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Summary Paragraph:

Gram-negative antibiotic development has been hindered by a poor understanding of the types 

of compounds that can accumulate within these bacteria.1–2 The presence of efflux pumps 

and substrate-specific outer membrane porins in Pseudomonas aeruginosa render this pathogen 

particularly challenging.3 As a result, there are few antibiotic options for P. aeruginosa infections4, 

and its many porins has made the prospect of discovering general accumulation guidelines 

seem unlikely.5 Here, we assess the whole-cell accumulation of 345 diverse compounds in P. 
aeruginosa and E. coli. While certain positively charged compounds permeate both bacterial 

species, P. aeruginosa is more restrictive as compared to E. coli. Computational analysis 

identified distinct physicochemical properties of small molecules that specifically correlate with 

P. aeruginosa accumulation, such as formal charge, positive polar surface area, and hydrogen 

bond donor surface area. Surprisingly, mode of uptake studies revealed that most small molecules 

permeate P. aeruginosa using a porin-independent pathway, thus enabling discovery of general 

P. aeruginosa accumulation trends with important implications for future antibiotic development. 

Retrospective antibiotic examples confirmed these trends, and these discoveries were then applied 

to expand the spectrum of activity of a gram-positive-only antibiotic, fusidic acid, into a version 

that demonstrates a dramatic improvement in antibacterial activity against P. aeruginosa. We 

anticipate that these discoveries will facilitate the design and development of high-permeating 

antipseudomonals.
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Introduction:

Antibiotic discovery for P. aeruginosa has proven to be challenging, as achieving drug 

accumulation in these bacteria is particularly difficult compared to many other gram-

negative pathogens.3 This lower permeability of P. aeruginosa is in part due to the absence 

of non-specific porins, such as OmpF in E. coli, which facilitate the diffusion of small, 

hydrophilic compounds across the outer membrane. Instead, P. aeruginosa possesses ~40 

monomeric channels for nutrient transport with size restrictions of ~200 Da.6 Additionally, 

P. aeruginosa can express a broad range of tripartite efflux pumps, resulting in highly 

efficient antibiotic efflux.7 This combination confers high intrinsic resistance to many 

antibacterials, including some that are commonly used to treat infections caused by 

other gram-negative pathogens; for example, while antibiotics such as chloramphenicol, 

tetracyclines, and trimethoprim/sulfamethoxazole have clinical activity against other gram-

negative organisms, they are not effective against P. aeruginosa.4 Notably, the lack of 

clinical efficacy of these drugs is attributed to poor intracellular accumulation in P. 
aeruginosa, not to a lack of target engagement.8 This is also true for antibiotics that are 

‘gram-positive-only’ (e.g. erythromycin, linezolid, fusidic acid, rifampin, etc.) and have no 

activity against any gram-negative pathogens.8 Ultimately, only four classes of antibiotics 

(β-lactams, fluoroquinolones, aminoglycosides, and polymyxins) are used clinically to 

treat P. aeruginosa infections, and with resistance rampant and significant toxicity of 

certain active classes (e.g. aminoglycosides and polymyxins),9–10 novel antibacterials for 

P. aeruginosa infections are an area of significant need.

The identification of physicochemical properties that promote intracellular compound 

accumulation would greatly aid in the development of new anti-pseudomonal antibiotics.1–

2, 11–12 For example, an understanding of compound accumulation in E. coli has led to 

actionable guidelines11, 13 that have been used to imbue gram-negative antibacterial activity 

into multiple different classes of compounds.14–25 However, despite important retrospective 

and prospective analyses of antibiotic activity and accumulation in P. aeruginosa,8, 26–28 

general rules for compound accumulation in this bacterium have remained elusive. And, 

with multiple sources of potential uptake and efflux in P. aeruginosa, the possibility for 

discovery of generalizable accumulation guidelines for P. aeruginosa has been questioned.5 

Here we utilize a whole-cell accumulation assay to assess the ability of non-antibiotic, 

structurally diverse small molecules to accumulate in this pathogen, ultimately leading to 

principles that will be helpful in the design of novel antipseudomonals.

Results:

Validation of assay in P. aeruginosa

To study compound accumulation in P. aeruginosa, an LC-MS/MS-based assay was 

utilized.13, 29 Although predominately used to examine compound accumulation in E. 
coli,13–15, 30 this assay has been used with P. aeruginosa.15, 28 To validate the assay, 

a selection of antibiotic controls were evaluated for whole-cell accumulation in P. 
aeruginosa PAO1. This panel (Extended Data Table 1a) includes antibiotics with activity 

(minimum inhibitory concentration (MIC) ≤16 μg/mL) against P. aeruginosa in culture and 

antibiotics inactive against P. aeruginosa (MIC ≥256 μg/mL). The inactive antibiotics all 
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showed minimal accumulation in PAO1, whereas the active antibiotics all demonstrated 

statistically significant levels of accumulation relative to the inactive compounds (Fig. 1a). 

To further evaluate this assay in P. aeruginosa, bacteria were treated with the membrane 

permeabilizer polymyxin B nonapeptide (PMBN).31 The low-accumulating antibiotics 

fusidic acid, valnemulin, and novobiocin all showed a significant increase in accumulation 

upon membrane permeabilization, consistent with the assay not simply reporting on non-

specific interactions with the outer membrane (Fig. 1b, Extended Data Table 1a). As an 

additional control, antibacterial activity and accumulation of low-accumulating antibiotics 

were also evaluated in a genetically modified strain of P. aeruginosa PAO1, which has six 

efflux pumps knocked out (PAΔ6).26 MIC ratios were used to identify efflux substrates 

(Extended Data Table 1b); an increase in accumulation in the PAΔ6 strain was observed for 

the antibiotics that were highly potentiated upon efflux pump knockout (chloramphenicol, 

valnemulin, nalidixic acid, trimethoprim, and tedizolid), while vancomycin, which shows no 

potentiation upon efflux pump knockout,8 showed minimal change in accumulation in this 

experiment (Fig. 1c). Finally, to compare the results obtained by LC-MS/MS analysis to 

those obtained with fluorescence imaging, the accumulation of bisindolylmaleimide X (BIM 

X), an intrinsically fluorescent non-antibiotic, was evaluated in both P. aeruginosa PAO1 and 

E. coli MG1655. The LC-MS/MS assay revealed that BIM X accumulates in P. aeruginosa 
but not in E. coli (as described later), and confocal fluorescence imaging validated these 

results (Extended Data Fig. 1a, b).

Comparison with eNTRy rules

To identify physicochemical properties that promote accumulation in P. aeruginosa, 

accumulation of a collection of diverse, non-antibiotic compounds was evaluated, including 

natural product-like compounds generated through the Complexity-to-Diversity strategy,32 

and some commercially available compounds. As a major interest was defining how 

accumulation trends for P. aeruginosa compared to E. coli, a set of 67 compounds 

(Supplementary Table 1) whose accumulation was previously assessed in E. coli13 was 

evaluated in P. aeruginosa PAO1.

In this set of 67 compounds, positive charge appeared to correlate with compound 

accumulation in P. aeruginosa PAO1, with all accumulating compounds being positively 

charged (Supplementary Table 1), as was observed for this same compound set in E. 
coli (Supplementary Table 1).13 The importance of positive charge for accumulation in 

P. aeruginosa was further demonstrated via side-by-side comparisons of similar compounds 

differing only in the nature of the charge. As shown with a series of 6-methylquinazolines, 

amine-containing versions accumulate in PAO1 much higher than the corresponding neutral 

amide, with the primary amine leading to the highest levels of accumulation among the 

set, likely due to both the increased steric accessibility and increased pKa of the primary 

amine relative to the secondary and tertiary amine comparators (Fig. 1d; 1–4). These data 

mirror trends seen in E. coli with the same compounds.33 Other matched compound pairs (5 
and 6, 7 and 8 in Fig. 1d) also demonstrate how a primary amine can facilitate compound 

accumulation in P. aeruginosa in certain contexts.
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The importance of positive charge for compound accumulation, observed here for P. 
aeruginosa, invites comparison to the eNTRy rules (formulated for E. coli) which state 

that compounds with a positive charge (primary amine being best), low globularity, and a 

low number of rotatable bonds are most likely to accumulate in E. coli.11, 13 To assess the 

applicability of the eNTRy rules to P. aeruginosa, data for the compounds bearing primary 

amines in the set of 67 compounds were plotted according to their number of rotatable 

bonds and globularity scores; for this analysis amines that did not meet the other criteria 

identified previously as important for accumulation (steric accessibility and low amphiphilic 

moment)13 were removed, leaving a total of 40 compounds (see Compound Master Table). 

This analysis revealed that low globularity (glob) and rotatable bonds (RB) were not 

predictive for accumulation in P. aeruginosa, as these cutoffs include many compounds 

that are non-accumulators in P. aeruginosa; further, four compounds outside the eNTRy 

rules accumulate well in P. aeruginosa, with ultimately only ~50% of compounds binned 

correctly in this data set (Fig. 1e). For E. coli, these cutoffs bin ~80% of all compounds 

correctly (Fig. 1e), consistent with previous results in E. coli for a large compound set.13, 33 

These exceptions to the eNTRy rules in both directions suggest that, besides the beneficial 

introduction of a primary amine, the eNTRy rules do not predict compound accumulation in 

P. aeruginosa.

As not all compounds that possess a primary amine accumulate in P. aeruginosa, the 

compound test set was expanded to identify other properties that facilitate accumulation. 

In all, 240 primary amines (Supplementary Table 2) and 105 other compounds with varying 

charge states (Supplementary Table 3) were evaluated for accumulation in P. aeruginosa 
PAO1. Data gathered with this collection of 345 compounds confirmed the findings from the 

smaller compound set. It was observed that many positively charged compounds accumulate 

(Fig. 2a) and accumulators span a broad range of ClogD7.4 values (Fig. 2a). To make explicit 

head-to-head comparisons, accumulation of a large set of primary amines was assessed in 

both P. aeruginosa and E. coli. Analysis of these results for 154 compounds shows that while 

~80% of compounds meeting the eNTRy rule cutoffs accumulate in E. coli, in agreement 

with the original report,13 the number of rotatable bonds and globularity are not useful 

for predicting accumulation in P. aeruginosa, with only ~40% of the compounds being 

sorted correctly as accumulators or non-accumulators in P. aeruginosa by the eNTRy rules 

(Extended Data Fig. 2a). Extended Data Fig. 2 also shows examples of compounds that 

accumulate in E. coli but not P. aeruginosa (Extended Data Fig. 2b), and vice versa (for 

example BIM X, Extended Data Fig. 2c).

Beyond the three eNTRy rule parameters, two other properties were previously identified as 

important for accumulation in E. coli, amphiphilic moment and amine steric accessibility.13 

Consistent with the observation in E. coli, increasing amphiphilic moment correlated with 

an increase in compound accumulation in P. aeruginosa (Extended Data Fig. 3a). The steric 

accessibility of amines also made a significant difference in accumulation values. Like E. 
coli, compounds with primary amines accumulated to a greater extent in P. aeruginosa 
than those with a secondary amine (Extended Data Fig. 3b). Additionally, compounds with 

primary amines on secondary carbons accumulated to a greater extent than compounds with 

primary amines on tertiary carbons (Extended Data Fig. 3c).
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Features influencing accumulation in PA

While the presence of a sterically unencumbered primary amine on a compound with a 

high amphiphilic moment correlates with accumulation in P. aeruginosa, these traits are not 

enough to form a useful set of guidelines. Thus, we investigated other physicochemical traits 

that might facilitate accumulation in P. aeruginosa. For this work a cheminformatic approach 

was utilized, starting with the calculation of 288 physicochemical properties for each of 

the 240 primary amines from Fig. 2a. These descriptors were used to train a random forest 

classification model to predict compound accumulation (Extended Data Fig. 4).13 Through 

this analysis, it was noted that Hydrogen Bond Donor (HBD) Surface Area and positive 

charge descriptors were positively correlated with accumulation.

The most predictive descriptors associated with positive charge were Positive Polar Surface 

Area and Formal Charge. While these two positive charge descriptors have commonalities, 

using both accounts for compounds that 1) may have a primary amine with a lower pKa and 

less localized charge, but have other partially charged functional groups that are beneficial 

for accumulation (low formal charge, high positive polar surface area), and that 2) are 

smaller compounds that may be highly charged, but have lower overall surface area (high 

formal charge, low positive polar surface area). Compounds with HBD Surface Area ≥23 

and with high positive charge (Polar Positive Surface Area ≥80 and/or Formal Charge 

≥0.98) were most likely to accumulate (green boxes in Fig. 2b), with >80% (92/113) of 

all compounds that meet these criteria accumulating in P. aeruginosa PAO1. Side-by-side 

comparisons demonstrate the benefit of increasing HBD Surface Area (Fig. 2c; 9–12), 

Positive Polar Surface Area (Fig. 2d; 13–16), and Formal Charge, either through modulation 

of amine pKa (Fig. 2e; 17 and 18) or through modulation of the pKa of other ionizable 

atoms (Fig. 2e; 19 and 20). Further analysis of matched molecular pairs demonstrates a 

clear correlation between increased amine pKa (and increased amine steric accessibility) and 

higher compound accumulation in P. aeruginosa (Extended Data Fig. 3d, Supplementary 

Table 8). It is notable that overall accumulation values in P. aeruginosa PAO1 are still ~50% 

lower on average compared to E. coli MG1655, consistent with the increased permeability 

barrier of P. aeruginosa relative to other gram-negative pathogens (Extended Data Fig. 3e).34

Mode of uptake

With the importance of positive charge for accumulation in P. aeruginosa established, and 

with a wide range of potential porins responsible for compound uptake in this organism, 

it was of interest to investigate the mode of uptake for these compounds. In an attempt 

to identify compounds that rely on substrate-specific channels of P. aeruginosa for uptake, 

accumulation was assessed for a subset of compounds in a strain of P. aeruginosa that has 

40 putative porins knocked out (PA14 Δ40)35 and accumulation values were compared to the 

parental strain, PA14. Compounds ranged in molecular weight from less than 200 to greater 

than 500 Da, and included monoamines, diamines, and guanidiniums (Supplementary 

Table 4). Strikingly, most compounds showed no statistically significant difference in 

accumulation between the two strains, indicating that even the absence of 40 porins does not 

significantly alter accumulation (Fig. 3a). Only one compound (31) showed a statistically 

significant decrease in accumulation in the PA14 Δ40 strain, while three compounds (22, 29, 
46) had slightly higher accumulation values. Suspecting the self-promoted uptake pathway36 

Geddes et al. Page 5

Nature. Author manuscript; available in PMC 2024 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as the mode of permeation, the same subset of compounds was evaluated for accumulation 

in P. aeruginosa in media supplemented with MgCl2. Magnesium ions compete for LPS 

binding sites with cationic species, and co-treatment is often used to identify compounds 

that use the self-promoted uptake pathway.37 Notably, in P. aeruginosa, monoamines, 

diamines, and guanidiniums showed substantially diminished accumulation in the presence 

on magnesium ions (Fig. 3b, and see Extended Data Fig. 5a for confocal images of BIM X 

in the presence and absence of MgCl2), suggesting a significant role for the self-promoted 

uptake pathway for these compounds. The same experiment was performed in E. coli 
MG1655, where both porin-mediated and self-promoted uptake are likely to be operative.37 

While co-incubation with MgCl2 did lower accumulation levels in E. coli as expected, it was 

to a lesser extent than was observed for P. aeruginosa (Extended Data Fig. 5b). As a control, 

magnesium binding to a polycation (norspermine) was evaluated by NMR, revealing no/low 

binding, suggesting it is unlikely that magnesium is simply reducing compound availability 

(Extended Data Fig. 5c). Accumulation in P. aeruginosa PAO1 was also evaluated in media 

supplemented with PMBN to weaken the LPS layer. Most compounds showed a statistically 

significant increase in accumulation, further supporting entry via the self-promoted uptake 

pathway (Extended Data Fig. 5d). These accumulation results suggest that, in contrast 

to other gram-negative species, P. aeruginosa does not primarily rely on porins for most 

small-molecule uptake; instead, self-promoted uptake likely accounts for most permeation 

into the cell.

Accumulation of diamines

The importance of self-promoted uptake and positive charge for accumulation led us to 

examine the impact of multiple positive charges on accumulation. In two examples it was 

observed that diamines exhibited higher accumulation values relative to their monoamine 

comparators (Extended Data Fig. 6a; 65–68). While diamines containing two primary 

amines are almost always high accumulators (Extended Data Fig. 6a,b), diamines with one 

primary amine and one secondary or tertiary amine less reliably provide an accumulation 

benefit in P. aeruginosa (Extended Data Fig. 6c).

Accumulation of guanidiniums/pyridiniums

Guanidiniums and pyridiniums provide positively-charged alternatives that are more 

lipophilic relative to primary amines and have previously been demonstrated to improve 

accumulation in E. coli to differing extents.33 To assess the accumulation benefit of these 

functional groups in P. aeruginosa, a set of 16 amine, guanidinium, and pyridinium side-by-

side comparisons (48 compounds total) were evaluated for accumulation in P. aeruginosa 
PAO1. Guanidiniums had comparable accumulation values and classification relative to 

their primary amine comparators, whereas most pyridiniums led to a substantial decrease 

in accumulation and were not classified as accumulators (Extended Data Fig. 6d and e, 

Supplementary Table 5); this result matches observations in E. coli.33

Accumulation trends across PA strains

P. aeruginosa has a large pan-genome, leading to significant heterogeneity between strains.38 

To test the generality of the accumulation trends observed in P. aeruginosa PAO1, additional 
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representative strains of P. aeruginosa were selected. P. aeruginosa PA14 is a highly virulent 

strain that is a part of the most common clonal group and contains pathogenicity islands 

in its genome that are absent in PAO1.39 Additionally, a clinical isolate from an acute 

infection, P. aeruginosa PA1280, was evaluated.40 MICs for antibiotics against each of these 

strains were determined and intracellular accumulation was measured. Accumulation of 

these antibiotic controls correlated well with the observed activity (Extended Data Fig. 6f 

and Extended Data Table 1c).

Additional compounds were selected for evaluation of accumulation in PA14 and PA1280, 

comprising 27 non-antibiotics with a range of accumulation levels in PAO1. While some 

variance in overall values occurred, and accumulation was on average lower in PA1280, very 

few compounds changed classification from “accumulator” to “non-accumulator” or vice 

versa in either strain, suggesting that the accumulation model will be robust across different 

P. aeruginosa strains (Extended Data Fig. 6g, full data set reported in Supplementary Table 

6).

Retrospective examples

A retrospective analysis of the literature was performed to assess whether previous 

serendipitous incorporation of these physicochemical properties had proved beneficial in 

historical drug discovery campaigns. Six examples of antibiotic pairs were identified in 

which one derivative had low whole-cell activity against P. aeruginosa, but another derivative 

was reported with improved activity. These antibiotics are from diverse structural classes 

and engage a variety of biological targets, including DNA gyrase and topoisomerase 

(17x and 17r16; AMQ-1 and AMQ-219; THP-1 and THP-241), the ribosome (CHD and 

CDCHD18; tetracycline and tigecycline42), and the bacterial type 1 signal peptidase 

(G8126 and G0775, all structures in Extended Data Table 2).43 As biochemical potency 

and accumulation both contribute to whole-cell activity, where possible we aimed to select 

side-by-side comparisons of compounds with similar target engagement. MIC values in 

efflux pump deficient strains were used as a surrogate for target engagement (Extended 

Data Table 2), and many of the reported pairs demonstrated similar activity in efflux 

pump deficient bacterial strains. The HBD Surface Area and Formal Charge/Positive Polar 

Surface Area were calculated for these antibiotic pairs. Notably, increasing HBD Surface 

Area to ≥23 and Positive Polar Surface Area to ≥80 led to an increase in antibacterial 

activity against P. aeruginosa, ranging from 4- >32-fold improvements (data plotted in Fig. 

4; structures and activity reported in Extended Data Table 2),16, 18–19, 41, 43 suggesting 

that increased accumulation is a significant contributor to the observed improvement in 

antibacterial activity. Indeed, as shown in Fig. 1a, we find tigecycline accumulates to a 

higher extent than tetracycline. Further, when considering antibiotics used for the treatment 

of P. aeruginosa infections, both classes of positively charged antibiotics (aminoglycosides 

and polymyxins) match these guidelines for P. aeruginosa accumulation. These results 

suggest these guidelines as a generalizable means to increase accumulation in P. aeruginosa 
across a variety of scaffolds and targets. β-lactam and fluoroquinolone antibiotics meet the 

guidelines less consistently, likely due to their zwitterionic or negatively charged states.
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A PA-active fusidic acid derivative

With an improved understanding of the physicochemical properties that promote 

intracellular accumulation, as well as the porin-independent mode of uptake of 

these compounds, we were interested in applying these findings to develop a novel 

antipseudomonal. Our discoveries suggest that increasing the HBD Surface Area and the 

Formal Charge and/or Positive Polar Surface Area of an antibiotic candidate should lead 

to improved whole-cell antibacterial activity against P. aeruginosa if target binding is 

not disrupted. As stated previously, there are many antibiotics (Extended Data Table 1d) 

that would have activity against P. aeruginosa if they could achieve higher intracellular 

accumulation. Fusidic acid (FA), a potent gram-positive-only antibiotic, is one example. FA 

has negligible whole-cell antibacterial activity in P. aeruginosa (MIC = 1024 μg/mL versus 

PAO1, Fig. 5a) and poor intracellular accumulation (Fig. 5b). Notably, FA has an MIC of 

4 μg/mL against P. aeruginosa PAO1 when co-administering PMBN (Fig. 5a), as well as 

elevated accumulation in the presence of PMBN (Fig. 5b), suggesting that its biological 

target (elongation factor G, EF-G44) can be engaged in P. aeruginosa, and that if FA could 

achieve higher intracellular concentrations, it would exhibit whole-cell antibacterial activity.

With a HBD Surface Area of 0 and a Positive Polar Surface Area of 65.3 (Fig. 5c), FA 

does not meet our guidelines for accumulation in P. aeruginosa and was selected as a 

challenging starting point for conversion to a version active against this pathogen. Using 

the established structure-activity relationship of FA along with the accumulation guidelines 

for P. aeruginosa, FA derivatives were designed and synthesized. As the carboxylic acid is 

a convenient handle for structural modifications, but necessary for target engagement,45 we 

envisioned using a prodrug approach to increase permeation into the cell, while maintaining 

on-target activity against EF-G through the release of free FA inside the cell. An amidoxime 

prodrug moiety was ultimately selected as it was hydrolytically cleaved within a biologically 

relevant timeframe, liberating FA (Extended Data Fig. 8a). Amidoxime prodrug derivatives 

containing functional groups whose presence increases overall HBD Surface Area and 

Positive Polar Surface Area were synthesized and evaluated. Data collected in both P. 
aeruginosa PAO1 and E. coli MG1655 demonstrate a substantial increase in accumulation 

for all FA prodrug derivatives tested (Extended Data Fig. 7a). Accumulation values increase 

with the number of amines, with the version containing four ionizable nitrogens (FA 
prodrug, Fig. 5a) demonstrating the highest accumulation (Extended Data Fig. 7a). FA 
prodrug meets the HBD Surface Area and Positive Polar Surface Area requirements for 

accumulation in P. aeruginosa (Fig. 5c) and does indeed achieve very high accumulation 

levels in PAO1 (Fig. 5b; accumulation reported for free FA). Importantly, FA prodrug has 

an MIC of 8 μg/mL against P. aeruginosa PAO1, a 128-fold increase relative to FA (Fig. 5a) 

and has MIC values of 8–16 μg/mL against a panel of 75 clinical isolates of P. aeruginosa; 

FA has essentially no antibacterial activity against this clinical isolate panel (Fig. 5d, MIC 

values in Supplementary Table 7).

To explore the antibacterial mode of action of FA prodrug, E. coli MG1655 mutants 

resistant to FA prodrug were generated using a serial exposure method. Mutants that were 

viable at 2X, 4X, and 8X the MIC concentration were isolated. Resistant colonies showed 

a 4–8 fold increase in MIC values against FA prodrug, and mutations map back to the 
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FA binding pocket in EF-G indicating that liberated FA can engage its intracellular target 

and exert antibacterial activity (Extended Data Fig. 7b). Generation of P. aeruginosa PAO1 

mutants resistant to FA prodrug was achieved using the large inoculum method, with 

a frequency of resistance at 2.67 × 10-7. When sequenced, these mutants did not have 

mutations in fusA, indicating that FA prodrug likely has more than one mechanism of 

action.

The mode of action of FA prodrug in P. aeruginosa was then probed using structural 

derivatives. It is known that diacylation of FA significantly reduces antibacterial activity, 

and indeed this compound (FA Ac2O) has an MIC = 64 μg/mL in S. aureus (Extended 

Data Fig. 7c). To evaluate the dependence of FA prodrug activity on inhibition of EF-G, 

a diacetylated version, FA prodrug Ac2O, was synthesized (Extended Data Fig. 7c). 

This compound loses antibacterial activity against P. aeruginosa relative to FA prodrug, 

suggesting that some antibacterial activity of FA prodrug is derived from the inhibition 

of EF-G, with prodrugs with more amines providing more antibacterial activity through 

membrane depolarization (Extended Data Fig. 7a).

It is apparent that FA prodrug has a dual mode of antibacterial activity. Based on the 

polyamine moiety we hypothesized that membrane-based interactions may be contributing 

to the antibacterial activity, and a variety of experiments were performed to characterize 

such interactions. Co-treatment with MgCl2 led to a 32-fold shift in MIC for FA prodrug 
and gentamicin in P. aeruginosa PAO1, while FA showed no change in antibacterial activity, 

suggesting that FA prodrug entry into P. aeruginosa occurs via the self-promoted uptake 

pathway (Extended Data Fig. 8b); NaCl had minimal effects in the same experiment 

(Extended Data Fig. 8b). The fluorescent probe N-phenylnapthylamine (NPN) was used to 

assess outer membrane permeability changes upon treatment with FA, gentamicin, colistin, 

and FA prodrug. NPN is membrane impermeable and is only weakly fluorescent in aqueous 

solutions. Upon entry to the cell and interacting with phospholipids, significant fluorescence 

is observed. While treatment of P. aeruginosa PAO1 with FA for ten minutes did not lead 

to any change in fluorescence, treatment with gentamicin, colistin, and FA prodrug led to 

a dose-dependent increase (Extended Data Fig. 8c). Finally, using the potentiometric dye 

DiSC3 (5), it was demonstrated that treatment with FA prodrug leads to dose-dependent 

inner membrane depolarization, monitored by an increase in fluorescence, while treatment 

with FA did not impact membrane polarization (Extended Data Fig. 8d). All this data is 

consistent with FA prodrug relying on membrane interactions to enter the cell; in addition 

to the liberated FA engaging EF-G to kill the bacterial cells, inner membrane depolarization 

by FA prodrug likely plays a role in the observed antibacterial activity. This residual 

membrane depolarizing antibacterial activity can be observed in the diacylated compound 

(Extended Data Fig. 7c). This effect can also be observed amongst the different versions 

of the FA prodrug, where potency is not solely impacted by high accumulation values, 

as extending the polyamine moiety increases membrane-disrupting ability in addition to 

increasing accumulation (Extended Data Fig. 7a).
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Discussion

Comparison of results from the unbiased accumulation experiments between E. coli and P. 
aeruginosa highlights the benefit of ionizable nitrogens (with minimal steric encumbrance) 

and high amphiphilic moment to promote intracellular accumulation in both E. coli and P. 
aeruginosa. HBD Surface Area and positive charge parameters were found to positively 

correlate with accumulation in P. aeruginosa, and ~80% of compounds that meet the 

appropriate cutoffs accumulate. As evidenced by this study, the unbiased evaluation of 

diverse non-antibiotic compounds can identify properties that are not apparent in the 

assessment of antibiotics.

An interesting and surprising result is the observed porin-independent uptake of compounds 

in P. aeruginosa. Assessing compound accumulation in a strain of P. aeruginosa with 40 

putative porins knocked out (Δ40) demonstrates few significant accumulation differences in 

the absence of porins. Consistent with our result, a similar trend was observed in assessing 

MIC values for antibiotics in the wild-type and Δ40 strain; aside from the carbapenem 

antibiotics, no antibiotics had an MIC fold change in this study.35 Collectively, these results 

suggest that in contrast to E. coli, where the general porin OmpF facilitates uptake for some 

monoamines,13, 46 in P. aeruginosa the self-promoted uptake pathway may be the primary 

mode of uptake for all positively charged compounds. Multicharged antibiotics, such as the 

aminoglycosides and colistin, have been suggested to utilize this pathway for uptake into 

bacteria, but the utility of this pathway for monoamine uptake had not yet been disclosed. 

Evidence does suggest the importance of porin-mediated uptake for some negatively charged 

compounds into P. aeruginosa, most recently demonstrated by the rational design of 

ETX0462, which was chemically optimized for uptake through P. aeruginosa porins.47 The 

development of a prodrug moiety that can facilitate self-promoted uptake into P. aeruginosa 
for fusidic acid may prove generalizable for other antibiotics where antibacterial activity 

is limited due to poor intracellular accumulation; of course, as polyamine functionality 

can introduce liabilities (toxicity or off-target membrane interactions), optimization and 

exploration of other prodrugs will be beneficial.

Historical data and trends from the literature begin to make more sense in light of the results 

presented herein. For example, the impenetrability of P. aeruginosa, even relative to other 

gram-negative bacteria, has been noted by others and is powerfully shown (in comparison 

to E. coli) in Extended Data Fig. 3e. As certain small molecules can enter E. coli through 

porins, the general impenetrability of P. aeruginosa appears to be linked to the squelching of 

most porin-dependent uptake pathways. The inability to exploit porin-mediated uptake in P. 
aeruginosa has stymied antibiotic development for this pathogen, but data presented herein 

suggests that purposeful design of antibiotics to leverage porin-independent mechanisms can 

be fruitful in the generation of novel antibiotics for this dangerous pathogen.

Methods:

Bacterial Strains.

P. aeruginosa PAO1 and E. coli MG1655 were obtained from the American Type Culture 

Collection (ATCC). P. aeruginosa AR strains were obtained from the Centers for Disease 
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Control and Prevention and FDA Antibiotic Resistance Isolate Bank. P. aeruginosa Cubist 

strains were obtained from Cubist Pharmaceuticals in 2008. P. aeruginosa PA14 and PA14 

Δ40 were a generous gift from Prof. Dirk Bumann, Beatrice Claudi, and co-workers.35 

P. aeruginosa PAO1 Δ6 and P. aeruginosa PAO1 Δ6•pore were generous gifts from Prof. 

Helen Zgurskaya and co-workers.26 P. aeruginosa 1113 and 1727 were a generous gift 

from Catherine Llanes.48 P. aeruginosa Carle strains were obtained from Carle Hospital in 

Urbana, IL.

Antimicrobial Susceptibility Tests.

Susceptibility testing was performed in biological triplicate, using the microdilution broth 

method as outlined by the Clinical and Laboratory Standards Institute. Bacteria were 

cultured with cation-adjusted Meuller-Hinton (CAMH) broth (Sigma-Aldrich; catalogue 

number: 90922) or Luria-Bertani (LB) broth (Lennox) in round-bottom 96-well plates 

(Corning; catalogue number: 3788). To probe the magnesium-dependence of antibacterial 

activity, CAMH was supplemented with 5 mM MgCl2.

Accumulation Assay.

The accumulation assay was performed in triplicate in batches of ten samples, with each 

batch containing tetracycline or ciprofloxacin as a positive control. P. aeruginosa PAO1, 

PAO1 Δ6, PA14, PA14 Δ40, and PA1280, and E. coli MG1655 were used in these 

experiments. For each replicate, 2.5 mL (E. coli) or 5 mL (P. aeruginosa) of an overnight 

culture was diluted into 250 mL of fresh Luria−Bertani broth (Lennox) or Tryptic Soy Broth 

(TSB) and grown at 37 °C with shaking to an optical density (OD600) of 0.55–0.60. The 

bacteria were pelleted at 3220 r.c.f. for 10 min at 4 °C, and the supernatant was discarded. 

The pellets were resuspended in 40 mL of phosphate buffered saline (PBS) and pelleted 

as before, and the supernatant was discarded. The pellets were resuspended in 8.8 mL of 

fresh PBS and aliquoted into ten, 1.5 mL Eppendorf tubes (875 μL each). The number 

of colony-forming units (CFUs) was determined by a calibration curve. The samples were 

equilibrated at 37 °C with shaking for 5 min; compound was added (final concentration = 50 

μM), and then the samples were incubated at 37 °C with shaking for either 10 min. These 

time points were short enough to minimize metabolic and growth changes (no changes in 

OD600 or CFU count observed). After incubation, 800 μL of the cultures was carefully 

layered on 700 μL of silicone oil (9:1 AR20/Sigma High Temperature, cooled to −78 °C). 

Bacteria were pelleted through the oil by centrifuging at 13 000 r.c.f. for 2 min at room 

temperature (with the supernatant remaining above the oil); the supernatant and oil were 

then removed by pipetting. To lyse the samples, each pellet was dissolved in 200 μL of 

water, and then, they were subjected to three (E. coli) or four (P. aeruginosa) freeze−thaw 

cycles of 3 min in liquid nitrogen followed by 3 min in a water bath at 65 °C. P. aeruginosa 
samples were then treated with 50 μM DNase and RNase and incubated at 37 °C for 15 

minutes. The lysates were pelleted at 13 000 r.c.f. for 2 min at room temperature, and the 

supernatant was collected (180 μL). The debris was resuspended in 100 μL of methanol 

and pelleted as before. The supernatants were removed and combined with the previous 

supernatants collected. Finally, the remaining debris was removed by centrifuging at 20 000 

r.c.f. for 10 min at room temperature. Supernatants were analyzed by LC−MS/MS.
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Samples were analyzed with the 5500 QTRAP LC/MS/MS system (AB Sciex) with a 

1200 series HPLC system (Agilent Technologies) including a degasser, an autosampler, and 

a binary pump. Liquid chromatography separation was performed on an Agilent SB-Aq 

column (4.6 × 50 mm, 5 μm) (Agilent Technologies) with mobile phase A (0.1% formic 

acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow rate was 0.3 

mL/min. The linear gradient was as follows: 0−3 min, 100% mobile phase A; 10−15 min, 

2% mobile phase A; 15.5−21 min, 100% mobile phase A. The autosampler was set at 5 °C. 

The injection volume was 15 μL. Mass spectra were acquired with both positive electrospray 

ionization at the ion spray voltage of 5500 V and negative electrospray ionization at the 

ion spray voltage of −4500 V. The source temperature was 450 °C. The curtain gas, ion 

source gas 1, and ion source gas 2 were 33, 50, and 65, respectively. Multiple reaction 

monitoring was used to quantify the metabolites. Power analysis was not used to determine 

the number of replicates. Error bars represent the standard error of the mean of three 

biological replicates. The statistical significance of the accumulation was determined using 

a two sample Welch’s t test (one-tailed test, assuming unequal variance) relative to the 

negative controls. All compounds evaluated in the biological assays were ≥95% pure.

PMBN assays.

Assays measuring permeabilization by polymyxin B nonapeptide (PMBN) were performed 

as above, with the addition of 8 μg/mL PMBN immediately before the compound of interest 

was added.

Accumulation assay with magnesium.

Assays measuring impact of magnesium treatment were performed as above, with the 

addition of 1 mM MgCl2 immediately before the compound of interest was added.

Assays with PAO1 Δ6•pore.

Assays were performed exactly as described above, with the exception that outgrowth media 

(LB) was supplemented with IPTG to a final concentration of 0.1 mM to induce the pore.

NPN outer membrane permeabilization assay.

An overnight culture of P. aeruginosa PAO1 was diluted into 10 mL fresh TSB and grown 

to mid-log phase. Cells were collected by centrifugation at 3,220xg for 10 minutes at 

room temperature. The supernatant was discarded, and the pellet was resuspended in 5 mM 

HEPES (pH=7.2), 5 mM glucose. Cells were collected again by centrifugation, supernatant 

discarded, 125 and pellet resuspended to an OD600 = 1. Then, 100 μL of washed cells 

and 100 μL of assay buffer containing 20 μM NPN were mixed together and added to a 

96-well optical-bottom black plate. Either 2 μL of a fusidic acid, FA prodrug, gentamicin, 

or DMSO, was added to each well and fluorescence was immediately monitored at an 

excitation wavelength of 350 nm and emission wavelength of 420 nm for 10 min at 30 sec 

intervals. Fluorescence values were normalized to the control wells.
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Membrane depolarization assay.

100 μL of an overnight culture of P. aeruginosa PAO1 was diluted into 10 mL fresh TSB and 

grown to mid-log phase. Cells were collected by centrifugation at 3,220xg for 10 minutes 

at room temp. The supernatant was discarded, and the pellet was resuspended in 5 mM 

HEPES (pH=7.8). Cells were collected again by centrifugation and supernatant discarded. 

The pellet was then resuspended in 5 mM HEPES with 100 mM KCl and diluted to an 

OD600 of 0.1. 0.2 M EDTA was added to the bacterial solution to a final concentration of 

0.2 mM EDTA to permeabilize the bacteria to the dye. Into a black 96-well plate, 192 μL 

of the bacterial/EDTA solution and 8 μL of 10 μM DiSC dye was added to the wells. The 

fluorescence of the plate was monitored for 30 minutes, with reads every 5 minutes at the 

excitation wavelength of 622 nm and emission wavelength of 670 nm. To re-establish the 

proton gradient, 2 μL of 10 M KCl solution (final concentration of 100 mM KCl) was added 

to each well. 2 μL of compound was added at each concentration and fluorescent monitored 

for 60 minutes. Triton X (1%) was used as the positive control and DMSO was the negative 

control.

Selection of resistant mutants.

Resistant mutants were selected using the large inoculum method. Briefly, P. aeruginosa Δ6 

(1.8 × 109 c.f.u.) was plated on 100 mm plates of Luria Bertani agar containing 64, 32 or 

16 μg ml−1 fusidic acid with 10 μg/mL gentamicin. Colonies were visible after incubating at 

37 °C for 72 h. Resistant colonies were confirmed by streaking on selective media with the 

same concentration of fusidic acid.

Confocal fluorescence microscopy and sample preparation.

Accumulation was performed as described above for either PAO1 or EC MG1655 with 

either Bisindolylmaleimide X (± MgCl2) or DSMO up until the point immediately after 

removing the oil and supernatant and before the freeze-thaw lysis. The pellet was then 

resuspended in 1 mL 3.7 % Formaldehyde in PBS, transferred to a new tube, and allowed 

to sit on a nutator for 30 minutes at room temperature. 3 μL of the now fixed bacterial 

cells were placed on a clean microscope cover slip (22 mm x 40 mm, VWR), followed 

by an agarose pad prepared as described previously49, followed by a second cover slip. 

Fluorescence images were taken with a Zeiss 710 multiphoton confocal microscope through 

a 63x/1.4 RI oil objective. All samples were excited at 488 nm with an argon laser, and 

fluorescence emission was recorded from 599 nm- 689 nm. Images were acquired and 

processed using Zen Black (Zen 2.3).

Hydrolysis of FA prodrug.

The hydrolysis of FA prodrug (10 μg/mL) in PBS at 37 °C (shaking incubation) was 

monitored using LC-MS over a period of 48 hours.

Microsomal stability.

To a 1.7 mL Eppendorf tube was added PBS (442.5 μL), 20 X NADPH regenerating solution 

A (Corning Gentest) (25 μL), and 100 X NADPH regenerating solution B (Corning Gentest) 

(5 μL). This was placed in a shaking incubator (250 RPM) for 5 minutes at 37 °C. To the 
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solution was then added the compound of interest (2.5 μL of a 10 mM stock) and finally 

the mouse liver microsomes (Gibco Mouse (CD-1)) (25 μL, 20 mg/mL). The assay was then 

mixed via pipet and a 50 μL aliquot was removed and added to 50 μL cold acetonitrile. 

This was taken to be T = 0 h. The remaining assay was placed back into the incubator and 

allowed to stand for an additional 2 hours before repeating this same process. Quenched 

samples were centrifuged at 13,000 rcf for 3 minutes, and 75 μL of the supernatant was 

taken and submitted for LC-MS/MS analysis.

Plasma stability.

To a 1.7 mL Eppendorf tube was added PBS (39 μL) followed by bovine plasma (160 μL) 

for each assay. This was placed in a shaking incubator (250 RPM) for 5 minutes at 37 

°C. To the warm sample was then added compound of interest (1 μL of a 10 mM stock). 

The samples were vortexed and a 50 μL aliquot was removed and added to 200 μL cold 

acetonitrile. This was taken to be T = 0 h. The remaining assay was placed back into 

the incubator and allowed to stand for an additional 2 hours before repeating this same 

process. Quenched samples were centrifuged at 16,000 rcf for 5 minutes, and 100 μL of the 

supernatant was taken and submitted for LC-MS/MS analysis.

Cytotoxicity.

IC50 values for FA and FA prodrug were recorded in HFF-1 cells (male, newborn; obtained 

from ATCC). Cells were seeded in a 96 well plate at 3,000 cells/well and allowed to grow 

for 24 hours. Cells were then treated with compound and allowed to incubate for another 72 

hours before assessing cell viability with Alamar blue assay. The cells were not tested for 

mycoplasma beforehand.

Calculation of Physiochemical Properties.

Data sets of chemical structures were created and managed using Canvas (Schrödinger, 

LLC). Initial structure preparation and 3D minimization was performed with LigPrep 

(Schrödinger, LLC) using OPLS_2005 force fields Generation of ensembles of 

conformations was performed using Conformational Search in MOE 2015.10 using the 

LowModeMD method with default. Physiochemical descriptors (both 2D- and 3D-based) 

were calculated using MOE 2015.1049 for each conformation. Descriptors were averaged 

(unweighted mean) across all conformations for each molecule. Data with descriptors 

were used to train a random forest classification prediction model using the R package 

caret. The random forest model offers many advantages for this application including 

resistance to over-fitting and the ability to measure descriptor importance44. Preprocessing 

of data removed descriptors with near-zero variance or high co-correlation with other 

descriptors. Source code for data analysis and model training can be found at https://

github.com/HergenrotherLab/GramNegAccum. ClogD7.4 values were calculated using the 

online compound property calculation software FAFdrugs.

Statistical analyses.

GraphPad Prism 8.2.1.441 was used for data analysis and figure generation. Data are 

shown as means ± s.e.m. Statistical significance was determined by one-way ANOVA (with 
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Tukey’s multiple comparisons test) for two groups at a single time point, two-way ANOVA 

(with Sidak’s multiple comparison’s test) for two groups at multiple time points, or two-way 

ANOVA (with Tukey’s multiple comparisons test) for three or more groups at multiple 

time points. P < 0.05 was considered statistically significant. In this study, no statistical 

methods were used to predetermine the sample size. The experiments were not randomized, 

and the investigators were not blinded to allocation during the experiments and outcome 

assessments.

Data availability:

The authors declare that all data supporting the findings of this study are available within 

the paper and the Supplementary Information. Source data is provided for all Figures and 

Extended Data Figures.

Code availability:

Source code for data analysis and model training can be found at https://github.com/

HergenrotherLab/GramNegAccum.

Extended Data

Extended Data Fig. 1. Confocal fluorescent images of an intrinsically fluorescent compound, 
Bisindolylmaleimide X (BIM X).
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a) The structure of BIM X along with accumulation values. The LC-MS/MS assay reveals 

BIM X as a poor accumulator in E. coli MG1655, while it is a good accumulator in P. 
aeruginosa PAO1. Accumulation units are in nmol/1012 CFU and the error is reported as the 

s.e.m. b) The standard accumulation assay was performed in P. aeruginosa (PAO1) and E. 
coli (MG1655) with either BIM X (50 μM) or DMSO until just after the oil removal step. 

Cells were fixed in 3.7 % formaldehyde in PBS, and fluorescence images were taken with 

a Zeiss 710 multiphoton confocal microscope through a 63x/1.4 oil objective. All samples 

were excited at 488 nm with an argon laser, and fluorescence emission was recorded from 

599–689 nm. Images were acquired using Zen Black (Zen 2.3). DMSO controls for both 

cell types tested indicate no autofluorescence. Images are representative of n = 3 biologically 

independent samples.
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Extended Data Fig. 2. Comparison of species-specific accumulation trends.
a) In the expanded set of primary amines, many compounds that fit the eNTRy rules do not 

accumulate in P. aeruginosa PAO1, and many compounds that do not fit the eNTRy rules do 

accumulate in P. aeruginosa PAO1. Low globularity (glob) and low rotatable bonds (RB) are 

predictive for ~80% of compounds tested in E. coli MG1655, but only 41% of compounds 

in P. aeruginosa PAO1. Compounds with poor amine steric accessibility, low amphiphilic 

moment, and multiple charges were removed from this analysis; 154 compounds total 

are included in the plots, see Compound Master Table for compounds. b) Compounds 
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that accumulate in E. coli, but not in P. aeruginosa, can often be grouped according to 

structural class, but no additional trends were identified. c) Compounds that accumulate in 

P. aeruginosa, but not E. coli, are primarily compounds that have high rotatable bonds, high 

globularity, or both. Accumulation units are reported in nmol/1012 CFUs. n=3 biologically 

independent samples. The s.e.m. is reported for accumulation values.

Extended Data Fig. 3. Accumulation trends, matched molecular pairs, and comparison of P. 
aeruginosa and E. coli accumulation.
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a) Amphiphilic moment (vsurf_A) positively correlates with accumulation in both P. 
aeruginosa and E. coli. b) Amine steric accessibility is important for accumulation 

in both P. aeruginosa and E. coli. c) Similarly, compounds with primary amines on 

secondary carbons tend to accumulate higher than compounds with primary amines on 

tertiary carbons. d) Matched molecular pairs show a correlation between amine pKa and 

accumulation in P. aeruginosa. For structures, see Supporting Table 8. The pKa estimation 

was calculated using the software MoKa (v3.2.2) from Molecular Discovery suite. e) 
Distribution of accumulation values in P. aeruginosa vs. E. coli for compounds that 

accumulate in both bacterial strains (131 compounds plotted, see Compound Master Table 

for structures). Accumulation levels were lower on average in P. aeruginosa PAO1 relative 

to E. coli MG1655. Accumulation units are reported in nmol/1012 CFUs. n=3 biologically 

independent samples. The s.e.m. is reported for accumulation values. Strains used: E. coli 
MG1655, P. aeruginosa PAO1.
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Extended Data Fig. 4. Random forest prediction modeling.
a) Random forest prediction model results on data set of all 240 primary amines, structures 

reported in Supplementary Table 2. ROC plot with 10 repeated cross-validations in the 

training classification models. b) Relative importance of top 15 descriptors for all 240 

primary amines. c) Random forest prediction model results on data set of 50 highest 

primary amine accumulators and 50 lowest primary amine accumulators (100 amines total; 

compounds 2.1–2.50; 2.191–2.240 in Supplementary Table 2). d) Relative importance of top 

15 descriptors for 100 primary amines. e) Random forest prediction model results on data 
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set of 30 highest primary amine accumulators and 30 lowest primary amine accumulators 

(60 amines total; compounds 2.1–2.30; 2.211–2.240 in Supplementary Table 2). f) Relative 

importance of top 15 descriptors for 60 primary amines. Formal charge (h_pavgQ) and 

hydrogen bond donor surface area (vsa_don) are boxed in red. Early iterations of the model 

with the incomplete compound library always identified these properties within the top 15 

most important.

Extended Data Fig. 5. Influence of magnesium on accumulation, evaluation of its binding by 
NMR, and influence of magnesium and PMBN on compound accumulation.
a) Confocal fluorescent images of an intrinsically fluorescent compound, 

Bisindolylmaleimide X (BIM X) in P. aeruginosa with or without MgCl2. The standard 

accumulation assay was performed in P. aeruginosa (PAO1) with either DMSO, BIM X 

(50 μM), or BIM X (50 μM) + MgCl2 (1 mM), until just after the oil removal step. Cells 

were fixed in 3.7 % formaldehyde in PBS, and fluorescence images were taken with a 

Zeiss 710 multiphoton confocal microscope through a 63x/1.4 oil objective. All samples 

were excited at 488 nm with an argon laser, and fluorescence emission was recorded 

from 599–689 nm. Images were acquired using Zen Black (Zen 2.3). The images for P. 
aeruginosa + DMSO and P. aeruginosa + BIM X are the same as in Extended Data Fig. 1. 

DMSO controls indicate no autofluorescence. Images are representative of n = 3 biologically 

independent samples. b) Evaluation of accumulation of compounds in E. coli MG1655 upon 

co-treatment with MgCl2 (1 mM). c) Determination of Mg2+ interactions with polyamines. 

Ethylenediaminetetraacetic acid (EDTA), a compound known to chelate to Mg2+ in solution, 

clearly shows a marked chemical shift change in the NMR as well as changes in coupling 

when comparing EDTA alone to EDTA plus Mg2+. When this same experiment was 

performed with norspermine, there were no observable changes in coupling or chemical shift 

in the presence of MgCl2, suggesting a lack of perturbation of any electronic environment 
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on the molecule, thus, a lack of interaction between Mg2+ and norspermine. Compounds 

were evaluated at a final concentration of 1 mM, and MgCl2 was at a final concentration of 

20 mM to maintain the same Mg2+-to-compound ratio as in the accumulation experiments. 

The pD of all solutions was adjusted to 7.2 prior to analysis. d) The same set of compounds 

as in Extended Data Fig. 5b showed a statistically significant increase in accumulation 

in P. aeruginosa PAO1 upon co-treatment with the permeabilizer PMBN (8 μg/mL). All 

structures and accumulation values are listed in Supplementary Table 4b. For samples with 

additives in Extended Data Fig. 5b & d, compounds 23 and 35 did not meet the mass spec 

standards and are thus excluded from this analysis. n=3 biologically independent samples. 

The average and s.e.m are reported for accumulation values. Statistical significance was 

determined using a two-sample Welch’s t-test (one-tailed test, assuming unequal variance). 

Statistically significant accumulation differences for compounds in P. aeruginosa PA14 

versus P. aeruginosa PA14 with PMBN treatment or E. coli MG1655 versus E. coli MG1655 

with MgCl2 treatment are indicated with asterisks (n.s. not significant, *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001).
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Extended Data Fig. 6. Multiple amines and alternative positive charges often aid in accumulation 
in P. aeruginosa PAO1.
a) Diamines accumulate to significantly higher levels intracellularly in P. aeruginosa relative 

to their monoamine comparators. b) Diamines containing two primary amines consistently 

accumulate to a significant extent. c) Diamines containing one primary amine and one 

secondary or tertiary amine have more variable accumulation levels in P. aeruginosa, 

depending on hydrogen bond donor ability. d) Accumulation summary of 16 amine, 

guanidinium, and pyridinium containing compounds (48 compounds total, structures in 
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Supplementary Table 5) in P. aeruginosa PAO1. Compounds are classified as accumulators 

or non-accumulators based on statistical significance relative to the negative antibiotic 

controls. e) Examples of side-by-side amine (A), guanidinium (G), and pyridinium (P) 

comparators and their relative accumulation values in P. aeruginosa PAO1. Amine and 

guanidinium comparators tend to accumulate to a very similar extent, while pyridiniums 

often do not accumulate to a significant extent. f) Accumulation of antibiotic controls in 

three P. aeruginosa strains. Accumulation is consistent with antibacterial activity reported 

in Extended Data Table 1c. g) Accumulation of representative non-antibiotics in three P. 
aeruginosa strains. While there is some variance in accumulation levels between strains, 

high concordance of accumulation classification was observed. Compounds are classified as 

accumulators or non-accumulators based on statistical significance relative to the negative 

antibiotic controls. Structures and accumulation values are reported in Supplementary Table 

6. Accumulation units are reported in nmol/1012 CFUs. n=3 biologically independent 

samples. The average and s.e.m. are reported for accumulation values. Accumulation 

units are reported in nmol/1012 CFUs. All compounds were tested in biological triplicate. 

The average and s.e.m. are reported for accumulation values. Formal charge (FCH) was 

calculated using MOE.
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Extended Data Fig. 7. Accumulation and activity of FA and various derivatives, and resistance 
generation in E. coli.
a) Introducing a hydrolyzable amidoxime linker onto FA provides a strategy to increase 

gram-negative activity and accumulation. Increasing the number of amines on the linker 

results in improved antibacterial activity and accumulation in two gram-negative species, E. 
coli MG1655 and P. aeruginosa PAO1, with the 4-amine linker-containing FA derivative (FA 
prodrug) demonstrating the most potent activity and highest absolute accumulation values. 

Accumulation values are reported in nmol/1012 CFUs and represent the concentration of 
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free FA in the cell. n=3 biologically independent samples. The average and s.e.m. are 

reported for accumulation values. b) E. coli MG1655 mutants resistant to FA prodrug 
were generated using a serial passage method and exhibit amino acid mutations mapping 

back to the FA binding pocket of EF-G. Bacteria (1 × 108 CFU/mL) were first inoculated 

in a standard MIC experiment against both sub- and supra-MIC antibiotic concentrations. 

The well containing the highest concentration of FA prodrug where bacterial growth was 

still observed was then isolated and re-subjected to this experiment. c) Acetylating both 

alcohols of FA greatly disrupts target engagement of FA with EF-G as inferred from MIC 

values against S. aureus. The diacetylated version of FA prodrug (FA prodrug Ac2O) loses 

4–16x activity against both gram-positive and gram-negative bacterial strains, suggesting 

that inhibition of EF-G contributes to the observed antibacterial activity of FA prodrug. 

MICs were performed in MH or LB broth per Clinical and Laboratory Standards Institute 

(CLSI) guidelines. Accumulation values are reported in nmol/1012 CFUs and represent the 

concentration of free FA in the cell. n=3 biologically independent samples. The average and 

s.e.m. are reported for accumulation values. * Indicates compound solubility limit.
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Extended Data Fig. 8. Mode of uptake and membrane interactions of FA prodrug.
a) (RIGHT) In PBS at 37°C, FA prodrug (10 μg/mL) hydrolyzes to fusidic acid (FA) over a 

period of 48 hours, as monitored via LCMS. TIC LCMS traces showing the disappearance 

of FA prodrug and the appearance of FA. Traces are all normalized to 2E6 ion counts. 

(LEFT) Plasma stability, microsomal stability, and 72-hour IC50 values for FA and FA 

prodrug. Average percentage errors are reported as s.e.m. IC50 errors reported as s.d. n=3 

biologically independent samples. b) Co-treatment with magnesium ions leads to a 32x 

increase in MIC for gentamicin and FA prodrug, while FA shows no change. Treatment 
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with 80 mM NaCl shows minimal change when compared to the MgCl2 treated samples. 

MICs performed in P. aeruginosa PAO1 according to CLSI guidelines, and values are 

reported in μg/mL. n=3 biologically independent samples c) FA prodrug, gentamicin, and 

colistin all permeabilize the outer membrane of P. aeruginosa PAO1 to the membrane 

impermeable fluorophore NPN at a 10-minute time point, while treatment with FA shows 

no effect. Error bars represent the standard deviation from the average of RFUs. n=3 

biologically independent samples d) Treatment with FA prodrug leads to dose-dependent 

inner membrane depolarization in P. aeruginosa PAO1, quantified using the potentiometric 

dye DiSC3 (5), while treatment with FA shows no effect. Concentrations of FA and FA 
prodrug are listed in μg/mL. 1% Triton X was used as the positive control, while 2% 

DMSO was used as the negative control. n=3 biologically independent samples.

Extended Data Table 1.

a) MICs of antibiotic controls used in the accumulation assay against P. aeruginosa PAO1 

and with co-treatment of 8 μg/mL of PMBN. b) MIC ratios between P. aeruginosa PAO1 and 

P. aeruginosa PAΔ6 indicate whether a compound is subject to efflux. Vancomycin shows no 

potentiation in the efflux pump KO strain, indicating it is not liable to significant efflux, 

whereas chloramphenicol, valnemulin, trimethoprim, nalidixic acid, and tedizolid show 

substantial improvements in antibacterial activity in the efflux pump KO strain, indicating 

these compounds have considerable efflux liabilities. c) MICs of antibiotic controls in three 

different strains of P. aeruginosa. d) Many broad-spectrum antibacterials have limited 

efficacy against P. aeruginosa due to poor accumulation, not due to a lack of target 

engagement. In an efflux pump deficient strain of P. aeruginosa, PAΔ626, antibiotics 

demonstrate significantly improved activity compared to the wild-type (WT) strain P. 
aeruginosa PAO1, along with increased intracellular accumulation. MICs were performed in 

MH or LB broth per Clinical and Laboratory Standards Institute (CLSI) guidelines. 

Accumulation units are reported in nmol/1012 CFUs. The s.e.m. is reported for accumulation 

values.. n.v. = not viable. MICs were performed in MH or LB broth per Clinical and 

Laboratory Standards Institute (CLSI) guidelines. n=3 biologically independent samples

a.

Compound PA01 MIC (|jg/mL) PA01 + PMBN MIC (|jg/mL)

Inactive antibiotics

 Linezolid >512 n.d.

 Vancomycin >512 n.d.

 Erythromycin 256 n.d.

 Fusidic acid >512 4

 Vainemuiin 256 1

 Novobiocin >512 1

Active antibiotics

 Tetracycline 16 n.d.

 Ciprofloxacin 0.5 n.d.

 Tigecycline 1 n.d.
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b.

Compound PA01 MIC (pg/mL) PAA6 MIC (Hg/mL) Fold change

Poor Efflux Substrate

 Vancomycin >512 >512 1

Good Efflux Substrates

 Chloramphenicol >512 4 >128

 Vainemuiin 256 0.125 2048

 Trimethoprim >512 2 >256

 Nalidixic acid >128 2 >64

 Tedizolid >256 16 >16

c.

Compound PA01 MIC (ug/mL) PA14 MIC (ug/mL) PA1280 MIC (ug/mL)

Inactive antibiotics

 Linezolid >512 >512 >512

 Vancomycin >512 >512 >512

 Erythromycin 256 256 256

 Novobiocin >512 >512 >512

Active antibiotics

 Tetracycline 16 8 32

 Ciprofloxacin 0.5 0.125 0.5

 Tigecycline 1 2 16

d.

Compound WT MIC 
(ug/mL)

PAA6 MIC 
(ug/mL)

Fold change WT Accum PAA6 Accum Fold change

Chloramphenicol >512 4 >128 114 ± 14 537 ± 11 4.7

Trimethoprim >512 2 >256 127 ±6 465 ±6 3.6

Sulfamethoxazole >64 4 >16 101 ±26 420 ± 15 4.2

Tetracycline 16 0.25 64 452 ±3 n.v. -

Extended Data Table 2.

Biological data on compounds included in the retrospective analysis comparing the 

properties of PA-active compounds versus less active derivatives. MICs reported in μg/mL. 

n.r. = not reported. * indicates that the MIC of compounds was determined in the E. coli 
ΔacrB efflux mutant instead of the ΔtolC efflux mutant.

Structure Compound ID WT PA 
MIC

PA efflux 
KO MIC

WT EC 
MIC

AtolC EC 
MIC

17x 10 n.r. 0.81 n.r.
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Structure Compound ID WT PA 
MIC

PA efflux 
KO MIC

WT EC 
MIC

AtolC EC 
MIC

17r 1.3 n.r. 0.31 n.r.

AMQ-1 (11 in original 
manuscript) 16 4 16 0.25*

AMQ-2 (10 in original 
manuscript) 2 0.5 1 0.06*

THP-1 (4 in original 
manuscript) 4 n.r. 0.5 0.004

THP-2 (21 in original 
manuscript) 1 n.r. 0.063 0.008

CHD 16 n.r. n.r. 0.5

CDCHD 1 n.r. n.r. 0.25

Tetracycline 16 0.25 1 0.25

Tigecycline 1 0.125 0.5 0.125

G8126 >64 n.r. 32 n.r.

G0775 2 n.r. 0.125 0.063
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Fig. 1. Assessment of antibiotic controls in P. aeruginosa accumulation assay and evaluation of 
eNTRy rules predictability in P. aeruginosa.
a) Inactive antibiotics show low accumulation in P. aeruginosa PAO1, while active 

antibiotics are high accumulators. Statistically significant accumulation over the average 

of the low-accumulating controls is indicated with asterisks (***P<0.001; tetracycline 

(P=7.6E-5), ciprofloxacin (P=3.1E-5), tigecycline (P=1.6E-8).). b) Low-accumulating 

antibiotics show an increase in accumulation with treatment of polymyxin B nonapeptide 

(PMBN, 8 μg/mL). Statistically significant accumulation differences for low accumulating 
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compounds in permeabilized and non-permeabilized PAO1 are indicated with asterisks 

(**P < 0.01, ****P< 0.0001; fusidic acid (P=5.8E-5), valnemulin (P=1.8E-3), novobiocin 

(P=3.0E-3)). c) Efflux substrates show increased accumulation in the efflux pump knockout 

strain, P. aeruginosa PAΔ6, whereas non-substrate vancomycin shows no significant 

(P=1.9E-2) increase. Statistically significant accumulation differences for low accumulating 

compounds in wild-type P. aeruginosa PAO1 and efflux deficient P. aeruginosa are 

indicated with asterisks (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; chloramphenicol 

(P=7.6E-4), valnemulin (P=4.5E-3), nalidixic acid (P=9E-6), trimethoprim (P=2E-6), and 

tedizolid (P = 5.3E-4)). d) The influence of amines on accumulation in P. aeruginosa 
PAO1 for three different series of compounds. pKa values calculated using Chemaxon. e) 
The influence of globularity and rotatable bonds on accumulation in P. aeruginosa PAO1 

versus E. coli MG1655 for 40 primary amines. Low globularity and low rotatable bonds 

are predictive for ~80% of compounds tested in E. coli, but only ~50% for P. aeruginosa. 

Structures of all compounds are in Supplementary Table 1 and Compound Master Table, 

and data for E. coli is taken from Richter and co.13 For all figure panels, the average and 

s.e.m. are reported for accumulation values (nmol/1012 CFUs). n=3 biologically independent 

samples. Statistical significance was determined using a two-sample Welch’s t-test (one-

tailed test, assuming unequal variance).
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Fig. 2. Importance of ClogD7.4, Hydrogen Bond Donor Surface Area, and positive charge 
descriptors for accumulation in P. aeruginosa PAO1.
a) A set of 345 compounds, including 240 primary amines, was evaluated for accumulation 

in P. aeruginosa PAO1. All accumulating compounds have a positive charge. Structures, 

properties, and accumulation are reported in Supplementary Tables 2 and 3 and includes 

all 67 compounds from Supplementary Table 1. b) Analysis of 240 primary amines, 

correlation of Formal Charge or Positive Polar Surface Area and HBD Surface Area 

with compound accumulation in P. aeruginosa PAO1. In this analysis, compounds with 

HBD Surface Area ≥23 and either Positive Polar Surface Area ≥ 80 or Formal Charge 

≥ 0.98 were most likely to accumulate. >80% of compounds that met these criteria were 

accumulators, shown in the green box. 113 compounds met the criteria, and 92 of them were 

accumulators, while 21 were non-accumulators. 127 compounds did not meet the criteria, 

and 55 of them were accumulators and 72 were non-accumulators. c) Increasing HBD 

Surface Area leads to an increase in accumulation in P. aeruginosa PAO1. d) Increasing 

the Positive Polar Surface Area positively correlates with accumulation in P. aeruginosa 
PAO1. e) Increasing the Formal Charge of a molecule through pKa modulation of amines 

or other ionizable atoms increases accumulation in P. aeruginosa PAO1. Calculated pKa 

values for basic functionalities are shown in blue, and calculated pKa values for acidic 

functionalities are shown in red. Accumulation units are reported in nmol/1012 CFUs. n=3 

biologically independent samples. The average and s.e.m. are reported for accumulation 

values. ClogD7.4 was calculated using the online compound property calculation software 
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FAFdrugs. Formal charge (FCH), HBD Surface Area (vsa_don in MOE), and Positive Polar 

Surface Area (Q_vsa_PPos in MOE) were calculated in MOE. pKa values were calculated 

using Chemaxon.

Geddes et al. Page 39

Nature. Author manuscript; available in PMC 2024 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Evaluation of accumulation in a porin deficient strain and in the presence of magnesium.
a) Compounds tested in P. aeruginosa PA14 with all 40 putative porins knocked out (PA14 

Δ40) show minimal accumulation differences relative to the parental strain PA14, suggesting 

a porin-independent mode of uptake. b) The same set of compounds shows a significant 

decrease in accumulation upon co-treatment with MgCl2 (1 mM), suggesting self-promoted 

uptake as the primary mode of entry for these compounds. The same PA14 data is used 

in Fig. 3a and 3b. All structures and accumulation values are listed in Supplementary 

Table 4a. n=3 biologically independent samples. The average and s.e.m are reported for 
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accumulation values. Statistical significance was determined using a two-sample Welch’s 

t-test (one-tailed test, assuming unequal variance). Statistically significant accumulation 

differences for compounds in P. aeruginosa PA14 versus P. aeruginosa PA14 with MgCl2 

treatment or P. aeruginosa PA14 Δ40 are indicated with asterisks (n.s. not significant, *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Fig. 4. Six retrospective examples where an antibiotic derivative is more active (≥4-fold) against 
P. aeruginosa than the parent.
Analysis shows that the derivatives with improved antibacterial activity meet the HBD 

surface area and charge requirements for accumulation in P. aeruginosa (as shown by the 

green box). Target engagement (inferred from MIC values against efflux-deficient strains) is 

similar for most of the compound pairs (for structures of each antibiotic, see Extended Data 

Table 2), suggesting that the improved antibiotic activity against P. aeruginosa is due to an 

increase in accumulation; this has been explicitly shown tetracycline/tigecycline pair (Fig. 

1a).
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Fig. 5. Development of PA-active fusidic acid (FA) derivative.
a) FA has potent activity against gram-positive bacteria, but no activity against P. aeruginosa 
PAO1. However, when co-administering the membrane permeabilizer PMBN (8 μg/mL), 

FA has good antibacterial activity, indicating that the target (EF-G) can be exploited, and 

if FA could accumulate, it would be active against wild-type P. aeruginosa. To improve 

accumulation using the predictive guidelines for PA, while maintaining the necessary acid 

for FA activity, an amidoxime prodrug moiety was generated with a polyamine linker. The 

prodrug is cleaved through hydrolysis to release FA inside the cell, leading to an MIC 
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value of 8 μg/mL, a 128-fold improvement in activity against wild-type P. aeruginosa. 

b) FA accumulation in P. aeruginosa PAO1 is enhanced in the presence of PMBN (8 

μg/mL). FA prodrug shows >20x higher accumulation levels that FA. As the prodrug 

hydrolyzes under assay conditions, the accumulation of FA is reported for FA prodrug. 

c) FA does not meet the predictive guidelines for accumulation in P. aeruginosa, while 

FA prodrug fits the described physicochemical properties, highlighted in the green box. 

d) FA prodrug possesses 64–256x improved activity relative to FA against a panel of 75 

clinical isolates of P. aeruginosa. MICs were performed in LB Lennox broth according 

to the CLSI guidelines in biological triplicate. Accumulation units are reported in nmol/

1012 CFUs. n=3 biologically independent samples. The average and s.e.m are reported for 

accumulation values. Statistical significance was determined using a two-sample Welch’s 

t-test (one-tailed test, assuming unequal variance). Statistically significant accumulation 

differences for fusidic acid in the presence of PBMN or with the prodrug linker are indicated 

with asterisks (**P < 0.01, ****P < 0.0001)
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