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Cover illustration shows an electron microscopic image of an E. coli bacterium treated with 

VUF15259, a compound that we describe in chapter 3 of this thesis. The picture shows how 

VUF15259 affects the cell envelope leading to vesicle formation. This image was also shown on the 

front cover of the Molecular Microbiology journal (volume 112, July 2019). Image was taken by 

Nicole van der Wel.  
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Background and scope 

Antibiotic resistance poses an alarming threat to global health. Currently the biggest concern is the 

spread of the “ESKAPE” family (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species)1, a group of bacterial 

pathogens that are resistant with limited options left for treatment. Within this group the Gram-

negative species are most difficult to tackle due to their complex cell envelope, which comprises two 

membranes separated by the periplasmic space that contains a peptidoglycan layer2. The 

peptidoglycan layer protects against osmotic pressure and provides cell shape. While the inner 

membrane is a symmetric bilayer of phospholipids, the outer membrane is composed of an inner 

leaflet of phospholipids and an outer leaflet of lipopolysaccharides (LPS). In addition, it also contains 

outer membrane proteins (OMP) that are essential for the passage of nutrients and waste products. 

The outer membrane is the greatest obstacle in treatment, as it is highly impermeable to larger, drug-

like molecules. On the other hand, the unique architecture of the outer membrane offers 

opportunities to identify anti-bacterial molecules that either interfere with vital membrane processes 

or weaken this membrane to sensitize bacteria to a wider range of antibiotics.  

This thesis describes strategies for the discovery of new compounds that attack Gram-

negative bacteria by targeting the cell envelope. Specifically, high throughput phenotypic assays were 

developed that allow the identification of inhibitors of protein secretion and insertion/folding of 

membrane proteins. We mainly focused on key protein complexes involved in protein secretion and 

membrane protein biogenesis: the β-barrel assembly machinery (BAM complex) located in the outer 

membrane, which is reviewed in chapter 2, and the SecYEG-translocon in the inner membrane, which 

is briefly discussed below (Figure 1). The BAM complex comprises an essential core β-barrel protein 

BamA and five accessory lipoproteins (BamB-E) of which BamD is essential for growth. Because the 

BAM complex is accessible from the extracellular environment it could be the Achilles heel of the 

bacterial shield, since inhibitors would not need to penetrate the cell envelope. In pursuing the 

identification of BAM complex inhibitors we made use of the cell envelope stress responses that are 

activated when functioning of the BAM complex is compromised (chapters 3, 4 and 5).  

 

SecYEG-translocon 

We also investigated compounds that target the essential and universally conserved SecYEG-

translocon located in the inner membrane (chapter 6). The SecYEG-translocon functions at the heart 

of bacterial protein transport by mediating translocation of newly synthesized proteins into and across 

the cytoplasmic membrane3. The system consists of the core units SecY, SecE and SecG, but requires 

specific interaction partners, such as FtsY, SecA, SecB and YidC proteins, to select and transport 

substrate proteins.  

Biochemical and structural analyses have provided detailed insight in the mechanism of the 

SecYEG-translocon3,4. SecY consist of 10 transmembrane helices that, in the resting state of the 

channel, form a clam shell-like structure with a narrow pore ring in the middle of the channel3,5–7. A 

plug domain, consisting of a short helix seals the channel from the periplasmic side. In Escherichia coli 

SecE encodes an integral membrane protein with three transmembrane helices and appears to assist 

in maintaining the integrity of SecY. The last subunit, SecG, comprises two transmembrane helices and 

is not essential for cell viability. In addition to providing vectorial translocation of proteins into the 

periplasm, the open side of the SecY clam shell functions as a dynamic gate to allow insertion of 

integral membrane proteins into the lipid bilayer8–10. Activation of the channel, resulting in opening of 
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the lateral gate, expansion of the pore ring and movement of the plug, is required for protein 

transport. 

Targeting of secretory and membrane proteins to the SecYEG-translocon is achieved by two 

distinct parallel pathways11,12. The co-translational pathway is mainly used by inner membrane 

proteins, while the post-translational pathway is specific for proteins that are translocated across the 

inner membrane. During co-translational translocation protein insertion via the SecYEG translocon 

occurs simultaneously with elongation of translation by the ribosome. This pathway is used when the 

targeting domain (signal sequence) is relatively hydrophobic and recruits the Signal Recognition 

Particle (SRP) upon emergence from a translating ribosome, termed the ribosome-nascent chain 

complex (RNC). The SRP-RNC complex is then targeted to the SecYEG translocon via the SRP receptor 

FtsY. The nascent protein is then pushed into the SecYEG channel in an intricate process that involves 

both elongation and the ATPase SecA. The transmembrane domains of the inserting nascent proteins 

access the lipid bilayer via the lateral gate of SecY, which is facilitated by the accessory membrane 

chaperone YidC. In addition, YidC also functions as an insertase for relatively small, uncomplicated 

membrane proteins independent of SecYEG13. 

When the signal sequence is only moderately hydrophobic the protein enters the post-

translational route in which proteins are first completely synthesized by cytosolic ribosomes before 

being bound by SecB, which prevents premature folding and degradation. SecA then binds to the SecB-

preprotein complex and guides it to the protein conducting channel SecYEG, where SecA functions as 

a molecular motor to drive the protein translocation reaction (ref). 

Most OMPs use this second route to cross the inner membrane. On the periplasmic side of 

the inner membrane the signal sequence is cleaved and the OMPs are ready to engage the BAM 

complex in the outer membrane to attain their final destination. Interestingly, there is evidence for a 

trans-periplasmic supercomplex in which subunits of the BAM complex and SecYEG-translocon are 

connected14,15. Whether these connections are temporary and substrate induced or more permanent, 

remains to be established. 

The bacterial SecYEG complex is homologous to the Sec61-translocon in mammalian cells, 

which functions both in the translocation of proteins across and insertion of proteins into the 

membrane of the Endoplasmic Reticulum16. Interestingly, several inhibitors of the Sec61-translocon 

have been reported, such as the natural products Ipomoeassin F17 and mycolactone18. Ipomoeassin F 

is a cytoxin that was isolated from the plant Ipomoea squamosa and shown to bind to Sec61α, 

resulting in inhibition of protein translocation in vitro and a broad ranging inhibition of protein 

secretion in live cells. Mycolactone is toxin produced by Mycobacterium ulcerans, the causative agent 

of Buruli ulcer, and affects the activity of the Sec61-complex. A synthetic inhibitor of Sec61 is 

Eeyarestatin 1 (ES1), which was found in a cancer drug screen and was later shown to bind Sec61α19. 

Recently, Gamayun et al. found a smaller derivative, called ES24, that retained the ability to inhibit 

Sec61-dependent protein translocation20. Given the structural and functional conservation of the 

SecYEG and Sec61-translocon we investigated in chapter 6 the effect of ES24 on the activity the 

SecYEG translocon.  
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Figure 1. Schematic overview of SecYEG-mediated protein export from the cytoplasm. 

Nascent extracytoplasmic proteins are synthesized in the cytosol with an N-terminal signal sequence 

(SS) and targeted to the SecYEG translocon via either the post- or co-translational pathway (not drawn 

here). Inner membrane proteins (IMPs) can access the lipid bilayer of the inner membrane via the 

lateral gate of SecY. Translocated outer membrane proteins (OMPs) associate with chaperones in the 

periplasm and are escorted to the BAM complex in the outer membrane (OM). The BAM complex 

facilitates insertion and folding of OMPs into a β-barrel structure or assist in transport of secreted 

proteins over the outer membrane to the extracellular environment. In the thesis we focused on 

inhibiting the BAM complex and SecYEG complex using small molecules. 
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Outline of the thesis 
Chapter 2 discusses the role of the BAM complex in biogenesis of outer membrane proteins. In 

addition, recent advances in the development of BAM complex inhibitors are described, including the 

compounds we identified in this thesis. Although the BAM complex is essential for bacterial viability 

and a relatively accessible drug target, only recently the first inhibitors were discovered.  

In chapter 3 we report on a novel screening approach that uses the σE cell envelope stress 

response as readout to detect inhibitors of autotransporter secretion, a secretion system that is 

dependent on the BAM complex. Screening a library of 1,600 small fragment-based compounds 

yielded an autotransporter secretion inhibitor, compound VUF15259, which appears to interfere with 

BAM functioning as potential mode of action.  

Given the successful application of the σE reporter assay we explored in chapter 4 the use of 

other stress responses, such as the Rcs, Cpx and heat shock responses, for drug screening purposes. 

In this proof of concept study, we showed that combining different stress reporter assays can help to 

identify compounds that obstruct specific targets important for cell envelope biogenesis.  

In chapter 5 we used this stress-based technology for high-throughput screening of a library 

of ~320.000 compounds to identify more BAM complex inhibitors, which resulted in the identification 

of two presumptive BAM inhibitors, compounds 2 and 14.  

In chapter 6 we characterized the anti-bacterial activity of compound ES24, which was 

previously found to target the eukaryotic Sec61-translocon. ES24 blocks the translocon in an open 

conformation that is translocation-incompetent. We showed that ES24 also impairs protein secretion 

and membrane protein insertion in Escherichia coli via the homologous SecYEG-translocon.  

In chapter 7 we summarize and reflect on the results obtained in this thesis and discuss the 

remaining challenges in the development of cell envelope specific antibiotics.  
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Abstract 
Gram-negative pathogens are a rapidly increasing threat to human health worldwide due to high rates 

of antibiotic resistance and the lack of development of novel antibiotics. The protective cell envelope 

of gram-negative bacteria is a major permeability barrier that contributes to the problem by restricting 

the uptake of antibiotics. On the other hand, its unique architecture also makes it a suitable target for 

antibiotic interference. In particular, essential multiprotein machines that are required for biogenesis 

of the outer membrane have attracted attention in antibacterial design strategies. Recently, 

significant progress has been made in the development of inhibitors of the β-barrel assembly machine 

(BAM) complex. Here, we summarize the current state of drug development efforts targeting the BAM 

complex in pursuit of new antibiotics. 

 

Introduction 
Antibiotic resistance in human pathogens is of huge concern to public health worldwide, illustrated by 

the fact that some bacterial strains have acquired resistance to nearly all available antibiotics 

(Tacconelli et al. 2018). Infections due to gram-negative bacteria are particularly difficult to treat as 

newly developed antibiotics generally have to penetrate the outer membrane (OM) or both the OM 

and inner membrane (IM) depending on the location of their target (Tacconelli et al. 2018). 

The OM functions as a selective barrier that protects bacteria against harmful substances in 

the environment. It is an asymmetric bilayer composed of lipopolysaccharides (LPS) in the outer leaflet 

and phospholipids in the inner leaflet. The OM also contains outer membrane proteins (OMPs) that 

mostly comprise a β-barrel structure. An abundant class of trimeric β-barrel proteins form integral 

water-filled porins that allow diffusion of small hydrophilic nutrients and waste products with a 

molecular weight up to ~600 Da (Nikaido 2003). 

Biogenesis of both the OM and composite OMPs is a complex process that requires multiple 

factors, including chaperones and integral membrane proteins/complexes to integrate the building 

blocks at the right place and time (Bos, Robert and Tommassen 2007; Noinaj et al. 2013; Rollauer et 

al. 2015). Interference with these assembly machineries is an attractive strategy not only to develop 

stand-alone antibiotics but also potentiators that increase the permeability of the OM for other drugs. 

No antibiotic presently in clinical use targets the OM assembly machineries and hence no pre-existing 

resistance to this type of drugs is known. Recently, several groups have reported on novel compounds 

that affect the gram-negative β-barrel assembly machine (BAM) complex (Hart et al. 2019; Imai et al. 

2019; Steenhuis et al. 2019), an essential membrane protein complex involved in insertion and folding 

of β-barrel proteins into the OM. The goal of this review is to provide an overview of the current state 
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of BAM complex inhibitors, the potential of this protein complex as antibiotic target, and the discovery 

strategies that have proven successful in identifying these inhibitors.  

 

Role of BAM in OMP assembly 
The BAM complex in the OM is required for OMP assembly, the key steps of which have been 

investigated in detail (Fig. 1) (Konovalova, Kahne and Silhavy 2017; Silhavy and Ricci 2019). OMPs are 

synthesized in the cytosol as precursor proteins with an N-terminal signal sequence to trigger transfer 

into the periplasm via the SecYEG-translocon (Denks et al. 2014). Periplasmic chaperones, such as SurA 

and Skp interact with the nascent OMP that emerges from the SecYEG-translocon in a vulnerable 

unfolded conformation. DegP is the third main player in the periplasmic quality control network having 

both chaperone and protease activity, the latter being dominant at higher temperatures. While SurA 

is believed to be the primary chaperone involved in biogenesis of OMPs, Skp and DegP function to 

rescue OMPs that have deviated from the SurA pathway (Plummer and Fleming 2016; Soltes et al. 

2017). Chaperone-bound OMPs then transit across the periplasm to the inner leaflet of the OM. Here, 

the nascent OMPs are handed over to the BAM complex for folding and insertion into the lipid bilayer 

as a β-barrel structure (Noinaj et al. 2014; Noinaj, Rollauer and Buchanan 2015; Lee et al. 2016; 

Schiffrin et al. 2017; Wu et al. 2020).  

In E. coli the BAM complex consists of the essential integral membrane subunit BamA, that 

actually catalyzes membrane insertion of nascent OMPs and four associated lipoproteins, BamB, 

BamC, BamD and BamE. The lipoproteins are anchored in the inner leaflet of the OM and fulfill 

accessory functions in the reception and transfer of nascent OMPs and in the modulation of BamA 

activity. With the exception of BamD, they are not essential (Wu et al. 2005; Sklar et al. 2007; Kahne 

2020). BamA, the most conserved component, consists of two characteristic regions: a sequence of 

five polypeptide transport associated (POTRA) domains that extend into the periplasm and a C-

terminal integral β-barrel domain with surface exposed loops. Although various structures of the BAM 

complex and its individual subunits have been reported (Noinaj, Fairman and Buchanan 2012; Noinaj 

et al. 2013; Han et al. 2016; Iadanza et al. 2016; Tomasek et al. 2020), the mechanism by which it 

facilitates β-barrel folding remains to be fully elucidated. Current thinking regarding the mechanism(s) 

by which BamA fulfills its role centers around the “assisted” and “budding” models (Noinaj et al. 2014; 

Lee et al. 2016, 2019; Schiffrin et al. 2017; Doyle and Bernstein 2019; Wu et al. 2020). In the “assisted” 

model OMPs insert in a folded or partially folded conformation into the membrane and BamA only 

facilitates this by locally thinning and destabilizing the membrane, providing an energetically favorable 

entry point for OMP insertion. However, more recent data point towards the “budding” model, where 

OMP maturation is catalyzed in a stepwise fashion. The first -strand of the BamA -barrel is only 

weakly connected to the last -strand forming the so-called “lateral gate” (see Fig. 2). This lateral gate 

has been shown to exist in an open and closed state and this conformational switching appears 

necessary for -barrel insertion into the OM (Noinaj et al. 2014; Noinaj, Rollauer and Buchanan 2015). 

The gate is targeted by the so-called “-signal” that comprises the C-terminal strand of the nascent 

OMP ((Konovalova, Kahne and Silhavy 2017) and a recent BAM complex structure illustrates how this 

-signal aligns with the first strand of the lateral gate (Xiao et al. 2021). Subsequently, a nascent barrel 

grows as each added strand nucleates formation of the next strand until the new β-barrel is complete 

and buds from BamA into the membrane.  
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BAM inhibitors 
Considering the crucial role of the BAM complex in OMP assembly and the fact that BamA and BamD 

are essential for growth, BAM is increasingly recognized as a promising target for antibacterials. 

Importantly, most of the activity and mass of the BAM complex is located at the periplasmic side of 

the OM and hence accessible to relatively smaller compounds. On top of that, BamA is partly surface 

exposed, allowing compounds to directly bind BamA without the need to cross the OM. This has 

incented recent development of the following BAM complex inhibitors that affect growth and/or 

virulence (Hart et al. 2019; Imai et al. 2019; Luther et al. 2019; Steenhuis et al. 2019; Li et al. 2020) 

(Table 1). 

 

MRL-494 

Hart and coworkers identified the synthetic compound MRL-494 as an unintended byproduct formed 

during the synthesis of an unrelated compound in a screen to find antibacterial compounds that do 

not need to cross the OM to exert their effect (Hart et al. 2019). MRL-494 was shown to impair the 

biogenesis of OMPs and exhibits moderate potency against gram-negative bacteria, including K. 

pneumoniae and P. aeruginosa. Strikingly, MRL-494 also affects gram-positive organisms, presumably 

via a destabilizing effect on the cytoplasmic membrane. Mutations in bamA were found to confer 

resistance to MRL-494 in E. coli (Table 2 and Fig. 2), inferring the BamA complex as potential target. A 

direct or proximal interaction of MRL-494 with BamA was further substantiated using a cellular 

thermostability assay. However, where MRL-494 binds to BamA remains to be determined as well as 

the efficacy and toxicity of MRL-494 in animal models.   

Figure 1. Schematic overview of OMP 

biogenesis.  

Nascent OMPs are synthesized in the cytosol 

and targeted to the SecYEG translocon using 

their signal sequence (SS). In the periplasm the 

newly formed unfolded OMP associates with 

chaperones that escorts the OMP to the BAM 

complex in the OM. Here, the BAM complex 

catalyzes insertion and folding of OMPs into a 

β-barrel structure. In addition, the BAM 

complex is directly involved in the secretion of 

autotransporters (not drawn here).  
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Table 1. Overview of BAM complex inhibitors including their structural formula and molecular 

weight.  

Name Structural formula MW (Da) References 

MRL-494 

 

 

622.67 (Hart et al. 2019) 

Darobactin 

 

 

966.02 (Imai et al. 2019) 

JB-95 

 

1971.45 
(Urfer et al. 

2015) 

VUF15259 

 
 

289.20 
(Steenhuis et al. 

2019) 

Compound 2 

 

348.96 
(Steenhuis et al. 

2021) 

Compound 14 

 
 

344.46 
(Steenhuis et al. 

2021) 

Peptide 3 

 

2531.95 
(Luther et al. 

2019) 
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IMB-H4 

 

393,41 (Li et al. 2020) 

 

Darobactin 

Darobactin was found by Imai and coworkers when they screened extracts of Photorhabdus and 

Xenorhabdus species that reside in the gut of entomopathogenic nematodes for antibacterial activity 

against E. coli (Imai et al. 2019). Mass spectrometry and NMR revealed the structure of the active 

compound as a modified heptapeptide characterized by a unique fused bicyclic peptide core that is 

formed post-translationally by dedicated tailoring enzymes. Darobactin is expressed as a propeptide 

from darA, which is located within the dar operon that also encodes an ABC-type transenvelope 

exporter of darobactin. Under laboratory conditions the dar operon is silent and darobactin 

production is low.  

 Several direct lines of evidence indicate that darobactin targets the central core subunit of the 

BAM complex: BamA. First, resistant strains were generated that harbor mutations in bamA, which 

were shown to be solely responsible for darobactin resistance (Table 2 and Fig. 2). Second, darobactin 

inhibited folding of the protease OmpT in an in vitro folding assay that makes use of proteoliposomes 

in which the BAM complex has been reconstituted. Third, using isothermal titration calorimetry, 

darobactin was shown to interact with BamA with a Kd of 1.2 µM. These observations were 

corroborated by recent cryo-EM and crystal structures of the BAM complex interacting with 

darobactin (Kaur et al. 2021). Strikingly, darobactin binds with high affinity to the first -strand of the 

BamA lateral gate, at the position were also the -signal was found (Xiao et al. 2021). The interaction 

appeared further stabilized by interactions of darobactin with OM lipids. The structure suggests that 

darobactin competes effectively with the -signal of nascent OMPs, thereby blocking their entry and 

the movement of the lateral gate.  

 Darobactin exhibits promising activity with MIC values ranging from 2 to 16 μg/mL against 

specifically those gram-negative species that are found on the WHO list of priority pathogens (A. 

baumannii, P. aeruginosa, K. pneumoniae, and E. coli). Of note, a single dose of darobactin protected 

mice infected intraperitoneally with E. coli, K. pneumoniae and P. aeruginosa against septicemia. 

Combined with its low toxicity in several eukaryotic cell lines, these findings point to the potential of 

darobactin as a lead compound for further development. 

 

Murepavadin and polymyxin B chimeras 

A relatively new approach to construct novel antibiotics is by making chimeras of existing compounds 

to provide intrinsic synergy. Luther and coworkers used this strategy to combine the activities of the 

antibacterial peptides murepavadin and polymyxin B (Luther et al. 2019). Murepavadin is a 

macrocyclic peptidomimetic, originally identified as an inhibitor of the essential β-barrel OMP LptD 

that functions in the assembly of LPS at the surface of the OM. It has strong but narrow antibiotic 

activity against P. aeruginosa. In an attempt to increase the spectrum of target organisms, fragments 

of polymyxin B, a clinically used antibiotic known to bind to the lipid A part of LPS, were fused to 

murepavadin-like peptides. Excitingly, one of the chimeras, peptide 3, showed potent activity towards 

a wide range of clinically relevant gram-negative pathogens in vitro and in a mouse infection model 

for septicemia and peritonitis (Luther et al. 2019). Importantly, no kidney failure was reported, which 

is in contrast to what was found in a clinical evaluation of murepavadin on its own.  
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Mechanistic studies further indicated that peptide 3 also permeabilized and perturbed the E. 

coli cell envelope. Noticeably, binding studies using peptide 3 with bound photoprobes identified not 

only LptE, part of a complex with LptD (Botos et al. 2016), but also members of the BAM complex, 

especially BamA, as binding partners. Furthermore, by using the analog peptide 8 with a more 

stabilized hairpin structure a mutation was found in bamA, in the region encoding the external loop 

L6 of BamA, which resulted in a large increase in MIC for K. pneumoniae (Table 2 and Fig 2). In addition, 

resistance-conferring mutations were found in genes involved in the biogenesis of lipid A, confirming 

that these chimeric molecules have a complex mode of action that involves binding to LptE and BamA 

as well as targeting LPS. More studies are needed to determine how binding to BamA and LptE causes 

the downstream bactericidal activity. Interestingly, NMR studies indicated interactions of peptide 3 

with external loops L4, L6 and L7 of BamA resulting in an apparent stabilization of the lateral gate in a 

closed conformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Mutations conferring resistance to BAM inhibitors mapped upon the structure of BamA of 

E. coli in complex with subunits BamB-E. In the middle a cartoon representation of the BamA crystal 

structure is shown in red. For reference the BamB-E subunits are shown in surface view. Indicated are 

the positions of strands -1 and -16, which form the lateral gate that in this case is closed, and loops 

4 and 6 that cap the -barrel pore at the extracellular surface. Mutations conferring resistance to the 

compounds are displayed in sticks with the colors green, cyan, yellow and blue representing the 

inhibiting compounds as indicated in Table 2. The insert in the left panel shows a close-up of the lateral 

gate and the positions of residues that were mutated to confer resistance to darobactin (cyan) and 

MLR-494 (green). The insert in the right panel shows a top view of BamA in surface representation, 

which shows the positions of residues that were found to confer resistance to peptide 8 (blue), LlpA 

(yellow) and darobactin (cyan). Of note, these residues are accessible from the extracellular milieu. 

The figure was compiled using Pymol from the structure of the BAM complex from E. coli (PDB 5AYW, 

(Han et al. 2016)). 
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Table 2. Overview of mutations in E. coli bamA that confer resistance to the indicated compounds. 

Compound name Mutations in bamA Strain used Color in figure 2 References 

MRL-494 

 

E470K 

 

E. coli Green (Hart et al. 2019) 

Darobactin 

 

E435K 

T434A 

G443D 

Q445P 

F394V 

A705T 

G429V 

G807V 

 

E. coli Cyan (Imai et al. 2019) 

Peptide 8 D703Y* 

 

K. pneumonia Blue (Luther et al. 

2019) 

LlpA T663P (V673)** 

G540D (W546) 

 

P. aeruginosa Yellow  (Ghequire et al. 

2018) 

*The D at position 703, as well as the surrounding sequence is similar in E. coli and K. pneumoniae. ** 

The sequence of BamA of Pseudomonas was aligned with that of E. coli K12. The equivalent amino 

acid in E. coli is given in between brackets. 

 
JB-95 

Analogous to murepavadin, the β-hairpin macrocyclic peptidomimetic JB-95 was identified as an 

inhibitor of BamA and LptD (Urfer et al. 2015). JB-95 was synthesized as a part of a family of 

peptidomimetic antibiotics based on the antimicrobial peptide protegrin I. Although it shares some 

similarity to murepavadin, there are notable differences in structure and cellular activity. JB-95 

showed antimicrobial activity against a panel of gram-negative bacteria, in particular E. coli with a MIC 

of only 0.25 µg/ml. Exposure of E. coli cells to JB-95 impaired OM integrity, decreased abundance of 

OMPs and induced cell envelope stress. Photolabeling experiments identified BamA and LptD as prime 

interaction partners of JB-95. Similar to MRL-494, JB-95 also affected cell viability of gram-positive 

cells, lacking an OM, presumably reflecting a second mechanism of action that involves the 

cytoplasmic membrane. 

 

VUF15259, compound 2 and 14 

Our group recently reported the development of a phenotypic fluorescence-based assay that reports 

on activation of the σE and Rcs cell envelope stress response in E. coli. By using the σE assay as primary 

screen, sensitized by expression of the autotransporter haemoglobin protease (Hbp), a focused library 

of 1,600 fragment-based compounds (Steenhuis et al. 2019) and a larger library of ~320,000 

compounds were screened (Steenhuis et al. 2020, submitted). This resulted in the identification of 

three compounds (compound 2, compound 14 and VUF15259) that decreased the abundance of 

OMPs, impaired secretion of autotransporters, synergized with OMP biogenesis mutants, and 

increased OM permeability, effects all indicative of BAM complex inhibition. Furthermore, compound 

2 was shown to inhibit OmpT folding in the in vitro reconstituted folding assay described above. While 



Chapter 2 

 

 

  20 

these effects are indicative of BAM complex inhibition, future studies are needed to determine the 

exact target of these compounds and their in vivo efficacy and toxicity in animal models.  

 

MAB1 

In addition to small molecules, antibodies have been developed that target BamA or assembly of the 

BAM complex and have antibacterial effect. Storek and coworkers screened around 1,600 α-BamA IgG 

monoclonal antibodies and identified seven clones that completely inhibited E. coli growth, of which 

MAB1 α-BamA IgG was further characterized and shown to bind to the extracellular loop L4 (Storek et 

al. 2018). However, MAB1 falls short as therapeutic due to its limited access to the epitope and was 

only able to reach the BAM complex in an E. coli ΔwaaD strain containing a truncated LPS layer. 

Nevertheless, these results do serve as proof of concept and point to the potential of developing 

antibodies or nanobodies that can more effectively access BamA, for example by conjugation to 

antibiotics that target LPS, as in the chimeras discussed above. 

 

Lectin-like bacteriocins 

BamA was recently identified as the prime target of lectin-like bacteriocins (LlpA), which are secreted 

by Pseudomonas strains (Ghequire et al. 2018). LlpAs are midsize bacteriotoxins of ~28 kDa that 

comprise a tandem of β-lectin domains followed by a short non-conserved carboxy-terminal 

extension. They have affinity for LPS, but LlpA-resistant mutants were identified to carry mutations in 

variable part of external loop L6 of BamA thus determining targeting selectivity (Table 2). It was further 

speculated that binding to this loop interferes with the dynamics of the lateral gate of BamA, leading 

to misfolded OMPs and the corresponding bactericidal effects.  

 

Peptide 2 and IMB-H4 

So far, much attention has been paid to BamA as target, because of its accessibility and central role in 

functioning of the BAM complex. However, the BAM lipoproteins also play an important role in 

substrate recognition and modulation of BamA activity (Noinaj, Fairman and Buchanan 2012; Noinaj 

et al. 2013; Misra, Stikeleather and Gabriele 2015; Han et al. 2016; Lee et al. 2018; Har et al. 2020). 

For instance, the essential lipoprotein BamD binds nascent OMPs by recognizing the β-signal (Lee et 

al. 2018). Interestingly, Hagan et al. showed that expression of a peptide that resembles the β-signal 

in the periplasm invokes reduced growth, increased OM permeability, reduced levels of OMPs and 

induction of cell envelope stress (Hagan, Wzorek and Kahne 2015). Furthermore, the same peptide 

was shown to interact with BamD by photocrosslinking and inhibited assembly of β-barrel OMPs in 

vitro. Although the site of action is located in the periplasm, the combined data indicate that 

peptidomimetics deserve attention as a means to block early steps in β-barrel assembly, perhaps upon 

fusion to, or in combination with potentiators to permeabilize the OM. 

 Alternatively, small compounds may inhibit crucial interactions in the BAM complex in the 

periplasm. Yan Li et al., screened a library of 25,000 compounds (synthetic and natural products) by 

using a yeast two-hybrid system to monitor disruption of binding between BamA to BamD (Li et al. 

2020). This strategy identified compound IMB-H4 that was found to impair OM integrity and 

decreased the abundance of OMPs, consistent with disturbed BamA-BamD binding although this has 

to be confirmed experimentally.  

 

 

 



Chapter 2 

 

 

  21 

Discussion 
Traditionally, antibiotic drug discovery has been focused on compounds that inhibit bacterial growth. 

While the BAM complex performs an essential function in OM biogenesis and is required for cell 

viability, it is only in the last two years that potent BAM complex inhibitors were discovered. One of 

the reasons that BAM has, until recently, been overlooked as an antibiotic target is the relative ease 

with which bacteria can survive at low BAM levels under laboratory conditions. The E. coli bamA101 

knockdown strain, for example, in which BamA levels are reduced by ~90% compared to wild-type 

cells, can support in vitro growth, although OMP biogenesis is affected (Aoki et al. 2008). However, it 

is likely that in the host or environment an optimally functioning BAM complex is crucial given the 

challenging conditions with respect to nutrient availability that demand a high quality and quantity of 

OMPs. Furthermore, while subtle changes in the OM may be missed in standard in vitro MIC assays, 

in vivo the same OM disruption may serve to enhance the activity of the innate immune system 

including the action of the membrane attack complex and endogenous host-defense peptides (Lehrer 

and Lu 2012; Doorduijn, Rooijakkers and Heesterbeek 2019). Finally, even a moderate effect on the 

BAM complex may reduce the secretion of virulence factors sufficiently to reduce the fitness of gram-

negative pathogens in vivo. In this respect, it is notable that mutations in BamA that were selected to 

confer resistance to darobactin in vitro, appeared to be avirulent in a mouse infection model for 

pathogenic E. coli (Imai et al. 2019). Presumably, mutations in BamA come at a fitness costs and for 

this reason BAM complex inhibitors may be expected to result in low selection pressure to develop 

resistant mutations. 

The finding that a number of OMPs are not essential for growth under laboratory conditions, 

but do have important roles in survival in environmental and pathogenic niches, should be considered 

in future drug screening programs. For BAM inhibitors this may require the use of BAM-cripple 

mutants that are more sensitive to live-death screening in vitro. Also, less straightforward but 

potentially more rewarding, are screening assays more closely approximating the in vivo setting, for 

example based on infected cells or model organisms such as Zebrafish embryos that can be 

conveniently grown in microtiter plates. 

Experiences with the recently identified BAM inhibitors described in this review may also 

underpin alternative in vitro screening efforts. It is notable that the majority of BAM inhibitors 

identified display similar effects on gram-negative cells: (I) induction of σE and/or Rcs cell envelope 

stress, (II) synergy with mutations in the biogenesis pathway of β-barrel OMPs, (III) reduction of de 

novo biogenesis and steady state levels of β-barrel OMPs, but not Lpp’s and (IV) impaired OM integrity. 

For instance, stress-based assays can detect even moderate inhibition of BAM activity in vitro using 

reporters that are based on fluorescent or luminescent output (Steenhuis et al. 2019, 2020). This 

simple format has been shown robust and compatible with high throughput phenotypic screening as 

a primary selection of BAM inhibitors. Recently obtained lead compounds may also inspire target-

based approaches focused on regions in BamA that appear accessible and particularly susceptible to 

intervention. As displayed in Figure 2, the mutations identified that confer resistance to the BAM 

inhibitors discovered to date seem to cluster near the lateral gate and the external L6 loop, capping 

the -barrel domain of BamA, indicating that these regions are particularly suitable as target for 

antibiotics. Similarly, interactions between the BAM subunits, such as the interaction between BamA 

and BamD and between BAM subunits and nascent substrate OMPs, may be interrogated in more 

depth using high throughput in situ interaction assays and two-hybrid analyses. Finally, the loss of OM 

integrity allows the passage of large-scaffold antibiotics that would normally not pass the OM. This 
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potentiating effect could be explored in combination therapy but also experimentally in the 

development of new screening assays. 

To date, all known small molecule BamA inhibitors have been found by screening either 

synthetic or natural product libraries. While such approaches can provide leads for dedicated 

medicinal chemistry campaigns, the lack of detailed structural insights in the form of co-crystal 

structures for most inhibitors bound to BamA, currently limit rational design strategies. Recent 

progress in determining the structures of BamA and the other members of the BAM complex, as well 

as the recent elucidation of the BAM-darobactin structure (Kaur et al. 2021), suggest we may expect 

more co-crystal structures in the near future. It is also interesting to compare the structures of the 

small molecule and peptide-based BamA inhibitors reported to date (Table 1). While there is 

significant diversity in these structures it is notable that all confirmed BamA targeting compounds 

(excluding IMB-H4) are highly positively charged and contain one or more aromatic moieties.  

The importance of proper BAM functioning in its natural niche, combined with its relative 

accessibility, makes it an obvious target for bacterial warfare. Following this reasoning one would 

expect an abundance of BAM targeting compounds in nature. Indeed, the most potent inhibitors, 

darobactin and peptide 3, were derived from natural compounds. Importantly, darobactin is encoded 

by a biosynthetic gene cluster (BGCs) that, like many other BGCs, is silent in vitro suggesting a yet 

unexplored reservoir of BAM inhibitors that require the right conditions for expression and 

characterization.  

In addition to its role in OM assembly and integrity, the BAM complex is essential for the 

secretion of important virulence factors via the type 5 secretion pathway, also known as autotransport 

(Van Ulsen et al. 2018). Classical autotransporters have a conserved β-barrel domain at their C-

terminus that together with BamA is required for translocation of the functional autotransporter 

domain across the OM in a coordinated assembly/translocation mechanism that has yet to be fully 

elucidated. Possibly, compounds can be found that specifically inhibit the autotransporter-related 

function of BAM rather than blocking β-barrel OMP assembly in general. Such compounds could be 

considered as anti-virulence drugs that may also offer distinct advantages over generic bactericidal 

antibiotics (Dickey, Cheung and Otto 2017; Martínez et al. 2019). 

In conclusion, the BAM complex is an intriguing and underexplored target for the development 

of bactericidal and anti-virulence drugs from a variety of possible sources (synthetic small molecules, 

natural products, peptides, bacteriocins and antibodies) that may act alone or in combination with 

other drugs to attack the shield and Achilles’ heel of gram-negative pathogens. 
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Abstract 
Disarming pathogens by targeting virulence factors is a promising alternative to classic antibiotics. 

Many virulence factors in Gram-negative bacteria are secreted via the autotransporter (AT) pathway, 

also known as Type 5 secretion. These factors are secreted with the assistance of two membrane-

based protein complexes: Sec and Bam. To identify inhibitors of the AT pathway we used 

transcriptomics analysis to develop a fluorescence-based high-throughput assay that reports on the 

stress induced by the model AT hemoglobin protease (Hbp) when its secretion across the outer 

membrane is inhibited. Screening a library of 1600 fragments yielded the compound VUF15259 that 

provokes cell envelope stress and secretion inhibition of the ATs Hbp and Antigen-43. VUF15259 also 

impairs β-barrel folding activity of various outer membrane proteins. Furthermore, we found that 

mutants that are compromised in outer membrane protein biogenesis are more susceptible to 

VUF15259. Finally, VUF15259 induces the release of vesicles that appear to assemble in short chains. 

Taken together, VUF15259 is the first reported compound that inhibits AT secretion and our data are 

mostly consistent with VUF15259 interfering with the Bam-complex as potential mode of action. The 

validation of the presented assay incites its use to screen larger compound libraries with drug-like 

compounds. 

 

Introduction 
Antibiotic resistance in clinically relevant pathogens continues to emerge and spread. Despite 

increasing awareness, the progress in addressing this challenge appears insufficient. In particular the 

lack of antibiotics with a novel mechanism of action in the drug development pipeline necessitates the 

development of new therapeutic strategies (Boucher et al., 2013). A promising new class of antibiotics 

are anti-virulence drugs, designed to specifically target virulence factor functions (Baron, 2010; 

Clatworthy, Pierson, & Hung, 2007). Virulence factors allow pathogens to replicate and disseminate 

within a host, for example by evading the host immune system (Heras, Scanlon, & Martin, 2015). 

Disarming pathogens of their virulence factors may permit the immune system to clear the infection 



Chapter 3 

 

 

  27 

or increase the susceptibility of the pathogens towards conventional antibiotics. It has been 

hypothesized that anti-virulence drugs result in a lower selective pressure to develop resistance, 

because they do not target vital bacterial functions and are less harmful to the resident microbial flora 

(Allen, Popat, Diggle, & Brown, 2014).  

In diderm bacteria most virulence factors are secreted across the cell envelope by multiple 

secretion systems (SS), classified as Type 1SS-9SS (also known as Type I-IX) (Mecsas, 2016). The cell 

envelope is comprised of both an inner membrane and an outer membrane, separated by the 

periplasmic space. The T1SS, T3SS, T4SS and T6SS transport proteins across these membranes in a 

coordinated one-step mechanism, while substrates of the T2SS and the T5SS traverse the cell envelope 

in two consecutive steps and feature a periplasmic intermediate. The T3SS, T4SS and T6SS can also 

transport proteins across the host cell membrane, delivering secreted proteins directly into the host 

cytosol. Especially for T3SS several promising inhibitors were discovered using cell-based high-

throughput screening (HTS) approaches (Tsou, Dossa, & Hang, 2013). A similar strategy was used in 

this study to identify inhibitors of the T5SS, also known as the autotransporter (AT) pathway.  

The AT pathway is the most widespread mechanism in Gram-negative bacteria to secrete 

virulence factors by pathogens that cause human diseases, such as meningitis, peritonitis and 

whooping cough (Henderson & Nataro, 2001). The mechanism of secretion and basic structure of most 

ATs is conserved (van Ulsen, Rahman, Jong, Daleke-Schermerhorn, & Luirink, 2013), making the T5SS 

an attractive target for the development of anti-virulence drugs. AT secretion is a relatively 

autonomous secretion system in which the secreted AT effector domain (the passenger) is flanked by 

an N-terminal signal peptide that mediates translocation across the inner membrane via the protein 

conducting Sec-translocon and by the β-domain at the C-terminus that forms a β-barrel in the outer 

membrane (Fig 1). The β-domain mediates translocation of the AT passenger across the outer 

membrane in an intricate, not fully understood mechanism that also involves the Bam-complex (Sauri 

et al., 2009), the primary function of which is the insertion of β-barrel proteins into the outer 

membrane (Sauri et al., 2009). Upon translocation to the cell surface, the AT passenger folds into a 

conserved β-helical conformation, which is thought to provide part of the driving force for the 

translocation process (van Ulsen et al., 2013; Fan et al., 2016). At the cell surface most ATs are 

proteolytically cleaved from the β-domain to perform their function as released proteins. 

Alternatively, the passenger remains attached to the β-domain to serve for instance as an adhesion 

(Fan et al., 2016). 

When considering the complete AT pathway as a drug target, it is important to note that the 

system makes use of generic components such as the Sec and Bam machineries as well as chaperones 

and targeting factors in the cytoplasm and periplasm. In addition, AT-specific elements, such as the 

folding of the AT passenger at the cell surface and the interplay between the β-domain and the Bam-

complex are critical for the secretion process. Hence, screening for compounds that impair the 

secretion of ATs may yield hits that interfere at different levels in the biogenesis pathway, some of 

which could be unknown (Fig 1). Compounds that target essential proteins with a more generic 

function may be bactericidal at higher concentrations and represent more classical antibiotics 

whereas AT-specific inhibitors may address virulence rather than growth and survival per se. Here we 

aimed to develop an HTS assay to select inhibitors that affect the more specific late stages in the 

secretion pathway, i.e. the targeting to and translocation across the bacterial outer membrane. 

Previously, we have described a late stage translocation intermediate of the model secreted 

AT hemoglobin protease (Hbp) that is blocked during transfer across the outer membrane due to the 

formation of a disulfide bond between two engineered cysteine residues in the passenger domain 
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and, as a consequence, induces cell envelope stress (Jong et al., 2007). In the current study, we 

characterized this stress response in more detail using RNA sequencing and used the data to develop 

a fluorescence-based HTS assay that reports on impaired outer membrane translocation of ATs. As 

proof-of-concept a fragment library, consisting of small organic molecules, was screened that yielded 

an inhibitor (VUF15259, Rac-2-(4-aminopiperidin-1-yl)-1-(3,4-dichlorophenyl)ethan-1-ol hydrochloride 

hydrate) of Hbp secretion and assembly of β-barrel outer membrane proteins (OMPs). 

 

Fig 1. The T5SS with potential targets of inhibitors and the principle of the reporter assay. 

Organization of protein domains in ATs (signal sequence, passenger domain and β-domain). AT 

secretion involves 1) transfer from the cytoplasm across the inner membrane into the periplasm via 

the Sec translocon, and 2) translocation across the outer membrane to the exterior of the cell via the 

Bam-complex. Late stage targets for T5SS inhibitors are marked with a star and include Skp, DegP, 

SurA, the Bam-complex and passenger folding. Blocking secretion leads to AT accumulation in the 

periplasm, inducing cell envelope stress that triggers the expression of proteases and chaperones to 

relieve the stress. Stress is monitored by expressing the fluorescent protein mNeonGreen (mNG) 

under control of a stress-regulated promoter.  
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Results 
 

Development of an HTS assay to identify AT secretion inhibitors 

To develop an HTS assay for compounds that inhibit late stages of AT secretion, we decided to monitor 

the consequences of accumulation of the model AT Hbp in the periplasm at the transcriptome level. 

We have shown previously that secretion of the paired cysteine mutant Hbp110C/348C across the 

outer membrane is impaired due to the formation of a disulfide bond in the oxidizing periplasm. The 

jammed intermediate is exposed to both the periplasm and the cell surface and induces cell envelope 

stress (Jong et al., 2007). As a result, the expression of the periplasmic protease and chaperone DegP 

is upregulated, which degrades the intermediates and improves bacterial growth under these 

conditions (Jong et al., 2007). We reasoned that genes that are induced under this stress condition 

could be used for the construction of sensitive and robust reporter systems to monitor inhibition of 

AT secretion. 

To characterize the cellular responses to Hbp stalling in more detail, a transcriptomic analysis 

was carried to compare responses upon expression of Hbp and the stalled secretion mutant 

Hbp110C/348C. Expression of the constructs was induced in E. coli strain MC4100 for 30 min and total 

RNA was isolated and analyzed (Table 1). 56 genes were found to be differentially expressed upon 

production of Hbp110C/348C compared to Hbp, with a p-value > 0.01. The majority (66%) of the 

induced genes belonged to the Sigma E (σE) regulon that directs a major cell envelope stress response 

involved in maintaining outer membrane homeostasis (Ruiz & Silhavy, 2005). Many of the upregulated 

genes encode quality control factors, such as the periplasmic chaperones Skp and DegP, and 

transcriptional regulators of the stress response (Dartigalongue, Missiakas, & Raina, 2001). As 

mentioned above, upregulation of degP expression under these conditions has been reported earlier 

(Jong et al., 2007). In addition, enhanced expression of genes that encode subunits of the Bam-

complex was observed. These genes are also part of the σE regulon (Bury-Moné et al., 2009). 

Importantly, the Bam-complex is essential for Hbp secretion (Bury-Moné et al., 2009). Additional up-

regulated genes of interest relate to the phage shock stress response (Psp) and the Cpx cell envelope 

stress response. The Cpx regulon shows substantial overlap with the σE regulon and both are activated 

by unfolded periplasmic proteins. However, there are also specific inducing cues for each pathway. 

While σE is activated by high temperatures and aberrant LPS, Cpx is activated by alkaline pH and 

changes in inner and outer membrane lipid composition (Ruiz and Silhavy, 2005). The Psp stress 

response is induced when the integrity of the inner membrane is compromised. For instance, it 

responds to a collapse of the proton motive force and defects in protein translocation (Darwin, 2005). 

Among the repressed genes we found are those encoding the major OMPs OmpF, OmpC and OmpA. 

This is probably due to small regulatory RNAs (snRNA), induced by the σE response, that bind to the 5’ 

mRNA region and halt de novo synthesis (Gogol, Rhodius, Papenfort, Vogel, & Gross, 2011). Taken 

together, the differential gene expression analysis revealed that expression of Hbp110C/348C leads 

to activation of the σE, Cpx and Psp stress responses. 
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Table 1. Significantly up-regulated and down-regulated genes upon expression of Hbp110C/348C 

compared to expression of wild-type Hbp.  

Gene ID Gene† Description / function Log2 Fold change‡ P-value 

BWG_1136 pspA Phage shock protein A 2.2 1.08E-29 

BWG_0154 degP Periplasmic protease 2.1 2.59E-25 

BWG_1137 pspB Phage shock protein B 2.1 7.93E-17 

BWG_2181 yfeK Uncharacterized protein 1.7 3.27E-06 

BWG_2766 htrG Uncharacterized signal transduction protein 1.6 3.68E-06 

BWG_1138 pspC Phage shock protein C 1.6 6.04E-04 

BWG_3583 cpxP Repressor CpxP; regulator Cpx response 1.5 2.77E-06 

BWG_2336 rseA Anti-sigma factor, regulation of σ
E
 activity  1.4 1.70E-06 

BWG_2356 raiA Translation inhibitor and ribosome stability factor 1.4 1.70E-09 

BWG_3754 
plsB 

Membrane bound glycerol-3-phosphate 

acyltransferase 
1.3 

7.51E-10 

BWG_2337 rpoE RNA polymerase sigmaE (σ
E
) factor 1.3 5.98E-04 

BWG_1139 pspD Phage shock protein D 1.3 9.15E-06 

BWG_3234 eptB Phosphoethanolamine transferase 1.2 2.46E-09 

BWG_2194 yfeY Predicted outer membrane lipoprotein 1.2 4.64E-07 

BWG_2334 rseC Regulation of σ
E
 activity 1.1 1.74E-06 

BWG_0061 yabI Conserved inner membrane protein 1.1 4.61E-08 

BWG_2680 
yggN 

Hypothetical protein, potentially involved in biofilm 

formation 
1.1 

2.38E-05 

BWG_1619 yeaY Predicted lipoprotein 1.1 7.66E-05 

BWG_3216 yhjJ Periplasmic zinc-dependent peptidase 1.1 3.97E-06 

BWG_2335 rseB Regulation of σ
E
 activity 1.1 6.00E-08 

BWG_1688 cutC Copper homeostasis protein  1.1 5.78E-10 

BWG_0261 sbmA Inner membrane transporter 1 2.51E-08 

BWG_1618 fadD Fatty acyl coA synthetase 1 1.01E-05 

BWG_3038 fkpA Periplasmic peptidyl prolyl isomerase 1 4.40E-04 

BWG_0897 mdoG Regulation periplasmic glucan biosynthesis 0.9 3.10E-07 

BWG_2182 yfeS Uncharacterized protein 0.9 2.18E-05 

BWG_2854 yraP Potentially regulating the DegP/Skp folding pathway 0.8 8.50E-04 

BWG_2112 sixA Phosphohistidine phosphatase 0.8 1.30E-06 

BWG_1451 pdxY Pyridoxamine kinase 0.8 5.42E-04 

BWG_0169 
bamA 

Outer membrane protein assembly factor YaeT, 

component of the Bam-complex 
0.7 

1.33E-03 

BWG_0168 rseP Inner membrane protease, regulation of σ
E
 activity 0.7 5.78E-05 

BWG_2951 mreB Rod shape-determining protein 0.7 5.48E-06 

BWG_3404 yieF Catalyzes reduction of quinones 0.7 5.23E-04 

BWG_2258 yfgC Metalloprotease 0.7 1.26E-05 

BWG_0262 yaiW Putative DNA-binding transcriptional regulator 0.7 3.36E-05 

BWG_1140 pspE Phage shock protein E 0.7 7.66E-04 

BWG_2950 mreC Rod shape-determining protein 0.6 3.53E-05 

BWG_3152 rpoH RNA polymerase factor sigma 32 0.6 8.52E-04 

BWG_3745 trpB Tryptophan synthase subunit beta 0.6 1.38E-03 

BWG_1242 aldA Aldehyde dehydrogenase A 0.6 9.23E-05 

BWG_1670 yebA Murein endopeptidase 0.5 7.59E-04 

BWG_2241 bamC Lipoprotein, component of the Bam-complex 0.5 2.15E-04 

BWG_2555 recB Exodeoxyribonuclease V essential for recombination 0.5 8.49E-04 
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BWG_0171 lpxD Lipid A biosynthesis 0.5 7.08E-04 

BWG_0170 
skp 

Periplasmic chaperone, part of the DegP/Skp folding 

pathway 
0.5 

3.70E-04 

BWG_2355 bamD Lipoprotein, component of the Bam-complex 0.5 2.84E-04 

BWG_1044 chaA Sodium exporter 0.5 1.25E-03 

BWG_1089 trpA Tryptophan synthase subunit alpha 0.5 4.03E-04 

BWG_2276 bamB Lipoprotein, component of the Bam-complex 0.4 7.81E-04 

BWG_0871 efeB Peroxidase -0.7 1.44E-04 

BWG_0870 efeO Involved in iron uptake -0.8 2.42E-05 

BWG_0809 ompA Outer membrane protein A -1 3.82E-04 

BWG_0667 ompX Outer membrane protein X -1 3.55E-05 

BWG_1989 ompC Outer membrane protein C -1.4 5.30E-05 

BWG_0781 ompF Outer membrane protein F -2.3 1.59E-49 

†Genes previously reported to be regulated by the σE, Cpx or Psp stress response are indicated in red, 

blue and green respectively. Genes whose expression is controlled by both σE and Cpx are shown in 

yellow. The genes in white are not known to belong to a cell envelope stress response (Bury-Moné et 

al., 2009). 
‡The log (base 2) changes indicate the ratios of gene signal intensities of the E. coli strain TOP10F’ 

harboring pEH3-Hbp110C/348C to the reference strain TOP10F’ containing pEH3-Hbp wild-type. 

 

We reasoned that small molecules that inhibit outer membrane translocation of Hbp will 

induce similar responses as Hbp110C/348C. Therefore, in order to identify compounds that target AT 

biogenesis, we set up a stress-based assay that visualizes E. coli cells affected in Hbp secretion. This 

was done by placing a fluorescent protein under control of a stress-regulated promoter that is strongly 

induced upon accumulation of Hbp in the periplasm (Fig 1). The promoter of rpoE was selected, 

because it responds to impaired Hbp secretion according to the transcriptomic analysis (Table 1) and 

RpoE is the key regulator of the corresponding stress response. Although the Psp stress response was 

also strongly activated, the cues for this response are less clearly defined (Jovanovic, Lloyd, Stumpf, 

Mayhew, & Buck, 2006) and may reflect indirect effects of periplasmic Hbp accumulation on the 

integrity of the inner membrane.  

The rpoE promoter was fused to the gene encoding the fluorescent reporter protein 

mNeonGreen (mNG). mNG has a shorter maturation time than GFP as well as a higher brightness and 

quantum yield (Shaner et al., 2013). These features allow for rapid detection of stress response 

induction and a higher signal to noise ratio. To test whether impaired Hbp secretion can be reliably 

detected using this PrpoE-mNG reporter construct, it was introduced in E. coli TOP10F’ cells harboring 

pEH3-Hbp110C/348C or pEH3-Hbp and expression of the Hbp derivatives was induced with IPTG. As 

shown in Fig 2A, fluorescence from the reporter construct was increased approximately three-fold 

upon expression of the translocation intermediate Hbp110C/348C compared to Hbp. Of note, it was 

found that expression of Hbp already slightly induced σE stress as compared to cells carrying an empty 

pEH3 vector, which is most likely caused by saturation of the translocation machinery under the 

conditions used. 

To confirm the specificity of the PrpoE-mNG reporter construct in the detection of stress 

caused by periplasmic Hbp accumulation, a second reporter assay was designed to monitor Hbp 

accumulation in the cytosol. This is expected to induce the heat shock response, which includes the 

chaperone pair GroEL/ES that catalyzes ATP-dependent protein folding (Arsène, Tomoyasu, & Bukau, 

2000). Therefore, a PgroES-mNG fusion was constructed similar to the cell envelope stress reporter 
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construct. To prove that PgroES-mNG responds to accumulation of Hbp in the cytosol, an Hbp mutant 

was expressed in which the Hbp signal sequence (ss) was replaced with that of TMAO-reductase (TorA) 

ss. We have previously shown that the resulting ssTorA-Hbp fusion protein accumulates in the cytosol 

in insoluble form (Jong et al., 2017). Co-expression of ssTorA-Hbp and the PgroES-mNG reporter 

induced a two-fold increase in fluorescence intensity, confirming that heat shock stress was induced 

(Fig 2A). To further confirm the specificity of the PrpoE-mNG and PgroES-mNG reporters, fluorescence 

was monitored upon expression of Hbp110C/348C and ssTorA-Hbp. Indeed, expression of 

Hbp110C/348C and ssTorA-Hbp almost exclusively induced the σE and Heat shock reporters, 

respectively. Taken together, the data show that our PrpoE-mNG reporter-based assay detects cells 

that accumulate Hbp in the periplasm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Development of stress-based assay and summary of fragment screen.  

(A) Cell envelope stress and cytosolic stress were determined using PrpoE-mNG and PgroES-mNG 

reporter constructs, respectively. Hbp species were co-expressed from the pEH3 plasmid in E. coli 

TOP10F’ bacteria grown in a 96-well plate. Hbp expression was induced with IPTG and after 3 h of 

incubation mNG fluorescence and OD660 were measured. Fluorescence intensities were corrected for 

growth and the fold increase in fluorescence was calculated compared to the empty vector control 

(pEH3). Error bars represent the standard deviation of triplicate samples. (B) In total 1600 fragments 
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were screened for σE stress induction. 23 compounds induced σE stress in the primary screen whereas 

secondary screening verified 16 compounds as hits. An orthogonal assay showed that two compounds, 

VUF15259 and VUF16749, impaired secretion of Hbp. (C) Plot of σE stress induction of each compound 

compared to cells expressing Hbp incubated in 200 µM VUF15259 (positive control, green) and cells 

expressing Hbp incubated in 1% DMSO (negative control, red). The positive control was set to 100%. 

Compounds were selected as hits with a stress induction of ≥ 50%, indicated by a dashed line. 

Compound VUF15259 and VUF16749 is indicated with an arrow. 

 

Screening of a fragment-based library 

To examine the suitability of our reporter assay to identify compounds that affect Hbp secretion, we 

conducted a screen on the proprietary VUF library of 1600 fragments (De Kloe et al., 2011; Verheij et 

al., 2011). Fragment-based drug discovery is an approach that uses very small organic compounds 

(“fragments”) as starting points for subsequent hit optimization (Erlanson, Fesik, Hubbard, Jahnke, & 

Jhoti, 2016). The fragments in the library cover a diverse chemical space and the majority of the 

compounds comply to the criteria defined in the “Rule of 3”, in which the molecular mass is <300 

Dalton, the number of hydrogen bond donors is ≤3 and the number of hydrogen bond acceptors is ≤3 

(Congreve, Carr, Murray, & Jhoti, 2003).  

To test the suitability of the VUF fragment library the compounds were pre-screened using a 

dot blot analysis of supernatants of Hbp secreting cells (data not shown). Although the assay was 

tedious and difficult to reproduce, compound VUF15259 consistently affected Hbp secretion. In 

addition, VUF15259 activated σE stress in our reporter assay (see below), showing that this compound 

was suitable as a positive control for the HTS stress assay. 

To establish whether the assay is robust for HTS we first determined the Z’ factor. This 

statistical parameter reflects on both the signal dynamic range between the positive and negative 

controls and the data variation associated with the signal measurements (Zhang, Chung, & Oldenburg, 

1999). E. coli TOP10F’ cells carrying the PrpoE-mNG reporter construct and the pEH3-Hbp plasmid 

were induced for Hbp expression and either incubated in DMSO (negative control) or compound 

VUF15259 (positive control). To calculate the Z’ factor the mNG fluorescence in a 96-well plate was 

measured in time and corrected for growth. After several optimization experiments we obtained a 

reliable Z’ factor of 0.8 after three h of growth, showing that the assay was sufficiently robust for HTS 

in 96-well plates.  

To identify more inhibitors of the Hbp secretion pathway, all 1600 VUF fragments were tested 

for their ability to induce σE stress in cells harboring the wild-type pEH3-Hbp plasmid in combination 

with the PrpoE-mNG reporter construct. Hbp expression was induced with IPTG and compounds were 

added simultaneously to a final concentration of 200 µM. A high concentration of compound was used 

in the primary screen, because the affinity of fragments is generally low (Joseph-McCarthy, Campbell, 

Kern, & Moustakas, 2014). After three h of incubation, the optical density (OD660) and mNG 

fluorescence were measured. Compounds were selected as hits when their values were higher than 

50% with the positive control set at 100%. This selection protocol resulted in 23 hit compounds (Fig 

2B and 2C). After primary screening the assay was repeated in triplicate for the 23 compounds. 

Replicates were considered verified when their mean value reached higher than 50% stress, yielding 

16 hits, including VUF15259 (data not shown).  

The 16 hits were tested in an orthogonal assay to validate the σE stress response biochemically 

and to test whether the detected stress correlates with inhibition of Hbp secretion. As mentioned 

earlier the paired cysteine mutant Hbp110C/348C accumulates in the periplasm in the so-called Hbp 
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pro-form, in which the Hbp passenger domain is still connected to the Hbp β-domain (Jong et al., 

2007). The Hbp pro-form is subject to degradation by the periplasmic protease DegP and can only be 

detected in bacteria that express the proteolytically inactive degP::S210A mutant (Jong et al., 2007). 

Likewise, Hbp species that accumulate due to the presence of secretion blocking compounds are 

expected to be degraded by DegP. Therefore, we used E. coli MC1061 degP::S210A to examine the 

effects of the compound hits on Hbp processing and secretion. Bacteria treated with the 16 hits were 

analyzed by SDS-PAGE and Western blotting. In the absence of any compound mature Hbp passenger 

domain (110 kDa) was detected as expected, but also a small fraction of pro-Hbp (142 kDa) indicating 

that secretion is slightly saturated under these expression conditions (Fig 3A). On the other hand, 

Hbp110C/348C exclusively accumulated as 142 kDa pro-form as expected. Only 2 of the 16 

compounds, VUF16749 (Fig 3B) and VUF15259 (Fig 3C), induced an increase in Hbp pro-form relative 

to the mature Hbp passenger, indicating interference with Hbp secretion. Both VUF15259 and 

VUF16749 are racemic compounds with some overlapping pharmacophore features. We proceeded 

with VUF15259, because it showed the strongest effect on Hbp processing. To further analyze 

compound VUF15259 a larger batch was re-synthesized and the structure of the compound was 

confirmed (Figs S4-S10).  

 
Fig 3. Hbp expression and processing in response to compound hits. 

(A) E. coli MC1061 degP::S210A cells were grown in 96-well plates and induced for Hbp(-derivative) 

expression in the presence or absence (last two lanes) of 200 µM of the indicated VUF compounds. 

Subsequently, cells were collected and separated from spent medium by centrifugation and analyzed 

by SDS-PAGE and Western blotting. The periplasmic protein OppA, part of the oligopeptide permease 

Opp, was used as loading control. (B) Structure of VUF16749. (C) Structure of VUF15259.  

 

VUF15259 inhibits Hbp secretion 

To study the effect of VUF15259 in more detail, the biogenesis of Hbp was tested in MC1061 

degP::S210 upon incubation with different concentrations of the compound. In the absence of 

VUF15259 Hbp is processed, as shown by the presence of the 110 kDa mature Hbp passenger and the 

28 kDa Hbp β-domain (Fig 4A). Addition of VUF15259 led to a dose-dependent accumulation of pro-
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Hbp and a concomitant decrease in mature Hbp passenger and Hbp β-domain (Fig 4A). Consistently, 

a dose-dependent reduction in the amount of secreted passenger domain in the spent medium was 

observed (Fig 4B), confirming that VUF15259 inhibits Hbp secretion. Analysis of extracellular stress 

using the PrpoE-mNG reporter construct showed a dose-dependent induction of σE stress (Fig 4C). This 

induction of cell envelope stress was confirmed by examination of the levels of the stress-regulated 

protease DegP (Fig 4A). We also found a dose-dependent upregulation of the Psp stress response 

marker PspA (Fig 4A), which is consistent with the transcriptomic analysis of Hbp110C/348C 

expressing cells (Table 1). Taken together, the data demonstrate that VUF15259 impairs Hbp 

secretion, leading to accumulation of unprocessed Hbp in the periplasm and subsequent upregulation 

of cell envelope stress. 

VUF15259 could either function as a virulence inhibitor by specifically targeting Hbp 

biogenesis or as a more classic antibiotic by interfering with a common step in protein secretion. Since 

VUF15259 also induces σE stress in cells that do not express Hbp, albeit at a lower level (Fig 4C), the 

latter explanation appears likely. 

 

 
 

VUF15259 inhibits the T5SS but not the T3SS 

The mechanism of secretion of ATs is conserved and requires the assistance of the periplasmic 

chaperones SurA and DegP, as well as the Bam-complex in the outer membrane (van Ulsen et al., 

2013). To examine a potential generic effect of VUF15259 on the T5SS, the influence on the biogenesis 

of another AT, Antigen-43 (Ag-43), was analyzed. Ag-43 is an adhesin involved in biofilm formation 

Fig 4. VUF15259 stress induction 

and inhibition of Hbp secretion.  

E. coli TOP10F’ bacteria were 

grown in a 96-well plate and Hbp 

was expressed from the pEH3 

plasmid. Cells were exposed for 3 

h to an increasing concentration 

of VUF15259 as indicated in the 

Fig. (A) Whole cell lysates were 

analyzed with SDS-PAGE and 

Western blotting. The whole cell 

lysate of empty vector (pEH3) E. 

coli cells treated with VUF15259 

were also analyzed. (B) The spent 

medium was TCA precipitated 

and analyzed by SDS-PAGE and 

Coomassie staining. (C) Stress was 

monitored using PrpoE-mNG and 

PgroES-mNG on the pUA66 

plasmid. Error bars represent the 

standard deviation of triplicate 

samples. 
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(Henderson & Nataro, 2001). Successful surface display of Ag-43 in E. coli causes auto-aggregation and 

sedimentation, which can be easily determined by measuring the OD660. Indeed, expression of Ag-43 

resulted in sedimentation of mock-treated E. coli cells whereas VUF15259-treated cells showed hardly 

any change in OD660, indicating that VUF15259 prevents surface display of Ag-43 (Fig 5). 

To investigate whether VUF15259 interferes with protein secretion in general, its effect on 

T3SS-mediated secretion was tested in Salmonella typhimurium. In VUF15259-treated S. typhimurium, 

secretion via the T3SS was not changed compared to the mock-treated control (Fig S1A), while Hbp 

secretion was affected in this species (Fig S1B and C). This indicated that VUF15259 does not interfere 

with protein secretion in general.  

 

 
 

VUF15259 interferes with Bam-related processes 

To obtain insight in the target of VUF15259 we studied the effect of the compound on DegP, SurA and 

the Bam-complex, which are involved in AT secretion but primarily function in insertion of β-barrel 

OMPs (Konovalova, Kahne, & Silhavy, 2017). We reasoned that if VUF15259 interferes with this latter 

process, mutant strains that are compromised in OMP assembly might be particularly sensitive to the 

addition of this compound. 

To test this hypothesis, the effect of VUF15259 on growth was examined in strains in which 

surA, bamB or degP has been inactivated. VUF1529 moderately affected growth in the parental strains 

TOP10F, MC4100, MC1061 and KS272 (Fig 6). However, bacteria became more susceptible to 

VUF15259 in the absence of surA or bamB. Enhanced susceptibility was also observed in a protease 

deficient degP::S210A mutant background, while a particularly strong effect was observed upon 

complete knock out of degP. These synergistic effects suggest that the compound interferes with OMP 

biogenesis.  

 

 

 

 

 

Fig 5. VUF15259 inhibits surface display of 

Ag-43. 

Ag-43 was expressed from the pEH3 plasmid 

in E. coli TOP10F’. Cells were grown in 96-

well plates and Ag-43 expression was 

induced with IPTG. After 3 h of growth the 

cultures were transferred to a cuvette and 

left standing. OD660 was measured in time in 

the top of the cuvette.  
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To analyze more directly whether VUF15259 affects OMP biogenesis E. coli cells were grown 

in presence and absence of VUF15259, lysed and cell envelopes were collected for analysis by SDS-

PAGE and Western blotting to examine the level of OMPs. Importantly, this analysis is complicated by 

the fact that σE stress downregulates OMP synthesis and upregulates expression of subunits of the 

Bam-complex (Bury-Moné et al., 2009). Hence, secondary effects of the periplasmic Hbp accumulation 

and/or σE stress may obscure the primary effects of the VUF15259 compound. To address this issue, 

we took controls in which the σE stress was induced to a similar extent by expressing σE directly in the 

absence of compound (Fig 7A). Under these conditions we did observe an approximately 1.5-fold 

decrease in the amounts of OmpF/C/A compared to cells carrying an empty pEH3 vector (Fig 7B), but 

unexpectedly we did not see a change in levels of BamA (Fig 7C). The levels of the inner membrane 

protein LepB were largely unaffected (Fig 7C). Exposure to VUF15259 decreased OmpF/C/A levels ~3-

fold (Fig 7B) and, strikingly, BamA levels ~5-fold compared to bacteria expressing the σE factor (Fig 7C). 

The levels of the associated Bam lipoproteins BamB, BamC and BamD were unaffected (Fig 7D). 

Furthermore, we observed a ~4-fold reduction in the amount of fully assembled Bam-complex in the 

cell envelope of compound treated cells analyzed by Blue Native PAGE (Fig 7E), consistent with the 

decreased BamA level (Fig 7C).  

When comparing the effect of VUF15259 on the biogenesis of Hbp and OMPs, respectively, it 

is important to note that Hbp expression is induced from an expression plasmid in the presence of the 

compound. In contrast, OMPs are constitutively expressed and may therefore seem less affected due 

to a pool of fully assembled OMP present at the time of compound addition. To better compare effects 

on Hbp and OMP biogenesis, we expressed the β-barrel OMP PhoE from the pEH3 plasmid and 

analyzed its membrane insertion and folding in presence and absence of VUF15259. Cell envelopes 

were isolated and the expression, folding and assembly of PhoE was analyzed using a heat-

modifiability assay, which is based on the observation that correctly folded β-barrels retain their native 

conformation in the presence of SDS unless they are completely denatured upon heating (Noinaj & , 

Adam J. Kuszak, 2015). This effect can be monitored using semi-native SDS-PAGE, in which the heat-

denatured β-barrel runs at a position that is different from that of its non-heated native form. For 

PhoE, the native conformation is a trimer (Jansen, Heutink, Tommassen, & De Cock, 2000). 

Fig 6. VUF15259 affects growth, in 

particular of strains with a compromised 

OMP assembly pathway.  

Bacteria were grown in a 96-well plate 

overnight with 100 µM VUF15259 or 

DMSO in Thermostar shakers at 37 °C 

shaken at 600 RPM with a start OD660 of 

0.001. The OD660 was measured after 

overnight growth and the fold reduction in 

OD660 was calculated between bacteria 

treated with compound and bacteria 

treated with DMSO only. Error bars 

represent the standard deviation of 

triplicate samples. 
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Importantly, expression of phoE is not regulated by σE and its membrane insertion is dependent on 

BamA (Gogol et al., 2011). As shown in Fig 7F, levels of PhoE in the cell envelope were decreased when 

cells were incubated with VUF15259. With and without compound PhoE remained heat-modifiable, 

suggesting that VUF15259 impairs membrane targeting or insertion of PhoE, rather than folding and 

assembly into its native form. Collectively, our results indicate that VUF15259 interferes with the 

targeting or insertion of β-barrel type OMPs. 

 

 
 

Fig 7. VUF15259 interferes with targeting or insertion of β-barrel type OMPs. 

(A) E. coli TOP10F’ cells, carrying the pEH3 vector expressing σE factor and TOP10F’ cells, carrying the 

empty pEH3 vector, were treated with VUF15259 or with 1% DMSO. Cells were grown in 96-well plates 

for 3 h and the σE stress was measured using the PrpoE-mNG reporter construct. The fold mNG 

fluorescence is depicted compared to the DMSO treated empty vector cells, with the error bars 

representing the standard deviation of triplicate samples. Bacteria in the 96-well plate were collected 

and separated from medium by centrifugation. Cell envelopes were isolated using ultracentrifugation 

and analyzed by (B) SDS-PAGE and (C) Western blotting analysis using antibodies against BamA and 

LepB. For the empty vector control cells also an antibody staining against the whole Bam-complex was 

performed analyzed under (D) denaturing conditions by SDS-PAGE, and under (E) native conditions by 

Blue Native PAGE. (F) TOP10F’ cells, expressing phoE from the pEH3 plasmid, were grown in 96-well 

plates and treated with VUF15259 for 3 h. Cell envelopes were isolated and analyzed by a semi-native 

PAGE and Western blotting. To examine heat-modifiability samples were either incubated at room 

temperate (RT) or at 95 °C for 10 min. The inner membrane protein SecG was used as loading control 
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VUF15259 does not affect in vitro folding of OmpA  

To explore the effect of VUF15259 on the Bam-complex in more detail we performed an in vitro 

reconstitution of assembly of the β-barrel OmpA into proteoliposomes that contain the purified Bam-

complex using a procedure described before by van der Does et al., (2003) (Van der Does, De Keyzer, 

Van der Laan, & Driessen, 2003) and Roman-Hernandez et al., (2014) (Roman-Hernandez, Peterson, & 

Bernstein, 2014). In brief, all five bam genes were expressed in a single E. coli strain and the Bam-

complex was purified from a detergent-solubilized enriched outer membrane fraction using a C-

terminal His6-tag on BamE. Blue native PAGE and SDS-PAGE analysis showed that the purified Bam-

complex was fully assembled, containing all five Bam proteins and forming a stable complex under the 

native conditions used (Fig S2A and S2B). The purified Bam-complex was incorporated into liposomes 

using a detergent dilution strategy (Christine L. Hagan, Seokhee Kim, Hagan, Kim, Kahne, & Christine 

L. Hagan, Seokhee Kim, 2010; Roman-Hernandez et al., 2014). OmpA folds efficiently into the 

liposomes only in presence of the Bam-complex, indicated by the appearance of the 30 kDa band 

representing folded OmpA (Fig S2C). Pre-incubating the proteoliposomes with 100 µM VUF15259 did 

neither affect the insertion nor the folding of OmpA indicating that under these conditions, VUF15259 

is unable to interfere with this Bam-mediated process. 

 

VUF15259 affects the integrity of the outer membrane and induces vesicle formation 

The effect of VUF15259 on OMP biogenesis prompted us to investigate its impact on the barrier 

function of the outer membrane. We probed the permeability of the outer membrane by monitoring 

the uptake of N-phenyl-1-naphthylamine (NPN). NPN is a fluorescent dye that only fluoresces in the 

hydrophobic membrane environment. For this to occur it needs to penetrate the outer membrane. E. 

coli cells were either incubated in the presence of different concentrations of VUF15259 or only 

treated with DMSO. Subsequently, NPN was added and fluorescence was measured. Polymyxin B 

(PMB) was used as a positive control, because it binds to lipopolysaccharide and destabilizes the outer 

membrane, causing increased membrane permeability. Addition of VUF15259 resulted in an up to ~4-

fold increase in fluorescence intensity, compared to a ~6-fold increase when cells were treated with 8 

µg ml-1 PMB (Fig 8A). 

To examine the effect of VUF15259 on cell envelope morphology in more detail VUF15259- 

treated E. coli cells were analyzed using transmission electron microscopy, with either EPON 

embedding and sectioning or negative staining of intact bacteria with uranyl acetate. Compared to 

untreated cells VUF15259-treated cells showed round protrusions at the cell surface. These putative 

outer membrane vesicles (OMVs) mostly remained attached to the cell envelope forming chain-like 

structures (Fig 8B). The cell envelope also seemed to be damaged at specific sites, as indicated by an 

arrow. Combined, the data show that VUF15259 alters the hydrophobic barrier function of the outer 

membrane and increases vesicle release. 
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Discussion 
We present a robust fluorescence-based HTS assay for the screening of inhibitors of virulence factor 

secretion via the T5SS or AT pathway. Of note, the inhibitors may block specific and generic features 

and machineries that are required for the T5SS. The stress reporter assay is based on transcriptomics 

analysis that shows a strong σE cell envelope stress response when a translocation intermediate of the 

model AT Hbp is expressed that is stuck in the outer membrane and, as a consequence, partly exposed 

to the periplasm (Jong et al., 2007). In addition, the Cpx and Psp cell envelope stress responses were 

triggered. While the σE and Cpx responses partly overlap and are known to report on periplasmic 

protein accumulation, the Psp response is linked to defects in the inner membrane and the energy 

state of the cell (Darwin, 2005; Ruiz & Silhavy, 2005). At present the cues for this latter response are 

unclear. It may be related to an imbalance in periplasmic chaperones needed for clearance of for 

instance YidC, a peripheral subunit of the Sec-translocon that contacts Hbp prior to release in the 

periplasm (Jong et al., 2010). Functional depletion of YidC is known to trigger the Psp response (Wang, 

Kuhn, & Dalbey, 2010). 

Fig 8. VUF15259 compromises outer 

membrane integrity and increases vesicle 

release. 

(A) E. coli TOP10F’ cells were grown in a 96-

well plate and treated with compound 

VUF15259 and uptake of NPN was 

measured after 3 h. As a positive control, 

PMB was added and immediately 

afterwards uptake of NPN was 

determined. The fold difference in 

fluorescence is shown compared to control 

(DMSO treated) cells with the error bars 

representing the standard deviation of 

triplicate samples. (B) E. coli TOP10F’ cells 

were grown to steady-state and 

transferred to a 96-well plate for 

treatment with 100 µM VUF15259 or 

DMSO as control. After 3 h of growth cells 

were collected, washed and analyzed by 

TEM using EPON sectioning and negative 

staining (uranyl acetate). Scale bars are 

indicated in the figure. The arrow indicates 

a potential membrane disruption. 
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Screening of a fragment library resulted in the small molecule VUF15259, that was verified to 

induce cell envelope stress by impairing secretion of the ATs Hbp and Ag-43. In concept, the VUF15259 

compound could impair Hbp secretion by impeding different steps in the AT secretion pathway, as 

shown in Fig 1. First, the compound might directly inhibit Hbp folding at the surface of the cell, a 

process known to be required for efficient translocation (Soprova et al., 2010). However, this mode of 

action would be inconsistent with the observed induction of σE stress in absence of Hbp expression, 

the generic effect on outer membrane integrity and the effect on OMP assembly. Second, the 

compound could interfere with targeting of the AT to the outer membrane, for instance by acting on 

the periplasmic chaperones SurA, DegP and Skp, which are also involved in OMP biogenesis (Rollauer, 

Sooreshjani, Noinaj, Buchanan, & Buchanan, 2015). DegP and Skp appear unlikely targets because they 

are dispensable for Hbp biogenesis and secretion (Sauri et al., 2009). In addition, VUF15259 affected 

bacterial growth in a surA knockout strain, indicating that SurA is also not a direct target of VUF15259. 

Third, the compound could interfere with Bam-mediated insertion and translocation of ATs (Sauri et 

al., 2009). We think that our data are most consistent with this last scenario.  

First, VUF15259 showed an increased bactericidal effect in E. coli strains in which β-barrel 

OMP assembly was already compromised due to deletions of surA, degP or bamB. Particularly, a 

deletion of the protease DegP resulted in severe additive growth defects, most likely a result of toxic 

accumulation of misfolded OMPs in the periplasm. Second, VUF15259 impaired the levels of various 

β-barrel OMPs (OmpA, OmpC, OmpF and PhoE) that are known to require the Bam-complex for 

insertion (Selkrig, Leyton, Webb, & Lithgow, 2014). This effect can be partly explained by the σE stress 

response itself, which inhibits synthesis of OMPs through the σE regulated snRNAs MicA and RybB 

(Gogol et al., 2011). However, synthesis of PhoE is not regulated by these snRNAs. In addition, when 

the σE stress response was directly induced to the same level by over-expressing σE, OMP levels were 

only slightly decreased. In contrast, in VUF15259-treated E. coli cells OMP levels were severely 

affected, suggesting a more direct effect of VUF15259 on OMP assembly. Third, VUF15259 decreased 

the level of BamA, the β-barrel subunit of the Bam-complex. Consistently, a lower level of the fully 

assembled Bam-complex was detected. This cannot be explained by the induced σE as it rather leads 

to an upregulation of Bam expression (Bury-Moné et al., 2009). In fact, we indirectly confirmed this 

effect in our transcriptomics analysis of the consequences of periplasmic Hbp accumulation (Table 1). 

Fourth, VUF15259 was shown to alter membrane permeability, which has also been reported for E. 

coli strains with defects in the Bam-complex (Mahoney, Ricci, & Silhavy, 2016; Storek et al., 2018). 

Hence, VUF15259 may directly or indirectly affect the insertion or stability of BamA. However, even 

though BamA is essential, we only observed a modest effect on growth of compound VUF15259 in a 

wild-type E. coli strain. It should be noted that under laboratory conditions, bacteria only need very 

low levels of BamA and only prolonged depletion times show growth defects in a conditional bamA 

strain (Li et al., 2009). This could also explain why VUF15259 does not show strong bactericidal effects. 

VUF15259 did also not impair in vitro folding of the β-barrel OmpA into Bam-complex containing 

proteoliposomes. This result should be interpreted with caution though since the orientation of the 

functional Bam-complex is inverted in proteoliposomes as compared to intact bacteria. If the 

compound binds to surface exposed parts of BamA in whole bacteria, it might not reach this target in 

the lumen of proteoliposomes. Also, the use of pre-assembled Bam-complex in the proteoliposomes 

will obscure potential effects of VUF15259 on assembly of the Bam-complex. Moreover, Bam-

mediated insertion of OmpA does not require SurA, implying that this step cannot be interrogated by 

the assay performed (Kahne, 2013).  
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Interference with the essential and relatively accessible Bam-complex is currently being 

explored as an attractive antibiotic target. Two studies showed that small peptides can interfere with 

Bam functioning by competing for binding of BamA to BamD. A peptide consisting of the C-terminal 

96 amino acids of BamA that binds to BamD compromised in vitro folding of BamA in Bam-complex 

containing proteoliposomes (Hagan, Wzorek, & Kahne, 2015). Similarly, a peptide that contains the 

putative BamA-binding region of Pseudomonas aeruginosa BamD increased membrane permeability 

(Mori et al., 2012). Recently, the monoclonal antibody MAB1 was reported to bind to an extracellular 

loop of BamA affecting growth of E. coli with truncated LPS (Storek et al., 2018). In addition, MAB1 

showed upregulation of σE stress, impaired β-barrel folding activity and increased membrane 

permeability. Interestingly, the effects described are reminiscent of those induced by VUF15259 

supporting a potentially interference with Bam-complex activity.  

In addition to the effects on Hbp secretion and β-barrel OMP biogenesis the VUF15259 

compound induces the formation of membrane vesicles that stay attached to the cell envelope and 

seem to form short chains. Judged from the morphology and size, these are presumably outer 

membrane vesicles (OMVs). The increased vesiculation could be induced by σE stress, for instance 

through a reduction in the levels of the OMPs and the lipoprotein Pal that are known to be 

downregulated through snRNA (McBroom, Johnson, Vemulapalli, & Kuehn, 2006). Disruption of the 

Tol-Pal system that bridges the inner and outer membranes is known to increase OMV release (Gogol 

et al., 2011; Walburger, Lazdunski, & Corda, 2002). Also, strains that lack OmpA produce more OMVs 

(Brooke L. Deatherage, J. Cano Lara, Tessa Bergsbaken, Sara L. Rassoulian Barrett, Stephanie Lara, 

2009). Yet, it remains unclear why chains of OMVs are formed, rather than OMVs that are individually 

released. This phenotype has not been reported before to our knowledge. 

In conclusion, we report on the development of a simple and robust fluorescence-based 

reporter assay that is suitable for HTS screening of Hbp secretion inhibitors. Fragment screening 

yielded a compound (VUF15259) that inhibits secretion of ATs and interferes with β-barrel OMP 

insertion into the outer membrane. Our data are consistent with but do not prove that the compound 

affects Bam-complex functioning. Future studies will focus on identifying the target of VUF15259. 

Although the effects of VUF15259 are appealing, its potential for use in a therapeutic context is 

currently limited as the compound shows low affinity. Importantly, the validation of the assay 

presented here incites its use to screen larger compound libraries with drug-like compounds. This will 

probably lead to the identification of different classes of compounds. The assay may lead to specific 

inhibitors of AT secretion, which can function as anti-virulence drugs or more classical bactericidal 

compounds that interfere with the biogenesis of β-barrel proteins in general. 

 

Materials and methods 
 

Strains and media 

The E. coli strains that were used in this study are listed in Table S1. E. coli bacteria were grown either 

in Luria Broth medium (LB) supplemented with 0.2% glucose or in minimal M9 medium with 0.2% 

glucose and 0.2% casamino acids (Difco, Detroit, MI, USA), as indicated (Miller, 1992). For selective 

growth and transformations, chloramphenicol (30 μg/ml), streptomycin (100 μg/ml), kanamycin (50 

μg/ml) and tetracycline (6.25 μg/ml) were added to the medium, where appropriate.  
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Reagents, enzymes and sera 

Rapid DNA Dephosphorylation & Ligation Kit was from Roche Applied Science. Roche or New England 

Biolabs (NEB) provided restriction enzymes. Phusion High Fidelity DNA polymerase was obtained from 

NEB. GeneJET Plasmid Miniprep Kit was from Thermo Scientific. The pre-stained Precision Plus SDS-

PAGE protein marker was obtained from Biorad. QIAquick Gel Extraction Kit, QIAquick RNA 

Purification kit and QIAquick PCR Purification Kit were purchased from Qiagen. Sigma Aldrich provided 

all other reagents, primers and chemicals. Experiments in 96-well plates were performed in µClear 

Chimney black clear-bottom plates TC sterile from Greiner. Plates were sealed with non-sterile clear 

multi-well plate sealers from Greiner. Antisera against BamA and PspA were provided by J. 

Tommassen (Utrecht University, the Netherlands). Antisera against PhoE and DegP were from H. de 

Cock (Utrecht University, the Netherlands) and J. Beckwith (Harvard Medical School, USA) 

respectively. Antisera against the native Bam-complex, recognizing all Bam subunits was from T. den 

Blaauwen (University of Amsterdam, the Netherlands). Antisera against LepB, SecG, Hbp passenger 

domain and Hbp β-domain were from our own collection. HRP-conjugated affinity purified anti-rabbit 

IgG from Rockland was used as the secondary antibody.  

 

RNA extraction and RNA sequencing 

Wild-type Hbp and Hbp110C/348C were expressed from the pEH3 plasmid under lac promoter control 

in E. coli strain MC4100. Wild-type Hbp will be referred to as Hbp in the remainder of this work. 

Bacteria were grown overnight in M9 medium at 30 °C in triplicate. The overnight cultures were used 

to inoculate 20 ml M9 medium in 100 ml culture flasks at 30 °C to an OD660 of 0.3. Subsequently, 

protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 30 min 

and total RNA was extracted using the Qiagen RNA purification kit according to the manufacturer's 

instructions. The RNA integrity (RNA Integrity Score ≥ 8) and quantity was determined on the Agilent 

2100 Bioanalyzer (Agilent; Palo Alto, CA, USA). To deplete ribosomal RNA, Invitrogen's RiboMinusTM 

Prokaryotic kit was used according to manufacturer's instructions. Briefly, 2 µg of total RNA samples 

was hybridized with prokaryotic rRNA sequence-specific 5′-biotin labeled oligonucleotide probes to 

selectively deplete large rRNA molecules from total RNA. Then, these rRNA-hybridized, biotinylated 

probes were removed from the sample with streptavidin-coated magnetic beads. The resulting RNA 

samples were concentrated using the RiboMinusTM concentrate module according to the 

manufacturer's protocol. The final RiboMinusTM RNA samples were subjected to thermal mRNA 

fragmentation using Elute, Prime, and fragment Mix from the Illumina TruSeqTM RNA sample 

preparation kit v2 (Low-Throughput protocol). The fragmented mRNA samples were subjected to 

cDNA synthesis using the Illumina TruSeqTM RNA sample preparation kit (Low-Throughput protocol) 

according to manufacturer's protocol. Briefly, cDNA was synthesized from enriched and fragmented 

RNA using SuperScript III Reverse Transcriptase (Invitrogen) and SRA RT primer (Illumina). The cDNA 

was further converted into double stranded DNA using the reagents supplied in the kit, and the 

resulting dsDNA was used for library preparation. To this end, cDNA fragments were end-repaired and 

phosphorylated, followed by adenylation of 3′ends and adapter ligation. A number of 12 cycles of PCR 

amplification cycles were then performed, and the library was finally purified with AMPure beads 

(Beckman Coulter) as per the manufacturer’s instructions. A small aliquot (1 µl) was analyzed on the 

Invitrogen Qubit and Agilent Bioanalyzer. The bar-coded cDNA libraries were pooled together in equal 

concentrations in one pool before sequencing on Illumina HiSeq2000 using the TruSeq SR Cluster 

Generation Kit v3 and TruSeq SBS Kit v3. Data were processed with the Illumina Pipeline Software 

v1.82. 
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Sequence reads of the different conditions were mapped against the reference sequence of 

E. coli MC4100 as paired end data using SMALT (parameter:-y 0.5; -i 1000 -r 0;). With samtools, the 

output was transformed to a bam file (Li et al., 2009). We obtained the read counts for each transcript 

and condition with bedtools (parameter -D) (Anders & Huber, 2010). The read counts were used in 

DESeq to first generate a distance matrix. Next we performed a differential expression analysis, 

following the description of the DESeq paper (Anders & Huber, 2010).  

 

Plasmid construction 

Plasmids used in this study are in listed in Table S2 and primers in Table S3. To construct the pUA66 

plasmid derivatives carrying the stress promoters PrpoE and PgroES fused to mNG, the promoter 

sequences were amplified by PCR using genomic DNA of the E. coli strain MG1655 as template. The 

primers were flanked by XhoI and BamHI restriction sites. The resulting PCR fragments were cloned 

into the XhoI/BamHI sites of pUA66 (already containing gfpmut2), creating pUA66-RpoE and pUA66-

GroES in which gfpmut2 was under control of the indicated stress promoters. In order to construct 

fusions of the rpoE and groES promoter sequences to mNG, the gene encoding mNG was amplified by 

PCR using pUC57-mNG as template (kindly provided by Tanneke den Blaauwen, University of 

Amsterdam, the Netherlands). The resulting PCR product carrying flanking XbaI sites was cloned into 

pUA66-RpoE and pUA66-GroES using the XbaI/XbaI ligation site. This resulted in replacement of 

gfpmut2 by mNG, yielding plasmids pUA66-RpoE-NeonGreen and pUA66-GroES-NeonGreen. Note 

that an optimized version of mNG was constructed in which C/G nucleotides were substituted to A/T 

nucleotides in the 5’ UTR of mNG to enhance expression. To construct the pEH3 plasmid carrying the 

rpoE gene under lac promoter control the gene was amplified by PCR using genomic DNA of E. coli 

strain MG1655 as a template. The primers contained BamHI and KpnI restriction sites and the resulting 

PCR fragment was cloned into the BamHI/KpnI site of the pEH3 plasmid. The pEH3 plasmid carrying 

ag-43 under lac promoter control was constructed similar to pEH3-RpoE, but using the restriction sites 

XbaI and EcoRI. The bam genes were PCR amplified from genomic E. coli MC4100 DNA and subcloned 

into pCDF-Duet and pET-Duet. The genes bamA and bamB were cloned into multiple cloning site 2 

(MCS2), using the NdeI/BglII site, and MCS1 ,using the NcoI/HindIII site, of pCDF respectively, creating 

the pCDF-BamAB plasmid. In the pET vector bamC was cloned into MCS1 using the NcoI/HindIII site. 

In the same plasmid bamD and bamE-His6 (polycistronic) were cloned in MCS2 using the NdeI/BglII 

and BglII/XhoI sites respectively, creating the pET-BamCDE plasmid. To make plasmids that express 

ompA (22-346) and His6-tagged surA (21-408) without their signal peptides the genes were amplified 

from genomic E. coli MC4100 DNA and subcloned into pET22b using the NdeI and XhoI sites, creating 

pET22b-OmpA and pET22b-SurA-His6. The pET22b plasmid already contained a His6-tag sequence after 

the XhoI site which allowed incorporation of a His6-tag in surA at the C-terminus. The sequence of all 

plasmids was confirmed by DNA sequencing (Macrogen Europe). 

 

Growth and stress measurements in 96-well plates 

Growth and fluorescence experiments were performed in 96-well plates as follows. Bacteria were 

grown in M9 medium to mid-log phase in regular culture flasks at 37 °C. Then, the culture was diluted 

to an OD660 of 0.1 and protein expression was induced with 80 μM IPTG. After 5 min of incubation 50 

μL culture aliquots were transferred to a 96-well plate and compound or DMSO was added in 50 μL 

M9 medium. Compounds were dissolved in DMSO and 0.5% DMSO was used as final concentration in 

the bacterial cultures in the wells, unless stated otherwise. After sealing the plate, growth was 

continued at 37 °C in Thermostar (BMG Labtech) shakers at 600 RPM. Fluorescence (excitation 485 
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nm, emission 535 nm) and OD660 were measured after 3 h of incubation using the Clariostar plate 

reader (BMG Labtech). Fluorescence intensities were corrected for growth.  

For compound screening the following adjustments were implemented. Library compounds 

and the positive control VUF15259 were pre-plated into 96-well plates at a concentration of 400 µM 

in 50 µl M9 medium containing 2% DMSO. E. coli TOP10F’ bacteria harboring pEH3-Hbp were grown 

to steady-state at an OD660 of 0.1 in a culture flask. Expression of Hbp was induced with 80 µM IPTG 

and after 5 min of incubation 50 µl of bacterial culture was transferred to the 96-well plates using 

robotics and growth was continued as described above. A positive and negative control was included 

in each row of the 96-well plates, containing 1% DMSO as final concentration in the well. The positive 

control was set to reflect 100% stress induction. Compounds that induced ≥50% stress or more were 

selected as hits. Hit compounds were resynthesized to verify the structure, purity and activity. 

Compounds that affected growth resulted in negative fluorescent values compared to the negative 

control. As this screen aims to find secretion inhibitors these growth inhibiting compounds were not 

further analyzed. 

 

Antigen-43 aggregation assay 

E. coli TOP10F’ cells, carrying the pEH3-Ag-43 or empty pEH3 plasmid as control, were grown in a 96-

well plate with 10 wells per condition. Ag-43 protein expression was subsequently induced with 40 

µM IPTG for 3 h at 37 °C in the Thermostar shaker at 600 RPM. To analyze cell aggregation the cultures 

in the wells of each condition were combined, adjusted to an OD660 of 0.8 and left to stand at 4 °C in 

a 1 ml cuvette. Cell aggregation was monitored by measuring the OD660 of the upper part of the cuvette 

of each condition at 30 min intervals.  

 

Cell envelope protein analysis 

E. coli TOP10F’ cells, harboring the pEH3-PhoE plasmid, were grown in LB medium at 37 °C to mid-log 

phase and diluted to an OD660 of 0.05 in 5 ml LB medium in a round bottom tube. Expression of PhoE 

from the pEH3 vector was induced with 40 µM IPTG. Subsequently, cells were exposed to 100 µM 

compound VUF15259 or DMSO as a control and incubated at 37 °C with shaking for 2.5 h. Next, cells 

were centrifuged at 5,000 xg for 10 min and taken up in ice-cold resuspension buffer (10 mM Tris-HCl, 

3 mM EDTA, pH 8.0). EDTA-free Protease Inhibitor Cocktail (cOmpleteTM, Roche) was added and the 

cells were lysed by tip sonication on ice. Unbroken cells were pelleted by centrifugation at 5,000 xg at 

4 °C for 10 min. The supernatant was used to isolate the cell envelopes by ultra-centrifugation at 

200,000 xg at 4 °C for 60 min. The collected cell envelopes were resuspended in solubilisation buffer, 

containing 50 mM Tris-HCl, 150 mM NaCl, pH 8.0 (TBS) with 1% (w/v) n-Dodecyl-β-D-Maltoside 

(Anatrace), followed by overnight incubation at 4 °C. The solubilized cell envelopes were analyzed by 

11% semi-native PAGE (Noinaj & , Adam J. Kuszak, 2015) or 11% SDS-PAGE, Coomassie staining and 

Western blotting. Quantification of protein bands was performed in ImageJ. Blue native PAGE analysis 

was performed according to the manufacturer’s instructions (Thermo Scientific).  

 

Electron microscopy 

E. coli TOP10F’ cells were grown to steady state exponential phase. The bacteria were transferred to 

a 96-well plate with a start OD660 of 0.025 in 100 µL. Next, compound VUF15259 was added to a 

concentration of 50 µM, 100 µM and 200 µM. As controls non-treated cells and cells incubated with 

DMSO were used. For each condition 6 wells were used. After sealing the plate the bacteria were 

grown in the Synergy H1 plate reader (Biotek) at 37 °C with 2 mm linear shaking for 3 h. Subsequently, 
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the cells of each condition were collected and pelleted at 5,000 xg for 10 min. Cells were washed in 

phosphate buffered saline (PBS) and finally resuspended in 1 ml 4% paraformaldehyde and 0.5% 

glutaraldehyde (EM grade) for 2 h at room temperature and post-fixed with 1% OsO4. Subsequently, 

the samples were dehydrated in an alcohol series and embedded in Epon (LX‐112 resin Ladd research, 

Williston, VT, USA). Ultrathin (80 nm) epon sections were collected on Formvar‐coated grids and 

counterstained with uranyl acetate and lead citrate. In addition, intact aldehyde fixed cells were 

negatively stained with uranyl acetate and collected on Formvar‐coated grids. Grids were examined 

using a FEI Tecnai-12 G2 Spirit Biotwin electron microscope (Fei, Eindhoven, the Netherlands).  

 

NPN uptake assay 

Outer membrane permeability was determined by measuring the uptake of NPN. NPN was dissolved 

in acetone to a concentration of 500 µM. E. coli TOP10F’ cells were grown in 96-well plates and 

incubated with two-fold increasing concentrations of VUF15259 for 3 h followed by addition 20 μM 

NPN. Directly after adding NPN, fluorescence (excitation 350 nm, emission 420 nm) was measured 

every min for 10 min in the Synergy H1 plate reader. In a separate well, after 3 h of growth, 10 µg ml-

1 PMB was added as a positive control and fluorescence was measured directly after exposing the cells 

to PMB.  

 

Synthesis of compounds 

THF, DCM and diethylether were dried using a PureSolv Micro Multi Unit solvent purification system 

from Inert. 2-Bromo-1-(3,4-dichlorophenyl)ethan-1-one was from Fluorochem. 2-Bromo-1-(3,4-

difluorophenyl)ethan-1-one was from Apollo. 2-Bromo-1-(3,4-dimethylphenyl)ethan-1-one, 2-bromo-

1-(4-methylphenyl)ethan-1-one and 2-bromo-1-(4-fluorophenyl)ethan-1-one were from Combi 

Blocks. 1-([1,1'-Biphenyl]-4-yl)-2-bromoethan-1-one and 2-bromo-1-(naphthalen-2-yl)ethan-1-one 

were from Acros. VUF16749 was obtained from our in-house library. All other solvents and chemicals 

were acquired from Sigma-Aldrich and were used as received. ChemBioDraw Ultra 16 was used to 

generate systematic names for all molecules. All reactions were performed under a nitrogen 

atmosphere. TLC analyzes were carried out with alumina silica plates (Merck F254) using staining 

and/or UV visualization. Column purifications were performed manually using Silicycle Ultra Pure silica 

gel or automatically using Biotage equipment. The NMR spectra (1H, 13C and 2D) were recorded on a 

Bruker 300 (300 MHz), Bruker 400 (400 MHz) or a Bruker 500 (500 MHz) spectrometer. Chemical shifts 

are reported in ppm (δ) and the residual solvent was used as internal standard. A Bruker microTOF 

mass spectrometer using ESI in positive ion mode was used to record HRMS spectra. Elemental 

Analyzes were carried out by Mikroanalytisches Labor Pascher (Germany). A Shimadzu LC-20AD liquid 

chromatograph pump system linked to a Shimadzu SPD-M20A diode array detector with MS detection 

using a Shimadzu LC-MS-2010EV mass spectrometer was used to perform LC-MS analyzes. An Xbridge 

(C18) 5 µm column (50 mm, 4.6 mm) was used. The solvents that were used were the following: 

solvent B (acetonitrile with 0.1% formic acid) and solvent A (water with 0.1% formic acid), flow rate of 

1.0 ml/min, start 5% B, linear gradient to 90% B in 4.5 min, then 1.5 min at 90% B, then linear gradient 

to 5% B in 0.5 min, then 1.5 min at 5% B; total run time of 8 min. All compounds have a purity of ≥95% 

(unless specified otherwise), calculated as the percentage peak area of the analyzed compound by UV 

detection at 230 nm. A schematic depiction of the synthesis route for VUF15259 (Fig S3) and spectral 

data for VUF15259 (Figs S4-S10) can be found in the supplementary information. 

Tert-butyl (1-(2-(3,4-dichlorophenyl)-2-oxoethyl)piperidin-4-yl)carbamate (4, VUF15343). 2-

Bromo-1-(3,4-dichlorophenyl)ethan-1-one 2 (1.30 g, 4.85 mmol) and 4-(Boc-amino)piperidine 3 (2.275 
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g, 11.36 mmol) were dissolved in DCM (70 ml). Et3N (1.35 ml, 9.70 mmol) was added and the mixture 

was stirred at room temperature for 2 h. The reaction mixture was concentrated in vacuo. Column 

chromatography (EtOAc/heptane 0/100 to 40/60) afforded the product as a yellow solid (1.55 g, 82 

%).1H NMR (CDCl3, 300 MHz) 8.09 (d, 1H, J=1.9 Hz), 7.82 (dd, 1H, J=8.3, 1.9 Hz), 7.55 (d, 1H, J=8.3 Hz), 

4.53-4.44 (br, 1H), 3.87 (s, 2H), 3.64-3.46 (m, 1H), 3.08-2.95 (m, 2H), 2.58-2.40 (m, 2H), 2.04-1.94 (m, 

2H), 1.77-1.50 (m, 2H), 1.44 (s, 9H). LC-MS: tR = 3.5 min, UV purity (251 nm): > 98 %, MS [M+1]+ 387.1. 

Rac-tert-butyl (1-(2-(3,4-dichlorophenyl)-2-hydroxyethyl)piperidin-4-yl)carbamate (5, VUF15345). 

Ketone 4 (1.55 g, 4.00 mmol) was dissolved in DCM (110 ml). NaBH4 (554 mg, 14.65 mmol) was added 

and the mixture was stirred for 2 h at room temperature. MeOH (5 ml) was added dropwise (caution: 

gas evolution). DCM (50 ml) was added and the mixture was washed with water (50 ml). The organic 

layer was dried over Na2SO4, filtered and concentrated in vacuo. This afforded the product as an off-

white solid (1.40 g, 90 %). 1H NMR (CDCl3, 300 MHz) 7.48 (d, 1H, J=2.0 Hz), 7.40 (d, 1H, J=8.2 Hz), 7.18 

(dd, 1H, J=8.2, 2.0 Hz), 4.75 (app br d, 1H, J=10.6 Hz), 4.54-4.42 (m, 1H), 3.61-3.44 (m, 1H), 3.20-3.08 

(m, 1H), 2.94-2.79 (m, 1H), 2.62-2.38 (m, 3H), 2.33-2.19 (m, 1H), 2.09-1.92 (m, 3H), 1.67-1.49 (m, 2H), 

1.44 (s, 9H). LC-MS: tR = 3.5 min, UV purity (210 nm, low epsilon): > 95 %, MS [M+1]+ 389.1. Rac-2-(4-

aminopiperidin-1-yl)-1-(3,4-dichlorophenyl)ethan-1-ol hydrochloride hydrate (1, VUF15259). Boc-

protected amine 5 (1.40 g, 3.60 mmol) was stirred at room temperature in 2.0 M HCl in dioxane (72 

ml). A white precipitate formed. After 1 h, the mixture was evaporated in vacuo to give an off-white 

solid. The precipitate was dissolved in hot EtOH (35 ml). Cooling, filtering and washing delivered the 

product (0.64 g, 48 %) as a white solid. 1H NMR: analysis shows multiple double sets of peaks, which 

may be attributed to slowly interconverting conformers. Extensive 2D NMR analysis shows 

connectivity that supports this theory. Where a signal identity can be reasonably attributed to 

overlapping peaks resulting from this phenomenon the peak is designated as a 'm op' (='multiplet as 

a result of overlapping peaks'). Recording in DMSO-d6 at elevated temperatures mostly leads to 

coalescence of peaks (Fig S11). 1H NMR (DMSO-d6, 500 MHz) 10.52 (br, 1H), 8.63-8.47 (m op, 3H), 7.73-

7.65 (m op, 2H), 7.48-7.39 (m op, 1H), 6.55-6.46 (m op, 1H), 5.28-5.17 (m op, 1H), 3.75-3.54 (m op, 

2H), 3.52-3.03 (m, 5H + water), 2.22-1.92 (m, 4H). 13C NMR analysis shows multiple sets of peaks (one 

with large signals and one with small signals), which may be attributed to slowly interconverting 

conformers. Only the major peaks are listed. 13C NMR (DMSO-d6, 125 MHz) 143.5, 131.5, 131.1, 130.6, 

128.5, 126.8, 66.3, 62.2, 51.7, 50.3, 45.6, 27.4, 27.3. Elem Anal calc. for C13H18Cl2N2O.1.8HCl.1.0H2O: C 

41.88 %, H 5.89 %, N 7.51 %, Cl 36.13 %.; found: C 42.01 %, H 5.75 %, N 7.54 %, Cl 36.1 %. LC-MS: tR = 

2.1 min, UV purity (230 nm, low epsilon): > 98 % excl. solvent front, MS purity (TIC): > 95 %. HR-MS 

calc. for C13H19Cl2N2O+: 289.0869, found: 289.0864. 
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Fig S1. VUF15259 does affect T5SS in Salmonella, but not T3SS.  

(A) S. typhimurium T3SS-dependent secretion was monitored by using a C-terminal NanoLuc (NL) 

luciferase (Hall et al., 2012) fusion of the T3SS effector protein SipA. S. typhimurium cells were grown 

in a 384-well plate in the presence of different concentrations of VUF15259. After 5 h, cells were 

removed by washing the wells, leaving the secreted SipA-NL bound to the walls of the high protein-

binding plate to allow luminescence detection. The solvent DMSO served as positive control (the 

average set to 100% secretion activity) and a S. typhimurium ∆invA mutant, which is deficient in T3SS-

dependent secretion, served as negative control (set to 0% secretion activity). Error bars represent 

the standard deviation of triplicate samples. (B) S. typhimurium T5SS-dependent secretion was 

monitored upon growth in a 96-well plate and incubation with the indicated VUF15259 

concentrations. Hbp was expressed from the pEH3 plasmid by adding 40 µM IPTG. After 3 h cells were 

separated from spent medium by centrifugation. The spent medium was TCA precipitated and 

analyzed by SDS-PAGE and Coomassie staining. Secretion of Hbp appeared impaired by VUF15259 as 

indicated by a dose-dependent decrease in the amount of secreted Hbp passenger. (C) Cells were 

analyzed by SDS-PAGE and western blotting. In agreement with the inhibitory effect of VUF15259 on 

Hbp secretion we observed a dose-dependent decrease in mature Hbp passenger and corresponding 

β-barrel domain. Accumulation of pro-Hbp was not detected, most likely due to degradation by the 

protease DegP that appeared upregulated.  
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Fig S2. VUF15259 does not affect OmpA insertion and folding into proteoliposomes.  

E. coli BL21 (DE3) strain harboring expression plasmids for all Bam subunits were grown, induced with 

0.4 mM IPTG at mid log phase and growth was continued for 2 h. Cells were separated from medium 

by centrifugation and an enriched outer membrane fraction was isolated. The Bam-complex was 

purified from this fraction using Ni-NTA resin making use of a His6-tag fused to BamE. Elution fractions 

were pooled and analyzed by (A) 15% SDS-PAGE and Coomassie staining, and (B) 3-12% Blue-native 

PAGE. Of note, BamA degradation products were observed between 50 and 75 kDa. The native Bam-

complex was detected between 480 and 242 kDa as reported (Roman-Hernandez, Peterson, & 

Bernstein, 2014). (C) The Bam-complex was incorporated into liposomes and the resulting 

proteoliposomes were used to monitor insertion and folding of OmpA. OmpA was cloned and 

expressed without its ss from the pET22b plasmid resulting in inclusion bodies that were isolated and 

dissolved in 8 M urea to completely denature OmpA. SurA was expressed from the pET22b plasmid 

and purified using a C-terminal His6-tag. Urea-denatured OmpA was pre-incubated with SurA for 20 

min following a 2 h incubation at 30 °C in the presence of empty liposomes or proteoliposomes that 

were pre-incubated with VUF15259 or DMSO. The samples were analyzed by semi-native SDS-PAGE. 

To examine folding of OmpA the heat-modifiability of OmpA was tested by incubating the samples 

either at room temperature (RT) or at 95 °C for 10 min. BamE is not visible on this gel, due to the low 

molecular mass of the protein.   
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Fig S3. Synthetic approach to key compound VUF15259. 

Detailed procedures are described in the materials and methods section.  

 

 

 
Fig S4. 1H NMR spectrum of 1 (VUF15259) in DMSO-d6. 
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Fig S5. 13C NMR spectrum of 1 (VUF15259) in DMSO-d6. 

The inset shows a blow-up of the 28.0-26.8 region to highlight two almost overlapping signals. 

 

 
 

Fig S6. COSY spectrum of 1 (VUF15259) in DMSO-d6. 
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Fig S7. HSQC spectrum of 1 (VUF15259) in DMSO-d6. 

 

 
 

Fig S8. HRMS spectrum of 1 (VUF15259). 
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Fig S9. LC-MS analysis of 1 (VUF15259). 

(A) UV detection at 230 nm. A relatively high solvent front due to the very low epsilon value of 

compound 1 is visible and cannot be avoided. (B) TIC MS detection. (C) ESI-MS spectrum of main eluted 

peak. 
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Fig S10. Effect of temperature on the 1H-NMR spectrum of 1 (VUF15259) in DMSO-d6. 

(A) Room temperature. (B) 100 °C. Note: these spectra were recorded on a different batch of the 

compound than the batch shown in all the other spectral figures. 
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Table S1. Strains used in this study. 

E. coli strain Description Reference 

MC1061 Cloning and expression strain Thermo Scientific 

MC1061 degP::S210A Mutation rendering DegP defective 

in its protease function 

(Spiess, Beil, & Ehrmann, 1999) 

TOP10F’ Cloning and expression strain Thermo Scientific 

MC4100 Cloning and expression strain (Taschner, Huls, Pas, & 

Woldringh, 1988) 

MC4100 ∆surA Deletion of the chaperone surA (Baba et al., 2006) 

MC4100 ∆bamB Deletion of the protein bamB (Baba et al., 2006) 

MC4100 ∆surA/∆bamB Deletion of the chaperone surA and 

protein bamB 

(Baba et al., 2006) 

KS272 Parent strain KS474 (Strauch & Beckwith, 1988) 

KS474 ∆degP Deletion of the protease degP (Strauch & Beckwith, 1988) 

BL21 (DE3) Cloning and expression strain Novagen 

 

Table S2. Plasmids used in this study. 

Plasmid name Description Reference 

pEH3 Expression vector; lacUV5 promoter (Hashemzadeh‐Bonehi et al., 

1998) 

pEH3-Hbp Plac-hbp  (Jong et al., 2007) 

pEH3-Hbp110C/348C Plac-hbp110C/348C (Jong et al., 2007) 

pEH3-ssTorA-Hbp Plac-hbp with torA signal sequence (Jong et al., 2017) 

pEH3-PhoE Plac-phoE (Jong et al., 2010) 

pEH3-Antigen-43 Plac-antigen-43 This study 

pEH3-RpoE Plac-rpoE This study 

pUA66 Cloning vector containing gfpmut2 (Zaslaver et al., 2006) 

pUA66-RpoE-

NeonGreen 

PrpoE-neongreen This study 

pUA66-GroES-

NeonGreen 

PgroES-neongreen This study 

pET-BamCDE-His6 Expression vector for bamC, bamD 

and bamE under PT7 

This study 

pCDF-BamAB Expression vector for bamA and 

bamB under PT7 

This study 

pET22b-SurA PT7-surA-His6 (21-408) This study 

pET22b-OmpA PT7-ompA (22-346) This study 

pLEMO Expression of T7 lysozyme under PRha  (Schlegel et al., 2013) 
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Table S3. Primers used in this study.  

Primer† Sequence (5’ → 3’)‡ 

mNeonGreen fw optimized gacttctagatttaagaaggagatatacatatggtaagtaaaggtgaag 

mNeonGreen rv tcagctctagagcttgcatgcctgcaggtctggacatttagaattccttgtacagctc 

PrpoE fw tcgactcgagcagcatgacaaacaaaaac 

PrpoE rv tgcaggatccttagctgcaatttgagcaagc 

PgroES fw tcgactcgagctgatcagaattttttttctttttc 

PgroES rv tgcaggatcctacgtggtttcccggctgg 

rpoE fw actgggatccatgagcgagcagttaacgg 

rpoE rv atcgggtacctcaacgcctgataagcgg 

antigen-43 fw taactttctagattacaaaacttaggagggtttttaccatgaaacgacatctgaatacc 

antigen-43 rv gactgaattcggatcctcagaaggtcacattcagtgtg 

bamA FW atatcatatggcgatgaaaaagttgc 

bamA RV atatagatctttaccaggttttaccgatgttaaac 

bamB FW atatccatgggattgcgtaaattactgctgc 

bamB RV atataagcttttaacgtgtaatagagtacacggttcc 

bamC FW atatccatggcttactctgttcaaaagtc 

bamC RV atataagcttttacttgctaaacgcagc 

bamD FW atatcatatgacgcgcatgaaatatctg 

bamD RV atatagatctttatgtattgctgctgtttgc 

bamE FW atatagatcttataagaaggagatactagtatgcgctgtaaaacgctg 

bamE-His6 RV atatctcgagttagtgatgatgatgatgatgatgatggttaccactcagcgcagg 

surA FW tcgacatatgccccaggtagtcgataaagtcg 

surA RV atatctcgaggttgctcaggattttaacgtagg 

ompA FW tcgacatatggactacaaagacgatgacgacaaggctccgaaagataacacctg 

ompA RV tcgactcgagttaagcctgcggctgag 
†FW: forward; RV: reverse 
‡Restriction sites used for cloning are underlined and C/G to A/T substitution are depicted in red  
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Abstract 
The structural integrity of the Gram-negative cell envelope is guarded by several stress responses, 

such as the σE, Cpx and Rcs systems. Here, we report on assays that monitor these responses in E. coli 

upon addition of antibacterial compounds. Interestingly, compromised peptidoglycan synthesis, outer 

membrane biogenesis and LPS integrity predominantly activated the Rcs response, which we 

developed into a robust HTS assay that is suited for phenotypic compound screening. Furthermore, 

by interrogating all three cell envelope stress reporters - and a reporter for the cytosolic heat-shock 

response as control - we found that inhibitors of specific envelope targets induce stress reporter 

profiles that are distinct in quality, amplitude and kinetics. Finally, we show that by using a host strain 

with a more permeable outer membrane large-scaffold antibiotics can also be identified by the 

reporter assays. Together, the data suggest that stress profiling is a useful first filter for HTS aimed at 

inhibitors of cell envelope processes. 

 

Introduction 
Gram-negative bacteria are particularly refractory to the development of antibiotics as they have a 

complex, rather impermeable cell envelope that consists of two membranes: the cytosolic or inner 

membrane (IM) and the outer membrane (OM) separated by the aqueous periplasm. The periplasm 

harbors a thin mesh-like peptidoglycan (PG) layer that is connected to the OM to provide shape and 

protection against osmotic stress. The OM is an asymmetric bilayer composed of phospholipids in the 

inner leaflet and lipopolysaccharides (LPS) in the outer leaflet. The OM also contains outer membrane 

proteins (OMPs) that mostly comprise a β-barrel structure. The channels within the porins, which are 

an abundant class of OMPs, allow for the passage of smaller nutrients and waste products (<600 Da). 

However, the OM serves as a major barrier for larger molecules, including large-scaffold antibiotics 

that are effective against Gram-positive bacteria, such as vancomycin1. In addition, the dense and 

charged polysaccharide layer formed by the surface exposed LPS molecules provides a physical barrier 

to smaller hydrophobic antibacterial compounds. Even when antibiotics do pass the cell envelope they 

may be subject to drug efflux pumps that transport antibiotics out of the cell2. Combined, these 

characteristics contribute to the challenge of finding and developing novel antibiotics against Gram-

negative bacteria. Specifically, target based screening approaches have met with limited success as 

targets are often intracellular and many hits were shown unable to reach their target in vivo3. 

On the other hand, the intricate and unique architecture of the cell envelope makes it an 

attractive target for antibiotics. In addition to assembly of the PG-layer, target of many established 

antibiotics, other underexplored processes in the cell envelope are essential for survival including the 

biogenesis of lipoproteins, OMPs and the LPS layer. Inhibitors of these processes may be useful as 

stand-alone antibacterials, but even if they have limited activity as such, they may disrupt the integrity 

of the OM sufficiently to allow the passage of larger and relatively hydrophobic antibiotics.  
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Bacteria have evolved elaborate extracellular stress response systems to detect and respond 

to changing environmental conditions that compromise the cell envelope7. The best characterized 

stress systems are the σE and Cpx response8, which have different activating cues, but partially 

overlapping regulons7. Stress factors that compromise the cell envelope and interfere with OMP 

folding activate the σE stress system. Cpx responds to a variety of other signals, including misfolded 

periplasmic proteins, changes in lipid composition of the IM and OM, and metabolic changes8. The σE 

response is mediated by transcriptional regulation of target genes through the sigma factor σE. Cpx is 

composed of a two-component system CpxAR in which CpxA functions as histidine kinase sensor in 

the IM and CpxR as response regulator of the transcription of target genes.  

Similar to Cpx the recently identified Rcs (Regulation of Capsular polysaccharide Synthesis) 

response is built around a two-component system but with a more intricate regulatory mechanism. It 

is activated by perturbation of PG assembly, defective lipoprotein biogenesis and trafficking, impaired 

functioning of the β-barrel assembly (BAM) complex and changes in LPS charge distribution9. Although 

the underlying molecular mechanism is not yet fully elucidated, many inducing cues are signaled 

through the sensor protein RcsF, which is a surface-exposed OM lipoprotein (Fig. 1). Under normal 

conditions RcsF is transported to the OM where it is threaded through the β-barrel of the abundant 

OMPs OmpF and OmpC by the BAM-complex during insertion into the OM10,11. The RcsF lipid moiety 

remains anchored to the inner leaflet of the OM but its main protein domain is cell-surface exposed 

and can directly sense changes in the LPS structure. Under stress conditions that affect its trafficking 

to the OM, RcsF engages the IM protein IgaA. This interaction relieves the IgaA-mediated inhibition of 

the RcsC sensor kinase, resulting in the sequential phosphorylation RcsC and RcsD in the IM. 

Subsequently, the response regulator RcsB in the cytosol is phosphorylated to act as transcription 

regulator of the Rcs regulon as a RcsB homodimer or as a heterodimer with RcsA. Effects of the Rcs 

stress response include increased capsule production, biofilm formation and decreased motility.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1. Overview of the Rcs 

cell envelope stress response.  

Please see the text for detailed 

information on the Rcs signal 

transduction cascade. 
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Considering the stressors of the σE, Rcs and Cpx systems we reasoned that monitoring these 

responses in E. coli cells may help to identify novel agents that affect diverse aspects of cell envelope 

biogenesis and integrity. Recently, we described fluorescence-based high-throughput screening (HTS) 

assays that report on σE cell envelope stress and cytosolic heat-shock stress as a control12. In the 

current study, we developed similar assays that signal activation of the Rcs and Cpx responses. We 

demonstrate that perturbations of specific cell envelope processes produce unique σE, Rcs Cpx and 

heat-shock reporter profiles that can be exploited for drug screening purposes. In particular, we show 

induction of the Rcs reporter by compounds that target PG biosynthesis, lipoprotein maturation, BAM 

complex activity or LPS integrity. Importantly, by comparing the amplitude and kinetics of distinct 

reporter outputs in response to the stressors tested, we demonstrate that individual antibacterial 

compounds produce unique reporter profiles that could be relevant for target validation. Finally, we 

show that the use of the reporter assays in strains with a more permeable OM may allow the 

identification of large-scaffold antibiotics that normally do not cross the OM. 

 

Materials and methods 
 

Strains and media 

The bacterial strains and plasmids that were used in this study are listed in Table S1 and S2, 

respectively. E. coli bacteria were grown in M9 minimal medium supplemented with 0.2% glucose and 

0.2% casamino acids (Difco). For selective growth chloramphenicol (30 μg/ml), kanamycin (50 μg/ml) 

and ampicillin (100 μg/ml) were added to the medium, where appropriate. 

 

Materials, reagents and enzymes 

Rapid DNA Dephosphorylation & Ligation Kit was purchased from Roche Applied Science. Restriction 

enzymes were from New England Biolabs (NEB). Phusion High Fidelity DNA polymerase was from NEB 

and GeneJET Plasmid Miniprep Kit was from Thermo Fisher Scientific. QIAquick Gel Extraction Kit and 

QIAquick PCR Purification Kit were from Qiagen. The 96-well µClear Chimney black clear-bottom TC 

sterile plates were from Greiner Bio-One. All other reagents, primers and chemicals were supplied by 

Sigma-Aldrich.  

 

Plasmid construction 

To construct pUA66 with the stress promoters PrprA and PcpxP fused to the gene encoding 

mneongreen (mNG)13, the promoter region of rprA and cpxP were amplified by PCR using pUC66-RprA-

GFPmut (kindly provided by Tanneke den Blaauwen) and genomic DNA of the E. coli strain MG1655 as 

template, respectively (rprA; FW: TCGACTCGAGAATTGATATTTGCTTGCTCTTCC, RV: 

GCAGGATCCGAGC-TAATAGTAGGCATACGGAC, cpxP; FW: CTCGAGAGACGTCGCTAATCCATGAC, RV: 

CGTTGAATCGCGACAGAAAGAGGATCCT). The primers were flanked by XhoI and BamHI restriction sites 

and the resulting PCR fragments were cloned into the XhoI/BamHI cut pUA66 already containing mNG, 

creating pUA66-PrprA-mNG and pUA66-PcpxP-mNG. The sequences of the plasmids were confirmed 

by automated DNA sequencing (Macrogen Europe).  

 

DjlA and Hbp expression 

For expression of DjlA E. coli TOP10F’ cells, harboring pBAD22-DjlA and the compatible pUA66-PrprA-

mNG, were grown in M9 at 37 °C in regular culture flasks to an OD600 of 0.5. The culture was then 

diluted to an OD600 of 0.1 and 50 µl aliquots were transferred to a 96-well plate that already contained 
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50 µl M9 and protein expression was induced with 1, 4 and 16 µM L-rhamnose (final concentration). 

Growth was continued at 37 °C in the Synergy H1 plate reader with 3 mm continuous linear shaking. 

The OD600 and fluorescence (485/535 nm) was measured every 15 min for 2 h. 

Wild-type Hbp and Hbp110C/348C were expressed from pEH3 in E. coli TOP10F’ and stress 

was measured in the same cells with the compatible pUA66-PcpxP-mNG. Cells were grown and 

analyzed using the same growth regime as described previously for DjlA, except that 40 µM IPTG (final 

concentration) was used to induce protein expression instead of L-rhamnose.  

 

Susceptibility to antibiotics and stress activation 

After overnight growth the bacterial cells were diluted in M9 in regular culture flasks and grown at 37 

°C to mid-log phase. Then, the culture was diluted to an optical density (OD) at 600 nm of 0.1 and 50 

µl culture aliquots were transferred to the wells of a black clear-bottom 96-well plate already 

containing 50 µl M9 with a two-fold increasing concentration of an antibacterial agent. As a control 

50 µl sterile M9 or 50 µl M9 with DMSO (0.5% as final concentration) was used (depending on the 

antibacterial agent, see Table 1). After sealing the plate growth was continued in the Synergy H1 or 

Synergy HTX plate reader (Biotek) at 37 °C with 3 mm continuous linear shaking. Growth was 

determined by measuring the OD600 and expression of mNG by measuring the corresponding 

fluorescence (excitation 485 nm and emission 535 nm) every 15 min. The Z’ factor of the Rcs reporter 

assay was determined using an interleaved-signal model14, using the following formula: 

 

Z’ = 1 − (
3𝜎𝑛𝑒𝑔+ 3𝜎𝑝𝑜𝑠

𝜇𝑝𝑜𝑠− 𝜇𝑛𝑒𝑔
)          (1) 

 

where 𝜎𝑛𝑒𝑔 and 𝜎𝑝𝑜𝑠 are defined as the calculated standard deviations of the OD600 corrected 

fluorescence values of the negative and positive controls within a plate, and 𝜇𝑛𝑒𝑔and  𝜇𝑝𝑜𝑠 are the 

plate-averaged OD600 corrected fluorescence values of the negative and positive control, respectively. 

 

Results 
 

Development of Rcs and Cpx stress reporter assays 

We have shown previously that the σE and heat-shock stress responses in E. coli cells can be monitored 

by placing the gene encoding the green-fluorescent protein mNeonGreen (mNG) in pUA66 under 

control of the stress-regulated rpoE or groES promoter, respectively12. To monitor Rcs and Cpx stress 

in E. coli we used the same strategy and placed the mNG-encoding gene under control of the rprA or 

cpxP promoter, respectively.  

RprA is a small regulatory RNA that controls expression of the stationary phase σ factor rpoS 

and is regulated by the homodimeric form of phosphorylated RcsB (Fig. 1)9. To determine whether 

induction of the Rcs stress response can be reliably monitored using the PrprA-mNG reporter 

construct, we examined its response to overexpression of DjlA, an IM protein with a C-terminal DnaJ-

like domain15. Overexpression of DjlA induces Rcs stress in an RcsF independent manner, possibly 

through a direct effect on IgaA or the phosphorelay system in the OM16. To test this, pBAD22-DjlA was 

introduced in E. coli cells together with the PrprA-mNG reporter construct, and expression of DjlA was 

induced with L-arabinose. As shown in Fig. 2A the mNG fluorescence signal increased upon induction 

of DjlA expression in a dose-dependent manner, suggesting that the PrprA-mNG construct can be used 

to monitor Rcs stress activation.  
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To monitor Cpx stress, the promotor of cpxP that encodes a repressor of the Cpx regulon was 

coupled to the mNG encoding gene. To test the resulting PcpxP-mNG reporter construct it was 

transformed into E. coli cells together with pEH3-Hbp110C/348C that encodes a translocation 

incompetent derivative of the autotransporter haemoglobin protease (Hbp)17. We have shown 

previously that Hbp110C/348C accumulates in the periplasm inducing Cpx stress response12,17. Indeed, 

as shown in Fig. 2B, expression of Hbp110C/348C increased fluorescence by ~2.5 fold compared to 

cells expressing wild-type Hbp, indicating that this reporter construct can be used to detect Cpx 

activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compromised LPS integrity induces Rcs and Cpx stress reporters 

To examine how E. coli cells respond to antibacterial agents with known targets in the cell envelope 

and cytosol we monitored activation of the Rcs, σE and Cpx stress responses using the PrprA-mNG, 

PrpoE-mNG, and PcpxP-mNG reporters, respectively. To obtain insight in the specificity of the 

reactions to different cues we also monitored induction of the cytosolic heat-shock stress response 

using a PgroES-mNG reporter construct12. E. coli cells harboring the reporter constructs were grown 

in 96-well plates containing a two-fold increasing concentration of the antibacterial agents that are 

listed in Table 1. After addition of agents, fluorescence and optical density at 600 nm (OD600) were 

determined to monitor stress and growth in real time. The induction of stress at 0.5xMIC (half of the 

Figure 2. Activation of the Rcs and Cpx reporter 

assay using known stressors.  

(A) E. coli TOP10F’ cells were grown in a 96-well 

plate and DjlA was expressed from pBAD22 using 

different concentrations of L-arabinose for 

induction, as indicated. The Rcs response was 

determined using the compatible PrprA-mNG 

reporter construct in the same cells. mNG 

fluorescence was measured after 2h, corrected for 

growth (OD600) and plotted as fold-change of signal 

compared to untreated cells (set to 1). (B) E. coli 

TOP10F’ cells, either containing pEH3-Hbp or pEH3-

Hbp110C/348C, were grown in a 96-well plate and 

protein expression was induced with 40 µM IPTG. 

The Cpx response was determined using the 

compatible PcpxP-mNG reporter construct in the 

same cells. After 2 h, mNG fluorescence was 

measured, corrected for growth (OD600) and 

plotted as fold-change of signal compared to cells 

expressing Hbp-WT (set to 1). Error bars represent 

the standard deviation of duplicate samples. The 

figure shows a representative example of three 

independent experiments. 
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minimal inhibitory concentration, see Table 1), a concentration that causes slight growth defects and 

stress without killing the cells, is summarized in Table 1 and is displayed in OD corrected fluorescence 

units in Fig. 3 and S1.  

 

 

 
 

Figure 3. Real-time monitoring of Rcs stress activation in response to selected agents.  

The graph displays the kinetics of the Rcs response upon addition of the antibacterial agents that are 

listed in Table 1. E. coli TOP10F’ cells, harboring the PrprA-mNG reporter construct, were grown in a 

96-well plate and exposed to 0.5xMIC of the indicated agents. mNG fluorescence was measured in 

time, corrected for growth (OD600) and plotted as fold-change of signal compared to untreated cells 

(set to 1, dashed line), with agents that show (A) a fast response and (B) a slow response, as indicated. 

Error bars represent the standard deviation of duplicate samples. The figure shows a representative 

example of three independent experiments. 
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Table 1. Stress response activation by the listed antibacterial agents and their mechanism of 

action. 

   stress reportersa 

antibacterialsa concen-
tratio 

mechanism of action Rcs σE Cpx GroES 

ampicillin 80 µM 

C
EL

L 
EN

V
EL

O
P

E 

inhibit PG synthesis +23 - - - 

mecillinam 3 µM +23 - - - 

SDS n.a. solubilizes lipid bilayer -19 - - - 

triclosan n.a. inhibits fatty acid 
biogenesis 

- - - - 

EDTA 40 µM affects LPS integrity -19 - +42 - 

PMB 0.6 µM affect LPS integrity/ 
membrane 
destabilization 

+18,19 - - - 

PMBN 26 µM +19 + + - 

LL-37 10 µM +19 - + - 

CATH-2 1.2 µM + - - - 

PMAP-36 1.2 µM + - + - 

VUF1525912 100 µM inhibits BAM complex + +12 - - 

globomycin 38 µM inhibits lipoprotein 
maturation 

+18,25 - +26 - 

nitrofurantoin 0.6 µM 

C
YT

O
SO

L 

general oxidative 
damage 

+ - - +43 

levofloxacin 2.7 nM inhibit DNA synthesis  - - - +30 

nalidixic acid 4.3 µM - - - +31 

chloramphenicol n.a. inhibit protein synthesis - - - - 

tetracycline n.a. - - - - 

A22 11 µM disrupts morphology 
and chromosome 
segregation 

+18,34 + - + 

sulfamethoxazole 3.9 µM inhibits folic acid 
synthesis 

- - - - 

ethanol 2.1 nM 

G
EN

ER
A

L generic protein and 
membrane damage 

+ +44,45 + +44,45 

aPlus and minus indicate activation or no activation of the indicated stress responses, respectively. 

Numbers refer to the reference that confirms activation or absence of a stress response at the 

indicated concentration (n.a. means no stress was measured). Kinetics of σE, Cpx and heat-shock stress 

can be found in the supplementary materials (Fig. S1A-D). 
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To investigate induction of stress reporters upon disruption of LPS, we determined the effect 

of the cationic antimicrobial peptides (AMPs) polymyxin B (PMB), LL-37, PMAP-36 and cathelicidin-2 

(CATH-2) that are known to interact with the negatively charged LPS and to increase OM 

permeability18,19,20. As expected, the Rcs stress response was induced by these peptides. LL-37 and 

PMAP-36 also induced Cpx stress but activated neither σE nor heat-shock responses. In contrast, the 

PMB derivative polymyxin B nonapeptide (PMBN) elicited a more generic cell envelope stress 

response (i.e. Rcs, σE and Cpx) but not a heat-shock response. Interestingly, PMBN lacks the fatty acid 

tail of PMB and has no bactericidal activity but it still binds to LPS and retains OM-permeabilizing 

activity21. 

Since the AMPs tested all affected cell envelope integrity and activated Rcs, and in some cases 

Cpx and σE stress responses, we wondered whether OM permeabilization is sufficient to activate our 

stress reporters. To test this, we examined the effect of ethylenediaminetetraacetic acid (EDTA) and 

sodium dodecyl sulfate (SDS), which both increase OM permability1. Additionally, we tested the effect 

of triclosan, which impairs OM integrity by inhibiting the activity of the enoyl-acyl carrier protein 

reductase (FabI), a critical enzyme in bacterial fatty acid biosynthesis22. After exposing cells to a 

sublethal concentration of the indicated agents no induction of stress responses was evident, except 

for EDTA, which induced a Cpx stress response.  

Taken together, the data suggest that it is the interaction of the AMPs with LPS rather than 

the permeabilization of the OM per se that is sensed by the stress systems. For the Rcs system this fits 

with the notion that the surface-exposed RcsF sensor can directly detect changes in the LPS layer by 

OM-targeting agents 18. 

 

Inhibition of biogenesis of PG, lipoprotein and OMP predominantly activates the Rcs stress reporter 

To examine PG-related stress responses, we analyzed the effect of two β-lactam antibiotics, ampicillin 

and mecillinam. Consistent with other studies23, ampicillin and mecillinam induced the Rcs stress 

reporter, while heat-shock, Cpx and σE stress were not induced (Table 1, Fig. 3 and S1). 

To test the effects of impaired lipoprotein biogenesis cells were incubated with globomycin, 

which inhibits the lipoprotein specific signal peptidase LspA24. A strong induction of the Rcs and Cpx 

reporters was observed, again consistent with previous studies18,25,26, while the σE and heat-shock 

reporters remained unaffected. Most likely, globomycin prevents maturation of RcsF and its stalling 

in the IM may directly relieve the IgaA-imposed negative regulation of the Rcs phosphorelay 

system16,18. How the Cpx response is induced remains to be investigated.  

Finally, we investigated the consequences of perturbation of the BAM complex, which plays 

an essential role in folding and membrane insertion of β-barrel OMPs. In E. coli the BAM complex 

consists of an essential β-barrel insertase (BamA) and five accessory lipoprotein’s (BamB-E) of which 

BamD is essential for growth27. In a previous study we identified the small molecule VUF15259 as an 

inhibitor of BAM-dependent autotransporter secretion12. Incubating E. coli cells with sublethal 

concentrations of VUF15259 resulted in activation of the σE stress and Rcs stress responses while the 

heat-shock response was not induced (Table 1, Fig. 3). Consistently, the σE response is known to be 

induced by the accumulation of mislocalized OMPs28 and the novel BAM complex inhibitor darobactin 

was also shown to provoke both the Rcs and σE stress responses29.  

 To confirm the specificity of the cell envelope stress reporters we analyzed the responses 

towards known antibiotics with cytosolic targets. As shown in Table 1, antibiotics that target 

ribosomes (chloramphenicol and tetracyclin), folic acid synthesis (sulphametoxazole), DNA gyrase 

(levofloxacine) or topoisomerase (nalidixic acid) did neither activate the Rcs, nor the σE or the Cpx 

https://ec.europa.eu/health/scientific_committees/opinions_layman/triclosan/en/glossary/def/enzyme.htm
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responses at the concentrations tested. Levofloxacine and nalidixic acid did induce the heat-shock 

stress response, consistent with other studies30,31, likely because of defective chromosomal replication 

and lethal damage by hydroxyl radicals32. Nitrofurantoin did induce the Rcs and heat-shock, but not 

the σE or Cpx reporters. It should be noted that the targets of nitrofurantoin are rather undefined33. 

Nitrofurantoin is reduced inside cells to toxic intermediates via a nitroso intermediate. It is believed 

to cause general oxidative damage thereby affecting cell viability33. Possibly, cell envelope 

components are also sensitive to the toxic reduced intermediate. Finally, exposing E. coli cells to A22, 

an inhibitor of the actin-like protein MreB that plays a role in localizing PG synthesis during elongation, 

resulted in activation of all stress reporters, except for the Cpx reporter. A22-induced Rcs stress has 

been reported previously18,34.  

 Collectively, using various antibacterial agents we confirmed that the induction/activation of 

cell envelope stress response systems can conveniently be monitored using our panel of promoter-

mNG reporter constructs. Importantly, interference with PG and lipoprotein synthesis, BAM activity 

and LPS integrity resulted in target specific reporter profiles, with a predominant activation of the Rcs 

response system. 

 

Kinetics of Rcs stress reporter induction 

Agents that target LPS are known to cause a fast induction of the Rcs response, while stressors with 

intracellular targets such as PG synthesis or lipoprotein transport show a delayed Rcs response18,19,34. 

To examine whether the PrprA-mNG reporter can record such Rcs kinetics we determined the mNG 

fluorescence and growth of the cells over time in response to the agents described in Table 1. Indeed, 

reporter fluorescence was already detectable 30 min after addition of the LPS-targeting AMPs (PMB, 

LL-37, CATH-2 and PMAP-36) peaking after ~2 h (Fig. 3A). The transient nature of the induction might 

indicate that the cells adapt and reduce AMP-mediated damage. Alternatively, the AMPs may have 

been unstable under the conditions used and lost potency. Interestingly, PMBN showed the same 

rapid response that, however, did not decline in the time window analyzed. Possibly, the additional 

effect of PMBN on the IM indirectly affects cell envelope biogenesis. Compound A22, which targets 

the intracellular protein MreB also induced a fast albeit moderate Rcs signal that did not decrease in 

time. This Rcs response towards A22 is consistent with earlier findings18,34.  

As expected, the antibacterial agents with internal targets - ampicillin and mecillinam (PG 

synthesis23), globomycin (lipoprotein transport25), VUF15259 (BAM complex activity12) and 

nitrofurantoin (generic oxidative damage33) - resulted in a much slower generation of the Rcs signal, 

starting ~90 min after exposure and increasing in the analyzed time frame (Fig. 3B).  

The observed dichotomy in the fluorescence kinetics suggests that the PrprA-mNG construct 

faithfully reports on Rcs response kinetics.  

 

Differential kinetics of Rcs stress reporter induction can be exploited in HTS format 

The distinct kinetics of the Rcs reporter for LPS-binding compounds and inhibitors of cell-envelope 

biogenesis prompted us to explore whether the assay is robust for target specific HTS at specific time 

points. To this end, we determined the Z’ factor for four representative antibiotics with different 

mechanisms of action and different Rcs stress response kinetics: PMB, ampicillin, VUF15259 and 

globomycin (Fig. 3A and B). The Z’ factor is a tool to evaluate the quality of an assay by informing both 

on the dynamic range of signal between positive and negative controls and on the data variation14. E. 

coli cells containing the PrprA-mNG reporter construct were grown in a 96-well plate and exposed to 

the antibiotics at 0.5xMIC. Fluorescence and growth were followed in time and at each time point the 



Chapter 4 

 

 

  71 

Z’ factor was calculated for cells exposed to each individual agent (Fig. 4A-D). A Z’ score >0.5 indicates 

an outcome that is reliable and discriminative between the positive and negative controls14. For PMB 

a reliable Z’ factor score of >0.5 (dashed line in Fig. 4) was already reached within 30 min of exposure, 

for globomycin after 45 min, while for ampicillin and VUF15259 at least 105 min of exposure were 

required. Apparently, measuring the Rcs response at specific timepoints could help in identifying hit 

compounds for specific targets.  

 

 
 

Figure 4. Rcs reporter assay reliability for HTS.  

E. coli TOP10F’ cells, harboring the PrprA-mNG reporter construct, were grown in a 96-well plate. The 

cells were either treated with an antibiotic at 0.5xMIC (positive control) or not treated (negative 

control) in an interleaved-signal format. By measuring the OD600-corrected mNG fluorescence plotted 

as fold-change compared to untreated cells (set to 1), the Z’ factor of the reporter assay was 

determined at multiple time points for (A) polymyxin B (PMB), (B) ampicillin (C) VUF15259 and (D) 

globomycin. The Z’ factor could not be calculated at early time points for some of the antibiotics 

(ampicillin, globomycin and VUF15259). The dashed line indicates a Z’ factor of 0.5. Error bars 

represent the standard deviation of triplicate samples. The figure shows a representative example of 

three independent experiments. 
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Expression of FhuA ∆C/∆4L can support identification of large-scaffold inhibitors 

The OM contains the general porins OmpF and OmpC that facilitate diffusion of hydrophilic or 

amphiphilic molecules with masses up to approximately 600 Da1. Hence the Rcs assay is limited by this 

molecular sieve and cannot detect large-scaffold antibiotics (>600 Da) with a target inside the cell 

envelope. Hence, vancomycin that acts on PG synthesis - thus expected to induce Rcs stress - cannot 

be detected because its mass of 1,450 Da precludes entry into E. coli cells. 

In an attempt to increase the permeability of the E. coli OM and thus adapt the assay for larger 

compounds, we expressed an engineered open channel variant of the OMP FhuA. Native FhuA is a 

siderophore transporter that forms a 22-stranded β-barrel, which is plugged by the N-terminal 

domain. Krishnamoorthy and coworkers showed that deletion of the plug domain and four large 

external loops creates a large pore that is permeable to compounds up to approximately 2,000 Da, a 

cut-off that renders the cells susceptible to killing by vancomycin35,36. We then constitutively 

expressed this engineered FhuA ∆C/∆4L in E. coli MC4100 and determined the Rcs stress response 

using the compatible PrprA-mNG reporter construct. As shown in Fig. 5A cells lacking FhuA ∆C/∆4L 

were affected in viability at concentrations >~61 µg/ml but the range of concentrations and timeframe 

tested prohibited calculation of the MIC. In contrast, cells expressing FhuA ∆C/∆4L showed a MIC of 7 

µg/ml, reflecting the increased permeability of the OM.  

As expected for a PG inhibitor, vancomycin also induced Rcs stress (Fig. 5B). Concomitant with 

the decrease in MIC, the concentration of vancomycin inducing the highest level of Rcs stress even 

decreased ~500-fold upon expression of FhuA ∆C/∆4L. In contrast, the MIC of ampicillin that transfers 

the OM via porins, is much less affected by expression of FhuA ∆C/∆4L (Fig. 5C), although a stronger 

Rcs stress response is apparent already at lower concentrations (Fig. 5D).  

In conclusion, the data suggest that cells expressing FhuA ∆C/∆4L are permeable to larger 

antibiotics, making it a suitable background to identify large-scaffold inhibitors of cell envelope 

biogenesis. 
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Figure 5. Adapting E. coli to detect Rcs stress responses to large-scaffold antibiotics. E. coli MC4100 

cells, harboring an empty pABCON2 (empty vector) or pABCON2-fhuA ∆C/∆4L plasmid in combination 

with pUA66-PrprA-mNG were grown in a 96-well plate and exposed to an increasing concentration of 

(A) vancomycin and (B) ampicillin. Fluorescence was determined 2.5 h after exposure and plotted as 

OD600-corrected fold-change of signal compared to untreated cells (set to 1) as shown in the top 

panels. The OD600-based measurement of cell viability is displayed in the bottom panels, with 

untreated cells set to 100% cell viability. Error bars represent the standard deviation of duplicate 

samples. The figure shows a representative example of three independent experiments. 

 

Discussion 
Previously, we reported on a fluorescence-based phenotypic reporter assay to monitor σE cell 

envelope stress and cytosolic heat-shock response in E. coli in HTS format for small molecule 

screening12. In the current work, we developed similar assays that monitor the Rcs and Cpx stress 

response in E. coli. By using all four stress reporters we found that interference with specific cellular 

processes induces a process-specific response profile. Interestingly, compromised cell envelope 

biogenesis and LPS integrity predominantly activated the Rcs response, which we developed into a 

robust HTS assay that is suited for phenotypic compound screening. 

The Rcs stress reporter was not induced by antibiotics that act in the cytosol and target DNA 

gyrase (levofloxacin and nalidixic acid), protein synthesis (chloramphenicol and tetracycline) or folic 

acid synthesis (sulfamethoxazole). In contrast, the PG inhibitors mecillinam and ampicillin, the 

lipoprotein maturation inhibitor globomycin, the BAM inhibitor VUF15259 and cationic AMPs that 

target LPS all resulted in strong Rcs induction. This confirms that the Rcs system responds to a wide 

range of cell envelope stressors, whereas it is rather insensitive to indirect generic stress that may 

result from antibiotic treatment even at sub-lethal concentrations. Although this specificity was 

anticipated based on previous studies (see references in Table 1) it has not been shown before in a 

single comparative analysis.  

Similar to Rcs, the Cpx and σE stress reporters respond to specific cues. Although more 

antibiotics need to be tested, it appears that specific stress reporters respond to target specific 

damage. In contrast, ethanol triggered all responses indicative of generic stress, which is probably 

related to membrane damage and loss of proton motive force (Table 1 and Fig. S1D). 

The relative ease of stress-based phenotypic screening argues for the use of stress reporters 

in HTS assays as a first filter to identify compounds that hit critical targets. The Rcs stress reporter is 

of particular interest to consider as primary screen for cell envelope-specific antibacterials because it 

responds to various types of PG and OM defects. Importantly, inhibition of underexplored targets such 

as the BAM complex and lipoprotein trafficking are known29,37,40 and shown here (Fig. 3) to cause Rcs 

stress.  

Real-time monitoring showed that Rcs stress caused by cationic LPS binding peptides could be 

established with reliable Z’ factors already within 30 min after exposure. In contrast, inhibitors of PG 

and OM biogenesis show a delayed Rcs response being reliably detected ≥90 min after exposure. The 

target specific kinetics of Rcs induction are in line with previous reports (see references Table 1) and 

would allow to simultaneously screen libraries for LPS-specific compounds and agents that act within 

the cell envelope by measuring stress at an early and late time point, respectively. After the primary 

Rcs stress assay results have been verified, counter-screening for heat-shock stress may exclude 

compounds that elicit more generic stress. Next, resolving σE and Cpx stress may help selecting 
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potential targets before engaging in more tedious target specific molecular and biochemical analysis 

(Fig. 6).  

 

 
 

Figure 6. Potential screening strategy to identify cell envelope specific antibiotics. Compounds that 

are tested in a primary screen for Rcs stress activation using PrprA-mNG can be categorized into agents 

that induce a fast Rcs response (detectable within 30-90 min after exposure) or a slow Rcs response 

(detectable >90 min after exposure). Subsequently, activation of σE, Cpx and heat-shock responses 

using the PrpoE-mNG, PcpxP-mNG and PgroES-mNG reporter constructs, respectively, can be used for 

counter-screening and subsequent selection of suitable hits. The outcome of the response profiling 

may give a first indication on the potential targets of hits, which then need to be verified using target 

specific approaches.  

 

Finally, we present an alternative host strain for the Rcs reporter construct in which the OM 

is permeabilized by expression of a plug-less FhuA OM pore protein. This allows screening for large-

scaffold antibiotics with a molecular mass above the natural sieve size (~600 Da) of the Gram-negative 

OM1. While not useful for Gram-negative bacteria as such, the larger hit compounds identified may 

affect Gram-positive bacteria if the target is conserved. For example, we show that vancomycin (1,450 

Da) that kills Gram-positive bacteria by inhibiting PG synthesis, can be detected at very low 

concentrations in the permeable Rcs reporter strain. Also, larger hits may be chemically modified and 

reduced in size to allow transport across the Gram-negative OM. Alternatively, potentiating 

compounds - agents that facilitate other compounds to penetrate the cells41 - can be co-administered 

or fused to facilitate transfer of the newly identified larger compounds across the OM.  

There is increasing interest in the identification and use of these potentiators to broaden the 

arsenal of antibiotics that can be exploited to combat Gram-negative pathogens. As mentioned, the 
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Rcs reporter in the original host strain responds to LPS-specific potentiators such as the PMB derivative 

PMBN that, while not being bactericidal by itself, shows OM-permeabilizing activity21. Our data 

suggest that addition of vancomycin to the growth medium at a sublethal concentration could make 

the Rcs HTS also suitable for the selection of potentiators that do not act through interaction with LPS.  

In conclusion, the operationally simple and robust phenotypic Rcs reporter assays described 

here, combined with counter-screening for σE, Cpx and heat-shock stress holds promise for HTS 

analysis of large compound libraries to identify novel classes of cell envelope inhibitors and 

potentiators.  
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Abstract 
The development of new antibiotics is particularly problematic in Gram-negative bacteria due to the 

presence of the outer membrane (OM), which serves as a permeability barrier. Recently, the β-barrel 

assembly machine (BAM), located in the OM and responsible for β-barrel type OM protein (OMP) 

assembly, has been validated as a novel target for antibiotics. Here, we identified potential BAM 

complex inhibitors using a screening approach that reports on cell envelope σE and Rcs stress in 

Escherichia coli. Screening a library consisting of 316,953 compounds yielded five compounds that 

induced σE and Rcs stress responses, while not inducing the intracellular heat-shock response. Two of 

the five compounds (compound 2 and 14) showed the characteristics of known BAM complex 

inhibitors: synergy with OMP biogenesis mutants, decrease in the abundance of various OMPs and 

loss of OM integrity. Importantly, compound 2 also inhibited BAM-dependent OMP folding in an in 

vitro refolding assay using purified BAM complex reconstituted in proteoliposomes.  

 

Introduction 
Gram-negative bacteria are difficult to treat with antibiotics due to the presence of the protective 

outer membrane (OM), an asymmetric lipid bilayer composed of phospholipids in the inner leaflet and 

lipopolysaccharides (LPS) in the outer leaflet1. Especially, due to the anionic phosphate groups of the 

LPS-core hydrophobic molecules can only selectively cross the cell envelope. Even when antibiotics 

are able to cross the OM, they may be expelled by efflux pumps2. Combined, these defense 

mechanisms are to a large part responsible for the current antimicrobial resistance problem3.  

 The intricate biogenesis of the assymetric OM of Gram-negative bacteria, can be seen as a 

target for novel antibiotics that kill bacteria or inhibit growth. Alternatively, compounds that 

permeabilize the OM could be used to allow the entry of large-scaffold antibiotics (molecular mass > 

600 Da) otherwise prevented from reaching their target. Importantly, the OM comprises (parts of) 

translocation systems that are critical for the secretion of virulence factors. Targeting generic or 

specific elements that contribute to the functional assembly of these systems will likely impact 

virulence and enhance eradication of the pathogen by the immune system4. 

Gram-negative bacteria possess two essential, partly surface-exposed integral β-barrel OM 

proteins (OMPs) that play key roles in the biogenesis of the OM: LptD and BamA5. LptD is part of a 

trans-envelope system for LPS biogenesis that also comprises the accessory lipoprotein LptE and 
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mediates the final transport step of LPS subunits to the outer leaflet of the OM6. BamA forms the core 

subunit of the β-barrel assembly machine (BAM), a complex that also includes four associated 

lipoproteins: BamB, BamC, BamD and BamE, of which BamD is essential for growth7. The BAM complex 

catalyzes the folding and insertion of β-barrel OMPs into the OM. Recently, several studies have 

identified BamA as a target for small molecule inhibitors8–10. In addition, antibodies and peptides have 

been developed that target BamA or assembly of the BAM complex and show anti-bacterial effects11–

13. Together, these studies underline the potential of BamA as an accessible target for a new class of 

antibiotics. Of note, LptD inhibitors were also identified recently14. 

Malfunctioning of the BAM complex compromises the folding and membrane insertion of β-

barrel type OMPs, which triggers activation of the σE cell envelope stress response8,9,15,16. We recently 

developed a phenotypic fluorescence-based assay in Eschericha coli that reports on stimulation of the 

σE cell envelope stress response when BAM-dependent secretion of the autotransporter (AT) 

haemoglobin protease (Hbp) across the OM is impaired16. Screening a small library of 1,600 fragment-

based compounds resulted in the identification of VUF15259, a compound that activates σE stress, 

impairs Hbp secretion and decreases the abundance of OMPs, consistent with impaired BAM function, 

suggesting this screening approach can be used for the selection of BAM complex inhibitors16.  

The Rcs (Regulation of Capsular polysaccharide Synthesis) system is a second cell envelope 

stress system that responds to impaired OMP biogenesis. The Rcs system also reacts to changes in the 

LPS charge distribution, perturbations of peptidoglycan biosynthesis, phospholipid biosynthesis and 

defects in lipoprotein trafficking17,18. The surface-exposed lipoprotein RcsF plays a key role in this 

response, by functioning as the stress sensor that is capable of activating a two-component 

phosphorelay system in the inner membrane. In normal conditions RcsF is transported to the OM 

where it is threaded through the β-barrels of the abundant porins OmpF and OmpC during BAM-

mediated β-barrel folding17,19,20. Under stress conditions, sequestration of RcsF at the OM is impaired, 

allowing RcsF to interact with IgaA at the cytoplasmic membrane to relieve its inhibitory effect on the 

Rcs system in the inner membrane, which eventually leads to transcriptional regulation of the Rcs 

regulon18,21.  

Recently, the crystal structure of BamA in complex with RcsF was solved, providing insight into 

the mechanism of surface exposure of RcsF22. Considering this mechanism is BAM-dependent, any 

perturbation of the BAM complex is expected to induce Rcs stress. Consistently, the Rcs system is 

induced in a bamA knockdown strain19,23 or by addition of the BAM inhibitor darobactin8. Recently, we 

reported on the development of a fluorescence-based reporter assay to monitor Rcs stress induction 

in E. coli cells similar to the σE stress assay described above (Steenhuis et al., in preparation).  

Considering that defective BAM functioning elicits both σE and Rcs stress we reasoned that 

combining our reporter assays in a high-throughput screening (HTS) effort may result in selection of 

novel BAM complex inhibitors. Therefore, we adapted the σE and Rcs assays to a 384-well format and 

screened a library of 316,953 compounds. This approach yielded five compounds that elicited both σE 

and Rcs stress responses, but not the intracellular heat-shock stress response. More detailed analysis 

showed that two compounds, 2 and 14, impair the biogenesis of various OMPs, affect membrane 

integrity and interfere with BAM complex functioning in an in vitro protein refolding assay, consistent 

with targeting of the BAM complex as mode of action.  
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Results 
 

Screening outline and HTS assay optimization 

To screen for inhibitors of the BAM complex we used our recently reported fluorescence-based assay 

that reports on σE stress induced when secretion of the AT Hbp across the OM is inhibited16. By placing 

the gene encoding the fluorescent reporter protein mNeonGreen (mNG)24 under control of the 

promoter of the rpoE gene, the key regulator of the σE cell envelope stress response, E. coli cells can 

be detected that are impaired in BAM-dependent Hbp secretion in a 96-well microtiter format16. To 

screen larger compound libraries we adapted this reporter assay to a 384-well format and monitored 

its Z’ factor that defines the difference between the measured signal of the positive and negative 

controls and the data variation of that signal25. A Z’ factor between 0.5 and 1.0 indicates that the HTS 

assay is robust and reproducible. To test this, E. coli cells harboring the Hbp expression plasmid pEH3-

Hbp and the reporter PrpoE-mNG construct were grown in the 384-well plates and expression of Hbp 

was induced with IPTG. Compound VUF15259, an inhibitor of Hbp secretion that we recently 

identified, was used as positive control16. By comparing the OD600 corrected fluorescent intensity of 

VUF15259 treated cells to DMSO treated cells, we reached a Z’ factor of 0.79 after 3 h of non-shaken 

incubation at 37 °C (Table 1), showing that the assay is sufficiently robust for HTS in 384-well plates. 

To further select for BAM complex inhibitors, hit compounds from the primary σE screen were 

screened in a secondary assay for their ability to induce Rcs and heat-shock stress. The cell envelope 

Rcs stress response is also activated by perturbations of the BAM complex, whereas the heat-shock 

response is activated by stressors that cause the accumulation of misfolded proteins in the cytosol17,26. 

Hence, it is expected that potential BAM complex inhibitors will elicit Rcs stress but not heat-shock 

stress. Reporter assays to monitor Rcs and heat-shock stress using the reporter constructs PrprA-

mNG27 and PgroES-mNG16, respectively, have been developed following the same strategy as for 

PrpoE. To optimize the Rcs assay for HTS, E. coli cells harboring both pEH3-Hbp and the PrprA-mNG 

reporter construct were grown in 384-well plates. Compound VUF15259 was used as positive control 

for Rcs stress induction (Steenhuis et al., in preparation). To verify induction of PgroES-mNG an Hbp 

mutant was expressed from pEH3 in which the Hbp signal sequence (ss) has been replaced by that of 

TMAO-reductase (TorA). We have shown earlier that cytosolic aggregation of ssTorA-Hbp causes heat-

shock stress that can be monitored using the PgroES-mNG reporter16,28. By using a similar growth 

regime as for the PrpoE-mNG reporter assay we obtained Z’ factors of 0.65 and 0.69 for the PrprA-

mNG and PgroES-mNG reporter assay, respectively (Table 1), indicating that they are also reliable for 

HTS in 384-well plates.  

 

Table 1. Signal to background ratios and Z’ factors of the reporter assays. 

Reporter Monitoring stress response S/Ba Z’ 

PrpoE-mNG SigmaE (σE) 2.28 0.79 

PrprA-mNG Rcs 3.18 0.65 

PgroES-mNG Heat-shock 1.71 0.69 
aS/B represents the signal (S) to background (B) ratio where the OD600 corrected mNG fluorescent 

intensity of E. coli TOP10F’ cells treated with a positive control (signal) was compared to DMSO treated 

cells (negative control, background). For the reporters PrpoE-mNG and PrprA-mNG 100 µM and 200 

µM VUF15259 was used as positive control, respectively. For the reporter PgroES-mNG expression of 

ssTorA-Hbp was used as positive control. 



Chapter 5 

 

 

  83 

High-throughput compound screen 

Having established that the reporter assays are reliable for HTS in 384-well plates, compounds from 

the chemical libraries of HDC and CD3, containing 316,953 small molecules in total, were tested for 

their ability to induce the σE stress response in E. coli cells harboring both pEH3-Hbp and the PrpoE-

mNG reporter construct. Cells were grown in regular culture flasks, induced for Hbp expression and 

transferred to a 384-well plate already containing compounds. After 3 h of non-shaken incubation the 

OD600 and mNG fluorescence signal were determined to monitor growth and stress, respectively. 

DMSO- and VUF15259-treated cells were used as negative and positive controls, respectively, 

resulting in an average signal to background ratio of 2.37 and an average Z’ factor of 0.81 considering 

all screening plates, confirming the robustness of the assay (Figure S1). Compounds that provoked ≥ 

11% σE stress induction, corresponding to the mean of the negative control plus 4 standard deviations, 

were selected as hits with the positive control set at 100%, resulting in 413 primary hit compounds 

(Figure 1A and 1B).  

After the primary screen each hit compound was checked for autofluorescence by measuring 

the fluorescence of the compound on its own in M9 growth medium, eliminating 139 compounds 

(Figure S2). The remaining compounds were then re-tested in dose-response using the PrpoE-mNG 

reporter and induction of Hbp production from pEH3-Hbp. Compounds were selected when ≥ 50% σE 

stress induction was reached up to the highest concentration tested, 60 µM. This selection regime 

resulted in the verification of 69 compounds as hits and 165 non-active compounds. Furthermore, 40 

marketed drugs and other bioactive molecules were identified as hit. The latter compounds are part 

of a small subset of the HTS compound library that serve as references. Although interesting in light 

of repurposing of existing drugs, they were not further analyzed in this study. 

 

 
 

Figure 1. Summary of HTS. 

(A) In total 316,953 compounds were screened for σE stress induction using the PrpoE-mNG reporter 

construct in E. coli TOP10F’ cells expressing Hbp from pEH3. 413 compounds induced σE stress in the 

primary screen whereas secondary screening verified 33 singleton compounds as hit. Counter-

screening showed that 5 hits also activated the Rcs stress response, but not the intracelullar heat-

shock response. Further analysis indicated that 2 hits most likely compromise the BAM complex. (B) 

Plot of σE stress induction of each hit compound in the primary screen compared to cells expressing 

Hbp incubated with 100 µM VUF15259 (positive control, set at 100%) and cells expressing Hbp 
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incubated with 1% DMSO (negative control, set at 0%). Non-hit compounds are not displayed to 

improve readability.  

 

Orthogonal assays identify 5 potential BAM inhibitors 

The 69 verified hit compounds were clustered based on their chemical structure, resulting in 33 

compound classes with unique features, that were further tested in the orthogonal Rcs cell envelope 

and cytosolic heat-shock stress assays. E. coli cells containing either the PrprA-mNG or PgroES-mNG 

reporter construct, were grown in 384-well plates and used in a dose-response analysis of the hit 

compounds. After 3 h of non-shaken incubation the OD600 and mNG fluorescence were measured and 

used to establish the half maximal effective concentration (EC50) of each compound (Table 2). Adding 

200 µM VUF15259 or expression of ssTorA-Hbp was used as positive controls for the Rcs and heat-

shock response, respectively. Compounds were selected for further analysis only when the σE as well 

as the Rcs response, but not the heat-shock stress response were induced ≥ 50% in a dose response 

analysis up to 60 µM. This resulted in the selection of 5 compounds that appear to act specifically on 

the cell envelope, based on this specific stress-response profile. The selected compounds also affected 

growth of E. coli cells with a MIC ranging from 25 to 200 µM (Table 2). In addition, compounds 2, 3 

and 7 showed cytotoxicity towards HEK293 cells with an LD50 of 20 µM, while compounds 8 and 14 

only showed mild cytotoxicity with an LD50 of 60 µM. The effects on growth and toxicity were not used 

as selection criterium at this stage. 

 

Table 2. Activation of stress responses, MIC and LD50 of the selected 33 singleton compounds. 
 Stress reporter EC50 (µM)a Toxicity (µM) 

Compound PrpoE-mNG PrprA-mNG PgroES-mNG E. coli MICb HEK293 LD50 
a 

1 1 38 >60 >200 x 

2 6 >60 x 50 20 

3 7 16 x 25 20 

4 10 5 7 >200 x 

5 14 45 >60 6 x 

6 20 >60 >60 >200 x 

7 25 >60 x 200 20 

8 33 >60 x 100 60 

9 35 x x 100 60 

10 46 x x >200 20 

11 >60 >60 >60 >200 >60 

12 >60 x x 200 60 

13 >60 >60 >60 >200 x 

14 >60 12 x 100 60 

15 >60 x x >200 60 

16 >60 42 >60 >200 60 

17 >60 >60 >60 >200 20 

18 >60 x x >200 60 

19 >60 >60 >60 >200 60 

20 >60 >60 >60 50 60 

21 >60 20 8 50 >60 
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22 >60 x x 50 60 

23 >60 40 >60 200 >60 

24 >60 x x 100 60 

25 >60 x x >200 20 

26 >60 x x >200 60 

27 >60 x >60 >200 60 

28 >60 x x 100 >60 

29 >60 2 1 >200 60 

30 >60 >60 >60 >200 x 

31 >60 >60 58 >200 x 

32 >60 6 7 12 x 

33 >60 4 8 >200 x 
aEC50: half maximal effective concentration; LD50: median lethal dose. A cross indicates that the 

compound did not activate the indicated reporter assay in E. coli or displayed no toxicity towards 

HEK293 cells. Compounds were ranked based on the EC50 of PrpoE-mNG and compounds marked in 

grey were selected for further analysis. See the supporting information for the dose-response curves 

of each stress response per compound (Figure S3). 
bThe minimal inhibitory concentration (MIC) was determined in E. coli TOP10F’ cells after 10h of 

growth. 

 

Compound 2 and 14 synergize with OMP biogenesis mutants 

Next, we investigated the possibility that the 5 compounds act by targeting the BAM complex. Given 

the importance of the BAM complex for cell growth, it is expected that a decrease in cellular 

concentration of the BAM complex makes cells hypersensitive to BAM-complex inhibitors. Following 

this reasoning, we determined whether lowering the level of BamA affects the MIC of the compounds. 

For this we used the E. coli bamA101 knockdown strain that has a ~90%-reduced BamA level compared 

to wild-type cells, which is sufficient to support growth in vitro, despite the levels of OMP biogenesis 

being affected29. The BamA knockdown cells were exposed to a two-fold increasing concentration of 

the 5 selected compounds and the effect on growth was determined after 10 h of incubation. As 

shown in Figure 2A compound 2 and 14 showed an enhanced antimicrobial effect in the bamA101 

mutant, while the MIC for the other compounds did not change.  

 These data suggest that compound 2 (Figure 2B) and 14 (Figure 2C) may interfere with BamA-

related processes and affect folding and insertion of OMPs. Consequently, other mutant strains 

compromised in OMP biogenesis might also be particularly sensitive to these compounds. To test this, 

the effect of compound 2 and 14 on the growth of strains in which either surA, bamB or degP has been 

inactivated was examined. BamB is an accessory lipoprotein in the BAM complex, SurA is a periplasmic 

chaperone that targets nascent OMPs to the BAM complex and DegP is a periplasmic chaperone and 

protease that plays an important role in the quality control of proteins that reside in or travel through 

the periplasm30. Though not essential for in vitro growth, inactivation of surA, bamB or degP affected 

OMP biogenesis while the combination of mutations with each other or other BAM mutations often 

resulted in synthetic lethality31,32. As shown in Figure 3, a substantial decrease in MIC was observed 

for both compounds in the surA, bamB and degP knockout strains. To rule out that the decrease in 

MIC in the mutant strains is a secondary effect of increased membrane permeability in these strains, 

we tried to raise the permeability of the E. coli OM by expressing an open channel variant of the OMP 
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FhuA 33. Native FhuA is a siderophore transporter that forms a 22-stranded β-barrel, which is plugged 

by the N-terminal domain. Krishnamoorthy and coworkers 34 showed that deletion of the plug domain 

and four large external loops creates a large pore that is permeable to compounds up to approximately 

2 kDa. As shown in Figure S4, constitutive expression of this engineered FhuA ∆C/∆4L in E. coli MC4100 

did not affect the MIC of compound 2 and 14 (S4A) whereas the permeability for the large antibiotic 

vancomycin (1.4 kDa) was clearly increased (S4B). Combined, the data are consistent with the 

suggestion that BAM-mediated OMP biogenesis is specifically affected by these compounds. 

 

 
 

Figure 2. E. coli bamA101 cells are more sensitive to compound 2 and 14.  

(A) E. coli MC4100 wild-type (solid line) and E. coli MC4100 bamA101 (dashed line) cells were grown 

in MHB-II in a 96-well plate and exposed to a two-fold increasing concentration of the indicated 

compounds (CPD). After 10 h of incubation the OD600 was measured and plotted as percentage cell 

growth compared to DMSO treated cells (set at 100%). Data are shown as the average of duplicate 

samples ± SD. Data are representative of 3 independent experiments. (B) Structural formula of 

compound 2 and (C) 14. 
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Figure 3. Compound 2 and 14 synergize with OMP biogenesis mutants. 

E. coli MC4100 wild-type and E. coli MC4100 ∆degP, ∆bamB and ∆surA cells were grown in LB in a 96-

well plate and exposed to a two-fold increasing concentration of (A, B) compound 14 or (C,D) 

compound 2. Growth was observed for 10 h and the OD600 was measured and plotted as percentage 

cell growth compared to DMSO treated cells (set at 100%). Data are shown as the average of duplicate 

samples ± SD. Data are representative of 2 independent experiments.  

 

Compound 2 and 14 inhibit OMP biogenesis 

To analyze the potential effect of compound 2 and 14 on OMP biogenesis in more detail, we examined 

the levels of OMPs after exposing E. coli cells to 0.25x MIC of the compound. This concentration 

induces cell envelope stress but is most likely low enough to prevent secondary effects, for example 

on protein synthesis. Cells were grown in presence of compounds, lysed and cell envelopes were 

collected for analysis by SDS-PAGE and Western blotting. As shown in Figure 4A, levels of the major β-

barrel OMPs OmpF, OmpC and OmpA dropped considerably after treatment with either compound 

compared to DMSO treated cells. In addition, the level of BamA, itself a β-barrel type OMP, was 

severely reduced whereas levels of the BamA-associated lipoprotein BamB as well as the unrelated 

lipoprotein LpoB were largely unaffected (Figure 4A). 

 The effect of compound 2 and 14 on OmpF/C could also be explained by the fact that σE stress 

downregulates OMP synthesis35. However, we showed previously that directly activating σE stress in 

the absence of compound only results in a minor reduction in OmpF/C levels based on Western blot 

analysis16. To address this issue in more detail we studied the effect of compound 2 and 14 on de novo 

synthesized OMPs by inducing expression of the β-barrel OMP PhoE from a promoter that is not 

subject to regulation by stress. After addition of compound to the culture medium we analyzed PhoE 

membrane insertion and folding, which are known to be BAM-dependent36. To examine the 

expression and conformation of PhoE in the membrane fraction its heat-modifiability was monitored 

using semi-native SDS-PAGE37,38. Native PhoE forms a trimer in the OM that migrates much slower 

than its heat denatured unfolded form in a fuzzy band that may include intermediates of folding and 

oligomerization39. As shown in Figure 4B both compound 2 and 14 reduced total levels of PhoE in a 
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dose-dependent manner at 0.25x MIC and 0.5x MIC. Produced in presence or absence of compound, 

PhoE remained heat-modifiable, suggesting that the compounds may interfere with OM membrane 

targeting and insertion of PhoE and other β-barrel-type OMPs rather than being absolutely required 

for folding and assembly.  

 

 
 

Figure 4. Compound 2 and 14 inhibit OM targeting or insertion of β-barrel type OMPs. E. coli TOP10F’ 

cells were grown in LB in a regular culture flask for 3 h and exposed to a single concentration of 

compound 2 (12 µM) and compound 14 (25 µM), representing 0.25xMIC. Bacteria were then 

separated from medium by centrifugation. Cell envelopes were isolated using ultracentrifugation and 

analyzed by (A) Western blotting analysis using antibodies against BamA, BamB, PhoE (OmpF/C), LepB 

and LpoB. Data are representative of 3 independent experiments. (B) TOP10F’ cells, expressing PhoE 

from pEH3, were grown in LB in a 96-well plate and treated with the indicated compounds for 3 h at 

0.25x and 0.5xMIC. Cell envelopes were isolated and analyzed by a semi-native PAGE and Western 

blotting using antibodies against PhoE. To examine heat modifiability, samples were either incubated 

at room temperate (RT) or at 95°C for 10 min. The lipoprotein LepB was used as loading control. Data 

are representative of 2 independent experiments. Quantification of the band intensity is displayed in 

Figure SX.  

 

Compound 2 and 14 impair Hbp secretion 

We next wanted to verify that the σE stress induced by compound 2 and 14 in the primary screen 

correlates with impaired secretion of the AT Hbp. Similar to OMPs Hbp uses the BAM complex to insert 

its C-terminal β-barrel domain into the OM, which is required for secretion and subsequent 

autoproteolytic cleavage of the adjacent passenger domain40 (Figure 5A). Impaired Hbp secretion 

results in accumulation of the so-called Hbp pro-form in the periplasm, which is subject to degradation 

by the periplasmic protease DegP16,41. Hence, this Hbp intermediate that still contains its C-terminal 

β-barrel domain can only be detected in cells in which DegP is proteolytically inactive16,41. We 

therefore examined the effect of compound 2 and 14 on de novo biogenesis of Hbp in E. coli MC1601 

degP::S210A that expresses mutant DegP that is proteolytically inactive. As shown in Figure 5B, in the 

absence of compound Hbp was normally processed, indicated by the presence of cell associated 

mature length Hbp passenger domain (110 kDa) and the cleaved Hbp β-barrel domain (28 kDa). In 

contrast, incubation with compound 2 or 14 at 0.25x MIC led to an accumulation of pro-Hbp with a 
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corresponding decrease in the level of Hbp β-barrel domain, similar to the effect of the known Hbp 

secretion inhibitor VUF1525916. Consistently, the amount of secreted Hbp passenger in the spent 

medium was decreased upon incubation with compound 2 and 14 as well as VUF15259, further 

confirming that Hbp secretion is inhibited (Figure 5C). Of note, compound 2 and 14 treated cells show 

a different effect on processing of the Hbp pro-form compared to cells treated with the Hbp secretion 

inhibitor VUF15259 (Figure 5B) arguing that they may act at different stages in the intricate BAM-

dependent Hbp translocation process. Finally, the induction of σE stress on which the screening 

procedure was based, was corroborated by an upregulation of the σE stress-regulated DegP (Figure 

5B). In conclusion, the secretion of Hbp is reduced by compound 2 and 14 probably through impaired 

OM assembly of its C-terminal β-barrel domain. 

 

 
 

 

Figure 5. Hbp secretion is 

impaired by compound 2 and 

14.  

(A) Schematic overview of the 

domain organization of the 

autotranporter Hbp, including 

the amino acid boundaries of 

the domains. (B) E. coli TOP10F’ 

cells were grown in M9 in a 96-

well plate and Hbp was 

expressed from pEH3 with IPTG. 

The cells were exposed to 

compound 2 (12 µM) and 

compound 14 (25 µM), 

representing 0.25xMIC. After 3 h 

incubation bacteria in the wells 

of the 96-well plate were 

collected and separated from 

medium by centrifugation. 

Whole cell lysates were 

analyzed by SDS-PAGE and 

Western blotting using 

antibodies against the Hbp 

passenger domain, Hbp β-barrel 

domain and DegP. (C) The spent 

medium was TCA precipitated 

and analyzed by SDS-PAGE and 

Western blotting using 

antibodies against the Hbp 

passenger domain. Data are 

representative of 3 independent 

experiments. 
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Compound 2 and 14 inhibit BAM activity 

To investigate more directly whether compound 2 and 14 target the BAM complex we used an in vitro 

OMP insertion assay42. Purified BAM complex was reconstituted in liposomes made from E. coli lipids 

by using a detergent dilution strategy42,43. It has been shown that these proteoliposomes can insert 

and fold different β-barrel type OMPs that are added in purified, denatured form43. The ability to fold 

the protease OmpT into the proteoliposomes was used to quantify the OmpT-folding activity of the 

BAM complex and thus indirectly the state of the BAM complex. OmpT folding can be monitored in 

real time by cleavage of an internally quenched fluorogenic peptide reporter that produces a 

fluorescent product upon cleavage by OmpT42 (Figure 6A). The solubility of unfolded OmpT was 

ensured by adding SurA, a periplasmic chaperone needed for delivery of OmpT to the BAM 

complex43,44.  

 To test the effect of compound 2 and 14 on OmpT protease activity, BAM proteoliposomes 

were first incubated with an increasing concentration of compounds, up to 100 µM, before denatured 

OmpT and SurA were added to the reaction. As shown in Figure 6B and 6C, compound 2 and 14 

inhibited OmpT protease activity in a dose-dependent manner with an EC50 of 58.3 µM and 39.7 µM, 

respectively. As a control, the in vitro OMP insertion assay was performed with two structurally related 

compounds, 2A and 14A (Figure S5A and S5B), that showed no induction of σE cell envelope stress 

(Figure S5C). These compounds were part of the screening library, but classified as non-hit molecules. 

Consistently, the inactive derivatives 2A and 14A (Figure S5A and S5B) only had negligeable effects on 

OmpT folding at the highest concentration, 100 µM, compared to the DMSO treated control. 

 To examine the possibility that the compounds inhibit OmpT protease directly we assayed the 

effect of compound 2 and 14 in an alternative assay setup, in which the compounds were added to 

the reaction either together with unfolded OmpT and SurA (as before) or 2 h after the folding reaction 

was started (i.e., when OmpT folding was completed). After adding the fluorogenic peptide we 

observed that both compounds seem to display an inhibiting effect on OmpT protease activity, as the 

activity rates measured for samples that received compound 2 or 14 after OmpT was already folded, 

show a lower activity than the samples that received only DMSO after OmpT was folded. In particular 

compound 14 might be more active on OmpT itself than on its folding (Figure 6D), although the in vivo 

data indicates an effect on OMP assembly. In contrast, the observed inhibition by compound 2 seems 

to be the result mostly of inhibition of BAM-mediated OmpT folding, consistent with the in vivo data. 

Finally, to test whether the compounds affect the chaperone activity of SurA we hypothesized 

that adding a large excess of SurA would relieve the inhibiting effect of a compound. As shown in 

Figure 6E, adding a 6-fold excess of SurA did not influence the inhibiting effect of compound 2 and 14, 

indicating that SurA is not the target of these compounds, consistent with the data presented in Figure 

3. 
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Figure 6. OmpT assembly is inhibited by compound 2. (A) Schematic of the activity assay with native 

BAM complex inserted into liposomes. Guanidine HCl-denaturated OmpT protease, kept in a folding-

competent state by purified SurA, was added to the BAM complex-containing proteoliposomes. OmpT 

was activated by its BAM complex-mediated insertion into the liposomes, enabling it to cleave an 

internally quenched peptide to release a fluorescent product. BAM-dependent OmpT activity was 

measured in the presence of different concentrations of compound 2 (B) or compound 14 (C) relative 

to a control sample without compound but the solvent DMSO. (D) OmpT protease activity was also 

measured when 100 µM compounds were added ‘before’ OmpT folding occurred or ‘after’ OmpT 

folding was completed. (E) OmpT protease activity was measured when 100 µM compounds were 

added in presence of a 1:7 (-) or a 1:42 (+) OmpT:SurA molar ratio. The activity of OmpT (measured as 

the slope of the curves over linear increase in fluorescence, Figure S6A-F) is plotted against compound 

concentration. The values are mean ± standard deviation of 3 independent experiments.  
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Compound 2 and 14 affect integrity of the OM 

Given the effect of compound 2 and 14 on OMP biogenesis we considered the impact on OM integrity. 

To study this, we tested the ability of compound 2 and 14 to potentiate the activity of vancomycin, a 

relatively large antibiotic (1,449 Da) that acts on peptidoglycan synthesis34 but is not active against 

Gram-negative bacteria because it cannot pass the OM. E. coli cells were grown in the presence or 

absence of compound 2 or 14 at 0.25x MIC and a two-fold dilution range of vancomycin to determine 

its MIC under these conditions. As shown in Figure 7, the MIC of vancomycin decreased 8- and 4-fold 

in the presence of compound 2 or 14, respectively. In contrast, the MICs of the smaller antibiotics 

ampicillin and chloramphenicol that target peptidoglycan and protein synthesis, respectively, were 

largely unaffected. Together, the data indicate that compound 2 and 14 affect the barrier function of 

the OM.  

 

 
  

Figure 7. Compound 2 and 14 affect 

the integrity of the OM. The effect 

on growth of (A) vancomycin 

(VANCO), (B) ampicillin (AMP) and 

(C) chloramphenicol (CM) on E. coli 

MC4100 cells was determined after 

10 h of growth in LB supplemented 

with varying concentrations of 

antibiotic in a 96-well plate in 

presence or absence of a fixed 

concentration of compound 2 (12 

µM) or compound 14 (25 µM), 

representing 0.25xMIC. The OD600 

was measured and plotted as 

percentage cell growth compared to 

DMSO treated cells (set at 100%). 

Data are shown as the average of 

duplicate samples ± SD. Data are 

representative of 2 independent 

experiments. 
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Compound 2 and 14 affect growth of ESKAPE pathogens 

Compound 2 and 14 inhibit growth of the cloning and expression E. coli K-12 strain used. To examine 

the effect on pathogenic E. coli and other species, the MIC of compound 2 and 14 was determined for 

a uropathogenic E. coli strain and 6 pathogens that belong to the ESKAPE group (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 

and Enterobacter spp), responsible for the majority of nosocomial infections worldwide3. As shown in 

Table 3, compound 2 inhibited growth of all strains albeit with a MIC of ≥ 100 µM, while compound 14 

only inhibited growth of P. aeruginosa and A. baumannii with a MIC of 200 and 100 µM, respectively. 

Interestingly, compound 2 also impaired growth of the Gram-positive strains E. faecium and S. aureus. 

The absence of an OM in these species suggests that this compound may also affect the integrity of 

the cytoplasmic membrane or enter the cells and inhibit essential cytosolic processes. Consistently 

the MIC of compound 2 for Bacillus subtilis, a Gram-positive soil bacterium was determined at 100 

µM, while compound 14 did not affect cell growth up to the highest concentration tested, 200 µM. 

 

Table 3. MIC (µM) of compound 2 and 14 against the indicated bacterial strains. 

Strain CPD2a CPD14a 

   

ESKAPE group   

Enterococcus faecium VRE 200 >200 

Staphylococcus aureus MRSA 200 >200 

Klebsiella pneumoniae 200 >200 

Acinetobacter baumannii 100 100 

Pseudomonas aeruginosa 200 200 

Enterobacter cloacae 200 >200 

   

Others   

Bacillus subtilis 168 100 >200 

Escherichia coli (uropathogenic) 100 >200 

Escherichia coli (K12) 50 100 
aInhibitory curves can be found in the supporting information (Figure S7). 

 

Discussion 
In this work we used a robust phenotypic HTS that combines reporters of the cell envelope σE and Rcs 

responses in primary and secondary assays to identify inhibitors of the BAM complex. The primary σE 

assay was sensitized by expression of the secreted AT Hbp that is known to readily induce the σE 

response when accumulating in the periplasm due to a dysfunctional BAM complex16. Screening a 

library of 316,953 compounds resulted in the identification of 69 compounds that induced σE stress 

and detailed follow-up analysis indicated that only two compounds, 2 and 14, showed the 

characteristics of a BAM complex inhibitor8,9. They were selected and confirmed to induce σE stress 

and Rcs stress, but not general cytoplasmic heat-shock stress. In addition to impairing Hbp secretion, 

the compounds were shown to reduce de novo biogenesis and steady state levels of β-barrel type 

OMPs, but not of OM lipoproteins. Furthermore, both compounds affected OM integrity, while strains 

with mutations in the biogenesis pathway of β-barrel OMPs showed increased sensitivity towards 
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them. Finally, compound 2 and 14 inhibited OmpT protease activity in an in vitro refolding assay using 

BAM complex containing proteoliposomes. 

 The BAM complex is increasingly recognized as a novel target for antimicrobials because it is 

essential for growth and for the secretion of many virulence factors32,45. Importantly, it is directly 

accessible being located in the OM. The critical BamA insertase subunit is a β-barrel OMP with loops 

that are exposed at the surface within reach of large molecules that are unable to pass the OM. 

Recently, a few BAM inhibitors have been identified. First, in a strategy to find inhibitors of essential 

processes that occur on the cell surface the synthetic compound MRL-494 was reported by Hart and 

coworkers to target BamA from the outside, inhibit β-barrel OMP biogenesis and have moderate 

efficacy against Gram-negative pathogens in vitro9. MRL-494 also permeabilized the cytoplasmic 

membrane of Gram-positive bacteria indicative of a second mechanism of action. Interestingly, for 

compound 2, but not for compound 14, we also observed anti-bacterial activity towards Gram-postive 

bacteria suggesting alternative target(s). Alternatively, the anti-bacterial activity against Gram-

positives might reflect a general effect on the integrity of lipid bilayers, which would be consistent 

with the observed toxicity towards HEK239 cells. Second, Imal and coworkers reported on darobactin, 

a modified heptapeptid secreted by a nematode symbiont that also binds BamA at the cell surface8. A 

single dose of darobactin protected mice challenged with various Gram-negative pathogens 

suggesting that darobactin is a promising broad-spectrum lead compound for antibiotic development. 

Interestingly, virulence of E. coli was strongly compromised by bamA mutations that were selected to 

confer resistance to darobactin in vitro8. Possibly, mutations that lead to even partial loss-of-function 

of BAM are not tolerated in vivo, resulting in a low selection pressure for resistance.  

The most direct evidence that compound 2 also targets the BAM complex is its inhibitory effect 

in a reconstituted refolding assay. In this assay purified BAM complex is integrated into liposomes and 

tested for its ability to catalyze folding of denatured OmpT in the presence of purified SurA chaperone. 

Although compound 14 shows the characteristics of a BAM inhibitor in vivo - impaired Hbp secretion, 

OMP biogenesis and OM integrity - the compound seems to primarily affect the OmpT protease 

directly in the in vitro refolding assay. However, it is important to note that in our experimental setup 

the inhibitory effect of compound 14 was overall smaller (Figure 6D) than in the validated published 

method42 (Figure 6C). Here, compounds are preincubated with the BAM complex, then SurA-OmpT is 

added, and the reaction is monitored immediately, while in our setup the compounds were exposed 

to the reaction for 2 h, which may affect the stability of the compound. Therefore, it cannot be 

excluded that the effect of compound 14 in this assay is due to the inhibition of OmpT, although the 

in vivo data indicate an effect on OMP assembly. 

Of note, to catalyze insertion and folding of OmpT the BAM complex must be in inverted 

orientation in the proteoliposomes as compared to intact bacteria. Possibly, the compounds act at the 

originally periplasmic side of the BAM complex or its connection with SurA. Alternatively, the 

compounds cross the lipid bilayer to attack the originally surface exposed part of BamA, which is 

known to be targeted by MRL-4949 and darobactin8. This could be feasible for the compounds we 

identified based on their modest size (compound 2: 348.96 Da; compound 14: 346.19 Da) and 

calculated partitioning coefficient LogP (compound 2: 4.77; compound 14: 3.17. Future studies will 

address the exact location and impact of compound binding. 

Interestingly, under laboratory growth conditions E. coli can survive at a very low level of 

endogenous BAM complex. For instance, the bamA101 mutation reduces BAM complex abundance 

by 90% and still supports growth under laboratory conditions29. This may also explain why our 

screening procedure identified relatively few hit compounds considering the large compound library 
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size. Though not tested, we expect a higher impact of a reduced amount of functional BAM complex 

on growth and virulence of a pathogenic E. coli strain in the host organism, given the importance of β-

barrel OMPs and secreted proteins that require BAM for optimal biogenesis and functioning. 

Consistent with a lower tolerance for changes in BAM in vivo is the observation that E. coli virulence 

is strongly compromised by bamA mutations that confer resistance to darobaction in vitro8. In this 

respect, it may be useful to sensitize future in vitro screening efforts by using strains with a partially 

compromised BAM complex. 

The low hit rate also signifies that the BAM complex is intrinsically poorly druggable by small 

molecules. Consistently, the earlier reported BAM complex inhibitors MRL-494 (622 Da) and 

darobactin (965 Da) are relatively large molecules. Considering this, it would be interesting to screen 

a natural compound library using the Rcs stress HTS. Also, a strategy to use chimeric antibiotics 

consisting of BAM and LPS targeting parts may be considered to increase bactericidal activity, as 

recently described by Luther and coworkers10.  

To our knowledge, this is the first report on phenotypic HTS of small compounds based on cell 

envelope stress. Interestingly, both compound 2 and 14 showed a stronger induction of Rcs stress 

(secondary screen) than σE stress (primary screen). Moreover, Rcs stress not only reports on defects 

in BAM function but also on compromised peptidoglycan synthesis, lipoprotein trafficking, 

phospholipid synthesis and LPS integrity18, while σE stress mainly responds to the accumulation of 

unassembled OMPs in the periplasm15. Hence, using Rcs stress as primary screen is likely to probe a 

broader scope of cell envelope targets. 

 

Conclusions 

Two compounds that directly or indirectly affect BAM complex function are identified based on their 

ability to activate σE and Rcs cell envelope stress systems. Future studies will focus on the inhibitory 

mechanism and the identification of more potent and less toxic derivatives. In addition, the 

pharmacokinetics and therapeutic capacity of the (derivative) compounds should be tested in animal 

models. Finally, the use of BAM inhibitors as potentiating compounds to increase uptake of large 

scaffold antibiotics deserves attention. Compound 2 and 14 increased susceptibility to vancomycin, a 

1,449 Da antibiotic, by 8- and 4-fold respectively. Similar findings were reported for MRL-4949 and 

darobactin8. Potentiating existing antibiotics is currently considerend as one of the strategies to break 

antibiotic resistance46 and BAM complex inhibitors may play an important role in this.  

 

Methods 
 

Strains, plasmids and media 

The bacterial strains and plasmids that were used in this study are listed in Table S1 and S2, 

respectively. E. coli bacteria were grown in M9 minimal medium supplemented with 0.2% glucose and 

0.2% casamino acids (Difco), in Luria Broth (LB) or in Mueller-Hinton broth cation adjusted II (MHB-II, 

Merck). For selective growth and transformations chloramphenicol (30 μg/ml), kanamycin (50 μg/ml) 

and streptomycin (50 μg/ml) were added to the medium, where appropriate.  
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Materials, sera and compounds 

Black clear bottom 384-well plates, white TC 384-well plates and μClear Chimney 96-well black clear-

bottom plates TC sterile were from Greiner Bio-One. Microtiter MicroAmp Optical Adhesive films were 

bought from Applied Biosystems. All other materials were purchased from Sigma-Aldrich.  

Antisera against BamA and PhoE (which also shows cross-reactivity to OmpC and OmpF) were 

kind gifts from J. Tommassen (Utrecht University, the Netherlands), against BamB from D. Kahne 

(Harvard University, USA), DegP from J. Beckwith (Harvard Medical School, USA) and LpoB from W. 

Vollmer (Newcastle University, UK). Antiserum against LepB was from our own collection. HRP-

conjugated affinity purified anti-rabbit IgG from Rockland was used as secondary antibody.  

Synthesis of compound 14 (MW: 346.19 g/mol, 2-(2-aminopyridin-4-yl)-N4-benzyl-5,6,7,8-

tetrahydroquinazoline-4,6-diamine) is described in the supporting information. Compound 2 (MW: 

348.96 g/mol, N-(2-(1-(4-chlorobenzyl)cyclohexyl)ethyl)-1-methylpiperidin-4-amine) was obtained 

from InterBioScreen Ltd. 

 

High-throughput screening 

Two chemical libraries (316,953 small-molecules in total) derived from Hit Discovery Constance (HDC, 

Konstanz, Germany) and the Centre for Drug Discovery and Design (CD3, KU Leuven, Belgium) 

containing 237,384 and 79,569 compound respectively were screened in collaboration with CD3. The 

molecules were selected based on different parameters (e.g. Lipinski’s rule of five, solubility, 

toxicophores, frequent hitters, unstable fraction)47. In addition, a small subset of marketed drugs and 

other bioactive compounds was included. All compounds were dissolved in 100% DMSO to a 

concentration of 1.66 mM and 180 nl was dispensed in the wells of columns 3-22 of a black clear 

bottom 384-well plates using the Echo 550 liquid handling robot system (Labcyte). The positive control 

compound, VUF15259, was dissolved in 100% DMSO to a concentration of 20 mM and 150 nl was 

dispensed in the wells of columns 1 and 2 of the 384-well plate, creating 32 positive controls per plate. 

In addition, 32 negative controls were included by dispensing 150 nl of a 100% DMSO solution in the 

wells of columns 23 and 24. The assay ready plates were stored vacuumed at 4 °C until use. 

On the day of the screen E. coli TOP10F’ cells, harboring pEH3-Hbp and pUA66-PrpoE-mNG, 

were grown in pre-warmed M9 at 37 °C to an optical density (OD) at 600 nm of 0.3 in a 250 ml regular 

culture flask. Then, the culture was diluted to an OD600 of 0.05 in pre-warmed M9 and Hbp expression 

was induced with 40 µM isopropyl β-d-1-thiogalactopyranoside (IPTG) as final concentration. The 

culture was then incubated at 37 °C, stirred with a cylindrical PTFE Stir Bar (Thermo Scientific), on the 

custom made Robocon 2 robotic system while 30 µl culture aliquots were dispensed into the wells of 

the assay ready plates using the Multidrop (Thermo Scientific), followed by 2 min shaking. After sealing 

the plate was incubated non-shaken for 3 h at 37 °C with 90% humidity. The OD600 and mNG top-

fluorescence (excitation 488 nm and emission 535 nm) was measured with the Envision plate reader 

(Perkin Elmer).  

Screening data were analyzed using R (freeware). The ability of the compounds to activate σE 

stress was analyzed on a plate-to-plate basis by comparing the OD600 corrected fluorescence value per 

compound well with the plate-averaged control wells using the relationship 

 

% σE stress induction by compound= (
σE 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑− 𝜇𝑛𝑒𝑔

 𝜇𝑝𝑜𝑠− 𝜇𝑛𝑒𝑔
) × 100     (1) 
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where σE
compound is the well-specific OD600 corrected fluorescence value, and 𝜇𝑛𝑒𝑔 and  𝜇𝑝𝑜𝑠 are the 

plate-averaged OD600 corrected fluorescence values of the negative and positive controls, respectively. 

To determine the quality of the HTS assay, the Z’ factor for each assay plate was determined using the 

formula 

 

Z’ = 1 − (
3𝜎𝑛𝑒𝑔+ 3𝜎𝑝𝑜𝑠

𝜇𝑝𝑜𝑠− 𝜇𝑛𝑒𝑔
)          (2) 

 

where 𝜎𝑛𝑒𝑔 and 𝜎𝑝𝑜𝑠 are defined as the calculated standard deviations of the OD600 corrected 

fluorescence values of the negative and positive controls within a plate, and 𝜇𝑛𝑒𝑔and  𝜇𝑝𝑜𝑠 are the 

plate-averaged OD600 corrected fluorescence values of the negative and positive control, respectively. 

 

Autofluorescence 

To test autofluorescence compounds were serially diluted 1:3 in 100% DMSO in a polypropylene 96-

well V-shaped bottom plate by manual pipetting starting from 10 mM as highest concentration. The 

diluted compounds were transfered into an Echo compatible plate and dispensed in duplo with the 

Echo 550 liquid handling robot system into the wells of a black 384-well plate, as described above. 

Next, 30 μl sterile M9 was added per well followed by shaken incubation for 2 min at room 

temperature (RT), creating a 1:3 dose-response of each compound from 60 µM to 0.03 µM. After 10 

min non-shaken incubation at RT the NG fluorescence in each well of the plates was measured on the 

Envision plate reader as described above. The obtained fluorescence values were not normalized.  

 

Rcs and GroES orthogonal assays 

To examine the Rcs stress response and cytoplasmic heat-shock response we used E. coli TOP10F’ cells 

harboring the PrprA-mNG and PgroES-mNG reporter constructs on pUA66, respectively. The 

procedure was the same as described for the PrpoE-mNG reporter assay using cells that did not 

contain the pEH3-Hbp expression vector, with the following changes. Selected compounds were 

tested in a 1:3 dose response, as described for testing autofluorescence. For the Rcs assay, 300 nl of a 

20 mM VUF15259 stock solution was dispensed in the wells of columns 1 and 2 and 300 nl of a 100% 

DMSO solution was dispensed in the wells of columns 23-24 of the assay plate in order to create 

positive and negative controls, respectively. Aliquots of 30 µl M9 culture containing E. coli TOP10F’ 

with pUA66-PrprA-mNG at an OD600 of 0.05 were added to all the wells of the assay plate. For the 

heat-shock assay 180 nl of a 100% DMSO solution was dispensed into the wells of columns 1, 2, 23 

and 24. As a positive control aliquots of 30 µl M9 culture containing E. coli TOP10F’ with pEH3-ssTorA-

Hbp and pUA66-PgroES-mNG at an OD600 of 0.05 was seeded into wells of columns 1 and 2, and protein 

expression was induced with 40 µM IPTG as final concentration. In the other wells aliquots of 30 µl 

culture containing E. coli TOP10F’ with pEH3-empty and pUA66-PgroES-mNG at an OD600 of 0.05 was 

added. 

 

Susceptibility to compounds or antibiotics 

Cell growth was measured in a black μClear Chimney 96-well plate (clear-bottom plates TC sterile) as 

follows. Bacteria were grown either in LB or MHB-II, as indicated, to mid-log phase in regular culture 

flasks at 37 °C. The culture was then diluted to an OD600 of 0.001 and 50 μl culture aliquots were 

transferred to the wells of a 96-well plate already containing 50 μl medium with two-fold increasing 

concentrations of compound, antibiotics or DMSO (0.5% DMSO as final concentration). After sealing 
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the plate, growth was continued at 37 °C in the Synergy H1 plate reader (Biotek) with 3 mm continuous 

linear shaking. The OD600 was measured every 15 min for 10 h. The OD600 read-out after 10 h was used 

to determine the minimal inhibitory concentration (MIC), which is the minimum concentration where 

no growth of strains could be detected by optical density measurements.  

 

Hbp secretion analysis 

E. coli MC1061 degP::S210A cells were grown in M9 to mid-log phase in regular culture flasks and 

diluted to an OD600 of 0.1. Aliquots of 50 µl culture were then transferred to the wells of a black μClear 

Chimney 96-well plate (clear-bottom plates TC sterile) already containing 50 µl of M9 with compound 

or DMSO (0.5% DMSO as final concentration). Expression of Hbp was induced from the pEH3 vector 

using 40 µM IPTG as final concentration. Growth was continued in the Synergy H1 plate reader (Biotek) 

at 37 °C with 3 mm continuous linear shaking for 2.5 h. Subsequently, cells were collected by 

centrifugation at 5,000 xg for 5 min and the supernatant was TCA (trichloroacetic acid ) precipitated 

overnight at 4 °C. Both cell lysate and supernatant were analyzed by 11% SDS-PAGE, Coomassie 

staining and Western blotting. Sample loading on the protein gel was corrected based on OD600 of the 

culture prior to collection for analysis 

 

Cell envelope protein analysis 

E. coli TOP10F’ cells were grown in LB at 37 °C to mid-log phase in regular culture flasks and diluted to 

an OD600 of 0.05 in 2 ml LB in a round bottom tube. PhoE was expressed from the pEH3 vector using 

40 µM IPTG as final concentration. Subsequently, cells were exposed to different concentrations of 

compound or 0.5% DMSO at 37 °C with shaking for 2.5 h. Cells were then centrifuged at 5,000 xg for 

10 min and resuspended in ice-cold resuspension buffer (10 mM Tris-HCl, 3 mM EDTA, pH 8.0). After 

adding EDTA-free Protease Inhibitor Cocktail (cOmpleteTM, Roche) cells were lysed by tip sonication 

on ice. Unbroken cells were removed by centrifugation at 5,000 xg for 10 min. Cell envelopes were 

collected from the supernatant by ultracentrifugation at 200,000 xg for 1 h at 4 °C and resuspended 

in solubilization buffer, containing 50 mM Tris-HCl, 150 mM NaCl, pH 8.0 (TBS) with 1% (w/v) n-

Dodecyl-β-D-Maltoside (DDM, Anatrace), followed by overnight incubation at 4 °C. The solubilized cell 

envelopes were analyzed by 11% semi-native PAGE or 11% SDS-PAGE, Coomassie staining and 

Western blotting7. Sample loading on the protein gel was corrected based on OD600 of the culture prior 

to collection of cells for analysis. 

 

Purification of BamABCDE 

The protocol was adapted from Roman Hernandez et al., 201442 and Iadanza et al., 201648. pJH114 

(Roman Hernandez et al., 2014) was transformed into E. coli BL21(DE3). Transformants were grown 

at 37 °C, 175 rounds per minute (rpm) in LB containing 100 µg/ml ampicillin, to an OD600 of ~0.5-0.6. 

Protein overproduction was induced by supplementing the culture with 0.4 mM IPTG and incubating 

at 37 °C, 175 rpm for 90 min. Cells were harvested by centrifugation at 9,000 × g, for 15 min at 4ºC. 

The cell pellet was resuspended in 50 ml of cold 20 mM Tris/HCl, pH 8.0 and disrupted by sonication. 

Cell membranes were harvested by ultracentrifugation at 134,000 xg, for 1 h at 4 °C and extracted 

with 20 ml of 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1% DDM for 1 h on ice. Insoluble material was 

removed by ultracentrifugation, then membrane extracts were incubated overnight with 2 ml of Ni-

NTA agarose bead suspension (Qiagen) per liter culture volume at 4 °C on a tube roller. Ni-NTA beads 

were washed with 20 ml of 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.05% DDM, 50 mM imidazole, and 

the BAM complex was eluted with 10 ml of 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.05% DDM, 500 
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mM imidazole. Eluted fractions were applied to a Superdex 200 (10/300) column (GE Healthcare) in 

filtered and degassed 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.05% DDM. Purified BAM complex was 

briefly stored at 4 °C to be immediately reconstituted into proteoliposomes. 

 

Purification of SurA 

The protocol was adapted from Hagan et al., 201043 and Roman Hernandez et al., 201442. pSK257 

(Hagan et al., 201043) was transformed into E. coli BL21(DE3). Transformants were grown (37 °C, 175 

rpm) in LB, containing 50 µg/ml kanamycin, to OD600 ~1. The culture was shifted to 16 °C and 

supplemented after 30 min with 0.1 mM IPTG to induce protein overproduction, then incubated at 16 

°C, 175 rpm for 16-18 h. Cells were harvested by centrifugation at 9,000 ×g, for 15 min at 4 °C, and 

resuspended in 50 ml of 20 mM Tris/HCl, pH 8.0, then disrupted by sonication. The supernatant was 

incubated with 2 ml of Ni-NTA agarose beads (Qiagen) per liter culture volume at 4 °C on a tube roller. 

Ni-NTA beads were washed with 40 ml of 20 mM Tris/HCl, pH 8.0, 50 mM imidazole, and the protein 

eluted in 20 ml of 20 mM Tris/HCl, pH 8.0, 500 mM imidazole. Eluted fractions were dialyzed overnight 

at 4 °C against 20 mM Tris/HCl, pH 8.0, 10% glycerol. After dialysis, the protein was further purified by 

size-exclusion chromatography on a Superdex 75 (16/600) column (GE Healthcare) in filtered and 

degassed 20 mM Tris/HCl, pH 8.0, 10% glycerol at 1 ml/min. Eluted fractions were concentrated to 

~250 µM and stored in aliquots at -80 °C. 

 

Purification of OmpT 

The protocol was adapted from Iadanza et al., 201648. The protein was produced in E. coli BL21(DE3) 

from pCH18 (Hagan et al., 201043). Transformants were grown (37 °C, 175 rpm) in LB, containing 50 

µg/ml kanamycin, to OD600 ~0.5-0.6, then the culture was supplemented with 1 mM IPTG to induce 

protein overproduction and incubated (37 °C, 175 rpm) for further 4 h. Cells were harvested by 

centrifugation at 9,000 ×g, for 15 min at 4 °C, and resuspended in 50 ml of 50 mM Tris/HCl, pH 8.0, 5 

mM EDTA. Cells were disrupted by sonication, and insoluble OmpT cytoplasmic inclusion bodies were 

collected by centrifugation (3,220 ×g, 15 min, 4 °C) and resuspended in 80 ml of 50 mM Tris/HCl, pH 

8.0, 2% Triton X-100, incubating for 1 h at room temperature with gentle shaking. Inclusion bodies 

were harvested by centrifugation (3,220 ×g, 15 min, 4 °C) and washed twice in 50 ml of 50 mM 

Tris/HCl, pH 8.0, then solubilized in 10 ml of 25 mM Tris/HCl, pH 8.0, 6 M guanidine-HCl, incubating 

for 1 h at RT with gentle shaking. Insoluble material was removed by ultracentrifugation (134,000 ×g, 

1 h, 4 °C) and the supernatant was applied to a Superdex 75 (26/600) column (GE Healthcare) in 

filtered and degassed 25 mM Tris/HCl, pH 8.0, 6 M guanidine-HCl. Eluted fractions were stored in 

aliquots at -80 °C. 

 

Reconstitution of the BAM complex into proteoliposomes 

Purified BAM complex was reconstituted into proteoliposomes according to the dilution method 

described by Hagan et al., 201043 and Roman Hernandez et al., 201442. E. coli polar lipids (Avanti) were 

resuspended in water at 20 mg/ml and sonicated until they were well dispersed, then 200 µl of lipid 

suspension were added to 1 ml of freshly purified BAM complex. The mixture was incubated on ice 

for 5 min, then diluted with 20 ml of cold 20 mM Tris/HCl, pH 8.0 and incubated on ice for further 30 

min. Liposomes were pelleted by ultracentrifugation at 135,000 ×g, for 30 min at 4 °C, washed in 20 

ml of 20 mM Tris/HCl pH 8.0 and pelleted again. BAM-enriched proteoliposomes were resuspended 

in ~800 µl of 20 mM Tris/HCl pH 8.0, flash-frozen in liquid nitrogen in small aliquots and stored at -80 

°C. 
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OmpT folding in vitro assay 

The protocol was adapted from Roman Hernandez et al., 201442. Compounds 2 and 14 at different 

concentrations were incubated with 2 µM BAM proteoliposomes and 2 mM autoquenched 

fluorogenic peptide (Peptide Synthetics) in a 25 µl-subreaction in Tris/HCl, pH 6.5. A second 25 µl-

subreaction contained 140 µM SurA and 20 µM denaturated OmpT in Tris/HCl, pH 6.5. The two 

subreactions were incubated at 30 °C for 5 min, then mixed to initiate BAM-mediated OmpT assembly. 

Control samples contained inactive derivative compounds (100 µM), DMSO only or no BAM complex 

(empty liposomes). Alternatively, a 25 µl-subreaction containing 2 µM BAM proteoliposomes in 

Tris/HCl, pH 6.5 was mixed with a second 25 µl-subreaction contained 140 µM SurA and 20 µM 

denaturated OmpT in Tris/HCl, pH 6.5 and incubated for at 30 °C for 2 h to pre-fold OmpT, then mixed 

with a third 50 µl-subreaction containing 200 µM compounds 2 and 14 or DMSO and 2 mM fluorogenic 

peptide in Tris/HCl, pH 6.5. Control reactions that received compounds 2 and 14 or DMSO prior to 

OmpT folding were included. Cleavage of the peptide by folded OmpT was monitored by measuring 

the fluorescence at 430 nm (excitation at 330 nm) in a CLARIOstar microplate reader (BMG Labtech), 

over 80 min of incubation at 30 °C, with readings every 20 s. Activity rates for three independent 

replicates were measured over linear increase in fluorescence after subtracting the background 

fluorescent signal at T = 0, averaged and converted into percentage relatively to DMSO controls. EC50 

values were estimated using the online MyCurveFit tool (www.mycurvefit.com) by plotting relative 

OmpT activity from dose-response experiments against compound concentration. 

 

HEK293 cell toxicity 

HEK293 cells were cultured in regular flasks at 37 °C, 5% CO2 in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) for multiple passages. 

Toxicity to HEK293 was assessed by transferring 240 nl compound solution, 200 nl DMSO solution 

(negative control) and 200 nl of a 20 mM tamoxifen solution (positive control) in the wells of a white 

384-well plate using robotics. Selected compounds were tested in a 1:3 dose response, as described 

for testing autofluorescence. Subsequently, ~2,000 HEK293 cells in 40 μl DMEM were seeded in all 

wells using robotics followed by incubation for 48 h in the incubator of the Robocon 2 system at 37 

°C, 5% CO2 and 90% humidity. Afterwards, 20 μl Cell Titer Glo reagent (Promega) was added to all 

wells and the plate was shaken thoroughly for 2 min. After 20 min incubation at RT, luminescence was 

measured using the Envision platereader. 
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Supporting information 
 

 

 
Figure S1. Z’ factor and signal to background ratio of each 384-well plate. 

 Overview of the plate to plate Z’ factor and average signal to background (S/B) ratio of the controls 

used in the primary screen. The signal represents σE stress induction levels found in E. coli TOP10F’ 

cells expressing Hbp incubated with 100 µM VUF15259 whereas background stands for cells 

expressing Hbp incubated with 1% DMSO. 
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Figure S2. Autofluorescence of each hit compound from the primary screen. 

Graph represents the fluorescence (excitation 488 nm and emission 535 nm) of each hit compound 

from the primary screen that was measured in M9 medium at 60 µM in 384-well format. Compounds 

showing a higher fluorescence than 1.5xbackground fluorescence (dashed line) were classified as 

autofluorescent compound (139 in total).  
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Figure S3. Dose-dependent induction of various stress responses. 

E. coli TOP10F’ bacteria were grown in a 384-well plate and exposed for 3 h to an 1:3 increasing 

concentration of the compounds (CPD) indicated in the Fig. Stress was measured using the PrpoE-mNG 

(left panels), PrprA-mNG (middle panels) and PgroES-mNG (right panels) reporter constructs on 

pUA66. Fluorescence was corrected for the OD600 and plotted as fold change fluorescence compared 

to the DMSO control. Data are shown as the average of triplicate samples ± SD.  
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Figure S4. Compound 2 and 14 do not synergize with increased membrane permeability.  

E. coli MC4100 was grown in LB in a 96-well plate and incubated with a two-fold increasing 

concentration of compound (A) 2, 14 or (B) vancomcyin. Growth was continued for 10 hours and 

plotted as percentage cell growth compared to untreated cells (set at 100%). FhuA ∆C/4L was 

constitutively expressed. Data are shown as the average of triplicate samples ± SD. Data are 

representative of 2 independent experiments. 
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Figure S5. Dose-dependent activation of σE stress in response to 2A and 14A. 

 Structural formula of compound (A) 2A and (B) 14A. (C) E. coli TOP10F’ bacteria were grown in a 96-

well plate and exposed for 3 h to an 1:2 increasing concentration of the compounds (CPD) indicated 

in the Fig. Stress was measured using the PrpoE-mNG reporter construct on pUA66. Fluorescence was 

corrected for the OD600 and plotted as fold change fluorescence compared to the DMSO control (set 

to 1). Data are shown as the average of duplicate samples ± SD.  

  



Chapter 5 

 

 

  110 

 
Figure S6. Compound 2 interferes with OmpT assembly in proteoliposomes. BAM-containing 

liposomes were pre-incubated with the indicated concentrations of compound (A) 2 and (B) 14. 

Denaturated OmpT, stabilized by SurA, was added to initiate the assembly reaction. Folding of OmpT 

was monitored in real-time and measured as an increase in fluorescence from cleavage of the 

fluorogenic reporter peptide. (C) OmpT protease activity was measured when 100 µM compounds 

were added in presence of a 1:7 (-) or a 1:42 (+) OmpT:SurA molar ratio. OmpT protease activity was 

also measured when (D) DMSO or 100 µM compound (E) 14 or (F) 2 were added ‘before’ OmpT folding 

occurred or ‘after’ OmpT folding was completed. Values are mean ± SD of 3 independent experiments.  
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Figure S7. Effect of compound 2 and 14 on growth of various Gram-negative and Gram-positive 

species. 

The Gram-negative (A, C) and Gram-positive (B, D) species were grown in LB in a 96-well plate and 

incubated with a two-fold increasing concentration of compound 2 or 14. Growth was continued for 

10 hours and plotted as percentage cell growth compared to untreated cells (set at 100%). Data are 

shown as the average of triplicate samples ± SD. Data are representative of 3 independent 

experiments. 
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Synthesis of compound 14 
 

Ethyl 5-((tert-butoxycarbonyl)amino)-2-hydroxycyclohex-1-ene-1-carboxylate (1) 

A stirred solution of (4-oxo-cyclohexyl)-carbamic acid tert-butyl ester (100 g, 469 mmol) in 2 L of THF 

was cooled to –80 °C for 15 min. To this, TMEDA (70 ml, 469 mmol) was added followed by dropwise 

addition of LDA (468 ml, 2 M in THF, 2 eq.) at the same temperature. The reaction mixture was allowed 

to stir at -80 °C for 90 min. (Note: Off-white solid formation was observed). Ethyl cyanoformate (46.3 

ml, 469 mmol) was added and the resulting medium was stirred for 10 min. After complete 

consumption of starting material (by TLC), the reaction mixture was quenched with a saturated NH4Cl 

aqueous solution (1 L) and extracted with EtOAc (2 x 500 ml). The combined organic layers were dried 

over anhydrous Na2SO4 and concentrated under vacuum to get crude material. The crude product was 

purified by flash column chromatography on silica gel using a gradient of EtOAc in hexane. The pure 

fractions were collected and concentrated to yield ethyl 5-((tert-butoxycarbonyl)amino)-2-

hydroxycyclohex-1-ene-1-carboxylate (38.5 g, 28 %). 
1H NMR (d-DMSO, 300 MHz): 12.16 (s, 1H), 6.92 (m, 1H), 4.17 (m, 2H), 3.48 (m, 1H), 2.45-2.30 

(m, 3H), 2.02 (m, 1H), 1.78 (m, 1H), 1.55 (m, 1H), 1.39 (s, 9H), 1.25 (m, 3H).  

 

Tert-butyl (2-(2-chloropyridin-4-yl)-4-hydroxy-5,6,7,8-tetrahydroquinazolin-6-yl)carbamate (2)  

2-chloropyridine-4-carboximidamide hydrochloride (1.15 g, 6 mmol) and ethyl 5-((tert-

butoxycarbonyl)amino)-2-hydroxycyclohex-1-ene-1-carboxylate (1) (1.43 g, 6 mmol) were suspended 

in 20 ml of THF. tBuOK (0.71 g, 6.3 mmol) was added portionwise and the resulting mixture was heated 

at 90 °C overnight. Mixture was cooled down to room temperature and volatiles were evaporated. 

The residue was suspended in 25 ml of MeOH, sonicated for 15 min and the obtained white solid was 

filtered and thoroughly dried to yield the expected product as a white solid (1.69 g, 75%).  

LC-MS: tR = 1.21 min, UV purity : > 98%, MS [M+1]+ 377.1 (“ see method UPLC reaction acidic-

0.8 ml_v2”). 1H NMR (d-DMSO, 300 MHz): 12.75 (br s, 1H), 8.58 (d, 1H, J = 6.0 Hz), 8.13 (s, 1H), 8.05 

(m, 1H), 7.01 (m, 1H), 3.65 (m, 1H), 2.73 (m, 2H), 2.45 (m, 1H), 2.30 (m, 1H), 1.92 (m, 1H), 1.66 (m, 1H), 

1.41 (m, 9H). 

 

Tert-butyl (2-(2-acetamidopyridin-4-yl)-4-hydroxy-5,6,7,8-tetrahydroquinazolin-6-yl)carbamate (3)  

tert-butyl (2-(2-chloropyridin-4-yl)-4-hydroxy-5,6,7,8-tetrahydroquinazolin-6-yl)carbamate (2) (1.68 

g, 4.46 mmol), acetamide (0.530 g, 8.92 mmol), Cs2CO3 (2.91 g, 8.92 mmol), Pd2(dba)3 (0.16 g, 0.04 

eq.) and Xantphos (0.21 g, 0.08 eq.) were weighed in a vial and placed under an Argon atmosphere 

(by 3 cycles vacuum-Ar refill). 12 ml of degassed 1,4-dioxane were added and the resulting suspension 

was stirred 6 h at 110 °C. Mixture was cooled down to room temperature, diluted with EtOAc and 

washed with a sat. NaHCO3 solution, then brine. The combined organic layers were dried over 

anhydrous Na2SO4 and evaporated. The resulting crude residue was purified by flash chromatography 

on silica gel (solid deposit) using a gradient of MeOH (3–8%) in dichloromethane. Pure fractions were 

combined and evaporated to yield the product as a white solid residue (1.18 g, 66%). 

LC-MS: tR = 1.03 min, UV purity : > 92%, MS [M+1]+ 400.2 (“see method UPLC reaction acidic-

0.8 ml_v2”) 

 

Tert-butyl (2-(2-acetamidopyridin-4-yl)-4-(benzylamino)-5,6,7,8-tetrahydroquinazolin-6-

yl)carbamate (4) 
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A suspension of tert-butyl (2-(2-acetamidopyridin-4-yl)-4-hydroxy-5,6,7,8-tetrahydroquinazolin-6-

yl)carbamate (3) (0.100 g, 0.25 mmol) and (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate (0.138 g, 0.313 mmol) in 3 ml of acetonitrile was treated dropwise with DBU 

1,5-diazabicyclo[5.4.0]undéc-5-ene (0.055 ml, 0.35 mmol) and the resulting suspension was stirred 15 

min at 60 °C. Benzylamine (0.070 ml; 0.625 mmol) and DIPEA (0.065 ml; 0.375 mmol) were then added 

dropwise and the resulting solution was stirred at 125 °C under µW irradiation for 1h. Volatiles were 

evaporated and crude residue was purified by flash chromatography on silica gel (solid deposit) using 

a gradient of EtOAc (45–75%) in heptane. Pure fractions were combined and evaporated to yield tert-

butyl (2-(2-acetamidopyridin-4-yl)-4-(benzylamino)-5,6,7,8-tetrahydroquinazolin-6-yl)carbamate as 

an pale orange solid residue (0.115 g, 85%). 

LC-MS: tR = 4.92 min, UV purity : > 90%, MS [M+1]+ 489.4 (“see method HPLC reaction basic 6 

min”) 

 

2-(2-aminopyridin-4-yl)-N4-benzyl-5,6,7,8-tetrahydroquinazoline-4,6-diamine (5) 

A solution of tert-butyl (2-(2-acetamidopyridin-4-yl)-4-(benzylamino)-5,6,7,8-tetrahydroquinazolin-6-

yl)carbamate (4) (0.115 g, 0.24 mmol) in 10 ml of dichloromethane was treated dropwise with a 4N 

HCl solution in dioxane (1.50 ml, 5.88 mmol). The resulting solution was stirred at room temperature 

until TLC of supernatant showed no more starting material. Mixture was evaporated to full dryness to 

yield a solid residue.  

This solid residue was re-suspended in 5 ml of a MeOH/THF 1/1 mix and treated dropwise with 

2M aqueous NaOH (1.20 ml, 2.4 mmol). The resulting solution was then stirred at 75 °C overnight. 

Partial conversion being observed by LC-MS (~ 80% conversion), additional 2M aqueous NaOH was 

added (0.24 ml, 0.48 mmol) and stirring was continued at 85° C for an additional 4 h. Volatiles were 

evaporated to full dryness and the resulting crude residue was purified by flash chromatography on 

silica gel (solid deposit) using a gradient of ~ 2N NH3 in MeOH (8–15%) in dichloromethane. Pure 

fractions were combined and evaporated to yield a residue which was triturated/sonicated in Et2O, 

filtered and thoroughly dried to yield -(2-aminopyridin-4-yl)-N4-benzyl-5,6,7,8-tetrahydroquinazoline-

4,6-diamine (5) as a white solid residue. 

LC-MS: tR = 2.75 min, UV purity > 95%, MS [M+1]+ 347.2 (“ see method UPLC: basic, 20%, 5 

min”) 1H NMR (d-DMSO, 300MHz): 7.93 (m, 1H); 7.40-7.20 (m, 8H); 5.94 (br s, 2H); 4.70 (m, 2H); 3.12 

(m, 1H); 2.75-2.55 (m, 2H); 2.15 (m, 2H); 1.88 (m, 1H); 1.58 (m, 1H). 
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Analytical methods descriptions 
 

UPLC reaction acidic-0.8 ml_v2 

A Waters-Acquity UPLC H-Class equipped with a Acquity UPLC PDA Detector with MS detection using 

2-Acquity TQ Detector (ESI & EScI) mass spectrometer was used to perform LC-MS analyzes. An 

Acquity UPLC HSS C18 column (2.1x30mm, 1.8µm) (equipped with a prefilter and thermostated at 40 

°C) was used. The solvents that were used were the following: solvent B (acetonitrile) and solvent A 

(water with 0.1% formic acid), flow rate of 0.8 ml/min, start 5% B, linear gradient to 90% B in 2 min, 

then 0.5 min at 90% B; total run time of 2.5 min.  

 

HPLC reaction basic 6 min 

A Dionex Ultimate 3000 HPLC system (equipped with a PDA detector) linked to a mass spectrometer 

Brucker Esquire 6000 (equipped with a multimode source, ESI/APCI) was used to perform HPLC 

analyzes. A X-Bridge C18 100x3.0mm column equipped with a X-Bridge C18, 3.5µm, 3.0x20mm Guard 

column, thermostated to 30 °C. The solvents that were used were the following: solvent B 

(acetonitrile) and solvent A (NH4OAc 10mM in water, adjusted at pH10 with an aqueous solution of 

NH3), flow rate of 1.0 ml/min, start 10% B, 1 min at 10%, then linear gradient to 90% B in 3 min, then 

2 min at 90% B; total run time of 6.0 min.  

 

UPLC: basic, 20%, 5 min 

A Waters-Acquity UPLC H-Class equipped with a Acquity UPLC PDA Detector with MS detection using 

2-Acquity TQ Detector (ESI & EScI) mass spectrometer was used to perform LC-MS analyzes. An 

Acquity UPLC UPLC BEH C18 column (2.1x50mm, 1.7µm) (equipped with a prefilter and thermostated 

at 40 °C) was used. The solvents that were used were the following: solvent B (acetonitrile) and solvent 

A (NH4OAc 10mM in water, adjusted at pH 10 with an aqueous solution of NH3), flow rate of 0.5 

ml/min, start 5% B, then linear gradient to 50% B in 3.18 min, then linear gradient to 90% B in 0.82 

min, then 1 min at 90% B; total run time of 5.0 min. 
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Table S1. Overview of the strains used in this study.  

Plasmid Description Reference 

E. coli TOP10F’ Cloning and expression strain Thermo Fisher 

Scientific 

E. coli MC1061 
degP::S210A 

Mutation rendering DegP defective in its 

protease function  

1 

E. coli MC4100 Cloning and expression strain 2 

E. coli MC4100 bamA101 Cloning and expression strain; transposon 
insertion in the bamA promoter that lowers 
expression of bamA by ~90% 

3 

E. coli MC4100 ∆bamB Deletion of the protein bamB 4 

E. coli MC4100 ∆surA Deletion of the chaperone surA 4 

E. coli KS272 Parental strain KS474 5 

E. coli KS474 ∆degP Deletion of the protease degP 5 

Enterococcus faecium 

(VRE) 

Vancomycin-resistant clinical isolate 6 

Staphlycoccus aureus 

(MRSA) 

Methicillin-resistant clinical isolate 6 

Klebsiella pneumoniae Clinical isolate 6 

Acinetobacter baumannii Clinical isolate 6 

Pseudomonas aeruginosa Clinical isolate 6 

Enterobacter cloacae Clinical isolate 6 

Escherichia coli  Uropathogenic clinical isolate 6 

Bacillus subtilis 168 Cloning and expression strain 6 

E. coli BL21 (DE3) Cloning and expression strain Novagen 

 

Table S2. Overview of the plasmids used in this study.  

Plasmid Description Reference 

pEH3 Expression vector; lacUV5 promoter  7 

pEH3-Hbp Plac-hbp  8 

pEH3-ssTorA-Hbp Plac-hbp with torA signal sequence 9 

pUA66-RpoE-mNG PrpoE-neongreen 10 

pUA66-GroES-mNG PgroES-neongreen 10 

pUA66-RprA-mNG PrprA-neongreen 11 

pEH3-PhoE Plac-phoE 12 
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Table S3. Overview of marketed drugs and other bioactive molecules identified in the HTS screen 

to activate σE stress.  

Molecule name Description / function 

5-fluoruracil cancer drug 

6-MP (mercaptopurine) cancer and auto-immune disease drug 

6-TG (thioguanine) cancer drug 

bithionate salt 

bleomycin cancer drug 

broxaldine anti-protozoal drug 

carbadox antibiotic used in livestock 

carmofur pyrimidine analogue 

chlorhexidine anti-septic 

chloroxine fluoroquinolone, antibiotic 

ciclopirox anti-fungal drug 

clinafoxacin antibiotic 

cliquinol anti-parasitic drug 

colistine inhibits LPS / cell membrane 

daracbazine cancer drug 

deferoxamine drugs used against iron deficiencies 

diaveridine antibiotic 

enoxacin fluoroquinolone, antibiotic 

floxuridine cancer drug 

flucytosine anti-fungal drug 

flumequine fluoroquinolone, antibiotic 

halcinonide treatment skin disorders 

levaquin fluoroquinolone, antibiotic 

lomefloxacin fluoroquinolone, antibiotic 

meclocycline tetracycline, antibiotic 

metitepine  antagonist serotonin and dopamin 

mitomycin cancer drug 

mycophenolate immuno-suppression drug 

naphthol dye 

nitroxoline antibiotic 

ofloxacin fluoroquinolone, antibiotic 

orbifloxacine fluoroquinolone, antibiotic 

oxilan contrast agent 

pazufloxacin fluoroquinolone, antibiotic 

pentetic acid chelating agent 

piroctone anti-fungal drug 

polymyxin B antibiotic 

rufloxazin antibiotic 

sulfadiazine antibiotic 

trimethoprim antibiotic 
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Abstract 
Eeyarestatin 1 (ES1) is an inhibitor of endoplasmic reticulum (ER) associated protein degradation, 

Sec61-dependent Ca2+ homeostasis and protein translocation into the ER. Recently, evidence was 

presented showing that a smaller analogue of ES1, ES24, targets the Sec61-translocon and captures it 

in an open conformation that is translocation-incompetent. We now show that ES24 impairs protein 

secretion and membrane protein insertion in Escherichia coli via the homologous SecYEG-translocon. 

Transcriptomic analysis suggested that ES24 has a complex mode of action, probably involving 

multiple targets. Interestingly, ES24 shows anti-bacterial activity towards clinically relevant strains. 

Furthermore, the anti-bacterial activity of ES24 is equivalent to or better than that of nitrofurantoin, 

a known antibiotic that, although structurally similar to ES24, does not interfere with SecYEG-

dependent protein trafficking. Like nitrofurantoin, we find that ES24 requires activation by the NfsA 

and NfsB nitroreductases, suggesting that the formation of highly reactive nitroso intermediates is 

essential for target inactivation in vivo. 

 

Introduction 
The synthesis and trafficking of proteins that enter the secretory pathway of eukaryotic cells is 

coordinated at the endoplasmic reticulum (ER). Translocation of secretory proteins into the ER lumen 

occurs via the ER membrane-embedded Sec61-translocon, the core of which consists of the subunits 

Sec61α, Sec61β and Sec61γ (Denks et al., 2014). The same complex is used for the integration of most 

membrane proteins. Typically, nascent pre-secretory and membrane proteins are targeted to the 

translocon by the signal recognition particle (SRP) that binds to the hydrophobic signal peptide or 

signal anchor sequence as it emerges from the ribosome. The SRP delivers the ribosome-nascent chain 

complex to the translocon in a GTP-dependent, vectorial process that involves the membrane 

associated SRP receptor (Lang et al., 2017; Rapoport, Li, & Park, 2017). 
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Nascent pre-secretory proteins enter the ER in an unfolded state and are assisted in folding 

by chaperones and folding catalysts. Failure to attain a native conformation due to perturbations of 

the folding process, mutations or stress, may lead to a block in secretion and retention in the ER 

whereby misfolded secretory proteins become substrates of the ER associated degradation (ERAD) 

system (Buchberger, Bukau, & Sommer, 2010). This is a collection of quality control mechanisms that 

clears the ER of accumulated, misfolded, proteins through their coordinated ubiquitination and 

retrotranslocation into the cytosol. The cytoplasmic AAA-ATPase p97 utilizes the energy from ATP 

hydrolysis to extract the ubiquitinated proteins from the ER to be degraded by the 26S proteasome 

(Lemus & Goder, 2014; Ruggiano, Foresti, & Carvalho, 2014).  

Several studies have identified eeyarestatin I (ES1) as an inhibitor of the ERAD pathway/AAA-

ATPase p97, leading to accumulation of poly-ubiquitinated ERAD substrates in the cell (Aletrari et al., 

2011; McKibbin et al., 2012; Wang, Li, & Ye, 2008; Wang et al., 2010). Treatment of tumor cells with 

ES1 in combination with proteasome inhibitors results in proteotoxic stress and cell death, identifying 

ES1 as a potential anti-cancer drug (Sannino & Brodsky, 2017). In addition to its effect on ERAD, ES1 

also inhibits the forward translocation of nascent polypeptides into the ER, most likely by a direct 

inhibition of the Sec61-translocon (Aletrari et al., 2011; Cross et al., 2009; Gamayun, Keefe, Pick, Klein, 

& Nguyen, 2019; McKenna, Simmonds, & High, 2016). ES1 is a 630 Da compound composed of a 

nitrofuran-containing (NFC) domain and a separate aromatic domain (Fig. 1). Recently, Gamayun et 

al. studied a smaller ES1 derivative of 299 Da, called ES24 (Fig. 1), that closely resembles the NFC-

domain of ES1. They found that ES24 retained the ability to inhibit Sec61-dependent protein 

translocation into ER derived rough microsomes to a similar extent as ES1 and proposed that both ES1 

and ES24 bind to the lateral gate of the Sec61-translocon in such a way as to lock it into an open state 

that is still Ca2+ permeable but incompetent for protein translocation (Gamayun et al., 2019). In 

contrast to ES1, ES24 does not interfere with cellular deubiquitination pathways, most likely because 

the presence of the aromatic domain of ES1 is required to inhibit AAA-ATPase p97 (Wang et al., 2010).  

The trimeric SecYEG-translocon in the bacterial cytoplasmic membrane is homologous to the 

eukaryotic Sec61-translocon and mediates the translocation of proteins across, and their insertion 

into, this membrane (Denks et al., 2014). Given its structural and functional conservation we 

considered the possibility that ES1 and ES24 may also inhibit SecYEG-dependent protein transport in 

bacteria and, given the essential nature of this process, thereby exhibit anti-bacterial activity. Focusing 

on Escherichia coli as a model organism, we showed that ES1 was unable to cross the outer membrane 

due to its size. In contrast, its smaller derivative ES24 impaired SecYEG-mediated protein transport 

and membrane insertion, inducing a stress response and affecting growth. Transcriptomic analysis 

revealed that ES24 either directly or indirectly affects several other cellular processes important to E. 

coli, suggesting that ES24 has additional targets and a multifaceted mode of action. Finally, ES24 

showed anti-bacterial activity towards various clinically relevant bacterial strains that was equivalent 

to or stronger than the activity of nitrofurantoin, a known antibiotic and structural homologue of ES24. 
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Results 
 

ES24 inhibits growth of E. coli 

ES1 and its smaller derivative ES24 inhibit Sec61-mediated protein translocation across the ER 

membrane (Cross et al., 2009; Gamayun et al., 2019). To examine the effect of these compounds on 

the equivalent prokaryotic SecYEG-translocon we started by evaluating the effect of ES1 and ES24 on 

cell viability with E. coli as a model organism. Since the SecYEG-translocon is essential, compromising 

its function is expected to affect growth (Du Plessis, Nouwen, & Driessen, 2011). To test this, E. coli 

strains were grown in liquid culture in the presence or absence of ES1 and ES24 to determine the 

minimal inhibitory concentration (MIC). As shown in Table 1, ES24 strongly affected growth of the 

wild-type MC4100 strain with a MIC of 25 µM, whereas ES1 showed no effect up to the highest 

concentration tested (100 µM). Importantly, ES1 has a molecular mass of 630 Da, which may hamper 

its passage through the outer membrane that has a molecular sieve function with an exclusion limit 

of around 600 Da (Nikaido, 2003), potentially explaining why ES1 does not affect growth. In contrast, 

the outer membrane does not apparently obstruct passage of the smaller ES24 (299 Da) from 

accessing the cell. 

To investigate the potential influence of outer membrane permeability we used an E. coli 

strain that expresses a genetically modified variant of the large outer membrane β-barrel protein FhuA 

that lacks its N-terminal plug domain and four large external loops (Krishnamoorthy et al., 2016). This 

so called FhuA ∆C/∆4L has a predicted pore size of 2.4 nm and allows unhindered passage of molecules 

up to ~2,000 Da (Krishnamoorthy et al., 2016; Niedzwiecki, Mohammad, & Movileanu, 2012). As 

shown in Table 1, this so-called hyperporination of E. coli cells allowed ES1 to affect growth with a MIC 

of 25 µM, similar to that for ES24 in the parental E. coli strain. We therefore conclude that under 

normal circumstances the outer membrane does indeed restrict the entry of ES1. Interestingly, the 

Figure 1. Structural formulas of ES1, ES24 

and NFT. 

Structural formulas of ES1, ES24 and NFT 

with the aromatic domain shown in blue 

and the nitrofuran-containing domain (NFC) 

in red. 
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FhuA ∆C/∆4L strain also displayed a modest increase in sensitivity to ES24 indicative of the more 

efficient uptake of this compound as well as the larger ES1. 

 

Table 1. Overview of the MIC (µM) of ES1, ES24 and NFT against the indicated bacterial strains  

Strain ES1 (630 Da)† ES24 (299 Da)† NFT (238 Da)† 

E. coli MC4100  >100 25 25 

E. coli MC4100 pABCON2-fhuA ∆C/∆4L 25 12 25 

E. coli AB1157 >100 25 25 

E. coli NER502 ∆nfsA and ∆nfsB >100 >100 >100 
†Inhibitory curves can be found in the supporting information (Fig. S1). 

 

ES24 requires activation by nitroreductases to affect cell growth 

The antibiotic nitrofurantoin (NFT), which is used as a front-line treatment of urinary tract infections, 

contains the same NFC-domain as ES24, and is thus structurally related (Fig. 1) (Huttner et al., 2015). 

The NFC-domain can be reduced by nitroreductases via a highly reactive nitroso intermediate, causing 

damage to proteins and DNA via nucleophilic reactions and redox chemistry (Sandegren, Lindqvist, 

Kahlmeter, & Andersson, 2008). Indeed, it has been shown that reduction of the nitro group of NFT 

by the nitroreductases NfsA and NfsB is required for its effect on bacterial growth through damaging 

DNA, RNA and proteins (Valle, Borgne, & Bolívar, 2012; Whiteway et al., 1998). To investigate whether 

ES24 also requires activation by nitroreductases its effect on growth was evaluated in a double ∆nfsA 

and ∆nfsB mutant strain. Similar to NFT, ES24 did not affect growth in the mutant strain up to the 

highest concentration tested (100 µM), whereas growth in the parental wild-type strain was affected 

with a MIC of 25 µM for both compounds (Table 1). Apparently, and analogous to NFT, reduction of 

the NFC-domain is required for the effect of ES24 on cell growth.  

 

ES24 inhibits SecYEG-mediated insertion of cytoplasmic membrane proteins 

We considered the possibility that the effect of ES24 on cell viability in E. coli may correlate with its 

targeting of the essential SecYEG-translocon. To address this possibility directly, we examined the 

effect of ES24 on the membrane localization of previously defined SecYEG-dependent and SecYEG-

independent inner membrane proteins (IMPs). For this, we used two synthetic bitopic IMPs consisting 

of a cytoplasmic NeonGreen (NG) reporter domain, a WALP transmembrane domain (TMD) of 

moderate hydrophobicity and a C-terminal periplasmic domain of two different lengths (Fig. 2A). 

WALPs are peptides that consist solely of tryptophan (W), alanine (A) and leucine (L) residues and can 

serve as synthetic TMDs of distinct hydrophobicity (Holt & Killian, 2010; Peschke et al., 2019). We have 

shown previously that the construct NG-WALP-F with a periplasmic domain of only two amino acids 

behaves as a tail-anchored protein that enters the inner membrane post-translationally in a SecYEG-

independent mechanism (Peschke et al., 2019). In contrast, NG-WALP-F-TolR, which carries the 102-

residue periplasmic domain of the type-II IMP TolR, requires SecYEG for membrane insertion in a 

process that is believed to occur concomitant with translation (Peschke et al., 2019). 

The presence of NG in the synthetic constructs allows reliable monitoring of membrane 

association by the formation of a halo-type staining of cell envelopes in fluorescence microscopy. E. 

coli cells harboring NG-WALP-F, NG-WALP-F-TolR or control NG-expression constructs where NG is 

located in the cytoplasm, were grown for 1 h in the presence of 0.25x MIC of ES24, NFT or DMSO as a 

control, before reporter protein expression was induced with isopropyl β-d-1-thiogalactopyranoside 

(IPTG). After 1 h of continued growth, cells were collected, fixed and analyzed by fluorescence 
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microscopy. DMSO- or NFT-treated cells expressing the reporter constructs showed disperse 

circumferential labelling indicative of membrane localization (Fig. 2B) (Peschke et al., 2019). In 

contrast, ES24 prevented membrane localization of the SecYEG-dependent NG-WALP-F-TolR reporter 

but not of the SecYEG-independent NG-WALP-F. NG expression and its localization in the cytosol were 

not altered by ES24 and NFT, as expected (Fig. 2B and S3). Of note, both ES24 and NFT caused 

significant cell elongation independent of which WALP protein was expressed, most-likely as a 

consequence of their overall toxic effect on the cells. We also noted that cells expressing NG and NG-

WALP-F-TolR exhibited fluorescent spots at the cell poles indicating either the aggregation of 

mislocalized WALP proteins or their recruitment to pre-existing aggregates, consistent with impaired 

function of the SecYEG-translocon (Peschke et al., 2019). We additionally analyzed the fluorescence 

distribution in individual cells by creating cross-sectional profiles of the cells and assessing membrane 

localization based on the center (cytosol) to border (membranes) ratio of the fluorescent signal 

(Peschke et al., 2019). This semi-quantitative analysis (Fig. S2A and S2B) confirmed the conclusions 

that we made based on our qualitative visual inspection. 

Together, these data strongly suggest that ES24 directly or indirectly inhibits the insertion of 

SecYEG-dependent membrane proteins. In contrast, the antibiotic NFT that is structurally related to 

ES24 does not appear to interfere with SecYEG-mediated membrane insertion. 
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Figure 2. ES24 impairs membrane insertion of NG-WALP-F-TolR. 

(A) Schematic representation of the topology of the NG-WALP-F, NG-WALP-F-TolR and NG constructs. 

(B) E. coli MC4100 cells, harboring pSE(p15a)-NG, pSE(p15a)-NG-WALP-F or pSE(p15a)-NG-WALP-F-

TolR, were grown in a 96-well plate and incubated for 1 h with either 0.25x MIC ES24, NFT or DMSO 

as control. Protein expression was then induced with IPTG for 1 h before cells were fixed and analyzed 

by fluorescence microscopy. Images were analyzed by ImageJ using the Coli-Inspector plugin. A 

representative image per condition is shown. Potentially aggregated NG is indicated by an arrow. Scale 

bars are 10 µm. Quantification and statistical analysis can be found in the supporting information (Fig. 

S2 and S3). 

 

ES24 inhibits secretion of Hbp 

To obtain independent evidence that the function of the SecYEG-translocon is affected by ES24, we 

analyzed secretion of the autotransporter haemoglobin protease (Hbp). Hbp is synthesized in the 

cytosol and consists of three domains: a signal sequence, a passenger domain and a C-terminal β-

domain (Fig. 3A) (Jong, Saurí, & Luirink, 2010; van Ulsen, Rahman, Jong, Daleke-Schermerhorn, & 

Luirink, 2013). Hbp is transported to the periplasm by the SecYEG-translocon, where the signal peptide 

is cleaved and the so-called pro-Hbp interacts with periplasmic chaperones that support targeting to 

the BAM complex in the outer membrane (Sauri et al., 2009; Sijbrandi et al., 2003). The β-domain then 

folds into a β-barrel structure assisted by the BAM complex and the passenger is secreted across the 

outer membrane and cleaved from its β-barrel to be released into the extracellular environment. To 

examine whether ES24 affects Hbp secretion, E. coli cells containing an Hbp expression construct were 

grown and induced for Hbp expression in the presence or absence of ES24, NFT or a DMSO control. To 

monitor secretion over time, samples were withdrawn after 10 and 30 min followed by SDS-PAGE and 

Western blotting (Fig. 3B). In the control DMSO-treated sample, Hbp was processed and secreted, as 

shown by the presence of the 110 kDa secreted Hbp passenger in the supernatant and the 30 kDa 

cleaved β-domain in the cell pellet, which was already detectable after 10 min and increased in 

intensity at the 30 min time point. Treatment with ES24 led to a decrease in the amount of secreted 

passenger in the supernatant with a corresponding decrease in the amount of the cleaved β-domain 

in the cell pellet, while NFT did not affect Hbp processing and secretion when compared to DMSO-

treated cells. To exclude a possible effect on gene expression, gfp was cloned in the same pEH3 vector 

and, as shown in Fig. 3B, neither ES24 nor NFT affected its expression in this context.  

Since we had established that reduction of ES24 by NfsA and NfsB is required to inhibit cell 

growth we were interested as to whether reduction is also required for the ES24-mediated inhibition 

of SecYEG function. To test this, we monitored expression and secretion of Hbp in the double ∆nfsA 

and ∆nfsB mutant strain. Incubation with ES24 resulted in impaired Hbp secretion in the parental 

strain, but not in the deletion mutant (see Fig. 3C), indicating that a reduced form of ES24 is required 

for the inhibition of SecYEG-dependent protein secretion.  

Taken together, we conclude that ES24 specifically inhibits protein insertion into and 

translocation across the inner membrane via the SecYEG-translocon, arguing that this protein 

conducting channel is a potential target of this compound. 
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Figure 3. ES24 impairs Hbp secretion and requires reduction by NfsA/B to impose this effect. 

(A) Schematic overview of the domain organization of the autotranporter Hbp. (B) E. coli TOP10F’ 

bacteria were grown in a round bottom tube and exposed to 0.5xMIC ES24 and NFT or DMSO as 

control. Hbp and GFP were expressed from pEH3 using IPTG for induction. After 10 min and 30 min of 

exposure whole cell lysates were analyzed by SDS-PAGE and Western blotting using antibodies against 

GFP and Hbp β-barrel. The spent medium was TCA precipitated and analyzed by Western blotting 

using antibodies against the Hbp passenger domain. (C) E. coli NER502 ∆nfsA/B and its wild-type 

parental strain were grown as described above and exposed to 0.5xMIC ES24 and NFT or DMSO as 

control. After 30 min of Hbp expression from pEH3, using IPTG for induction, whole cell lysates were 

analyzed by SDS-PAGE and Western blotting using antibodies against the Hbp β-barrel domain. The 

spent medium was TCA precipitated and analyzed by Western blotting using antibodies against the 

Hbp passenger domain. Data are representative of three independent experiments. Samples were 

corrected for growth (OD600) in order to load equal amounts.  
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NFT does not elicit Sec61 dependent Ca2+ leakage from the endoplasmic reticulum 

Gamayun and coworkers have shown that ES24 provokes the leakage of Ca2+ from the ER, an effect 

that was proposed to be caused by its interaction with the lateral gate of Sec61that captured it in 

an open, Ca2+ permeable, but protein translocation-incompetent conformation (Gamayun et al., 

2019). To further explore the specificity of ES24 for conserved membrane translocation complexes, 

we used Sec61 mediated Ca2+ leakage as a proxy for channel function and compared the effect of ES24 

and NFT using the fluorescence-resonance-energy-transfer-based (FRET) Ca2+ sensor D1ER expressed 

in HEK cells (Gamayun et al., 2019; Palmer, Jin, Reed, & Tsien, 2004). A change in FRET signal thus 

reflects changes in the amount of Ca2+ in the ER (Palmer et al., 2004). As shown in Fig. 4A, exposure of 

HEK-D1ER cells to up to 20 µM NFT failed to produce an effect that could be distinguished from the 

natural variations in level of ER Ca2+ in DMSO-treated control cells observed during the initial 15 min 

of these experiments. In contrast, and consistent with earlier data, ES24 caused a rapid reduction in 

ER Ca2+ content, even at a concentration of 1 M, during the first 15 min of exposure; whilst the effects 

at 10 µM ES24 were even more dramatic, producing full ER Ca2+ depletion within 7-9 min exposure as 

judged by the total loss of FRET signal (Fig. 4B) (Gamayun et al., 2019). Looking at ER Ca2+ depletion 

after 14 min of compound exposure, we can clearly see a dramatic effect of ES24, but no significant 

effect of NFT when compared to control DMSO-treated cells (Fig. 4C). Subsequently, SERCA pumps 

were blocked with 1 µM thapsigargin (TG) to prevent Ca2+
 influx and thus unmask the Ca2+ leakage 

from ER. The time courses of the TG-induced ER Ca2+ depletion were similar in cells exposed to DMSO 

and NFT (decay time constants: 340.22 s, DMSO; 323.56 – 382.36 s. NFT), indicating that NFT did not 

modify Ca2+ leakage from ER. The time course of the TG-induced ER Ca2+ depletion with 1 µM ES24 

was slightly faster than that of cells treated with DMSO (340.22 s, DMSO; 301.28 s, 1 µM ES24), 

confirming increased Ca2+ leakage during ES24 treatment (Fig. 4A and 4B). Thus, these Ca2+ flux 

experiments strongly suggest that the impaired ER Ca2+ homeostasis is due to specific structural 

features of ES24 that distinguish it from its close relative NFT. 

 

 
  

Figure 4. NFT does not cause Ca2+ leakage from ER. 

Changes in the Ca2+ concentration of the ER were monitored 

with the Ca2+ sensor D1ER expressed in HEK cells. Cells were 

exposed to various concentrations of (A) NFT and (B) ES24 

for 15 min to explore possible changes in ER Ca2+ when 

SERCA pumps were active. Graphs depict ER Ca2+ expressed 

as normalised D1ER ratios. Subsequently, SERCA pumps 

were blocked with 1 µM thapsigargin (TG) to unmask the Ca2+ 

leakage from ER. (C) Comparison of the ER Ca2+ depletion 

between DMSO controls and NFT- or ES24-treated cells. ER 

Ca2+ depletion was measured 1 min before TG-application. 

The dotted line illustrates the maximal Ca2+ depletion at 30 

min. N: 17-34 cells per experimental setting. n.s., non-

significant; ***, p < 0.001. 
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ES24 and NFT induce a broad range of stress responses 

The presence of the NFC-domain in ES24 that is reduced via highly reactive nitroso intermediates, may 

imply that targets other than SecYEG are also affected by ES24, as has been suggested for NFT 

(McOsker, Fitzpatrick, Mc Osker, & Fitzpatrick, 1994). To obtain unbiased insight into the cellular 

responses elicited by both compounds we performed global gene-expression profiling using RNA 

sequencing. E. coli MC4100 cells were treated with ES24 or NFT at 0.5x MIC or DMSO as control for 15 

min and total RNA was isolated and analyzed. A total of 195 and 191 genes were either upregulated 

or downregulated by at least 3-fold (p ≤ 0.05) upon treatment with ES24 and NFT, respectively, with 

55 of these genes found to be differentially expressed between the two compounds (Fig. 5). For both 

compounds we observed that a number of stress-related genes were induced, in particular those 

belonging to the heat-shock, SOS- and oxidative stress regulons, which is in line with the expected 

damage caused by nitroso intermediates. Many genes of the σ32 (heat shock)-regulon were highly 

upregulated, including several genes coding for molecular chaperones or proteases. The master 

regulators of the SOS-response, lexA and recA, were upregulated as well as the corresponding regulon 

members involved in DNA repair. Many genes that belong to the SoxR/SoxS and OxyR oxidative 

defence regulons were also highly upregulated; including those encoding catalase-peroxidase (katG), 

superoxide dismutase (sodA), enzymes involved in redox homeostasis (grxA, gshA and gshB) and many 

factors involved in formation and repair of Fe-S clusters (iscARSU and sufABCDES operons). Cysteine 

and arginine synthesis were downregulated following treatment with both ES24 and NFT. 

Interestingly, the reductases nfsA and nfsB that are required to activate ES24 and NFT were both 

upregulated, as were the genes coding for the reductases AzoR and NemA. Furthermore, drug efflux 

pumps and the biosynthesis of flagella components appeared to be downregulated by both ES24 and 

NFT. The major cell envelope stress responses σE, Cpx and Psp were downregulated for both 

compounds. Strikingly, induction of the σ32-regulon was much stronger in ES24-treated cells as 

compared to NFT. In particular, ibpA and ibpB showed a 4-fold and 15-fold upregulation in ES24- vs 

NFT-treated cells, respectively. IbpA (inclusion body protein A) together with IbpB associate with 

aggregated proteins to stabilize and protect them from proteolysis and promote refolding (Kuczyńska-

Wiśnik et al., 2002). Possibly, the upregulation of these components that we observe reflects the 

accumulation of pre-secretory and cytoplasmic membrane proteins that accumulate in the cytosol 

due to inhibition of SecYEG-translocon function by ES24. 

To confirm that ES24 results in stronger activation of the heat-shock response than NFT we 

used an independent reporter assay which makes use of the gene for the fluorescent protein NG 

placed under control of the heat-shock regulated groES promoter (Steenhuis et al., 2019). E. coli cells 

harbouring this reporter construct were grown and incubated with a two-fold dilution range of ES24 

or NFT. As shown in Fig. S4, ES24 induced a much stronger increase in fluorescence than NFT, 

confirming the specific activation of a heat-shock stress response by ES24. As a control, we analyzed 

activation of the cell envelope σE response by using a similar PrpoE-mNG reporter construct (Steenhuis 

et al., 2019). In agreement with the RNAseq analysis, neither NFT nor ES24 induced fluorescence in 

cells harboring pUA66-RpoE-mNG, confirming that both compounds do not provoke cell envelope 

stress. 

 In summary, ES24 and NFT induce similar responses in E. coli cells including heat-shock, SOS 

and oxidative stress. However, ES24 has a stronger effect on the expression of specific heat-shock 

proteins that may reflect cytosolic protein accumulation due to impaired SecYEG-translocon activity.  
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Figure 5. NFT and ES24 induce a broad range of stress responses. 

Transcriptomic profile of differentially expressed genes in E. coli MC4100 treated with either 0.5 xMIC 

ES24 (red dots) or NFT (green dots) compared to DMSO-treated cells. Indicated are the transcripts 

that showed a log(2) fold-change of ≥3 (p < 0.05). Genes are clustered into functional groups or 

regulons with each dot representing a gene, of which some are annotated. See supporting information 

for full transcriptomic analysis (Table S3).  

 

Structure-activity analysis for ES24 

To examine the relevance of specific structural features of ES24 in more detail, we tested compounds 

with structures closely resembling ES24, together with NFT, for their effect on E. coli growth and the 

localization of the SecYEG-dependent membrane protein NG-WALP-F-TolR. The structure of ES24 

consists of the 5-nitrofuranyl-group (Table 2; indicated in black and green), linked on the 2-position 

via two conjugated trans-double bonds (red) to a phenyl-substituted (teal) acylhydrazide (pink). It 

differs from NFT in its hydrazide substituent and in the length of the central double bond spacer, while 

the 5-nitrofuranyl group is retained. 

As detailed above (cf. Table 1), the nitro group of NFC-domains can be reduced by NfsA/B via 

a highly reactive nitroso intermediate and we find that the reduction of ES24 is required to impair 
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bacterial growth and Hbp secretion (Fig. 3). To further assess the importance of the NFC-domain, we 

tested derivative ES24-D1 that lacks the nitro substituent. This compound did not inhibit the growth 

of E. coli nor did it affect membrane insertion of NG-WALP-F-TolR (Table 2 and Fig. S5 and S6), 

confirming the importance of the nitro group to the activity of ES24. 

 

Table 2. ES24 structure-activity analysis. 

Compound Structural formula† 

MIC  

E. 

coli‡  

LD50 

HEK293‡  

Interference 

NG-WALP-F-

TolR insertion§ 

NFT 

 

25 80 No 

Furagin 

 

3 >80 No 

ES24 

 

25 80 Yes 

ES24-D1 

 

>100 >80 No 

ES24-D2 

 

50 80 No 

†Structural differences between compounds are highlighted with different colors. 
‡The MIC value and median lethal dose (LD50) are given in µM. Inhibitory curves can be found in the 

supporting information (Fig. S5). 
§Compounds were assayed for their ability to interfere with membrane insertion of NG-WALP-F and 

NG-WALP-F-TolR, as described in the legend of Fig. 2. Representative microscopy pictures are shown 

in the supporting information (Fig. S6). 

 

The central pair of conjugated trans double bonds in ES24 significantly changes the spacing 

between the nitrofuran and hydrazide group with respect to NFT. To investigate this feature in more 

detail, we tested derivative ES24-D2, which comprises a single trans double-bonded spacer (Table 2; 

in red). ES24-D2 was still able to affect growth with a MIC of 50 µM, but did not alter membrane 

localization of NG-WALP-F-TolR, indicating that the presence of two conjugated trans double bonds is 

required for the inhibitory effect on the SecYEG-translocon. This is likely due to the increased spacer 

length of ES24 compared to ES24-D2, which may affect its selectivity and reactivity with regard to 

SecYEG binding. The pronounced effect of the two conjugated double bonds prompted us to 

investigate whether a derivative of NFT, furagin that also comprises a pair of trans double bonds, is 

able to target the SecYEG-translocon. Although furagin was not able to interfere with membrane 

insertion of NG-WALP-F-TolR, its MIC is 8-fold lower than that for NFT suggesting that this specific 

linker improves the anti-bacterial effect. This also suggests that the observed lack of SecYEG selectivity 
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of furagin may be related to its acylhydrazide substituent when compared to the structure of ES24 

(Table 2; pink).  

Finally, the compounds were tested for toxicity against mammalian HEK293 cells and all found 

to have a lethal median dose (LD50) of 80 μM or higher (Table 2). In the case of ES24 this value is 

consistent with a recent study that showed only mild effects on INS-1 and NALM-6 cells, and no effects 

on HEK and HeLa cells, at concentrations of up to 20 μM (Gamayun et al., 2019). 

 

ES24 inhibits the growth of various pathogens  

ES24 strongly inhibits growth of E. coli K12 strains and is no more toxic to HEK293 cells than the 

established antibiotic NFT, raising our interest in the susceptibility of pathogens to ES24. To address 

this, the MIC of ES24 against six pathogens that belong to the ESKAPE group (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 

and Enterobacter cloacae) (Boucher et al., 2013) responsible for the majority of nosocomial infections 

worldwide, was determined. As shown in Table 3, ES24 and NFT showed little if any toxicity against 

the Gram-negative strains K. pneumoniae, A. baumannii, P. aeruginosa and E. cloacae up to the 

highest concentration tested (100 µM). However, ES24 showed a much stronger growth inhibitory 

activity towards the Gram-positive methicillin-resistant S. aureus (MRSA) and vancomycin-resistant E. 

faecium with a MIC of 6 µM and 50 µM, respectively. In both cases this activity is 4-fold more potent 

than that of NFT.  

 

Table 3. MIC (µM) of ES24 and NFT against the indicated bacterial strains. 

Strain ES24† NFT† 

   

ESKAPE group   

Enterococcus faecium VRE 50 200 

Staphlycoccus aureus MRSA 6 25 

Klebsiella pneumoniae >100 >100 

Acinetobacter baumannii 100 >100 

Pseudomonas aeruginosa >100 >100 

Enterobacter cloacae 100 >100 

   

Others   

Enterococcus faecalis VRE 12 100 

Bacillus subtilis 168 1 25 

Escherichia coli (uropathogenic) 30 30 
†Inhibitory curves can be found in the supporting information (Fig. S7). 

 

To further investigate the effect of ES24 on growth of Gram-positive bacteria we determined 

its MIC against vancomycin-resistant Enterococcus faecalis and soil bacterium Bacillus subtilis. Once 

again, ES24 was substantially more effective than NFT against these two strains, showing an 8-fold 

and 25-fold decrease in MIC values, respectively. Perhaps these findings reflect the lack of an outer 

membrane which allows ES24 to penetrate Gram-positive cells more easily. Finally, since NFT is 

currently used to treat urinary tract infections caused by E. coli we also determined the effects on 

growth of a uropathogenic E. coli strain. As shown in Table 3, both NFT and ES24 inhibited growth with 
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a MIC of 30 µM. Thus, ES24 exhibits potent anti-bacterial activity towards several pathogens, including 

vancomycin-resistant Enterococcus spp. (VRE), MRSA and uropathogenic E. coli.  

 

Discussion 
We have identified and characterized the inhibitory effect of ES24, member of the eeyarestatin group 

of small molecule inhibitors, on the activity of the membrane-embedded E. coli SecYEG-translocon 

using a variety of approaches. SecYEG is an attractive drug target that fulfils an essential role in the 

translocation and membrane integration of many proteins (Rapoport et al., 2017). Consistent with its 

recently established inhibitory effect of ES24 on protein translocation via the eukaryotic Sec61-

translocon we find that the conserved prokaryotic SecYEG-translocon is also a likely target of ES24. 

Furthermore, we find that ES24 inhibits the growth of both E. coli and a variety of clinically relevant 

strains, displaying MIC values that are the same as or lower than NFT, a known antibiotic and structural 

analogue of ES24. 

ES24, but not ES1, strongly impaired growth of a wild-type E. coli K12 strain upon addition to 

the culture medium. This difference is most likely caused by the larger size of ES1 and its consequent 

inability to pass the outer membrane and reach its intracellular target(s). Hence, sensitivity to ES1 was 

observed in a strain with a more permeable outer membrane due to the expression of a “plug-less” 

FhuA pore. This strain is known to be sensitive to large-scaffold antibiotics such as vancomycin, which 

is exclusively used to fight Gram-positive pathogens (Krishnamoorthy et al., 2016). In line with this 

observation, ES1 was as active as ES24 in reducing the growth of the Gram-positive bacterium B. 

subtilis (Fig. S8).  

ES24 clearly affected, either directly or indirectly, both SecYEG-dependent protein secretion 

and membrane insertion. Furthermore, we show that deletion of the nfsA/B reductases negates the 

effects of ES24 on protein secretion and cell growth, which likely reflects the inability of these mutants 

to reduce the NFC-domain of ES24 via a highly reactive nitroso intermediate. In further support of this 

hypothesis, we show that the derivative ES24-D1 that lacks the nitro group, was unable to inhibit 

either growth or SecYEG-dependent membrane protein insertion. Intriguingly, ES24 structurally 

resembles the known antibiotic NFT that is in clinical use to treat urinary tract infections (Huttner et 

al., 2015). NFT has a similar stretched backbone with a NFC-domain (Fig. 1) and also appears to be 

activated by reduction as most resistant strains were shown to carry mutations in nfsA/B (McCalla, 

Kaiser, & Green, 1978; Sandegren et al., 2008). Strikingly, although NFT has been in clinical use for 

decades, its mode of action and targets are not fully defined. Currently available evidence indicates 

that the reactive reduced intermediates that are generated by the cell interfere with ribosomes and 

other macromolecular targets and thereby inhibit multiple critical processes such as translation, DNA 

replication and various metabolic pathways (Huttner et al., 2015). This multitude of targets might also 

explain why NFT is relatively insensitive to the development of resistance other than via the reductase 

mutations mentioned above (Sandegren et al., 2008).  

An unbiased exploration by global transcriptomics analysis revealed that early after the 

addition of ES24 and NFT the cells reacted with a largely similar response profile. Induction of oxidative 

stress under control of the OxyR and SoxS/R regulons and an upregulated SOS response are consistent 

with the generation of highly reactive species as a result of conversion of both compounds. For NFT 

these responses were anticipated, though previously not shown in an unbiased analysis, and imply a 

generic disruptive effect of the toxic intermediates that is shared between NFT and ES24 (Tu & 

McCalla, 1975). Both compounds also induce genes involved in the response to heat shock stress, but 

here the magnitude of the response was much higher in cells incubated with ES24, as illustrated by 
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the highly upregulated expression of inclusion body proteins A and B (IbpA and IbpB). In this case, we 

speculate that the selective inhibition of the SecYEG-translocon by ES24 may cause the accumulation 

and aggregation of precursor forms of secreted proteins and membrane proteins that are known to 

induce IbpA/B upregulation (Kuczyńska-Wiśnik et al., 2002). In short, our transcriptomics analysis 

suggests that reduced reactive intermediates of both NFT and ES24 non-selectively interfere with a 

range of important cellular processes. However, in marked contrast to ES24, our data show that NFT 

does not affect SecYEG-mediated protein translocation functions in E. coli. We therefore conclude that 

ES24 has specific structural features that may promote its binding to and inactivation of the SecYEG-

translocon, and indeed we find that minor structural changes hamper its effect on the SecYEG-

translocon. 

How does ES24 affect the function of the bacterial and eukaryotic Sec-translocon? Both share 

a three-subunit core, with SecY and Sec61α forming the translocation channel in prokaryotes and 

eukaryotes, respectively (Rapoport et al., 2017). These subunits are comprised of 10 transmembrane 

helixes arranged in 2 halves and closed by the pore ring and plug domain when in the idle state (Van 

Den Berg et al., 2004). In the open state SecY/Sec61α not only facilitates protein translocation across 

the membrane, the channel also opens up sideways at the so-called lateral gate formed by TMD2 and 

7 to allow the transfer of hydrophobic signal peptides/TMDs into the lipid bilayer (Van Den Berg et al., 

2004). ES24 was recently shown to cause a Sec61α mediated leakage of Ca2+ from the ER with 

modelling studies suggesting that ES24 binds to the cytosolic end of the lateral gate and thereby 

wedges it in an open state (Gamayun et al., 2019). Given the strong structural and functional homology 

between Sec61α and SecY (Denks et al., 2014) we consider it likely that ES24 targets SecY in a 

comparable manner. In support of this hypothesis, we show that NFT has no effect on ER Ca2+ 

homeostasis in mammalian cells consistent with the lack of effect of NFT on SecYEG-mediated 

transport. Taken together, these data emphasize the importance of subtle structural features that 

define ES24 as a selective ligand for SecY/Sec61α. In view of the mandatory reduction of ES24 for it to 

be effective in live bacteria, it may well be that ES24 first undergoes reductive activation and 

subsequently one of the reduction products damages, amongst other targets, the SecYEG-translocon. 

Since NfsA/B are located in the cytosol ES24 first has to cross the inner membrane before reductive 

activation, suggesting that ES24 interferes with SecYEG at the cytosolic side of the membrane. The 

small size of ES24 and its relative hydrophobicity may allow passive diffusion over the inner 

membrane.  

Finally, ES24 showed potent anti-bacterial activity against E. coli and other bacterial species 

including some belonging to the ESKAPE group of pathogens. The increased frequency of drug 

resistance among these pathogens necessitates the identification of novel antibiotics (Boucher et al., 

2013). The repurposing of approved or investigational drugs for the treatment of bacterial infections 

has recently gained renewed interest (Miró-canturri, Ayerbe-algaba, & Smani, 2019). Interestingly, 

ES1 was initially identified in a high-throughput screen for small molecules that inhibit ERAD in 

eukaryotic cells (Fiebiger et al., 2004). Although its derivative ES24 retains the NFC-domain that is 

typically avoided in most modern drug discovery programs as a known risk factor for cytotoxicity 

(Blass, 2015), NFT which contains an identical NFC-domain, is widely used as an antibiotic to treat 

urinary tract infections (Panel & Chain, 2015). When delivered orally, most NFT is rapidly excreted into 

the urinary tract (Conklin, 1971; Wijma, Huttner, Koch, Mouton, & Muller, 2018). As a result, the 

concentration of NFT in the urinary tract can exceed 200-fold the plasma concentration, allowing the 

eradication of invading bacteria without damaging body tissue. Interestingly, ES24 showed MIC values 

against uropathogenic E. coli that are similar to NFT and was only mildly cytotoxic towards HEK293 
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cells in culture. This is in line with the low cytotoxicity of ES24 previously reported for HEK293 cells 

where it’s effects appear to correlate with the sensitivity of different mammalian cell lines to 

perturbations of ER Ca2+ homeostasis (Gamayun et al., 2019). In contrast, ES1 was far more toxic for 

all mammalian cell lines tested (Gamayun et al., 2019). 

Strikingly, when compared to NFT, ES24 shows enhanced anti-bacterial activity towards 

various Gram-positive bacteria, including the clinically relevant pathogens VRE and MRSA. These 

pathogens may also cause urinary tract infections, particularly in a hospital setting (Looney et al., 

2017). Whether the increased sensitivity of Gram-positive bacteria to ES24 is simply due to its increased 

accessibility to their Sec-translocation machinery, or it is more effective for some other reason remains 

to be determined. Nevertheless, the broad and effective anti-bacterial activity of ES24 that we describe 

here, combined with its mild cytotoxicity in human cell lines warrant examination of the 

pharmacokinetics and therapeutic capacity of ES24 in animal models. In addition, ES24 may be used 

as a tool compound to manipulate SecYEG function in in vitro assays to study protein trafficking.  

 

Experimental procedures 
 

Strains, plasmids and media 

The bacterial strains and plasmids that were used in this study are listed in Table S1 and S2, 

respectively. The bacteria were grown in Luria Broth (LB) or in minimal M9 including 0.2% glucose and 

0.2% casamino acids (Difco). For selective growth and transformations chloramphenicol (30 µg ml-1), 

ampicillin (100 µg ml-1), streptomycin (100 µg ml-1), kanamycin (50 µg ml-1) and tetracycline (12.5 µg 

ml-1) were added to the medium, where appropriate. Clinical isolates were obtained from the 

Amsterdam University Medical Center, the Netherlands. 

 

Materials, reagents, enzymes and sera 

Growth in 96-well plates was performed in µClear Chimney black clear-bottom plates TC sterile from 

Greiner Bio-One. Plates were sealed with non-sterile clear multi-well plate sealers from Greiner Bio-

One. Furagin was purchased from MedChemExpress. The compounds ES24-D1 and ES24-D2 were 

obtained from Mcule. All other reagents and chemicals were bought from Sigma–Aldrich. Stock 

solutions of all compounds were made by dissolving the compounds in DMSO. The compounds ES1 

and ES24 were synthesized as previously described (Gamayun et al., 2019; McKibbin et al., 2012). 

Antisera against GFP, Hbp passenger domain and Hbp β-domain were from our own collection. HRP-

conjugated affinity purified anti-rabbit IgG from Rockland was used as the secondary antibody. 

 

Susceptibility to antimicrobials 

Growth experiments were performed in 96-well plates. The relevant bacterial strains were first grown 

in LB to mid-log phase in regular culture flasks at 37 °C. The culture was then diluted to an optical 

density (OD) at 600 nm of 0.001 and 50 µl aliquots were transferred to a 96-well plate that already 

contained 50 µl LB with a 2-fold increasing concentration of compound including 200 µM as highest 

concentration (0.5% DMSO as final concentration). After sealing the plate, growth was continued at 

37 °C in the Synergy H1 plate reader (Biotek) with 3 mm continuous linear shaking. The OD600 was 

measured every 15 min for 18 h. The MIC was determined after 18 h of growth as minimum 

concentration where no growth of strains could be detected by eye. 
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Transcriptomics 

E. coli MC4100 cells were grown to mid log phase in LB at 37 °C in duplicate in regular culture flasks 

and diluted to an OD600 of 0.05 in 10 ml LB in a 50 ml round bottom tube. Subsequently, 0.5% DMSO, 

12 µM ES24 or 12 µM NFT was added to the culture as final concentration followed by 20 min 

incubation with shaking at 37 °C. The culture suspension was pelleted by centrifugation at 5,000 xg 

for 5 min and used to extract total RNA using the Qiagen RNA purification kit according to the 

manufacturer’s instructions. Transcriptomics and differential expression analysis were performed by 

Macrogen (Seoul, Korea).  

 

Live cell calcium imaging 

Ca2+ imaging experiments were carried out with the HEK-D1ER cell line that expresses the FRET-based 

Ca2+ Sensor D1ER (Gamayun et al., 2019). D1ER is a chameleon construct comprised of the fluorescent 

proteins CFP and citrine coupled by two calcium-sensing proteins that undergo a conformational 

change upon binding of Ca2+. The FRET efficiency of the CFP-citrine pair changes to maximum upon 

binding of Ca2+, while in a Ca2+ free environment FRET between CFP and citrine does not occur. D1ER 

was excited at 433 nm and the emitted fluorescence was then split at 469/23 nm and 536/27 nm to 

obtain the CFP and citrine components, respectively. CFP-citrine image pairs containing 5–10 

cells/frame were obtained every 10 s. D1ER ratios (DR) were calculated from CFP-citrine image pairs 

as ratios of background-subtracted citrine fluorescence at 536 nm to CFP fluorescence at 469 nm. 

D1ER ratios were subsequently normalised as (DR-DRmin)/(DRmax-DRmin), where DRmax and DRmin 

represent the maximum and minimum of D1ER ratios measured in each cell. 

HEK-D1ER cells were maintained in culture under selection with G418 (0.5 mg ml-1) in Minimal 

Essential Medium (MEM) supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific) 

in a 5% CO2 humidified incubator at 37 °C. Ca2+ imaging experiments were performed with cells that 

were plated on poly-L-lysine-coated cover slips and cultured for 72 h. In order to prevent the Ca2+ 

entry from the extracellular space, all Ca2+ imaging experiments were carried out in a Ca2+ free 

recording solution (140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, 10 mM Glucose, 10 mM 

HEPES, pH 7.4) 

NFT, ES1 and ES24 were prepared freshly in DMSO just before the experiments and the 

compounds were further diluted to a 2x concentration in the Ca2+ free recording solution. Routinely, 

application of NFT and ES24 was achieved by adding 2x solutions to the recording chamber at a ratio 

of 1:1 to avoid problems arising from slow mixing. The maximal DMSO concentration in the recording 

chamber was 0.1 % v/v. 

Statistical significance of the Ca2+ imaging data was assessed with the two-sample 

Kolmogorov-Smirnov test. Statistical significance is given as n.s., non-significant; ***, p< 0.001. 

 

Monitoring heat-shock and cell envelope stress 

E. coli TOP10F’ cells, harboring pUA66-GroES-mNG or pUA66-RpoE-mNG, were grown in M9 at 37 °C 

in regular culture flasks to an OD600 of 0.5. The culture was then diluted to an OD600 of 0.1 and 50 µl 

aliquots were transferred to a 96-well plate that already contained 50 µl M9 with compound or 0.5% 

DMSO per well as final concentration. Growth was continued at 37 °C in the Synergy H1 plate reader 

with 3 mm continuous linear shaking. The OD600 and fluorescence (485/535 nm) was measured every 

15 min for 3 h.  
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Microscopy analysis 

E. coli MC4100 cells, harboring pSE(p15a)-NG-WALP-F, pSE(p15a)-NG-WALP-F-TolR or pSE(p15a)-NG, 

were grown in LB at 37 °C in regular culture flasks to an OD600 of 0.5. The cultures were then diluted 

to an OD600 of 0.1 and 50 µl aliquots were transferred to a 96-well plate that already contained 50 µl 

LB with 6 µM ES24, 6 µM NFT or 0.5% DMSO per well as final concentration. The 96-well plate was 

incubated with shaking for 1 h at 37 °C. Next, 80 µM IPTG was added as final concentration to induce 

protein expression from the plasmids followed by 1 h incubation with shaking at 37 °C. Subsequently, 

cells were pelleted by centrifugation at 5,000 xg for 5 min and fixed with 4% paraformaldehyde and 

0.5% glutaraldehyde in phosphate buffered saline (PBS) for 1 h at 4 °C, washed once with PBS and 

stored at 4 °C in 100 µl PBS. For analysis, 2 µl of the bacterial suspension was immobilized on 1% Noble 

agar (w/v in PBS) pads and imaged with the Olympus IX83 using a 100x/N.A 1.35 oil objective and 500-

ms exposure time for the GFP channel. The software ImageJ and the ImageJ plug-in ObjectJ, Coli-

counter and the CrossProfiles-Macro1.0 were used to quantify membrane localization of the 

fluorescent reporter proteins as we described earlier (Peschke et al., 2019). 

 

HEK293 cell toxicity 

HEK293 cells were cultured in regular flasks at 37 °C, 5% CO2 in DMEM medium supplemented with 

10% FBS (Thermo Fisher Scientific) for multiple passages. Next, 50,000 cells were seeded in each well 

of a 96-well plate (Corning, flat bottom, tissue culture treated) followed by overnight incubation at 37 

°C with 5% CO2. The next day fresh DMEM medium was added that already contained a two-fold 

dilution range of compounds or DMSO as control (1% final concentration). Cells were incubated for an 

additional 24 h before cell viability was measured using a resazurin assay (Borra, Lotufo, Gagioti, 

Barros, & Andrade, 2009). 

 

Hbp secretion analysis 

E. coli TOP10F’, E. coli AB1157 and E. coli NER502 ∆nfsA/B cells, harboring pEH3-Hbp or pEH3-GFP, 

were grown in LB to mid-log phase in regular culture flasks at 37 °C and diluted to an OD600 of 0.25 in 

20 ml round bottom tubes already containing ES24, NFT or DMSO as control. After 5 min of incubation 

with shaking at 37 °C expression of Hbp and GFP from the pEH3 vector was induced with 80 µM IPTG 

as final concentration. After 10 and 30 min of incubation with shaking at 37 °C 1 ml culture aliquots 

were withdrawn and cells were collected at 5,000 ×g for 10 min. The spent medium was precipitated 

with trichloroacetic acid (TCA). Cell and medium fractions were analyzed by SDS-PAGE and Western 

blotting. 
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Supporting information 
 

 
 
Figure S1. Effects of ES24, ES1 and NFT on growth of mutant strains. 

The indicated bacterial strains were grown in LB in a 96-well plate and incubated with a two-fold 

increasing concentration of (A) ES1, (B) ES24 or (C) NFT. Growth was continued for 18 hours and 

plotted as percentage cell viability compared to untreated cells (set to 100%). Error bars indicate the 

standard deviation of triplicate samples. 
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Figure S2. ES24 impairs membrane insertion of NG-WALP-F-TolR, but not of NG-WALP-F. 

(A) Individual cells were selected and manually confirmed after the spatial distribution of fluorescence 

perpendicular to the cell axis was measured, based on the images in Fig. 2B. The plotted distribution 

along the cell axis (axial position) per condition is an average of 100 individual cells. Data are 

representative of two independent experiments. (B) Center/border ratios of the fluorescence signal 

were calculated from cross profiles (see Fig. 2 and S2A). The red line represents the median. Multiple 
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comparisons among groups were carried out by One-Way ANOVA and Tukey’s post-test (Prism 

software). ns: non-significant; *** p < 0.005. 

 
Figure S3. NG expression is not affected by ES24 nor by NFT.  

The fluorescent intensity of E. coli MC4100 cells expressing NG from pSE(p15a) was measured for each 

condition indicated in Fig. 2, with the synergy H1 plate reader at the same time point when cells were 

withdrawn for fluorescence microscopy analysis. Error bars represent the standard deviation of 

triplicate samples. 

 

 
 

Figure S4. Effect of ES24 and NFT on heat-shock stress induction. 

E. coli TOP10F’ cells were grown in M9 in a 96-well plate and incubated with 12 µM ES24, 12 µM NFT 

or DMSO as control. Intracellular heat-shock stress and the σE cell envelope stress response was 

monitored in time using the pUA66-GroES-mNG and pUA66-RpoE-mNG reporter constructs, 

respectively. The fold change fluorescence was compared to DMSO-treated cells (set to 1). Error bars 

represent the standard deviation of triplicate samples.  
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Figure S5. Effect of ES24-derivatives, NFT and Furagin on growth of E. coli. 

E. coli TOP10F’ cells were grown in LB in a 96-well plate and incubated with a two-fold increasing 

concentration of the indicated compounds. Growth was continued for 18 h and plotted as percentage 

cell viability compared to untreated cells (set to 100%). Error bars indicate the standard deviation of 

triplicate samples. 

  



Chapter 6 

 

 

  143 

 
 

Figure S6. Furagin, ES24–D1 and ES24–D2 do not interfere with membrane localization of NG-

WALP-F-TolR and NG-WALP-F.  

E. coli MC4100 cells, harboring pSE(p15a)-NG-WALP-F or pSE(p15a)-NG-WALP-F-TolR, were grown in 

a 96-well plate and incubated for 1 h with the indicated compounds. Next, IPTG was added to induce 

protein expression from the plasmids followed by 1 h incubation before cells were fixed with 

formaldehyde and analyzed by fluorescence microscopy. Scale bars are 12 µm. Data are 

representative of two independent experiments. 
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Figure S7. Effect of ES24 and NFT on growth of various Gram-negative and Gram-positive species. 

The Gram-negative (A, C) and Gram-positive (B, D) species were grown in LB in a 96-well plate and 

incubated with a two-fold increasing concentration of ES24 or NFT. Growth was continued for 18 hours 

and plotted as percentage cell viability compared to untreated cells (set to 100%). Error bars indicate 

the standard deviation of triplicate samples. 

  



Chapter 6 

 

 

  145 

 
Figure S8. Effect of ES1, ES24 and NFT on growth of B. subtilis. 

B. subtilis 168 cells were grown in LB in a 96-well plate and incubated with a two-fold increasing 

concentration of the indicated compounds. Growth was determined by measuring the OD600 after 18 

h of growth and plotted as % cell viability with the DMSO control set to 100%. Error bars represent 

the standard deviation of triplicate samples.  

 

Table S1. List of bacterial strains used in this study. 

Bacterial strain Description Reference 

E. coli MC4100 Cloning and expression strain  (Taschner, Huls, Pas, & 

Woldringh, 1988) 

E. coli TOP10F’ Cloning and expression strain  Thermo Fisher Scientific 

E. coli AB1157 Parental strain NER502 (González-Pérez, Van Dillewijn, 

Wittich, & Ramos, 2007) 

E. coli NER502 ∆nfsA/B Deletion of the nitroreductases 

nfsA and nfsB 

(González-Pérez et al., 2007) 

Enterococcus faecium (VRE) Vancomycin-resistant clinical 

isolate 

This study 

Enterococcus faecalis (VRE) Vancomycin-resistant clinical 

isolate 

This study 

Staphlycoccus aureus (MRSA) Methicillin-resistant clinical 

isolate 

This study 

Klebsiella pneumoniae Clinical isolate This study 

Acinetobacter baumannii Clinical isolate This study 

Pseudomonas aeruginosa Clinical isolate This study 

Enterobacter cloacae Clinical isolate This study 

Escherichia coli  Uropathogenic clinical isolate This study 
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Table S2. List of plasmids used in this study. 

Plasmid name Description Reference 

pSE(p15a)-His-NG-WALP-F Plac-neongreen-WALP-His6 (F) (Peschke et al., 2019) 

pSE(p15a)-NG-WALP-F-TolR Plac-neongreen-WALP-tolR-His6 

(F) 

(Peschke et al., 2019) 

pSE(p15a)-NG Plac-neongreen (Peschke et al., 2019) 

pABCON2-fhuA ∆C/∆4L POXB11-fhuA ∆C/∆4L (Jonkers et al., 2020) 

pUA66-GroES-mNG PgroES-neongreen  (Steenhuis et al., 2019) 

PUA66-RpoE-mNG PrpoE-neongreen  (Steenhuis et al., 2019) 

pEH3 Expression vector; lacUV5 

promoter  

(Hashemzadeh‐Bonehi et al., 

1998) 

pEH3-Hbp Plac-hbp  (Jong et al., 2007) 

pEH3-GFP Plac-gfp (Yu et al., 2011) 
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Table S3. Up-regulated and down-regulated genes (≥3 fold) in E. coli upon incubation with ES24 or 

NFT compared to DMSO-treated cells.  

Gene IDa Gene Description/functiona Log2 fold 
change 
NFT/DMSOb 

Log2 fold 
change 
ES24/DMSOb 

     

 genes under control of σ32 factor (heat-shock response) 

BWG_2352 clpB protein disaggregation chaperone 11 22 

BWG_0320 cplX 
 

ATP-dependent protease ATP-binding 
subunit 

- 3 

BWG_0014 dnaJ chaperone protein DnaJ 23 36 

BWG_0013 dnaK molecular chaperone DnaK 34 58 

BWG_3853 fxsA FxsA, unknown function 13 33 

BWG_3540 glnA glutamine synthetase - -3 

BWG_3856 groEL chaperonin GroEL 21 34 

BWG_3855 groES co-chaperonin GroES 17 31 

BWG_2372 grpE heat shock protein GrpE 5 9 

BWG_3092 hslO Hsp33-like chaperonin 5 10 

BWG_3091 hslR ribosome-associated heat shock protein 
Hsp 

7 12 

BWG_3600 hslU ATP-dependent protease ATP-binding 
subunit 

6 12 

BWG_3601 hslV ATP-dependent protease peptidase subunit 5 12 

BWG_0354 htpQ heat shock protein 90 13 25 

BWG_3377 ibpA heat shock protein IbpA 21 81 

BWG_3376 ibpB heat shock chaperone IbpB 27 410 

BWG_0321 lon DNA-binding ATP-dependent protease 5 8 

BWG_0223 phoE outer membrane phosphoporin protein E -5 -4 

BWG_0373 ybbN putative thioredoxin domain-containing 
protein 

3 5 

BWG_0531 ybeZ hypothetical protein 3 4 

BWG_1504 ydiM putative transporter -4 - 

     

 genes under control of LexA and RecA (SOS-response) 

BWG_1554 cho nucleotide excision repair endonuclease 6 5 

BWG_0215 dinB DNA polymerase IV 5 6 

BWG_3336 dinD DNA-damage-inducible protein D 3 4 

BWG_3757 dinF DNA-damage-inducible SOS response 
protein 

3 4 

BWG_0652 dinG ATP-dependent DNA helicase DinG 3 3 

BWG_4040 dinL endoribonuclease SymE 7 9 

BWG_3756 lexA LexA repressor 3 - 

BWG_2419 nrdF 
 

ribonucleotide-diphosphate reductase 
subunit 

23 10 

BWG_2416 nrdH glutaredoxin-like protein 24 12 

BWG_0056 polB DNA polymerase II 4 4 

BWG_2435 recA recombinase A 6 21 

BWG_2374 recN recombination and repair protein 15 8 

BWG_2434 recX recombination regulator RecX 5 7 

BWG_0810 sulA SOS cell division inhibitor 11 13 

BWG_1009 umuC DNA polymerase V subunit UmuC 9 10 

BWG_1008 umuD DNA polymerase V subunit UmuD 7 8 

BWG_3772 uvrA excinuclease ABC subunit A 5 6 

BWG_0632 uvrB excinuclease ABC subunit B 3 4 

BWG_0654 ybiC hypothetical protein 14 9 

BWG_0655 ybiJ hypothetical protein 14 43 

BWG_0657 ybiX putative hydroxylase 5 - 

BWG_1319 ydeN hypothetical protein - -3 

BWG_1541 ydjM hypothetical protein 3 4 

BWG_1642 yebQ putative transporter 5 7 



Chapter 6 

 

 

  148 

BWG_2671 ruvX holliday junction resolvase-like protein 4 3 

     

 genes under control of OxyR (oxidative stress response) 

BWG_3901 bsmA putative biofilm stress and motility  -3 -4 

BWG_0702 grxA glutaredoxin 1 4 8 

BWG_3611 katG catalase/hydroperoxidase HPI(I) 3 5 

BWG_3507 metE 
 

5-methyltetrahydropteroyltriglutamate-
homocysteine 

-3 -3 

BWG_1498 sufA iron-sulfur cluster assembly scaffold 
protein 

7 3 

BWG_1497 sufB cysteine desulfurase activator complex 
subunit 

7 3 

BWG_1496 sufC cysteine desulfurase ATPase component 6 3 

BWG_1495 sufD cysteine desulfurase activator complex 
subunit 

7 3 

BWG_1493 sufE cysteine desufuration protein SufE 6 3 

BWG_1494 sufS bifunctional cysteine desulfurase/selenocy 7 3 

     

 genes under control of SoxS, SoxR, Rob and MarA regulon (oxidative stress response) 

BWG_1107 acnA aconitate hydratase 4 3 

BWG_2912 arcB aerobic respiration control sensor protein 3 - 

BWG_3593 fpr ferredoxin-NADP reductase 4 3 

BWG_1426 fumC fumarate hydratase 8 6 

BWG_1882 gatY tagatose-bisphosphate aldolase -3 -3 

BWG_2010 inaA hypothetical protein 13 6 

BWG_0902 lpxL lipid A biosynthesis lauroyl acyltransferase 5 4 

BWG_1350 marA DNA-binding transcriptional activator MarA 11 9 

BWG_1351 marB hypothetical protein 10 9 

BWG_1349 marR DNA-binding transcriptional repressor 
MarR 

5 4 

BWG_2741 mdaB NADPH quinone reductase 6 4 

BWG_0330 mdlA 
 

putative multidrug transporter 
membraneATP 

10 3 

BWG_0331 mdlB 
 

putative multidrug transporter 
membraneATP 

10 3 

BWG_0724 poxB pyruvate dehydrogenase 9 4 

BWG_0705 rimK ribosomal protein S6 modification protein 12 7 

BWG_3578 sodA superoxide dismutase 5 4 

BWG_3399 tnaA tryptophanase 5 13 

BWG_2748 tolC outer membrane channel protein 3 3 

BWG_1206 ydbK fused putative pyruvate-flavodoxin oxidore 5 4 

     

 genes involved in iron uptake, Fe-S systems and thiol-redox 

BWG_1937 cirA colicin I receptor 3 - 

BWG_2726 dkgA 2,5-diketo-D-gluconate reductase A 3 3 

BWG_0469 entA 2,3-dihydroxybenzoate-2,3-dehydrogenase 5 - 

BWG_0468 entB isochorismatase 4 - 

BWG_0466 entC isochorismate synthase 1 3 - 

BWG_0455 entD phosphopantetheinyltransferase  3 - 

BWG_0467 entE enterobactin synthase subunit E 4 - 

BWG_0459 entF enterobactin synthase subunit F 5 - 

BWG_0470 entH hypothetical protein 5 - 

BWG_3099 feoA ferrous iron transport protein A -3 -4 

BWG_0456 fepA outer membrane receptor FepA 4 - 

BWG_0457 fes enterobactin/ferric enterobactin esterase 4 - 

BWG_0950 fhuE ferric-rhodotorulic acid outer membrane 
receptor 

3 - 

BWG_1717 ftnA ferritin -3 - 

BWG_1714 ftnB putative ferritin-like protein -6 -7 

BWG_2429 gshA glutamate-cysteine ligase 3 3 

BWG_2669 gshB glutathione synthetase 5 4 
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BWG_1981 napF ferredoxin-type protein -7 -4 

BWG_3586 sbp sulfate transporter subunit - -3 

BWG_0458 ybdZ hypothetical protein 5 - 

BWG_1277 yncD putative iron outer membrane transporter 8 7 

BWG_2780 yqjH putative siderophore interacting protein 6 3 

     

 genes involved in cysteine synthesis and transport proteins 

BWG_3192 arsB arsenite/antimonite transporter 3 - 

BWG_1782 cbL transcriptional regulator Cbl -3 -3 

BWG_2184 cysA sulfate/thiosulfate transporter subunit -12 -4 

BWG_2486 cysC adenylylsulfate kinase -9 -6 

BWG_2488 cysD sulfate adenylyltransferase subunit 2 -13 -11 

BWG_2498 cysH 
 

phosphoadenosine phosphosulfate 
reductase 

-6 - 

BWG_2500 cysJ sulfite reductase subunit alpha -17 -14 

BWG_2487 cysN sulfate adenylyltransferase subunit 1 -6 -3 

BWG_2187 cysP thiosulfate transporter subunit -17 -26 

BWG_2186 cysU sulfate/thiosulfate transporter subunit -14 -18 

BWG_2185 cysW sulfate/thiosulfate transporter permease  -14 -17 

BWG_3161 tusA sulfur transfer protein SirA -5 - 

BWG_3034 tusB sulfur transfer complex subunit TusB 3 6 

BWG_2818 yhaM hypothetical protein 14 - 
BWG_2819 yhaO putative transporter 8 - 
     

 genes related to reductases 

BWG_1239 azoR azoreductase 3 25 

BWG_1465 nemA N-ethylmaleimide reductase 6 10 

BWG_0704 nemR nitroreductase A 6 3 

BWG_0449 nfsA dihydropteridine reductase 15 9 

BWG_1239 nfsB azoreductase 6 4 

     

 genes involved in arginine metabolism 

BWG_2553 argA N-acetylglutamate synthase -4 -5 

BWG_3627 argB acetylglutamate kinase -3 -6 

BWG_3626 argC 
 

N-acetyl-gamma-glutamyl-phosphate 
reductase 

-6 -16 

BWG_4166 argQ Arg tRNA -4 -7 

BWG_0713 artJ arginine transporter subunit -3 -6 

     

 genes related to the outer membrane proteins and LPS 

BWG_1989 ompC outer membrane porin protein C -5 -5 

BWG_0781 ompF outer membrane protein F -11 -10 

BWG_1085 ompW outer membrane protein W -6 -4 

     

 genes related to other stress responses 

BWG_0154 degP serine endoprotease -3 -3 

BWG_1136 pspA phage shock protein PspA -3 -9 

BWG_1137 pspB phage shock protein B -4 -14 

BWG_1138 pspC DNA-binding transcriptional activator PspC -3 -13 

BWG_1139 pspD peripheral inner membrane phage-shock 
protein 

-4 -20 

BWG_1140 pspE thiosulfate -3 -7 

BWG_3763 pspG phage shock protein G -3 -12 

BWG_0960 bhsA hypothetical protein 37 53 

     

 genes involved in efflux pumps biosynthesis 

BWG_0199 gloB hydroxyacylglutathione hydrolase 3 - 
BWG_1847 wcaC putative glycosyl transferase 3 3 

BWG_0148 yadQ chloride channel protein 6 4 

BWG_0121 yadH putative transporter subunit 6 4 
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BWG_2171 yfeH putative inner membrane protein 3 3 

     

 genes related to fimbria and flagella 

BWG_0920 flgA flagellar basal body P-ring biosynthesis 
protein 

3 3 

BWG_1743 fliF flagellar MS-ring protein 3 3 

BWG_1745 fliH flagellar assembly protein H 4 - 

BWG_1748 fliK flagellar hook-length control protein 4 5 

BWG_1749 fliL flagellar basal body-associated protein FliL 3 4 

BWG_1751 fliN flagellar motor switch protein FliN 4 6 

BWG_1753 fliP flagellar biosynthesis protein FliP 3 3 

BWG_4018 fimH minor component of type 1 fimbriae -3 -3 

     

 genes expressing the cold-shock proteins 

BWG_1376 cspB Qin prophage; cold shock protein - -3 

BWG_1636 cspC cold shock-like protein CspC - -3 

BWG_0843 cspG cold shock protein CspG - -3 

BWG_0842 cspH stress protein, member of the CspA-family -4 -4 

BWG_3244 cspA major cold shock protein -3 -9 

     

 genes related to protein synthesis 

BWG_3186 rsmJ putative methyltransferase 4 6 

BWG_2668 rsmE 
 

16S ribosomal RNA methyltransferase 
RsmE 

4 3 

     

 others 

BWG_2843 agaC PTS system N-acetylgalactosamine-specific - -3 

BWG_0856 agP 
 

glucose-1-phosphatase/inositol 
phosphatase 

- -3 

BWG_2147 alaC aminotransferase 3 - 

BWG_3852 aspA aspartate ammonia-lyase -5 -5 

BWG_0689 bssR biofilm formation regulatory protein BssR -5 -4 

BWG_1925 cdd cytidine deaminase -3 -3 

BWG_0959 comR putative DNA-binding transcriptional 
regulator 

3 4 

BWG_0365 copA copper exporting ATPase - 11 

BWG_0491 citC citrate lyase synthetase 3 - 
BWG_0443 cusC copper/silver efflux system outer 

membrane 
4 - 

BWG_0471 cstA carbon starvation protein 3 - 
BWG_3217 dctA C4-dicarboxylate transporter DctA -3 -3 

BWG_1728 dcyD D-cysteine desulfhydrase 3 - 

BWG_1355 dgcZ hypothetical protein - -3 

BWG_0658 fiu catecholate siderophore receptor Fiu 4 - 
BWG_2539 fucP L-fucose transporter -10 -7 

BWG_2833 garP putative (D)-galactarate transporter -5 -5 

BWG_0117 gcd glucose dehydrogenase 4 3 

BWG_2013 glpA n-glycerol-3-phosphate dehydrogenase  -9 -11 

BWG_2014 glpB 
 

anaerobic glycerol-3-phosphate 
dehydrogenase 

-3 -3 

BWG_2012 glpT n-glycerol-3-phosphate transporter -14 -10 

BWG_3128 gntK gluconate kinase 1 -6 -4 

BWG_3127 gntU low affinity gluconate transporter -3 -3 

BWG_0256 hemB delta-aminolevulinic acid dehydratase 7 5 

BWG_2461 hycA formate hydrogenlyase regulatory protein  -4 -5 

BWG_2247 hyfC hydrogenase 4, membrane subunit 3 - 

BWG_2614 idi isopentenyl-diphosphate delta-isomerase 13 10 

BWG_3974 idnK D-gluconate kinase - -3 

BWG_3579 kdgT 2-keto-3-deoxygluconate permease 3 3 

BWG_3112 malT transcriptional regulator MalT -3 -3 
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BWG_1630 manX fused mannose-specific PTS enzymes -7 -5 

BWG_3831 melR DNA-binding transcriptional regulator MelR -7 -7 

BWG_2322 mltF putative transglycosylase 3 3 

BWG_0900 msyB hypothetical protein 3 4 

BWG_0602 nadA quinolinate synthetase - -3 

BWG_2338 nadB L-aspartate oxidase - -9 

BWG_2231 narQ nitrate/nitrite sensor protein NarQ -10 -9 

BWG_1051 narK nitrate/nitrite transporter -15 -12 

BWG_3167 nikA nickel transporter subunit -4 -3 

BWG_3057 nirB nitrite reductase, large subunit, NAD(P)H- -4 -4 

BWG_1710 otsB trehalose-6-phosphate phosphatase 3 - 

BWG_0447 pheP phenylalanine transporter -4 -3 

BWG_2691 pppA bifunctional prepilin leader peptidase -3 -4 

BWG_3187 prlC oligopeptidase A 4 6 

BWG_3440 rbsA D-ribose transporter ATP binding protein -8 -6 

BWG_3439 rbsD D-ribose pyranase -5 -5 

BWG_3576 rhaR transcriptional activator RhaR -3 -3 

BWG_1944 rihB ribonucleoside hydrolase 2 7 6 

BWG_2438 srlA glucitol/sorbitol-specific enzyme IIC  - -4 

BWG_2826 tdcA DNA-binding transcriptional activator TdcA -16 -11 

BWG_1416 tqsA putative transport protein - -3 

BWG_0850 TorC trimethylamine N-oxide (TMAO) reductase  121 98 

BWG_0851 TorA trimethylamine N-oxide (TMAO) reductase  35 28 

BWG_0852 TorD chaperone protein TorD 17 13 

BWG_3948 treB PTS system trehalose(maltose)-specific 
transporter 

-10 -9 

BWG_3509 udP uridine phosphorylase - -3 

BWG_3144 ugpB glycerol-3-phosphate transporter periplasm - -3 

BWG_1204 uspF stress-induced protein, ATP-binding protein -4 -3 

BWG_0477 ybdO putative DNA-binding transcriptional 
regulator 

9 - 

BWG_1030 ychH hypothetical protein -5 -5 

BWG_1087 yciF hypothetical protein - -3 

BWG_1141 ycjM putative glucosyltransferase -3 -3 

BWG_1143 ycjO putative sugar transporter subunit - -3 

BWG_1361 ydfZ hypothetical protein -3 -3 

BWG_1909 yehU putative sensory kinase in two-component  -3 -3 

BWG_2623 ygfZ putative global regulator 4 3 

BWG_2701 yghQ putative inner membrane protein -6 -3 

BWG_2939 yhcN hypothetical protein 6 - 

BWG_3071 yhfW putative mutase 4 - 

BWG_3378 yidQ hypothetical protein -3 -3 

BWG_3542 yihL putative DNA-binding transcriptional 
regulator 

-3 -3 

BWG_1105 ymiA hypothetical protein -4 -3 

BWG_1410 ynfM putative transporter 3 -4 

BWG_1637 yobF hypothetical protein - -3 

BWG_3160 zntA zinc/cadmium/mercury/lead-transporting  -4 -4 

BWG_3201 gadE DNA-binding transcriptional activator - -3 

BWG_0706 otsB putative oxidoreductase 3 - 

BWG_2816 ybjN putative pirin-related protein 5 4 

BWG_1803 YhaK putative inner membrane protein 6 30 

BWG_2725 yeeE alcohol dehydrogenase, NAD(P)-dependent -10 -5 

BWG_3160 yqhD zinc/cadmium/mercury/lead-transporting  4 4 
aGene ID and gene description are based on PromBase (http://nucleix.mbu.iisc.ernet.in-

/prombase/index.htm) 
bThe log (base 2) changes indicate the ratios of gene signal intensities of the E. coli strain TOP10F’ 

treated with 12 µM ES24 or 12 µM nitrofurantoin (NFT) for 15 min compared to DMSO-treated cells 

(1% as final concentration).   
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At the time of writing the SARS-CoV-2 virus (COVID-19) is continuing to spread around the world and 

created an unprecedented collective crisis. While the majority of attention is now focused on viral 

treatments, antibiotic resistance is considered to be the next global challenge in public health. In the 

US, infections caused by resistant bacteria are currently responsible for 162,000 casualties annually, 

making antibiotic resistance the third leading cause of death1. Despite growing awareness of the 

antibiotic resistance crisis, current efforts fail to deliver sufficient novel antibiotics to address this 

problem. In addition, new antibiotics that have been brought to the market in recent decades were 

mostly variations of drugs discovered before 1980 that are sensitive to resistance development. 

Therefore, it is critical that novel antibiotics are identified that work via entirely new, clinically 

unexploited mechanisms, preferably ones that are also less prone to resistance development.  

In this thesis we describe approaches to screen for novel antibacterial compounds that act on 

the cell envelope of Gram-negative bacteria. We aimed to identify compounds that target the 

biogenesis of membrane proteins and secretion of proteins across the cell envelope. After synthesis 

nascent outer membrane proteins (OMPs) or secreted proteins are first translocated to the periplasm 

by the SecYEG translocon located in the inner membrane. Given the essential and central role SecYEG 

could be a potential target for antibiotic interference which is investigated in chapter 6. Specifically, 

we evaluated the effect of ES24, member of the eeyarestatin group of small molecule inhibitors and 

derived from eeyarestatin I, on the activity of the SecYEG-translocon. We found that ES24 impairs 

SecYEG-mediated insertion of cytoplasmic membrane proteins and secretion of Hbp. These effects 

were consistent with a recent report showing that ES24 also effects protein translocation via the 

conserved eukaryotic Sec61-translocon2. In addition, ES24 inhibits the growth of both E. coli and a 

variety of clinically relevant strains. Although, the cross reactivity with the homologous eukaryotic 

system would be expected to complicate drug development our data shows that ES24 is not more 

toxic than the structural homolog nitrofurantoin, which is used as a front‐line treatment of urinary 

tract infections3. Although structurally very similar to ES24, we showed that nitrofurantoin does not 

affect the SecYEG-translocon. It would be very interesting to further explore the therapeutic potential 

of ES24 and its pharmacokinetics in animal models.  

After guided transit through the periplasm by chaperones nascent proteins reach the outer 

membrane, which is composed of an inner leaflet of phospholipids and an outer leaflet of 

lipopolysaccharides (LPS)4. It also contains OMPs that are essential for the passage of nutrients and 

waste products. Together, the outer membrane serves as a robust permeability barrier that prevents 

many antibiotics from reaching their intracellular target. On the other hand, the structural and 

functional importance of the outer membrane makes it an attractive target for the development of 

novel antibiotics. Especially the BAM complex, located in the outer membrane and essential for OMP 

biogenesis, is considered a potential target for antibiotic interference (chapter 2) and as of yet there 

are no clinically used antibiotics that target this protein complex. In addition, because part of the BAM 

complex is accessible from the outside potential inhibitors do not need to cross the cell envelope. In 

chapter 3 and chapter 5 we described a novel drug-discovery approach that led to the identification 

of compound VUF15259, compound 2 and compound 14 that most likely act on the BAM complex. 

These compounds were identified using a phenotypic assay that senses malfunctioning of the BAM 

complex by monitoring induction of cell envelope stress. In recent years, the BAM complex has 

attracted a lot of attention form several research groups, yielding mechanistic and structural insight 

but also several BAM inhibitors that are reviewed in chapter 2 of this thesis5,6.  

Compound VUF15259 is described in chapter 3 and was identified after screening a library of 

1,600 fragment-like compounds using a phenotypic stress-based high-throughput screening assay. 
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Initially the goal of the assay was to identify inhibitors of autotransporter (AT) secretion, a conserved 

secretion system that is dependent on the BAM complex, used by many virulence factors. To identify 

compounds that inhibit AT biogenesis, we developed a reporter that induces fluorescence in E. coli 

cells affected in secretion of the model AT haemoglobin protease (Hbp). First, we showed by 

transcriptomic analysis that accumulation of a stalled Hbp secretion mutant activated the periplasmic 

σE stress response, but not the cytoplasmic heat shock stress system. Next, we coupled the promoter 

regulating the σE gene to the gene coding for the bright fluorescent protein mNeonGreen. As a result, 

our assay reported on σE stress that was induced when secretion of Hbp across the outer membrane 

was inhibited. Screening a library of 1,600 fragments using this assay yielded compound VUF15259 

and we confirmed that it inhibited secretion of ATs. VUF15259 was also shown to impair the folding 

of various OMPs into their native -barrel conformation, and E. coli mutants that are compromised in 

OMP biogenesis proved to be more susceptible to VUF15259.  

The small screening campaign in chapter 3 can be considered as a proof-of-concept study to 

evaluate the use of a fluorescence-based stress assay to identify Hbp secretion inhibitors. The 

successful identification of the AT secretion inhibitor VUF15259 validated this approach. The 

disadvantage of using fluorescence as assay output is that autofluorescence of compounds may 

complicate the analysis. However, by using the bright fluorescent protein mNeonGreen we tried to 

minimize interference of autofluorescence. Finally, the effect of VUF152529 was consistent with that 

of a BAM complex inhibitor, which inspired us to use the stress assay to search for BAM complex 

inhibitors in a larger screening campaign.  

In chapter 5 we screened a library consisting of 316,953 compounds using the σE stress 

reporter assay. Compared to the fragment library these compounds were larger and chemically more 

diverse, which was expected to yield compounds with a higher affinity to its target. The screening 

campaign resulted in the identification of 413 compounds that induced σE stress. Due to the size of 

the library we developed an Rcs (orthogonal) and heat-shock (deselection) stress assay, the 

development of which is described in chapter 4. The Rcs (Regulation of Capsular polysaccharide 

Synthesis) system is a second cell envelope stress system that responds to impaired OMP biogenesis, 

e.g. BAM complex malfunctioning7. The Rcs system also responds to changes in LPS charge 

distribution, perturbations in peptidoglycan and phospholipid biosynthesis, and defects in lipoprotein 

trafficking. We indeed found that antibiotics targeting these processes activated the Rcs stress 

reporter. Most interestingly, we found that by comparing the amplitude and kinetics of the Rcs 

reporter output each antibiotic created a unique stress reporter profile, which can be used for target 

validation. We also found that the heat-shock response was only activated by antibiotics that inhibited 

DNA or protein synthesis or that led to general stress events such as oxidative stress. Because we were 

screening for compounds that specifically act on the cell envelope the heat-shock was used to deselect 

compounds that also target intracellular processes.  

After testing the primary hits in the orthogonal and deselection assays we identified 

compound 2 and compound 14 that induced σE and Rcs stress responses, while not inducing the 

intracellular heat-shock response. In addition, they showed the characteristics of known BAM complex 

inhibitors: synergy with OMP biogenesis mutations, decrease in the abundance of various OMPs and 

loss of OM integrity. The most promising hit is compound 2, because it also inhibited BAM-dependent 

OMP folding in an in vitro refolding assay using purified BAM complex reconstituted in 

proteoliposomes, while VUF15259 (data not shown) and compound 14 did not. To get more insight in 

their mechanism of action it would be interesting to co-crystalize the BAM complex with these 

compounds. Alternatively, mutagenesis of the genes encoding the BAM complex may identify 
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mutations that potentially result in a weakened affinity of compound 2 for the BAM complex, 

providing more information on the binding site of the compounds. Interestingly, E. coli bacteria 

carrying mutations that confer resistance to darobactin in BamA were strongly compromised in 

virulence5. Thus, it seems difficult for bacteria to generate mutants that are resistant to BAM inhibitors 

and virulent at the same time. The presumed low selection pressure for resistance together with its 

relative accessibility puts the BAM complex forward as an attractive drug target.  

Collectively, the compounds described in this thesis and the earlier reported BAM complex 

inhibitors display similar effects on bacteria5,6. Summarizing they elicit cell envelope stress (σE and/or 

Rcs stress), impair OMP biogenesis and increase the outer membrane permeability. Especially the 

latter effect is interesting, as the BAM inhibitors may act as potentiator for conventional antibiotics 

that are not able to pass the outer membrane on their own. Because developing new antibiotics is 

difficult and time-consuming one of the alternative approaches is to potentiate existing antibiotics. In 

this light, BAM inhibitors could serve a double role by directly affecting OMP biogenesis and by 

indirectly potentiating current antibiotics with intracellular targets. Furthermore, inhibitors may also 

function as anti-virulence drug, because inhibition of the BAM complex impairs secretion of virulence 

factors, for example via the AT secretion system. 

 The screening approaches used in this thesis identified surprisingly few hit compounds. 

Possibly, the BAM complex is intrinsically poorly druggable by the small synthetic compounds we 

screened in chapter 3 and 5. The other reported BAM complex inhibitors MRL-494 (622 Da)6 and 

darobactin (965 Da)5 are indeed larger, more complex molecules. Therefore, it would be interesting 

to also test natural compounds, which are compounds produced by living organisms to defend 

themselves. In general, these compounds are larger, more complex and already shaped by evolution 

to pass the membrane or hit a target with high affinity. Given the central and essential role of the BAM 

complex in the outer membrane it seems reasonable to assume that the BAM complex has been 

interrogated in nature in light of natural defense mechanisms. For example, Shiga toxin-encoding 

bacteriophage use BamA as a receptor to adhere to the bacterial cell8. Furthermore, under in vitro 

laboratory growth conditions E. coli can survive at a very low level of endogenous BAM complex, which 

may also explain the low hit rate. In this respect, it may be useful to sensitize future in vitro screening 

efforts by using strains with a partially compromised BAM complex. 

 The low hit rate may also be related to the phenotypic drug discovery approach that was used 

in this thesis, in contrast to the target-based strategies that have been widely used in the 

pharmaceutical industry in the past decades. In target-based drug discovery the starting point is a 

molecular target of interest that can be assayed using relatively simple approaches, yielding many hits. 

Drawbacks are the often unfavorable physicochemical properties, excretion by efflux pumps and poor 

cell penetration of the hit compounds, explaining why this approach did not lead to major 

breakthroughs in antibiotic drug discovery.  

 The use of live bacteria in our phenotypic stress-based drug screen allowed the immediate 

selection of compounds that are able to pass the outer membrane and interfere with OMP biogenesis. 

Of note, in case of BAM inhibitors compounds may not even have to cross the OM, because BamA is 

partly surface exposed. In fact, VUF15259, compound 2 and 14 may target the BAM complex from the 

outside, but their small size would also allow them to pass the outer membrane. In addition, by using 

cell envelope stress to indirectly assay the OMP biogenesis route we could identify low affinity 

compounds that induced stress but did not affect cell growth, as exemplified by VUF15259 in chapter 

3. A traditional screening approach, based on cell growth, would have neglected this compound. While 

a compound may have minor effects on bacteria grown in vitro, the effect may be enough to weaken 
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a pathogen in vivo under the challenging host conditions. A disadvantage of stress as assay readout is 

that compounds that completely inhibit growth are unable to mount a stress response. Still, these 

might represent very potent BAM inhibitors and hence need to be reanalyzed at lower concentrations. 

Taken together, the relative ease of a simple and robust stress-based screening argues for the use of 

stress reporters for future drug screening approaches as a first filter to identify compounds that hit 

critical outer membrane targets. Although we have shown that the σE reporter can identify BAM 

inhibitors we expect that the Rcs reporter assay as primary screen is even more sensitive and selective 

towards inhibitors that act on various essential processes required for outer membrane biogenesis, 

because it also reacts to impaired peptidoglycan and lipoprotein biosynthesis.  

 Emerging reports including this thesis demonstrate the therapeutic potential of the inhibiting 

BAM complex. The work in this thesis has shown the value of stress-based phenotypic assays to select 

BAM complex inhibitors (VUF15259, compound 2 and 14). The bottleneck is, however, the low affinity 

of these compounds for their target. Chemical optimization rounds did not yet result in increased 

affinity (data not shown). However, the low affinity of the compounds may be sufficient to clear an 

infection in an in vivo animal model, which needs to be investigated for these compounds. 

Nevertheless, continued efforts are needed to identify more active and higher affinity compounds, for 

which our stress-based assay can be used as a first step. Excitingly, the phenotypic Rcs high throughput 

assay was recently selected by the European Lead Factory (ELF, www.europeanleadfactory.eu) to 

screen their library of over 500,000 small molecules to identify novel compounds targeting BamA and 

other cell envelope targets. It will also be crucial to screen natural compound libraries, containing 

extracts from plant, marine and microbial sources, because these compounds will likely have a higher 

affinity to start with. Finally, the use of BAM inhibitors as potentiating compound to increase uptake 

of large scaffold antibiotics deserves attention. The rise of resistance against antibiotics requires 

urgent action and hopefully BAM inhibitors can contribute to combat this crisis. 
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English summary 
Antibiotic resistance is a major and growing problem in the world, making it more and more difficult 

to treat bacterial infections. If no action is taken the World Health Organization has predicted that by 

2050 10 million people will die worldwide each year from the effects of antibiotic resistance. Currently, 

already 700,000 people worldwide die every year from an infection with resistant bacteria. Many 

factors contribute to the antibiotic resistance problem, including the widespread use of antibiotics in 

livestock and misuse of antibiotics in clinical settings. In addition, hardly any new class of antibiotics 

has been developed since 1980. To combat antibiotic resistance, it is essential to develop new 

antibiotics that target and kill bacteria using a novel mechanism of action. 

In this thesis we describe an innovative approach to identify new antibiotics, focusing mainly 

on the so-called BAM complex located in the outer membrane of Gram-negative bacteria, as explained 

in chapter 2 of this thesis. The BAM complex facilitates folding of outer membrane proteins and 

secretion of proteins across the outer membrane to the extracellular environment. To identifty novel 

antibiotics against the BAM complex we have developed a reporter assay that monitors induction of 

bacterial stress when the BAM complex is not functioning. Similar to a 'fight-or-flight' stress response 

in humans when approaching danger, bacteria also react with stress to impulses from the 

environment, such as the presence of toxic substances (e.g. antibiotics) or food shortages. 

 In chapter 3 we describe the development of the reporter assay in which bacteria become 

green fluorescent as soon as they experience stress from a potential antibiotic. With this so-called 

'stress assay' 1,600 compounds were tested and one compound (VUF15259) was found that probably 

targets the BAM complex. In chapter 4 we describe additional stress assays, which are used in chapter 

5 to screen more than 316,953 compounds for antibacterial activity. This resulted in the identification 

of 2 compounds, CPD2 and CPD14, which weaken the outer membrane of bacteria and probably target 

the BAM complex. Finally, in chapter 6 we investigated the mechanism of action of another 

compound, called ES24, which in contrast to VUF15259, CPD2 and CPD4, acts on the inner membrane 

of bacteria. More specifically, we showed that ES24 targets the SecYEG translocon, a protein system 

in the inner membrane that facilitates protein transport.  

In summary, the results in this thesis show that our stress assay can identify novel antibacterial 

agents that act on the outer membrane of bacteria. One of the stress assays is currently being used 

by the European Lead Factory to screen their library of more than 500,000 compounds for 

antibacterial activity. 
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Nederlandse samenvatting 
Antibioticaresistentie, waarbij bacteriën ongevoelig voor antibiotica zijn geworden, is een groot en 

groeiend probleem in de wereld. De Wereldgezondheidsorganisatie heeft voorspeld dat in 2050 

wereldwijd jaarlijks 10 miljoen mensen zullen overlijden aan de gevolgen van antibioticaresistentie. 

Op dit moment overlijden er al jaarlijks 700,000 mensen wereldwijd aan de gevolgen van infecties met 

resistente bacteriën. Veel factoren dragen bij aan het antibioticaresistentie probleem, waaronder het 

grootschalige gebruik van antibiotica in de veehouderij en het verkeerd gebruik van antibiotica in 

ziekenhuizen. Daarbij komt dat er al sinds 1980 nauwelijks nieuwe klassen van antibiotica ontwikkeld 

zijn. Om antibioticaresistentie te bestrijden is het essentieel om nieuwe antibiotica te ontwikkelen die 

op een andere manier bacteriën doden dan de huidige antibiotica. 

In dit proefschrift hebben wij een innovatieve manier ontwikkeld om nieuwe antibiotica te 

identificeren, waarbij wij ons vooral hebben gericht op de buitenmembraan van Gram-negatieve 

bacteriën, zoals uitgelegd in hoofdstuk 2 van dit proefschrift. Wij hebben hierbij gebruik gemaakt van 

de stress systemen van bacteriën. Net zoals mensen een ‘fight-or-flight’ stress response vertonen bij 

naderend gevaar, reageren bacteriën ook met stress op impulsen uit de omgeving zoals de 

aanwezigheid van giftige stoffen (bijvoorbeeld antibiotica) of voedseltekort. In hoofdstuk 3 

beschrijven wij de ontwikkeling van een methode waarbij bacteriën groen oplichten zodra ze stress 

ondervinden als ze in aanraking komen met antibacteriële stoffen. Met deze zogenaamde ‘stress 

assay’ zijn 1,600 stoffen getest en wer er één stof (VUF15259) geselecteerd die waarschijnlijk aangrijpt 

op het buitenste membraan van bacteriën en hierdoor de bacterie verzwakt. Gedetailleerde studies 

toonden aan dat VUF15259 waarschijnlijk aangrijpt op het BAM complex in de buiten membraan, een 

essentieel complex dat belangrijk is in vouwing en transport van eiwitten. In hoofdstuk 4 en hoofdstuk 

5 beschrijven wij een uitbreiding op deze stress assay. Met deze uitgebreide nieuwe assay hebben wij 

vervolgens meer dan 316,953 stoffen getest op antibacteriële activiteit. Hieruit kwamen 2 stoffen naar 

voren, CPD2 en CPD14, die net zoals VUF15259 de buiten membraan van bacteriën verzwakken en 

waarschijnlijk aangrijpen op het BAM complex. Tot slot hebben we in hoofdstuk 6 het 

werkingsmechanisme onderzocht van een andere stof, genaamd ES24, die bij toeval gevonden was in 

een eerder onderzoek naar anti-kanker medicijnen. In tegenstelling tot VUF15259, CPD2 en CPD4 

werkt ES24 op de binnenste membraan van bacteriën, waarbij het SecYEG eiwit transport systeem 

wordt geremd.  

Samenvattend, laten de resultaten in dit proefschrift zien dat de stress assay succesvol is in 

het identificeren van nieuwe antibacteriële stoffen die aangrijpen op de buitenmembraan van 

bacteriën. Vervolgonderzoek moet uitwijzen of de gevonden stoffen in dit proefschrift kunnen worden 

doorontwikkeld tot een nieuwe klasse van antibiotica. Op dit moment wordt de stress assay gebruikt 

door de European Lead Factory waarbij hun bibliotheek van meer dan 500,000 chemische stoffen 

wordt getest op antibacteriële activiteit.  
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Dankwoord 
Het bijzondere avontuur dat tot dit proefschrift heeft geleid, begon in 2014 toen ik mijn masterstage 

volgde bij de Moleculaire Microbiologie groep op de VU onder begeleiding van Joen Luirink en Wouter 

Jong. Op hetzelfde moment kwam er een NWO AIMMS beursaanvraag beschikbaar, waarbij 

masterstudenten samen met een onderzoeksgroep een beursaanvraag konden indienen voor een 

promotieonderzoek op het gebied van antibiotica en resistentie. Joen, ik wil je bedanken dat je mij de 

kans gaf en het vertrouwen om samen met jouw onderzoeksgroep een beursaanvraag te schrijven en 

in te dienen. Daarnaast wil ik je bedanken voor al je hulp, adviezen en discussies tijdens de PhD. Je 

was altijd beschikbaar voor vragen en gaf altijd goede feedback op mijn werk, dat heb ik zeer 

gewaardeerd. Ook op Wouter Jong en Peter van Ulsen heb ik de afgelopen jaren vaak een beroep 

kunnen doen. Wouter, mede namens de leuke masterstage en jouw goede begeleiding ben ik zo 

geïnteresseerd geraakt in microbiologie. 

Nadat de beurs was toegekend ben ik in oktober 2015 begonnen met mijn PhD bij de 

Moleculaire Microbiologie groep. Ik heb mijn PhD ervaren als een plezierige tijd waarbij ik ontzettend 

veel heb geleerd en veel nieuwe mensen heb ontmoet. Een paar maanden nadat ik begonnen was 

kwam de verhuizing naar het O2 labgebouw en ging onze groep samen met de groep van Wilbert 

Bitter. Hierdoor kwam er veel meer samenwerking en dynamiek binnen de groep, wat ik erg plezierig 

vond. Wilbert, ik wil ook jou bedanken voor alle input die je hebt gegeven op mijn project.  

De Moleculaire Microbiologie groep is een gezellige en warme groep waar hard wordt 

gewerkt, maar er was ook altijd plek voor humor en gezelligheid. De borrels op donderdagmiddag 

waren altijd erg leuk, maar ook de jaarlijkse labuitjes en barbecues zal ik niet snel vergeten. Ik wil 

iedereen op het lab bedanken voor deze leuke tijd. In het bijzonder wil ik twee steunpilaren bedanken 

van de groep, Greg Koningstein en Corinne Jongman. Bedankt dat jullie er altijd waren voor al mijn 

vragen, jullie hulp bij de experimenten en voor de leuke gesprekken.  

Tot slot wil ik mijn ouders, mijn broer Justin en in het bijzonder mijn vriendin Arenda bedanken 

voor hun steun tijdens dit hele PhD avontuur.  
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