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Introduction 

Antibiotics are fundamental tools in modern medicine. Their use has reduced childhood 
mortality, has increased life expectancy, improved surgical outcomes and improved treatments 
such as chemotherapy (Blair et al. 2014). Antibiotics have been used for thousands of years to 
treat infections. Mold and plant extracts were used to treat what was referred to as “blood 
poisoning” in early civilizations (Funk et al. 2009). In ancient Serbia, China and Greece, old 
moldy bread was pressed against wounds to prevent infection (Funk et al. 2009). Nevertheless, 
until the 20th century, bacterial infections that we now consider straightforward to treat were a 
death sentence to most people. The beginning of the modern “antibiotic era” began in the late 
19th century and is associated with names such as Paul Ehrlich and Sir Alexander Fleming 
(Zaffiri et al. 2012). Ehrlich is most famous for establishing the principle of targeted bacterial 
inhibition while causing no harm to human cells, which is fundamental for current and novel 
antibiotics (Zaffiri et al. 2012). Fleming is famous for his discovery of penicillin, which became 
the first therapeutic used extensively in a hospital setting and revolutionized the world of 
medicine (Zaffiri et al. 2012). Suddenly, infections that had been a death sentence became 
something you recovered from in days. Since then, we have been living inside the golden age of 
antibiotics. It is estimated that modern antibiotics have saved approximately 200 million lives 
(Aminov, 2010).  

 
Despite the importance of antibiotics to human life, their significance as a therapeutic 

medical approach has been threatened in recent years. The increasing resistance of human 
pathogens to antibiotics is becoming increasingly problematic in health care and threatens to 
nullify the success of the antimicrobial efforts of the last 75 years, a problem seen on a global 
scale (Häse et al. 2001). In the United States, more than 2 million people are infected with 
antibiotic resistant bacteria annually (Hampton, 2013). Death tolls as a direct result of antibiotic 
resistance in the United States and Europe totaled 23,000 and 25,000 per year, respectively 
(Hampton, 2013). Although there is an increased incidence in antibiotic resistance, the number of 
new antibiotics approved by drug regulatory bodies has been exceedingly slow in recent decades 
(Spellberg, 2016). Since 2013, only a single systemic antibiotic with a new mechanism of action 
has been approved by the American Food and Drug Administration (Cleland and Shah, 2013). 
We stand today on the threshold of the post-antibiotic era. The loss of effective antibiotics would 
result in the end of modern medicine as we know it. First, no protection against bacterial infections 
will be available for people infected with bacteria previously thought to be harmless. Furthermore, 
those with weakened immune systems as well as for cancer patients, AIDS patients, transplants 
recipients and prematurely born babies would be particularly at risk. Next, we would lose the 
ability to use any treatment that installs foreign objects in the body such as stents for heart attacks, 
pumps for diabetes, dialysis. Finally, we would likely lose the ability to use many surgical 
interventions like coronary bypasses, Cesarean sections and joint replacements. Minor infections 
of the past are destined to become life threatening in the future. Skin infections leading to 
amputation, strep throat leading to valvular heart disease and high rates of maternal mortality are 
all issues that could again become reality.  

 
Bacteria can be intrinsically resistant to antibiotics through structure and function, but also 

via genetic mutations and horizontal gene transfer. Acquired or developed resistance is mediated 
by three main mechanisms: (1) those that minimize the intracellular concentrations of the 
antibiotic as a result of poor penetration into the bacterial cell or antibiotic efflux via multidrug 
resistance pumps (MDR pumps), (2) those that modify the antibiotic target by genetic mutation or 
post-translational modification of the target and (3) those that inactivate the antibiotic by hydrolysis 
or other modification (Blair et al. 2014).  
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The antibiotics that are currently in use clinically have well defined and, at the same time, 
limited mechanisms of action. Essentially, they only target three main pathways: inhibiting 
peptidoglycan synthesis, protein synthesis (by prokaryotic ribosomes), and nucleic acid synthesis 
(by interrupting nucleotide metabolism, RNA polymerase inhibition, and DNA gyrase inhibition) 
(Russell, 2002). This is why the identification of novel bacterial-specific targets has become critical 
to avoid bacterial resistance. It has become a national research priority for many countries 
(Centers for Disease Control and Prevention, 2017).  

 
A potential novel antibiotic target is bacterial energetics. The term “energetics” refers to 

the molecular mechanisms that organisms use to store and utilize energy in different forms (Hards 
and Cook, 2018). All life has evolved to harness the energy of disequilibria gradients, either 
chemical or electrical potential differences (Schoepp-Cothenet et al. 2013). Most important and 
efficient bioenergetic pathways rely on biological membranes and their associated membrane 
proteins. They essentially function to create an electrochemical gradient of a coupling ion, which 
in turn, is efficiently transformed into chemical energy ATP and related high-energy compounds 
depending on cellular demand and function. Typically, bacteria use a transmembrane circulation 
of protons to drive major cellular functions such as ATP synthesis, motility and the active transport 
of solutes from the environment. In contrast, certain bacterial species use sodium transport as 
either the primary driver of or a crucial step in these processes and, as such, is vital to the growth 
and survival of the organism. In these bacteria, primary Na+ pumps generate the transmembrane 
electrochemical gradient of Na+ (sodium-motive force, SMF) that serves as a direct source of 
energy (Häse et al. 2001). It is hypothesized that one of the adaptive advantages of utilizing the 
“sodium cycle” is its ability to function in thermodynamically challenging environments (Figure 1a). 
Situations when high energy electron acceptors are unavailable or proton motive force cannot be 
maintained at sufficiently high levels are two examples of this. 

 
The Na+-translocating NADH:ubiquinone oxidoreductase (Na+-NQR) is a highly prevalent 

enzyme among aerobic bacteria that utilize the sodium cycle as a significant mechanism of energy 
transduction. As the major respiratory Na+ pump in aerobic pathogens (Häse et al. 2001; Reyes-
Prieto et al. 2014), it catalyzes the transfer of electrons from NADH to ubiquinone, acting as a 
gateway by which high energy electrons enter the respiratory chain via redox equivalents and 
pumping Na+ across the membrane into the periplasmic space (Reyes-Prieto et al. 2014). It is 
hypothesized that disruption of Na+-NQR and the subsequent sodium motive force would result 
in diminished key functions of the cell such as energy production, loss of motility, drug efflux, 
virulence and ability to adapt to changing environments, making it an attractive target for 
intervention (Dibrov et al. 2017b). Recently, the inhibition of Na+-NQR in the obligate intracellular 
parasites Chlamydophila pneumoniae and Chlamydiae trachomatis has been shown to disrupt 
the infectious process and prevented their propagation in cell culture (Dibrov et al. 2017a). 
Importantly, it did not affect the viability of mammalian eukaryotic cells or beneficial bacterial 
species present in benign intestinal microflora (Dibrov et al. 2017a). The identification of Na+-NQR 
in other pathogenic bacteria (Table 1), therefore, presents an exciting possibility that inhibition of 
this enzyme may disrupt a wide variety of infections and also diminish or even entirely avoid multi-
drug resistance by de-energizing MDR pumps. 

 
One of the bacterial species that has been identified as containing Na+-NQR is the 

Legionella genus. Legionella spp are intracellular pathogens and are an important cause of 
community-acquired and nosocomial pneumonia (Marchello et al. 2016). Pneumonia caused by 
Legionella pneumophila is termed Legionnaires' disease. Legionellae are ubiquitous in warm, 
moist environments such as lakes, streams, rivers, and especially thermally heated bodies of 
water and soil (Carroll et al. 2015). They can multiply in free-living amoeba and can coexist with 
them in biofilms (Fields et al. 2002). Infection of susceptible or immunocompromised humans 
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commonly follows inhalation of the bacteria from aerosols generated from contaminated cooling 
towers, air-conditioning systems, hot tubs, shower heads, and other similar water sources 
(Nguyen et al. 2006, Barton et al. 2017). Increased humidity and air temperature, have been 
linked to increases in sporadic legionellosis and seasonality of the disease (Van Heijnsbergen et 
al. 2014). There are currently ~50 known species of Legionella (Diederen, 2008; Hilbi et al. 
2010). Legionella pneumophila serogroups 1 and 6 are the cause of the majority of 
Legionnaire’s cases in the United States (Amemura-Maekawa et al. 2012). Legionella 
pneumophila has an optimal growth temperature of 35–37°C (Wadowsky and Yee, 1985).  

After inhalation and entry into the lung, L. pneumophila is taken up by alveolar 
macrophages and epithelial cells but is not effectively killed by polymorphonuclear leukocytes 
(Eisenreich and Heuner, 2016).  Legionella species do not require opsonization or antibody 
interaction to enter macrophages (Hilbi et al. 2010). Inside the cell, the individual bacteria are 
contained within phagosomal vacuoles (Legionella-containing vacuole, LCV) (Van Heijnsbergen 
et al. 2014), but the defense mechanisms of the macrophages are inhibited by the bacteria at this 
point. L. pneumophila avoids endosome fusion and actively intercepts vesicle trafficking in the 
secretory pathway of the infected cell (Fields et al. 2002). The LCV fails to fuse with lysosomal 
granules, therefore, it does not acidify as normally would be expected in phagosomes containing 
other ingested particles (Carroll et al. 2015). Ribosomes, mitochondria and small vesicles 
accumulate around LCVs, preventing recognition by the cellular immune system (Carroll et al. 
2015). The bacteria multiply within the vacuoles until they are so numerous that the cells are 
destroyed and the bacteria are released (Fields et al. 2002). Infection of other macrophages then 
occurs (Fields et al. 2002).  

 
Legionella accounts for approximately 1-10% of cases of community-acquired 

pneumonia and is associated with public outbreaks (Eisenreich and Heuner, 2016).  Infection 
typically results in nonspecific febrile illness of short duration or in a severe, rapidly progressive 
illness with high fever, chills, malaise, nonproductive cough, hypoxia, diarrhea, and sometimes 
delirium (Fraser et al. 1977). Chest radiography typically reveals patchy, segmental, often 
multilobar pulmonary infiltration. Immunocompromised patients may develop cavitary 
pneumonia and pleural effusions (Diederen, 2008). There may be leukocytosis, hyponatremia, 
hematuria, abnormal liver function and even renal failure (Diederen, 2008). During some 
outbreaks, the mortality rate has reached 10% (Diederen, 2008). The diagnosis is based on the 
clinical picture and exclusion of other causes of pneumonia by laboratory testing. 

L. pneumophila are intracellular parasites of macrophages, other phagocytic cells, and 
probably of other human cells as well. Thus, antimicrobials useful for treatment 
of Legionella infections must enter the phagocytes and have biological activity there.  Macrolides 
(erythromycin, azithromycin and clarithromycin) and fluoroquinolones (ciprofloxacin and 
levofloxacin) are the preferred agents for the treatment of Legionnaires' disease because these 
agents are bactericidal, achieve high intracellular concentrations, penetrate lung tissue, and are 
active against all Legionella species that cause human infection (Eliakim-Raz et al. 2012). 
Tetracyclines (doxycycline) are considered second line therapy due to systemic and long term 
adverse side effects. b-Lactams, monobactams and aminoglycosides are not effective (Eliakim-
Raz et al. 2012). L. pneumophila has shown to become progressively resistant towards the 
mainstay antibiotics aimed at common targets, namely macrolides and fluoroquinolones (Massip 
et al. 2017; Shadoud et al. 2015). Thus, there is a critical need for novel antibiotics to address the 
challenge of L. pneumophila bacterial infection. 

 
The purpose of the present study was to determine if a novel, rationally designed, synthetic 

furanone compound named PEG-2S and its derivatives are potent inhibitors of Na+-NQR and if 
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they are able to suppress the growth and viability of L. pneumophila bacteria. The objectives were 
two-fold: a) to determine if PEG-2S and its derivatives can inhibit L. pneumophila bacterial viability 
and growth in liquid culture and in mammalian cell cultures and, b) to determine if the enzymatic 
activity of Na+-NQR could be directly inhibited by PEG-2S. This was examined in a standard 
model system of purified, sub-bacterial membrane vesicles from V. cholerae expressing Na+-
NQR. 
 
Materials and Methods 

Bacterial strains 
 

The bacterial strains used in the course of this study were Legionella pneumophila and 
Vibrio cholerae. Legionella pneumophila (ATCC 33152) was propagated in liquid culture as 
described previously (Chatfield and Cianciotto, 2013). The organism was stored on BCYE agar 
plates (10 g n-(2-acetamido)-2-aminoethanesulfonic acid (ACES), 10 g/L bacto yeast extract, 
2.2 g/L KOH, 1 g/L α-ketoglutarate, pH 6.8–6.9, 1.5 g/L activated charcoal, 15 g/L agar, and 
after autoclaving, 0.4 g L-cysteine dissolved in 10 mL HCl then filter sterilized, 0.25 g ferric 
pyrophosphate dissolved in 10 ml ddH2O then filter sterilized) at 4°C until use (Chatfield and 
Cianciotto, 2013). Vibrio cholerae O395N1 strain (O1 classical biotype; SmR, ctxA1) was kindly 
provided by Dr. Claudia C Häse (Oregon State University) and its isogenic nqrA-F mutant 
derivative (Dibrov et al. 2002) were used for the isolation of sub-bacterial vesicles. These strains 
were transformed with a pBAD-TOPO vector expressing Vc-NQR from an arabinose-induced 
promoter.  
 
Preparation of sub-bacterial membrane vesicles from V. cholerae cells  
 

Sub-bacterial membrane vesicles from V. cholerae cells were isolated as described in 
Dibrov et al. 2002. Briefly, the V. cholerae transformants were grown with vigorous aeration at 
37°C in LB broth (10g Bacto-tryptone, 5g yeast extract, 10g NaCl with 1L distilled water) 
supplemented with 100 μg/ml ampicillin and 100 μg/ml streptomycin until mid-log phase, before 
0.05% arabinose was added and the cells were allowed to grow for 1.5 hrs.  Cells were then 
cooled in an ice bath for 20 min, and harvested by centrifugation at 12,000 x g. Cells were washed 
twice and re-suspended in Buffer A containing 100 mmol/L KCl, 50 mmol/L NaCl, 5 mmol/L 
MgSO4, 20 mmol/L HEPES-Tris, pH 8.00, with 5 mM phenylmethylsulfonyl fluoride, 1 mM 
dithiothreitol, and 0.2 g of pepstatin A/ml. The bacterial suspension was then passed twice 
through a French Press (Aminco) at 1000 kg/m2. The unbroken cells were pelleted at 12,000 x g 
for 10 min at 4°C and the supernatant was ultracentrifuged at 184,000 x g for 90 min at 4°C. The 
resulting membrane pellets were then re-suspended and stored in Buffer A at 20–30 mg 
protein/mL, snap-frozen in liquid nitrogen and stored at –80 °C for future use. 

 
Na+-NQR activity assays in sub-bacterial vesicles  
 

The activity of Na+-NQR in sub-bacterial V. cholerae vesicles were measured 
spectrophotometrically at 25°C. Oxidation of dNADH was followed through changes in its 
absorbance at 340 nM using a Beckman Cutler DU 640 Spectrophotometer. The assays were 
conducted in Buffer A (see above) supplemented with 15 mmol/L dNADH with intermittent stirring. 
The reaction was initiated by the addition of 20 µL of vesicles at 15 seconds. The PEG inhibitor 
was added at time 60 seconds, and the samples were analyzed for 60 more seconds. Enough 
time was allowed to ensure linear character of oxidation prior to addition of vesicles in order to 
calculate the percentage of inhibition using baseline dNADH oxidation (T15s-60s) as 100% 
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oxidation. The percent of inhibition was calculated as slope (T60s-T90s) / slope (T15s-T-60s). 
 
Furanone inhibitors 
 

A synthetic furanone inhibitor of Na+-NQR, PEG-2S was very recently designed (Dibrov 
et al. 2017a). Stereospecific synthesis of PEG-2S and its structural derivatives was performed by 
Canam Bioresearch (Winnipeg, Canada). The list of furanone inhibitors (PEG analogs) tested in 
this study is presented in Table 2. The PEG inhibitors were synthesized as crystallized 
compounds. They were then diluted in DMSO to a concentration of 50 umol/L, aliquoted and 
stored at –80 °C for future use. Dilutions of the inhibitors for assays and growth experiments were 
done on an as needed basis. Again, they were diluted in DMSO.  

 
Other chemicals 
 

All chemicals used for this study were purchased from either Sigma-Adlrich and were of 
the highest purity grade available. Restriction endonucleases and other DNA-modifying 
enzymes were purchased from Invitrogen.  
 
Western blots for quantification of Na-NQR in overexpressed V. cholerae vesicles 

Isolated fractions of V. cholerae membrane vesicles were mixed with standard SDS- 
PAGE loading buffer and incubated at 85 °C for 5 min. For electrophoresis 20 μg of total protein 
was loaded. The protein content in the isolated membrane vesicles was measured with the BCA 
Protein Assay Kit (Pierce) following the manufacturer’s instructions. Proteins were resolved on a 
10% polyacrylamide gel and transferred onto an Amersham Hybond ECL nitrocellulose 
membrane (GE Healthcare) by semi-dry transfer at 200 mA for 10 min. The nitrocellulose 
membrane was blocked for 1 hour at room temperature in TBST (pH 7.5) containing 5% 
skimmed milk powder. The membrane was incubated with Anti-V5-HRP antibody (Novex) at a 
dilution of 1:5000 in TBS containing 2.5% skimmed milk powder. The blot was then rinsed 3 
times for 15 min each with TBST, and incubated for 5 min in 1 mL of Luminata Forte Western 
Horseradish peroxidase Substrate (Millipore). The resulting signal from immunoreactive proteins 
was detected using a Fluoro ChemTM 

8900 (ProteinSimple).  

Cell proliferation assay 
 

An overnight starter culture of L. pneumophila was grown aerobically in BYE broth (2.3 g 
of yeast extract, 1.2 g of N-(2- acetamido)-2-aminothane-sulfonic acid, 0.2 g of α-ketoglutaric 
acid with 200 ml of distilled water, 0.08 g of L-cysteine, 0.05 g of ferric pyrophosphate, pH 6.9). 
This was used to inoculate 200ul of BYE in 96-well Whatman plates at an initial OD600 of 0.1. 
The obtained cultures were supplemented with 1, 2.5 or 10 μmol/L of various PEG analogs (or 
pure DMSO in “zero” controls) and then incubated at 37°C for 18hrs. OD600 was measured after 
growth using a Biotec SynergyHTX to determine the bacterial concentration. The experiments 
were repeated at least 3 times. 

 
Inhibition of Legionella proliferation in Human Hep-2 cells  

Hep-2 cells were seeded at 5 X 105 cells/well in 6-well plates in Dulbecco’s Modified 
Eagle Media (DMEM) supplemented with 10% Fetal bovine serum (FBS). Cells were infected 
with L. pneumophila (100 bacterial cells: 1 Hep-2 cell). DMSO (negative control) and PEGs at 
various concentrations were added and the plate was centrifuged for 5 min at 2500 rpm to 
facilitate attachment of the bacteria to the human cells. This was incubated at 37oC, 5% CO2 for 
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three hours to allow the L. pneumophila to internalize. The wells were washed with PBS and 
then fresh 10% DMEM with appropriate PEGs was added along with 100ug/ml of gentamicin to 
eliminate any bacteria that was still outside or attached to the Hep-2 cells. After 1 hour of 
gentamicin treatment at 37oC, 5% CO2; the cells were washed, fresh 10% DMEM with 
appropriate PEGs added, and cells were placed at 37oC, 5% CO2 overnight. Hep-2 cells were 
lysed by removing media then vigorously pipetting up and down 1ml of ice-cold ddH2O. 
Lysate was serially diluted and plated on BYCE plates and incubated at 37oC, 5% CO2. 
Colonies were counted after 3 days. 
 
Results 

The experimental model for the direct measurements of Na+-NQR activity 

The respiratory chain of marine Vibrios, along with Na+-NQR, also contains an additional 
(non-coupled) NADH dehydrogenase of NDH-2 type (Hayashi et al. 1992). In order to accurately 
assess the effect of furanone inhibitors, Na+-NQR was overexpressed in V. cholerae to 
maximize the NADH oxidation catalyzed by the target protein. V. cholerae cells were 
transformed with a pBAD-TOPO vector expressing Vc-NQR from an arabinose-induced 
promoter (see Figure 2a). Overexpression of Na+-NQR is shown by gel electrophoresis and 
western blot (see Figure 2b). Further, to exclude contaminating NDH-2 activity, dNADH rather 
than NADH was used as a respiratory substrate, as the proton-motive NDH-2, unlike Na+-NQR, 
cannot oxidize dNADH (Dibrov et al. 2017b). 

Na+-NQR function can be determined in isolated sub-bacterial membrane vesicles by 
measuring the oxidation of dNADH. This method is especially valuable because it measures the 
bacterial protein activity within its native membrane, passing the electrons taken from dNADH to 
the native respiratory chain.  

Direct measurement of the inhibition of overexpressed Na+-NQR in V. cholerae vesicles 
by furanone inhibitors (PEG-2S analogs) 

Vesicles isolated from V. cholerae containing overexpressed quantities of Na+-NQR (see 
above) showed that NADH oxidation was sensitive to (Figure 3a) four of the PEG inhibitors 
(Table 2). The removal of functional Na+-NQR by the chromosomal nqrA-F deletion resulted in 
an inability of isolated membranes from the mutant V. cholerae strain to oxidize dNADH (data 
not shown).  

Table 2 shows the corresponding MIC50 values for each respective PEG-2S derivative. 
Na+-NQR is considered to be sensitive when the MIC50<250 μM. PEG-2S inhibited Na+-NQR 
activity in V. cholerae vesicles with an MIC50 of 90μM. PEG-2S(sh) and PEG-6(Boc) derivatives 
had the greatest effect, inhibiting Na+-NQR with an MIC50 of 50 μM. PEG-15 also had a strong 
effect on Na+-NQR with an MIC50 of 100 μM. PEG-5 and PEG-6 were the least effective (MIC50 
of 20mM).  

PEG-2S derivatives inhibit the growth of Legionella pneumophila in liquid culture 

L. pneumophila cells were grown aerobically in liquid BYE media supplemented with the 
indicated PEG analogs at concentrations of 1, 2.5 and 10 µM.  As a control, the same medium 
was supplemented with the corresponding aliquot of pure solvent, DMSO. As shown in Figure 5, 
there was no significant effect on bacterial growth with an initial addition of 1 µM of inhibitor. At 
2.5 µM concentration of inhibitor, there was a significant decrease in bacterial growth for all 
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PEG analogs, with the exception of PEG-14. The growth percentages ranged from 26%-66% 
(average of 55.4%). Finally, the addition of 10 µM of inhibitor further decreased growth with 
percentages ranging from 4%-30% (average of 14.6%). Overall, all the PEG analogues other 
than PEG-14 induced a significant decrease in growth of L. pneumophila, with PEG-15 having 
the greatest effect (Figure 5). 

PEG-6 (Boc) derivative disrupts infectivity of L. pneumophila on human cell lines 

To determine if PEG-type inhibitors are effective at inhibiting L. pneumophilia during the 
infection process, PEG-2S and PEG-6(Boc) were tested on a human cell line (Hep-2). Hep-2 
cells were infected with L. pneumophila for 3 hrs. All the bacteria that did not invade human 
cells were then killed by gentamycin. The cells were incubated overnight at 37 � and 5% CO2. 
After that, cells were lysed and dilutions of 1/100 were plated on BYCE plates and incubated at 
37oC, 5% CO2. Colonies were counted after 3 days. The infection of Hep-2 cells by L. 
pneumophila was strongly reduced when treated with PEG-6(Boc) (MIC50 ∼ 0.5 µM) (Figure 6a). 
There was no difference between untreated cells and cells treated with PEG-2S (Figure 6b). 
 
Discussion 

Rational design of PEG-2S 

The rational design of PEG inhibitors is made clear by examining the known inhibitors of 
Na+-NQR. HQNO (2-n-heptyl-4-hydroxyquinoline N-oxide) and korormicin are known NQR 
inhibitors. HQNO inhibits the reduction of quinone by the purified Na+-NQR (Figure 1b). 
Unfortunately, as a quinone analog, HQNO has serious side effects on mammalian 
mitochondria because it blocks electron flow in the mitochondrial respiratory chain causing 
transmembrane proton leakage. This diminishes its suitability as a potential anti-NQR drug in 
vivo. Korormicin (Figure 4) is a natural antibiotic targeting the same step of the Na+-NQR 
catalytic cycle as HQNO. It was isolated from the marine bacterium Pseudoalteromonas sp. for 
protection against marine Gram-negative bacteria (Yoshikawa et al. 1997). Korormicin has been 
extensively tested as a potential antibiotic agent. It is known to be effective against the Na+-
NQR containing bacteria Chlamydiae trachomatis at low concentrations in liquid culture (Dibrov 
et al. 2017a). Unfortunately, it also had a significant cytotoxic effect on mammalian cells (Dibrov 
et al. 2017a). The epoxy group of korormicin (Figure 4) is likely the cause of this toxicity. An 
oxirane ring has the ability to act as an oxidizing or dehydrogenating agent as well as react with 
inorganic acids to yield relatively stable compounds that are harmful to human cells (Oliveira et 
al. 2017). Target organs include the skin, central nervous system, lungs, kidneys, reproductive 
organs, and eyes (Dibrov et al. 2017b). 

The toxicity of korormicin inspired us to redesign the furanone inhibitor to a more 
suitable structure. The objectives were two-fold: 1) eliminate the cytotoxic effect of natural 
korormicin and 2) allow for maximal drug concentration to reach its intended target. Elimination 
of the cytotoxic effect was achieved by removal of the epoxy group. Due to the long hydrophobic 
group on korormicin, it is thought that this may cause cell membranes to scavenge the 
compound and reduce its effectivity in situ. To minimize this unwanted effect, the aliphatic tail 
was cleaved, shortening it from 11 to 7 carbon atoms long. These changes produced the 
compound PEG-2S, which was used as a platform for further development of a line of synthetic 
furanone NQR inhibitors (Table 2).  

 
The data in the present study has shown that PEG-2S, PEG-2S(short), PEG-6(Boc), and 

PEG-15 are effective inhibitors of Na+-NQR (Table 2). All of these compounds inhibited Na+-
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NQR in vesicle membranes at concentrations in the nanomolar range. The experiments with 
subbacterial membrane vesicles allowed the measurement of Na+-NQR activity directly when 
the enzyme was operating in a physiologically relevant milieu (being placed in its native 
membrane and supplying electrons taken from dNADH to the respiratory chain) but without 
additional permeability barriers and influences from cytoplasmic components (Bertsova et al. 
2004; Fadeeva et al. 2007). 

 
Potential significance of Na+-NQR and its inhibition for Legionella physiology 

The results obtained in this study are important because they demonstrate that the 
activity of the Na+-NQR is critical for the growth and proliferation of Legionella pneumophila. 
Although there is no direct evidence that points us to the mechanism of growth inhibition in L. 
pneumophila, we can make a hypothesis based on the structure of Na+-NQR and the known 
inhibitors previously discussed. HQNO and korormicin bind to the hydrophobic NqrB subunit on 
the Na+-NQR complex (Figure 1b) (Dibrov et al. 2017b; Reyes-Prieto et al. 2014). It is 
reasonable to assume that since korormicin was used as a platform in the rational design of 
PEG-2S and its derivatives, its mechanism of action begins with the binding to the NqrB subunit. 
From that point on, the exact mechanism whereby inhibition of Na+-NQR arrests bacterial 
growth remains unclear. Previous studies may give some insight into this mechanism. When 
Chlamydia trachomatis infects human cells, it causes an increase in the intracellular 
concentrations of H+ and Na+ in the human cell host (Dibrov et al. 2017a). Acidification of the 
cytoplasm in chlamydiae-infected human cells is thought to occur due to the rapid catabolism of 
glucose provided by the host cell. Due to the high metabolic activity of the cell, ATP stores are 
depleted and Na+/K+ ATPase activity is deceased. In an attempt to decrease the already high H+ 
concentration, Na+/H+ exchange further increases the intracellular Na+. Disruption of the normal 
ion gradients leads to impaired cellular function such as amino acid accumulation, eventually 
leading to cell death. A similar effect might be occurring in Legionella pneumophila infected 
human cells. Inhibition of Na+-NQR, a vital enzyme in this process, may cause a significant 
decrease in the virulence of the pathogen.  

A second pathway is in the form of oxidative damage. Any NQR inhibitor blocking the 
Na+-dependent step of the reduction of quinone (i.e. korormicin or PEG inhibitors) could be 
expected to stimulate superoxide and hydrogen peroxide formation by arresting NADH 
oxidation. This is known to occur in the rotenone-treated mitochondrial H+-pumping Complex I 
(Li et al. 2003) and, probably, in the dioxygen- or rotenone-treated NQR (Steuber et al. 2002). 
This effect of reactive oxygen species (ROS) generation may act as an independent mechanism 
to potentate the anti-NQR effect of furanone inhibitors in bacterial cells. It is worth mentioning 
that Na+-NQR functionality may differ based on peculiarities of environmental niches and the life 
cycle of specific pathogenic species. 

PEG inhibitors effect on Hep2 cells infected by L. pneumophila cells: the difference 
between PEG-2S and PEG-6(Boc) 

PEG-2S and its derivatives were overall effective inhibitors against Legionella 
pneumophilia growth at low concentrations in liquid culture (Figure 5). PEG-6(Boc) was an 
effective inhibitor of L. pneumophilia infected Hep2 cells (Figure 6a), while PEG-2S showed no 
significant difference (Figure 6b). The reason for this is currently unknown. There are some 
hypotheses to explain this disparity. Structurally, PEG-6(Boc) differs from PEG-2S by the 
addition of a tertiary amine group with a tert-butyloxycarbonyl group (Table 2). This end group 
causes PEG-6(Boc) to be more polar, and therefore less hydrophobic, than PEG-2S. This 
change in polarity may change the way the inhibitor interacts with cellular processes involved in 
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bacterial growth. For example, PEG-6(Boc) could more readily bind to the Na+-NQR outside of 
the host cell. This would make it more effective at disrupting the ion gradient potentially 
necessary for adhesion of L. pneumophila onto Hep2 cells. The result would prevent the 
infection process altogether. This could represent an alternative function of Na+-NQR in L. 
pneumophila compared to that in C. trachomatis in pathogenesis. Other possible explanations 
include: differences in PEG membrane permeability/bioavailability within the L. pneumophilia 
containing vacuole, as well as increased affinity to the Na+-NQR specific to Legionella based on 
differences in chemical structure.  

 
Potential of PEG Analogs as Clinically Relevant Antibiotics  

 
The data shown for inhibition of bacterial growth by PEG-2S and PEG-6(Boc) are 

significant from the perspective of Legionnaires disease. Despite adequate therapy, therapeutic 
failures in the treatment of Legionella pneumophila have been increasing for the past two 
decades (Fields et al. 2002). Recently, fluoroquinolone-resistant strains of L. pneumophila were 
identified and isolated in vivo (Shadoud et al. 2015). Although no macrolide resistant L. 
pneumophila strain has been isolated in vivo, it is easily selected for in vitro (Hennebique et al. 
2017). Undetected macrolide resistance likely contributes to treatment failure clinically (Massip 
et al. 2017). This demonstrates the need for novel antibiotics effective against Legionella.  

Additionally, there are implications beyond the inhibition of the growth of Legionella-
related pathogens. Na+-NQR is present in a variety of pathogenic bacteria including Chlamydia 
pneumoniae, Chlamydia trachomatis, Vibrio cholerae, Treponema denticola, Porphyromonas 
gingivalis, Actinobacillus actinomycetemcomitans, Neisseria meningitides, Haemophilus 
influenza, Pseudomonas aeruginosa, Klebsiella pneumoniae, Yersinia pestis, and many others 
(Dibrov et al. 2002; Häse et al. 2001; Reyes-Prieto et al. 2014; Steuber et al. 2002). Each may 
rely on Na+-NQR for its energetics to different degrees and, therefore, will have differing 
sensitivities to anti-NQR drugs. Additionally, it is known that PEG-2S and its derivatives are 
nontoxic to both mammalian cells and non-pathogenic gastrointestinal bacteria (Dibrov et al. 
2017a). Na+-NQR is absent in these cell types, showing its potential efficacy as an antibiotic in a 
clinical setting. Disrupting Na+-NQR may also affect the function of primary multi-drug resistant 
pumps. PEG analogs could be used synergistically with other antimicrobials which are readily 
getting pumped out of cells to potentiate their effects. PEG-2S and its derivatives represent an 
attractive model for future clinical use to suppress bacterial growth and proliferation by inhibiting 
Na+-NQR activity in a number of different diseases. This would be an important advance in the 
ongoing effort to produce new effective antimicrobials that avoid bacterial resistance and to 
rejuvenate other antimicrobials to which bacteria have become resistant.  

Avenues of Future Research 

To further understand the mechanism of inhibition of Legionella growth and infection, we 
must isolate intact Legionella-containing vacuoles (LCV) and quantify the concentration of 
antibiotic present. Isolation of vacuoles has been described in the literature. The method 
involves a two-step purification protocol that includes immuno-magnetic separation by means of 
an antibody against an effector protein specifically binding to LCVs (Urwyler et al. 2010). 
Studying the pharmacokinetics of the different PEG analogs could also shed some light on 
these issues. Additionally, it would be important to determine if strains of Legionella that are 
resistant to conventional antibiotics (macrolides and fluoroquinolones) would be susceptible to 
growth-inhibition by PEG analogs.  

More broadly, information on the growth effects of Na+-NQR activity in other bacterial 



  Ryan Ramjiawan 10 

phylae remains scarce. The wide-scale screening of many Na+-NQR-expressing pathogens is 
needed to examine the susceptibility of their growth/survival to the functional arrest of Na+-NQR. 
This would clearly identify this direction as having potential for generating clinically important 
anti-NQR therapies. A significant number of other pathogens may rely on Na+-NQR for their 
survival and/or colonization of the host in the course of the infectious process (Reyes-Prieto et 
al. 2014; Dibrov et al. 2017b; see also Table 1).  

Last but not least, more structural derivatives of PEG-2S should be designed and 
examined in order to obtain a line of Na+-NQR inhibitors that are “tailored” to the specific 
infectious agents, as it may be predicted from future narrowly-targeted antimicrobials. 
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Figures 

A) B) 

 

Figure 1. Functions of Na+-NQR in bacteria as potential antibiotic targets. Na+-translocating 
NADH: ubiquinone oxidoreductase is a key contributor to the production of sodium motive force 
energy in many bacteria. Proposed functions of Na+-NQR as related to its target for novel 
antibiotics are listed above. Inhibition of NQR would affect various cellular processes. B) 
Membrane topography of NQR (Modified from Dibrov et al. 2017b). Pathway of electron transfer 
(slim black arrows) and transmembrane pumping of Na+ ion (bold arrows) are shown. HQNO, 
korormicin and PEG analogs bind to NqrB and prevent the Na+-dependent reduction of 
quinones. ‘+’ and ‘–’ signs show the polarity of electrical field maintained on bacterial membrane 
in vivo.  

 

Table 1. Examples of human pathogenic bacteria with known membrane bound Na-NQR. 
These bacteria are potentially susceptible to NQR inhibitors.  

 

 

 

 

 

 

 

 

 

 

• Chlamydia trachomatis    
• Chlamydophila pneumonia   
• Vibrio cholerae       
• Treponema denticola      
• Porphyromonas gingivalis    
• Actinobacillus actinomycetemcomitans    
• Neisseria meningitides   
• Haemophilus influenzae     
• Pseudomonas aeruginosa    
• Klebsiella pneumoniae 
• Yersinia pestis 
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A)               B) 

 

 

 

 

 

 

 

Figure 2. A) pBAD-TOPO vector plasmid expressing Vc- Na+-NQR from an arabinose-induced 
promoter for the overexpression of Na+-NQR in V. cholerae. The resulting protein will have a 
highly immunodectable V5 epitope attached to the N-terminus of the Na+-NQR-A subunit. B) 
Western blot analysis of Na+-NQR isolated from overexpressed V. cholera vesicles with and 
without arabinose inducer. Anti-V5-HRP (Novex) antibody was used for visualization. Na+-NQR 
subunit A is represented by 48.6 kDa (highlighted). 

A) B) 

 

Figure 3. Direct measurement of PEG-2S inhibition of overexpressed Na+-NQR protein in sub-
bacterial vesicles of V. cholera. This represents an example of each PEG analog measurement. 
A) Inhibition of Na+-NQR is quantified by measuring the decrease in oxidation of dNADH by 
PEG-2S. B) For the calculation of the IC50, Na+-NQR activity (where 100% corresponds to the 
activity in the absence of the inhibitor) was plotted as a function of concentration of PEG-2S. 
The IC50 value for PEG-2S is 90 nM. Error bars represent standard error. 
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Table 2. Series of PEG furanone NQR inhibitors and their associated IC50 values measured on 
overexpressed Na-NQR in sub-bacterial V. cholera vesicles. * indicates significant inhibition of 
NADH oxidation as defined by an IC50 of <250 nM. 

Name Structure IC50(NQR), nM  

PEG-2S  90.0* 

PEG-2S (Short) 
 

50.0* 

PEG-5  20000.0 

PEG-6 
 

20000.0 

PEG-6(Boc)  50.0* 

PEG-10 
 

1000.0 

PEG-14 
 

250.0 

 

PEG-15 
 

 

100.0* 

 

 

 

 
 
 

Figure 4. Chemical structure of the (5S,3=R,9=S,10=R) stereoisomer natural Korormicin, a 
known quinone inhibitor of Na+-NQR (Uehara et al. 1999). Korormicin served as a template for 
the synthesis of PEG analogs (Table 2 above).   
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Figure 5. The effect of various synthetic furanone analogs on Legionella in liquid culture. L. 
pneumophila was grown aerobically in BYE broth. The obtained cultures were supplemented 
with 0.5–10.0 μmol/L of various PEG analogs (or pure DMSO in “zero” controls) and then 
incubated at 37°C for 18hrs. 

 

Figure 6. A) Effect of PEG-6(Boc) on Legionella-infected Hep-2 human cells. Hep-2 cells were 
infected with L. pneumophila. The cells were incubated overnight at 37 � and 5% CO2. Cells 
were lysed and dilutions of 1/100 were plated. The infection of Hep-2 cells by L. pneumophila 
was drastically reduced when treated with PEG-6(Boc) at the indicated concentrations. B) There 
was no difference between untreated cells and cells treated with PEG-2S. Error bars represent 
standard error. 
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