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Abstract: Gram-negative bacteria can resist antibiotics by changing the permeability via their outer
membrane. These bacteria have a complex cell envelope that incorporates an outer membrane
separating the periplasm from the external environment. This outer membrane contains many
protein channels, also known as porins or nanopores, which mainly allow the influx of hydrophilic
compounds, including antibiotics. One probable way bacteria may possibly develop antibiotic
resistance is by reworking to reduce the inflow through these outer membrane porins or nanopores.
The challenge now is to recognize and potentially comprehend the molecular basis of permeability
via the bacterial outer membrane. To address this challenge, this assessment builds upon the author’s
previous work to develop a comprehensive understanding of membrane porins and their crucial role
in the influx of antibiotics and solutes. Furthermore, the work aspires to investigate the bacterial
response to antibiotic membrane permeability and nurture discussion toward further exploration
of the physicochemical parameters governing the translocation/transport of antibiotics through
bacterial membrane porins. By augmenting our understanding of these mechanisms, we may devise
novel approaches to mitigate antibiotic resistance in Gram-negative bacteria.

Keywords: antibiotic uptake; antibiotic resistance; cell envelope; Ion-Channels; electrophysiology;
membrane influx; gram-negative bacteria

1. Introduction

Despite recent efforts to strengthen the antibiotics development pipeline, it is insuffi-
cient to meet the increasing demand. Only few antibiotics in various stages of development
are expected to become commercially viable products [1-7]. Many of today’s antibiotics lack
novel mechanisms of action or fail to target the most resistant pathogens, such as avibactam
ceftazidime-resistant Klebsiella pneumoniae (2015) [8], Daptomycin-resistant Staphylococ-
cus aureus (2004) [9], Imipenem resistant Klebsiella pneumoniae (1996) [10], Azithromycin
resistant Neisseria gonorrhoeae (2011) [11], Cephalosporins Extended spectrum inactivating
beta-lactamase making Escherichia coli (1983), and the long-established Staphylococcus aureus
resistant towards Methicillin (1960) [12]. The development of antibiotics is a challenging
process, scientifically and clinically, and large pharmaceutical companies have shifted their
focus to more lucrative endeavors, leaving small-scale and intermediate ventures with
limited resources to carry out extensive research and development [1-3,8-15].

Public programs targeted toward incentivizing antibiotic research have been commis-
sioned over the past decade. Despite political momentum to address antibiotic/antimicrobial
resistance, the best utilization of these incentives remains unclear [1-3,13,14,16,17]. A frame-
work has been developed to assess these initiatives and identify any gaps in provisions, pro-
viding recommendations for improving the scope of antibiotics in a workable and reason-
able manner [1,2,15,18-20]. Optimism and concern have arisen in antibiotic/antimicrobial
research and development in recent years. This optimistic enthusiasm is rooted in the
growing global government and private sector commitment to address this issue [15,18,20].
However, there is also a concern due to the difficult task posed by Gram-negative bacterial
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antibiotic resistance in clinical settings, as Gram-negative bacteria are more difficult to treat
because they have an outer membrane that makes it more challenging for antibiotics to
penetrate and kill them [21]. Unfortunately, no new antibiotics/antimicrobials for Gram-
negative bacteria have been discovered and used in recent decades [15,22,23]. This lack of
progress in discovering and developing new antibiotics for Gram-negative bacteria is a
significant concern, as there is a continuous evolution of resistant Gram-negative infections
caused by bacteria such as carbapenem-resistant Enterobacteriaceae, multidrug-resistant
Pseudomonas aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, Neisseria gonorrhoeae,

and Escherichia coli. These infections are becoming increasingly difficult to treat and a major
concern [8-12,15,18,19,24-27].

1.1. Membrane Proteins of Gram-Negative Bacterium Species

Gram-negative bacteria species are well-known and responsible for causing significant
harm to mankind, making them one of the most notorious threats [28]. These bugs have an
intricate cell cover with an outer membrane that acts as a molecular screen, forming an able
selective permeation impediment. Like other biological membranes, this outer membrane,
“see in Figure 1”7, is mainly made of a bilayer of lipids, making it impermeable to hydrophilic
molecules [7,15,21,24,29,30]. Certain water-filled membrane proteins primarily regulate the
adequate inflow of these molecules. “see Table 1 for different membrane proteins studied

across different research experimental studies and Table 2 for different membrane proteins
classifications”.
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Figure 1. Several systems pertaining to antibiotic/antimicrobial resistance that Gram-negative
bacteria may be utilized as an overview (structural interpretation) and antibiotic/antimicrobial
resistance mechanism correlated with outer membrane proteins modification. 1. Solute transport
via outer membrane proteins, 2. Loss of functional outer membrane proteins, 3. Modification of

outer membrane proteins, 4. Expression of constricted outer membrane proteins, 5. Partitioning of
hydrophobic molecules via the outer layer.

These membrane proteins are found in various structures with different substrate
specificities, regulations, and expressions [6,21,30]. They mostly form hollow beta-barrel
structures with a hydrophobic outer surface [31]. The barrel structure makes a transmem-
brane pore that permits the passive flux of hydrophilic substances and acts as a functional
diffusional block for nonpolar molecules/solutes [6,7]. These proteins also exhibit particular
ion-selectivity for either cations or anions [32-34]. Bacteria can alter/modify these proteins
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to lower or inhibit influx through membrane channels, which, further along with efflux
machinery systems, contributes towards antibiotic resistance [6,7,24,31,35]. An exhilarating
task for drug design strategy is understanding membrane permeability at the molecular
level to understand membrane transport’s starring role in bacterial resistance processes [15].
Antibiotics, such as penicillin, carbapenems, cephalosporins, fluoroquinolones, etc., enter
Gram-negative bacteria mainly through membrane channels [29,36-39]. Every slight alter-
ation by the bacteria of these membrane proteins can considerably affect antibiotic drug
therapy [24]. Many clinically significant bacterial species have been sequenced to determine
the key membrane channels in the Gram-negative bacterial outer membrane [6,7].

This reduced permeability might result from fewer membrane channels in the outer
membrane and their distinct physical and chemical properties [17,24]. These channels have
different structures and specificities but have been reported to form a diffusional barrier
for nonpolar solutes and antibiotic molecules [7,15,24,29]. Bacteria can adapt and reduce
influx through these membrane channels, leading to antibiotic resistance [7,15,24,29]. Thus,
the study of membrane permeability is crucial in realizing the role of membrane transport
in antibiotic resistance mechanisms. Research has shown that small polar molecules
roughly below 600 Dalton have the highest activity critical towards Gram-negative bacteria,
suggesting that porins may be the primary entry path [15,24,29,37,40]. However, low
antibiotic permeability via the outer membrane requires high doses of antibiotics, which
can result in toxic side effects.

Antibiotic uptake and antibiotic efficacy are complex phenomena that are influ-
enced by various factors in bacteria [7,15,24,29,41,42]. While the outer membrane bar-
rier of Gram-negative bacteria is a significant obstacle to the entry of antibiotics, small
hydrophilic solutes are then facilitated through the porin or outer membrane protein
pathways [6,15,17,24,29,35,43,44]. See Figure 1 for an overview. The cytoplasm and inner
membrane also have mechanisms to efflux toxic compounds, reducing the dose at the site
of action [29]. Overall, antibiotic resistance mechanisms include enzymes that inactivate
antibiotics, changes in the bacterial outer membrane that decrease entry, and modifications
in target proteins within the cell [27,45].

To overcome these defense mechanisms, it is crucial to recognize the mechanisms of
antibiotic uptake, resistance, and delivery [27,45]. There is a need for more quantitative data
on antibiotic uptake, especially for various compartments of bacteria, and innovative ways
to improve the delivery and efficacy of antibiotics [24,29,45]. The outer membrane of bacte-
ria is a crucial barrier that determines the organism’s susceptibility to antibiotics [24,29,45].
Structural changes to the outer membrane proteins can lead to antibiotic resistance, particu-
larly when combined with beta-lactamases in the periplasmic space [10,46]. It is essential to
study the transport mechanisms involved in membrane permeability to combat this issue,
as this knowledge will inform the design of effective antibiotics. [24]. To this end, various
membrane channels have been studied using different methodologies, and the results have
been compiled in Table 2 to better understand the role of membrane channels in outer
membrane permeability and their interaction with various antibiotics.

The central aim of this assessment is to expand upon the author’s prior [27,45] work
by analyzing and summarizing the advancements made in comprehending the role of
various outer membrane proteins in Gram-negative bacteria, which facilitate the influx of
solutes and antibiotics. Furthermore, this review consolidates multiple research studies
examining antibiotics and outer membrane proteins in diverse Gram-negative bacterial
strains. The knowledge presented herein may be utilized to develop new antibiotics.

Understanding how antibiotics penetrate the cell wall of Gram-negative bacteria is a
significant hurdle in the creation of novel drugs [15,24,35]. This understanding is critical
towards developing effective antibiotics, and interpreting the molecular core of outer
membrane penetrability is still the current challenge [6,7,15,24,29,35].

This review endeavors to compile state-of-the-art knowledge relevant to outer membrane
proteins in Gram-negative bacteria and their crucial role in antibiotic influx. Ultimately, this
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study aims to stimulate a discussion about exploring and comprehending physicochemical
parameters that govern antibiotic translocation via bacterial membrane proteins.

Table 1. The tabulated different research studies investigated involving different membrane proteins
from various species of Gram-negative bacteria, building upon and updating earlier published
research by the author [27,45]: molecular Simulations (MS), outer membrane protein (Omp). The
author has endeavored to gather as much data as possible, and the citations provided are accurate
to the best of the knowledge. However, any errors in the citations or table are beyond the author’s
control. Additionally, it should be noted that while this Table is included, the list may not be limited.

Species

Membrane

Concluding Analysis Proteins/Channels/Porins

Escherichia coli

Showed the structure and function of porin. The work focused on the annulus
of basic and acidic patches. Showed the effect of mutations in the annulus to
affect ion selectivity and sugar transport. These findings provide insights into OmpG
the mechanisms underlying the permeation of molecules through
bacterial porins [47].

Escherichia coli

Examined and showed effects of Loop L3 from OmpF membrane protein

dynamics toward antibiotic translocation [48]. OmpF

Escherichia coli

Explored and showed the mechanism of TolC—-AcrA complex formation [49].
* E. coli AcrAB-TolC is the ternary efflux pump, implicated in drug resistance
by removing antimicrobials/antibiotics out of the cell. TolC obstruction by
numerous cations, for example, hexaamminecobalt and others, have been
reported and therefore signifies a prospective target for reducing
antibiotic resistance [50].

TolC *

Escherichia coli

This study presents an innovative approach for investigating the role of
membrane channels in antibiotic enrofloxacin, kanamycin sulfate, norfloxacin,
and ciprofloxacin uptake in Gram-negative bacteria. The researchers were able

to characterize membrane protein channels in their native environment [51].

OmpE OmpC

Escherichia coli

This study presents a novel approach to distinguish between translocation and
binding processes in biological channels using an additional barrier at the
channel exit. By functionalizing the channel with covalent blockers, they were OmpF
able to identify the successful permeation of model peptides and an antibiotic
through the well-studied outer membrane channel [52].

Escherichia coli

Reported the interface of gentamicin, kanamycin, and polymyxin B with

purified lipopolysaccharide from the outer membrane [53]. OmpF

Escherichia coli

Reported ampicillin, benzylpenicillin permeation, and the effect of ampicillin

degradation on interaction with channel [54]. OmpF

Escherichia coli

This study demonstrates an improved method for analyzing small molecule
penetration and permeation through nanopores. The analysis of the
single-channel ion current of meropenem interacting with porin suggests OmpF
sub-microsecond-scale gating kinetic parameters are accessible with existing
experimental equipment [55].

Escherichia coli

Reported the consequences and impacts of access resistance on

membrane proteins [56]. OmpF

Escherichia coli

Reported the transportation of divalent ions and its effect on pore conductance

and selectivity [57]. OmpF

Escherichia coli

Reported the impact of diverse divalent cation salts on channel conductance,
the function of electrolytes and the accumulation of counterions caused by OmpF
channel charges, and other effects not present in monovalent cation salts [58].

Escherichia coli

OmpF, OmpC, LamB,

Explored the transport of different aminoglycosides through porins [39]. ChiP
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Table 1. Cont.

Species

Concluding Analysis

Membrane

Proteins/Channels/Porins

Escherichia coli

Reported the influence of divalent cationic ions concerning the pH sensitivity
of membrane channel via causing the pK(a) shift of chief acidic residues [59].

OmpF

Escherichia coli

Reported the process of selectivity inversion in the membrane protein [60].

OmpF

Escherichia coli

Reported insights into the diffusion route of ciprofloxacin across the outer
membrane porin, which is crucial for developing effective antibiotics against
Gram-negative bacteria [61].

OmpC

Escherichia coli

Reported the recombinant type of the membrane channel and revealed the
monomeric nature of the membrane channel [62].

OmpG

Escherichia coli

Reported crystal structure (X-ray) of the membrane channel [63].

OmpG

Escherichia coli

Reported membrane channel crystal structure in different dimensions [64].

OmpG

Escherichia coli

Reported the folding mechanism of the membrane channel in
detergent solution [65].

OmpG

Escherichia
COZIQZZZZZ?N OmpA, Omp-ECB
Porphromonas The reported structural configuration of various membrane proteins and HMP-AB
Py . measured penetration rates for different 3-lactams ampicillin, cephalexin, HMP-PA
asaccharolytica . . - h
. cefuroxime, cefotaxime, ceftazidime, and ceftriaxone [46]. Omp-PD
Photobacterium
. Omp-SL
damsela Serratia
liquefaciens
Escherichia coli Reported different binding regions of membrane proteins [66]. OmpA
Escherichia coli Reported the function of outer membrane proteins in stress survival [67]. OmpA
Escherichia coli Reported the crystal strgcture. of membrane pljotems and further explained OmpX
possible virulence mechanisms [68].
Escherichia coli Explored the outer membrane protein behawor and explained the impact of FhuA
channel expansion [69].
Escherichia coli Showed transfer of DNA via membrane proteins [70]. FhuA
Escherichia coli Examined structural parameters of membrane proteins [71]. FhuA
Escherichia coli Reported different structural elements and the interface of proteins and protein FhuA
subdomains also exhibited the role of the membrane proteins in uptake [72]. !
Escherichia coli Studied and demonstrated effective transport of the ferrichrome complex FhuA
through the membrane [73].
Studied and demonstrated antibiotic uptake (norfloxacin, ciprofloxacin, and
Escherichia coli enoxacin) and showed the electroosmotic flow/electrophoretic force’s OmpF
involvement in transport/translocation [74].
Escherichia coli Studied kanamycin uptake effectively facilitated by membrane channels [75]. OmpF, OmpC
Escherichia coli Studied fosfomycin transport and uptake via outer membrane porin [76]. OmpF
Escherichia coli Demonstrated the movement of cephalosporin through the channels [38]. OmpF, OmpC
Escherichia coli Studied and showed for the first time and determined the transport of charged OmpF
molecules sulbactam /tazobactam/avibactam (3-lactamase inhibitors [40]. P
Measured transport for the first-time using membrane pore innate ion
S selectivity, employed for charged inhibitors/molecules,
Escherichia coli sulbactam/tazobactam/avibactam (-lactamase inhibitors, respectively, using OmpC
novel electrophysiology zero-current/reversal-potential assay [37].
Escherichia coli Examined the permeability of carbapenems through membrane channels from OmpC

distinctive clinical isolates [77].
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Table 1. Cont.

Species

Concluding Analysis

Membrane
Proteins/Channels/Porins

Showed quantification of fluoroquinolone norfloxacin transport/uptake via

Escherichia coli membrane pore [36]. OmpF
Escherichia coli Showed the process of fluoroquinolone enrofloxacin molecule transport [24]. OmpF
Escherichia coli Evaluated the uptake of cefepime, ceftazidime, and imipenem [78]. OmpF
i . Showed meropenem interaction with the channel and elaborated the
Escherichia coli . . OmpF
binding activity [79].
Escherichia coli Reported translocation of polypeptides through membrane protein [80]. OmpF
Escherichia coli Reported enrofloxacin’s effective interaction across the channel and effective OmoF
modulation of the affinity site in the existence of magnesium ion [81-83]. p
S Reported ampicillin and benzyl-penicillin uptake and the effective mechanism
Escherichia coli involved in the uptake across the outer membrane [84]. OmpF
Described and explained the charged residues role in membrane channel
Escherichia coli constriction implicating, channel conductance, ionic selectivity, and OmpF
voltage-gating [85].
Reported involvement of electrostatic interactions amongst ions and charge
Escherichia coli distribution in the interior of the channel regulating effective ion permeation OmpF
and selectivity [32].
Escherichia coli Reported different amino acid residues ionization states and evaluated OmpF
self-consistently electric potential distribution within the channel [86]. P
Escherichia coli Explained particular ampicillin molecule movement within the OmpF
membrane pore [87].
Demonstrated cation selectivity within membrane porin/protein by
Escherichia coli identifying the impact of alkali-metal ions atomic-radii on the site OmpF
affinity binding [88].
S Described particular interaction stuck between grepafloxacin, ciprofloxacin,

Escherichia coli nalidixic acid, and moxifloxacin with membrane protein [89]. OmpF
Escherichia coli Explained active permeation qf moxﬂgxgqm across membrane protein and OmpF
showed protein/antibiotic interaction [90].

The effects of four types of polyamines (spermidine, putrescine, cadaverine,

Escherichia coli and spermine) on membrane protein activity were demonstrated OmpF
and explained [91].

The functional characteristics of four individual amino acid substitutions and
Escherichia coli the impact of a deletion mutant in constriction loop L3 on specific channels OmpF
were demonstrated and explained [92,93].

Escherichia coli The' 1mpor.tanf ro.le of the constr1ct1o.n loop in regulating the Voltage-d.ependent OmpF
gating of intrinsic membrane proteins was demonstrated and explained [94].

Escherichia coli The interactions between nalidixic acid and moxifloxacin antibiotics with OmpF

bacterial proteins were demonstrated and explained [95]. P
Demonstrated and explained effective ampicillin translocation across the
Escherichia coli membrane protein. Further illustrated the impact of mutations within pores OmpF
impacting molecular passage [96].
Escherichia coli Demonstrated ion pathways along the channel surface [97]. OmpF
Explained the interface of particular (HPA3P and magainin 2) peptides with
Escherichia coli the membrane protein and the impact of electric field on pore and OmpF

peptide geometry [98].
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Table 1. Cont.

Species

Concluding Analysis

Membrane
Proteins/Channels/Porins

Reported a particular mechanism of translocation of ampicillin via

Escherichia coli membrane protein [99]. OmpF
Escherichia coli Reported particular 1ntera‘ct1'on/ binding of carbemc'llhn, and ampicillin OmpF
ertapenem, within the membrane protein [100].
Escherichia coli Explamgq sPec1f1c 1.nFe¥act10ns ?en.gaged in ‘Fh.e ’.cransport./ trans.lo.canon of OmpF
amoxicillin, ampicillin, azlocillin, carbenicillin, and piperacillin [44].
Explained the influence of particular acid residue (D113A) substitution on
Escherichia coli ceftazidime, cefotaxime, cefpirome, cefepime, cefoxitin, and ampicillin OmpF
bacterial susceptibility [101].
Escherichia coli Reported the operational anti-loop 3 residue (Lys—.16) position in cefepime OmpF
transport across membrane protein [102].
Explained ionic concentration and charged residues in membrane protein
Escherichia coli present at constriction zone and their impact over intrinsic gating behavior of OmpC
membrane protein [103].
Explained trio mutations in the interior of isolated porins from multi-drug
Escherichia coli resistant bacterium. Further, demonstrated the resulting mutations affecting OmpC
the transport of cefotaxime [104].
L. . Demonstrated and explained effective interaction of ceftriaxone, cefpirome,
Escherichia coli and ceftazidime with membrane protein [105]. OmpC, OmpF
Escherichia coli Reported an effectlvg influx c?f .cefeplme, enrgﬂoxacm, norfloxacin, OmpC, OmpF
ciprofloxacin, ceftazidime, and ceftriaxone [106].
Escherichia coli Demonstrated the impact of culture medium over effective membrane protein OmpC. OmpF
expression and showed the effect on tazobactam-piperacillin susceptibility [107]. P p
S Demonstrated by exploiting water as an analytical tool, a distinctive
Escherichia coli macroscopic electric field within water-filled channels [108]. OmpF, OmpC
The successful penetration of meropenem and imipenem was demonstrated
and explained. It was also shown that their uptake relies on the alignment of
Escherichia coli the molecule’s electric dipole with the membrane protein’s interior electric OmpF, OmpC
field. Moreover, certain regions within the membrane protein were identified
as preorientation sites that affect the pathway of the molecules [109].
Demonstrated and explained excess of positively charged fixed ions within the PhoE
Escherichia coli interior of the membrane protein. As a result, the protein exhibits a
characteristic selectivity towards anions [110].
Escherichia coli The influence of lysine and carboxyl groups on the mheren.t ionic selectivity of PhoE
the membrane pore was demonstrated and explained [111].
Enterobacter
aerogenes, Demonstrated and explained the transport of different antibiotic (Omp35, Omp36),
Enterobacter cloacae membrane proteins [23] (OmpE35, OmpE36),
Klebsiella pneumo- p ' (OmpK35 OmpK36)
niae
Demonstrated possible system of antibiotic resistance by mutational loss of
Klebszellq pneumo- membrane proteins. .Further, effectively der.nonstrate.d quantitative influx rates OmpK35/0mpK36
niae, for different antibiotics such as erythromycin, novobiocin, cloxacillin, oxacillin, OmpF, OmpC
Escherichia coli benzylpenicillin, ampicillin, cephaloridine, cefoxitin, cephalothin, ceftazidime, pts p
cefepime, cefotaxime, cefamandole, imipenem, ceftriaxone and ertapenem [112].
Enterobacter
acro-genesE. Demonstrated outer membrane porins role over avibactam-ceftazidime Omp35, Omp36
Aerogenes, Kleb- oo . OmpK35, OmpK36
. . diffusion via outer membrane [113].
siella pneumoniae, OmpF, OmpC

Escherichia coli
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Table 1. Cont.

. . . Membrane
Species Concluding Analysis Proteins/Channels/Porins
Enterobacter The mechanism resulting in imipenem resistance by reducing outer membrane
permeability was demonstrated and explained for distinct resistant clinical Omp36, Omp35
aerogenes, . .
isolated strains [114,115].
Enterobacter The reported effective function of membrane channel towards susceptibility in Omp35
aerogenes, relation to ceftriaxone [116]. P
Enterobacter Reported the impact of porin over the uptake/influx of cefepime Omp36
aerogenes, and ertapenem [117]. p
Reported the process of resistance to be appropriate to membrane channel
Enterobacter . . . .. . ey
mutation, affecting cefepime, imipenem, and cefpirome permeability in Omp36
aerogenes, . .
clinical strains [118].
Providencia stuartii Explained different [S-lactam.moleculles cefoxitin, cefepime, and OmpPst1 and OmpPst2
ertapenem interactions [119].
Demonstrated and explained membrane protein’s structure surface-exposed
Providencia stuartii loop function and specific interaction with diverse membrane modules (e.g., OmpPstl and OmpPst2
lipopolysaccharides) [120].
Providencia stuartii Showed and explained the role of membrane proteins in carbapenem transport OmpPstl
across the outer membrane [121].
Klebsiella prewno- Demonstrated and explained the effect of outer membrane proteins over
nia;; bacterial resistance towards tigecycline, avibactam ceftazidime combination, OmpK36, OmpK35
along with colistin in clinical strains [122]
Pseudomonas Demonstrated and explained the process involved in the effective uptake of
: . . o . OprO, OprP
aeruginosa fosmidomycin across phosphate-specific proteins/transporters [123].
Pseudomonas Demonstrated and explained single-channel characteristics of protein [124]. Occk8
aeruginosa
Demonstrated and explained membrane protein activity, broad range
Pseudomonas . . . ..
. conductance, gating dynamics, and cation selectivity for outer OccD1-OccD6
aeruginosa .
membrane proteins [33].
Pseudomonas The }1pta}ke of outer membrane proteins was demonstrated and degcnbed, OceD1-OccD,
. highlighting the contact between carboxylate groups and central residues of
aeruginosa . . g . OccK1-OccK7
the basic ladder (lysine and arginine) residues [125].
Channel activity was demonstrated and explained, including the conductance,
gating transitions, different channel sub-states (K3 for one-open sub-state,
Pseudomonas K4-Ké6 for two-open sub-state, and K1, K2, K7 for three-open sub-state OccK1-OccK7
aeruginosa kinetics). Additionally, the study revealed the channel’s anion selectivity and (K1-K7)
identified the positive residues within the central constriction of the
membrane proteins [126].
Pseudomonas Showed gating physical characteristics, conductance, and the consequent OccKl
aeruginosa impression of inner constriction loop omission on gating transitions [127].
The gating dynamics, including enthalpy-driven and entropy-driven current
Pseudomonas transitions, were demonstrated and described. Additionally, the effect of loop OccKl
aeruginosa deletion on activation enthalpies and entropies over channel transitions
was explained [128].
Pseudomonas Reported effect of concentrations of ions on channel gating transitions [129]. OccK1
aeruginosa
Demonstrated and explained the effects of structural insight toward substrate
Pseudomonas . .. . .
aeruginosa specificity. Further also showed channel composition with monomeric OccD1
18-stranded beta-barrel consequent to slender constriction inside the pore [130].
Pseudomonas Demonstrated and explained the imipenem passage through the pore and the
. .. . . Lo OccD1
aeruginosa position of particular surface loop areas in the pore establishing passage [131].
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Table 1. Cont.

. . . Membrane
Species Concluding Analysis Proteins/Channels/Porins
Pseudomonas Showed and explained amino acid substrates uptake/translocation in-order to OccD1
aeruginosa recognize the structure and dynamics of pore [132].
Pseudomonas Showed and explained imipenem and meropenem uptake [42]. OccD3
aeruginosa
Pseudomonas Showed and explained membrane protein’s role in citrate, isocitrate, and OccK5
aeruginosa tricarboxylate uptake [133].
Pseudomonas Showed and explained the different distinct gating mechanisms of
. OccK5
aeruginosa the channel [134].
Pseudomonas Examined and described the contribution of the membrane proteins in the OccK1,
aeruginosa transport of temocillin [135]. Occk2
The ionic selectivity of the phosphate-specific pore was investigated and
Pseudomonas . . . . .
ReFlIQinosa elucidated. The energetic properties, particularly for phosphate, chloride, OprP
8 potassium, and sulfate ions, were determined [34,136].
Explored, confirmed, and elucidated the significance of negatively charged
Pseudomonas ; . o i L7
. residue (D94) in central binding for specific phosphate binding OprP
aeruginosa -
and selectivity [137].
Pseudomonas The role of the central arginine (R133) in determining channel selectivity and
. . . . . . OprP
aeruginosa ion transport properties has been investigated and established [138].
The impact of important residues on channel constriction and their influence
Pseudomonas e .
. on the substrate specificity of the membrane protein has OprP and OprO
aeruginosa . .
been investigated [139].
Pseudomonas Demonstrated declined membrane protein production to be only of the OptD
aeruginosa causative considerations for carbapenem hetero-resistance [140]. P
The role of membrane proteins in increasing the minimal inhibitory
Pseudomonas . . . .
. concentrations of carbapenems in clinical isolates has been investigated OprD
aeruginosa .
and confirmed [141].
Pseudomonas Examined and recognized membrane protein levels in distinct OprD
aeruginosa carbapenem-resistant isolates [142]. P
Pseudomonas Recognized conflicting susceptibility of carbapenem together with alterations OorD
aeruginosa in outer membrane permeability [143]. P
The in vitro activity of ceftolozane-tazobactam and ceftazidime-avibactam
Pseudomonas . . . .
. against meropenem-resistant bacterial isolates was examined OprD
aeruginosa .
and confirmed [144].
Pseudomonas Examined and recognized distinctive membrane proteins in-frame deletions OptD
aeruginosa amongst particular clinical isolates [145]. P
Pseudomonas Researched distinct adaptations of membrane proteins domination in -isolated OprD
aeruginosa resistant stains, particularly towards imipenem [146]. P
Pseudomonas Investigated the structure-porin permeation relationships of a group of novel OorD
aeruginosa carbapenem analogs across the membrane protein [147]. p
The influence of membrane protein polymorphisms, particularly amino acid
Pseudomonas o -
. substitutions or replacements at codon 170, on carbapenem resistance OprD
aeruginosa .
was examined [148].
Pseudomonas Investigated the influence of single swaps of amino acid in outer membrane OprD
aeruginosa proteins on carbapenem resistance strains [149]. p
The study examined and uncovered that debilitating mutations and decreased
Pseudomonas . . .
aeruginosa expression of outer membrane proteins are among the factors that contribute OprD
to resistance against imipenem and meropenem [150].
Pseudomonas Showed the existence of membrane proteins in distinct (seventy) clinical OprD
aeruginosa bacterial isolates resistant to carbapenem [151]. P
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Table 1. Cont.

. . . Membrane
Species Concluding Analysis Proteins/Channels/Porins
Pseudomonas The study’s results demonstrated the effects of double mutations, which
. resulted in an interchange of phosphate and diphosphate specificities of OprP, OprO
aeruginosa '
membrane proteins, and were evaluated [152].
Pseudomonas Demonstrated organizational components accountable for the conveyance of
. . . . . i OccK8
aeruginosa (amino acid residues) via substrate-specific channels [153].
Acmetobacffzr The study investigated outer mgmbrane Protems' channel-forming properties CarO and Omp25
baumannii and other physicochemical attributes [154].
Acznetobacf.er Identified different antibiotic scaffolds [22]. DcaP
baumannii
) Analyzed uptake of L-ornithine through outer membrane proteins and
Acinetobacter - . e . .
.. exhibited L-ornithine influence over pathogen sensitivity in relation CarO
baumannii .
to imipenem [155].
Acinetobacter Demons’frated membrane protein uptake 1nten§ed f.or ormthlr}e and gl}{cme CarO isoforms CarO1,
.. and nil uptake in support of glucose, glutamic acid, and imipenem via
baumannii Car0O2, CarO3
membrane channel [156].
Acinetobacter Reported channel conductance, identifiable cationic selectivity, and particular CarO
baumannii specificity regarding meropenem, imipenem glutamic acid, and arginine [157].
) The study demonstrated the imperative function and role of membrane
Acinetobacter o . L o 1 rOprD
.. proteins in relation to imipenem, meropenem, colistin, ceftazidime,
baumannii . . homologue
and ciprofloxacin [158].
Showed membrane proteins specificities towards substrate arginine, glutamic
Acinetobacter acid, glycine, ornithine, maltose, putrescine, glucose, phenylalanine,
.. .. . o .. .1 OccAB1-OccAB4
baumannii tryptophan, benzoic acid, ampicillin, meropenem, imipenem, ceftazidime,
and fosfomyecin [159].
Campylobacter jejuni Analyzed and demonstrated imperative properties of the MOMP
membrane protein [160].
Analyzed and demonstrated the imperative three-dimensional structure of
Campylobacter jejuni outer membrane proteins and further elucidated the underlying MOMP
molecular mechanisms [161].
Campylobacter jejuni Analyzed crucial sequence polymorphism and revealed t’he membrane protein’s MOMP
secondary structures and surface-exposed conformational epitopes [162].
The study elucidated the critical channel-forming properties of membrane
Campylobacter jejuni proteins as both trimers and monomers and the transition from trimer MOMP

to monomer [163].

* Note This table is a modified and updated version of the author’s previously published work Infection and
Drug Resistance 2018:11 523-530 [45] and Infection and Drug Resistance 2017:10 261-273 [27] Adapted Originally

published by and used with permission from Dove Medical Press Ltd.

1.2. Computing Influx

The creation of specific inhibitors for emerging Gram-negative bacterial targets is a

vital element in treating bacterial infections. Nonetheless, a significant hurdle in achieving
this goal is the low permeability of antibiotics and the need for high doses to reach the
intended target. This can result in off-target effects. To address this challenge, a thorough
understanding and quantification of the permeability barrier of Gram-negative bacteria are
imperative [7,24,29,36,37]. Measuring the uptake of antibiotics across the cell envelope of
Gram-negative bacteria is a complicated process [24,29]. Various experimental techniques
have been employed to quantify this process, such as mass spectrometry and fluorescence,
which measure uptake at a cellular level, and electrophysiology, which measures uptake at
a single-channel stage (see Figure 2). For antibiotics with channel-limited permeation, the
flux across a single OmpF or OmpC channel has been measured, with the results indicat-
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ing uptake rates varying from one to a few hundred molecules per second [37-40,54,164].
However, the lack of appropriate direct assays to measure permeability presents a signifi-
cant challenge in understanding this barrier. To assist researchers, critical information has
compiled in Table 2, including data from different studies involving various membrane
proteins from different Gram-negative bacterial species. A larger dataset of single-channel
permeabilities under various conditions would be a powerful tool. Additionally, real-
time flux rate data across different membrane proteins measured using reversal potential
measurements have compiled in Table 3 [38,39,153,164,165].

Further, this electrophysiology assay offers an essential methodology for quantifying
the flux of charged antibiotics and antimicrobials through the bacterial cell membrane
proteins [37,40]. This methodology entails the incorporation of one or more membrane
channels into classical experiments utilizing an artificial planar lipid bilayer and utilizing
the transmembrane potential-driven ion current as a detection probe [37-40,54,153,164,165].
An overview of this methodology is provided in Figure 2B. The electrophysiological charac-
teristics of the membrane channels, such as their size, single-channel conductance, channel
ion selectivity, and channel gating dynamics, have been well-characterized and provide
valuable information for comprehending the transport of small molecules across the bacte-
rial cell membrane [37,40]. Moreover, the size of the membrane channels plays a crucial
role in transporting molecules through the channel and, thus, in antibiotic susceptibility.

Developing antibiotics that effectively target Gram-negative bacteria is a complex and
challenging undertaking due to the multi-layered cell envelope and the various obstacles
active compounds must overcome. Understanding and quantifying the permeability
barrier is vital for designing and developing new antibiotics, and compiling experimental
data, including electrophysiology measurements, can play a critical role in this process.
Figure 2A,B depicts how membrane channels get inserted into a planar lipid bilayer.
Figure 2C,D clearly distinguishes when a channel interacts with a particular compound.
Please be advised that Figure 2A-D is a unique representation created solely for explanatory
purposes. For a comprehensive understanding of the research, kindly refer to the cited
sources [40,54].

Furthermore, the sizing of membrane channels using electrophysiology can provide
insights into the maximum size of the molecule it can transport and help evaluate the inner
structure, including the constriction site [24,69,79-81,83]. In addition, the electrophysio-
logical technique enables the real-time quantification of the transport rate of individual
molecules, which is a potent approach for exploring the kinetics of the transport pro-
cess [15,83]. This methodology is not constrained to antibiotic transport but can also
be extended to investigating the transport of other small molecules, such as sugars and
amino acids [15,83,117]. In conclusion, assessing the flux of small ions/molecules across
the bacterial cell membrane is pivotal for comprehending the mechanisms of antibiotic
uptake [43,44,88].

Additionally, Molecular Simulations (MS) have emerged as a powerful tool to gain
atomic-scale information on the translocation of antibiotics across the outer membrane
of Gram-negative bacteria [24,40,79,153]. These simulations offer valuable insights into
potential transport mechanisms, including diffusion with molecule binding, dehydration-
induced pore, and slow diffusion with molecule binding. However, it is essential to
acknowledge that MS is only one aspect of the complex puzzle of understanding antibiotic
transport. In addition, MS typically investigates transport under highly controlled con-
ditions that may not perfectly reflect the in vivo environment’s complexity [24,40,79,153].
Nonetheless, MS has contributed significantly to understanding antibiotic transport and
identifying potential targets for overcoming resistance mechanisms and enhancing an-
tibiotic permeation [6,24,40,76,79,117,153]. Furthermore, by providing information on the
dynamic and structural properties of Membrane channels, MS can aid in designing new
antibiotics with improved transport properties. Given the continuing challenge of antibiotic
resistance, using MS and other techniques will be crucial in discovering new approaches to
combat bacterial infections [6,15,24,36,40,76-79,117,153].



Appl. Sci. 2023,13, 4238

12 of 26

750 T T T T T -
- -
< =
o, 500- ! ! - g
-~ 54 S
= 250 ] | | o
2 4]
] 0 T T r T T
5 ) 50 100 150 200 250 300
3l
_ 120
< 21
2 9
]
g 60 14
=
O 30
ol
; 0 100 200 300 400 500 600
0,2 04
C Time(s) D Current (pA)
< 400 - - ! =3
< !
£ 200 2 !
£ 200 ] ] €200, 110y |
3 400 i i 3 400
1 o
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time(s) Time(s)
< <
2400 ; 2400
3 3
g £200
3 200 3
12,00 12,25 1250 12,75 13,00 28,00 28,25 28,50 28,75 29,00
Time(s) Time(s)

Figure 2. Electrophysiology experiment overview (A) Current records from a bilayer in symmetric
salt solution at t = 0. After 300 s., Stepwise channel insertion into the bilayer. (B) Current amplitude
histogram of the ion current trace (A). (C) Current recordings from a bilayer containing single membrane
OmpF channel with Ampicillin. (D) Current recordings from a bilayer containing single membrane
OmpF channel with degraded Ampicillin. Original figures by author. The figures are only for represen-
tations, not experimental data explained here. For the experimental explanation for (A,B), please see
references [69]; for (C,D), see reference [54].

Table 2. Crucial Membrane Proteins and antibiotic membrane protein (Omps) combinations were
studied in different Species of Gram-negative bacteria, building upon and updating earlier published
research by the author [27,45]. The author has endeavored to gather as much data as possible, and
the citations provided are accurate to the best of the knowledge. However, any errors in the citations
or table are beyond the author’s control. Additionally, it should be noted that while this Table is
included, the list may not be limited.

Species

Membrane Proteins (Omp) Reported Antibiotic Study with (Omps)

Porphyromonase
asaccharolytica

HMP-PA [46] ° Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime,
Ceftriaxone/ HMP-PA [46]

Photobacterium damsela

Omp-PD [46] ° Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime,
Ceftriaxone/Omp-PD [46]

Serratia liquefaciens

Omp-SL [46] ° Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime,
Ceftriaxone/Omp-SL [46]

Acinetobacter baumannii

Imipenem/CarO isoforms CarO1, CarO2, CarO3 [155-157]
Imipenem, Meropenem, Colistin, Ceftazidime,

(OccAB1-OccABS) [159], Ciprofloxacin/rOprD homologue [158]
rOprD [158], CarO [156,157], ° Imipenem, Meropenem, Ceftazidime, Ampicillin,
Omp25 [154]. HMP-AB Fosfomycin/OccAB1-OccAB4 [159]
[46]DcaP [22] ° Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime,

Ceftriaxone/HMP-AB [46]
. Sulbactam, Tazobactam, Ticarcillin, Ampicillin,
Piperacillin/DcaP [22]
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Table 2. Cont.

Species Membrane Proteins (Omp) Reported Antibiotic Study with (Omps)

° Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime,
Ceftriaxone/OmpA, and Omp-ECB [46]

e  Meropenem/OmpF [55];
e  Ampicillin, Benzylpenicillin/OmpF [26];
e  Ciprofloxacin/OmpC [61]
e  Sulbactam, Tazobactam, Avibactam/OmpF [40],0mpC [37]
° Imipenam, Meropenam/OmpC [77]
e  Norfloxacin/OmpF [36]
° Enrofloxacin/OmpF [24],[81-83]
e  Imipenem, Ceftazidime, Cefepime/OmpkF [78,79]
e  Ampicillin, benzylpenicillin/OmpF [31,84,96,99]
° Grepafloxacin, Ciprofloxacin, Moxifloxacin, Nalidixic
acid/Ompf [89,90,95]
e  Carbenicillin, Ertapenem, Ampicillin/Ompf [100]
OmpX [68], OmpA e  Ampicillin, Amoxicillin, Carbenicillin, Azlocillin,
[66,67,166], OmpT [167], Tsx Piperacillin/Ompf [44]

[168], FadL [169], OmpF e  Cefepime, Cefpirome, Cefotaxime, Ceftazidime, Cefoxitin,

[26,27,39,56,170], OmpC Ampicillin/OmpF [101]

[103-109,112,113], PhoE ° Cefepime/OmpF [102]

Escherichia coli [171], LamB [172,173], BtuB Cefot.axime/Omp.F [104] .
[174], FepA [175], FhuA e  Ceftriaxone, Cefpirome, Ceftazidime/OmpF, OmpC [105]
[5,176]OmpC e  Ciprofloxacin, Enrofloxacin, Norfloxacin, Ceftazidime,

[39,103-109,112,113], OmpF Cefepime, Ceftriaxone,/OmpF, OmpC [106]

[24,32,36,37,40,44,77-90,95- Piperacillin-Tazobactam /OmpF [107]

102,105-109,112,113], PhoE Imipenem, Meropenem,/OmpF, OmpC [109]
[110,111]ChiP [39] e  Erythromycin, Oxacillin, Benzylpenicillin, Cloxacillin,

Ampicillin, Cephalothin, Cefoxitin, Cefepime, Ceftriaxone,

Cephaloridine, Cefotaxime, Ceftazidime, Cefamandole,

Ertapenem, Imipenem, Novobiocin/OmpEF, OmpC [112]

Fosfomycin/OmpF [76]

Ceftazidime, Cefotaxime/OmpF, OmpC [38]

Ciprofloxacin/OmpF [48]

Kanamycin/OmpF, OmpC [75]

Kanamycin, Norfloxacin, Ciprofloxacin/OmpF, OmpC [51]

Norfloxacin/OmpF, OmpC [177]

Norfloxacin, Ciprofloxacin, Enoxacin/OmpF [74]

Norfloxacin/OmpF [52]

Kanamycin, Gentamicin, Amikacin/Ompf, OmpC,

LamB, ChiP [39]

Gentamicin, kanamycin, Polymyxin B/OmpF [53]

Ceftazidime-Avibactam/Omp35, Omp36 [113]

Imipenem, Meropenem/Omp35, Omp36 [114,115]
Ceftriaxone/Omp35, Omp36 [116]

Ertapenem, Cefepime/Omp36 [117]

Imipenem, Cefepime, Cefpirome/Omp36 [118]
Ampicillin, Ticarcillin, Piperacillin, Ertapenem, Imipenem,
Meropenem, Cefotaxime, Cefepime,

Ceftazidime/Omp35, Omp36 [23].

e  Norfloxacin/Omp36, Omp35 [177]

Omp36
Enterobacter aerogenes [112,114,115,117,118],
Omp35 [27,112,114-116]

e  Ampicillin, Ticarcillin, Piperacillin, Ertapenem, Imipenem,
Enterobacter cloacae OmpE36 [178], OmpE35 [27] Meropenem, Cefotaxime, Cefepime, Ceftazidime/OmpE36
and OmpE35 [23].
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Table 2. Cont.

Species

Membrane Proteins (Omp) Reported Antibiotic Study with (Omps)

Klebsiella pneumoniae

° Ceftazidime-Avibactam, Tigecycline, Colistin/OmpK36,
OmpK35 [122]
° Ceftriaxone, Imipenem, Ertapenem, Novobiocin, Erythromycin,
OmpK36 [112,113,122], Oxacﬂli?, Cloxacillin, .Ce.phalothjn{ Ampicillin, Benzylpenicillin,
OmpK35 [27,112,113,122] Cefota.xn.ne, Cephalpndme, Cefoxitin, Cefamandole,
Ceftazidime, Cefepime/OmpK35, OmpK36 [112,113]
° Ampicillin, Ticarcillin, Piperacillin, Ertapenem, Imipenem,
Meropenem, Cefotaxime, Cefepime,
Ceftazidime/OmpK36, OmpK35 [23].

Providencia stuartii OmpPstl [119,120], e  Ertapenem, Cefepime, Cefoxitin/OmpPstl OmpPst2 [119]

OmpPst2 [119] e  Carbapenem/OmpPstl [121]

(OpdC/OccD2, OprDOccD1,

OpdP/OccD3, OpdB/OccD?7,

Opdl/OccD5, OprQ/OccD6, .

OpdT/OccD4, OpdJ/OccD8) ° Fosfomycin/ .OprO, Oprp [165]

[27,33,34,125,126,130-132,179]  ® Meropenem,imipenem/OprD [140-143]

Peend ' OpdF/OccK2, OpdO/OccK3, ° Ceftazidime-Avibactam, Ceftolozane-Tazobactam/OprD [144]
seudomonas aeruginosa OpdH/Occk5, OpdQ/OccK6 ° Imipenem, Meropenem/OccD3 [42]

OpdL/OccK 4' OpdK/ OchlI e  Temocillin/OccK1,0ccK2 [135]

Op dD//O K7 " e Fosmidomycin/OprO, OprP [123].
OprE/OccK8/[27 9é 126 ° ceftazidime, cefotaxime, carbenicilin/Occk8(OprE) [164]

129,133-135,153,179], OprP
[34,136-138,152], OprO [152]

Note This table is a modified and updated version of the author’s previously published work Infection and
Drug Resistance 2018:11 523-530 [45] and Infection and Drug Resistance 2017:10 261-273 [27] Adapted Originally
published by and used with permission from Dove Medical Press Ltd.

Table 3. Reported turnover rates molecules/second at a given concentration gradient for different
outer membrane proteins (Omps) with different substrates. The values are approximate, and for
detailed calculations, please see the research publications mentioned with each value [26,27,39,54,153].
Substrates are shown in one column on the right, followed by reported porins, Gram-negative
bacterial species, recalculated flux rates molecules/second at 1 uM for comparison purposes only,
approximate values, and Reported Flux Molecules/second at specifically mentioned gradient. The
author has endeavored to gather as much data as possible, and the citations provided are accurate
to the best of the knowledge. However, any errors in the citations or table are beyond the author’s
control. Additionally, it should be noted that while this Table is included, the list may not be limited.

Reported Flux
Molecules Omps Species Recalculated Flux at 1 uM Molecules/Second at the Specific
Molecules/Second . .
Mentioned Gradient
OmpF E. coli 62 ~620 at gradient10 uM [40]
Avibactam ) .
OmpC E. coli 23 ~229 at gradient10 uM [37]
OmpF E.coli 20 ~200 at gradient10 uM [40]
Tazobactam 5 .
OmpC E. coli 20 ~200 at gradient10 uM [37]
OmpF E. coli 20 ~200 at gradient10 uM [40]
Sulbactam - -
OmpC E. coli 18 ~187 at gradient10 uM [37]
OprO P. aeruginosa 28 ~280 at gradient10 uM [165]
Fosfomycin
OprP P. aeruginosa <1 ~2.2 at gradient10 uM [165]
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Table 3. Cont.

Molecules Omps Species &e;;l ::ll::/e:efg::iat 1M &etﬁzzflisljlslletonfi at the Specific
Mentioned Gradient
OmpF E. coli 34 ~1000 at gradient 30 uM [38]
Ceftazidime OmpC E. coli 17 ~500 at gradient 30 uM [38]
OprE P. aeruginosa <1 ~0.4 at gradient 10 uM [153]
Cefotaxime OprE P. aeruginosa <1 ~0.1 at gradient 10 uM [153]
Ampicillin OmpF E. coli 24 ~237 at gradient10 uM [54]
Benzylpenicillin OmpF E. Coli 12 ~120 at gradient 10 uM [54]
Carbenicilin OprE P. aeruginosa <1 0.04 at gradient 10 pM [153]
OmpF E. Coli 1.5 ~15 at gradient 10 uM [39]
Gentamicin OmpC E. Coli <1 ~8 at gradient 10 uM [39]
LamB E. Coli <1 <1 at gradient 10 pM [39]
Chip E. Coli <1 ~3 at gradient 10 uM [39]
OmpF E. Coli 1 ~10 at gradient 10 uM [39]
Kanamycin OmpC E. Coli 1 ~11 at gradient 10 uM [39]
LamB E. Coli <1 <1 at gradient 10 uM [39]
Chip E. Coli <1 ~5 at gradient 10 uM [39]
OmpF E. Coli <1 <1 at gradient 10 pM [39]
Amikacin OmpC E. Coli <1 <1 at gradient 10 uM [39]
LamB E. Coli <1 <1 at gradient 10 uM [39]
Chip E. Coli <1 ~2 at gradient 10 uM [39]
Sodium Glutamate  OprE P. aeruginosa <1 ~0.6 at gradient 10 uM [153]
Arginine Chloride OprE P. aeruginosa <1 ~0.1 at gradient 10 uM [153]

2. Discussion

The phenomenon of antibiotic/antimicrobial resistance due to deficient, lost, or al-
tered membrane channels present in the bacterial outer membrane has remained well-
documented and evidenced [6,7,29,31,37,40,107]. This can occur due to regulatory or
mutational events in the porin gene or the regulatory cascade controlling bacterial envelope
permeability [6,7,31,107]. During antibiotic treatments, porin exchange and decreased
porin production have been observed in several species, including E. coli, E. aerogenes,
E. cloacae, and K. pneumoniae [7,31]. Continuous antibiotic exposure leads to successive
changes in porin expression, resulting in reduced influx and increased resistance to antibi-
otics or antimicrobials [7,23,31,38]. When porin is entirely absent in resistant bacteria, it
may results in complete impermeability to 3-lactams and possibly other antimicrobials,
representing an effective adaptive response of bacteria to antibiotics [7,31]. Moreover, Mu-
tations in porin channels, particularly near or at the constriction region of the porin channel,
may lead to altered antibiotic translocation [6,7]. This has been observed in OmpC-type
porin mutants isolated from chemotherapy patients, causing significant conformational
changes in the OmpC pore lumen, reducing 3-lactam translocation, and increased bacterial
resistance [6,7,77]. Site-directed mutagenesis research into specific amino acid residues
has emphasized the crucial role played by the constriction region of the porin channel.
These changes result in a reduction in 3-lactam translocation and increased bacterial re-
sistance [77]. Additionally, research into specific amino acid residues has been conducted
through site-directed mutagenesis and has emphasized the crucial role played by the
constriction region of the porin channel [6,7,23,31].
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Recent studies have further highlighted the direct role of outer membrane porins in
transporting antibiotics across bacterial outer membranes [6,7,23,38]. The combination
of various membrane porins and antibiotics were studied in different studies, such as
Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime, Ceftriaxone/HMP-PA [46],
Omp-PD [46], Omp-SL [46], HMP-AB [46], Imipenem/CarO isoforms CarO1, CarO2,
CarO3 [155-157], Imipenem, Meropenem, Colistin, Ceftazidime, Ciprofloxacin/rOprD
homolog [158], Imipenem, Meropenem, Ceftazidime, Ampicillin, Fosfomycin/OccAB1-
OccAB4 [159], Sulbactam, Tazobactam, Ticarcillin, Ampicillin, Piperacillin/DcaP [22],
Ampicillin, Cephalexin, Cefuroxime, Cefotaxime, Ceftazidime, Ceftriaxone/OmpA, and
Omp-ECB [46], Meropenem/OmpF [55], Ampicillin, Benzylpenicillin/OmpF [26],
Ciprofloxacin/OmpC [61] Sulbactam, Tazobactam, Avibactam/OmpF [40], OmpC [37],
Imipenam, Meropenam/OmpC [77] Norfloxacin/OmpF [36], Enrofloxacin/OmpF [24,81-83],
Imipenem, Ceftazidime, Cefepime/OmpF [78,79] Ampicillin, benzylpenicillin/
OmpF [84,87,96,99], Grepafloxacin, Ciprofloxacin, Moxifloxacin, Nalidixic acid/
Ompf [89,90,95], Carbenicillin, Ertapenem, Ampicillin/Ompf [100], Ampicillin, Amox-
icillin, Carbenicillin, Azlocillin, Piperacillin/Ompf [44], Cefepime, Cefpirome, Cefotaxime,
Ceftazidime, Cefoxitin, Ampicillin/OmpF [101], Cefepime/OmpF [102], Cefotaxime/
OmpF [104], Ceftriaxone, Cefpirome, Ceftazidime/OmpF, OmpC [105], Ceftriaxone, Ce-
fepime, Ceftazidime, Norfloxacin, Ciprofloxacin, Enrofloxacin/OmpF, OmpC [106],
Piperacillin-Tazobactam /OmpF [107], Imipenem, Meropenem,/OmpEF, OmpC [109], Ben-
zylpenicillin, Ampicillin, Cefoxitin, Cefamandole, Cefotaxime, Ceftazidime, Ceftriaxone,
Cephaloridine, Oxacillin, Cloxacillin, Cephalothin, Cefepime, Imipenem, Ertapenem, Novo-
biocin, Erythromycin/OmpF, OmpC [112], Fosfomycin/OmpF [76], Ceftazidime, Cefo-
taxime/OmpF, OmpC [38], Ciprofloxacin/OmpF [48]. Kanamycin/OmpF, OmpC [75],
Kanamycin, Norfloxacin, Ciprofloxacin/OmpF, OmpC [51], Norfloxacin/ OmpE, OmpC [177],
Norfloxacin, Ciprofloxacin, Enoxacin/OmpF [74], Norfloxacin/OmpF [52], Kanamycin,
Gentamicin, Amikacin/Ompf, OmpC, LamB, ChiP [39], Gentamicin, kanamycin, Polymyxin
B/OmpF [53], Ceftazidime-Avibactam/Omp35, Omp36 [113], Imipenem, Meropenem/Omp35,
Omp36 [114,115], Ceftriaxone/Omp35, Omp36 [116], Ertapenem, Cefepime/Omp36 [117],
Imipenem, Cefepime, Cefpirome/Omp36 [118], Ampicillin, Ticarcillin, Piperacillin, Er-
tapenem, Imipenem, Meropenem, Cefotaxime, Cefepime, Ceftazidime/Omp35, Omp36 [23],
Norfloxacin/Omp36, Omp35 [177], Ampicillin, Ticarcillin, Piperacillin, Ertapenem, Imipenem,
Meropenem, Cefotaxime, Cefepime, Ceftazidime/OmpE36 and OmpE35 [23], Ceftazidime-
Avibactam, Tigecycline, Colistin/OmpK36, OmpK35 [122], Ampicillin, Benzylpenicillin,
Oxacillin, Cephaloridine, Cefoxitin, Cloxacillin, Cephalothin, Ceftriaxone, Cefotaxime,
Cefamandole, Ceftazidime, Erythromycin Imipenem, Ertapenem, Cefepime, Novobiocin/
OmpK35, OmpK36 [112,113], Ampicillin, Ticarcillin, Piperacillin, Ertapenem, Imipenem,
Meropenem, Cefotaxime, Cefepime, Ceftazidime/OmpK36, OmpK35 [23], Ertapenem, Ce-
fepime, Cefoxitin/OmpPst1 OmpPst2 [119], Carbapenem/OmpPst1 [121], Fosfomycin/OprO,
Oprp [165], Meropenem, imipenem /OprD [140,143] Ceftazidime-Avibactam, Ceftolozane-
Tazobactam/OprD [144], Imipenem, Meropenem/OccD3 [42], Temocillin/OccK1, OccK2 [135],
Fosmidomycin/OprO, OprP [123], ceftazidime, cefotaxime, carbenicillin/Occk8(OprE) [164].
Note that the list is not limited to the mentioned names. These findings indicate that
outer membrane porins can have an impending responsibility towards the efficacy of
antimicrobials/antibiotics and may serve as potential targets to support the progression
of innovative and novel antimicrobial approaches [6,31,35,180]. As per the studies, trans-
membrane proteins present in the outer membrane of the Gram-negative bacterium might
be directly responsible for the transport of small molecules such as nutrients and antibi-
otics [6,35,180]. The porin channels are selective for specific types of molecules, and their
size and charge selectivity determine the types of molecules that can cross the outer mem-
brane [35,180]. The porins that have been shown to play a direct role or have shown inter-
action with antibiotics are HMP-PA [46],Omp-PD [46], Omp-SL [46], HMP-AB [46],/CarO
isoforms [155-157], rOprD homologue [158], OccAB1-OccAB4 [159], DcaP [22], Omp-
ECB [46], OmpF and OmpC [22,24,26,38,39,44,48,51-53,55,61,67,72,74-79,81-84,87,89,90,
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94-96,99-102,104-107,109,112,177] Omp35, Omp36 [21,23,66,113-118,177], OmpE36 and
OmpE35 [23], OmpK36, OmpK35 [112,113,122], OmpPstl/OmpPst2 [119,121]/OprO,
Oprp [123,165], OprD [140-144], OccD3 [42], OccK1, OccK2 [135], Occk8(OprE) [164].
From the studies it has been shown that the transport of Fosfomycin occurs through
OmpF porins [76], while the transport of Cephalosporin occurs through OmpF and OmpC
porins [23]. Fosfomycin, and Fosmidomycin transport through OprO/OprP [123,165]
porins, and the dynamics of loop L3 from OmpF have been demonstrated to influence an-
tibiotic translocation [48,101]. Additionally, ampicillin permeation has been demonstrated
to occur through the major outer-membrane channel OmpF [26,54,181], and the fluoro-
quinolones interaction in conjunction with magnesium ions thru OmpE, OmpC, Omp36, and
Omp35 porins [177]. Furthermore, Kanamycin and other aminoglycosides (see also Table 3)
transport/uptake into the bacterium peremptorily facilitated by OmpF/OmpC chan-
nels [39], and the transport of small beta-lactamase inhibitors through OmpF/OmpC [26,37]
(see Table 3) for other molecule/omps flux rates). As it is challenging to measure the flux
of these tiny molecules, reported turnover rates molecules/second (Table 3) at a given con-
centration gradient for different outer membrane proteins (Omps) with different substrates
have been given [26,27,39,54,153].

In general, these studies have provided insights into the explicit role of outer membrane
proteins/porins/channels/transporters in the haulage of antibiotics and have highlighted
the importance of these proteins in the efficacy of antibiotic therapy. Targeting these porins
may provide a promising strategy for advancing and improving novel current antimicro-
bial/antibiotic agents and therapy. However, further extensive research and data sets are
needed to comprehend the mechanisms and systems involved in antibiotic transport through
porins. Further to fully identify new targets for the progress of novel antimicrobial strategies.
Electrophysiology techniques, such as planar lipid bilayer, have provided valuable insights
into Membrane channels’ structural and functional properties [7,24,29,49]. These techniques
have also been used to examine the interface of antibiotics with the pore-forming complex,
providing a molecular-level understanding of the transport mechanisms [7,24,29,37,42,49].
Despite these advances, a significant amount of information has been gathered toward
understanding the correlation between pore geometry and antibiotic transport using electro-
physiology alone [24,37,42,47,48,51,54,55,75,76,78,79,83,87,96,98,124,134,153,177].

Furthermore, the molecular transport mechanism through membrane channels is
essential in developing targeted therapies against antimicrobial resistance [15,24]. Under-
standing how antibiotics interact with the bacteria at a molecular level makes it possible
to design strategies that increase permeation and avoid resistance mechanisms based on
decreased permeability. This can further take the lead toward the development of more
efficient antibiotic therapeutics and systems to combat bacterial resistance [7,15,24,29,49].
It is also vital to note that the study of membrane channels is not constrained to their role
in antimicrobial resistance. These proteins also play a crucial role in transporting essential
nutrients and ions across the membrane, which is critical to the survival and growth of
bacteria [7,24,29,49]. Therefore, studying membrane channels can also provide insights
into the fundamental biology of bacteria [6,7,15,23,24,29,37,49].

Moreover, the study of membrane channels can also have implications in other fields,
such as biotechnology and bioengineering [29,48]. The ability to manipulate the conveyance
of solutes across the membrane can have applications in creating various products, such as
enzymes and biosurfactants [7,29,31]. Additionally, the use of membrane channels as a stan-
dard system for studying protein-lipid interfaces and interactions and thus can also have
implications in developing new drug delivery systems [15,24,40]. In conclusion, this review
highlights the current scientific understanding of the role of membrane proteins/channels
in controlling permeation [7,15,24,27,45].

Conclusive Remarks

The bacterial envelope’s outer membrane is a crucial component that is vital in con-
trolling bacterial metabolism and adaptation [7,27,29,37,45]. One of the essential parts of
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the outer membrane is the outer membrane proteins, which regulate the diffusion of vital
nutrients and other solutes across the membrane, thereby influencing bacterial survival
and growth [7,29,182]. The unique structural and functional properties of outer mem-
brane proteins, such as the constriction region and associated amino acids, may play a
crucial role in determining the rate at which solutes diffuse across the bacterial enve-
lope [7,27,29,37,45,48]. Outer membrane proteins have been extensively researched for
many years, and recent advancements in methodology have provided new insights into
the process of antibiotic translocation [15,29,30]. Specifically, membrane channels such
as HMP-PA [46], Omp-PD [46], Omp-SL [46], HMP-AB [46],/CarO isoforms [155,157],
rOprD homologue [158], OccAB1-OccAB4 [159], DcaP [22], Omp-ECB [46], OmpF and
OmpC [24,26,38,39,44,48,51-53,55,61,74-79,81-84,87,89,90,95,96,99-102,104-107,109,112,177]
Omp35, Omp36 [23,113-118,177], OmpE36 and OmpE35 [23], OmpK36, OmpK35 [112,113,122],
OmpPstl/OmpPst2 [119,121]/OprO, Oprp [123,165], OprD [140-144], OccD3 [42], OccK1,
OccK2 [135], Occk8(OprE) [164] have shown a critical role in controlling the membrane’s
permeability in Gram-negative bacteria [23,27,37,38,45]. The 3-lactam antibiotics have been
considered and have significantly received the most attention regarding their translocation
across outer membranes [7,23,38,87]. Over the last three decades, many studies have demon-
strated the function of membrane transporters/porins in 3-lactam uptake/translocation
and the underlying characteristics required for uptake/translocation [7,23,31,37,38,42,77].
The effective flux all through the bacterial membrane and different transporters/porins
can now be quantified in real-time using innovative techniques such as electrophysiol-
ogy reversal potential assay, mass spectrometry, and other assays [7,31,37,45,54]. This
has resulted in a better understanding of the structural and functional properties that
determine outer membrane permeability and the intracellular concentration of permeat-
ing compounds, which ultimately impact bacterial susceptibility [7,27,31,37,38,40,54,153].
Studies have shown that permeation across porins occurs through passive diffusion for
zwitterionic compounds through OmpF [44,100]. Further, it has been determined that
OmpF may have higher permeability rates than OmpC, with the latter’s pore interior being
more negative, making it more cation selective than OmpF [33,36,38,42,48]. In conjunction
with the current structural determination of many bacterial membrane transporters/porins,
numerous studies investigate their structural and physical properties to envisage small
molecule translocation [44,46,77,100]. The work employs MS to understand the potential
trajectories of small molecules to traverse porins and have produced essential observa-
tions [44,48,76,77,132,177]. The study of porins using electrophysiology gives a better
understanding of the uptake of drugs through different porins, which can be readily mea-
sured by changes in ion flux [181,183]. The example has shown that the ion-current through
with the OmpF channel decreases temporarily dependent on pH in the presence of ampi-
cillin molecule, the maximum decrease occurring at the range of pH where ampicillin is
zwitterionic [181,183].

MS suggests that ampicillin may obstructs the OmpF pore by interacting with charged
residues of the membrane pore [87]. Similar outcomes were found for amoxicillin, a
zwitterionic B-lactam [84,99,181,183]. However, no interaction was observed with car-
benicillin, azlocillin, and piperacillin [84,99,181,183]. This implies that interactions at
the channel’s recognition site correspond to increased diffusion of particular compounds
through OmpF [84,99,181,183], as shown by previous studies indicating that mutations of
critical residues in the porin affect 3-lactam uptake and susceptibility [7,84,88,99,181,183].
An alternative method involves introducing the charged compound of interest to one side
of the channel to create a concentration-driven flux, which can be assessed by a diffusion
potential [43,44,88,181]. The permeation assay, based on the conventional electrophysiology
method, primarily entails the application of concentration gradients of charged molecules
with different electrophoretic mobilities through a membrane channel [26,39,54,153].

Consequently, the unequal flux generates an electrostatic potential that provides direct
evidence of relative ion fluxes [37,38,40,54,153]. The investigative methodology utilized
here involves measuring zero-current-reversal potentials and the subsequent channel con-
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ductance of a single pore [37,38,40,54,153]. Combined with single-channel conductance
measurement, this technique allows for more quantitative analysis [37,40]. In summary,
electrophysiology and its integration with other techniques have yielded valuable in-
sights into the uptake of drugs through porins, enabling the development of new meth-
ods to differentiate between molecular binding and transport [37,40]. These techniques
can potentially aid in discovering new scaffolds to enhance the permeability of antibi-
otics [37,39,40,54,153,164,165]. Recently, the efficacy of these approaches has been validated
using in vivo susceptibility and accumulation assays on intact bacterial cells by comparing
different methodologies to measure the transport of ceftazidime and cefotaxime [38].

Likewise, these new methodologies offer the opportunity to study membrane porins
and their role in influx and environmental stressors affecting them [7,29]. In real-time, mea-
surements of the interbacterial accumulation of individual molecules, such as antibiotics,
inhibitors, antimicrobials, and more, provide valuable insights into the early phases of
envelope changes during bacterial life [7,29].

These studies are essential for understanding the relationships between bacterial
adaptation and various environmental stressors, which could provide new targets for
developing antibiotics [7]. In conclusion, the advances toward understanding bacterial
porins can contribute to a deeper understanding of the transport of hydrophilic molecules
across lipid bilayers, a fundamental process in living cells [7]. By investigating the molecular
events that regulate the efficiency of diffusion rate, these studies will aid in our efforts to
understand how gram-negative bacteria manage to transport essential molecules while
adapting to changing environmental conditions [7,15,24,29].
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