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Abstract

Investigation into the biological function of 5-benzylidene-4-oxazolidinones revealed dose-

dependent inhibition of biofilm formation in Methicillin-resistant S. aureus (MRSA). This 

structurally unusual class of small molecules inhibit up to 89% of biofilm formation with IC50 

values as low as 0.78 μM, and disperse pre-formed biofilms with IC50 values as low as 4.7 μM. 

Together, these results suggest that 4-oxazolidinones represent new chemotypes to enable the 

study of bacteral biofilms with small molecule chemical probes.

The growing prevalence of multi-drug resistant organisms represents an increasingly serious 

threat to human health1. Despite significant medical advances in the past three decades, 

distressingly few novel classes of antibiotics have been deployed in the clinic2. In that same 

span, antibacterial resistance has become endemic3. Gram-positive pathogen Methicillin-

resistant Staphylococcus aureus (MRSA) has relevance to human health, especially in 

community- and hospital-acquired infections4. Multi-drug resistant strains of MRSA exhibit 

resistance to all know classes of antibiotics5, including last-resort antibiotics, linezolid6 and 

vancomycin7, further motivating the development of new pharmacophores.

A significant factor contributing to the pervasiveness of many bacterial infections is their 

ability to form biofilms8. A biofilm is a surface-associated community of bacteria encased in 

an extracellular polymeric matrix of polysaccharides, DNA and proteins, which offers a 

protective barrier from environmental threats, host immune response and antimicrobial 

agents9. The biofilm state constitutes a phenotypic shift from individual planktonic bacteria 

to a surface associated community of bacteria, often manifesting as contrasting gene 

expression profiles, cellular compositions and greatly reduced growth rates10. Biofilm 

formation can extend bacterial survivability on surfaces including indwelling medical 

devices, hospital equipment and clothing, in turn leading to higher rates of secondary 

infection11. Consequently, bacterial biofilms have been implicated in as many as 80% of 

human bacterial infections ranging from dental plaques to endocarditis12. In light of the 

significantly reduced efficacy of conventional antibiotic treatments against biofilms13, new 
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classes of compounds are needed to combat biofilms and serve as small molecule chemical 

probes to study the fundamental properties of these complex bacterial communities14.

The search for novel scaffolds possessing anti-biofilm properties against MRSA has revealed 

several classes of bio-active structures4. Melander and co-workers have developed 2-

aminoimidazole (2AI) containing small molecules15 based on the marine derived natural 

product oroidin16 (Figure 1) to inhibit biofilm formation and disperse preformed biofilms in 

a variety of Gram-positive and Gram-negative pathogens. These novel scaffolds have been 

shown to modulate biofilm formation across multiple species with no appreciable 

antimicrobial activity17. Small molecules that modulate biofilm formation without killing 

the bacteria are potentially attractive since the development of resistance may be delayed 

due to decreased selection pressure18.

The recently reported halogenated quinoline class of anti-biofilm agents displays potent 

biofilm eradication activity19, an alternate mechanism which kills biofilm-associated cells 

rather than modulating gene expression and dispersing the bacteria20. Additionally, the 

cyclic dinucleuotide signalling pathway has become a promising target for antimicrobial 

development, as cyclic dinucleotides are important bacterial second messengers implicated 

in the modulation of a variety of bacterial growth phenotypes including biofilm formation, 

motility and virulence21–23. Accordingly, Sintim and co-workers have extensively 

characterized the c-di-AMP synthase inhibition activity of bromophenol-thoihydantoins and 

demonstrated their ability to modulate bacterial biofilms24.

The marine natural product synoxazolidinone A (1, Figure 1) possesses an unusual 5-

benzylidene-4-oxazolidinone core decorated with a brominated aromatic moiety and 

chlorinated, guanidine-containing sidechain25. Recent efforts in our lab to develop new 

synthetic methods for the synthesis of these unusual heterocycles culminated in the first total 

synthesis of (±)-synoxazolidinone A (±-1)26. Enabled by these efforts, initial investigation 

into structure-activity-relationship (SAR) generated interest in synoxazolidinone analogues 

with a 2-dichloroalkyl sidechain. (±)-1 and several of these analogues are moderately active 

against Staphylococcus aureus and Methicillin-resistant Staphylococcus aureus and 

somewhat less active against Acinetobacter baumannii; however, no clear SAR could be 

assessed. Interestingly, 1 and a related natural product, synoxazolidinone C27, were recently 

shown to exhibit antifouling properties against a variety of marine bacteria28, prompting our 

investigation into the potential biological function of this heterocyclic scaffold outside of its 

antimicrobial activity.

To enable an expanded exploration into 2-dichloroalkyl-5-benzylidene-4-oxazolidinones, we 

prepared a panel of analogues using a modification of the method previously described in 

the total synthesis of (±)-1 (Figure 2. a, b)26. Initial challenges accessing the necessary α,α-

dichloroimine starting materials were overcome by employing tert-butyl imines for the 

chlorination in carbon tetrachloride, according to an established literature procedure (Figure 

S2.)29. These α,α-dichloro tert-butylimines were then subjected to the acylation/cyclization 

conditions, furnishing the desired N-tert-butyl-5-benzylidene-4-oxazolidinones in modest 

yields (see SI for full details). Subsequent removal of the tert-butyl group using 

Edwards et al. Page 2

Chem Commun (Camb). Author manuscript; available in PMC 2018 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trifluoroacetic acid provided the title compounds in short order, employing a single 

chromatographic separation.

With a representative series of 2-dichloroalkyl-5-benzylidene-4-oxazolidinones in hand, we 

next investigated the biological activity of these compounds along with several related small 

molecules (Figure 2. C; synthesis of 10 and (±)-1 was previously reported26, see SI for 

synthesis and characterization of compounds 930 and 11). Table 1 provides minimum 

inhibitory concentrations (MICs) for these compounds against MRSA (ATCC BAA-44). 2 
exhibited similar antibacterial activity to that of (±)-1, as we have previously reported with 

other strains of S. aureus. Antimicrobial activity was completely abolished with a change 

from an n-butyl side chain (2) to an n-octyl side chain (3). Shortening the side chain from n-

butyl (2) to methyl (4) resulted in significantly reduced activity. Conversely, a change from 

an n-butyl side chain (2) to a benzyl side chain (5) resulted in a 2-fold enhancement of the 

MIC, from 12 μg/mL. to 6 μg/mL. Inclusion of a terminal alkyne in the side chain (6) 

resulted in somewhat reduced activity compared to 2. We postulated that the electron-

withdrawing trifluoromethyl substituent on the aromatic ring was crucial to the antimicrobial 

activity of the 2-dichloroalkyl-5-benzylidene-4-oxazaolidinones, and this was supported by 

the significantly diminished activity of 7 and 8, both bearing an electron-rich aromatic ring. 

Further, a direct comparison of the antimicrobial activity of 4 to that of 9 reveals the 

importance of the dichloromethylene moiety for potency, whereby replacing the two 

chlorine atoms (4) with methyl groups (9) results in a 4-fold reduction in antimicrobial 

activity. In contrast, replacing the chlorine atoms (2) with hydrogen atoms (10) led to only a 

slight reduction in MIC, suggesting the benefit of the chlorine atoms is a result of the polar 

substituents rather than simply steric bulk. Finally, 11 exhibited no antimicrobial activity, 

illustrating the importance of the 4-oxazolidinone core.

We next set out to investigate other biological functions of these 4-oxazolidinones and began 

exploring their activity against bacterial biofilms, given their known anti-fouling 

properties.28 Biofilm inhibition assays were carried out according to the established crystal 

violet staining protocol31. The results of these studies are summarized in Table 1. For these 

studies, we initially explored the percent inhibition of biofilm formation compared to an 

untreated control and further defined IC50 values for the most potent compounds.

Initial results from biofilm inhibition assays (MRSA ATCC BAA-44) with (±)-1 revealed no 

biofilm inhibition activity up to 20 μM, followed by moderate inhibition at 40 and 80 μM. 

The observed activity did not appear to be dose-dependent. Instead 1 displayed no activity 

until ~30–40 μM when biofilm and planktonic bacterial growth was greatly inhibited (the 

MIC of 1 is ~20 μM). In contrast, compounds 2, 3 and 5 exhibited dose-dependent biofilm 

inhibition at concentrations well below their MIC. Additionally, 2 inhibited 89% and 5 
inhibited 82% of biofilm formation at 5 μM providing IC50 values of 0.78 μM and 1.2 μM 

respectively (dose-response curves are provided in the SI). It is important to highlight that 

the range of concentrations tested directly correlated with the activity observed and the MIC 

of the compounds to avoid testing at concentrations significantly above the threshold where 

bacterial growth was greatly impacted. We next explored the impact of the relative size of 

the substituent on the aminal carbon of the 4-oxazolidinone and found small to medium 

aliphatic substituents more advantageous.
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Compound 4, for example, exhibited a reduction in activity compared to 2 as was also 

observed for alkyne 6 to a lesser extent. In addition to the alkyl chain length, the electron 

deficient aromatic ring also seems to play a critical role in the biofilm inhibition potency (as 

was observed in the antimicrobial activity), whereby replacing the 4-trifluoromethyl 

substituent with a hydrogen atom reduced the activity significantly (7) and a methoxy 

substituent (8) resulted in < 50% biofilm inhibition at 5 μM. The dichloromethylene moiety 

also plays a significant role in the observed activity. Replacing the two chlorine atoms (4) 

with methyl groups (9) reduced the activity by 3-fold, reinforcing the necessity of the 

electronegative chlorine atoms. Similarly, substituting the two chlorine atoms (2) with 

hydrogen atoms (10) resulted in a 5-fold reduction in biofilm inhibition activity. Finally, 

secondary α-oxoamide 11 exhibited only modest biofilm activity, even at 40 μM, affirming 

the necessity of the 4-oxazolidinone for biofilm modulating properties.

We also evaluated the activity of this panel of 4-oxazolidinones against pre-formed biofilms 

using an established crystal violet staining protocol15 (see SI for full experimental details). 

Percent inhibition values are shown in Table 1. Compound 2 resulted in 59% dispersion of 

pre-formed biofilm at 5 μM and 87% dispersion at 40 μM (IC50 = 4.7 μM), while 5 
displayed 57% dispersion at 5 μM, although a maximum dispersion of 69% was observed at 

40 μM.

The antibacterial and anti-biofilm properties of 2 and 5 were also evaluated against three 

additional MRSA strains (Table 2, ATCC BAA 43 300, 1685, and 1770). Both 2 and 5 
exhibited modest biofilm inhibition activity against MRSA strains BAA 43 300, 1685 and 

1770 as compared to strain BAA-44. The efficacy of 2 was somewhat reduced against strain 

43 300 and 1770. 5 exhibited slightly lower activity against strains 43 300 and 1685, 

although virtually no activity against strain 1770. On the other hand, biofilm dispersion 

efficacy of 2 was significantly reduced against MRSA strain BAA 43 300 and 1685, whereas 

5 exhibited no dose-dependent dispersion activity against strain 43 300. Further studies are 

required to evaluate the efficacy of these 4-oxazolidinones on a larger panel of Gram-

positive pathogens.

Analysis of the growth curves of 2 and 5 (See SI for full experimental details) reveals 

substantial inhibition of growth in the first 8 hours by 2 at 1 μM and 5 μM. Although the 

final cellular density of the culture was similar to that of the untreated control, the delayed 

growth could account, in part, for the observed biofilm inhibition activity. On the other hand, 

growth curve of 5 showed modest deviation from the untreated control at 1 μM and 

moderate growth inhibition in the first 8 hours at 5 μM, indicating minimal inhibition of the 

growth of planktonic bacteria by this 4-oxazolidinone at optimal biofilm inhibition 

concentrations. It is worth noting that antimicrobial activity alone does not provide anti-

biofilm activity, particularly in the case of dispersion where clinically employed antibiotics 

possess 10 – 1000× decreased efficacy, highlighting a unique aspect of the small molecules 

reported herein. Finally, lysis of red blood cells by compounds 2, 3, and 5 was evaluated. 2 
and 5 lysed < 1% of red blood cells at 100 μM, while 3 lysed < 1% of red blood cells at 20 

μM and 7% of red blood cells at 100 μM.
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In summary, we have identified 2-dichloroalkyl-5-benzylidene-4-oxazolidinones as 

modulators of MRSA biofilms. We have synthesized a series of simplified analogues and 

assessed their biofilm inhibition and dispersal activity. Through structure-activity analyses, 

we have determined 1) electron-withdrawing substituents on the benzylidene moiety are 

important for antibiofilm potency, 2) the 4-oxazolidinone core is required for biological 

activity and 3) the dichloromethylene functionality improves biofilm activity. Ongoing 

efforts in our laboratory are focused on understanding the mechanisms by which these small 

molecules elicit their activity as well as investigation of biofilm inhibitory properties of this 

new class of compounds across an expanded set of bacterial species.
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Fig. 1. 
Synoxazolidinone A (1) and several representative classes of small molecules known to 

modulate MRSA biofilm formation
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Fig. 2. 
Compounds investigated for biofilm inhibition activity; a) Synthesis of 5-benzylidene-4-

oxazolidinones; b) 2-dichloroalkyl-5-benzylidene-4-oxazolidinones; c) additional 

compounds investigated (see SI).
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Table 2

Antibiofilm Activity of 5B4Os Against Relevant MRSA strains

MRSA Strain

Cpd 43 300 1685 1770

2

MIC (μg/mL) 8 16 16

% Biofilm Inhib. (5/40 μM) 59/54 45/66 49/66

% Biofilm Disp. (5/40 μM) 23/63 24/61 52/46

5

MIC (μg/mL) 8 8 8

% Biofilm Inhib. (5/40 μM) 41/63 19/17 3/−16

% Biofilm Disp. (5/40 μM) 37/ND 15/ND 29/ND
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