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Abstract: Universal stress proteins (USPs) were originally discovered in Escherichia coli over two
decades ago and since then their presence has been detected in various organisms that include plants,
archaea, metazoans, and bacteria. As their name suggests, they function in a series of various cellular
responses in both abiotic and biotic stressful conditions such as oxidative stress, exposure to DNA
damaging agents, nutrient starvation, high temperature and acidic stress, among others. Although
a highly conserved group of proteins, the molecular and biochemical aspects of their functions
are largely evasive. This is concerning, as it was observed that USPs act as essential contributors
to the survival/persistence of various infectious pathogens. Their ubiquitous nature in various
organisms, as well as their augmentation during conditions of stress, is a clear indication of their
direct or indirect importance in providing resilience against such conditions. This paper seeks to
clarify what has already been reported in the literature on the proposed mechanism of action of USPs
in pathogenic organisms.
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1. Introduction

Over countless centuries, several organisms have mastered the art of surviving a wide
array of adverse conditions (also known as stressors) such as temperature, pH, radiation,
salinity, toxic chemicals, nutrients, and low oxygen levels, which are able to modify the
homeostasis and status of cells [1]. The adaptation and survival of various organisms under
stressful conditions owe part of their success either to the augmentation of regulatory
and protective stress resistance mechanisms or to the down-regulation of nonstress genes.
Among the former exists an enigmatic family of proteins, known as universal stress proteins
(USPs). They are recognized as a conserved family known as the universal stress protein A
(Pfam classification PF00582) orthologous superfamily (COG0589) [2]. Their name describes
the nature of their function; these proteins are involved in cellular responses to abiotic and
biotic stresses alike that include, but are not limited to, heat shock, acid and/or high salinity
environments, the presence of oxidants, DNA damaging agents, macromolecular damage,
nutrient starvation, uncouplers, and pH and antibiotic stress, while they physiologically
function in cell growth and development regulation, ion scavenging, cellular mobility and
hypoxia responses [2–6]. The universal stress protein, first known as C13.5, was discovered
more than 25 years ago in E. coli as a characteristic 13.5 kDa cytoplasmic protein that
appeared as a unique spot on a two-dimensional isoelectric focusing PAGE-gel system
by Nystrom and Neidhardt in response to some of the above-mentioned stresses, apart
from cold shock and the tetracycline antibiotic, which failed to elicit the response [7,8]. At
the time, several global regulators were under study and it was known that most proteins
encoded by stress or starvation stimulons were generally induced by a specific stimulus
although stimulons could share member proteins. UspA was unique because it was a
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universal non-specific responder to various stimuli. Subsequent studies suggested that
UspA plays a role in both protection and regulation as it pertains to growth arrest due
to UspA-deficient E. coli strains that struggled to survive extended periods of growth
inhibition triggered by several stressors [9]. Other studies suggested that the production of
UspA was more growth phase related than growth-rate dependent because growth-arrested
cells focus more on maintaining their current state, using the resources that remain after
depletion rather than on proliferation and growth [10,11]. The importance of this protein for
cell survival was demonstrated in several ways: (1) production of mutant E. coli cells lacking
UspA show increased susceptibility to death or impairment when exposed to complete and
prolonged growth inhibition stresses such as extended carbon starvation, H2O2, carbonyl
cyanide chlorophenylhydrazone, cadmium chloride and dinitrophenol exposure, as well
as osmotic shock; (2) the over-expression of UspA results in the blockage of growth-
arrested cells; and (3) mutations in the uspA gene exert an effect on gene expression timing,
which in turn accelerates gene expression pattern changes and protein synthesis [9,12,13].
Transcription of the uspA gene is a result of a σ70-dependent promoter, which is turned off
rapidly once a nutritional up-shift is observed in growth-arrested bacteria [13,14]. The fact
that the gene is incorporated in the FadR regulon suggests its potential role in fatty acid or
membrane lipid metabolism, since FadR represses and activates genes involved in fatty
acid degradation and biosynthesis respectively [7,10]. Positive regulation of the uspA gene
occurs via alarmone guanosine tetraphosphate or ppGpp, a key nucleotide that regulates
numerous stationary phase-induced genes, which it does through the β-subunit of RNA
polymerase [7,11]. The UspA protein is a serine and threonine autophosphorylating protein
whose phosphorylation is highly dependent on the TypA tyrosine phosphoprotein, which
is activated in response to stasis [10,15]. A possible explanation for the importance of
this feature is the ability of UspA to regulate the detrimental effects of other proteins
in growth-arrested cells. It was suggested that UspA in coercion with the o591 tyrosine
phoshoprotein degrades such proteins by phosphorylation tagging [10]. Some studies also
suggested that the increases in UspA phosphorylation may be the factor responsible for
the acidification of a minimum of six proteins during the early stages of growth arrest in
cells [10,16]. Other studies suggested that the absence of this protein increases sensitivity
when cells are exposed to mitomycin C and UV irradiation, since it forms part of the
RecA-dependent DNA protein and repair system [17].

Subsequent analysis of the E. coli genome led to the discovery of five more usp family
genes in bacteria, uspC, uspD, uspE, uspF, and uspG, which are all associated with adhesion,
motility, and resistance to oxidative stress [15,18]. Together with uspA, uspD not only
defends against agents responsible for superoxide generation but is also a regulator of
intracellular iron. uspE and uspD on the other hand, are essential for cellular motility, which
takes place at the expense of cell adhesion through uspE and uspD genes, whose link to cell
adhesion has been demonstrated via electron microscopy. However, uspF and uspD exhibit
the exact opposite of uspE and uspD effects [15,19,20]. All this proves the evolvement of
USPs to exhibit various physiological roles within the cell for its survival, defense and
escape from cellular stress (Figure 1) [15].



Int. J. Mol. Sci. 2021, 22, 10878 3 of 21
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 21 
 

 

. 

Figure 1. Classification, domain composition and functions of known USPs. The figure depicts the multifaceted but over-
lapping functions of USPs and the form in which they exist in nature. 

Since then, through the sequencing of genomes, the presence of universal stress pro-
teins have not only been located in bacteria, but were observed to be widely distributed 
in archaea, plants, metazoans, as well as in yeast, fungi, invertebrate, and protist genomes, 
forming a significant part of their defense systems against various forms of stress 
[17,18,21]. The presence of USPs has also been observed in various diseases, mostly in the 
pathogens responsible for them. For the most part, a significant component of pathogen 
virulence to the host is dependent on stress resistance [17,21]. This is because colonization 
and pathogenicity in the host largely depends on overcoming various host responses, such 
as depletion of nutrients and the presence of reactive oxygen species. The existence of 
USPs in certain microorganisms has shown that they are involved in contributing to path-
ogen colonization as well as the establishment of persistent infections in humans. Exam-
ples of these include USPs in Acinetobacter baumannii, Salmonella typhimurium, as well as 
Usp isoforms in Mycobaterium tuberculosis and in various strains that cause cystic fibrosis 
(CF) and schistosomiasis [3,22]. Although the importance of USPs has been highlighted in 
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Figure 1. Classification, domain composition and functions of known USPs. The figure depicts the multifaceted but
overlapping functions of USPs and the form in which they exist in nature.

Since then, through the sequencing of genomes, the presence of universal stress
proteins have not only been located in bacteria, but were observed to be widely distributed
in archaea, plants, metazoans, as well as in yeast, fungi, invertebrate, and protist genomes,
forming a significant part of their defense systems against various forms of stress [17,18,21].
The presence of USPs has also been observed in various diseases, mostly in the pathogens
responsible for them. For the most part, a significant component of pathogen virulence
to the host is dependent on stress resistance [17,21]. This is because colonization and
pathogenicity in the host largely depends on overcoming various host responses, such as
depletion of nutrients and the presence of reactive oxygen species. The existence of USPs
in certain microorganisms has shown that they are involved in contributing to pathogen
colonization as well as the establishment of persistent infections in humans. Examples
of these include USPs in Acinetobacter baumannii, Salmonella typhimurium, as well as Usp
isoforms in Mycobaterium tuberculosis and in various strains that cause cystic fibrosis (CF)
and schistosomiasis [3,22]. Although the importance of USPs has been highlighted in the
literature and a considerable amount of work has been done in studying the regulation and
physiology of these proteins, the molecular mechanisms by which they provide protection
and stress resistance remain elusive [3,22,23]. This paper attempts to draw more attention
to this ubiquitous and widely distributed group of proteins by elucidating proposed
molecular mechanisms in context of their contribution to pathogen survival and infection
persistence.

2. Structure of the USP Family

Most of the information on the biochemical and physiological attributes of Ups stem
from being studied in E. coli [24]. The USP domain is a highly conserved 140–160 amino
acid-containing domain that may exist in one of three forms: as a single 14–15 kDa domain
that makes up the whole protein, as a tandem domain of approximately 30 kDa within
larger USP proteins on a single polypeptide chain, or as two Usp domains fused together
with catalytic domains that include Cl− voltage channels, Na+/H+ antiporter domains,
protein kinase domains or amino acid permeases (Figure 1) [15,25,26]. A large contributing
factor to the ability of USPs to resist multiple stresses is the structural diversity associated
with the functional motifs attached to the USP domain caused by the process of evolution,
which may have resulted in the attachment of these motifs that hold various biochemical
and molecular consequences [3]. E. coli USPs also develop homodimer and heterodimer
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formations with each other, therefore contributing to the different functional responses
they display to a variety of stresses. USPs A, C and D form both homo- and hetero-dimers,
while USPs F and G have the ability to form three types of dimers (Figure 1) [21].

USPs are categorized according to their ability to bind ATP; UspA and UspA-like
proteins do not bind ATP, while USPs of the F and G-type bind ATP [27,28]. In most
cases, USPs that comprise attached domains belong to the FG type. These include USPs
F (ynaF) and G (ybdQ) (Class II) as their names suggest, while USPs A, C (yecG) and
D (yiiT) (Class I) form part of the UspA subfamily [29]. This subfamily, also known as
the USP family (Pfam 00582), falls under the PP-loop clan (CL0039) as categorized by the
Pfam database, which consists of 12 members; ATP_bind_3 and ATP_bind_4, Electron
transfer flavoprotein, Arginosuccinate synthase, Thiamine biosynthesis protein (ThiI),
NAD synthase, Asparagine synthase, ExsB, tRNA methyl transferase, Phosphoadenosine
phosphosulfate reductase family, DNA photolyase, and lastly the USPs [14]. The PP-
motif exhibits different characteristics among clan members, resulting in a wide range of
enzymatic and functional activities. It has been proposed that this domain in turn falls
under the α/β domain referred to as the HIGH-signature proteins, Usp-like domains and
PP-ATPase (HUP) domains, which is an ancient and diverse group of proteins that contains
photolyases, Usps and electron transfer flavoproteins, believed to have evolved from UspA-
like proteins by losing their ATPase and nucleotide-binding functions. This has suggested
that UspA-like proteins are actually ancestors of UspFG-like ATPase-binding proteins [7,30].
The domains present in this group are mostly small domains assembled as Rossmann fold-
like structures consisting of three layers containing five parallel β-sheets with two flanking
α-helices on each side [31]. The Structural Classification of Proteins database additionally
categorizes USPs under the adenine nucleotide alpha hydrolases-like superfamily, which is
in turn described by the superfamily database as possessing general functions, especially
in nucleotide transport and metabolism [14]. The class is categorized by having an adenine
nucleotide alpha hydrolase-like fold made up of assembled Rossmann fold-like structures
consisting of five parallel β-sheets with two flanking α-helices on each side and a three-
layer α/β/α core in its interior [14,31]. This fold is in turn placed within the α/β class that
is mainly made up of β/α/β units.

Classes III and IV are composed of two UspE (ydaA) units, namely E1 and E2 [6,32,33].
In bacteria, the functions of these classes are multifaceted but may overlap: Class I UspA
and D protect against oxidative agents, while UspD is involved in the availability of
intracellular iron; Class I UspC and Class II UspF and UspG play their roles in motility and
adhesion, while Class III, Class IV and UspE convey overlaying functions with the other
classes (Figure 1) [15].

USPs of the FG type contain the ATP binding site that is characterized by the con-
served G-2X-G-9X-G-(S/T) motif [6,34]. The binding of ATP serves as a functional regulator
of USPs [35]. Leading to this discovery was the study of two crystal structures represen-
tative of each sub-family: UspA of Haemophilus influenzae and the MJ0577 UspFG from
Methanococcus janaschi. Similarities have been observed in both their tertiary α/β folds
within the asymmetric dimer where adjacent β5 strands result in an anti-parallel inter-
action forming the interface of both proteins [26,36]. The structural differences notable
between the two proteins include their ATP binding activity. A study by Sousa and McKay
confirmed that UspA does not bind ATP despite the use of 1 mM MgATP included in
crystal growth experiments. Tight ATP binding has however been observed in MJ0557
experiments despite the exclusion of ATP from purification and crystallization experiments.
The stimulation of ATP hydrolysis by MJ0577 is suggestive of the protein functioning as
a cell factor-dependent ATPase, which sheds more light on the biochemical activities of
bacterial USPs. These still require more identification [37,38]. Coordinating the binding of
the ATP nucleotide are conserved residues: Gly127 that bind to ribose, Gly130 that binds to
β–phosphate and Ser141 that binds to γ–phosphate by hydrogen bonding, respectively,
while Gly14 interacts with the α-phosphate and Asp13 and Val14 interacts with the base of
ATP [14]. Apart from environmental stressors, the USP up-regulatory response is mediated
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by the phosphorylation of serine and threonine residues by ATP and guanosine triphos-
phate, which are both phosphate donors [39]. Instead of glycine amino acids and the ATP
binding motif, the UspA of H. influenza, on the other hand, contains heavy side-chained
residues such as glutamine and methionine. Since it lacks the nucleotide-binding motif,
these proteins are likely to form a group of UspA-like ancestors. It is suggested that the
two classes evolved so as to perform diverse functions within the cell [14]. Although the
exact mechanism of action of USPs is largely evasive, their ubiquitous nature in various
organisms, as well as their augmentation during conditions of stress, is a clear indication of
their direct or indirect importance in providing resilience against these. Apart from plants,
USPs are also present in disease-causing pathogens, therefore studying the structures
and functions of these proteins could provide extra opportunities for understanding their
involvement in parasite survival and persistent to eventually develop solutions to various
diseases. The following sections shine a spotlight on current investigations pertaining
to this.

3. USPs in Cystic Fibrosis

Cystic fibrosis refers to a heterogenous genetic disorder caused by mutations in the
CF transmembrane conductance regulatory gene, which encodes the cAMP-regulated
chloride channel that eventually develops a lesion in various epithelial cells in the hu-
man body [40,41]. This subsequently leads to an array of diseases: pancreatic exocrine
insufficiency, biliary cirrhosis, an increase in chloride-concentrated sweat and the most
notable, lung disease distinguished by bacterial infection of the sinuses and airways. Dur-
ing infection, dysregulation of various innate immune functions occurs, resulting in the
presence of microbial pathogens that cause inflammation and give rise to chronic lung
disease accompanied by lung tissue destruction, which are the main reasons for the low life
expectancy observed in CF patients [42,43]. Apart from recurrent lung infections, CF is also
implicated as a pre-disposer to diabetes, chronic pulmonary infections, gastrointestinal
disorders and an array of several other diseases [44]. One of the hallmarks of CF is the
formation of a highly anaerobic environment due to limited oxygen levels caused by the
presence of colonizing bacteria. Once infection has been established, the respiratory tract is
confronted by rises in temperatures of up to 37 ◦C, pH and nutrient decline, oxidative stress
and low oxygen levels that can range from 20.9–0%, due to the presence of anaerobes [45].
Pseudomonas aeruginosa is an opportunistic bacterium that has the ability to inhabit various
environmental niches and is the main pathogen that contributes to chronic infection in CF
patients [46]. The pathogen survives immune attack from the host through the formation of
biofilms, leading to high antibiotic resistance and contributing to persistent infection [47].
Data from Worlitzsch et al. showed the pathogen is deeply embedded in stationary mu-
cus, resulting in biofilm-like macrocolony formation, which is typically associated with
hypoxia [48]. It grows anaerobically under two main pathways: (i) denitrification via
the reduction of nitrate to nitrite, both of which are terminal electron acceptors, and (ii)
arginine fermentation (Figure 2) [49,50]. Pyruvate fermentation, on the other hand, al-
lows anaerobic survival but not growth. Therefore, in an aerobic environment without
nitrite/nitrate, arginine or pyruvate, the pathogen is exposed to nutrient starvation leading
to total arrest of its metabolism and growth [49,51]. Two P. aeruginosa genes encoding USP
domain proteins have been identified that play a role in supporting long-term survival
during pyruvate fermentation and the anaerobic stationary phase known as UspK (PA3309)
and UspN (PA4352), respectively [52]. The anaerobic environment is crucial to persistent
infection within the CF lung based on the formation of the biofilm-like microcolonies
within the lung mucus. Biofilm protects P. aeruginosa from host immune responses resulting
in increased resistance to antibiotics caused by stationary phase conditions due to the
depletion of oxygen. Investigation of the regulation of the two P. aeruginosa USPs show
that both are significant for successful anaerobic energy stress adaptation and therefore
increase survival of the pathogen to specific anaerobic stress conditions. Evidence of this is
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shown by uspK and uspN mutants exhibiting premature death, further emphasizing their
role in P. aeroginosa survival within the anaerobic environment [53].

PA3309 is a Usp-like protein that contains one USP domain and is 37% homologous to
E. coli UspA. The protein is a 16,196 Da 151 amino acid-containing macromolecule with
a 5.31 theoretical pI. PA3309 knockout studies conducted by Schreiber and colleagues
showed a 400-fold decrease in anaerobic-long-term survival within 20 days in comparison
to the wild type strain and pKS13-complemented strain (contained the PA3309 gene and
promoter region) [46]. The study showed that the survival of the pathogen is not only
primarily PA3309-dependent during pyruvate fermentation, but it also plays a role in
long-term anaerobic energy starvation even in the absence of pyruvate and this was shown
in a more profound decrease in the cell numbers of the PA3309 mutant. Regulation of
the PA3309 gene is also dependent on an oxygen-sensing regulator known as Anr due
to the 4–8 fold increase observed in wild types upon a shift to anaerobic conditions [46].
The Anr regulator is a homolog of the oxygen-sensing Fnr regulator in E. coli, which
plays a role in mediating adaptation from an aerobic to anaerobic environment [52]. The
phenotypes observed during this study showed distinct and non-overlapping functions
that are unrelated to universal stress responses [53].

Unlike PA3309, PA4352 is essential during the anaerobic stationary phase and impor-
tant for anaerobic energy stress survival, therefore playing a crucial role for persistent CF
and survival of P. aeruginosa within microcolonies in anaerobic mucus plaques [51]. It is
also a Usp-like protein that contains two USP domains in tandem. Knockout studies have
displayed a decrease in survival during the anaerobic stationary phase due to a lack of
nitrate after denitrification and a breakdown in proton motive force [46,53]. Induction of
an anaerobic environment restricts production of nitrate and this showed delayed growth
and premature death of PA4352 mutants during prolonged anaerobic incubation. A higher
decrease in viability in comparison to wild types was observed. The same phenotype was
also noticed during a shift from an aerobic stationary phase to an anaerobic environment
and this observation was only limited to the absence of the PA4352 gene. A loss in viability
more than the wild type was also seen during depolarization of the membrane by the CCCP
electron transport chain uncoupler for the induction of energy starvation, demonstrating
the protein’s importance in surviving anaerobic energy stress.

Apart from these, three other USPs that are up-regulated during hypoxia via Anr
induction have been identified by transcriptome analysis in a microaerobic environment
and biofilm-grown cells: UspL (PA1789), UspM (PA4328), and UspO (PA5024) [46,53].
These share similar molecular masses and contain two tandem USP domains respectively.
The transcriptional control of these genes is Anr-dependent under anaerobic conditions, like
that of UspN and this has been shown from defective mutants although their phenotypic
roles have not been identified [52]. In addition, it has been shown that expression of the
genes is RelA- and SpotT-dependent, which are two regulators of the stringent response.
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tence [45]. Deletion of the gene results in the absence of growth in anoxic conditions de-
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ducted by Cullen and co-workers found that among the 19 proteins that play a potential 

Figure 2. P. aeruginosa biofilm formation. Biofilm formation is crucial to the pathogen’s survival, and this can only take
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Burkholderia cepacia complex (Bcc) is an opportunistic pathogen not only present among
CF patients but also in immunocompromised individuals, pharmaceutical plants, products
and disinfectants, whose eradication becomes difficult to undertake once colonization
has been established [54]. B. cenocepacia, one of the B. cepacia strains, is considered more
virulent than P. aeruginosa because it is associated with a terminal illness known as “cepacia
syndrome” that is typified by high temperatures, septicemia, confluent bronchopneumonia
and a general decline in pulmonary function, which leads to patient death within days of
infection in comparison to the months after which P. aeruginosa patients eventually succumb
to it [55,56]. Oxygen concentrations decrease dramatically during CF. The low-oxygen-
activated (lxa) locus, a novel 50-gene regulon, displays increased transcription under
anoxic conditions that is pertinent for B. cenocepacia survival and persistence [45]. Deletion
of the gene results in the absence of growth in anoxic conditions despite incubation in
nutrient-rich media or in minimal media supplemented with glucose as the carbon source.
Viability loss is also observed in oxygen-free environments, indicating the importance of
the gene in B. cenocepacia during oxygen depletion. A study conducted by Cullen and
co-workers found that among the 19 proteins that play a potential role in electron transfer,
metabolism and regulation encoded by the lxa gene elevated during chronic infection, six
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are USPs and a heat shock protein [57]. All the proteins exhibited an increase (of up to
40-fold) in production during chronic lung infection. Subsequent studies then showed
that Usp76 and Usp92 displayed different functions showcasing the functional variety of
these proteins [54]. Usp76 was, however, highlighted as the most significant contributor
to B. cenocepacia survival owing to the changes in phenotype observed in ∆usp76 mutants
in comparison to the wild type and its role in protecting against oxidative stress and
attachment to host cells in comparison to Usp92. Significant observation of the role of
Usp76 in macrophage survival showed its impairment by 80% in the ∆usp76 mutant.

Staphylococcus aureus is another major human pathogen that causes various chronic
diseases and lung infections, including CF [58]. Successful long-term adaptation strategies
comprise the formation of biofilms or small-colony variants, while in the short term the
pathogen must adapt to the microenvironment. Using 2D gel electrophoresis to investigate
cytoplasmic protein pattern changes, Trefon and colleagues identified the induction and
abundance of the putative stress protein (SA1532), also known as UspA, in isolates grown
in artificial sputum medium [59]. In accordance with this, other studies also noted up-
regulation of the uspA gene after six hours of in vivo growth using murine pneumonia
models [60]. However, down-regulation of the same gene was observed during initial entry
in mouse model airways. The contrast in these observations may result from the emergence
of exogenous oxidative stress due to a probable decrease in carbohydrates, which may in
turn have triggered increased AA catabolism and an eventual increase in the tricarboxylic
acid (TCA) cycle, consequently producing endogenous oxygen radicals. Therefore, without
knowing the exact function of USPs, their presence is vital for the long-term persistence of
this pathogen.

4. USPs in Schistosomiasis

Schistosomiasis is an ancient tropical disease that typically plagues the poorest and
most destitute of developing countries, particularly in sub-Saharan Africa, imposing seri-
ous economic and social threats on the affected regions [61]. Outcomes of infection include
severe cases of morbidity and mortality. In the absence of a vaccine, the discovery of target
proteins has been on the agenda for alternative drug discovery to Praziquantel, which
is the only chemotherapeutic drug of treatment against the causative agent but is slowly
losing credibility because of various side effects and recent evidence of drug resistance.
The genome sequence of S. mansoni, investigated using whole genome shotgun sequencing,
revealed the presence of 11,809 putative genes encoding 13,197 transcripts [62]. This project
opened an avenue for the discovery of drug development and vaccine targets, as many of
these genes encoded for ligand and voltage-gated ion channels, proteases, lipid metabolism
receptors, kinases and neuropeptides. Subsequent researchers realized that eight of these
genes, still within the S. mansoni strain, are usp genes that encode USP domain-containing
proteins [8,35]. Six of the genes (Smp_001000, Smp_001010, Smp_031300, Smp_043120,
Smp_076400 and Smp_097930) include ATP binding motif residues (thus indicating ATP
regulation), a phosphorylation site and ligand-binding residues, while the other two
(Smp_136870 and Smp_136890) do not. All the genes are present in at least one of the
worm’s life stages, while six of them are more pronounced in the miracidium, which is
a crucial stage for transmission of the parasite into the snail intermediate host. It has
been proposed that the up-regulation of USPs during the intra-snail stages is triggered by
stressors to perform various functions such as protection against oxidative stress induced
by hydrogen peroxide within snail hematocytes [35]. Reactive oxygen species are gener-
ated by phagocytic cells such as sporocysts and hematocytes in the intermediate host to
eliminate pathogens. In the human host, killing of S. mansoni schistosomulae coincides
with the production of H2O2 from neutrophils [63]. SAGE profiling showed transcription
of Smp_136870 during the miracidium and sporocyst stages, which are both exposed to
oxidative stress. This observation suggests that the USP observed may serve as a prime
candidate in the defense of these intra-molluscan stages against oxidative stress, which is in
turn crucial to the parasite’s survival [35]. Apart from this, Smp_001010 and Smp_043120
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displayed the highest transcription in both the intra-molluscan and intra-mammalian
stages, highlighting the need for additional studies to be carried out on discovering the
specific functions or mechanisms involved in their response to environmental stress.

Mbah and co-workers went a step further and discovered, using bioinformatics-based
predictions that there are in fact 13 Schistosoma USP sequences, all possessing conserved
sites for aspartate, leucine, glycine, histidine and proline at positions 57, 101, 127, 166 and
176 respectively, proposing that these could actually be common regulatory sites for Schis-
tosoma USPs [39]. Prioritizing two of the proteins, Q86DW2 from S. japonicum and G4LZI3
from S. mansoni, three metal ion ligands, namely Ca2+, Zn2+ and Mg2+, were predicted. It
was proposed that Mg2+ binds to the Mg-ATP binding groove either during phosphoryla-
tion or stress responses driven by ATP-dependent mechanisms, thus preventing interaction
of the Mg2+ ion with ATP at the groove, in turn compromising ATP binding and phos-
phorylation. In the absence of Mg2+, Ca2+ simulates ATPase activity, which is crucial, as
Ca2+ holds important functions in motor and musculature-related activities, egg hatching
processes, regulating miracidia to sporocyst transformation and modulating musculature
activity, especially during exposure to PZQ. Therefore, it is evident that the expression of
USPs in the developmental cycle of schistosomes is imperative for the parasite’s survival
and could serve as potential and attractive targets for investigating Schistosoma ecology,
biology and intervention, especially since USPs are not expressed in humans [8,22].

5. USPs of Pathogenic Bacteria
5.1. Tuberculosis

Tuberculosis (TB) is an infection caused by a single organism (Mycobacterium tubercu-
losis) and is regarded, alongside HIV/AIDS and malaria, as one of the world’s big three
deadliest diseases [64,65]. An estimated 8.9–9.9 million new cases were accounted for in
2008 and this value has not receded, considering the 1.3 million deaths reported worldwide
in 2012. It is estimated that at least a third of the world’s population is infected with the
causative agent in its latent form. Since 1974, BCG has been the sole vaccine mostly admin-
istered to neonates and school children, providing protection of up to 80% in children and
50% in adults [66]. Mtb has over 10 USPs that are present during infection and yet their
functions remain unidentified [25]. However, researchers have suggested their potential
roles in vaccine or drug production, as well as in diagnostics.

The persistence of Mtb within the human host in a clinically latent stage for years
without causing severe disease, unlike so many other toxic pathogens, is one of the main
attributes of this infection’s success [67]. A large contributor to latent TB has been the
hypoxic environment. It has been suggested that the limitations associated with the
inhibition of Mtb growth in vivo is due to reduced levels of oxygen, since TB infection is
most often associated with oxygen-enriched sites in the human body. The formation of a
granuloma triggered by activated macrophages stunts Mtb replication by curbing bacterial
access to oxygen and nutrient supply [68]. Ultimately co-infection with other opportunistic
diseases, particularly HIV/AIDS, triggers a high chance of developing active disease.
There are at least 48 genes under the DosR/DosS/DosT regulatory system that become
up-regulated during conditions of nitric oxide stress and hypoxia that play a role in Mtb
persistence and/or intracellular survival. Of these genes, 44 encode conserved hypothetical
proteins and six of these are from the USP family [25]. Mtb has 10 USPs altogether, four of
which are not regulated by DosR. There used to be eight USPs known to be encoded by
Mtb H37Rv that were divided into three classes based on domain organization: Rv1636,
which is made up of 146 amino acids and contains one USP domain; Rv2028c (279aa),
Rv2624c (279aa) and RV3134c (268aa), which all belong to the second class and possess one
domain and a second C-terminal domain, and the final class, which consists of two USP
domains made up of four USPs: Rv1996 (317aa), Rv2623c (297aa), Rv2005c (295aa) and
Rv2026c (294aa) [24]. This has since increased to ten proteins organized into five classes,
as shown in (Figure 3) [14]. It has been suggested that Mtb USPs are highly related to
Actinobacteria [69].
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A significant amount of interest is directed at the presence of USPs, the underlying
mechanisms involved in their up-regulation and the roles they play in Mtb infection, which
are very evasive. Many studies have, however, pointed toward their potential use in
vaccine design or the development of novel diagnostic tools. One of the most effective
methods for preventing TB transmission is early diagnosis. However, available diagnostic
procedures display various shortfalls, such as failure to produce detectable sputum and
reduced cost efficiency for sputum smear microscopy, as well as their limitations in clinical
use due to variable accuracies for serologically based antibody tests [70]. One of the key
characteristics of active TB is the activation of the humoral response and the presence of
circulating antibodies, which have surprisingly been overlooked as a vaccine target [71,72].
Using proteome microarrays, the combination of Rv2026c and Rv2421c has been identified
as a new detectable and reliable biomarker for the diagnosis of active TB [70]. The up-
regulation of the Rv2026c gene along with three others, Rv2005c, Rv1996 and Rv2028c, has
already been shown during Mtb hypoxic conditions. Experiments using four usp knockout
mutants, of which three were DosR-regulated USPs (Rv1996, Rv2005c and Rv2028c) and the
other was the DosR-regulated Rv2026c USP, revealed hypoxic survival defects. However,
the results seemed to suggest either partial or complete redundancy in USP function in
view of the insignificant difference observed in intracellular growth between usp mutants
and wild types. Explanations for this unanticipated observation span around the fact that
the experiments were conducted in vitro, suggesting the repetition of this study in models
that are more strongly related to in vivo conditions, as well as the biochemical character-
ization of USPs to explore their actual functions [25]. In addition, the study attributed
the results to the differential regulation and overlapping of USP functions, suggesting
their necessity once more than one protein is simultaneously knocked out, possibly owing
to them serving various functions during stages of infection. The role or significance of
Rv2026c and other USPs specifically in Mtb infection has been investigated by various
authors. Studies highlighting Rv2026c along with Rv2421c (probable nicotinate-nucleotide
adenylyltransferase) as two novel biomarkers for TB diagnosis have shown that among
other identified antigens, these two exhibited the best diagnostic performance, as they were
both recognized by IgG and IgM antibody responses, with Rv2026c exhibiting considerably
higher IgG antibody levels in active TB patients in comparison to healthy controls, while
Rv2421c yielded higher levels for both antibody levels in active TB patients [70].
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One of the major concerns of TB is the emergence of resistant strains. Studies have
shown that the up-regulation of USPs such as Rv1636, Rv2005c and Rv2623 in Mtb strains
resistant to TB secondary defense aminoglycoside drugs such as Kanamycin (KM) and
Amikacin (AM) contribute to Mtb resistance. Bioinformatics and proteomic research have
shown that Rv2623 over-expresses in AK and KM resistant Mtb strains [73]. The Mycobac-
terium genome codes for both membrane and secretory proteins. Rv2623 is a universal
stress protein homolog categorized as the latter that is up-regulated when the pathogen
is confronted by inadequate oxygen levels and nitrosative stress, both conditions being
initiators of dormancy. Among all the USPs expressed in mycobacteria, Rv2623 elicits most
interest because it is one of the most frequently induced stress proteins during hypoxic and
nitric oxide (NO) exposure in the dormancy regulon [74]. Mutants deficient in Rv2623 fail
to develop chronic lasting infection in mice, while the overexpression of the protein, on
the other hand, augments mycobacterial growth, which indicates the importance of the
protein establishing both in vivo and in vitro persistent infection. Mycobacterial growth
regulation is ATP-dependent both in vivo and in vitro, as the protein contains two USP
domains in tandem that are connected by anti-parallel sheets, which altogether possess
four ATP-bound nucleotide-binding pockets [74,75]. In conjunction with this finding, an
increase in the protein was observed after macrophage phagocytosis as well as in the lungs
of infected mice [76–78]. More in-depth studies have shown that Rv2623 negatively regu-
lates mycobacterial growth by interacting with Rv1747, a putative ATP binding cassette
transporter that exports lipooligosaccharides. Phosphorylation of Thr237 of Rv2623 in
the presence of certain signals in the host causes the formation of a phosphothreonine-
containing motif, which facilitates interaction between the FHA I domain of Rv1747 and
the Rv2623 USP (Figure 4) [79]. This interaction; however, turns Rv1747 off. Without any of
the signals from the host or if any other signals arise, Rv2623 becomes dephosphorylated,
subsequently leading to its release from Rv1747 FHA I and allowing this protein to trans-
port phosphatidyl-myo-inositol mannosides (PIMs). Rv2623 mutants have been shown to
contain high levels of PIMS in comparison to wild types and ∆Rv2623 is hypervirulent in
mice, while the opposite can be observed for Rv1747 mutants. This suggests the regulation
of Mtb growth by Rv2623 modulating the export of Rv1747 immunomodulatory PIMS [79].
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Figure 4. Mtb growth regulation by Rv2623. Phosphorylation of Thr237 results in Rv2623 interacting
with the FHA I domain of Rv1747 in the presence of certain signals. Without these signals, the
interaction between the Rv1747 FHA I domain and Rv2623 is broken due to dephosphorylation,
resulting in Rv1747 being “switched off” and thus being able to transport PIMS. Suggestions have
pointed toward hypoxia, nitrosative stress and nutrient starvation as possible triggers of Rv2623
phosphorylation, but this remains unconfirmed.

The up-regulation Rv2005c has been reported in conditions of reactivation and dor-
mancy and further observed in strains that confer KM and AM resistance by somehow
deactivating their antibiotic effects, which may eventually lead to extensively drug-resistant
tuberculosis [80,81]. Rv2005c possesses two USP domains that fall under the DevR/DosR
dormancy regulon, through which it has been suggested to contribute toward resistance
through the modification or inhibition of antibiotics. This may also be caused by interactors
such as ATPase and glutamine ABC transporter ATP binding proteins that trigger the over-
production of Rv2005c during drug entry via the transporters. In addition, the hypothetical
interaction of Rv2005c with other interactors may be involved in respiration, intermediary
and lipid metabolism, detoxification as well as virulence. Such investigations uncover new
avenues through which this stress protein may be targeted for the development of novel
therapeutic drugs to address aminoglycosides resistance.

Mycobacteria possess the remarkable ability to perceive macrophage engulfment,
after which the organism is exposed to redox stress that includes superoxide (O2

-), hy-
drogen peroxide (H2O2), hydroxyl radicals (OH) and nitric oxide (NO), as well as with-
stand macrophage attack. Although non-pathogenic, M. smegmatis is usually used as a
model organism for the commencement of TB research before embarking on studies with
M. tuberculosis. Exposure of the pathogen to various concentrations of H2O2 and NO at
various time points of infection results in an increase in the expression of DevR/DosR regu-



Int. J. Mol. Sci. 2021, 22, 10878 13 of 21

lon USP proteins such as MSMEG_3940, MSMEG_3945, MSMEG_3950 and MSMEG_5245,
which are believed to play a role in restoring redox homeostasis in the cell [82].

5.2. Salmonella

It is now a well-known fact that pathogenic bacteria’s survival and colonization are
highly dependent on their ability to demonstrate stress resistance and defend themselves
against constant environmental insults. Therefore, stress resistance, whether within or
outside the host, is imperative for persistence, especially in conditions where nutrient
starvation and constant exposure to oxidative radicals are imminent. Studies by Liu and
colleagues characterized and illustrated the importance of UspA in Salmonella enterica
serovar Typhimurium (S. typhimurium), a major causative agent of diarrheal and acute
gastrointestinal disease in patients around the world [83]. About 93.8 million people
are affected by human gastroenteritis caused by Salmonella infection, while as many as
150,000 lives are lost as a result of this annually [84]. In vitro experiments suggest that
UspA plays a role in the adaptation of this pathogen to metabolic stress and resistance
of the organism to oxidative stress [17]. Studies showed an increased expression of the
protein in conjunction with UspC during the stationary phase, which is characterized by
nutrient deficiency. In addition, UspA protein levels increased during temperature changes.
Cells grown in minimal media supplemented with low concentrations of phosphate or
glucose had reduced survival rates due to the lack of UspA, while cells exposed to H2O2
during the exponential and stationary phase exhibited greater survival rates in the latter
than in the former, implicating UspA in stress resistance during the exponential phase of
growth. In vivo experiments, on the other hand, indicated UspA as an important factor
in causing full-blown disease in mice. High inoculum doses exhibited no significant
difference between wild types and uspA mutants, while low inoculum doses showed
decreased virulence in comparison to mutants. It has previously been demonstrated that
the absence of UspA results in the premature death of mutants during stasis, while up-
regulation induces prolonged growth arrest [9,13,16]. In addition, UspA also demonstrates
induction in E. coli once exposed to nutrient stress and toxic agents. Further analysis of
the S. typhimurium genome on stress and virulence genes shows the additional increased
expression of UspB, UspC, UspE, UspF and UspG under various pH conditions also during
the stationary growth phase and it has been suggested that the presence of these proteins
is designed to guard against DNA damaging agents [85]. Although the exact mechanism
of action is also not known, the presence of these USPs is imperative to this pathogen’s
survival and virulence.

5.3. Porphyromonas gingivalis

The oral opportunistic pathogen Porphyromonas gingivalis is a Gram-negative anaerobic
bacterium of the phylum Bacteroidetes that is predominantly responsible for chronic peri-
odontitis and the expression of various potentially virulent proteases that have the ability
to hydrolyze iron-binding proteins, immunoglobins, complement factors and collagen [86].
To survive within the oral cavity and adapt to its variations, which include temperature
change, availability of nutrients, the presence of other occupant bacteria or host cells, pH
and oxygen tension, P. gingivalis requires stress response mechanisms to be able to detect
the changes associated with these environmental factors. Studies have shown that apart
from heat shock proteins (HSPs), UspA is expressed to assist the pathogen to endure heat
stress [87,88]. P. gingivalis colonizes different micro-environments and its transition to and
from various locations subjects it to environmental stress. A series of stress-related proteins
are therefore expressed, most of which are HSPs and Clp proteins. Among these, ClpB and
ClpL ATPases act as chaperones whose duty comprise protein remodeling and reactiva-
tion. Knockout studies have hypothesized that UspA either compensates for ClpB loss or
permits the protein to execute more specific roles in P. gingivalis [87]. However, the most
notable role of UspA in P. gingivalis was demonstrated by Chen colleagues, who revealed
the transcriptional and translational up-regulation of UspA during biofilm formation,
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whose structures are a well-known defense mechanism against environmental stress [89].
Buttressing this was the display of greater resistance by wild type P. gingivalis strains to
H2O2 stress and faster growth rates in the presence of unfavorable temperatures and the
antibiotic tetracycline in comparison to uspA-deficient mutants. The study concluded that
the uspA gene is an important feature in biofilm development, which plays a role in the
resistance of various organisms, including P. gingivalis, to environmental stress. Although
the mechanism of action for UspA was not defined, it is suggested that the protein performs
its role indirectly [90,91]. Concurring with the results of the above study, whole-genome
profiling by DNA microarray analysis also noted the conspicuous up-regulation of PG0245,
a uspA gene induced in response to exposure of P. gingivalis to NO stress, suggesting its
additional role in NO resistance [90,92]. Consistent with this report was that of Lewis and
co-workers, who also detected the elevated expression of the PG0245 gene in response to a
microaerophilic state during the mid-exponential growth phase [93]. Such findings reveal
the importance of USPs to the survival of this important pathogen in enduring various
microenvironments.

5.4. Staphylococcus aureus

Over a third of the world’s population is infected with Staphylococcus aureus, a Gram-
positive bacterium whose successful infection is a result of its attack on host defense
mechanisms [94]. Infection promotes the recruitment of neutrophils by inducing various
chemokines and chemokine receptors as well as cytokines, which in turn exhibit antimicro-
bial defenses such as oxidative killing. However, because of the pathogen’s resistance to
antibiotics and its severe virulence, S. aureus is responsible for high death rates as well as
financial and resource burdens on health care systems [95]. The pathogen is highly adapt-
able to different environments, colonizing various parts of the human body, most notably
causing disorders ranging from mild infection in wounds, deep tissues and the skin, to
severe conditions that include septic arthritis, pneumonia, septicemia and endocarditis [96].
The inflammatory response entails the recruitment of phagocytes to the site of infection,
resulting in necrosis and fibrin deposits that produce one of the hallmarks of staphylococcal
infection, abscesses [97]. Promotion of abscess formation provides the pathogen with a
principal defense mechanism and survival tactic by shielding it from the innate immune
system in the blood and assuring its persistence in an unfavorable environment. Hence, the
up-regulation of endurance proteins produced by the bacteria in the abscess is crucial to en-
sure S. aureus survival. To determine the abundance of such proteins, Attia and colleagues
performed proteomic analyses of abscesses from the kidneys of mice infected with S. aureus.
The results showed the presence of the NWMN_1600 and NWMN_1604 genes that encode
Usp1 and Usp2 respectively, with Usp2 displaying more expression than the other, which
indicates its possible role in host-pathogen interaction. However, comparison between
wild type and mutant groups to determine colonization or contribution to pathogenesis
displayed no significant difference, suggesting that the abundance of Usp2 within the
staphylococcus abscess is not essential for S. aureus pathogenesis. The authors suggest
that failure to identify the Usp2 role in staphylococcal pathogenesis may either be due to
its potential masking by other bacteria in both abscessed and non-abscessed tissues, or
the possibility of a more prominent role of the protein in neutropenic mice. Although this
may be the case, Usp2 on the other hand, may still play a role in host-pathogen interaction
owing to the fibronectin and fibrinogen adhesive fragments the protein possesses [98].
Proteinaceous adhesins, also known as bacterial adhesive proteins, are a large requirement
for the development of bacterial infections and USPs are suggested to play a part in this
occurrence. Usp genes make up part of the 22 genes encoding 24 adhesion-implicated
surface proteins, and have been identified, alongside others, to exhibit novel adhesive
functions by binding to fibrinogen and plasma fibronectin [99].

Although this is not the first line of treatment, silver has been employed for the
treatment of S. aureus infection and other pathogenic infections because of its ability to
disrupt the bacterial cell wall, resulting in the entry of the Ag(I) ion for the inactivation
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and disruption of proteins, RNA- and DNA-ases, eventually leading to death. An increase
in various stress proteins such as Q2FXL6, a putative USP, was observed in response to
stress upon exposure to Ag(I) ions caused by augmented permeability, which may in turn
cause oxidative and osmotic stress in the cell [100]. The elevated levels of USPs caused
by Ag(I) ion exposure imply its role in assisting the pathogen to mount a defense against
stress, which is one of the key features of successful pathogenesis.

5.5. Usps of Other Pathogenic Bacteria

Among the organisms threatening the current fight against antibiotic resistance,
Acinobacter baumannii has emerged as one of the most troublesome for many global health
institutions over the last 15 years because of its ability to propel and acquire resistance [101].
In addition, the pathogen is highly susceptible to nosocomial spread owing to its extended
persistence in hospital environments. A. baumannii usually infects the most critically ill
of hospital patients with skin and airway contraventions, leading to detrimental patient
outcomes that include pneumonia, bloodstream infections and meningitis [101,102]. UspA,
which is highly related to the Usp2 of A. aureus, has been identified as an “intriguing thera-
peutic target” that contributes to A. baumannii stress resistance and persistence. During
infection, the production of reactive oxygen species such as H2O2 is inevitable, as this
is the host’s first line of defense against invading microbes. Moreover, the ability of the
pathogen to persist in unfavorable environments, including those that experience severe
pH shifts, requires the pathogen to possess robust survival mechanisms. By investigating
the genome of A. baumannii for USPs, UspA was identified as the most conserved in all
A. baumannii strains [2]. Further characterization of UspA observed that expression of the
protein in wild types conferred full protection against H2O2 stress compared to mutants but
over-expression of the protein did not confer any additional protection. Other important
findings indicated that UspA is essential for A. baumannii persistence in low pH conditions,
judging from the growth defects observed in mutants. Most notable, however, was the
contribution of UspA to virulence and lethality in a murine pneumonia infection model.
It was concluded from the results that UspA plays a major role in the pathogenesis of
the bacterium and this was particularly interesting, as the Usp2 of S. aureus displayed
the opposite despite the relatedness of the two proteins [2]. However, more studies are
required to determine the exact mechanism at which this occurs.

Listeria monocytogenes is a ubiquitous Gram-positive facultative intracellular pathogen
largely responsible for foodborne diseases that mostly affect immunocompromised patients
who display symptoms of meningitis, neonatal death, abortion and septicemia, as well
as pregnant women and their fetuses [103]. Studies have shown that the UspA domain
stress proteins convey survival traits to L. monocytogenes under its wide variety of stress-
ful conditions that include pH, different temperatures and high osmolarity. Using usp
deletion mutants and testing L. monocytogenes resistance and growth both in vivo and
in vitro, Gomes and colleagues concluded that the high conservation of USPs within the
organism is of importance in the response the pathogen relays to various stress condi-
tions. Mutants showed reduced resistance to low pH and H2O2 conditions, as well as a
decrease in virulence and numbers, while the intracellular transcriptional induction of the
lmo0515, lmo1580 and lmo2673 usp genes was observed tagging the pathogenic survival of
L. monocytogenes to the presence of USPs [104]. In vivo studies featuring G. mellonella larvae
and mice livers and spleens inoculated with L. monocytogenes all demonstrated impaired
virulence and survival rates of mutants, with the lmo1580 gene displaying the strongest
effects. From this study, the designation of UspL-1 (UspListeria), UspL-2 and UspL-3
has been proposed for the lmo0515, lmo1580 and lmo2673 usp genes respectively within
the L. monocytogenes species. Other studies using 2D-electrophoresis identified proteins
regulated by the alternative sigma factor, σB, and noted an increase in the expression of
the Lmo1580 USP, concurring with Gomes and colleagues’ proposition of the importance
of the lmo1580 gene [105]. Induction of the protein was shown to play a role during acid
adaptation and stress [105,106].



Int. J. Mol. Sci. 2021, 22, 10878 16 of 21

Antibiotic resistance remains a serious threat to populations around the world owing
to bacteria evading the host immune system and its responses, resulting in persistent
infections that standard treatment fails to clear up. One of the many ways bacteria es-
cape environmental stress is by entering a non- or slowly replicating physiological state
or growth rate [107]. This mechanism is a poorly understood process also known as
the non-replicative persistent (NRP) state or dormancy. Examples of NRP models in-
clude M. tuberculosis, M. smegmatis and Micrococcus luteus. Quantitative identification
studies within the M. luteus strain by Mali and colleagues using liquid chromatography-
tandem mass spectrometry identified several proteins related to latency, including UspA.
Results demonstrated that only the expression of one of the UspA variants, UspA616
(WP_010079616.1), was up-regulated during the viable but non-culturable state [108].
Alignment of M. luteus, L. pantarum, M. tuberculosis and M. smegmatis UspA sequences and
alignment of the last-named three structures proposed that the M. luteus UspA protein
consists of two ATP binding Rossman folds that are vital for signaling and nucleotide-
binding proteins, thus proposing that the protein carries out its function via signaling
and interactions with other stress-related proteins. The relevance of the protein was later
confirmed through UspA616 inactivation and competition assays, which revealed clear
in vitro phenotypes of drastic viability loss and inability to survive nutrient stress [109].
Recent studies have now shown that in addition, UspA616 plays a critical role in M. luteus
withstanding both starvation and hypoxia by possibly acting as a molecular switch that
causes bacterial survival through the regulation of the TCA cycle and production of gly-
oxylate shunt proteins such as malate synthase and isocitrate lyase that are up-regulated in
the absence of UspA616 [109]. The data in this study therefore sheds light on and provides
new perspectives on USPs as molecular switches that regulate the survival of bacteria.

6. Conclusions

The constant augmentation of USPs during unfavorable environmental conditions,
as well as their restricted presence in eukaryotes, represents a unique opportunity for
impeding the presence and survival of organisms that need tolerance to hostile environ-
ments. Although their exact function is elusive, it is without doubt USPs play both direct
and indirect roles in stress physiology for certain diseases. Therefore, the focus for future
investigations should be directed toward determining the physiological and biochemical
functions of these proteins in relation to and for advancing knowledge of various dis-
ease pathways. Exclusive attention in unraveling functional specificity could also in turn
improve insights for the design of new pharmaceuticals.

For a good number of years now, biomedical research has shifted a lot of its attention
to discovering and validating novel drug targets by studying proteins and their involve-
ment in disease processes. One of the current major challenges in drug discovery is finding
new drugs that cannot only cure diseases, but also improve the quality of life. Most drugs
now target proteins and, in some cases, are proteins. Therefore, several studies have been
conducted on analyzing proteins to improve insights on the principles of their mecha-
nisms for the design of new pharmaceuticals. The constant augmentation of USPs during
unfavorable environmental conditions, as well as their restricted presence in eukaryotes,
represents a unique opportunity for impeding the presence and survival of organisms
that need tolerance to hostile environments. Thus, the characterization of these proteins
warrants exclusive attention to bridge the gap between their various functions and novel
drug discovery.

Author Contributions: P.M. and A.P.K. both conceived the research idea and wrote the draft of the
paper; A.P.K. revised the draft before submission of the final copy of the paper. Both authors have
read and agreed to final version submitted for editorial review. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.



Int. J. Mol. Sci. 2021, 22, 10878 17 of 21

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.

Acknowledgments: A.P.K is thankful to the Universal Research Committee of the University of
Johannesburg for research support. P.M. would like to thank the South African National Research
Foundation (NRF) for a Scarce Skills Postdoctoral Research Fellowship (Fellowship No: 120802).

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Matarredona, L.; Camacho, M.; Zafrilla, B.; Bonete, M.-J.; Esclapez, J. The role of stress proteins in Haloarchaea and their adaptive

response to environmental shifts. Biomolecules 2020, 10, 1390. [CrossRef] [PubMed]
2. Elhosseiny, N.M.; Amin, M.A.; Yassin, A.; Attia, A.S. Acinetobacter baumannii Universal Stress Protein A plays a pivotal role in

stress response and is essential for pneumonia and sepsis pathogenesis. Int. J. Med. Microbiol. 2015, 305, 114–123. [CrossRef]
3. Chi, Y.H.; Koo, S.S.; Oh, H.T.; Lee, E.S.; Park, J.H.; Phan, K.A.T.; Wi, S.D.; Bin Bae, S.; Paeng, S.K.; Chae, H.B.; et al. The physiologi-

cal functions of Universal Stress Proteins and their molecular mechanism to protect plants from environmental stresses. Front.
Plant Sci. 2019, 10, 750. [CrossRef] [PubMed]

4. Fang, Q.-J.; Han, Y.-X.; Shi, Y.-J.; Huang, H.-Q.; Fang, Z.-G.; Hu, Y.-H. Universal Stress Proteins contribute Edwardsiella piscicida
adversity resistance and pathogenicity and promote blocking host immune response. Fish Shellfish Immunol. 2019, 95, 248–258.
[CrossRef] [PubMed]

5. Havis, S.; Bodunrin, A.; Rangel, J.; Zimmerer, R.; Murphy, J.; Storey, J.D.; Duong, T.D.; Mistretta, B.; Gunaratne, P.; Widger, W.R.;
et al. A Universal Stress Protein that controls bacterial stress survival in Micrococcus luteus. J. Bacteriol. 2019, 201, e00497-19.
[CrossRef]

6. Tkaczuk, K.L.; Shumilin, I.A.; Chruszcz, M.; Evdokimova, E.; Savchenko, A.; Minor, W. Structural and functional insight into the
Universal Stress Protein family. Evol. Appl. 2013, 6, 434–449. [CrossRef]

7. Kvint, K.; Nachin, L.; Diez, A.; Nyström, T. The bacterial Universal Stress Protein: Function and regulation. Curr. Opin. Microbiol.
2003, 6, 140–145. [CrossRef]

8. Vollmer, A.C.; Bark, S.J. Twenty-five years of investigating the Universal Stress Protein: Function, structure, and applications.
Adv. Appl. Microbiol. 2018, 102, 1–36. [CrossRef]

9. Nyström, T.; Neidhardt, F.C. Expression and role of the Universal Stress Protein, UspA, of Escherichia coli during growth arrest.
Mol. Microbiol. 1994, 11, 537–544. [CrossRef]

10. Freestone, P.; Nyström, T.; Trinei, M.; Norris, V. The Universal Stress Protein, UspA, of Escherichia coli is phosphorylated in
response to stasis. J. Mol. Biol. 1997, 274, 318–324. [CrossRef]

11. Persson, O.; Valadi, A.; Nyström, T.; Farewell, A. Metabolic control of the Escherichia coli Universal Stress Protein response
through fructose-6-phosphate. Mol. Microbiol. 2007, 65, 968–978. [CrossRef] [PubMed]

12. Diez, A.; Gustavsson, N.; Nyström, T. The Universal Stress Protein A of Escherichia coli is required for resistance to DNA damaging
agents and is regulated by a RecA/FtsK-dependent regulatory pathway. Mol. Microbiol. 2002, 36, 1494–1503. [CrossRef] [PubMed]

13. Nyström, T.; Neidhardt, F.C. Isolation and properties of a mutant of Escherichia coli with an insertional inactivation of the uspA
gene, which encodes a Universal Stress Protein. J. Bacteriol. 1993, 175, 3949–3956. [CrossRef] [PubMed]

14. Bradley, D. The Universal Stress Proteins of Bacteria. Ph.D. Thesis, Imperial College of London, London, UK, 2011. Available on-
line: https://spiral.imperial.ac.uk/handle/10044/1/6946 (accessed on 15 April 2021).

15. Nachin, L.; Nannmark, U.; Nyström, T. Differential roles of the Universal Stress Proteins of Escherichia coli in oxidative stress
resistance, adhesion, and motility. J. Bacteriol. 2005, 187, 6265–6272. [CrossRef]

16. Nyström, T.; Neidhardt, F.C. Effects of overproducing the Universal Stress Protein, UspA, in Escherichia coli K-12. J. Bacteriol. 1996,
178, 927–930. [CrossRef]

17. Liu, W.-T.; Karavolos, M.H.; Bulmer, D.M.; Allaoui, A.; Hormaeche, R.D.; Lee, J.J.; Khan, C.A. Role of the Universal Stress Protein
UspA of Salmonella in growth arrest, stress and virulence. Microb. Pathog. 2007, 42, 2–10. [CrossRef]

18. Wang, X.-F.; Su, J.; Yang, N.; Zhang, H.; Cao, X.-Y.; Kang, J.-F. Functional characterization of selected Universal Stress Protein
from Salvia miltiorrhiza (SmUSP) in Escherichia coli. Genes 2017, 8, 224. [CrossRef]

19. Kim, H.; Goo, E.; Kang, Y.; Kim, J.; Hwang, I. Regulation of Universal Stress Protein genes by quorum sensing and RpoS in
Burkholderia glumae. J. Bacteriol. 2011, 194, 982–992. [CrossRef]

20. Loukehaich, R.; Wang, T.; Ouyang, B.; Ziaf, K.; Li, H.; Zhang, J.; Lu, Y.; Ye, Z. SpUSP, an annexin-interacting Universal Stress
Protein, enhances drought tolerance in tomato. J. Exp. Bot. 2012, 63, 5593–5606. [CrossRef]

21. Ye, X.; Van Der Does, C.; Albers, S.-V. SaUspA, the Universal Stress Protein of Sulfolobus acidocaldarius stimulates the activity of
the PP2A phosphatase and is involved in growth at high salinity. Front. Microbiol. 2020, 11, 598821. [CrossRef]

22. Masamba, P.; Adenowo, A.F.; Oyinloye, B.E.; Kappo, A.P. Universal Stress Proteins as new targets for environmental and
therapeutic interventions of schistosomiasis. Int. J. Environ. Res. Public Health 2016, 13, 972. [CrossRef] [PubMed]

23. Xu, Y.; Guo, J.; Jin, X.; Kim, J.-S.; Ji, Y.; Fan, S.; Ha, N.-C.; Quan, C.-S. Crystal structure and functional implications of the
tandem-type Universal Stress Protein UspE from Escherichia coli. BMC Struct. Biol. 2016, 16, 3. [CrossRef] [PubMed]

http://doi.org/10.3390/biom10101390
http://www.ncbi.nlm.nih.gov/pubmed/33003558
http://doi.org/10.1016/j.ijmm.2014.11.008
http://doi.org/10.3389/fpls.2019.00750
http://www.ncbi.nlm.nih.gov/pubmed/31231414
http://doi.org/10.1016/j.fsi.2019.10.035
http://www.ncbi.nlm.nih.gov/pubmed/31654767
http://doi.org/10.1128/JB.00497-19
http://doi.org/10.1111/eva.12057
http://doi.org/10.1016/S1369-5274(03)00025-0
http://doi.org/10.1016/bs.aambs.2017.10.001
http://doi.org/10.1111/j.1365-2958.1994.tb00334.x
http://doi.org/10.1006/jmbi.1997.1397
http://doi.org/10.1111/j.1365-2958.2007.05838.x
http://www.ncbi.nlm.nih.gov/pubmed/17640273
http://doi.org/10.1046/j.1365-2958.2000.01979.x
http://www.ncbi.nlm.nih.gov/pubmed/10931298
http://doi.org/10.1128/jb.175.13.3949-3956.1993
http://www.ncbi.nlm.nih.gov/pubmed/8391533
https://spiral.imperial.ac.uk/handle/10044/1/6946
http://doi.org/10.1128/JB.187.18.6265-6272.2005
http://doi.org/10.1128/jb.178.3.927-930.1996
http://doi.org/10.1016/j.micpath.2006.09.002
http://doi.org/10.3390/genes8090224
http://doi.org/10.1128/JB.06396-11
http://doi.org/10.1093/jxb/ers220
http://doi.org/10.3389/fmicb.2020.598821
http://doi.org/10.3390/ijerph13100972
http://www.ncbi.nlm.nih.gov/pubmed/27706050
http://doi.org/10.1186/s12900-016-0053-9
http://www.ncbi.nlm.nih.gov/pubmed/26865045


Int. J. Mol. Sci. 2021, 22, 10878 18 of 21

24. O’Toole, R.; Williams, H. Universal Stress Proteins and Mycobacterium tuberculosis. Res. Microbiol. 2003, 154, 387–392. [CrossRef]
25. Hingley-Wilson, S.; Lougheed, K.; Ferguson, K.; Leiva, S.; Williams, H. Individual mycobacterium tuberculosis Universal Stress

Protein homologues are dispensable in vitro. Tuberculosis 2010, 90, 236–244. [CrossRef] [PubMed]
26. Weber, A.; Jung, K. Biochemical properties of UspG, a Universal Stress Protein of Escherichia coli. Biochemistry 2006, 45, 1620–1628.

[CrossRef] [PubMed]
27. Banerjee, A.; Adolph, R.S.; Gopalakrishnapai, J.; Kleinboelting, S.; Emmerich, C.; Steegborn, C.; Visweswariah, S.S. A Universal

Stress Protein (USP) in mycobacteria binds cAMP. J. Biol. Chem. 2015, 290, 12731–12743. [CrossRef]
28. Udawat, P.; Jha, R.K.; Sinha, D.; Mishra, A.; Jha, B. Overexpression of a cytosolic abiotic stress responsive Universal Stress Protein

(SbUSP) mitigates salt and osmotic stress in transgenic tobacco plants. Front. Plant Sci. 2016, 7, 518. [CrossRef]
29. Heermann, R.; Weber, A.; Mayer, B.; Ott, M.; Hauser, E.; Gabriel, G.; Pirch, T.; Jung, K. The Universal Stress Protein UspC scaffolds

the KdpD/KdpE signaling cascade of Escherichia coli under salt stress. J. Mol. Biol. 2009, 386, 134–148. [CrossRef] [PubMed]
30. Aravind, L.; Anantharaman, V.; Koonin, E.V. Monophyly of class I aminoacyl tRNA synthetase, USPA, ETFP, photolyase, and

PP-ATPase nucleotide-binding domains: Implications for protein evolution in the RNA world. Proteins Struct. Funct. Bioinform.
2002, 48, 1–14. [CrossRef] [PubMed]

31. Bangera, M.; Panigrahi, R.; Sagurthi, S.; Savithri, H.; Murthy, M. Structural and functional analysis of two Universal Stress
Proteins YdaA and YnaF from Salmonella typhimurium: Possible roles in microbial stress tolerance. J. Struct. Biol. 2015, 189,
238–250. [CrossRef]

32. Jung, Y.J.; Melencion, S.M.B.; Lee, E.S.; Park, J.H.; Alinapon, C.V.; Oh, H.T.; Yun, D.-J.; Chi, Y.H.; Lee, S.Y. Universal Stress Protein
exhibits a redox-dependent chaperone function in arabidopsis and enhances plant tolerance to heat shock and oxidative stress.
Front. Plant Sci. 2015, 6, 1141. [CrossRef] [PubMed]

33. Shokry, A.M.; Al-Karim, S.; Ramadan, A.; Gadallah, N.; Al Attas, S.G.; Sabir, J.S.; Hassan, S.M.; Madkour, L.; Bressan, R.;
Mahfouz, M.M.; et al. Detection of a Usp-like gene in Calotropis procera plant from the de novo assembled genome contigs of the
high-throughput sequencing dataset. Comptes Rendus Biol. 2014, 337, 86–94. [CrossRef] [PubMed]

34. Melencion, S.M.B.; Chi, Y.H.; Pham, T.T.; Paeng, S.K.; Wi, S.D.; Lee, C.; Ryu, S.W.; Koo, S.S.; Lee, S.Y. RNA chaperone function of a
Universal Stress Protein in arabidopsis confers enhanced cold stress tolerance in plants. Int. J. Mol. Sci. 2017, 18, 2546. [CrossRef]

35. Isokpehi, R.D.; Mahmud, O.; Mbah, A.N.; Simmons, S.S.; Avelar, L.; Rajnarayanan, R.V.; Udensi, U.K.; Ayensu, W.K.; Cohly, H.H.;
Brown, S.D.; et al. Developmental regulation of genes encoding Universal Stress Proteins in Schistosoma mansoni. Gene Regul. Syst.
Biol. 2011, 5, GRSB-S7491. [CrossRef] [PubMed]

36. Siegele, D.A. Universal Stress Proteins in Escherichia coli. J. Bacteriol. 2005, 187, 6253–6254. [CrossRef] [PubMed]
37. Sousa, M.C.; McKay, D.B. Structure of the Universal Stress Protein of Haemophilus influenzae. Structure 2001, 9, 1135–1141.

[CrossRef]
38. Zarembinski, T.I.; Hung, L.-W.; Mueller-Dieckmann, H.-J.; Kim, K.-K.; Yokota, H.; Kim, R.; Kim, S.-H. Structure-based assignment

of the biochemical function of a hypothetical protein: A test case of structural genomics. Proc. Natl. Acad. Sci. USA 1998, 95,
15189–15193. [CrossRef]

39. Isokpehi, R.D.; Mahmud, O.; Awofolu, O.R.; Mbah, A.N. Inferences on the biochemical and environmental regulation of Universal
Stress Proteins from Schistosomiasis parasites. Adv. Appl. Bioinform. Chem. 2013, 6, 15–27. [CrossRef]

40. Davis, P.B. Cystic fibrosis since 1938. Am. J. Respir. Crit. Care Med. 2006, 173, 475–482. [CrossRef]
41. Knowles, M.R.; Durie, P.R. What is cystic fibrosis? N. Engl. J. Med. 2002, 347, 439–442. [CrossRef]
42. Döring, G.; Gulbins, E. Cystic fibrosis and innate immunity: How chloride channel mutations provoke lung disease. Cell. Microbiol.

2009, 11, 208–216. [CrossRef]
43. Yang, L.; Jelsbak, L.; Molin, S. Microbial ecology and adaptation in cystic fibrosis airways. Environ. Microbiol. 2011, 13, 1682–1689.

[CrossRef]
44. Millette, G.; Langlois, J.-P.; Brouillette, E.; Frost, E.H.; Cantin, A.M.; Malouin, F. despite antagonism in vitro, Pseudomonas aeruginosa

enhances Staphylococcus aureus colonization in a murine lung infection model. Front. Microbiol. 2019, 10, 2880. [CrossRef]
45. Sass, A.; Schmerk, C.; Agnoli, K.; Norville, P.J.; Eberl, L.; Valvano, M.; Mahenthiralingam, E. The unexpected discovery of a novel

low-oxygen-activated locus for the anoxic persistence of Burkholderia cenocepacia. ISME J. 2013, 7, 1568–1581. [CrossRef] [PubMed]
46. Schreiber, K.; Boes, N.; Eschbach, M.; Jaensch, L.; Wehland, J.; Bjarnsholt, T.; Givskov, M.; Hentzer, M.; Schobert, M. Anaerobic

survival of Pseudomonas aeruginosa by pyruvate fermentation requires an usp-type stress protein. J. Bacteriol. 2006, 188, 659–668.
[CrossRef] [PubMed]

47. Moreau-Marquis, S.; Stanton, B.A.; O’Toole, G.A. Pseudomonas aeruginosa biofilm formation in the cystic fibrosis airway. Pulm.
Pharmacol. Ther. 2008, 21, 595–599. [CrossRef] [PubMed]

48. Worlitzsch, D.; Tarran, R.; Ulrich, M.; Schwab, U.; Cekici, A.; Meyer, K.C.; Birrer, P.; Bellon, G.; Berger, J.; Weiss, T.; et al. Effects
of reduced mucus oxygen concentration in airway Pseudomonas infections of cystic fibrosis patients. J. Clin. Investig. 2002, 109,
317–325. [CrossRef]

49. Borriello, G.; Werner, E.; Roe, F.; Kim, A.M.; Ehrlich, G.D.; Stewart, P.S. Oxygen limitation contributes to antibiotic tolerance of
Pseudomonas aeruginosa in biofilms. Antimicrob. Agents Chemother. 2004, 48, 2659–2664. [CrossRef]

50. Yoon, S.S.; Hennigan, R.F.; Hilliard, G.M.; Ochsner, U.A.; Parvatiyar, K.; Kamani, M.C.; Allen, H.L.; DeKievit, T.R.; Gardner, P.R.;
Schwab, U.; et al. Pseudomonas aeruginosa anaerobic respiration in biofilms: Relationships to cystic fibrosis pathogenesis. Dev. Cell
2002, 3, 593–603. [CrossRef]

http://doi.org/10.1016/S0923-2508(03)00081-0
http://doi.org/10.1016/j.tube.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20541977
http://doi.org/10.1021/bi051301u
http://www.ncbi.nlm.nih.gov/pubmed/16460009
http://doi.org/10.1074/jbc.M115.644856
http://doi.org/10.3389/fpls.2016.00518
http://doi.org/10.1016/j.jmb.2008.12.007
http://www.ncbi.nlm.nih.gov/pubmed/19101563
http://doi.org/10.1002/prot.10064
http://www.ncbi.nlm.nih.gov/pubmed/12012333
http://doi.org/10.1016/j.jsb.2015.01.003
http://doi.org/10.3389/fpls.2015.01141
http://www.ncbi.nlm.nih.gov/pubmed/26734042
http://doi.org/10.1016/j.crvi.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24581802
http://doi.org/10.3390/ijms18122546
http://doi.org/10.4137/GRSB.S7491
http://www.ncbi.nlm.nih.gov/pubmed/22084571
http://doi.org/10.1128/JB.187.18.6253-6254.2005
http://www.ncbi.nlm.nih.gov/pubmed/16159755
http://doi.org/10.1016/S0969-2126(01)00680-3
http://doi.org/10.1073/pnas.95.26.15189
http://doi.org/10.2147/AABC.S37191
http://doi.org/10.1164/rccm.200505-840OE
http://doi.org/10.1056/NEJMe020070
http://doi.org/10.1111/j.1462-5822.2008.01271.x
http://doi.org/10.1111/j.1462-2920.2011.02459.x
http://doi.org/10.3389/fmicb.2019.02880
http://doi.org/10.1038/ismej.2013.36
http://www.ncbi.nlm.nih.gov/pubmed/23486248
http://doi.org/10.1128/JB.188.2.659-668.2006
http://www.ncbi.nlm.nih.gov/pubmed/16385055
http://doi.org/10.1016/j.pupt.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18234534
http://doi.org/10.1172/JCI0213870
http://doi.org/10.1128/AAC.48.7.2659-2664.2004
http://doi.org/10.1016/S1534-5807(02)00295-2


Int. J. Mol. Sci. 2021, 22, 10878 19 of 21

51. Boes, N.; Schreiber, K.; Härtig, E.; Jaensch, L.; Schobert, M. The Pseudomonas aeruginosa Universal Stress Protein PA4352 is essential
for surviving anaerobic energy stress. J. Bacteriol. 2006, 188, 6529–6538. [CrossRef]

52. Boes, N.; Schreiber, K.; Schobert, M. SpoT-Triggered stringent response controls usp gene expression in Pseudomonas aeruginosa.
J. Bacteriol. 2008, 190, 7189–7199. [CrossRef] [PubMed]

53. Schobert, M.; Jahn, D. Anaerobic physiology of Pseudomonas aeruginosa in the cystic fibrosis lung. Int. J. Med. Microbiol. 2010, 300,
549–556. [CrossRef]

54. O’Connor, A.; Berisio, R.; Lucey, M.; Schaffer, K.; McClean, S. A Universal Stress Protein upregulated by hypoxia may contribute
to chronic lung colonisation and intramacrophage survival in cystic fibrosis. bioRxiv 2020. [CrossRef]

55. Courtney, J.; Dunbar, K.; McDowell, A.; Moore, J.; Warke, T.; Stevenson, M.; Elborn, J. Clinical outcome of Burkholderia cepacia
complex infection in cystic fibrosis adults. J. Cyst. Fibros. 2004, 3, 93–98. [CrossRef] [PubMed]

56. Jones, A.; Dodd, M.; Webb, A. Burkholderia cepacia: Current clinical issues, environmental controversies and ethical dilemmas.
Eur. Respir. J. 2001, 17, 295–301. [CrossRef]

57. Cullen, L.; O’Connor, A.; McCormack, S.; Owens, R.; Holt, G.S.; Collins, C.; Callaghan, M.; Doyle, S.; Smith, D.; Schaffer, K.; et al.
The involvement of the low-oxygen-activated locus of Burkholderia cenocepacia in adaptation during cystic fibrosis infection. Sci.
Rep. 2018, 8, 13386. [CrossRef]

58. Goerke, C.; Wolz, C. Regulatory and genomic plasticity of Staphylococcus aureus during persistent colonization and infection. Int. J.
Med. Microbiol. 2004, 294, 195–202. [CrossRef]

59. Treffon, J.; Block, D.; Moche, M.; Reiss, S.; Fuchs, S.; Engelmann, S.; Becher, D.; Langhanki, L.; Mellmann, A.; Peters, G.; et al.
Adaptation of Staphylococcus aureus to airway environments in patients with cystic fibrosis by upregulation of superoxide
dismutase M and iron-scavenging proteins. J. Infect. Dis. 2018, 217, 1453–1461. [CrossRef] [PubMed]

60. Chaffin, D.O.; Taylor, D.; Skerrett, S.J.; Rubens, C.E. Changes in the Staphylococcus aureus transcriptome during early adaptation to
the lung. PLoS ONE 2012, 7, e41329. [CrossRef]

61. Adenowo, A.F.; Oyinloye, B.E.; Ogunyinka, B.I.; Kappo, A.P. Impact of human schistosomiasis in sub-Saharan Africa. Braz. J.
Infect. Dis. 2015, 19, 196–205. [CrossRef]

62. Berriman, M.; Haas, B.J.; LoVerde, P.T.; Wilson, R.A.; Dillon, G.; Cerqueira, G.C.; Mashiyama, S.T.; Al-Lazikani, B.; Andrade, L.F.;
Ashton, P.D.; et al. The genome of the blood fluke Schistosoma mansoni. Nature 2009, 460, 352–358. [CrossRef] [PubMed]

63. Hahn, U.K.; Bender, R.C.; Bayne, C.J. Killing of Schistosoma mansoni sporocysts by hemocytes from resistant Biomphalaria glabrata:
Role of reactive oxygen species. J. Parasitol. 2001, 87, 292. [CrossRef]

64. Altaf, M.; Miller, C.H.; Bellows, D.S.; O’Toole, R. Evaluation of the mycobacterium smegmatis and BCG models for the discovery
of mycobacterium tuberculosis inhibitors. Tuberculosis 2010, 90, 333–337. [CrossRef] [PubMed]

65. Bourzac, K. Infectious disease: Beating the big three. Nature 2014, 507, S4–S7. [CrossRef] [PubMed]
66. Principi, N.; Esposito, S. The present and future of tuberculosis vaccinations. Tuberculosis 2015, 95, 6–13. [CrossRef] [PubMed]
67. Sherman, D.R.; Voskuil, M.; Schnappinger, D.; Liao, R.; Harrell, M.I.; Schoolnik, G.K. Regulation of the mycobacterium tuberculosis

hypoxic response gene encoding crystallin. Proc. Natl. Acad. Sci. USA 2001, 98, 7534–7539. [CrossRef] [PubMed]
68. Rustad, T.R.; Sherrid, A.M.; Minch, K.J.; Sherman, D.R. Hypoxia: A window into mycobacterium tuberculosislatency. Cell. Micro-

biol. 2009, 11, 1151–1159. [CrossRef]
69. Selvaraj, S.; Sambandam, V.; Sardar, D.; Anishetty, S. In silico analysis of DosR regulon proteins of mycobacterium tuberculosis.

Gene 2012, 506, 233–241. [CrossRef]
70. Chen, Y.; Cao, S.; Liu, Y.; Zhang, X.; Wang, W.; Li, C. Potential role for Rv2026c and Rv2421c specific antibody responses in

diagnosing active tuberculosis. Clin. Chim. Acta 2018, 487, 369–376. [CrossRef]
71. Jacobs, A.J.; Mongkolsapaya, J.; Screaton, G.; McShane, H.; Wilkinson, R.J. Antibodies and tuberculosis. Tuberculosis 2016, 101,

102–113. [CrossRef]
72. Li, H.; Javid, B. Antibodies and tuberculosis: Finally coming of age? Nat. Rev. Immunol. 2018, 18, 591–596. [CrossRef]
73. Provvedi, R.; Boldrin, F.; Falciani, F.; Palù, G.; Manganelli, R. Global transcriptional response to vancomycin in Mycobacterium

tuberculosis. Microbiology 2009, 155, 1093–1102. [CrossRef]
74. Drumm, J.; Mi, K.; Bilder, P.; Sun, M.; Lim, J.; Bielefeldt-Ohmann, H.; Basaraba, R.; So, M.; Zhu, G.; Tufariello, J.M.; et al.

Mycobacterium tuberculosis Universal Stress Protein Rv2623 regulates bacillary growth by ATP-binding: Requirement for
establishing chronic persistent Infection. PLoS Pathog. 2009, 5, e1000460. [CrossRef]

75. Oberschall, A.; Bourenkov, G.; Strizhov, N.; Bartunik, H. Universal Stress Protein Rv2623 from Mycobacterium Tuberculosis.
Available online: http://hasyweb.desy.de/science/annual_reports/2005_report/part2/contrib/79/14846.pdf (accessed on
5 May 2021).

76. Monahan, I.M.; Betts, J.; Banerjee, D.K.; Butcher, P.D. Differential expression of mycobacterial proteins following phagocytosis by
macrophages. Microbiology 2001, 147, 459–471. [CrossRef] [PubMed]

77. Shi, L.; Jung, Y.-J.; Tyagi, S.; Gennaro, M.L.; North, R.J. Expression of Th1-mediated immunity in mouse lungs induces a
Mycobacterium tuberculosis transcription pattern characteristic of nonreplicating persistence. Proc. Natl. Acad. Sci. USA 2002,
100, 241–246. [CrossRef] [PubMed]

78. Singhal, N.; Sharma, P.; Kumar, M.; Joshi, B.; Bisht, D. Analysis of intracellular expressed proteins of Mycobacterium tuberculosis
clinical isolates. Proteome Sci. 2012, 10, 14. [CrossRef] [PubMed]

http://doi.org/10.1128/JB.00308-06
http://doi.org/10.1128/JB.00600-08
http://www.ncbi.nlm.nih.gov/pubmed/18776018
http://doi.org/10.1016/j.ijmm.2010.08.007
http://doi.org/10.1101/2020.10.03.324806
http://doi.org/10.1016/j.jcf.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15463892
http://doi.org/10.1183/09031936.01.17202950
http://doi.org/10.1038/s41598-018-31556-6
http://doi.org/10.1016/j.ijmm.2004.06.013
http://doi.org/10.1093/infdis/jiy012
http://www.ncbi.nlm.nih.gov/pubmed/29325044
http://doi.org/10.1371/journal.pone.0041329
http://doi.org/10.1016/j.bjid.2014.11.004
http://doi.org/10.1038/nature08160
http://www.ncbi.nlm.nih.gov/pubmed/19606141
http://doi.org/10.1645/0022-3395(2001)087[0292:KOSMSB]2.0.CO;2
http://doi.org/10.1016/j.tube.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20933470
http://doi.org/10.1038/507S4a
http://www.ncbi.nlm.nih.gov/pubmed/24611168
http://doi.org/10.1016/j.tube.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25458613
http://doi.org/10.1073/pnas.121172498
http://www.ncbi.nlm.nih.gov/pubmed/11416222
http://doi.org/10.1111/j.1462-5822.2009.01325.x
http://doi.org/10.1016/j.gene.2012.06.033
http://doi.org/10.1016/j.cca.2018.09.008
http://doi.org/10.1016/j.tube.2016.08.001
http://doi.org/10.1038/s41577-018-0028-0
http://doi.org/10.1099/mic.0.024802-0
http://doi.org/10.1371/annotation/2b1a4b06-9558-448b-a8e8-5e2d407816a0
http://hasyweb.desy.de/science/annual_reports/2005_report/part2/contrib/79/14846.pdf
http://doi.org/10.1099/00221287-147-2-459
http://www.ncbi.nlm.nih.gov/pubmed/11158363
http://doi.org/10.1073/pnas.0136863100
http://www.ncbi.nlm.nih.gov/pubmed/12506197
http://doi.org/10.1186/1477-5956-10-14
http://www.ncbi.nlm.nih.gov/pubmed/22375954


Int. J. Mol. Sci. 2021, 22, 10878 20 of 21

79. Glass, L.N.; Swapna, G.; Chavadi, S.S.; Tufariello, J.M.; Mi, K.; Drumm, J.E.; Lam, T.T.; Zhu, G.; Zhan, C.; Vilchéze, C.; et al.
Mycobacterium tuberculosis Universal Stress Protein Rv2623 interacts with the putative ATP binding cassette (ABC) transporter
Rv1747 to regulate mycobacterial growth. PLoS Pathog. 2017, 13, e1006515. [CrossRef] [PubMed]

80. Gopinath, V.; Raghunandanan, S.; Gomez, R.L.; Jose, L.; Surendran, A.; Ramachandran, R.; Pushparajan, A.R.; Mundayoor, S.;
Jaleel, A.; Kumar, R.A. Profiling the proteome of mycobacterium tuberculosis during dormancy and reactivation. Mol. Cell.
Proteom. 2015, 14, 2160–2176. [CrossRef] [PubMed]

81. Sharma, D.; Lata, M.; Faheem, M.; Khan, A.U.; Joshi, B.; Venkatesan, K.; Shukla, S.; Bisht, D. Role of M. tuberculosis protein
Rv2005c in the aminoglycosides resistance. Microb. Pathog. 2019, 132, 150–155. [CrossRef] [PubMed]

82. Blackburn, J.M.; Soares, N.C. Associating H2O2-and NO-related changes in the proteome of Mycobacterium smegmatis with
enhanced survival in macrophage. Emerg. Microbes Infect. 2018, 7, 1–17. [CrossRef]

83. Anderson, C.; Kendall, M.M. Salmonella enterica Serovar Typhimurium strategies for host adaptation. Front. Microbiol. 2017, 8,
1983. [CrossRef]

84. Dong, N.; Li, Y.; Zhao, J.; Ma, H.; Wang, J.; Liang, B.; Du, X.; Wu, F.; Xia, S.; Yang, X.; et al. The phenotypic and molecular
characteristics of antimicrobial resistance of Salmonella enterica subsp. enterica Serovar Typhimurium in Henan Province, China.
BMC Infect. Dis. 2020, 20, 511. [CrossRef]

85. Hermans, A.P.H.M. Stress Response and Virulence in Salmonella Typhimurium: A Genomics Approach. Ph.D. Thesis, Wageningen
University and Research Staff, Wageningen, The Netherlands, 2007. Available online: https://library.wur.nl/WebQuery/
wurpubs/fulltext/121871 (accessed on 25 March 2021).

86. Kikuchi, Y.; Ohara, N.; Sato, K.; Yoshimura, M.; Yukitake, H.; Sakai, E.; Shoji, M.; Naito, M.; Nakayama, K. Novel stationary-
phase-upregulated protein of Porphyromonas gingivalis influences production of superoxide dismutase, thiol peroxidase and
thioredoxin. Microbiology 2005, 151, 841–853. [CrossRef]

87. Capestany, C.A.; Tribble, G.D.; Maeda, K.; Demuth, D.R.; Lamont, R.J. Role of the Clp system in stress tolerance, biofilm formation,
and intracellular invasion in Porphyromonas gingivalis. J. Bacteriol. 2008, 190, 1436–1446. [CrossRef]

88. Chopra, A.; Bhat, S.G.; Sivaraman, K. Porphyromonas gingivalis adopts intricate and unique molecular mechanisms to survive
and persist within the host: A critical update. J. Oral Microbiol. 2020, 12, 1090. [CrossRef]

89. Chen, W.; Homma, K.; Sharma, A.; Kuramitsu, H.K. A Universal Stress Protein of Porphyromonas gingivalisis involved in stress
responses and biofilm formation. FEMS Microbiol. Lett. 2006, 264, 15–21. [CrossRef]

90. Henry, L.G.; Boutrin, M.-C.; Aruni, A.W.; Robles, A.; Ximinies, A.; Fletcher, H.M. Life in a diverse oral community—Strategies for
oxidative stress survival. J. Oral Biosci. 2014, 56, 63–71. [CrossRef]

91. Henry, L.G.; McKenzie, R.M.; Robles, A.; Fletcher, H.M. Oxidative stress resistance in Porphyromonas gingivalis. Futur. Microbiol.
2012, 7, 497–512. [CrossRef] [PubMed]

92. Boutrin, M.-C.; Wang, C.; Aruni, W.; Li, X.; Fletcher, H.M. Nitric oxide stress resistance in Porphyromonas gingivalis is mediated by
a putative hydroxylamine reductase. J. Bacteriol. 2012, 194, 1582–1592. [CrossRef]

93. Lewis, J.P.; Iyer, D.; Anaya-Bergman, C. Adaptation of Porphyromonas gingivalis to microaerophilic conditions involves increased
consumption of formate and reduced utilization of lactate. Microbiology 2009, 155, 3758–3774. [CrossRef] [PubMed]

94. Myles, I.; Datta, S.K. Staphylococcus aureus: An introduction. Semin. Immunopathol. 2012, 34, 181–184. [CrossRef]
95. Naber, C.K. Staphylococcus aureus bacteremia: Epidemiology, pathophysiology, and management strategies. Clin. Infect. Dis. 2009,

48, S231–S237. [CrossRef]
96. Stark, L. Staphylococcus aureus: Aspects of Pathogenesis and Molecular Epidemiology. Ph.D. Thesis, Linköping Univer-

sity, Linköping, Sweden, 2013. Available online: http://www.diva-portal.org/smash/get/diva2:647005/FULLTEXT01.pdf
(accessed on 12 April 2021).

97. Cheng, A.G.; DeDent, A.C.; Schneewind, O.; Missiakas, D. A play in four acts: Staphylococcus aureus abscess formation. Trends
Microbiol. 2011, 19, 225–232. [CrossRef]

98. Attia, A.S.; Cassat, J.E.; Aranmolate, S.O.; Zimmerman, L.J.; Boyd, K.L.; Skaar, E.P. Analysis of the Staphylococcus aureus abscess
proteome identifies antimicrobial host proteins and bacterial stress responses at the host-pathogen interface. Pathog. Dis. 2013, 69,
36–48. [CrossRef]

99. Kylväjä, R.; Kankainen, M.; Holm, L.; Westerlund-Wikström, B. Adhesive polypeptides of Staphylococcus aureus identified using a
novel secretion library technique in Escherichia coli. BMC Microbiol. 2011, 11, 117. [CrossRef]

100. Smith, A.; McCann, M.; Kavanagh, K. Proteomic analysis of the proteins released from Staphylococcus aureus following exposure
to Ag(I). Toxicol. Vitr. 2013, 27, 1644–1648. [CrossRef]

101. Peleg, A.Y.; Seifert, H.; Paterson, D.L. Acinetobacter baumannii: Emergence of a successful pathogen. Clin. Microbiol. Rev. 2008, 21,
538–582. [CrossRef]

102. Howard, A.; O’Donoghue, M.; Feeney, A.; Sleator, R.D. Acinetobacter baumannii. Virulence 2012, 3, 243–250. [CrossRef] [PubMed]
103. Farber, J.; Peterkin, P. Listeria monocytogenes, a food-borne pathogen. Microbiol. Rev. 1991, 55, 476–511. [CrossRef] [PubMed]
104. Gomes, C.S.; Izar, B.; Pazan, F.; Mohamed, W.; Abu Mraheil, M.; Mukherjee, K.; Billion, A.; Aharonowitz, Y.; Chakraborty, T.;

Hain, T. Universal Stress Proteins are important for oxidative and acid stress resistance and growth of Listeria monocytogenes
EGD-e in vitro and in vivo. PLoS ONE 2011, 6, e24965. [CrossRef]

http://doi.org/10.1371/journal.ppat.1006515
http://www.ncbi.nlm.nih.gov/pubmed/28753640
http://doi.org/10.1074/mcp.M115.051151
http://www.ncbi.nlm.nih.gov/pubmed/26025969
http://doi.org/10.1016/j.micpath.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31059757
http://doi.org/10.1038/s41426-018-0210-2
http://doi.org/10.3389/fmicb.2017.01983
http://doi.org/10.1186/s12879-020-05203-3
https://library.wur.nl/WebQuery/wurpubs/fulltext/121871
https://library.wur.nl/WebQuery/wurpubs/fulltext/121871
http://doi.org/10.1099/mic.0.27589-0
http://doi.org/10.1128/JB.01632-07
http://doi.org/10.1080/20002297.2020.1801090
http://doi.org/10.1111/j.1574-6968.2006.00426.x
http://doi.org/10.1016/j.job.2014.03.001
http://doi.org/10.2217/fmb.12.17
http://www.ncbi.nlm.nih.gov/pubmed/22439726
http://doi.org/10.1128/JB.06457-11
http://doi.org/10.1099/mic.0.027953-0
http://www.ncbi.nlm.nih.gov/pubmed/19684063
http://doi.org/10.1007/s00281-011-0301-9
http://doi.org/10.1086/598189
http://www.diva-portal.org/smash/get/diva2:647005/FULLTEXT01.pdf
http://doi.org/10.1016/j.tim.2011.01.007
http://doi.org/10.1111/2049-632x.12063
http://doi.org/10.1186/1471-2180-11-117
http://doi.org/10.1016/j.tiv.2013.04.007
http://doi.org/10.1128/CMR.00058-07
http://doi.org/10.4161/viru.19700
http://www.ncbi.nlm.nih.gov/pubmed/22546906
http://doi.org/10.1128/mr.55.3.476-511.1991
http://www.ncbi.nlm.nih.gov/pubmed/1943998
http://doi.org/10.1371/journal.pone.0024965


Int. J. Mol. Sci. 2021, 22, 10878 21 of 21

105. Wemekamp-Kamphuis, H.H.; Wouters, J.A.; de Leeuw, P.P.L.A.; Hain, T.; Chakraborty, T.; Abee, T. Identification of sigma factor
σ b-controlled genes and their impact on acid stress, high hydrostatic pressure, and freeze survival in listeria monocytogenes
EGD-e. Appl. Environ. Microbiol. 2004, 70, 3457–3466. [CrossRef] [PubMed]

106. Hain, T.; Hossain, H.; Chatterjee, S.S.; Machata, S.; Volk, U.; Wagner, S.; Brors, B.; Haas, S.; Kuenne, C.T.; Billion, A.; et al. Temporal
transcriptomic analysis of the Listeria monocytogenes EGD-e σB regulon. BMC Microbiol. 2008, 8, 20. [CrossRef] [PubMed]

107. Grant, S.S.; Hung, D.T. Persistent bacterial infections, antibiotic tolerance, and the oxidative stress response. Virulence 2013, 4,
273–283. [CrossRef] [PubMed]

108. Mali, S.; Mitchell, M.; Havis, S.; Bodunrin, A.; Rangel, J.; Olson, G.; Widger, W.R.; Bark, S.J. A proteomic signature of dormancy in
the actinobacterium Micrococcus luteus. J. Bacteriol. 2017, 199, e00206. [CrossRef]

109. Havis, S.; Rangel, J.; Mali, S.; Bodunrin, A.; Housammy, Z.; Zimmerer, R.; Murphy, J.; Widger, W.R.; Bark, S.J. A color-based
competition assay for studying bacterial stress responses in Micrococcus luteus. FEMS Microbiol. Lett. 2019, 366, fnz054. [CrossRef]

http://doi.org/10.1128/AEM.70.6.3457-3466.2004
http://www.ncbi.nlm.nih.gov/pubmed/15184144
http://doi.org/10.1186/1471-2180-8-20
http://www.ncbi.nlm.nih.gov/pubmed/18226246
http://doi.org/10.4161/viru.23987
http://www.ncbi.nlm.nih.gov/pubmed/23563389
http://doi.org/10.1128/JB.00206-17
http://doi.org/10.1093/femsle/fnz054

	Introduction 
	Structure of the USP Family 
	USPs in Cystic Fibrosis 
	USPs in Schistosomiasis 
	USPs of Pathogenic Bacteria 
	Tuberculosis 
	Salmonella 
	Porphyromonas gingivalis 
	Staphylococcus aureus 
	Usps of Other Pathogenic Bacteria 

	Conclusions 
	References

