Virus Disease pandemic
(COVID-19), which resulted in 14.9 million deaths (WHO,
2022), the massive impact of infectious illnesses has led to pan-
demics and outbreaks resulting in countless fatalities across the
global population (Spellberg B, et al., 2008), Antimicrobial agents
have created to reduce infection-related mortality. For example,
santonin, cathelicidins and aminoglycosides are effective anti-
bacterial substances obtained from plants, animals and microbes
(Chin KW, et al., 2023). Antibiotics are class of antimicrobial
agents used to treat bacterial infections. They work by targeting
specific cellular processes or structures in bacteria, which either
kill the bacteria directly bactericidal or prevent them from grow-
ing and proliferating bacteriostatic (Brown ED and Wright GD,
2016). When antibiotics are consumed, enzymes in the body de-
grade them and convert into active substance that inhibit the mi-
crobial growth, there by curing the infection. However, the excre-
tion of antibiotic residues or un-metabolized antibiotics in urine
or feaces, along with their entry into the environment through
sewage systems, cause high levels of antibiotics in the environ-
ment (Martinez JL, 2008). Excessive antibiotics in the ecosystem
force bacteria to undergo a selection process that causes mutation
of pathogens and the development of immunity to existing anti-
biotics (Kollef MH, et al., 2017). These antibiotic resistant bacteria
known as superbugs, develop antibiotic resistance genes for carry-
ing out resistance mechanisms against antibiotics. For example,
Methicillin-Resistant Staphylococcus aureus (MRSA) has mutated
the methicillin-resistant structural gene (MecA gene or Staphylo-
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the cell, preventing them from accumulating to toxic
for the bacteria. For example, TolC an outer membrane
protein found in Escherichia coli (E. coli) act as a chan-
nel for various molecules, including antibiotics. How-
ever, specific mutations in TolC can alter its conforma-
tion, reducing the passage of certain antibiotics like
cephalosporin’s and there by offering resistance. Oth-
er proteins may modify or degrade antibiotics within
the cell, rendering them ineffective. For example the
protein enolase, which is involved in glycolysis, has
been shown to possess p-lactamase activity, allow-
ing it to inactivate B lactam antibiotics. Overall, pro-
tein moonlighting is a complex phenomenon that can
contribute to antibiotic resistance in a various ways.
Understanding how these proteins function in bacte-
rial cells and how they interact with antibiotics is an
important area of research that could ultimately lead
to the development of novel strategies for combating
antibiotic-resistant bacteria.

Keywords: Protein moonlighting, Antibiotics, Antibi-
otic resistance, Glycolysis, Mutation, Pyruvate dehy-
drogenase

*Correspondence: lkeanyibe Nneoma Collette, De-
partment of Biochemistry, University of Nigeria, Nsuk-
ka, Nigeria, E-mail: collette.ikeanyibe.pg93647@unn.
edu.ng

coccal Cassette Chromosome mec (SCCrmec) gene) against methi-
cillin inhibition. In 2019, MRSA caused over 100,000 infections,
in making it one of the greatest threats to human health.

Antibiotic resistance occurs when bacteria evolve to become re-
sistant to the effects of antibiotics, making them difficult or im-
possible to treat. This can happen when antibiotics are used too
frequently or inappropriately, allowing bacteria to develop mech-
anisms that resist their effects (Levy SB and Marshall B, 2004).
Antibiotic resistance can make common bacterial infections, such
as pneumonia, tuberculosis and urinary tract infections, much
more difficult to treat leading to increased morbidity, mortality
and healthcare costs.

Addressing the problem of antibiotic resistance requires a multi-
faceted approach that includes the appropriate use of antibiotics,
the development of antibiotics and measures to prevent the spread
of resistant bacteria and the development of alternative therapies
such as phage therapy and immunotherapy (Ventola CL, 2015).

LITERATURE REVIEW
Traditional mechanism of antibiotic resistance

Bacteria have the ability to develop resistance to antibiotics
through various mechanisms. The mechanism of antibiotic resist-
ance varies depending on the type of antibiotic and the bacteria
involved. However, there are several ways that bacteria can be-
come resistant to antibiotics including

Mutation: Bacteria can mutate in a way that make them resistant
to antibiotics. For example, a mutation might cause the bacteria
to produce an enzyme that inactivates the antibiotic, or alter the
structure of the target site to which the antibiotic would normally
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bind, preventing it from antibiotic from working effectively (Davies J and
Davies D, 2010). For example, mutations in the target protein of antibiotics
like fluoroquinolones, can reduce the binding affinity of the drug, render-
ing it ineffective (Hooper DC, 1999).

Acquisition of resistance genes: One of the most common mechanisms of
antibiotic resistance is through the acquisition of resistance genes. Bacteria
can acquire these genes from other bacteria, through a process called hori-
zontal gene transfer, where genetic material such as plasmids, intergrons or
transposons containing antibiotic resistance genes is exchanged (Bush K,
et al., 2011). For instance, the widespread dissemination of Extended Spec-
trum p-Lactamase (ESBL) genes is mainly attributed to plasmid-mediated
gene transfer (Pitout JD, 2012).

Efflux pumps: Some bacteria can become resistant to antibiotics by using
efflux pumps, which are proteins that pump antibiotics out of the bacterial
cell before they can exert their effects (Blair JM, et al., 2015).

Biofilm formation: Another mechanism of antibiotic resistance is through
the formation of biofilms. A biofilm is a protective matrix that can make
bacteria more resistant to antibiotics, as this matrix can prevent the anti-
biotics from reaching the bacteria (Flemming HC, et al., 2016).

Enzymatic inactivation: Some bacteria produce enzymes that can modify
or degrade antibiotics, rendering them inactive. For example, f-lactamase
enzymes hydrolyze B-lactam such as penicillins and cephalosporins, lead-
ing to their inactivation (Drawz SM and Bonomo RA, 2010) (Figure 1).

Antibiotic Targets  Antibiotic Resistance

Efflux
Flucroquinclenes
Aminogiycosides
Tetracyclines

e
Vancomycin
Penicilins

Macrolides

Daptemycin Aminoglycosides

Figure 1: The main antibiotic targets in bacteria and the primary
mechanisms of bacterial resistance

Protein moonlighting

Protein moonlighting is a phenomenon in which a single protein can per-
form multiple unrelated functions in the cell, in addition to its primary or
canonical function. These alternative functions are often distinct from the
proteins primary function and may not be immediately apparent from its
sequence or structure. This concept challenges the traditional view of one
gene, one protein, one function proposed by Beadle GW and Tatum EL,
1941.

Moonlighting proteins are a subclass of multifunctional proteins that have
numerous physiologically significant biochemical or biophysical functions
through a single polypeptide chain (Jeffery CJ, 2003). Nearly 1000 proteins
have been identified as having a second function, with enzymes account-
ing for about two-thirds of them (Jeftery CJ, 2014; Franco SL, et al., 2021).
Numerous types of proteins, such as receptors, enzymes, transcription fac-
tors, adhesions and scaffolds are examples of moonlighting proteins and
various functional combinations. Moonlighting proteins are expressed
throughout the evolutionary tree and function in many different biochem-
ical pathways. Some can perform both functions simultaneously, while for
others the proteins function changes in response to environment condi-
tions. Protein moonlighting has been observed in various organisms and
plays a significant role in cellular processes. This phenomenon provides a
unique adaptive advantage to organisms, allowing them to maximize the
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utility of a limited number of genes (Jeffery CJ, 2015). For example, certain
metabolic enzymes have been found to have additional functions in pro-
cesses such as signal transduction, cytoskeletal organization and transcrip-
tional regulation (Copley SD, 2012). Furthermore, protein moonlighting
enables the development of intricate regulatory networks and the integra-
tion of diverse cellular processes (Wistow G, 2011).

The diverse examples of moonlighting proteins already identified, along
with the potential benefits they may provide to organism, suggest that
many more moonlighting proteins are likely to be found (Jeffery CJ, 2018).
Continuing studies of the structures and functions of these proteins will
aid in predicting the functions of proteins identified through genome se-
quencing projects, in interpreting results from proteomics experiments,
in understanding how different biochemical pathways interact in systems
biology, in annotating protein sequence and structure databases, in stud-
ies of protein evolution and in the design of proteins with novel functions
(Jeftery CJ, 2018).

Moonlighting proteins in biological systems

Metabolic enzymes: Some moonlighting proteins are enzymes involved
in metabolic pathways that also have non-enzymatic functions (Krantz M
and Klipp E, 2020). A notable example is Glyceraldehyde-3-Phosphate De-
hydrogenase (GAPDH) is a key enzyme in glycolysis but has been found to
have additional roles in DNA repair, transcriptional regulation and apop-
tosis (Dadgar A, et al., 2019; Drlica K and Zhao X, 1997). Lactate dehydro-
genase, an enzyme of the glycolytic pathway which, can also function as a
structural component of the lens of the eye as shown in Figure 2.
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Figure 2: Moonlighting process, showing how a single protein can
perform multiple distinct functions within a cell

Chaperones: Chaperones are proteins that help other proteins in fold-
ing correctly and have been found to have moonlighting functions. For
instance, Heat Shock Proteins (HSPs), a type of chaperone protein par-
ticularly important in helping cells to cope with stress, such as heat shock
or exposure to toxins and can also regulate gene expression, interact with
signaling proteins and modulate immune responses (Vos MJ, et al., 2017).

Structural proteins: Some proteins involved in maintaining cellular struc-
ture and integrity have been shown to possess moonlighting functions.
For example actin is a major component of the cytoskeleton, can also par-
ticipate in intracellular transport, gene regulation and signaling pathways
(Kim JH and Kim JJ, 2017).

Virulence factors: In pathogenic microorganisms, moonlighting pro-
teins can play important roles in virulence. For instance, some bacterial
adhesions and toxins have been found to have additional functions in host
immune modulation or cellular invasion (Henderson B and Martin A,
2011; Huberts DH and van der Klei IJ, 2010). Additionally, certain viral
proteins can moonlight as host proteins, which can allow the virus to evade
the host's immune system (Henderson B and Martin A, 2010).

Mechanisms of protein moonlighting

Mechanisms of protein moonlighting involve various processes and
molecular interactions that enable a single protein to perform multiple dis-
tinct functions including:

Gene sharing: A single gene can encode multiple proteins, each with a
different function. For example, the gene for lactate dehydrogenase can
encode a protein that functions as an enzyme in the glycolytic pathway, as
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well as a protein that functions as a structural component.

Post-translational modification: A protein can be modified after it is
translated, through processes such as acetylation, phosphorylation or
glycosylation. These modifications can change the proteins structure and
function, allowing it to perform multiple tasks. For example, the protein
subunit alpha) from the antibiotic isoniazid, contributing to antibiotic re-
sistance.

Impact of protein moonlighting in antibiotic efficacy

Protein moonlighting has a significant impact on antibiotic efficacy (de
la Cruz F et al., 2017) For example, a protein that serves as an antibiotic
target may function as a drug resistance factor. This can make it difficult
to develop antibiotics that are effective against bacteria that have evolved
resistance to existing drugs.

A specific example of how protein moonlighting can impact antibiotic ef-
ficacy is the case of the protein Secretion ATPase (SecA). SecA is essential
for protein secretion in bacteria and also acts as an antibiotic target. Some
antibiotics, such as bacitracin, work by binding to SecA and preventing its
function. However, bacteria can evolve resistance to bacitracin by mutating
the SecA protein, rendering it an unavailable target for the antibiotic (Liu
X, etal., 2019).

Another example of how protein moonlighting can impact antibiotic effi-
cacy is the case of the protein GroEL (Heat shock protein 60 or (Hsp60)).
GroEL is essential for protein folding in bacteria and also functions as a
moonlighting protein that can act as a drug resistance factor. Some anti-
biotics, such as ciprofloxacin, work by binding to GroEL and preventing it
from functioning. However, bacteria can evolve resistance to ciprofloxacin
by mutating the GroEL protein, rendering it a less effective target for the
antibiotic (de la Cruz et al., 2017).

CONCLUSION

Protein moonlighting, a phenomenon where a single protein performs
multiple distinct functions within a cell, has emerged as a novel mechan-
ism in antibiotic resistance. Understanding how moonlighting proteins
contribute to resistance mechanisms can guide the design of novel thera-
peutics that specifically target these proteins or their interactions with anti-
biotics. For example, researchers may explore the development of com-
pounds that disrupt the moonlighting function of a protein involved in
resistance while leaving its primary function intact. The impact of protein
moonlighting on antibiotic efficacy is a complex issue; however, it is clear
that protein moonlighting can play a significant role in the development of
antibiotic resistance. As we continue to develop antibiotics, it is important
to consider the potential for protein moonlighting to impact their efficacy.
Moonlighting proteins, which have multiple functions, are attractive tar-
gets for antibiotic development, as they could be used to disrupt multiple
pathways in the bacteria, making it more difficult for the bacteria to de-
velop resistance.
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