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Abstract

Most clinical antibiotics do not have efficacy against Gram-negative pathogens, mainly because 

these cells are protected by the permeability barrier comprising the two membranes with active 

efflux. The emergence of multidrug resistant Gram-negative strains threatens the utility even of 

“last resort” therapeutic treatments. Significant efforts at different levels of resolution are currently 

focused on finding a solution to this non-permeation problem and developing new approaches to 

optimization of drug activities against multidrug resistant pathogens. The exceptional efficiency of 

the Gram-negative permeability barrier is the result of a complex interplay between the two 

opposing fluxes of drugs across the two membranes. In this review, we describe the current state of 

understanding of the problem and the recent advances in theoretical and empirical approaches to 

characterization of drug permeation and active efflux in Gram-negative bacteria.
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Gram-negative pathogens are intrinsically resistant to most antibiotics.

Multiple antibiotic resistance in bacterial pathogens has a broad societal impact and 

threatens not only the most vulnerable patients such as children and the 

immunocompromised population but modern medicine as a whole. The susceptibility to 

antibiotics varies broadly depending on the specific pathogen, its clinical manifestations and 

the class of antibiotics. However, the majority of approved clinical antibiotics do not have 

efficacy against Gram-negative bacteria and are classified as “Gram-positive” only. This 

intrinsic resistance of Gram-negative bacteria to antibiotics is well-recognized and 

characterized, and was dealt with during the “golden era” of antibiotics and thereafter. The 

current urgency arises due to emergence in clinics of Gram-negative pathogens that are 

resistant to even recommended antibiotics. Gram-negative enterobacteria such as Klebsiella 
spp. and Enterobacter spp., Pseudomonas aeruginosa, and Acinetobacter baumannii form the 

core of the ESKAPE pathogens that are notorious for their multidrug resistance1–2.

Both the intrinsic and acquired antibiotic resistance in Gram-negative bacteria is enabled by 

two-membrane permeability barriers that comprise the inner and outer membranes with 
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different chemical structures and compositions and active efflux pumps acting across both 

membranes (Fig. 1)3–4. However, these permeability barriers did not evolve equal and Gram-

negative bacteria vary dramatically in their antibiotic susceptibilities (Table 1). 

Fluoroquinolones and aminoglycosides are examples of the broad-spectrum antibiotics, 

which until recently, were successfully used in treatments of P. aeruginosa infections. This 

species is by orders of magnitude more resistant than Escherichia coli to most clinical 

antibiotics. Burkholderia spp. and multidrug resistant A. baumannii strains are intrinsically 

resistant to aminoglycosides and are even more resistant than P. aeruginosa to many other 

antibiotics.

These four species (Table 1) have similar yet different outer membranes (OMs). The 

similarity comes from the overall architecture of these membranes, as all are asymmetric 

bilayers composed of lipopolysaccharides (LPS) in the outer leaflet and 

glycerophospholipids in the inner leaflet5–8. The major features of the LPS structure, such as 

the presence of lipid A, the core, and O-antigen chains, are also conserved among various 

species but specific chemical modifications vary broadly. The species-specific OM bilayers 

differ in the size and numbers of LPS molecules, thicknesses, surface charge distributions, 

and dynamics. These differences, in turn, translate into the differences in permeability 

properties of OM bilayers.

In addition, a variety of OM proteins support the structure of the asymmetric bilayer and 

enable selective uptake of nutrients and efflux of toxic compounds and metabolites across 

the OM. In E. coli, antibacterial activities of large and polar antibiotics exceeding the size of 

general porins OmpF/OmpC (>600 Da in E. coli) are usually the most restricted by OM and 

the rules for permeation through enterobacterial porins are the best understood and 

generalized9. In contrast, the P. aeruginosa OM possesses only substrate-specific porins and 

its permeability properties are subject of intense investigations10–14. Recently, structures and 

properties of several porins in the OM of A. baumannii have also been characterized15–17. 

Among them, DcaP was identified as a highly abundant OM porin in an A. baumannii strain 

during infection15. DcaP is selective for negatively charged substrates such as succinates and 

also contributes to uptake of β-lactamase inhibitors such as sulbactam and tazobactam. 

Porins of Burkholderia spp. are still awaiting their characterization. Interestingly, some of 

these porins including OpcC are found to be essential in Burkholderia genomes but not in 

other bacterial essential genomes identified so far18.

Although the inner membrane (IM) of Gram-negative bacteria is a formidable barrier for 

large hydrophilic molecules, it is relatively permeable for the majority of amphiphilic 

drugs19–20. These drugs however, are countered by multidrug efflux pumps that actively 

expel various compounds from cells and operate and affect drug concentrations in all 

bacterial cell compartments4, 21. Efflux transporters, such as those belonging to the Small 

Multidrug Resistance or Multidrug and Toxic compound Extrusion families of proteins 

transport drugs across the IM and affect cytoplasmic drug accumulation22–23. However, the 

most efficient drug efflux pumps, such as those belonging to the Resistance-Nodulation-cell 

Division (RND) superfamily, bind various substrates on the periplasmic side of the IM and 

translocate them across the low permeability barrier of OM and into the external 

medium24–25. This transport is enabled by additional proteins located in the periplasm and in 
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the OM, which together with the transporter form a trans-envelope protein conduit spanning 

the two membranes and the periplasm (Fig. 1)26–28. Inactivation of such trans-envelope 

efflux pumps increases bacterial susceptibility to various antibiotics (Table 1), whereas their 

overexpression is a recognized cause of the clinical antibiotic resistance29–31.

The exceptional efficiency of trans-envelope efflux pumps is the result of a complex 

interplay between the two opposing fluxes of drugs across the two membranes. Current 

efforts to quantitatively analyze this interplay and to develop approaches for the optimization 

of drug permeation into Gram-negative bacteria are in the focus of this review article.

Permeability barrier of the outer membrane.

Permeation of compounds across the OM is a key factor that defines their accumulation in 

bacteria. This process is not instantaneous even when specific pores exist in the cellular 

membrane that allow compounds a seemingly unfettered access to the periplasm. The rate of 

transmembrane transport is not only finite but also limited, and the magnitude of this limit 

can have dramatic effects on the overall performance of efflux transporters. An excellent 

analysis of transmembrane diffusion can be found in prior literature32–36. Here, we focus on 

factors that limit the rate of passive transport some of which were escaping attention until 

recently. We begin with the case of unfacilitated diffusion and then apply these ideas to 

mediated transport. The interplay between drug permeation into the cell and its active efflux 

is described in the next section.

Transmembrane diffusion is the central event during drug permeation. The rate of the 

diffusion can be expressed as a flux across the outer membrane

J = 1
A

dn
dt (1),

where A is the surface area of the membrane and dn/dt is the number of moles of the 

compound transported across the membrane in a unit time. When concentration of 

compounds is low enough, the flux is linearly related to the concentration gradient on the 

membrane ΔC:

J = − PmΔC (2),

where Pm is the permeability of the membrane. This relationship is based on Fick’s laws of 

diffusion, which have been derived without expectations of any saturation and postulate a 

proportionality between the flux and the concentration gradient. Substituting Equation 2 into 

the Fick’s laws leads to Equation (3):

Pm = Dm ⋅ K
d (3),

where K is the partition coefficient between the membrane and solution, Dm is the diffusion 

coefficient within the membrane, and d is the thickness of the membrane.
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The practical utility of Equation 3 is limited due to the lack of straightforward ways to 

evaluate Dm and K. Partition coefficient of a compound is frequently approximated with its 

oil-water partition coefficient, which is a fair mimic of the experiment only for molecules 

that are much smaller than the membrane and with negligible interaction with the polar head 

groups of the lipids. In reality, the size of typical antimicrobials is comparable to the length 

of lipid tails, and the interaction with the head groups can be substantial and varies even 

between analogs. Similar limitations apply to the estimates of the diffusion coefficient Dm.

The problem can be illustrated using the energy profile of a chemical crossing the lipid 

bilayer (Fig. 2A). In conventional analysis, the chemical potential of a compound is 

postulated to change at the junction between the aqueous and lipid phases (Fig. 2B). In this 

case, the energetic barrier between the external medium and the periplasm is directly related 

to the partition coefficient via the Boltzmann equation: K = exp(−ΔGt/RT).

A different free energy profile is expected if we recall the finite size of the traversing 

molecule. In this case, the lowest energy state is expected at the interface between the 

aqueous and lipid media, where the hydrophobic fragment of the molecule is buried within 

the bilayer whereas the polar moieties maximize the interaction with the head groups (Fig. 

2C). One could expect in such cases that the oil-water partition coefficient would 

approximate well the transition state of the compound, when it is completely submerged into 

the non-polar phase, whereas the empirical affinity of compounds would be best represented 

by the interfacial region.

The energy profile depicted in Fig. 2C is not unlike that expected during enzymatic 

catalysis. The highest point on the energy profile plays the role of the activation energy for 

the process whereas the corresponding conformations of the diffusing compound represent 

its transition state. Unlike in catalysis, however, the transition state during diffusion is not 

unique but includes all possible conformations of the traversing molecule and affected lipids. 

Given that, it can be immediately inferred that the overall rate of transmembrane diffusion is 

defined by the exact shape of the energy profile, not only by its highest point. In other 

words, the permeability coefficient of a compound is expected to correlate with its partition 

coefficient and other features of its interaction with the membrane that define the shape of 

the transmembrane energy profile. These other features are unique to the chemical structure 

of a compound as well as the lipids comprising the membrane. As a result, no universal 

relationship between membrane permeability and partition coefficient should be expected.

Whereas the permeability of the membrane is defined by the highest region on the energy 

diagram, where the compound concentration is at its lowest, the apparent affinity of the 

membrane to compounds is decided in its most populated region, at the trenches in the 

energy profile. In these regions, the concentration of compounds will be enriched compared 

to the bulk solution by the Boltzmann factor exp(+ΔGb/RT), where ΔGb is the binding 

energy of the compound to the given leaflet of the membrane (Fig. 2). This region of the 

membrane carries no information about the energetics of the transition state. Therefore, 

substituting the lipid-water partition coefficient for the oil-water partition coefficient in 

Equation 3 should degrade, not improve the predictive power of the equation.
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Saturation of transport.

An unexpected result of quantitative drug accumulation studies was the finding that the rate 

of transmembrane transport is saturable (37–38, see also below). In contrast, Equation 2 

predicts that the transmembrane flux is linearly proportional to the concentration gradient. 

This idea of linearity is propagated in college textbooks and has become deeply entrenched 

in the field. In reality, Equation 2 holds only in the limit of low solute concentrations. At 

high concentrations, the molecular nature of matter must be taken into account. Specifically, 

one needs to recall that chemical compounds traverse the membrane by interjecting 

themselves between the lipids. Thus, the concentration of compounds in the membrane 

cannot exceed the concentration of lipids. The imposed constraint is even stricter than that 

because of distortions introduced into the bilayer by the diffusing molecule. Compounds that 

do not dissolve the membrane are probably diffusing across it without touching each other. 

Even at saturation, such compounds would be separated from each other by lipids.

What would be the highest concentration that a compound can reach within the membrane? 

Assuming a hexagonal arrangement of lipids within the bilayer, we can postulate that each 

solute molecule must be surrounded by at least six lipids. Given that each lipid occupies the 

area of 0.6 nm2, this translates into one solute molecule per 3.6 nm2 or the concentration of 

Cmax ≈ 0.5 M within a leaflet of the membrane. This number is probably an overestimate 

because it is based solely on geometric considerations and ignores the context of the 

membrane in live bacteria, the high density of membrane proteins and physicochemical 

changes in the membrane caused by its saturation with a foreign chemical.

Even with these reservations in mind, the value of Cmax appears well above compound 

concentrations used in a typical antimicrobial experiment. Indeed, minimal inhibitory 

concentrations of antibiotics stay in sub- to micromolar range, and even solubilities of some 

drugs do not exceed several mM. For such compounds, the saturation on the membrane will 

be reached if their affinity for the membrane can compensate the gap between Cmax and their 

working concentration. This happens when the working concentration of a compound 

exceeds its dissociation constant. Thus, compounds with a dissociation constant of 1 μM or 

less are likely to saturate the membrane during a typical microbiology experiment. Such 

affinity requires the compound-membrane binding energy of 30 kJ/mol or greater. This 

energy is fairly modest as far as bioactive molecules are concerned. For example, 

ciprofloxacin has a total van-der-Waals surface area of 3 nm2, 0.7 nm2 of which are polar. 

Given the 0.07 N/m surface tension of water, intercalation of the hydrophobic core of 

ciprofloxacin into the lipid bilayer should release 90 kJ/mol of the free energy of hydration. 

Thus, most of amphiphilic compounds are likely to exhibit saturation during transmembrane 

diffusion.

Facilitated diffusion.

Highly polar or charged compounds cannot cross the bilayer with any reasonable rate and 

rely on facilitated diffusion to penetrate into the cell. In particular, beta-lactam and 

fluoroquinolone antibiotics hijack the major porins OmpF and OmpC of E. coli to reach 

their periplasmic target. During translocations, beta-lactams form a low affinity complex 

with OmpF/C38–40. Single channel conductance measurements revealed a fairly low 
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residence time of 0.14 ms for ampicillin within OmpF38. Other conductance measurements 

reported residence times ranging from tens of microseconds to several milliseconds. OmpF 

is a highly abundant protein. Its copy number in growing E. coli cells was estimated at 

100,00041. Given that, the maximal flux of ampicillin via OmpF can be calculated as Vpore = 

0.03 mmol∙m−2∙s−1. For comparison, a compound with the permeability constant of 10−3 

cm/s would require a concentration gradient of 3 mM to achieve the same flux. Such 

conditions are rarely met in experiment. For practical purposes, compounds that utilize 

highly abundant porins for permeation will likely operate below saturation.

The high maximal flux supported by porins is offset by their low on-rate and concomitantly 

low affinity to the substrate. The measured on-rates were orders of magnitude below the 

diffusion limit38 suggesting that drug binding site within the channel represents its transition 

state during translocation42. Because of the low affinity, only a fraction of porins is occupied 

by the drug during a typical experiment. The overall flux across the pore will be expected 

then to follow Equation 2, with the permeability constant

Pm =
V pore
KM

(4),

where KM is the Michaelis constant of the pore. For ampicillin in 1 M KCl solution38, 

Equation 4 yields Pm = 7∙10−6 cm/s. Although this value of Pm is rather high, it is not 

infinite. As a consequence, even compounds that penetrate the membrane via abundant 

porins do not necessarily flood the cells and are subject to efficient efflux by multidrug 

transporters.

Bulk diffusion of compounds through the medium rarely affects the rate of their permeation 

into the cell. This, however, becomes a factor for compounds with the permeability constant 

greater than 10−3 cm/s43. In such cases, diffusion must be explicitly considered to model 

drug uptake rates. This also applies to methods that rely on steady state measurements such 

as the comparison of MICs for resistant and susceptible strains in cases where the 

mechanism of resistance involves drug modification. Conversely, if the mechanism of 

resistance is solely the active drug efflux, all transport processes in the system will reach the 

steady state and the external drug concentration will be at equilibrium throughout the 

medium.

Bifurcation kinetics of efflux.

The permeability barrier of the cellular envelope would offer bacteria little protection from 

antibiotics were it not for their depletion inside the cell. Active drug efflux is one of key 

processes that achieves that. Recently, a quantitative model of drug permeation into Gram-

negative bacteria with active efflux was constructed and matched to experiment37. The 

model was analytically solved for a system with a transporter acting across the OM under 

steady state conditions. The solution revealed that the system does not conform to 

Michaelis-Menten kinetics or the laws of diffusion. Rather, the system behaves in a highly 

non-linear manner, controlled by two kinetic parameters. The first parameter, the Efflux 

constant KE, describes the efficiency of drug efflux by the transporter (Fig. 1). This is a 
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unitless parameter that relates the rates of active efflux and transmembrane diffusion at low 

drug concentrations, when all fluxes are far from equilibrium. For the reaction mechanism 

illustrated in Fig. 1, the efflux constant is given the equation:

KE = V
0.5k2Km (5),

where V and Km are the maximal velocity and Michaelis constant of the transporter, and 

0.5k2 is the rate of transmembrane diffusion. The factor 0.5 accounts for the equal 

probabilities of the membrane-bound compound in Fig. 1 to dissociate into the periplasm 

and external space. In general, the microscopic rate constants k1 and k2 are not equal but 

reflect the Donnan equilibrium on the membrane for a given compound. The rate of 

transmembrane diffusion can be related to the permeability coefficient with a simple 

formula:

0.5 ⋅ k1 = Pm
dP

(6),

where dP is the average depth of the periplasm. Depending on the physiological state of the 

cell, dP varies between 10 nm and 20 nm44.

The value of the Efflux constant denotes the rate of active efflux compared to passive 

diffusion. As such, this value also reports the fold-reduction of the internal drug 

concentration at steady state due to the transporter in question. For Hoechst 33342, this 

value was evaluated at 42037. This number is a humbling reminder of the high efficiency of 

active drug efflux in protecting bacteria from external toxins.

Importantly, active efflux becomes inefficient when the substrate concentration in the 

periplasm exceeds its Michaelis constant. This happens when active efflux is unable to keep 

up with passive diffusion. If such conditions can be realized, active efflux becomes 

inconsequential, and the intracellular drug concentration approaches equilibrium Fig. 3. 

Thus, one strategy to overcome drug efflux would be to focus on compounds with high 

permeability through the outer membrane and working concentration that exceeds their Km 
for the transporter. In contrast, permeation of compounds with low diffusional flux requires a 

low Efflux constant, which means low V/Km values (see Equation 5). This latter mechanism 

is known as efflux avoidance and involves a reduction of the affinity of compounds for the 

transmembrane pump.

The second kinetic parameter that controls the permeation of compounds across the double-

membrane cell envelope is called the Barrier constant. For the mechanism depicted in Fig. 1, 

it is defined according to Equation 7:

B = V
F (7).

Similar to the Efflux constant, this parameter is unitless and defines the ratio of active drug 

efflux and passive diffusion. Unlike the Efflux constant, B relates the maximal fluxes, which 

would be attainable at high substrate concentrations. As argued in the previous section, the 
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maximal diffusional flux of compounds into the cell is finite regardless of the mechanism of 

transmembrane permeation. Even when diffusion is facilitated by an abundant channel 

protein, the value of B could be reasonably small given the high efflux rates of RND 

transporters.

The solution to the reaction depicted in Fig. 3 undergoes a bifurcation controlled by the 

value of B. When B is less than 1, the solution is qualitatively similar to the one derived 

without any consideration for possible saturation of influx. Although active efflux remains 

highly efficient at low drug concentrations, it can be ultimately overrun by increasing the 

external drug concentration (Fig. 3). Not so when B > 1. In this case, the desired drug 

concentration cannot be reached, and the transporter would not be saturated. The internal 

drug concentration will remain below a threshold no matter how much of it is added to the 

medium Fig. 3. If this threshold happens to be below the efficacy level of the drug, bacteria 

will be completely insensitive to this antibiotic. In principle, this mechanism of resistance, 

which is achieve through an increase of B above 1, could result in an infinitely large increase 

in MIC. The only way to sensitize bacteria to such compounds would be by bringing B 

down to below 1, either by increasing the maximal influx or by decreasing the maximal 

efflux rate (Table 1).

Experimental separation of active efflux and outer membrane contributions 

in activities of antibiotics.

How should compounds be modified to increase their intracellular accumulation and hence 

their effective intracellular concentrations? The permeation of each class of antibiotics is 

affected by a slow uptake and active efflux to its own degree. Establishing whether increased 

uptake or reduced efflux is the most efficient way to increase the potency of a specific class 

of compounds is one of the tasks in a drug optimization process. However, difficulties in 

separating the contributions of diffusion and active efflux in permeation and antibacterial 

activities of compounds significantly complicate this task45–46. Both small molecule 

potentiators and genetic modifications are used to manipulate the permeability of the OM. 

Polymyxins are often used to permeabilize the OM of E. coli, but these cationic peptides do 

not work in all strains, alter the physical structure of the outer membrane bilayer, and have 

significant interactions with other antibiotics47. Mutant strains with defects in the 

biosynthesis of LPS are also hypersusceptible to antibiotics, but as in the case of polymyxin, 

these modifications increase cell surface hydrophobicity and facilitate predominantly the 

penetration of hydrophobic antibiotics48. To address the penetration of hydrophilic 

compounds, bacterial strains and species producing mutant or larger porins are used45, 49. 

However, such porins are still highly selective according to the properties of the compounds.

To sidestep most of these difficulties, Krishnamoorthy et al. developed a hyperporination 

approach37, 50–51. In this approach, a modified siderophore uptake channel is expressed from 

the chromosome and used to create a large 2.4 nm nonspecific pore in the OM of Gram-

negative bacteria. The pore is large enough for passage of small proteins52 and does not 

discriminate between compounds on the basis of their hydrophilicity50. When expressed at 

high levels, it bypasses the permeability barrier of the OM and reduces the Barrier factor 
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below 1, enabling permeation even for such large antibiotics as vancomycin or rifampin 

(Table 1). The activities of antibiotics, the intracellular penetration of which is mostly 

limited by the OM barrier are affected by hyperporination to the largest extent, whereas 

substrates of efflux pumps are affected by both the OM barrier and active efflux (Table 1). 

Hyperporination of efflux-proficient cells and their efflux-deficient variants creates a set of 

strains with variable OM barriers and efflux efficiencies that report on contributions of these 

two factors in the intracellular accumulation of compounds and their antibacterial activities 

(Table 1).

Comparative analyses of such strains constructed for E. coli, P. aeruginosa, A. baumannii, B. 
cepacia, and B. thailandensis led to several unexpected findings. Kinetic measurements of 

the intracellular accumulation of fluorescent probes demonstrated that in all these species, 

the permeability barriers are synergistic and undergo kinetic bifurcations (Fig. 3B)50–51. As 

predicted by kinetic modeling, both hyperporination and efflux inactivation change the 

kinetics of intracellular accumulation of fluorescent probes (Fig. 3B). However, these 

changes are also species-specific and highlight the species-specific differences in the 

structure and composition of their OM, and in the activities and repertoires of the 

corresponding trans-envelope efflux pumps.

Growth inhibitory activities of antibiotics are in agreement with kinetic uptake data. 

Correlation analyses of antibiotic activities measured in different strains and species showed 

that synergism between active efflux pumps and passive barriers universally protect bacteria 

from structurally diverse antibiotics, even those previously thought to be privileged in efflux 

avoidance (Table 1)51. Antibiotics form four distinct clusters that are separated based on the 

magnitude of the effects caused by efflux inactivation and hyperporination. Notably, no 

obvious correlation was found between the consequences of transporter inactivation and 

hyperporination. These results suggest that the two effects are mechanistically independent 

of each other and that the two barriers “filter” antibiotics based on different properties (Fig. 

4). The species-specific variabilities in activities of antibiotics are clustered at the lower 

level, reflecting the contribution of structural particularities of the permeability barriers (Fig. 

4).

Despite the biological diversity of permeability barriers and the lack of apparent chemical 

similarities between antibiotic classes, antibiotics within each of the identified clusters are 

expected to share certain structural characteristics that are recognized by either the OM or 

the active efflux barrier51. Identification of these structural characteristics could lead to the 

more efficient optimization of antibacterial compounds against Gram-negative bacteria.

Molecular determinants of antibiotic activities and permeation.

The goal of any discovery efforts is to obtain the most potent antibacterial activity by 

maximizing the affinity to the target and OM permeation and by minimizing active efflux of 

a compound. Two general strategies can be exploited to identify structural properties of 

compounds that are associated with permeation and efflux. The first strategy utilizes 

bacterial strains with efflux- proficient and deficient genetic backgrounds and variable 

permeability of the OM to trace the changes in intracellular activities of compounds as 
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related to chemical modifications and physico-chemical properties of compounds (the 

structure-activity relationship or SAR). The second strategy utilizes similar sets of strains 

but follows the intracellular accumulation of compounds with the goal to define the 

structure-accumulation relationship, which is independent on the biological activity of 

compound. Both strategies can be integrated with various biochemical and computational 

approaches to define affinities to the specific targets, efflux pumps and/or affinities and 

permeation through specific OM porins. A variety of statistical methods and machine 

learning techniques are used at different stages to analyze relationships and to generate 

predictive models that eventually must be validated in medicinal chemistry programs (Fig. 

4).

Studies of antibacterial activities.

Previous SAR studies of antibacterial compounds in wild-type and efflux-deficient strains 

led to partial characterization of the specificity of efflux pumps45–46, 53. Studies of 

Haemophilus influenzae, E. coli, and P. aeruginosa strains revealed that the antibacterial 

activities of the very polar and low-molecular-weight (MW) compounds on the one hand, 

and of zwitterionic and high-MW compounds on the other, tend to be the least affected by 

efflux pumps, suggesting that such compounds are poor substrates for multidrug 

transporters45–46. In contrast, an increase in hydrophobicity was found to correlate with the 

increased propensity of a compound to be a substrate of efflux pumps in studies of 

Salmonella enterica serovar Typhimurium53. However, the extent to which the OM barrier 

biases these conclusions remained unclear.

Recently, the relative potencies of fluoroquinolones and beta-lactams (as measured by MIC) 

were analyzed in hyperporinated, efflux-deficient and wild-type strains of E. coli and P. 
aeruginosa and the dependence of the antibacterial activities on efflux, the OM barrier, or 

both (as measured by MIC ratios) in these species10. A random forest (RF) classification 

was then applied to measured MICs and MIC ratios to identify the most important 

physicochemical properties. The top 20 descriptors for classifying the MICs or MIC ratios 

for each species were identified and showed that: 1) charge descriptors dominate the MIC 

fingerprints of both species and are important for both permeation and antibacterial activity; 

2) physical properties, chemical structure and shape descriptors are selective for MIC ratios 

and describe contributions of active efflux and OM barriers and their synergistic 

interactions; and 3) the molecular shape descriptors are characteristic of the OM barriers. 

These studies further suggested that E. coli efflux pumps are optimized to expel compounds 

that permeate the OM, whereas in P. aeruginosa the relationships are more complex, with 

efflux pumps and the OM barrier selecting for different properties of compounds (Fig. 4)10.

Permeation through porins.

As discussed above hydrophilic small beta-lactams cross the OM of E. coli and other 

Enterobacteriaceae species through the water-filled porins. The permeation through these 

porins is characterized in a great detail by a combination of structural, electrophysiological 

and computational approaches. Together this multidisciplinary approach generated a scoring 

function that can be used to predict the permeation of compounds through enterobacterial 

porins9. The generalized “rules” of permeation through porins emphasize size of the 

Zgurskaya and Rybenkov Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecule and electrostatic interactions of the diffusing molecule with the porin through its 

charge and dipole (Fig. 4). These properties are also identified as top descriptors of 

antibacterial activities of beta-lactam and fluoroquinolones and their dependence on 

permeation in E. coli (see above)10 and in intracellular accumulation experiments discussed 

below54–55.

Whole cell studies of compound permeation and accumulation.

Although studies of antibiotic activities are well-standardized and generate data that are 

comparable across different studies, the approaches to establish structure-accumulation 

relationships are more complicated and their specific outcomes are sensitive to the 

experimental design and methods. The detection methods for measuring changes in 

compound concentrations are very diverse and include radiometry,56–60 intrinsic 

fluorescence61 and fluorescent probes,58–59, 62–70 Raman spectroscopy,71 enzyme kinetics 

(e.g., for β-lactamase, peptidases),49, 72–74 Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF-SIMS)75 and LC-MS/MS59, 76–80. Among these, MS- and fluorescence-

based techniques are the most broadly used and versatile.

The intracellular accumulation of environment-sensitive dyes is the most sensitive approach 

to compare and analyze differences in permeability barriers in laboratory and clinical 

isolates and in genetically altered variants57, 74, 81–89. The fluorescence of these dyes is 

enhanced when they bind to membranes, proteins or nucleic acids. As discussed above, 

time-dependent changes in fluorescence provide kinetic information about permeation, 

efflux, and intracellular accumulation (Fig. 3A). Such assays could be used in a high 

throughput format or can be adapted to microfluidics and microscopy for single-cell 

analyses90–91. The fluorescence enhancement of the probe is often specific to cellular 

compartments, enabling assessment of intracellular localization. These studies however are 

limited to specific chemical classes of compounds.

At present, LC-MS/MS could probably be considered as the gold standard in efflux and 

permeation measurements due to its broad applicability, high accuracy and versatility.
59, 79–80, 92–93 However, the method has certain limitations, as cells must be separated from 

the external solution without a loss of the intracellular compound. Depending on the 

properties of compounds, significant experimental error can be present due to non-specific 

binding to filter, plastic tubes or cell surfaces or washing the compound out of cells94. Some 

of these problems are alleviated by measuring relative changes in intracellular concentration 

by using sets of genetically modified strains with varying efflux capacities and/or OM 

permeabilities. The throughput of the assay can be increased by changing to a 96-well 

format and taking advantage of 9 s/sample solid phase extraction (SPE)–MS80. Yet, the 

conclusions based on LC-MS/MS measurements depend on specifics of the experiment.

Davis et al. used principal component analysis to identify physical properties associated with 

high accumulation of sulfonyl adenosines in E. coli and Gram-positive bacteria as measured 

by LC-MS/MS at a single external concentration of compounds. This revealed significant 

differences between compounds with similar logP values, indicating that hydrophobicity 

alone is insufficient to predict accumulation accurately. Additional positive correlations for 

the intracellular accumulation in E. coli were found with ring content and size, and negative 
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correlations with ring complexity, H-bonding, heteroatoms, and three dimensionality77. 

These analyses also helped rationalize differences observed across the other bacteria. Using 

a similar experimental design and a single-point measurements, Richter et al. analyzed the 

accumulation of ~180 diverse compounds in E. coli and applied RF classification to 297 

molecular descriptors to identify properties that are most important for the intracellular 

accumulation55. Molecules that are most likely to accumulate include primary or secondary 

amines, are rigid, have low globularity, and are amphiphilic. Notably, charge, molecular 

weight, and clogD7.4 showed no correlative relationship with accumulation.

Both these studies successfully used the discovered heuristics to design molecules with 

improved intracellular accumulation and antibacterial activities. Focused on physico-

chemical properties of compounds, they did not address the question whether the changes in 

intracellular accumulation of compounds correlate with their antibacterial activities. To 

address this specific question, Iyer et al.54 analyzed the intracellular accumulation of a set of 

over a hundred compounds (inhibitors of NAD-dependent DNA ligase, LigA) in the wild 

type and efflux-deficient E. coli cells. The set included compounds with a range of 

antibacterial and biochemical potencies as measured by IC50 and MIC values. In agreement 

with the above studies, either hydrophobicity or positive charge of compounds increased the 

amount of the total accumulated compound and accumulation was affected by active efflux. 

Interestingly, these changes in the accumulation failed to predict whole-cell antibacterial 

activities of compounds, leading to the conclusion that the single-point measurements of 

total accumulation are not necessarily predictive of the amount of compound that will be 

available to the intracellular target. Indeed, the kinetics of compound accumulation in Gram-

negative bacteria varies depending on the intracellular compartment (Fig. 3 and see above) 

and several concentrations and time points have to be analyzed to establish functional 

correlations.

Together these studies demonstrated the conceptual and methodological feasibility of 

establishing species-specific “rules” of permeation. At present we have a practical 

understanding of how compounds permeate the protective barriers of Enterobacteriacea (Fig. 

4). Further studies are needed to achieve similar levels of understanding for other Gram-

negative bacteria.

Conclusions

In the past few years, significant advances have been made in rationalization of drug 

permeation into Gram-negative pathogens possessing two membranes with active efflux. In 

combination, kinetic modeling, mechanistic analyses and experimental measurements of 

compound accumulation and activities in cells are posed to solve the riddle of Gram-

negative permeability barriers. The methodological developments in controlling the 

permeability barrier of the outer membrane and in separating contributions of efflux and the 

low permeation in activities and accumulation of compounds are expected to reveal 

molecular properties of compounds selected by different barriers. Increasing the chemical 

diversity of analytes and incorporation of integrated kinetic approaches in analyses of 

intracellular accumulation and target engagement could further stimulate medicinal 
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chemistry programs aimed at optimization of antibacterial agents against multidrug resistant 

Gram-negative bacteria.
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Figure 1. Schematics and kinetic model of compound permeation in the context of the two 
membranes with active efflux.
Small molecules traverse the outer membrane via facilitated or passive diffusion and can be 

extruded from the periplasmic space by active transporters. The kinetic scheme explicitly 

considers four compartments, outside the cell (O), within the outer membrane (M), in the 

periplasm (P) and in the cytoplasm (I). Active efflux is approximated as a Michaelis-Menten 

process. The binding to the membrane is postulated saturable, with the maximal flux F. The 

degree of saturation is denoted as ϕ; k1 through k4 are microscopic rate constants.
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Figure 2. The energy profile of drug permeation across a lipid bilayer.
(A) Schematic structure of the asymmetric bilayer. (B) A simplified energy profile 

recognizes the Donnan equilibrium of the membrane, ΔGd, and the free energy of 

partitioning between the membrane and the medium, ΔGt. (C) In addition to the above, a 

more realistic energy profile needs to incorporate the excluded volume created by the lipid A 

modification, ΔGA, and the attractive interaction at the lipid-water interface, ΔGb.
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Figure 3. Bifurcation kinetics in simulation and live cells.
(A) The main regimes of compound accumulation in Gram-negative bacteria calculated for a 

model in Fig. 137. The steady state (SS) concentration of a drug in the periplasm is plotted 

against its equilibrium concentration (EQ), which takes into account the Donnan 

equilibrium. The black line is for compounds without active efflux, the three other lines are 

for compounds with the Efflux constant of 10 and the indicated values of the Barrier 

constant. At low drug concentration, the steady state is reduced compared to equilibrium by 

a factor of 1+KE in all cases. At high concentrations, the result depends on the value of B. If 

B < 1, the steady state asymptotically approaches the equilibrium modified by a factor α = 

(1-B)/(1+B). If B > 1, the intracellular drug level cannot exceed its threshold. (B) 

Experimental observation of a bifurcation in accumulation of Hoechst 33342 (HT) in E. coli 
cells harboring and inducible pore. The expression level of the pore and the resulting B-

values are indicated. Reproduced from37.
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Figure 4. Rules of permeation and their hierarchy.
Summarized views and results discussed here and in9–10, 51, 55.
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Table 1.

Minimal inhibitory concentrations (μg/mL) of select antibiotics against Gram-negative bacteria.

Antibiotics
E. coli K-12

a
P. aeruginosa PAO1

b
B. cepacia ATCC 25416 

b
A. baumannii AYE 

c

WT +Pore ΔEfflux WT +Pore ΔEfflux WT +Pore WT ΔEfflux

Tetracycline 0.5 0.25 0.125 4 0.5 2 >8 8 32–64 2–4

Ciprofloxacin 0.016 0.004 0.002 0.06 0.031 0.016 1 0.03 64 1

Rifampin 4 0.25 4 16 0.5 16 16 0.06 10 5

Gentamicin 4 2 4 4 4 4 128 16 1024 16

Polymyxin B 1 1 1 1.5 1.5 1.5 >1024 512 2 ND

Carbenicillin 16 2 4 32 2 1 >1024 128 >2048 1024

a
, from50. +Pore - the OM of WT cells is hyperporinated via the expression of a modified siderophore OM transporter; ΔEfflux – efflux-deficient 

ΔtolC cells

b
, from95. +Pore – the same as in 

a
, ΔEfflux – efflux-deficient ΔmexAB ΔmexCD ΔmexXY cells

c
, Leus and Zgurskaya, unpublished. +Pore – the same as in 

a
, ΔEfflux – efflux-deficient ΔadeB ΔadeIJK cells.
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