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Abstract

Antibiotic resistance has emerged as a serious threat to global public health in recent years. Lack
of novel antimicrobials, especially new classes of compounds, further aggravates the situation. For
Gram-negative bacteria, their double layered cell envelope and an array of efflux pumps act as
formidable barriers for antimicrobials to penetrate. While cytoplasmic targets are hard to reach,
proteins in the periplasm are clearly more accessible, as the drug only need to breach the outer
membrane. In this review, we discuss recent efforts on the validation and testing of periplasmic
proteins as potential antimicrobial targets and the development of related inhibitors that either
inhibit the growth of a bacterial pathogen or reduce its virulence during interaction with host cells.
We conclude that the periplasm contains a promising pool of novel antimicrobial targets that
should be scrutinized more closely for the development of effective treatment against multidrug-
resistant Gram-negative bacteria.
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1. ANTIMICROBIAL RESISTANCE AND THE PERMEATION BARRIER IN
GRAM-NEGATIVE BACTERIA

Multidrug resistance (MDR) in bacteria has become a major global health challenge. The
United Nation’s Interagency Coordination Group Report indicates that approximately 700
000 people lose their lives worldwide each year because of infections caused by multidrug
resistant bacteria, and it further predicts that this number could reach a staggering 10 million
deaths per year by the year 2050.1 The development of new classes of effective
antimicrobials is an urgent need. The availability of antimicrobials has made modern
medicine possible, since the discovery of penicillin and its antibacterial properties by
Alexander Fleming in 1928.2:3 Immediately after the discovery, Fleming warned the world
about the possibility of the development of bacterial resistance to the drug if it was not used
properly.2 Antimicrobial development underwent rapid growth in the 1940s through 1960s,
when most of the currently used antimicrobials were marketed. However, following this
period, very few new classes of antimicrobials have been developed, despite efforts from
many researchers.* Because the pace of antimicrobial development is not keeping up with
the fast development of resistance among bacterial pathogens, resistant bacteria have been
identified for all currently available antimicrobials. Drug resistance is normally observed
only a few years after the introduction of an antimicrobial into market.3> We are facing the
challenges of a rapidly growing list of drug resistant pathogens coupled with a dwindling
supply of effective antimicrobials. Initially coined by Louis B. Rice and later recognized by
WHO, the “ESKAPE pathogens”, which include Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp, are a group of deadly bacterial pathogens with rapidly growing multidrug
resistant properties.®” These bugs were chosen based on the rate of infection, mortality,
occurrence of resistance, and availability of treatment options.8 Four out of the six pathogens
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are Gram-negative bacteria. In addition, in 2017 WHO published a list of 12 pathogens
categorized in critical, high, and medium crisis. The critical category contains three bacteria,
all of which are Gram-negative. Altogether nine out of the 12 pathogens are Gram-negative.®

The differentiation of the Gram-negative and Gram-positive bacteria started with the
development of a staining technique in 1884, later modified by Hucker in 1921 to classify
bacteria into two groups.10 This classification basically differentiates bacteria according to
their cell envelope structure. Gram-positive bacteria have a very thick peptidoglycan cell
wall on the outside of a plasma membrane, whereas Gram-negative bacteria have a thin
peptidoglycan layer between an outer membrane (OM) and an inner membrane (IM).
Development of effective antimicrobials against Gram-negative bacteria is especially
difficult due to its cell envelope structure.

The structure of the Gram-negative bacterial cell envelope is illustrated in Figure 1. The first
clear picture of this double membrane structure emerged with the development of electron
microscopy during the 1950s and 1960s, which revealed three different layers in the Gram-
negative bacterial cell envelope, an OM, an IM, and a peptidoglycan layer between them.11
The OM is an asymmetric lipid bilayer comprising phospholipids in the inner leaflet and
glycolipids called lipopolysaccharides (LPSs) in the outer leaflet.1112 |_PSs are composed of
lipid A, a nonrepeating chain of core oligosaccharides extending to the cell surface, and a
polysaccharide called O-antigen on the top.12:13 Lipid A is found to be relatively conserved
among bacteria, whereas the core oligosaccharides are variable between different bacterial
species. Similarly, the O-antigen is much more variable and can be largely different even
among different strains of the same bacteria.12 The LPS is a major contributor to the toxic
and lethal effects in different host organisms.12 Apart from LPS and phospholipid, the OM is
also composed of a large number of proteins. Most of the proteins present in the OM can be
broadly classified into lipoproteins and g-barrel proteins.11 g-Barrel proteins are mainly
responsible for the passage of various molecules across the OM. These could be essential
nutrients, harmful antimicrobials, secreted virulence factors, or surface proteins.
Lipoproteins, however, are thought to be responsible for a large variety of functions
including biogenesis of other surface structures, maintenance of OM integrity, signal
transduction, cell wall metabolism, conjugation, substrate transport, and efflux.11:14.15 Apart
from the IM and OM, peptidoglycan cell wall serves as an important component of the cell
envelope. It consists of a complex scaffold structure made up of carbohydrate strands cross-
linked by short pentapeptides to provide mechanical strength to the cell envelope.16

The double-layered cell envelope of Gram-negative bacteria presents a formidable barrier for
the entry of antimicrobials.1”18 The LPS outer leaflet and phospholipid inner leaflet of the
OM effectively block most hydrophobic and large hydrophilic molecules. Porins enable the
entrance of only selected small hydrophilic molecules across the OM. The inner cytoplasmic
membrane is hydrophobic in nature and lacks porin-like channels, hindering the entry of
hydrophilic compounds but not hydrophobic or amphiphilic compounds.18-20 This
“orthogonal selectivity” has been proposed to be responsible for the difficulty in penetration
into Gram-negative bacteria. However, Richter and Hergenrother recently reported that intact
cells and protoplasts accumulated their test compounds similarly, arguing against the
“orthogonal selectivity” mechanism of impermeability.1721 The presence of multidrug
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efflux pumps in the inner membrane help the bacteria to efflux out the compounds that were
able to penetrate the outer membrane.2%-22 Krishnamoorthy et al. reported that there is a
synergistic relationship between the OM barrier and active efflux in Gram-negative bacteria.
22 Cooper et al. suggested that the OM impermeability and active efflux across the IM are
the two major contributors to the Gram-negative cell envelope as a penetration barrier.23
Even though several novel compounds have been found to inhibit various cellular targets /n
vitro, they could not be developed into lead compounds for antimicrobial development
because of their poor bacterial penetration.1924 While cytosolic targets are difficult to access
in Gram-negative bacteria, an alternative strategy is to avoid the problem by disrupting
targets in the periplasm.

2. TARGETING PERIPLASMIC PROTEINS

The volume of the periplasmic space ranges from 7% to up to 40% in Gram-negative
bacteria, according to different studies.2>-28 The periplasm is now recognized as a viscous
and gel-like space due to the presence of a large number of proteins and unpolymerized
peptidoglycan.29:30 The periplasm is highly rich in various proteins including oxidases,
nucleases, proteases, and transport machineries. All enzymes in the periplasm are ATP-
independent, due to the lack of ATP in this cellular compartment. Proteomic analysis of
bacteria revealed that the periplasm contains up to 30% of total cellular proteins.3!

Miller et al. reviewed various functions of the periplasm and listed protein transport, protein
folding, oxidation and quality control of membrane and secreted proteins, integrity of cell
envelope, maintenance of Donnan potential, nutrient uptake, essential for cell division,
electron transport, and assembly of locomotion machinery.28 Some components are essential
for the survival of bacteria, while others responsible for maintaining bacterial virulence and
communication.32-34 These periplasmic proteins could be potential antimicrobial targets.

A good example is the peptidoglycan synthesis and cross-linking pathway. The well-known
penicillin and the entire family of S-lactams are among the most successful class of
antimicrobials targeting this pathway in the periplasm. The biogenesis of OM proteins is
another example. Inhibiting the proper folding of OM proteins and virulence factors in the
periplasm severely compromises the OM integrity and reduces bacterial virulence.32:34.35
Dickey et al.36 summarized the benefits of using antivirulence agents in a recent review.
First, antivirulence agents are less likely to develop evolutionary resistance as they do not
affect the normal cellular growth. This could be the greatest advantage. Since they only
affect the pathogenicity, normal commensals should not be affected by the treatment, which
helps in preserving the beneficial body microbiome. Antivirulence compounds could be used
as synergistic compounds in combination with otherwise ineffective antibiotics.3% However,
the antivirulence agents have their own problems as well. Although considered less likely to
develop resistance, for some targets such as the quorum sensing mechanism, resistance has
been shown to develop readily by mechanisms such as mutations with increased efflux.37-40
They might be less effective and need to be used in combination with other therapeutics in
treatment. Another concern is that since they do not act to eliminate the bacteria,
reoccurrence of the infection could be very likely.3¢ Safety concerns and adverse side effects
are other factors hindering these compounds from going into clinical trials.*1 However,
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Allen et al. suggested that while bacteria could develop resistance against antivirulence
reagents, selection for resistance can be reduced or even reversed with appropriate
combinations of target and treatment environment.*2 Despite of these concerns, several
antivirulence therapies have been approved by the FDA for bacteria that cause acute toxin-
mediated diseases including Clostridium botulinum, Bacillus anthracis, and Clostridium

difficile, and there are candidates in clinical trials for a few other Gram-negative pathogens.
36

Other than inhibiting bacterial growth and reducing virulence, another strategy is to reduce
the intrinsic resistance of pathogens to antimicrobials. Efflux is a major mechanism of
multidrug resistance in Gram-negative bacteria. Targeting the periplasmic component of
efflux pumps has been shown to sensitize the pathogen to various antimicrobials.*3 Below
we discuss recent progress in the validation of and inhibitor development for specific
periplasmic proteins as targets for antimicrobials.

3. RECENTLY EXPLOITED PERIPLASMIC ANTIMICROBIAL TARGETS

3.1. AcrA.

With the goal of finding an effective and novel target in the periplasm of Gram-negative
bacteria, many studies have been reported in recent years.** In this review, we focus on
studies in the development of new antivirulence agents or antibiotic adjuvants by exploiting
the periplasmic targets in Gram-negative bacteria as summarized in Table 1.

Acriflavine resistance protein A (AcrA) is the periplasmic component#® of the major
multidrug efflux system AcrAB-TolC, which also consists of the IM protein acriflavine
resistance B (AcrB)*6 and OM protein channel TolC.4"48 AcrAB-TolC work together to
transport a broad range of compounds, including dyes, detergents, and antimicrobials, out of
the Gram-negative bacterial cells into the external environment, thereby contributing to
intrinsic antibiotic resistance.49%0 Serving as a bridge between AcrB and TolC, AcrA is
structurally flexible and forms a hexameric ring once the AcrAB-TolC pump assembles®:52
(Figure 2a). Knowledge of the structure and function of AcrA enabled the discovery of
inhibitors that can potentiate antimicrobial activities,53-55

3.1.1. Structure of AcrA.—AcrA is arranged linearly into four domains, the a-helical
hairpin, lipoyl, Bbarrel, and membrane proximal (MP) domains (Figure 2b)*6:56-58
According to cross-linking and mutagenesis studies and more recently cryo-EM imaging of
the assembled complex, while the a-helical hairpin domain interacts with TolC, the other
domains interact with AcrB.5%-63 The flexibility of the a-helical hairpin can be attributed to
the hinge region that connects it to the lipoyl domain.>8 The Bbarrel domain is known to be
involved in binding to ligand with a change in conformation that affects the MP domain.54

AcrA assembles as a trimer of dimers and brings in close-proximity the OM and IM proteins
when the AcrAB-TolC complex forms.5% The first 24 amino acid residues of AcrA comprise
the signal peptide,*’ which is removed by signal peptidase after transportation of AcrA to
the periplasm.®6 The subsequent lipid acylation at Cys25 attaches AcrA to the outer leaflet
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of the IM.57 Studies have revealed that the function of AcrA does not depend on membrane
anchoring though.>8

AcrA couples the process of transport between the IM and the OM.52 When any of the
components of AcrAB-TolC is inactivated, the function of the pump is annulled, thus
making the bacteria sensitive to many antimicrobials.58

3.1.2. AcrA Is Important for Multidrug Resistance.—Disruption of the acrA gene
in £. colileads to hypersensitivity to antimicrobials, dyes, and detergents.5970 Blair et al.
showed that inactivation of AcrA alone in Salmonella typhimurium inactivates the efflux
pump, making the bacteria highly susceptible to several compounds including ampicillin,
nalixidic acid, chloramphenicol, tetracycline, triclosan, acriflavine, fusidic acid,
ciprofloxacin, ethidium bromide, bile, SDS, and Triton.’? Accumulation of the fluorescent
dye Hoechst H33342 in the AcrA mutant strain was 2-fold higher than in the corresponding
AcrB and TolC mutant strains. This implies that AcrA is pivotal for the efficient functioning
of the AcrAB-TolC pump.

Furthermore, Ge et al. found that the multidrug efflux activity of AcrAB-TolC in £. coliwas
impaired by a single AcrA G363C substitution.”2 In a more recent study, Hazel et al.5
explored the conformational dynamics of AcrA. Through simulation studies, two
conformational basins were identified: a trans-like conformation where the MP and a-
helical domains of AcrA pointed in opposite directions and a cis-like conformation where
they pointed in the same direction. Double cysteine mutations were introduced into AcrA to
promote the cis-like conformation, which was not compatible with pump assembly. As
expected, drug efflux was compromised in the mutant.5>

3.1.3. Inhibitors of AcrA and Their Effects on Drug Resistance.—Efflux pump
inhibitors (EPIs) that target AcrB have been the focus of many studies.>3.75-77 These
inhibitors include DA-13-1809, MC207110 (PASN), and MBX2319, but clinical trials of
these inhibitors have been hampered by a variety of factors,223.77-79 including the
structural complexity of the RND pump, the difficulty in tailoring the pharmacokinetics of
the EPI to those of antibiotics to ensure efficacy, and the potential cytotoxicity of the EPI.
53.75 By diversifying the chemistries and mechanisms of action, the chance of obtaining
clinically useful EPIs could be greatly increased.

A combination of computational and experimental methods was used by Abdali et al. to find
compounds that can potentiate the activities of antimicrobials through inhibiting the activity
of AcrA.52 A computational method called “ensemble docking” was used to rank
compounds by their ability to bind to AcrA. Top scorers were then analyzed for drug
potentiation experimentally and their mechanisms of action were determined.52 EPIs were
identified as compounds that potentiated the activity of novobiocin in a strain with an active
AcrAB-TolC efflux but not in the corresponding Azo/C strain.

After the experimental screens, computational docking, and identification of AcrA binders,
seven compounds were found to bind at the hinge region or the membrane proximal sites or
both. Among them NSC 60339, NSC 227186, NSC 33353, and NSC 305798 were in the top
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5% among all hits from computational prediction, and they were able to potentiate the
activity of novobiocin (Figure S1). The MPC4 (minimal potentiation concentration at which
the inhibitory activity of an antibiotic is potentiated 4-fold) values of these four compounds
for novobiocin were 25, 6.25, 1.56, and 12.5 zM, respectively. NSC 227186, also known as
clorobiocin, is structurally similar as novobiocin and binds to AcrA. NSC 60339 (SLU-258)
led to conformational changes in AcrA upon binding as revealed from limited proteolysis
studies.80 Several SLU-258 analogs were then synthesized and characterized, including
SLU-417 and SLU-225 (Figure S2).5* While the MPC4 values of the analogs were not
drastically improved compared to SLU-258, they showed favorable properties as potential
EPIs including increased outer membrane permeability and being less prone to efflux.>*
Computational modeling was coupled with experimental measurement of tryptophan
fluorescence to locate the binding sites of clorobiocin and SLU-258 to the interface between
the lipoyl and B-barrel domains.80

More recently, Green et al. identified a new set of EPIs through exploring existing
physicochemical guidelines for permeability of OM and efflux in £. coli, together with
potentiation and binding assays using bacteria strains whose permeability barriers could be
modulated or controlled.81 They used the ZINC database and filtered the compounds based
on the properties matching existing EPIs and performed a docking experiment to find AcrA
binders. Based on the docking scores, they purchased 34 commercially available predicted
binders and searched for potential EPIs. Six molecules, 24123034, 36287038, 56871955,
58997260, 65071797, and 98577577 (Figure S3) with a shared scaffold were determined to
potentiate the antibiotic activity of novobiocin and erythromycin up to 16-fold at 50 £M in
hyperporinated £. coli cells. But in wild-type E£. coli cells, the MPC4 values increased to
100-200 1M suggesting that these EPIs did not penetrate the £. co/i OM readily. Notably,
these molecules could potentiate the activity of antimicrobials in wild-type strains of
Acinetobacter baumannii with MPC4 of 25-100 /M (novobiocin) and 50-200 M
(erythromycin). They also potentiate these two drugs in Klebsiella pneumoniae at
concentrations of 100-200 xM. The binding of these EPIs to £. coli AcrA was confirmed
using surface plasmon resonance (SPR) measurements.

3.2. Disulfide Bond Forming Protein (DsbA).

DsbA belongs to the family of disulfide bond forming (Dsb) proteins in bacteria. It is a
periplasmic protein involved in catalyzing disulfide bond formation during the folding of
secreted proteins.32:82:83 Apart from acting as a thiol oxidoreductase, it also plays a role in
maintaining the redox potential in the periplasm.32 DsbA catalyzes the oxidation of two thiol
groups in its substrate protein to form a disulfide bond, while the disulfide bond in itself is
reduced into two free Cys. A partner protein DsbB subsequently oxidizes DsbA back into its
original form (Figure 3a). The active site of DsbA consists the signature CXXC sequence,
similar to other thiol-disulfide oxidoreductase enzymes.83:84 Apart from the DsbA/DsbhB
system, there are other Dsb proteins including DsbC and DsbG that correct disulfide bonds
formed by mistake. The isomerization of incorrectly folded substrate to form correct
disulfide bonds is catalyzed by DsbC/DsbG, which are maintained in the reduced form by
cytoplasmic membrane protein DsbD.83 Among all these disulfide bond forming proteins,
DsbA is the most common one whereas other Dsb proteins are not as widespread.83.85-87
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3.2.1. DsbA Is Essential for Bacterial Virulence.—BYy definition, virulence factors
are molecules that play important roles during infection by assisting bacterial invasion into
the host, attach to host cells, escape through host defense mechanisms, and also sometimes
act as toxins.89 Since many virulence factors are secreted out of the cell, DsbA is responsible
for the proper folding of ones containing disulfide bonds, such as in pertussis toxin, cholera
toxin, and heat labile £. colitoxin.83:90.91 |n addition, DsbA is responsible for the proper
folding of the secretory machineries such as the type 111 secretion system, which is
responsible for secreting effector proteins for virulence.82 Therefore, DsbA has been
explored as a potential target for the reduction of bacterial virulence. DsbA has been found
to be essential for virulence of a wide range of bacteria including E. coli, Pseudomonas,
Shigella, Burkholderia, Salmonella, and Vibrio cholerae.32.8592-95

Initial studies showed that mutations in DsbA caused improper folding of proteins such as
alkaline phosphatases, g-lactamases, and OmpA. It was shown that in the absence of DsbA,
these proteins were secreted without disulfide bonds.82 In the absence of DsbA, alkaline
phosphatase activity was reduced by approximately 60% and a nonmotile phenotype was
observed in £. coli®3 Since DsbA and DsbB are involved in the formation of different toxins
such as cholera toxin and heat stable toxin of £. coli, secretion systems, pili, adhesins, and
motility machineries, defects in the DsbA/DsbB system cause the bacteria to lose those
virulence factors.32:83.92 Apart from virulence, DsbA has been observed to play a role in
biofilm formation in £. coli, as deletion of the dsbA gene leads to defective biofilm
formation, presumably due to the loss in surface attachment machinery.3 Ha et al.32 in 2003
conducted a study in Pseudomonas aeruginosa where they created a transposon-based
insertion library and identified cells that were noninfective toward HelLa cells. They found
that the loss in pathogenesis was mainly caused by the loss of DsbA protein, which
subsequently led to the loss of the type 111 secretion system, cell adhesion, and twitching
motility due to low levels of pili expression. Upon expression of plasmid encoded DsbA, all
lost functions in the mutant strains were fully restored. Hence, they concluded that DsbA is a
good target for the development of anti-infective therapeutics.32 Similar studies in
enteropathogenic £. colialso demonstrated that the type 111 secretion system became
defective without DshA.%6

Ireland et al. in 2014 studied the role of DsbA in Burkholderia pseudomallei and observed
that its deletion led to reduced virulence of this bacteria in macrophages and a mouse
infection model.8 In the mouse model, infection with a dsbA deletion strain did not result in
death, but the presence of bacteria could still be observed in organs, suggesting the loss of
virulence. Similar studies in Burkholderia cepacia have also revealed that DsbA was
involved in the virulence and resistance against antimicrobials and heavy metals.%”

3.2.2. Inhibitors of DsbA.—DsbA has been pursued as an antivirulence target by
several research groups including those of Jennifer L. Martin, Begona Heras, and Martin J
Scanlon.84:85.98-101 |n 2015, four important studies were published on the search for DsbA
inhibitors. Duprez et al. showed that short peptide can be used to inhibit the function of
DsbA.99 They analyzed the binding of DsbB to DsbA and designed the peptides to be
similar to the DsbB P2 loop, which binds into a hydrophobic groove of DsbA (Figure 3b). A
nonapeptide, IPSPFATCDF?, was found to bind DsbA with a stoichiometry of 1:1 and
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dissociation constant, Ky of 4 4M. The peptide sequence was further optimized, and
IPSPWATCDF® was found to have a Ky of ~2.9 £M and ICsq of ~5.1 4M. A reversible
binding mechanism was proposed in which the Cys-containing peptide catalyzed the
oxidation of DsbA. In conclusion, the study indicates that Cys-containing short peptides
derived from the DsbB P2 loop could bind to DsbA and inhibit its activity.%°

Duprez et al. published another study in the same year on the development of
peptidomimetic DsbA inhibitors that inhibited noncovalently.192 Computer modeling was
used to design peptidomimetic molecules that bound DsbA in the hydrophobic groove.
Peptidomimetic compound 1 was chosen as the best hit, and nine derivatives were then
synthesized and tested experimentally for their affinity and inhibition of DsbA. The
peptidomimetic compound 1 contained a tryptophan residue with a morpholine group at the
C-terminus and a benzyl group at the N-terminus (Figure S4). This compound was selected
as a good therapeutic candidate because it possessed drug-like properties such as a clogP
value of 2.6, with six rotatable bonds, three each of hydrogen bond donors and acceptors, a
molecular weight of 406 Da, and being neutral at physiological pH. Compounds 1-10 did
not bind DsbA significantly as determined using differential scanning fluorimetry and
isothermal calorimetry. However, compound 10 (Figure S6) showed inhibition of DsbA in an
enzyme assay with an ICg of 1.1 mM, which was approximately 200-fold higher than that
of the peptide inhibitors. The low effectiveness of these peptidomimetic compounds has
been attributed to the weak and reversible binding in the hydrophobic groove. These are
valuable proof-of-principle studies, advocating for further development of peptidomimetic
DsbA inhibitors.102

Adams et al. did a fragment-based screening to search for inhibitors for £. coli DsbA. Their
inhibitors were derivatives of the phenylthiazole class of compounds.®® Through measuring
the chemical shift perturbations (CSP) in NMR, they identified 37 compounds that bound to
DsbA in the hydrophobic groove. Derivatives of the most promising hits, the
phenylthiazoles, were synthesized and characterized (compound 4, Figure S5). Various
amino acid derivatives of compound 4 were then synthesized and characterized. Aromatic
amino acid substitution led to an increase of affinity to DsbA as showed in compounds 39
and 40 (Figure S5). Short polar amino acid substituents also improved the binding
(compound 41 and 42, Figure S5), whereas affinity was lost with lysine substitution.
Compound 40 was cocrystallized with DsbA, and it formed hydrogen bonds with His32 and
GIn164 of DsbA. Compound 40 was then used to study whether the presence of the inhibitor
affected bacterial motility. At a concentration of 600 M, compound 40 reduced the motility
by 59%, as determined by observation of swarming in agar plates.%8 This observation was
consistent with DsbA’s role in the secretion of proteins related to motility.%8 A few years
later, Totsika et al.101 studied the inhibitory activity of structurally similar phenylthiophene
and phenoxy phenyl derivatives (Figure S6) toward different homologues of £. coli DsbA,
DsbL, and SrgA in different uropathogenic £. colistrains as well as in Salmonella
typhimurium. They observed that the motility of these bacteria was inhibited, while the
growth was normal. Binding studies revealed that these inhibitors bind in the hydrophobic
grooves of the enzymes, similar as their binding site in £. coli DsbA. Hence, they
demonstrated that these inhibitors can be used in structurally diverse homologues of DsbA
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in pathogenic E. coliand Salmonellaand paved a path forward to develop DsbA inhibitors
for different pathogenic bacteria.

Halili et al. reported that synthetic analogs of ubiquinone, a cofactor of DsbB, inhibit
disulfide bond formation in £. coli cells through targeting the DsbA/DsbB enzyme complex.
100 A series of ubiquinone derivatives were synthesized and characterized, with 1Csq ranging
from 1.1 to 43 xM. The most potent compounds were identified as compound 8 and
compound 19 (Figure S7). Interestingly, the inhibitors were found to covalently modify
Cys33 of DsbA, inhibiting its function with an ICgq of 0.8 ¢M for compound 19. NMR
studies revealed that compound 19 bound covalently to reduced DsbA but noncovalently to
the oxidized DsbA in the hydrophobic groove near the active site. Compound 19 was found
to inhibit the function of DsbA but not the human thioredoxin (hTRX1). In addition,
compound 19 did not react with free cysteines in human serum albumin, and only reacted
with reduced glutathione at high pH and high concentration. Despite these promising results,
compound 19 could not be used for /7 vivo assays due to its poor water solubility.190 An
increasing number of drugs that function through covalent modification have been developed
recently.193 The inhibitors from this study could be promising lead compounds if their
solubility could be improved without compromising their activities100.

More recently in 2019, Duncan et al. used a fragment-based method to search for
compounds that bind and inhibit £. co/i DsbA.84 They synthesized a series of compounds
based on a scaffold identified from /n sifico screening, 2-(6-bromobenzo-furan-3-yl) acetic
acid. NMR was used to identify compounds that interacted with DsbA and later used to
determine the binding affinity. Compounds 25 and 28 had the best binding affinities in the
group, with dissociation constants of 326 + 25 and 341 + 57 aM respectively (Figure S8).84
These inhibitors were also found to bind in the same hydrophobic groove in the DsbA
structure.

3.3. Periplasmic Chaperone SurA.

3.3.1. SurA Plays an Important Role in OM Protein (OMP) Folding.—SurA
assists with the transport and delivery of nascent OMPs to the OM, where the BAM complex
inserts them into the membrane.33:104-108 There are three chaperones present in the
periplasm, SurA, Skp, and DegP. SurA is the major one responsible for the folding of most
OMPs, while the other chaperones rescue OMPs that fall off the SurA pathway, especially
when the bacteria are under stress.33:104.105 5yrA recognizes the signature sequence Ar-X-
Ar, where Ar is an aromatic amino acid and X is any other amino acid, which is abundant in
OMPS.107’109

3.3.2. Structure of SurA.—SurA consists of four domains: an N terminal domain, two
peptidyl-prolyl isomerase (PPlase) domains, P1 and P2, and a C terminal domain (Figure 4).
33,107 The N- and C-terminal domains form a core domain. The P1 domain lies in close
interaction with the core domain, whereas P2 lies at a satellite position far from the core
domain.10 Studies have shown that the two PPlase domains were not involved in the
chaperone activity /n vivo, as a truncated SurA mutant missing the P1 and P2 domains was
functional.111 The observation that SurA homologues in some species only contained one
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PPlase domain also suggested that the PPlase domain is not essential for SurA function.112
Webb et al. suggested that binding of substrate to SurA was dependent on only the N
terminal 150 residues.13 However, later studies revealed that the P1 domain was involved in
substrate binding. Substrate binding led to dimerization of SurA, where the substrate was
located between the two P1 domains of the SurA dimer.114 The exact role and importance of
the PPlase domains is still under debate. Ricci et al. found that in a BAM null-like mutant
strain where there was no interaction between SurA and the BAM complex, a gain-of-
function mutation in SurA was present in the P1 domain. This observation suggested that
when there was no interaction between SurA and the BAM complex, the P1 domain played
an auto-inhibitory role in SurA.115 Furthermore, a recent study by Soltes et al. published in
2016, demonstrated that the P1 domain was involved in the inhibition of SurA activity in the
absence of P2 domain when the function of its partner protein BAM was compromised.112
The presence of the P2 domain however relieved this autoinhibition. In the absence of the P2
domain, the P1 domain was locked together with the core NC-terminal domain, inhibiting
SurA function. The presence of the P2 domain unlocked the tight interaction between the P1
and core NC-terminal domains.112 Thus, they proposed that SurA existed in equilibrium
between a more disorganized, active form and a more structured, less active form. The BAM
complex seemed to play a regulatory role in this equilibrium. In addition, we found that
structural flexibility of the core domain was not critical for SurA activity, as the introduction
of four pairs of disulfide bond as staples to restrict SurA conformational change did not
impair the function of SurA.33

3.3.3. Inhibition of SurA Increased Antibiotic Susceptibility and Decreased
Virulence.—Although first known as essential for survival in the stationary phase, SurA
has been extensively studied to determine its essentiality in membrane integrity and selective
entry of various toxic substances lethal to the bacteria.197:116 As it has been shown that lack
of SurA or inhibition of its function made the bacteria more sensitive toward antimicrobials.
33,35 Studies from Watts and Hunstad108 and Justice et al.117 showed that loss of SurA led to
increased susceptibility of £. colitoward novobiocin and loss in pilus generation, both
detrimental for the viability and virulence of £. coli. For novobiocin, the SurA deficient
mutant showed an increase of more than 10 mm in zone diameter of inhibition compared to
the wild-type strain, and the growth of the mutant was completely lost at a concentration of
10 g/mL whereas the wild-type strain showed normal growth108.117

In 2019, Klein et al. studied the effect of deletion of periplasmic chaperones as well as
components of the OMP assembly machinery in Pseudomonas aeruginosa.3® They found
that the depletion of SurA led to a significant difference in the protein composition of the
OM and compromised integrity of the membrane.3® Depletion and deletion of SurA and
BamC led to an increase in susceptibility of the otherwise resistant strain of Pseudomonas
aeruginosa even for some Gram-positive specific antimicrobials. Drug resistance was
restored when the disrupted protein was expressed from a plasmid. These observations led to
the conclusion that SurA could be targeted to increase bacterial susceptibility for
antimicrobials, through compromising OM integrity.3® In addition, SurA-deficient strains
were less virulent when tested in a Galleria mellonella infection model, as SurA is critical
for the biogenesis of several secretion systems that are important in virulence and infection.
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35 proteome analysis showed that the OM lacked the receptors for siderophores including
FpvA, FecA, and FiuA, which prevented the pathogen from obtaining iron, which is
essential for its growth.3°

3.3.4. Inhibitors of SurA.—Bell et al. screened over 10 million compounds from two
subsets of the ZINC12 database, “Fragment Like” and “Drug Now”, through
computationally docking onto the structure of SurA lacking the P2 domain (SurAAP2).118
The top hits from the /n silico screening were later characterized experimentally.
ZINC22055514, ZINC26894893 and ZINC19200219 were identified from the “Fragment
Like” subset as the top three compounds with the highest binding affinities (Figure S9). In
agreement with previous findings, these compounds possessed high aromaticity and
hydrophaobicity, resembling the Ar-X-Ar motif in natural SurA substrates. Nitrogen was
another feature seen in the compounds that showed high binding affinity. Additional
compounds from the “Drug Now” subset were screened. Based on the structures of the hit
compounds, features that favor or disfavor SurA binding were summarized. The authors also
experimentally measured SurA binding affinity of 12 hits that are commercially available
using a competitive fluorescence anisotropy assay. Among them, Fmoc--(2-quinolyl)-p-
alanine had the best ICsg of ~56.98 £M. This discovery prompted them to test additional
Fmoc protected aromatic amino acids. The 1Csq values of Fmoc-L-tryptophan and Fmoc-L-
phenylalanine were 23.33 and 156.6 1M, respectively. Other Fmoc modified amino acids
tested did not bind to SurA effectively. While these compounds are not potent enough to
serve as SurA inhibitors, they could be a promising scaffold for the development of useful
SurA inhibitors.118

3.4. Lipoprotein Carrier Protein (LolA).

LolA is a small 20 kDa periplasmic protein responsible for the transport of lipoproteins from
the IM to the OM.119 It is part of the lipoprotein transporting Lol complex, which consists of
LolA, LolB, LolC, LolD, and LolE. The function of LolA is to receive nascent lipoprotein
from the IM protein complex LolCDE and pass it on to the OM protein LolB, which then
inserts it into the OM (Figure 5a).120.121

Lipoproteins are synthesized with a signal peptide in their N-terminal end. A short,
conserved region is present in the C-terminal region of the signal peptide called the lipobox.
After translocation of the nascent polypeptide chain by the sec machinery, diacylglycerol is
attached to a specific cysteine present in the lipobox by lipoprotein diacylglyceryl
transferase (Lgt) to form pro-lipoprotein. During maturation, the signal peptide is cleaved by
lipoprotein signal peptidase (Lsp) to form mature lipoproteins. In Gram-negative bacteria an
extra acylation step occurs at the N-terminus of mature lipoproteins catalyzed by lipoprotein
N-acyl transferase (Lnt). The lipoprotein is then sorted and transported to the destined
region.121.122 gelection and sorting of lipoproteins follow a “+2 rule”. Presence of aspartate
at the +2 position after the acylated cysteine at +1 position signals the lipoprotein to be
delivered to the IM, otherwise it is transported to the OM by the Lol pathway.123

The LolCDE complex catalyzes the release of the lipoproteins from the IM in an ATP
dependent manner. LolA then receives the lipoprotein, crosses the periplasm as a LolA-Lpp
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complex, and presents the lipoprotein cargo to the protein LolB, which then inserts the
lipoprotein into the OM.121 LolA is essential to the release of lipoproteins from the IM.
Without LolA, lipoproteins that should be associated with the OM remain deposited in the
IM.121

LolA consists of 11 antiparallel strands of g-sheet and 3 a-helices, forming an unclosed 5
barrel with a-helices sitting on top of the concave side (Figure 5b). A hydrophobic cavity
formed between the unclosed S-barrel the a-helical lid is the putative binding site for
lipoproteins. A similar type of cavity also exists in LolB but with higher affinity of binding.
119 Although lipoproteins have highly hydrophobic N-terminal lipids, the lipoprotein—LolA
complexes are water-soluble and diffuse freely in the periplasm. Cargo delivery from LolA
to LolB relies on the affinity difference.12! Recent simulation studies also suggest that the
transfer of lipoproteins from LolA to LolB is thermodynamically favorable.124

3.4.1. Inhibition or Depletion of LolA Is Lethal.—Lack of lipoproteins could alter
the OM assembly and make it leaky, subsequently sensitizing or even killing the bacteria.?*
In addition to the maintenance of OM stability and integrity, lipoproteins are also involved in
cell wall synthesis, antibiotic efflux, protein secretion and synthesis of motility machinery.
123 Since the Lol system is involved in the transport of OM lipoproteins across the
periplasm, defects in LolA function led to the accumulation of lipoproteins in the IM.120 In
addition, depletion of essential lipoproteins in the OM also severely impaired bacterial
fitness and survival.

Mutagenesis study showed that formation of a disulfide bond between 193C and F140C
inactivated the function of LolA and thereby severely inhibited the growth of £. co/i12°
Oxidized LolA triggered the stress response mechanism, which substantiated the importance
of LolA for the normal growth of bacteria.128 Liao et al. demonstrated that a /o/A mutation
in Xanthomonas campestris led to reduced virulence, adhesion, biofilm formation, and
tolerance.12” However, a recent study showed that in a stress-maintained system £. coli
could still grow when both /o/A and /o/B genes were deleted.128 This suggested the
existence of an alternative route for lipoprotein transport that involves other periplasmic
proteins.

3.4.2. Inhibitors of LolA.—Several inhibitors target the maturation steps of lipoproteins
before and during transport. In this review, we focus on the periplasmic component of the
lipoprotein transport system, that is, LolA and its inhibitors. Readers can refer to other
excellent reviews for the IM targets involved in maturation as well as transport of
lipoproteins.24 Pathania et al. found that the inhibition of cell growth by compound
MAC13243 (Figure S10) in £. colicould be suppressed by the overexpressing the /o/A gene.
120 MAC13243 was identified in a screening for molecules that inhibit the growth of £, coli
at 50 M. Using chemical genomics and overexpression suppression studies, the potential
target of MAC13243 was identified to be LolA. Overexpressing /o/A gene led to an increase
of minimum inhibitory concentration (MIC) of MAC13243 by 16-fold.120 It was observed
that new Lpps accumulated in the IM when the cells were treated with the compound,
indicating that the presence of the compound inhibited the transport of Lpp from the IM to
the OM. The binding dissociation constant of MAC13243 to LolA was determined to be 7.5
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UM Structure—activity relationship studies revealed the importance of the benzyl moiety
substitution and the preference of an intermediate electron-withdrawing substituent group
such as chlorine or bromine. The location of the halogen substituent is another important
factor with a para position being ideal. In contrast, the dimethoxyphenylethyl group was less
important to LolA interaction. MAC13243 and its analogs were tested in several bacteria
strains, and they were found to be active in Gram-negative bacteria only. Finally, this family
of compounds were shown not to be affected by the AcrAB-TolC efflux pump.120

Barker et al. found that MAC13243 was prone to degradation in an aqueous solution under
acidic conditions.12% One of the degradation products, S-(4-chlorobenzyl) isothiourea, was
responsible for the antibiotic activity and appeared to be closely related to another
compound, A22 (Figure S10). A22 has previously been shown to inhibit MreB. Hence,
inhibition of MreB was suspected to be the mechanism of cell growth inhibition by
MAC13243. Further investigation revealed that the overexpression of /o/A restored cell
growth in the presence of the degradation products and analogs such as A22. NMR studies
confirmed the interaction between the analogs with LolA. The phenotype of /o/A deleted
cells was very similar to that of the mreB deleted cells. Although the relationship between
these two proteins is unclear, inhibition of LolA activity likely contributed to the observed
antimicrobial activity.129

Later in 2017, Muheim et al. studied the performance of MAC13243 as a potentiator.34 They
investigated the effect of the sublethal concentration of this compound on the OM
permeability of E. coli. Results showed that the depletion of LolA as well as the use of
sublethal concentration of MAC13243 increased the permeability of the OM. Compared to a
known permeabilizing agent colistin, MAC13243 caused more severe OM leakage.
Antimicrobials with high molecular weight, such as vancomycin, erythromycin, rifampicin,
and novobiocin, were potentiated when LolA was depleted or MAC13243 was used.
Calculations of the fractional inhibitory concentration index (FICI) showed a synergistic
relationship between MAC13243 and erythromycin or novobiocin but not with vancomycin
or rifampicin.

However, one recent article argued against the inhibition of LolA by A22-like molecules.
Buss et al. suggested that the overexpression of LolA suppressed the lethal effects of A22-
like molecules through induction of the Rcs stress response system. They demonstrated that
in ArcsF mutants, overexpression of LolA did not inhibit the lethal effect of A22. This
suggested there could be an alternative target of A22 aside from LolA.130

3.5. Lipopolysaccharide Transport Protein (LptA).

3.5.1. LptA and LPS Transport.—LPS transport protein A (LptA) is involved in the
transport of LPS from the IM to the OM.131 It is part of a pathway that consists of seven
proteins (LptABCDEFG) responsible for LPS assembly and transport to the cell surface
(Figure 6a).132 The Lpt machinery is segmented into two functional assemblies.133.134 At
the IM, LptB,FG and LptC provide the energy for transport. LptD and LptE form the OM
translocon responsible for LPS assembly at the last steps of transport.135136 | ptA links the
functions of the ATP driven LptB,FGC and the LptDE complexes, delivering LPS across the
periplasm.137
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LPS plays an importance role in forming the permeation barrier in Gram-negative bacteria.
138 The mechanism of transport of LPS through the periplasmic space is yet to be fully
understood.139 Several reports showed that LptA oligomerization was essential for the
interaction with LPS and the delivery through periplasm.140.141 Defects in LptA function
impaired transport of LPS and assembly at the OM, with the consequence of increased
susceptibility to antimicrobials.142

3.5.2. Structure and Function of LptA.—Two models have been proposed to explain
the transport of LPS across the membrane, the shuttling model and the trans-envelope
model.12 In the shuttling model, transport of LPS across the periplasm occurs via a
chaperone system.131 LptA is proposed to work similarly to LolA, acting as a chaperone
protein and shielding the acyl chains of LPS during periplasmic transport.1%143 For the
trans-envelope model, a multiprotein complex mediates the LPS transport.144145 L ater LptA
was found to form part of a trans-envelope bridge spanning the periplasmic space during
LPS transport, lending credence to the trans-envelope model.133.146

LptA contains 16 antiparallel g-strands, folding into a twisted S-jellyroll. In the crystal
structure, LptA molecules form long fibers, with each LptA interacting with an adjacent
LptA molecule in a head-to-tail fashion (Figure 6b).13! Later Freinkman et al. used an in
vivo photo-cross-linking method to probe the protein—protein interaction sites among the Lpt
components that form the Lpt bridge.14” Both LptC and the N-terminal domain of LptD are
structural homologous of LptA. They were found to assemble with LptA in a head-to-tail
fashion, similar to the LptA assembly observed in its crystal structure. In addition, the /n
vivo cross-linking data was compatible with LptA functioning either as a single monomer or
as a head-to-tail dimer to interface between LptC and LptD.

3.5.3. LptA Mutations and Their Effects.—Suits et al. reported that the
overexpression of certain LptA mutants was deleterious to the transport of LPS.131 Several
conserved residues in the N-terminal region of LptA were mutated to probe their impact on
LPS transport. 11e36 and 11e38 were mutated to Asp or Glu, Arg76 was mutated to Asp, and
Phe95 was mutated to Ala. These mutations did not impair the function of the protein,
although their overexpression appeared to be detrimental to LPS transport. Overexpression
of LptA 136D, I136E, 138D, and I38E in cells was more lethal than overexpression of the
wild-type LptA. Overexpression of LptA R76D, R76D and FO5A showed no negative effects
on function. These mutations likely disrupted the head-to-tail stacking of LptA molecules,
thereby blocking LPS transport. In another study, Falchi et al. mutated four conserved amino
acid residues (136A, 138A, R76, and K83). 136 and 138 are found in a location implicated in
LptA—LptC or LptA-LptA interaction.132 These mutations led to defective Lpt assembly
and increased susceptibilities to many antimicrobials including novobiocin, rifampicin, and
bacitracin.

3.5.4. LptA Inhibitors Alter or Block LPS Transport.—The inhibition of LPS
biogenesis leads to cell death.148 Cell death is likely due to compromised OM assembly.
146,149 compounds including 4-phenylpyrrolcarbazole (PPC) derivatives have been shown to
be potent against the Lpt pathway.159-152 These compounds were previously known to
inhibit Weel, a kinase that controls mitosis in eukaryotes. They were found to inhibit the
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ATPase activity of LptB. ATPases have been used routinely as important targets in
eukaryotes with their inhibitors used to treat cancer.1®3 Many of the studies on inhibitors
have been on LptB, LptD, and the LptB,FCG complex, but not LptA specifically.
150,152,154-156 \setterli et al. showed that LptA was inhibited by thanatin, a peptide of 21-
residues containing a disulfide bond (GSKKPVPIIYCNRRTGKCQRM) (Figure S11) that is
naturally derived from an insect, Podisus maculiventris.1>7158 NMR structure of the LptA-
thanatin complex was obtained and overlaid on the crystal structure of LptA’s head-to-tail
oligomer, revealing that the binding site of thanatin on LptA overlapped with the LptA—
LptA interface. This result suggests that thanatin worked through blocking the interaction
between the LptA and its function partner LptD or preventing the formation of the functional
LptA dimer. However, more recently Ma et al. reported that thanatin disrupted the OM by
competitively displacing divalent cations on the OM and inducing the release of
lipopolysaccharides.1%9

ZnuA is the periplasmic component of the high affinity zinc specific uptake system ABC
transporter (ZnuABC), which is responsible for the uptake of zinc in many Gram-negative
bacteria in zinc limited environments.160161 ZnyABC transporter consists of three
components, a periplasmic binding protein (ZnuA), an integral membrane transporter
(ZnuB), and an ATPase (ZnuC). ZnuA captures zinc in the periplasm, and ZnuB and ZnuC
work together to transport zinc across the IM powered by ATP hydrolysis.160161 Although
some Gram-negative bacteria, including Pseudomonas aeruginosa ‘2 Neisseria
meningitidis, 53 Yersinia pestis,*®* and Acinetobacter baumannii 5> have multiple zinc
uptake systems, ZnuABC has been found to be the major uptake system in zinc deficient
environments during infection.166 The crystal structures of ZnuA from different Gram-
negative bacteria revealed highly conserved structure with two (a/B)4 domains connected by
a flexible a-helix (Figure 7a). The primary zinc binding site is located in the interdomain
cleft, where zinc is coordinated by three conserved histidine residues and a glutamate or
water molecule.187 Apart from this site, a second zinc binding site has been observed in £,
coliZnuA, 12 A away from the primary site.160:168 Moreover, another distinct feature of this
protein is the presence of a histidine rich loop, which has not been properly resolved in
crystal structures. It is located near the primary metal binding site, comprises sequentially
diverse acidic residues, and is believed to have a role in zinc sequestration.168

3.6.1. ZnuA Is Essential for Virulence in Zinc Limited Environments.—Zinc is
an essential metal for bacteria as it is a cofactor for many proteins including DNA
polymerases, proteases, and ribosomal proteins.169 Studies have shown that deletion or
mutation in the ZnuABC system or the periplasmic component ZnuA led to growth defects
and reduction in virulence in many Gram-negative bacteria including £. coli'61 Salmonella,
170 Brucella abortus 1™ Campylobacter jejunit™ Haemophilus ducreyil’ and Moraxella
catharralis.1™ For example, Sabri et al. reported that deletion of the Znu transporter
inhibited the growth of a uropathogenic strain of £, coliin zinc limited conditions.161
Furthermore, they found that on complementation by plasmid containing Znu or addition of
zinc, growth was restored. Also, in case of ZnuA deficient strains, the ability to infect and
grow in the urinary tract and kidneys in the murine infection model was compromised.
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Deletion of ZnuA also compromised the motility of bacteria and made bacteria more
susceptible to oxidative stress. Ammendola et al. studied the role of ZnuABC transporter in
the virulence of Salmonella enterica ser. Typhimurium and Enteriticis1’0 They discovered a
loss of virulence when this transporter was compromised, and the defect was similar when
the entire gene cluster or just the zruA gene was compromised. Pathogenicity was also
reduced in mouse model. Because of this loss in virulence, znuA deleted mutants of Brucella
abortus had been studied as a potential candidate for the development of live vaccine.1”!

3.6.2. Inhibitors of ZnuA.—Studies showed that LPS treatment led to a decrease of
zinc level in serum of an animal model, while the overall zinc availability at the infection
site was further reduced by the host system through the secretion of calprotectin, a protein
that captures zinc.161.175 Sensing the scarcity of zinc at the infection site, bacteria rely on the
highly efficient zinc uptake system ZnuABC to acquire zinc. Disruption of the zinc uptake
pathway severely affected zinc homeostasis in bacteria during infection. llari et al. searched
for inhibitors for ZnuA to reduce virulence of Salmonella.56 They screened an in-house
chemical library at University of Rome for compounds that bound zinc and tested their
antibacterial activity. Among those compounds, RDS50 and RDS51 were found to inhibit
Salmonella growth at concentrations less than 500 M. When presaturated with zinc, they
had even higher growth inhibition effect. RDS51 and its zinc saturated form had remarkable
inhibition toward Sa/monella invasion of Caco-2 cells. The crystal structure of ZnuA showed
that zinc was coordinated by Glu59, His147, His211, and His140 of the metal binding site.
However, in the presence of RDS51, zinc was found to coordinate with four histidine
residues, His139, His140, His147, and His211, as well as two oxygens from RDS51. Apart
from binding with zinc via oxygen atoms, RDS51 was shown to form hydrophobic
interactions with Leu285, Leu32, and Trp149 and hydrogen bond with Asp283 through its
chloride (Figure 7b).166

TolB is one of the most abundant proteins in the periplasm. It is a component of the Tol-PAL
system, initially identified as a component of the colicin transport system. The Tol-PAL
system is composed of four Tol proteins and an OM PAL (peptidoglycan associated
lipoprotein) protein (Figure 8).176:177 Among the Tol proteins, TolB is the only protein
entirely located in the periplasm. TolQ and TolR are integral IM proteins. TolA has an
extended second domain and a C-terminal domain in the periplasm, with the N-terminal
domain anchored to the IM.176 ToIB has two domains, an N-terminal domain with two a-
helices, a five stranded S-sheet, and a long loop on its back and a C-terminal domain with a
six bladed B-propeller.178.179

Originally, the Tol-PAL system was discovered for its role in the import of colicins, but
subsequent studies revealed that it plays an essential role in the maintenance of cell envelope
integrity. The Tol-PAL complex interacts with all three layers of the cell envelope: the OM,
peptidoglycan, and the IM. The abundance of various porins, lipoproteins, and sugar content
in LPS decreased in Tol inactive mutants.2%-176.180.181 The role of this complex in the
maintenance of cell envelope integrity makes it a potential antimicrobial target.
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Lo Sciuto et al. reported in 2014 that TolB was essential for the survival and virulence of
multidrug-resistant Pseudomonas aeruginosal’” A tolB knockout strain of 2. aeruginosa
could not be created, suggesting its essential role in survival. A conditional fo/B knockout
strain, PAOL AfolB araC-Pgap tolB, which only grew in the presence of arabinose, was
created. On further analysis of those cells using a dual refresh strategy, it was observed that
the fo/B deficient strain was ~1000-fold more sensitive toward SDS than the wild-type or
tolB expressing mutant strain. Electron microscopy studies revealed the presence of OM
blebs and the release of cellular contents during cell elongation and membrane invagination.
Compromised membrane integrity during cell division was inferred. Disk diffusion assay in
the presence of a very low concentration of arabinose showed higher sensitivity of the
mutant against clinically used antimicrobials ciprofloxacin, ofloxacin, imipenem, and
ceftazidime, but not ampicillin and polymyxin. /n vivo studies performed using a G.
mellonella larvae model showed that the lethal dose represented by LDgg was around
600000-fold higher for the mutant than the wild-type strain. In conclusion, they suggested
that TolB could be a good target to design antimicrobials against 2 aeruginosa because of its
abundance, accessibility, and importance in bacterial growth.17”

4. CONCLUDING REMARKS

In this work, we reviewed recent studies on the exploration of several periplasmic proteins as
antimicrobial targets. Other than TolB, small molecule inhibitors have been identified for all
six of the other proteins discussed (Table 1). Most of these studies were published in the past
five years, and the potential for the development of these inhibitors into clinically useful
therapeutics remains to be explored. We would like to point out that it is always a possibility
for inhibitors identified through design or screening to hit multiple target proteins, not just
the intended one. A genetic approach can be helpful in validating the target in cells, for
example, showing that resistance mutations reside in that target gene or compensation of
growth defect through overexpression of the target protein. But that can be difficult with
antivirulence targets, as it is often hard to create a selection /7 vitro for such mutations.
Thus, selectivity of inhibitors against antivirulence targets has generally not been proven.

In this review, we focused on proteins located completely in the periplasm. Apart from these
periplasmic proteins, there are several other IM proteins that contain domains (either active
site or allosteric site) extended into the periplasm, such as the type I and Il signal peptidase,
LolC, LolE, DsbB, LptC, and TolA. Inhibitors could potentially be developed to target these
domains. In addition to the ones discussed above, several less-studied periplasmic proteins
could also be potential antimicrobial targets. One example is LptH, a LptA orthologue in
Pseudomonas aeruginosa. 182 Another example is the periplasmic component of other zinc
uptake pathways such as AztC and metallochaperone AztD of Paracoccus denitrificans183
The periplasmic Cu—Zn superoxide dismutase of Shigella dysenteriae also plays an
important role in cell survival.184 Additional studies are necessary to further understand the
structure and mechanism of these proteins.

Multidrug resistant Gram-negative bacteria are rapidly evolving as a global health threat. We
need to act fast to win this war through the development of new classes of antimicrobials and
novel targets. However, designing and developing new antimicrobials turns out to be a
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challenging task, especially for those that are effective against Gram-negative bacteria. The
diverse functions of the periplasmic proteins make the periplasm a site of interest for
identifying new drug targets. Periplasmic proteins play important roles in maintaining cell
survival, membrane integrity, and cell division, as well as the synthesis of virulence factors,
adhesion molecules, and signaling molecules. Periplasmic targets are more readily
accessible with a lower permeation barrier. However, even with just the OM to breach, the
task is by no means straightforward. For example, strains expressing engineered porins with
a large pore have been successfully employed to further permeabilize the OM to enable the
identification of early lead compounds.3? With the development of new techniques and
alternative approaches such as targeting virulence and resistance rather than survival, the
periplasm might turn out to be the spot where the next new antimicrobial comes from, just
like the B-lactams that started the golden era of antimicrobial development.
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Figure 1.

Gram-negative cell envelope. Representative figure of the Gram-negative bacterial cell
envelope showing the outer membrane, inner membrane, and peptidoglycan layer. The outer
membrane contains lipopolysaccharides, proteins such as porins, and lipoproteins (Lpp). The
inner membrane also contains integral membrane proteins and transporters. Several
representative transporters are presented including ones spanning both membranes (such as
AcrAB-TolC) and ones that only transport across the inner membrane.

ACS Infect Dis. Author manuscript; available in PMC 2021 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pandeya et al.

AR

Peptidoglycan layer |

Page 31

Outer

membrane o-hairpin

Cytoplasm

Figure 2.
(a) Structure of the AcrABZ-TolC complex. Figure was created using Biorender. (b)

Structure of £. coli AcrA with domains color coded and labeled. Both images were created
with Pymol”3 using the cryo-EM structure 5066.pdb.”*
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Figure 3.
Structure and function of DsbA. (a) Schematic diagram of the working mechanism of DsbA.

The process blocked by inhibitors is highlighted. Figure was created using Biorender. (b)
Structure of £. coli DsbA (Created with Pymol’3 using 1FVK.pdb). Cysteines present in the
active site in the CXXC motif are shown. Residues lining the hydrophobic groove are
highlighted in red and with their side chains shown.88
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Figure 4.
Structure of £. coli SurA (Created with Pymol”3 using M5Y.pdb) showing each domain and

the substrate binding cleft. SurA sequence is illustrated to show the sequential organization
of the domains. Green and yellow represent N and C terminal domains, which form the core
domain. Red represents the P1 domain, and blue represents the satellite P2 domain.110
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Figure 5.
(a) Schematic representation of the transport mechanism of OM lipoprotein. Lpp represents

OM lipoprotein. After translocation into the periplasmic side by the sec machinery, it is
diacylated by dicaylglyceryl transferase (Lgt), followed by the removal of the signal peptide
by lipoprotein signal peptidase (Lsp) and acylation by N-acyl transferase (Lnt), and finally
translocated across the periplasm by the Lol complex. Figure was created using Biorender.
(b) Structure of £. coli LolA (Created with Pymol’3 using 1UA8.pdb) showing the concave
surface and hydrophobic groove.119
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Figure 6.
(a) LPS transport pathway in £. coliwhere an ATP-binding cassette (ABC) transporter and a

flippase, MbsA, are involved in flipping LPS synthesized in the cytoplasm to the periplasmic
side, which is then moved to the cell surface through the Lpt pathway. The pathway
comprises seven proteins LptA, LptB, LptC, LptD, LptE, LptF, and LptG. The LptB,FG
transfers LPS to LptC, driven by ATP hydrolysis. LPS was transported to the OM through a
protein bridge formed by LptC and LptA and integrated into the OM by LptDE. Figure was
created using Biorender. (b) Structure of £. coli LptA (Created with Pymol”3 using
2R1A.pdb) where each color represents a monomer of LptA interacting with neighboring
monomer in head to tail fashion.131
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Figure 7.
(a) Structure of Salmonella ZnuA (SeZnuA) (Created with Pymol’3 using 4BBP.pdb)

showing the binding of its inhibitor RDS51 (yellow) along with zinc.166 (b) Enlarged view
of structure a showing the coordination of zinc with four histidine residues (red) and two
oxygens of RDS51. Blue residues have hydrophobic interactions with RDS51, and the
orange residue forms a H-bond with RDS51.
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Figure 8.
Assembly of Tol-PAL system in Gram-negative cell envelope. Figure was created using
Biorender.
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