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Abstract: To win the battle against resistant, pathogenic bacteria, novel classes of antiinfectives and targets are urgently needed. Bacterial uptake, distribution, metabolic and efflux
pathways of antibiotics in Gram-negative bacteria determine what we here refer to as bacterial
bioavailability. Understanding these mechanisms from a chemical perspective is essential for
anti-infective activity and hence, drug discovery as well as drug delivery. A systematic and
critical discussion of in bacterio, in vitro and in silico assays reveals that a sufficiently accurate
holistic approach is still missing. We expect new findings based on Gram-negative bacterial
bioavailability to guide future anti-infective research.

Keywords: Antibiotic Drug Design & Discovery • Accumulation Rules • Permeability • In silico
& in vitro Assays • Medicinal Chemistry • Drug Delivery • Antimicrobial Resistance
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Abbreviations

AMR

antimicrobial resistance

AMP

adenosine monophosphate

ANN

artificial neural networks

ATP

adenosine triphosphate

BBB

blood brain barrier

clogD7.4

computationally generated distribution coefficient at pH 7.4

clogP
DBO
eNTRy-rules

computationally generated common logarithm of the octanol-water
partition coefficient
diazabicyclooctane
structural rules for accumulation: N = ionisable amine, T = threedimensionality, R = rigidity

ESBL

extended spectrum β-lactamase

EU

European Union

EEA

Economic European Area

FDA

Food and Drug Administration

Fsp3

the fraction of sp³ carbon atoms

GBT

Gradient Boosted Trees

hERG

human Ether-à-go-go-Related Gene

HTS

high-throughput screening

IC

Inhibitory concentration

IM

inner membrane

LogP

common logarithm of the octanol-water partition coefficient

LPS

lipopolysaccharides

MBL

metallo-β-lactamases

MD

molecular dynamics

MIC

minimum inhibitory concentration

NB

Naïve Bayes

OM

outer membrane

Omp

outer membrane protein

OMVs

outer membrane vesicles

PE

Phosphatidylethanolamine
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P-gp

P-glycoprotein

PM

plasma membrane

PS

periplasmic space

PSA

polar surface area

RF

Random Forest Analysis

RND

resistance-nodulation-division

SBL

serine-β-lactamase

SERF

Susceptibility to Efflux Random Forest

SICAR

Structure Intracellular Concentration Activity Relationship

S-layer

Surface layer

SPARK

Shared Platform for Antibiotic Research and Knowledge

TBDT

TonB-dependent transporters

TOMAS

Titrable Outer Membrane Permeability Assay System

WHO

World Health Organisation

1. Introduction
Currently, the treatment of bacterial infections faces a crisis since the current portfolio of
antibiotics is impaired by increasing numbers of resistant pathogens and simultaneously
limited number of efforts to find new antibiotics [1,2]. Being not only transported across
continents due to the movement of people, animals and trading, but also found in wastewater,
it becomes clear that multidrug-resistant bacteria are unnoticeably surrounding us in daily life
[3–6]. In 2017, the World Health Organisation (WHO) initiated a wake-up call by announcing a
priority list for bacteria running out of treatment options – most of them being Gram-negative
(Table 1) [7]. Although the widely used model organism Escherichia coli is associated with
less severe infections, 58% of the clinical isolates in the EU/EEA were resistant to the current
treatment options in 2018 [6].
A more recent report by the WHO states that the current antibiotic pipeline is drying out as
most of them are “traditional” antibiotics, such as β-lactams, tetracyclines or fluoroquinolones,
targeting pathogens not found on the priority list [8,9]. In the course of the past decades, the
concepts that antibiotic drug researchers have followed (e.g., target-based drug design while
neglecting membrane permeability, screening of growth inhibition, search for broad-spectrum
activity) turned out to be inappropriate to find structures promising to overcome the preclinical
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phase [10]. In a rather recent evaluation of the (preclinical) pipeline, it was shown that some
innovative approaches are emerging (e.g., phages, antivirulence agents, antibodies and
vaccines). Interestingly, out of these, 40% are pathogen-specific rather than broad-spectrum
and comparatively large compounds [11–13]. Furthermore, the WHO has defined innovative
criteria for novel antibiotics, urging that a candidate should represent a new class addressing a
new target, display a new mode of action and absence of within-class cross-resistance [9]. In
practice, these claims are difficult to achieve and require a thorough understanding. With a
likelihood of only one in five phase-1 clinical candidates for infectious diseases to be
marketed, more (cost)-efficient antibiotic research and stronger cross-disciplinary collaboration
along the classical development pipeline between academia and industry are required.
Keeping this pipeline better filled and fostering translational science are pivotal to avoid the
next antibiotic discovery void [14–16].

Especially, Gram-negative bacteria are known for their intrinsic resistance to a wide range of
antibiotics being often related to drug uptake and efflux [17]. Additionally, antibiotic resistance
occurs as a result of different more or less adaptive mechanisms caused by mutations and
exchange of genetic information, requiring constantly need new antibiotic treatment options.
These adaptive mechanisms are modifications on the target biomacromolecule, enzymatic
modifications of the anti-infective compound, or decreased uptake and increased expression
and activity of efflux pumps [18,19]. The decrease of uptake can be caused by the production
of biofilm, reduction of certain membrane proteins, or by changes in the composition of other
membrane components, such as phospholipids or lipopolysaccharides [17]. Having mentioned
the aspect of antibiotic uptake, one can easily see, how many factors must be taken into
account for optimal drug design.
Hence, we will first give a brief overview on the underlying biological principles of the Gramnegative cell envelope and then discuss chemical approaches that have been undertaken to
utilise them for drug design. As recently pinpointed by A. L. Parkes, the most burning question
in antibiotic research is “what can we design for?” [20] In order to answer this, we would like to
introduce the concept of bacterial bioavailability, which will be further detailed in Section 2. A
thorough understanding of bacterial bioavailability would strongly support antibiotic research
from early stages up to the clinic. All molecules employed to kill bacteria, hamper their growth
or lower their virulence are discussed as antibiotics in this review.
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Table 1. The WHO priority pathogens with their commonly associated infections [3,6,21–23]. ESBL = extended
spectrum β-lactamase

Level of urgency

Pathogen (Gram-type +/-)

Resistance

Infections

Critical

Acinetobacter baumannii (-)

carbapenem-resistant

pneumonia, urinary tract,
bloodstream, wound

Critical

Pseudomonas aeruginosa (-)

carbapenem-resistant

pneumonia, urinary tract,
bloodstream, surgical site

Critical

Enterobacteriaceae (-)

carbapenem-resistant,
ESBL-producing

medical devices, long-term
antibiotic users

High

Enterococcus faecium (+)

vancomycin-resistant

bloodstream, endocarditis,
urinary tract

High

Staphylococcus aureus (+)

methicillin-resistant,
vancomycin-intermediate
and resistant

bloodstream, skin, soft tissue,
bone

High

Helicobacter pylori (-)

clarithromycin-resistant

gastritis, duodenal, gastric
ulcer

High

Campylobacter spp. (-)

fluoroquinolone-resistant

diarrhoea, fever, abdominal
cramps

High

Salmonella spp. (-)

fluoroquinolone-resistant

diarrhoea, fever, abdominal
cramps, bloodstream

High

Neisseria gonorrhoeae (-)

cephalosporin-resistant,
fluoroquinolone-resistant

gonorrhoea

Medium

Streptococcus pneumoniae (+)

penicillin-non-susceptible

pneumonia, meningitis,
bloodstream, ear, sinus

Medium

Haemophilus influenzae (-)

ampicillin-resistant

pneumonia, meningitis,
bloodstream

Medium

Shigella spp. (-)

fluoroquinolone-resistant

diarrhoea, fever, abdominal
pain
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1.1. The Gram-negative cell envelope
Bacteria are categorised into Gram-negative or Gram-positive based on their different cell
envelope structures that H. Gram observed with different dye labelling [24,25]. A comparative
overview of membrane structures in Gram-positive, Gram-negative and eukaryotic cells is
given in Fig. 1. [24]. Shown that a major reason for antibiotic inactivity against Gram-negative
bacteria is the barrier function of their cell envelope, its profound understanding is essential for
successful anti-infective drug development [26].
For Gram-negative bacteria, in particular the outer membrane (OM) delimits the intracellular
access of antibiotics [27]. The OM is asymmetric and features lipopolysaccharides (LPS) on
the outer leaflet and phospholipids on the inner leaflet. The vicinity of divalent cations leads to
the reduction of the permeability across LPS, since the cations act as a linker between
adjacent phosphorylated glucosamine disaccharides of the Lipid A [28]. OM protein channels
act as molecular sieves (“porins”) and can be subdivided into non-specific and specific ones
[26].
As shown in Table 2, the most abundant porins in Acinetobacter baumannii, E. coli, Klebsiella
pneumoniae and Salmonella typhimurium seem to have a molecular weight cut-off of 500–700
Da. However, even within a single porin, the cut-off should never be considered as an
absolute limit, since various physicochemical properties of the permeating molecule as well as
the electrostatic interactions with the porin and its fluctuations in diameter also play a
significant role [29]. E. coli porins OmpC and OmpF and K. pneumoniae porins OmpK35 and
36 have an hourglass-shaped cavity. At their narrowest part (constriction region) opposed
negatively and positively charged residues of amino acids create a strong transverse electric
field influencing drug permeation [29].
Table 2. Selection of outer membrane proteins with channel function (“porins”). n.r.: not reported

Species

Porin

Molecular weight cut-off

Selectivity

Acinetobacter baumannii

OmpAAB

~500 Da [30]

Non-selective [30]

Escherichia

OmpF

~600–700 [31]

Slightly cation selective [32]

OmpC

~600–700 [31]

Non-selective [32]

PhoE

n.r.

Anion selective [32]

coli
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Klebsiella

OmpK35

Similar to OmpF [33]

pneumoniae

Similar to OmpF, less
selective towards larger,
lipophilic molecules [33]

Pseudomonas aeruginosa

OmpK36

Similar to OmpC [33]

Similar to OmpC [33]

OprF

~3000 [34]

Non-selective [35]

OprD

n.r.

Basic amino acids, small
peptides, carbapenems [36]

Salmonella enterica ser.

OprP

n.r.

Phosphate anions [34]

OmpF

~600 [37]

Non-selective [28]

typhimurium

Besides, it is important to realise that cut-off numbers not always provide an indication of the
degree of molecular translocation across porins. Although OprF in P. aeruginosa is known to
be the most abundant OM protein, which even allows for compounds as large as 3 kDa to
permeate, it was found that the permeation speed is generally low [38]. OmpAab in A.
baumannii also shows remarkably slow permeation [30]. Notably, both of these bacterial
species belong to order of Pseudomonadales. In contrast, E. coli, K. pneumoniae and S.
typhimurium belong to Enterobacterales.

Furthermore, Gram-negative bacteria can also

acquire resistance by downregulating porin expression, as has been reported for OmpF in E.
coli [39], OprD in P. aeruginosa [36] and OmpK35 and OmpK36 in K. pneumonia [40]. It must
be mentioned that these discussed porins despite their general selectivity for rather small and
hydrophilic molecules are regarded as non-specific porins. Porins, such as LamB (passive
transport of maltose, malto-oligosaccharides) and Tsx (passive transport of nucleosides,
deoxynucleosides) in E. coli have a much higher substrate specificity and are thus termed
“specific porins”. Among those, so-called ligand-gated channels, for example FadL (passive
transport of long fatty acids, E. coli and others) and CymA (passive transport of cyclodextrins, K. oxytoca) only open in the presence of their substrate [26].
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Fig. 1. Membrane structure of Gram-negative, Gram-positive and mammalian cells. The Gram-negative
bacterial cell envelope comprises three major compartments: outer membrane (OM), inner membrane (IM),
murein-containing periplasmic space (PS). Gram-positive bacteria have a thicker murein layer surrounding the
more permeable plasma membrane (PM), featuring polymers (e.g., teichoic acids) and cell-wall-associated
proteins. A surface-layer (S-layer) of proteins covers some Gram-positive and -negative species with sieving
effects for macromolecules [41]. Mammalian membranes consist of a PM with transport, receptor and efflux
proteins and polysaccharide-protein or -phospholipid conjugates.
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TonB-dependent transporters (TBDT) are a long-known active uptake pathway that depends
on adenosine triphosphate (ATP) for chelators of iron (siderophores), cobalt (Vitamin B12),
nickel and some carbohydrates [42]. Like TBDT, efflux pumps span over the entire envelope
and are the major excretion pathway of antibiotics. The AcrAB-TolC complex is the most
prominent efflux system in E. coli. MexAB-OprM, MexCD-OprJ and MexXY-OprM are the
dominant efflux pumps in P. aeruginosa, whereas AdeABC are typically found in A. baumannii
[43]. All of these pumps belong to the resistance-nodulation-division (RND) family and span
across the IM, OM and periplasm [28]. They require energy for compound secretion, which is
provided by the proton-motive-force – a force that is created as a result of membrane potential
and a proton gradient along the inner membrane (IM). Apart from those, also ATP-binding
cassette transporters were found to efflux macrolides [44]. Efflux pumps are also known for
mammalian cells (e.g., P-gp) and Gram-positive bacteria (e.g., TetK) [45,46]. While efflux
pumps of Gram-positive bacteria obtain their energy from the proton-motive force or ATP [47],
respectively, mammalian efflux pumps work only under supply of ATP [48]. Like for porins,
bacteria can adjust efflux pump function and expression by mutational or adaptive changes
[49].
While the OM has become much better understood during the past 30 years, knowledge about
the IM has been stagnating. Facilitated diffusion systems, as for glycerol translocation,
secondary active transport systems, such as proton symporters or phosphoenolpyruvatedependent phosphotransferase systems for sugar transport as well as primary active binding
protein-dependent transport systems energised by ATP are known. The latter type transports
sugars, amino acids and ions [50].
Whereas mammalian cell membranes contain cholesterol, the membranes of Gram-negative
bacteria feature structurally similar sterol compounds so-called hopanoids, affecting the
permeability and fluidity of the cell envelope [51]. The exact functions of hopanoids, however,
are still under investigations and could relate to bacterial membrane permeability in the same
way as cholesterol in mammalian cells or liposomes. Moreover, mammalian membranes are
mainly composed of phosphatidylcholine, while the predominant phospholipid of Gramnegative bacteria is commonly phosphatidylethanolamine (PE). Gram-positive cell envelopes
have balanced amounts of PE and cardiolipin [52].
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2. Bacterial bioavailability – a new concept for antibiotic research
Previously, different concepts have emerged to describe the amount of drug within the
bacterial cell. The term “accumulation” has been used in several publications. However, no
clear definition exists, making it difficult for the reader to understand which factors contribute to
intrabacterial accumulation [53–56]. For example, does a drug that was enzymatically modified
within the bacterium still account for the overall accumulation? While results from massspectrometric methods would likely exclude these modifications, fluorimetric and UV-visspectroscopic methods, due to their lesser selectivity, would likely include them.
Lately, the concept of SICAR (“Structure Intracellular Concentration Activity Relationship”) has
been created referring to the interplay between compound uptake and efflux and the
compound’s structure [57]. In addition, another recent review reports ongoing efforts to create
a cheminformatics-based prediction tool for permeation and efflux in Gram-negative bacteria
[58]. Here, it seems that the factor of enzymatic degradation has been explicitly excluded.
As a complementary term, we want to introduce “bacterial bioavailability”, which can be
understood as an extension of the concept mentioned above that takes enzymatic degradation
and distribution into account. The term bioavailability refers to the rate and extent at which a
drug is available at the target site. In a patient, it is determined by absorption, distribution,
metabolism and excretion, but these mechanisms also apply to the compartment of bacterial
cells. Moreover, the distribution between different bacterial compartments may be of
importance, especially in Gram-negative bacteria [54,59]. Hence, we regard “bacterial
bioavailability” as an appropriate term to describe the time-dependent aspects of antibiotic
accumulation in bacteria. In classical pharmacokinetics, bioavailability calculations are based
on plasma concentrations of the host organism. For bacteria, the amount of substance per
colony forming unit could be used and translated into concentrations since the average
volume of bacteria can be calculated [60–62].

Since the biological basis of antibiotic uptake, degradation and efflux in Gram-negative
bacteria has been extensively reviewed elsewhere [28,63–68], we aim in this section for a
better understanding, which molecular properties may be beneficial or limiting bacterial
bioavailability as a whole. We first summarise the key understanding of the physiochemical
properties related to bacterial uptake and metabolism, distribution and efflux reported until now.
In this light, we then compare clinically approved antibiotic classes against Gram-negative
infections (based on a representative selection of antibiotics, see Supplementary Material,
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Table S1) and discuss the opportunities and risks associated with the “rule”-based design.
Finally, we report recent approaches from antibiotic drug-discovery campaigns with
comparison to their physicochemical criteria.
2.1. Current understanding of the influence of physicochemical parameters
2.1.1 Bacterial uptake
Non-ionisable lipophilicity, logP, was first observed during the antibiotic “golden age” between
the 1940s and 1960s to correlate with observed activity differences of antibacterial compounds
between Gram-negative and Gram-positive bacteria [69,70]. As a result, the ideal logP of
compounds against Gram-negative bacteria was found to be around 4 and against Grampositive around 6 [69].
Later, O’Shea et al. performed a statistical analysis, concluding that physicochemical
properties of antibiotics targeting Gram-negative bacteria, in comparison to other drugs, are on
average more hydrophilic (clogD7.4 –2.8 vs 1.6) and have a greater polar surface area (PSA)
(165 Å² vs 70 Å²). Particularly compared to antibiotics against Gram-positive bacteria, they are
two log units more polar but half as large [71]. Similar trends for clogD7.4 were also observed at
AstraZeneca [72]. Although target distribution or accumulation were not directly taken into
account in these studies, the results were in agreement with previous findings by Nikaido and
co-workers [32,73]. High hydrophilicity favours water-gated porin (e.g., E. coli OmpF) uptake
with a size limit of 600 Da [71]. On the other hand, they conclude that the uptake of
zwitterionic synthetic fluoroquinolones are favourable for porin uptake as well as for oral
availability due to (un)charged forms. We generally tend to optimise for the highest activity in
in vitro settings. Environmental settings, such as pH, influence not only the state of the
compound but also the bacterial behaviour under stress as well as under varying physiological
conditions at the site of infection [74,75]. These are factors that need to be taken into account
in the bacterial bioavailability concept.

Further statistical attempts were undertaken by binning compounds based on their
translocation pathway into the cytoplasm as passive diffusion or energy-dependent versus
their physicochemical properties. Compounds taken up by passive diffusion have a lower
molecular weight and higher clogD7.4 values than actively transported compounds [76].
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A new direction was given by the so-called “eNTRy rules”: an ionisable amine (N), low
globularity (≤0.25) as parameter for three-dimensionality (T) and high rigidity (R) in terms of a
low number of rotatable bonds (≤5) favour accumulation in E. coli [53,77]. M. Richter et al.,
pointed towards the importance of the 3D shape as the measure of globularity (e.g., benzene
= 0.0 and adamantane = 1.0). By following these rules, the spectrum of several antibiotics was
extended towards other Gram-negative bacteria (see Sections 2.3.4 and 2.3.6) [78,79]. The
rules also highlight the need of an amphiphilic moment. Amphiphilic moment accounts for
hydrophilicity and hydrophobicity as well the distance between the hydrophobic part and
charged part. It had already previously been used to predict ideal conformations and
orientations of molecules in biological membranes, using a programme called CAFCA
(CAlculated Free energy of amphiphilicity of small Charged Amphiphiles) [80]. Nikaido et al.
also already partially referred to amphiphilic moment earlier, highlighting charge as an
important factor for OM uptake and hydrophobicity for accumulation through the IM [81].
Based on the eNTRy rules, the ionisable amine together with a low globularity is needed for
the charge–charge interactions in E. coli OmpF porin [53]. Notably, the eNTRy rules do not
feature any physicochemical parameter related to molecular size. The compounds the group
selected for their analysis have a molecular weight of <500 Da. Hence, all tested compounds
were potentially eligible for OmpF-mediated permeation, making the impact of molecular size
negligible. A platform to check if compounds fulfil eNTRy rules is freely available online
(“eNTRy-way”) [82]. Calculating these properties using different software may lead to
inconsistencies because of different underlying settings, such as how rotatable bonds are
defined.

Whereas eNTRy-way only indirectly suggests good or bad accumulation by showing if eNTRy
rules are fulfilled, the platform “Open Drug Discovery” by Idorsia employs a machine-learning
algorithm to predict the permeability of the submitted molecule structures [83]. This machinelearning model suggests that compound accumulation in E. coli is determined by a
combination of physicochemical properties (e.g., symmetric atoms, basic pKa/nitrogens,
solubility clogS and non H-atoms) [84]. The model was built on data of 13.000 compounds
tested on TolC-deficient E. coli, which may give false indications in comparison to wild-type E.
coli. Comparing favoured physicochemical properties in both E. coli strains, may in reverse,
help to understand governing properties for efflux. The practical use of this submission
platform, however, still needs to be demonstrated.
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More recently, Acosta-Gutiérrez et al. used molecular dynamics (MD) to include the 3D shape
of the compound as well as the porin channel creating a model taking into account electric
field and electrostatic potential, media osmolarity and the energy barriers of molecules. This
new scoring function defines if a molecule can permeate through the restriction area of the
hourglass-shaped porins. This is determined based on molecule’s partial atomic charges, as
the count of charge and dipole and its minimal projection area, as the measure of size. The
higher the partial atomic charge and the lower the size, the better the permeability through the
dynamic porins [29,85]. The attractiveness of the scoring function lies in its transferability
across species and mutated porins, although the cut-off rules for porin uptake are not clearly
listed and not all structures of bacterial porins are known [63]. To note, this scoring function
defines no functional group specificity in contrast to the eNTRy rules.

A future avenue may be driven by 3D properties. A good example of this was demonstrated by
an antibacterial compound with a relatively high molecular weight of ca. 700 Da that would
normally be considered as too large for porin uptake. The antibacterial activity could be
explained by its favourable 3D volume and shape for permeability [86]. 2D NOESY NMR
spectroscopy provided experimental support for the minimal rectangle dimensions that would
ideally match with the eyelet of the E. coli OmpF porin [28]. Cheminformatic methods could
reveal the angle for diffusion between the dipole moment along the theoretical diffusion axis.
This enforces the further evaluation of the 3D shapes of anti-infectives, but also evaluation of
the permeability or accumulation data in 3D rather than in 2D benefitting from the modern
computational capabilities. In particular, 3D approaches would be of use to examine the
favoured pathway of permeation depending on the state of charge. For example, zwitterionic
compounds might permeate fast across non-specific porins. On the other hand, compounds
with a single positive charge may follow the same route, but without at least an electron-dense
counterpart located at a certain distance to the positive charge, their uptake is likely to be poor.
Hence, fast computational predictions would be welcome to support the design based on
bacterial bioavailability. However, the concept of the 3D shape needs the support of
computational methods and it is important to note that the 3D-descriptors have not been in the
toolbox of medicinal chemists until today and are rarely used. For simple 3D-parameter
calculations, one requires first the access to computational programmes as well as know-how
of the more advanced cheminformatics. The same holds true even for clogD 7.4 calculations
that are nowadays more often computed rather than determined experimentally.
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2.1.2 Intrabacterial distribution
Since overall subcellular quantification of chemical compounds is possible only very recently
[54,59], not much data are available to draw general conclusions. Hence, we would like to use
this section for postulations. Uncharged and non-polar compounds are known to show better
partition into phospholipid bilayers, and therefore also into the Gram-negative IM and OM [87–
90]. However, it will be discussed in “2.2.2. Distribution” that this topic might be more complex.
Throughout most of the compounds investigated so far, it seems that the highest amount is
found in the cytoplasm rather than the periplasm. This can be rationalised by the larger
distribution volume of the cytoplasm leading to a sustained concentration gradient between
both compartments and hence an extensive transport towards the cytoplasm. For small,
charged and hydrophilic compounds that take the porin-mediated pathway or for compounds
that are taken up actively across the outer membrane, it can be expected that the
concentration in the periplasm is much higher than in the cytoplasm. Compared to their
facilitated translocation across the OM, their translocation across the IM will happen more
slowly, if facilitated transport mechanisms do not play a significant role. This difference in
concentration between periplasm and cytoplasm, even though less pronounced, should be
found also among compounds that are more lipophilic and uncharged, which follow nonfacilitated transmembrane diffusion across OM and IM. An inverse gradient, showing the
highest concentration in the periplasm could probably be found, when active transporters are
significantly involved in translocation across the IM. Since sugars undergo such mechanism
[50,91], compounds with sugar moieties as for example aminoglycosides or macrolides could
show this phenomenon. Thus, looking at the membrane distribution may also help to evaluate
if compounds follow substantial passive (non-facilitated) diffusion or active uptake.

2.1.3 Bacterial metabolism

After passing the OM of Gram-negative bacteria, antibiotics can become exposed to
degrading enzymes (destructases). Although it is occasionally suggested to consider antibiotic
degradation as a mechanism that is separate from bacterial metabolism, it seems more
plausible to consider also destructases as one specialised part of it. After all, also in humans
the degradation of toxins is carried out by metabolic enzymes and names such as
“penicillinase” or “aminoglycoside modifying enzymes” may just reflect on our current
ignorance to other potential substrates. It is important to be aware that not only the commonly
known -lactam structures can become subjected to metabolism, but also for example amino
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groups, hydroxyl groups, esters, lactones and quinoid structures (Table 3). These enzymes
usually have a low substrate specificity, which decreases their efficiency [92]. Hence, also
here, the key could be to design highly permeating compounds with a low efflux rate, which
may overwhelm these destructases and in this way decrease the impact on this resistance
mechanism. However, apart from -lactamases, the quantitative impact destructases have on
the overall bioavailability is still largely unknown and urgently deserves more research. Simply
avoiding the structures mentioned above will possibly render it impossible to design new
antibiotics. Since systematic overviews are so far missing and in order to avoid redundancy,
we here refer to the extensive set of examples given in section “2.2.3 Metabolism”.
2.1.4 Bacterial efflux

Efflux pumps are currently considered to be mainly responsible for the elimination of the
compounds [63,93]. The most common E. coli multidrug efflux pump is AcrAB-TolC (Fig. 1).
AcrB is located in the IM and AcrA is an elongated channel from the AcrB that pumps the
compounds through the periplasm to TolC that is located in the OM. This RND-system was
thought to exist continuously integrated, however, recent studies show that TolC is only
recruited when AcrAB is actively pumping something out [94]. The presence of AcrAB-TolC is
also the key to allow cell-to-cell transfer of resistant genes as shown in recent real-time
analysis [95,96]. Perhaps there is something about the efflux system that we do not yet
understand, but something worth further investigating in the search of novel efflux pump
inhibitors [97]. In spite of recent findings related to efflux-system integrity and cell-to-cell
transfer of resistant genes [94–96], a general rule-based optimisation of avoiding efflux
remains difficult.

Earlier studies suggest that hydrophobic compounds are pumped out (clogD 7.4 >3), whereas
hydrophilic, highly charged compounds with a low molecular weight (<400 Da) and polar
zwitterions with a high molecular weight (~400–600 Da), would avoid efflux, although with
some discrepancies between E. coli and P. aeruginosa [98]. Machine-learning-based analyses
of antibacterial compounds in different OM-porin or efflux-deficient E. coli and P. aeruginosa
mutants by Cooper et al. also show that favoured compound properties differ between
pathogens. In P. aeruginosa, compounds are more likely to be effluxed, if they are rigid, more
lipophilic and bear a high partial positive charge. In comparison, lipophilic uncharged
compounds are favourably pumped out by E. coli. Cooper et al. also showed that a negative
partial charge arising from the dipole moment may enhance porin permeability in
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P. aeruginosa and suggests that it may be possible to simultaneously avoid efflux and
enhance porin-mediated uptake. Optimisation of compounds targeting P. aeruginosa should
therefore focus on electrostatic properties and surface area, whereas for E. coli, topology,
physical properties and atom or bond count should be taken into account [99]. The limitation of
the study is that no clear cut-off limits are given. Earlier studies by the same group indicate
that chemical properties favourable for different Gram-negative bacteria are so inconsistent
that the permeation of compounds is not chemically but biologically driven, as demonstrated
by hyperporination studies in A. baumannii, P. aeruginosa and Burkholderia spp. [100].

Based on different machine learning techniques, a very recent publication reports molecular
properties leading to increased susceptibility to efflux in E. coli [101,102]. Their so-called
Susceptibility to Efflux Random Forest (SERF) tool reveals that hydrophobic (clogD 1–5),
planar (the fraction of sp³ carbon atoms, Fsp3 0–0.5), unbranched, compact molecules (hyperWiener index) with “low” molecular stability (the resonant structure count at pH 7.0 is <4) have
greater susceptibility to efflux. These parameters are rather unconventional, although for
example Fsp3 is gaining more attention as a new parameter for drug-likeness [103]. Thus, it
will be interesting to see if these new parameters prove to be successful also against other
Gram-negative bacteria.

2.2. Application of this concept to clinically approved antibiotic classes
2.2.1 Uptake
Relevant antibiotic classes for Gram-negative bacterial infections - except for polymyxins have an intracellular target. Most of them follow passive porin-mediated permeation (Table 3).
Already in 1988, R. E. W. Hancock gave an overview about the uptake of the major antibiotic
classes into Gram-negative bacteria [104]. In this review, -lactams, tetracyclines and some
quinolones follow mainly passive permeation across porins. These antibiotics have a
zwitterionic structure in common, usually feature an ionisable amine, are relatively flat, rigid
and hence, often fulfil the proposed eNTRy rules. Fluoroquinolones tended to become larger
in size over the generations, which may have compromised permeability. The group of
Gameiro showed that 1:1:1 complexation of certain fluoroquinolones such as ciprofloxacin and
enrofloxacin with Cu2+ and phenanthroline, a commonly used coordination ligand, enhances
their activity in resistant Gram-negative E. coli strains [105]. Since the target remains the
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same, the enhanced activity should result from enhanced bioavailability. The underlying
mechanism remains unclear.

Most fluoroquinolones and also tetracyclines exist to some extent in uncharged form at pH 7.4,
which enables these compounds to permeate passively across the lipid layer of the OM
[106,107]. Nalidixic acid, the progenitor of fluoroquinolones, has a pKa of 6 for its strongest
acidic moiety [108]. This leads to a comparatively high amount of roughly 4% uncharged
molecules at pH 7.4 resulting in a substantial uptake through phospholipid layers [109].

Lately, the long effort to utilise the active TBDT-mediated route finally paid off: cefiderocol, a
bulky cephem featuring a Fe3+-chelating catechol group, has become the first FDA-approved
-lactam that was especially designed for this pathway [110,111]. The rifamycin derivative,
CGP4832, featuring a morpholino moiety at position 3 of its naphthofuran ring system and a
terminal piperidine-containing sidechain in exchange for its acetic acid ester, was also
reported to have an enhanced uptake across FhuA – an E. coli-specific siderophore receptor
[112]. The dependency on a specific OM, however, makes these antibiotics prone to
resistance development.
Regarding -lactamase inhibitors, only few investigations were undertaken, but without
elucidating the uptake pathway [113]. Due to their small size, polarity and anionic or
zwitterionic nature, respectively, as well as further structural similarity to -lactam antibiotics,
we assume a porin-mediated pathway to be the dominant one.

Notably, the neutral chloramphenicol and negatively charged fosfomycin are also assumed to
permeate via porins [104,114,115]. For fosfomycin, MD simulations on OmpF revealed that
this very small molecule moves along a group of positively charged residues (“basic ladder”) to
pass the constriction region. Chloramphenicol has a nitro group, which might enable it to pass
in a similar manner. However, MD simulations would provide stronger evidence. Recent
experimental studies suggest that an uptake pathway exists that is independent of OmpF,
OmpC and LamB [86]. Due to the small size and the lack of a permanent charge, this
molecule might also permeate well across the LPS and phospholipid layers. Sulfonamides, as
another important compound class for the treatment of Gram-negative infections, still
completely lack a defined permeation pathway. Closing this gap of knowledge is highly desired.
A long-known alternative pathway, which is taken by polycationic molecules, such as
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aminoglycosides, is the self-promoted uptake [104]. Polymyxins are assumed to use the same
mechanism [116]. The presence of neighbouring amine groups enables these molecules to
displace divalent cations from the outer leaflet and hence, destabilises the barrier of LPS,
which enhances membrane permeability. The introduction of additional primary amines to
circumvent porin-dependent uptake may broaden the spectrum of activity also towards P.
aeruginosa [117]. As for polymyxins, their amphiphilic character may additionally contribute to
membrane destabilisation. In the case of kanamycin, very recently evidence was provided that
it also follows passive permeation across non-specific porins significantly contributing to its
activity [118]. Liposome-swelling assays suggest that also other aminoglycosides may follow
this pathway, but further experiments are required to confirm this hypothesis [32,119].

2.2.2. Distribution
When taking the data by Prochnow et al. and calculating the concentrations of tetracycline,
trimethoprim in addition to ciprofloxacin, it seems that their concentration in the periplasm is
higher than in the cytoplasm, which due to their porin-mediated uptake is plausible, as detailed
in 2.1.2. Interestingly, erythromycin, which accumulates very slowly in Gram-negative bacteria,
shows a higher concentration in the cytoplasm [54]. One may speculate whether this could be
due to active transport mechanisms in the IM. Additionally, tetracycline and ciprofloxacin seem
to enrich in the bacterial membranes, which was not observed for trimethoprim and
erythromycin. Considering the high polarity and its mainly positive charge (pKa ~ 8.9) at the
physiological bacterial pH of 7.2–7.8 [120], the behaviour of erythromycin is understandable.
However, the absence of significant amounts of the aniline-like trimethoprim (pKa ~ 7.4) [121]
remains unclear, since a considerable amount of this substance should also exist uncharged.
The enhanced membrane partition of the largely zwitterionic tetracycline and ciprofloxacin
(pKa ~ 6.0, 8.8) [121] can occur either because a considerable uncharged amount exists at the
intrabacterial pH range or, as in the particular case of ciprofloxacin, additional molecular
stacking reduces their polarity [107,122,123]. The absence of efflux pumps usually increased
the compound concentration in every compartment, but more data regarding the extent of
enzymatic degradation will be necessary to understand these first systematic data better.

2.2.3 Metabolism
The most well-known class subjected to enzymatic degradation is the -lactams, where
especially

penicillins

undergo

the

enzymatically
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catalysed

-lactam

ring

opening.

Cephamycins and cephalosporins of the third generation are also susceptible to enzymatic
hydrolysis of the -lactam ring [124]. Cephamycins feature a 7--methoxy moiety that together
with the amino acyl sidechain provides a steric protection of the -lactam ring on both sides.
Third-generation cephalosporins feature an oxime ether instead of this methoxy group.
Monobactams feature N-substituents and methyl groups in addition to their aminoacyl chain,
while carbapenems sterically avoid -lactam hydrolysis by trans-configuration of the
hydrogens in the  and  positions of the -lactam ring [125]. All these features lead to the
same protective effect. However, extended spectrum -lactamases (ESBL) can open this ring.
Notably, except for carbapenems, the molecular size and number of substituents increased
over the course of -lactam generations, making them less susceptible to enzymatic
inactivation whilst limiting their access via porins. One solution to this limitation is currently
extensively worked on: with the development co-administration of further small -lactamase
inhibitors similar to tazobactam or clavulanic acid, -lactams can be designed in a less
sterically demanding way and still avoid enzymatic degradation. The application of two small
molecules rather than one larger molecule would enhance translocation of both compounds
and possibly also reduce their efflux.
Currently, -lactamase inhibitors can be divided into three generations. Inhibitors of the firstgeneration feature a -lactam ring and irreversibly inhibit certain classes of serine-lactamases (SBLs; class A and D according to the Ambler classification system of lactamases) [126,127]. Inhibitors of the second-generation feature a diazabicyclooctane
(DBO) scaffold. They inhibit all SBLs, by reversible acylation of the serine group under loss of
the cyclooctane structure [128]. The Klebsiella SBL KPC-2, however, is also capable of
irreversibly hydrolysing the DBO structure. Metallo--lactamases (MBL; class B) remain
unaffected by second-generation -lactamase inhibitors [129]. Regarding -lactam inhibitors of
the third-generation, the carbonyl oxygen of the lactam group was replaced by a boronic acid.
They are effective inhibitors of all classes of SBLs (A and C). The inhibition of SBLs works by
nucleophilic attack of the serine hydroxyl group on the boron leading to a highly stable sp3hybridised intermediate [130]. Third-generation -lactamase inhibitors hold potential to inhibit
-lactamases of all classes (“pan-spectrum” -lactamases). For example, taniborbactam has
shown to inhibit all SBLs (A, C, D) but also MBLs [131]. It is assumed that two features in
addition to the boronic acid ester moiety are responsible: An annulated benzoic acid cycle
(Table 3, highlighted in orange) to the oxaborinane scaffold and a substituent on the amide
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group with a hydrophobic linker (Table 3, highlighted in pink) and polar moiety with a terminal
amine group (Table 3, highlighted in green) [127].

Hydroxyl groups, as present in aminoglycosides or chloramphenicol, are also prone to
enzymatic modification. While acetylation was reported for chloramphenicol, conjugation with
adenosine monophosphate (AMP) or phosphoric acid was reported for aminoglycosides. In
addition, aminoglycosides and fluoroquinolones are known to undergo inactivation by Nacetylation. The methylation of the amino group as done for example for levofloxacin or
ofloxacin might prevent the molecule from this enzymatic modification, (perhaps at the
expense of permeability). The enzyme FosA, whose genes were identified in P. aeruginosa, K.
pneumoniae and A. baumannii, catalyses the conjugation of thiol group-containing compounds
with fosfomycin. Tetracycline-inactivating enzymes, as for example TetX, are known to oxidise
tetracyclines at different positions leading to various products. Especially, positions C1, C2, C3,
C11a and C12 are targets for enzymes. These are parts of vinylogous carboxylic acid groups.
Like for -lactams, a possible approach could be to co-administer enzyme inhibitors, such as
anhydrotetracycline. Chelocardins, which have been lately rediscovered as a basis of novel
antibiotic structures, may profit from structural similarities to anhydrotetracycline. Both
structures share an annulated aromatic ring system and a methyl group on C6. For
tetracyclines, however, chemical modifications do not seem clinically relevant [110].
Sulfonamides were reported to undergo enzymatic degradation in Escherichia spp.,
Acinetobacter spp. and Pseudomonas spp. These data, however, do not originate from clinical
strains [132].

For polymyxins, enzymatic peptide hydrolysis was only reported for Gram-positive Bacillus spp.
The sequence of some serine proteases in Gram-negative bacteria seems similar to that of
Gram-positives. The clinical relevance for Gram-negative species is, however, questionable,
since these enzymes would need to be secreted to prevent bacterial killing early enough [133].

Notably, all currently relevant antibiotics for Gram-negative bacteria, are potentially prone to
enzymatic degradation. A critical evaluation of the clinical relevance of antibiotic inactivation,
depending on the bacterial species and molecular entities, is still needed. In the ideal case,
one would be able to predict functional groups prone for bacterial metabolism and avoid thus
synthesising them unnecessarily by running a quick predictive calculation beforehand - as
commonly done for human metabolites of drug candidates.
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2.2.4 Efflux

As mentioned previously in Section 2.2, Gram-negative bacteria like E. coli, P. aeruginosa, S.
enterica ser. typhimurium, K. pneumoniae and A. baumannii possess multidrug efflux pumps,
which have structural similarities, but can have different substrate preferences. -Lactams,
fluoroquinolones and tetracyclines are efflux substrates in Enterobacterales (E. coli,
Salmonella spp.) and Pseudomonadales (A. baumannii and P. aeruginosa), excluding
imipenem [65,134]. For -lactams, it has been shown that lipophilic side chains increase the
efflux rate. Glycylcyclines – a subclass of tetracyclines – feature a glycyl sidechain in the
position C9 of the tetracycline scaffold, which is supposed to prevent efflux. Despite of this, A.
baumannii and P. aeruginosa still succeed in eliminating tigecycline by this pathway [65].

The accumulation of quinolones of the first-generation (e.g., nalidixic acid, flumequine),
second-generation (e.g., ciprofloxacin, fleroxacin, norfloxacin) and fourth-generation (e.g.,
gatifloxacin, gemifloxacin) seems less affected by efflux activity, while fluoroquinolones of the
third-generation (e.g., sparfloxacin, balofloxacin) are more susceptible. Moreover, an
aminopyrrolidine at the C7 position of the quinolone scaffold instead of a piperazine
substituent seems to lower the efflux rate of fluoroquinolones in E. coli [64].

Aminoglycosides are known efflux substrates in A. baumannii, P. aeruginosa, N. gonorrhoeae
and E. coli [65,135]. In Pseudomonas spp. the impact of the MexXY multidrug efflux pump on
microbial resistance against aminoglycosides can be assumed as moderate [136]. More
detailed structure–efflux relationships are still missing.

Regarding fosfomycin, not many studies suggest a significant impact of efflux on accumulation.
It might play a role in A. baumannii [137]. This is in agreement with findings mentioned in
Section 2.1.4, where small, highly charged molecules are less prone to undergo efflux.

Generally, for many antibiotics uptake, degradation and efflux mechanisms are known to occur.
Their interplay on a quantitative level, however, is still largely unknown. Prospectively,
analogously to -lactamase inhibitors the development and co-application of efflux blockers
can be a way to further enhance bacterial bioavailability. However, currently available
compounds

are

only

applicable

for

experimental

24

purposes

in

vitro

[49].

Table 3. Main classes of antibiotics for the treatment of Gram-negative infections.
Example
Name

with the key structural motif
highlighted

Physicochemical
properties
- polycationic
- clogD

Aminoglycosides

–8.1[a]

- MW 526
Tobramycin

-

Da[a]

N[b]

Uptake

Self-promoted
uptake [104],
Porin [118]

Metabolism
in bacterio
N-acetylation,
O-AMP-conjugation,
O-phosphorylation
[66]

- non-ionic
- clogD 0.86[c]

Chloramphenicol

- MW 323 Da

Porin [104,138]

O-acetylation [139]

- T[b]
- anionic,
zwitterionic
- clogD –2.4[a]

Penicillins
Amoxicillin

Porin [73]

- MW 413 Da[a]

β-lactam hydrolysis
[140]

- (N), T, (R)[b]
- anionic,
zwitterionic
- clogD –3[a]

Cephems

Porin [49]

- MW 452 Da[a]
Cefuroxim

β-lactam hydrolysis
[140]

- (N), T, (R)[b]
- zwitterionic
- clogD –5.8[a]

Carbapenems

- MW 397
Imipenem

- (N), T,

Da[a]

β-lactam hydrolysis
Porin [49]

[140]

(R)[b]

- anionic,
zwitterionic
- clogD –2.8[c]

Monobactams

(Porin) [141]

- MW 423 Da[a]

β-lactam hydrolysis
[142]

- (N), T[b]
Aztreonam
- anionic,
zwitterionic
- clogD –3.0[d]
-Lactamase
inhibitors

Tazobactam (1st Gen.)

n.r. (porin likely)

- MW 262[c]

(β-lactam hydrolysis)
[143]

- (T), R[b]
- anionic,
zwitterionic
- clogD –2.2[d]
- MW 312[c]
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n.r. (porin likely)

Carbamate
hydrolysis [129]

Avibactam (2nd Gen.)

- (N), (T), (R)[b]

- anionic,
zwitterionic
- clogD –1.9[d]

n.r. (porin likely)

n.r.

- MW 343[c]
Taniborbactam (3rd Gen.)

- (N), T, (R)[b]
- zwitterionic
- clogD –0.8[a]

Fluoroquinolones[d]

- MW 371
Ciprofloxacin

Da[a]

Porin,
OM lipids [26]

N-acetylation [139]

- (N), T, R[b]
- zwitterionic
- clogD –3.6[a]

Tetracyclines

- MW 481
Tetracycline

Da[a]

Porin, OM lipids
[26,104]

- (N), T, (R) [b]
- anionic
- clogD

Fosfomycin

Nucleophilic addition

–3.2[c]

- MW 138 Da

[c]

(Porin) [145]

- R[b]

- clogD

–0.1[a]

- MW 273
Sulfadiazine

Polymyxins

- T,

of water, glutathione,
L-cysteine

or

bacillithiol [146]

- non-ionic
Sulfonamides[e]

Oxidation [92,144]

Da[a]

oxidation of sulfanilic
Passive, not further

acid moiety,

specified [147]

hydrolysis of

R[b]

sulfamate ester [132]

- polycationic

Self-promoted

- clogD 2.9[c]

uptake, membrane

- MW 1176 Da

permeabilisation

- N[b]

[32,116,148]

(proteolysis) [149]

Colistin A
[a] Average values reported by O’Shea and Moser [71]. [b] The fulfilment of eNTRy rules [53,82], N = ionisable amine, T = low three
dimensionality, R = rigidity. [c] Values generated by StarDrop v. 6.6.1.22652. [d] Values generated by StarDrop version 6.6.4.23412; the
antibiotic panel used for [b] and [c] shown in the Supplementary Material, Table S1. [e] Fully synthetic. MW = molecular weight, n.r. = not
reported.
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2.3. Novel chemical classes with anti-Gram-negative activity
New chemical entities, also addressing novel targets, are entering the clinical development.
However, with the exception of zoliflodacin (against resistant N. gonorrhoea) all of them tend
to focus on Gram-positive bacteria [150,151]. We therefore just highlighted some recent
approaches used in antibacterial drug discovery (Table 4) and evaluate how these compounds
match the rules discussed in Chapter 2.1. We review them with a focus on bacterial
bioavailability; further exploration of their safety profile is still needed.
2.3.1 Zoliflodacin
Being investigated in clinical phase III trials, zoliflodacin is currently the most advanced
candidate among the compounds with anti-Gram-negative activity and is a representative of a
novel antibiotic class called spiropyrimidinetrione. Although the structure is new, the target
protein is not, since it inhibits the DNA synthesis by binding to the GyrB-subunit of bacterial
Topoisomerase II (Gyrase) as well as Topoisomerase IV, which holds true also for novobiocin,
flavonoids and so-called “novel bacterial topoisomase inhibitors” [152,153]. However, studies
on drug-resistant mutants showed no cross-resistance between zoliflodacin and any other
gyrase targeting agent, as the mode-of-inhibition is different [154,155]. Regarding bacterial
bioavailability, no specific studies have been performed. Neither the way of uptake is known
(although the PorB is assumed to be potentially involved), nor any metabolic pathways.
Susceptibility studies on Neisseria efflux pump mutants, revealed that especially MtrCDE, but
also MacAB and NorM play a significant role in decreasing the bioavailability [156].
Considering the properties of the molecule with its medium molecular size, without charged
groups and low globularity, it is likely that it mainly takes the PorB porin pathway as well as to
some extent the passive non-facilitated uptake across the OM, which is known to be rather
unselective and seems to determine the efficacy of other antimicrobials [28,157].
2.3.2 Halicin
A recent study based on a computational deep learning model using a library from Drug
Repurposing Hub [158,159] resulted in the discovery of nitrothiazole halicin, c-Jun N-terminal
kinase inhibitor SU3327, as a potential antibacterial compound [160]. With respect to the
physicochemical parameters, halicin complies with the rules, although it lacks an ionisable
amine and is rather non-drug like, as shown in Table 4. No antibacterial activity was observed
for P. aeruginosa and the authors in fact refer to possible permeability issues. This pinpoints
need for bacteria-specific models not only to predict antibiotic activity but also bacterial
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bioavailability. Where such a model is successful, lengthy experimental high-throughput
screenings (HTS) may in future be driven using computational settings. When repurposing
substances, however, it will be of utmost important to investigate their history and question
why research has been previously discontinued. As for halicin, there is some evidence that it
may affect mitochondrial function [161].
2.3.3 Compound “13e”
An application of fragment-based drug design was recently illustrated by Ushiyama et al.,
where DNA gyrase inhibitor 8-(methylamino)-2-oxo1,2-dihydroquinoline compound “13e” was
reassembled successfully from an HTS hit [162]. In general, fragment-based design
(compounds with molecular weight <300 Da) provides the freedom to design and introduce
desired physicochemical parameters to the scaffold [163]. However, in this case the design
was driven by enzymatic activity. The study represents a good example, how difficult it is to
balance enzymatic and cellular activity. Compound 13e only displays a weak antibacterial
activity profile in E. coli (MIC = 64 μg/mL) and is potentially prone for efflux, as demonstrated
with an increased minimum inhibitory concentration (MIC) in presence of an efflux pump
inhibitor Phe-Arg-β-naphthylamide (E. coli = MIC ≤ 0.03 μg/mL with PAβN (200 µL)).
Compound 13e has a low molecular weight (337 Da) but is only negatively charged with one
carboxylic acid and thus, the observations by Brown et al. could predict efflux issues [98].
2.3.4 Debio-1452-NH3
Debio-1452-NH3 is also a recent example of the application of the eNTRy rules, where its
non-amine derivative Debio-1452 was converted into a compound active against Gramnegative with the introduction of a primary amine. Both inhibitors represent a novel class of
benzofuran naphthyridines targeting a novel target, namely the enoyl-acyl carrier protein
reductase FabI. This study demonstrates the power of the eNTRy rules, or particularly the
primary amine, by expanding the activity profile from Gram-positive into Gram-negative.
However, Debio-1452-NH3 shows activity against A. baumannii, K. pneumoniae and E. coli,
but not against P. aeruginosa [78]. Several factors may be responsible for this, highlighting
again the need for bacteria-specific rules of compound properties. The non-amine derivative
Debio-1452 is already in phase-2 clinical studies to treat skin infections caused by Grampositive Staphylococcus aureus [150]. Time will tell, whether the amine-modified Debio-1452NH3 will also make it to clinical studies. An interactive tool by the PEW trust can be used to
trace the clinical candidates by the Food and Drug Administration (FDA) [150,164].
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2.3.5 Quorum-sensing inhibitors

Quorum-sensing inhibitors interfere with the interbacterial communication and thus, inhibit
bacterial growth and virulence. Since they do not act bacteriostatically or bactericidally, the
selection pressure is reduced, and resistance formation decelerated. Since substances of
many different structural classes belong to this group, we will here mainly focus on furanone
derivatives, a compound class that interfere with quorum sensing of various bacterial species
as for example P. aeruginosa and S. enterica. One target is the intracellular Quorum-sensing
control repressor (QscR). Its inhibition indirectly leads to a decrease in the expression of
virulence genes.

Quorum sensing inhibitors of the furanone class are rather small, mostly uncharged and less
hydrophilic molecules, such as Fur-5 in Table 4 [165–167]. One might question at first glance
if such compounds can accumulate enough to interact with their intracellular target. It is,
however, important to consider that for P. aeruginosa the porin pathway is highly challenging
due to the low number of these OM proteins and their increased specificity. It is likely that such
small and less polar compounds substantially permeate porin-independently across the OM,
as has been previously indicated by PqsD inhibitors [109]. Bearing this in mind, the design of
small, flat, rigid and amphiphilic molecules could lead to better bioavailability and hence
activity in P. aeruginosa than strictly following the current dogma, which includes enhanced
polarity and positive charge.

Rosmarinic acid has also been shown to inhibit quorum sensing in P. aeruginosa. Notably, this
molecule features two Fe3+ complexing catechol groups, which may enhance active uptake via
TonB-dependent receptors [168].

2.3.6 Peptide antibiotics

Arylomycins are partially cyclic hexapeptides featuring an N-terminal fatty acid. They are
primarily active against Gram-positive species. In a recent publication structural changes were
reported, which broadened the spectrum of activity of Arylomycin A-C16. By replacing the
linear peptide-fatty acid structure by a 2-(4-(tert-butyl)phenyl)-4-methylpyrimidine-5-carboxylic
acid – linked diaminobutyric acid the compound G0775 was obtained, which showed
antimicrobial activity was achieved against E. coli and K. pneumoniae. Target molecule is the
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LepB enzyme located in the IM. By adding a nitrile function to the C-terminus, the target
affinity was enhanced leading to a further gain of potency. Further addition of ethylene amine
groups to its two phenolic OH-functions led to significant activity also against P. aeruginosa
and A. baumannii [79]. Notably, the activity was enhanced by introduction of several primary
amine moieties and a more rigid aromatic system. The authors reported a porin-independent
uptake of this compound, which may be partially facilitated by its polycationic nature enabling
it for self-promoted uptake. With a molecular mass of 890 Da, it seems unlikely that this
compound shows fast accumulation. It might rather be the synergism of enhanced
bioavailability and target affinity, making this compound active and opening the door for new
potent representatives of this class.

2.3.7 Nucleic acids and analogues

Fig. 2. Key motifs of RNA and of other polynucleotide analogue

(Poly-)nucleotide and nucleoside analogues are an emerging antibiotic class with high
potential. Some compounds inhibit enzymes while others interfere with gene expression
[169,170]. Especially, in the latter case antisense nucleic acids can be tailor-made for virtually
every type of target mRNA and hence, inhibit the biosynthesis of the respective protein. Apart
from designing RNAs, novel analogous structures with different backbones such as locked
nucleic acids (LNAs) and peptide nucleic acids (PNAs) are emerging (Fig. 2) [171]. These are
more resistant to nucleases and heat. While single nucleotides may still have access to the
cell through porins, entire sequences of nucleic acids commonly violate many currently
considered rules for good bacterial bioavailability, since they possess too many H-bond
donors and acceptors, are polyanions and exceed upper limits of globularity, flexibility and
size. Hence, a big issue for nucleic acid activity in Gram-negative bacteria is indeed their
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uptake. Co-administration with membrane-perturbing agents, such as polymyxins or cell
penetrating peptides as well as conjugation with siderophores, may help to increase bacterial
bioavailability.
Table 4. Recent examples of antibacterial compounds against Gram-negative bacteria

Zoliflodacin

Halicin

“13e”

Debio-1452-

Fur-5

G0775

[155]

[160]

[162]

NH3 [78]

[165]

[79]

Inhibition of

Inhibition LepB

Target

DNA gyrase

Enzyme

and

or Mode of

topoisomerase

Action

IV inhibitor

Molecular
Weight[a]

clogD7.4[a]

Ionisable
Amine[b]
Rotatable
Bonds[b]
Globularity[b]

Dissipator of
the ΔpH
Component
of the Proton

DNA gyrase
inhibitor

FabI inhibitor

Motive Force

QscR

→ Blockage of

→ Reduction of

protein

virulence factor

translocation

production

across IM

487.4

261.3

337.3

390.4

287.1

889.1

1.7

0.9

0.3

0.8

1.9

2.3

no

no

no

yes

no

yes

1

3

4

4

3

16

0.095

0.073

0.006

0.033

0.073

0.062

62.52

33.11

29.87

48.02

38.15

116.93

Minimal
Projection
Area (Å2)[c]
[a] Values generated by StarDrop v. 6.6.1.22652. [b] Calculated in the eNTRy-way [53,82]. [c] Values generated by MarvinSketch 20.8
[172].
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2.4. Opportunities and risks of antibiotic drug design
It is important to note that most of the antibiotics are natural products, which normally have
properties that differ largely from synthetic small molecules. On the one hand, these
differences give a strong hint that some physicochemical features are rather specific to
achieve an enhanced bacterial bioavailability. On the other hand, producers of natural
antibiotics are usually found outside a living host (Streptomyces spp. [173,174],
Micromonospora spp. [175], Penicillium spp. [176]), which means that secreted structures are
not adapted to the mammalian organism and hence, some unexpected binding or metabolites
may lead to adverse effects.
However, it is necessary to mention that despite the physicochemical differences between
antibiotics and other drugs with human targets also many similarities can be found. This can
be exploited towards better oral uptake of antibiotics into the human body, but can bear also a
downside, since we may unintentionally be tuning our compounds to a higher risk of side
effects when focussing too much on necessary parameters for Gram-negative uptake. There
is evidence that mitochondria have evolved from Gram-negative -proteobacteria, which
cannot only be observed by genome analysis, but also by several features of their membranes
(e.g., presence of porins or phospholipid composition) [177]. When juxtaposing currently
discussed favourable properties for compound uptake to “Lipinski’s rules of five” and other
properties known to be advantageous for mammalian membrane permeability and oral
systemic bioavailability (Table 5), it becomes obvious that similarities exist, which can affect
the selectivity of antibiotic accumulation. As seen in Table 5, anti-infective compounds with low
molecular weight, zwitterionic state, high rigidity and a low number of H-bond donors or
acceptors, respectively, can potentially also cross mammalian membranes. If such
compounds also bind to mammalian intracellular structures, this can lead to side effects. In
addition, aiming for low globularity and high rigidity can enhance the risk for DNA intercalation
[178], whereas the presence of amines can increase the risk for the human Ether-à-go-goRelated Gene (hERG) inhibition and unspecific receptor binding, affected also by 3D shape
[179–181]. Flat molecules are also often associated with poor solubility [182]. Keeping this in
mind, compound polarity, charge and the number of H-bond acceptors and donors appear as
most crucial physicochemical properties to guarantee Gram-negative selectivity and hence,
reduce the likelihood of side effects. Wisely selecting these limits for compounds may allow to
find a compromise between sufficient bacterial and oral bioavailability and low, unspecific
accumulation in mammalian cells. This understanding could also be integrated into
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computational programmes to support antibiotic drug discovery. Especially, zwitterions could
be advantageous since they permeate well across unspecific bacterial porins, but poorly
across phospholipid bilayers. Moreover, they have a good bioavailability due to paracellular
uptake in the intestine and may avoid hERG inhibition [183].

Table 5. Physicochemical properties empirically found to be associated with enhanced accumulation in Gramnegative bacteria or mammalian cells, respectively.
Physicochemical

Favoured accumulation in Gram-

Favoured accumulation in

property

negative bacteria

mammalian cells

Molecular weight (Da)

<600–900 [31,37,71,86,184]

State of charge

Zwitterionic [63,73],
positive (ionisable amine) [53,77]

<500 [185,186]
(questioned by Mazák et al. [187])
Uncharged [183]

Rotatable bonds

≤5 [77]

≤10 [186]

PSA

~ 165 Å2 [71]

logP

~ 4.1 [69]

<5 [185]

clogP

– 0.1 [71]

2.7 [71]

clogD7.4

– 2.8 [71]

1.6 [71]

H-bond donors

5.1 [71]

1.6 [71], 5 [185]

H-bond acceptors

9.4 [71]

4.9 [71], 10 [185]

~ 70 Å2 [71];
<140 Å2 [187]

Flat molecules associated with
Globularity

≤0.25 [77]

membrane partition rather than
permeation [183]

In contrast to bacterial efflux, the selectivity of mammalian P-gp-mediated efflux is more
thoroughly understood. P-gp removes a wide range of substances from cancer cells, but also
from normal cells, such as hepatic cells, endothelial cells along the blood brain barrier (BBB),
and the placenta as well as cells of the intestinal epithelium [188]. Functional groups, such as
primary and secondary amides, alcohols, phenols, carboxylic acids and sulfonamides, are
often recognised by P-gp. In general, rather hydrophobic compounds in a size range of approx.
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300 to 4000 Da are recognised by P-gp [189,190]. Furthermore, a compound should have Hbond donors (<2) and total PSA below 90 Å2, or ideally below 70 Å2, to avoid P-gp efflux [190].
Predictive models exist to support drug design [191]. In the ideal case, we would reach the
same level of understanding of bacterial efflux. Based on that knowledge, compounds could
be designed with sufficiently high molecular size, PSA (~165 Å2) and an optimal number of Hbond donors to be substrate of P-gp leading to low accumulation in host cells but avoid efflux
in Gram-negative bacteria to render the drug safer for the host and more active against the
pathogen. A recent attempt in this direction was made by the multiparameter optimisation
software StarDrop releasing an antibacterial scoring profile in 2018. The properties of
compounds active against Gram-negative bacteria were compared to other marketed drugs
defining the following set of limits, where the resulting score should ideally be in the range of
0.4–0.6; total PSA > 65.68, flexibility<0.3656, log solubility (logS)>0.8232, logD<1.793, hERG
pIC50<4.938, molecular weight >237.1 and BBB category: negative [192].

3. How about combining oral and bacterial bioavailability?

Notably, there is the tendency that rather recently introduced antibiotic compounds against
Gram-negative bacteria (cefiderocol, evaracycline, carbapenems, monobactams) need to be
administered intravenously since they are too polar to undergo sufficient uptake via the
intestinal mucosa. Also rifamycin, which is available as oral dosage form against non-invasive
E. coli infections, has an oral bioavailability of less than 0.1% [193]. Nanoisation and many
nanoformulations of drugs (e.g., dendrimers [194,195], nanoemulsions [196], liposomes [197])
usually enhance oral bioavailability by increasing the solubility, but cannot solve the problem
of low trans- or paracellular transport across eucaryotic epithelia due to high polarity. The
application of (bioadhesive) liposomes or chitosan nanoparticles; however, can enhance the
dwelling time of the drug at mucosal surfaces and hence allow for a better bioavailability [198–
201].

Moreover, the application of penetration enhancers is one possible way to enhance uptake
through the intestinal mucosa. Even though many of these excipients are known to harm the
mucosa, there are also more biocompatible approaches, such as the use of derivatised bile
acids in combination with nano-sized delivery systems [202]. Direct ion-pairing of bile acids
with positively charged drug molecules also reportedly increased oral bioavailability [203]. This
strategy can be particularly useful for compounds, such as aminoglycosides or the above-
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mentioned compounds halicin, Debio-1452-NH3 and G0775.
It is also worth pointing out that several -lactam antibiotics - although being either an- or
zwitterions - have a high oral bioavailability. For 3rd to 5th generation cephalosporins (e.g.,
cefpodoxime proxetil, ceftaroline fosamil) this could be achieved by conjugating them with
hydrophobic moieties leading to enhanced passive transmembrane diffusion. -Amino-benzylpenicillins, older cephalosporins (e.g., cefaclor, cefalexin, cefadroxil), but also some 3rd
generation cephalosporins (e.g., cefixime, ceftibuten) profit from their dipeptide-like structure
and take a specific dipeptide-carrier mediated active route across the intestinal mucosa [204–
207].

Instead of directly mimicking nutrient-like structures, antibiotic compounds can also be
conjugated with substrates of active transporters actively taken up moieties, such as vitamins
[208], amino acids (e.g., glycine, lysine, valine) [209,210] and sugars (glycosylation) [67,211].
At the same time, such moieties can also act as “recognition handles” for bacteria and hence,
enhance both bacterial and oral bioavailability. If the conjugated moieties are natural, the
release of them into systematic circulation may have a fewer side-effects [209].

When optimising drug design for non-facilitated passive diffusion across the bacterial envelope,
which means the decrease of hydrophilicity and size compared to drugs taking the porinmediated route, the issue of low oral bioavailability may be solved at the same time.
Furthermore, it can be worthwhile to convert antibiotic compounds with low bioavailability into
siderophores, as has been done for rifamycin [112]. It must, however, be carefully assessed to
what extent these iron chelators interfere with the iron metabolism of the patient.

Additionally, the design of the compound should address the potentially difficulties to be faced
at the site of bacterial infection. One of the problems are biofilms that are often, for example,
associated with lung infections. Biofilms are even more difficult to penetrate than the
planktonic bacteria. Within biofilm, bacterial colonies are dormant and have different mode of
growth [212].

Overall, we think that a fine balance of the chemical design for ideal bacterial and oral
bioavailability is needed in future antibiotic discovery. Evidently, it is difficult to address all
these points in the current in vitro settings. Considering that critical Gram-negative pathogens
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such as Enterobacteriaceae and P. aeruginosa cause nosocomial infections of the
gastrointestinal tract or the lung, respectively, it is worth considering if novel antibiotics should
be administered locally rather than systemically. Additionally, hospitalised patients generally
have some venous access. In order to support the design of antibacterial compounds, we first
need more robust assays with meaningful assay read-outs to quantify bacterial bioavailability
(Section 4).

4. Assays for determining bacterial bioavailability
We have not yet reached the ideal set of rules to design compounds that successfully cross
any Gram-negative barrier. Whether the starting molecular entity is a decorated HTS hit or a
small fragment, such rules may be difficult to realise without meaningful reference assays.
Standard MIC assays will be partially indicative in this case; however, the activity read-out
cannot specify where the problem may be. The ideal set of rules would consider the location of
the target protein so that the compound has the highest chance to accumulate in the needed
compartment. Importantly, they would also include environmental settings, such as pH, that
influence not only the state of the compound but also the bacterial behaviour and physiological
conditions at the site of infection [74,75]. It is common practice in drug development to assess
permeability across mammalian barriers at an early stage. Whilst several assays are routinely
used to predict oral bioavailability (e.g., PAMPA, Caco–2), analogous fast, high-throughput
membrane model methods for bacterial bioavailability are urgently needed with meaningful
parameters for drug optimisation. Over the years, several groups have developed cell-based
or cell-free assays to understand fundamental bacterial transport processes, of which the most
important are listed in Table 6.
4.1. Whole-cell assays
Nikaido pioneered the accumulation time course of different antibiotics indirectly by incubating
bacteria with an antibiotic solution and determined the decrease of antibiotic concentration in
the supernatant by simple spectrophotometry (Fig. 3A) [213]. This easy procedure has been
adapted also to LC–MS quantification [214] and deserves still further validation and upscaling.
Direct compound quantification from the bacterium is possible using LC–MS after bacterial
lysis [53,109,215], fluorimetry [56], RAMAN spectroscopy [216] or radiometry [217]. Especially
LC–MS-based methods gained popularity and have become considerably quick [218]. LC-MS
can be regarded as a gold standard to study accumulation, however, the effort in experimental
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preparation and sample purification, must still not be underestimated.

Beside quantifying general accumulation, it is already possible to detect accumulation in a
subcellular manner either by detecting fluorescence using biorthogonal probes [59] or probe
free by LC–MS [54]. While the former concept so far only works for compounds with azide
moieties, the latter method is much more broadly applicable.

Microspectrofluorometry, enabling to study antibiotic accumulation in living bacteria and
spheroplasts [56,219] may allow in situ colocalisation and uptake studies on upcoming larger
antibiotic agents, such as peptides, phages, antibodies, nucleic acids and nanoparticles.

Systematic knock-out and stimulus-triggered expression of proteins involved in specific uptake
and efflux can also make it possible to compare minimum inhibitory concentrations of different
antibiotics and allow for studies on structure–permeation relationships, as shown by the socalled Titrable Outer Membrane Permeability Assay System (TOMAS) [220].

Overall, whole-cell assays are recommended as reference systems to directly measure the
accumulation of antibiotics, because they also cover active uptake and efflux processes.
Studies can be performed on specific strains and clinical isolates. Blocking or knock-out of
diverse uptake, degradation and efflux mechanisms moreover allows investigation of the
specific factors involved in antimicrobial accumulation. Assays with living bacteria, however,
are prone to a number of errors [221]. For example, genetic modifications may lead to a
general shift in protein expression, as shown for ∆TolC mutants [222] The wide use of this
strain, however, gives the impression that for translocation studies the outcome appears
plausible, at least for E. coli, as it is often used to account for efflux-issues [169,215,223,224].
Chemosensitisers (e.g., carbonyl cyanide m-chlorophenylhydrazine, -lactamase inhibitors)
can either lack specificity and/or unintentionally interfere with other bacterial processes.
Moreover, living organisms undergo continuous adaptation to their environment. Small
deviations in the performance of the experiments may have severe effects on reproducibility.
Lastly, working with living pathogens requires specific safety measures and classification.
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4.2. Vesicle-swelling assays
Alternative cell-free approaches emerged to study specific pathways and to make
investigations more distinct, faster and easier. Nikaido followed the hypothesis that the access
of most anti-infective compounds is controlled by porins [32]. He investigated porin-mediated
permeation by proteoliposomes containing E. coli OmpF [73]. The osmosis-driven compound
uptake into the liposomes was investigated indirectly by measuring the increase of vesicle size
(Fig. 3B). Ferreira et al. performed similar studies employing OM vesicles (OMVs) of E. coli K12 instead [225]. Transferring this approach to other species, however, cannot be generally
recommended as the membrane composition of OMVs does not always represent the original
OM composition [226].
4.3. Electrophysiology
Nestorovich et al. studied the interactions of ampicillin with OmpF by electrophysiological
methods (Fig. 3C) [227]. However, such studies lack evidence whether blocking events on the
membrane channels are indeed reflecting molecular translocation across the membrane [85].
Recently, Wang et al. introduced OmpF channels featuring a cysteine moiety to quantify
permeating molecules [228].
4.4. Membrane-permeation assays
To predict bacterial accumulation measuring the transport rates across surrogate membranes
can be used. Permeable well-plate inserts can be coated with phospholipids [229] or multiple
layers of biomaterials [109] resembling the overall Gram-negative bacterial envelope (Fig. 3D).
For molecules <300 Da, these models seem to deliver results consistent with intrabacterial
activity. Permeation data obtained for compounds >300 Da were only consistent for antibiotics
following porin-independent passive permeation. A more recent approach employs a slightly
acid-degraded starch hydrogel coating to mimic mainly porin-dependent drug permeation.
Interestingly, permeation data obtained from this simple approach correlated quite well with
intrabacterial accumulation data for a variety of representatives from different antibiotic
classes [215].
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Fig. 3. Overview over approaches to study compound accumulation, uptake or efflux.

4.5 Efflux assays
Notably, efflux studies are much more challenging, since it is an active transport driven by the
proton-motive force and depends on a complex of proteins. Zgurskaya et al. created
proteoliposomes of E. coli AcrAB (Fig. 1) and embedded fluorescent phospholipids [230].
These proteoliposomes were assembled with unlabelled, unloaded liposomes. By creating a
proton gradient across the liposomal membrane, they could activate the pumping complex,
which then pumped fluorescent cargo from proteoliposomes into plain liposomes. Verchère et
al. expanded this approach to two P. aeruginosa efflux pump subunits inserted in separated
groups of liposomes (Fig. 3E) [231].
4.6. In silico methods
4.6.1 Molecular dynamics (MD) simulations
MD simulations describe atom movements within a system of molecules based on laws of
classical mechanics [232]. As a result, this method can be used not only to study
conformational changes, ligand binding and (macro-)molecular folding, but also membrane
permeation. Regarding drug permeation in particular, it is possible to predict interactions
between the permeating compound and various membrane structures, such as phospholipids,
porins or membrane receptors (Fig. 3F) [233]. First MD simulations on parts of porins were
reported as early as in 1994 [234], while first MD studies between OmpF and antibiotic
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molecules were published in 2002 [227]. Since then, the translocation of numerous antibiotics
was studied across different porins [235]. Cramariuc et al. studied the permeation of
ciprofloxacin across a phospholipid bilayer using MD simulations and confirmed energetically
that the uncharged species of fluoroquinolones is the major permeating species across
phospholipid membranes. Moreover, they proposed a mechanism of permeation where the
loss of polarity, resulting from molecular stack formation among zwitterionic fluoroquinolones,
favours the penetration into the membrane followed by neutralisation due to intermolecular
transfer of protons [107]. Furthermore, models of the asymmetric outer membrane [236], LPS
[237], IM proteins [238] and also of TBDT [239] have been developed. These could be
optimised towards a better understanding of antibiotic permeability.

MD can be considered sophisticated in several ways: it requires an abstract understanding of
underlying simulation processes and the adequate adjustment of parameters (number of
simulated molecules, starting conformation, molecular parameterisation, equations for
intermolecular interactions, etc.). Moreover, high performing graphic processors are required.
Depending on the size of the simulated system, the size of the permeating molecule and the
computer infrastructure, a full analysis of a permeation process may take weeks to months.
Coarse-grained models, where groups of atoms are merged to one “grain” can improve the
computational performance [240], but lead to a loss of atomistic details about molecular
interactions. To further reduce processing time of a permeation event, enhanced sampling
techniques can be employed, such as metadynamics or umbrella sampling [235,241]. MD is a
complementary method to experimental investigations, as for example electrophysiological
assays, X-ray crystallography or Foerster resonance energy transfer (FRET) and can either be
used to develop hypothesis to be experimentally investigated or explain experimental data
[221,242].
4.6.2 Machine-learning
As previously mentioned in Sections 2.1.1 and 2.1.4, different types of machine-learning or
deep learning have not only been employed to identify compounds with antibacterial activity
[160,243,244], but also for investigations of bacterial membrane permeability [245],
accumulation [53] and efflux [99,101]. Here, we want to give a brief introduction to the
commonly used approaches:
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Naïve Bayes (NB) is a rather simple supervised machine-learning method, which is used by
the later mentioned Shared Platform for Antibiotic Research (SPARK). This method assumes
independency of the training parameters (“dimensions”). Hence, it is less affected by the socalled “curse of dimensionality” and can also deal well with data sets that feature only a small
overall sample number or a small number of “good” samples. This is of great advantage, since
regarding Gram-negative bacterial bioavailability one can expect a much larger number of
compounds with low bioavailability (“bad samples”) than there are with good bioavailability. As
a drawback, it cannot detect synergistic patterns of physicochemical parameters.
Random-forest (RF) analysis is another example for supervised machine-learning and so far
the most often reported technique to resolve chemical questions on antibiotic translocation
phenomena [53,99,215]. RF analysis works by creation of multiple decision trees by applying
a training data set. When performing the analysis on a test set of data, these decision trees
“vote” for the outcome (Fig. 3G). Depending on the selection of RF classification or regression,
qualitative or quantitative predictions are possible. The results are comparatively easily
interpretable. It is advantageous that RF also allows for the analysis of data sets, which
contain incomplete information and parameters of different nature (e.g., shift between logP
and logD or logD and molecular weight). This is helpful, since data sets from different groups
were usually generated under different conditions while investigating different parameters.

More sophisticated than NB and RF is the use of Gradient Boosted Trees (GBT) as offered by
the website “Open Drug Discovery” by Idorsia [84]. GBT work by sequential building of a high
number of small decision trees. Each newly built tree is created based on the prediction error
of the previous ones. As in RF, data sets may be incomplete. However, also as in RF the
number of sample data must be exponentially larger than the number of training parameters.
Comparatively high computational power is required.
Deep artificial neural networks (ANN) belong to the most complex machine-learning
approaches. To the best of our knowledge these have not been reported so far for
investigating aspects of bacterial bioavailability, but rather antibacterial activity [160]. An
overview of the various types of ANN and current applications in drug discovery, design and
delivery is given by Puri et al. [245]. Their current lack of application with respect to bacterial
drug delivery is understandable, since deep ANN require a large amount of sample data,
usually millions; a sophisticated computer infrastructure and comparatively long learning time.
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Once sufficiently large amounts of data are available, deep ANN can become the most
powerful tools to predict antibiotic permeability and to elucidate structure-accumulation
relationships, however at the same time resilience to noisy data and overfitting still needs to
be improved [246].
Generally, the performance of machine-learning models is only as good as their training data
set: the higher the quality, quantity and versatility the better.
4.6.3 Shared Platform for Antibiotic Research and Knowledge (SPARK)
The interactive and free SPARK platform, created by the PEW charitable trusts, holds high
potential for future research on enhanced bacterial drug permeation, efflux, bioavailability and
efficacy [247]. Researchers are invited to share their data on antibacterial activity or bacterial
bioavailability on this platform. The platform provides statistical and visual applications. In
addition, it offers a Bayesian statistical modelling option [248], where models can be trained
using structural fingerprints (FCFP6) of the selected compounds to predict biological
parameters as for example mean inhibitory concentration or accumulation [249–251]. Although
the platform features a large master set of IC50 and MIC data for example from Novartis, it
would still profit from more physicochemical properties provided along with the biological data.
The database also features information on marketed drugs; however, comparability of different
data sets and structures is currently complicated. For future antibiotic discovery, this platform
can become a powerful tool. It can help to overcome the publication bias towards active
compounds. In return, the platform can benefit from old clinical data, including for example
insights of resistance development.

Table 6. Selection of assays for studies on bacterial accumulation and related processes.
Assay class

Method

Advantages

Disadvantages

Applicable for

Whole-cell assays

Indirect compound

+ low equipment

- no distinction between

Accumulation,

quantification via

requirements

molecule accumulation,

(permeability)

supernatant

+ easy quantification

adhesion, partition

[213,252]

- more extensive validation

Intracellular

+ highly specific

- compound purification

quantification by

+ suitable for automation

- sophisticated equipment

-LC–MS [53,54]

Accumulation

- comparably slow

-Spectrofluorimetry

As in LC–MS, but

- only fluorescent

Accumulation,

[56]

+ less sophisticated

compounds

(permeability)
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equipment
-Fluorescence

+ accumulation-time

- only fluorescent

Accumulation,

microscopy [56]

course

compounds

partition studies,

+ upscalable/automation

- high resolution required

(permeability)

Titrable Outer

+ upscalable

- does not monitor

Accumulation,

Membrane

+ information about

accumulation directly

permeability

Permeability Assay

efficacy

- sophisticated

studies

System (TOMAS)

+ less sophisticated

biotechnological

[220]

equipment

preparation of bacterial
strains

Vesicle-swelling

Liposome-

+ less sophisticated

- only for known membrane

assays

[253]/OMV-[225]

equipment

proteins

swelling assay

+ covers lots of aspects

- isolation of membrane

of passive permeation

proteins/OMV’s necessary

across OM (using

- only highly soluble

OMV’s) or specific ones

compounds

(using proteoliposomes)

- lack of precision

Black lipid

+ translocation of single

- migration along electric

Structure–

membrane-based

molecules

field instead of

permeability

[221]

+ adjustable to different

concentration gradient

relationship

bacterial strains by OMV

- susceptible to

studies on single

disturbances

substances

Electrophysiology

Permeability

Membrane-

Lipid-coated filter

+ upscalable

- unspecific

Direct

permeation

supports [109,229]

+ easy-to-handle

- expensive reagents

measurement of

assays
Efflux assay

permeability
Liposome

+ study of efflux pump

- preparation and loading of

Characterisation

assembly [230,254]

function

proteoliposomes

of single efflux

+ mimicry of active

systems

transport mechanisms
In silico

Molecular

+ detailed elucidation of

- computation is time

Hypothesis testing

dynamics [235]

structure–membrane

consuming and resource-

regarding different

interaction in course of

demanding

uptake routes

permeation

- requires background in

+ strain and structure

physics and experience

specific

with simulation programs

Machine-learning

+ fast

- large experimental data

Prediction of

[53]

+ mechanistic insights

sets

accumulation and

+ predictive

- expertise in statistics and

related factors;

programming required

investigation of
structural relations
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5. Conclusions
Our current knowledge reveals that over the past five decades, overall findings of different
generations of scientists have been complementary and consistent. Discrepancies, however,
do appear when neglecting the individuality of Gram-negative species, their cell envelope,
compound-dependent uptake pathways and other important aspects of bacterial bioavailability.
Species belonging to Enterobacterales (Escherichia, Salmonella and Klebsiella spp.) usually
feature “non-specific” porins as major Omp class, which allow for fast drug translocation. Here,
designing drugs for porin-dependent uptake is a promising strategy. Favourable properties are
low molecular weight, low minimal projection area, a strong dipole moment or zwitterionic
structure, hydrophilicity, high rigidity and low globularity. This optimisation may, however, lead
to limited oral bioavailability.
Until today, most rules are based on the structure of approved, active compounds. Would a
second look at the many compounds, discontinued either for lacking activity or prohibitive
adverse effects, provide additional insights? Sources to obtain these data could be the
Community for Open Antimicrobial Drug Discovery (CO-ADD) [255], SPARK [247] and the
REVIVE hub by the Global Antibiotic Research & Development Partnership (GARDP) [256].
To characterise and better understand bacterial bioavailability of new antibiotics, we propose
to define a small set of standardised assays, which preferably provide kinetic data, as for
example permeability coefficients or concentration per colony forming units over time. Data
obtained from these assays could be used to train machine-learning models, which could then
accurately predict antibiotic accumulation in different bacterial compartments over time without
further experimental effort and help the translation of effective antibiotics to the market.
Clinical data should also be considered for future validation of bacterial bioavailability assays,
also enabling the translation of the concept to Gram-positive bacteria. We envision that more
candidates will make it to the clinics, if we master the early discovery stages and understand
why we often fail to “translate” the activity from the bacterial assays to animal models and
beyond. To achieve this goal, we need to work even more closely together by bridging
chemistry,

biology,

microbiology,

bio/cheminformatics
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and

pharmaceutical

sciences.
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