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Chloride anion transporters inhibit growth of methicillin-resistant Staphylococcus aureus (MRSA) in vitro 
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A series of aminopyrrolic receptors were tested as anion transporters using POPC liposome model membranes. Many were found to be effective Cl– transporters and to inhibit clinical strains of Staphylococcus aureus growth in vitro. The best transporters proved effective against the methicillin-resistant Staphylococcus aureus (MRSA) strains, Mu50 and HP1173. Tris-thiourea tren-based chloride transporters were also shown to inhibit the growth of S. aureus. in vitro.
There is a tremendous interest in novel antibiotics that can combat highly resistant bacterial strains such as MRSA.1 Recent studies of compounds that can mediate the transport of anions demonstrated significant biological activity. Several have shown antiproliferative activity in cancer cell lines.2,3 For instance, the strapped calixpyrrole (1) displays modest NaCl transport in liposome models and is able to inhibit growth of cancer cell lines in vitro.4 This effect was ascribed to a combination of receptor mediated chloride transport and sodium transport involving indigenous ion channels. This and other recent developments in the anion transport field5,6 have lead us to consider that other biologically active species may be mediating their effect in whole or in part by an ability to transport chloride anions7 into cells.§,§§ 

As a first test of this hypothesis, two known antibiotic agents, thiocarlide and trichlorocarbanalide were tested for their ability to transport chloride anions through a standard 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomal model membrane. They were found to be modest NaCl (or HCl¶) co-transporters and effective Cl–/NO3– antiporters (Fig. 1). This finding, as well as the ability of several cation ionophores to act as antibiotics,8 has led us to consider that anion transporters might show antibiotic activity. 
[image: image9.png]



With this view in mind, we selected a family of aminopyrrolic compounds, namely 2-15 (Scheme 1), and investigated their chloride anion transport properties. The antibiotic activity of these compounds, as well as the known Cl–/HCO3– anion antiport agents 16-18 (Scheme 2), were also 
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tested. The present study was prompted by previous work, showing that several aminopyrrolic compounds were biologically active vs pathogenic yeasts,10 exhibited antiviral activity,11 induced apoptosis in HeLa and PLC/PRF/5 cells,12 and were found to recognize the chloride anion well in polar organic solvents.13,14 Here, we report the finding that for the aminopyrrolic compounds 2-15 chloride anion transport in liposomal model correlates well with in vitro antibiotic activity against the S. aureus strains UAMS1, HP1173, and Mu50.



Compounds 2–15 were examined for their ability to transport chloride anions across a phospholipid bilayer. In a typical experiment, 160 nm POPC vesicles that contained NaCl (500 mM), Na2SO4 (100 mM), and HEPES buffer (5 mM) were suspended in a solution of Na2SO4 (100 mM) and HEPES buffer  (5 mM). The compound subject to study (0.675 mol%, compared to POPC concentration) was added to the solution and the rate of chloride efflux from the vesicles was monitored using a Cl– ion selective electrode (ISE). After 9 minutes, the liposomes were lysed with polyethylene glycol tert-octylphenyl ether (Triton X-114), and a final reading from the ISE corresponding to 100% chloride release was taken. High levels of transport activity were seen in descending order for compounds 12, 13, 10, 8, and 11 (Fig. 2). In these studies the solutions external to the liposomes contained only SO42– and HEPES. These are hydrophilic species15 that are typically not transported through POPC membranes.16 Therefore, we infer that under these experimental conditions, anion antiport should not contribute to the efflux of chloride from the liposome. Studies involving compound 5 were also carried out when the external sulphate anion was replaced by either NO3– or HCO3– (as the sodium salts). The nitrate and bicarbonate anions are considerably more lipophilic than the sulphate anion and can facilitate the transport of chloride through the liposomal membrane by promoting Cl–/NO3– or Cl–/HCO3– antiport processes. In these experiments a higher concentration of NaCl (1 M) inside the liposome was used to give a larger response with the ISE. The rate of chloride efflux is slightly raised on the addition of the more lipophilic anions nitrate and bicarbonate to the external solution (Fig. 3). Nevertheless, this difference only accounts for a small percentage of the total efflux of chloride from the liposomes. We thus conclude that anion antiport only plays a minor role in chloride efflux and that the receptors of the present study are functioning primarily as cation-anion cotransporters.¶

Studies of the antibiotic activity of compounds 2-18 were carried out on 96 well plates using the broth dilution method (cf. Fig. 4). Antibiotic activity was tested against both gram positive (S. aureus) and gram negative (Pseudomonus aeruginosa) bacteria. The bacterial laden plates were incubated for 16 hours at 37 ºC. The plates were then examined visually. The wells that remained clear were deemed to reflect bacterial growth inhibition. Wells that were cloudy were considered to contain active colonies of bacteria. The MIC was taken as the concentration present in the last well that remained clear as judged in this manner. Experiments were repeated 3 times and gave concordant results within the range of a single serial dilution (Tables S1-S5). Good activity against S. aureus was seen for many compounds. However, except for compounds 5 and 8, no activity was seen against gram negative bacteria.¶¶ The most active aminopyrrole compounds proved to be in descending order 5, 8, 10, 11, 12, 13. The lowest activity was found for 2, 14, and 15 (Table 1). A plot of MIC vs. chloride anion transport revealed a general correlation with bacterial inhibition in S. aureus (Fig. 5a). This trend was found to hold best for the compounds with intermediate activity. 

While the ion transport rates correlate with the antibiotic activity of the compounds, the deviations of the most active compounds may reflect the fact that ion transport ability is only part of the story underlying the observed antibiotic activity. In particular, the best chloride anion transporters, 12 and 13 have significantly higher transport rates than compounds 10 and 11, but only modestly better antibacterial activity. Previous studies of these compounds revealed that compounds 12 and 13 can bind to mannosides on the cell glycocalix,10 and that this may underlie their observed in vitro anticancer activity, as opposed to anion transport per se. Such findings provide support for the notion that the antibiotic activity of 12 and 13 may be due to the compounds acting by multiple mechanisms.   Additionally, compounds 5 and 8 were the only compounds to be active against gram negative bacteria. This leads to the conclusion that, at least in the case of compounds 5, 8, 12, and 13, ion transport is not the only factor responsible for antibiotic activity. 

Nevertheless, we believe that an ability to promote the through-membrane transport of the chloride anion may be a useful harbinger of antibiotic activity. The fact that chloride anion exchange, rather than cation-anion cotransport, was seen for the known antibiotics, thiocarlide and trichlorocarbanalide (cf. Fig. 1), leads us to suggest that chloride anion transport can inhibit bacterial growth in vitro. Further evidence for this suggestion came from the finding that the synthetic thioureas 16-18 proved quite active in vitro (MIC = 1.23, 0.93, and 1.78 g/mL for the Mu50 S. aureus, respectively). These species are known to act primarily as anion exchangers (e.g., Cl– for HCO3– and Cl– for SO42–), rather than as ion pair cotransporters.2,16     

A notable feature of the present compounds is that they are active against HP1173 and Mu50 methicillin resistant 
strains of S. aureus, as well as the non-methicillin resistant UAMS1 strain. This leads us to suggest that receptors that can act as highly effective through-membrane anion carriers (both exchangers and ion pair cotransporters) may have a role to play as rationally designed antibiotic agents. Nevertheless, it is important to appreciate that the correlation between chloride anion transport and observed antibiotic activity found for 2-15 in the case of S. aureus is not perfect. While a general trend holds, deviations are seen in the case of the most active compounds. This may indicate that there are other mechanisms aside from ion transport that are responsible for the antibacterial activity in S. aureus or that there are differences between the properties of the model membranes used in this study and the bacterial membrane.17 Further study of these and other anion transporters are on-going in an effort to elucidate more fully the underlying mechanisms of action and to develop more active receptor-based antibiotic agents.
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Fig. 1 Chloride efflux caused by the addition of the antibiotics thiocarlide or trichlorocarbanalide (0.675 mol%), with and without NaNO3 added to the exterior of POPC vesicles loaded with 0.5 M NaCl, 0.1 M Na2SO4, and 20 mM phosphate buffer, pH = 7.2. 100% chloride efflux was determined by lysing the liposomes with Triton X.
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Fig. 2 Chloride efflux was initiated by the addition of 2-15 (0.675 mol%) to a solution of POPC vesicles (1 mM POPC, internal solution: 0.5 M NaCl, 0.1 M Na2SO4, 5 mM HEPES, pH = 7.2, external solution: 0.1 M Na2SO4, 5 mM HEPES pH = 7.2). 
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Scheme 1 Structures of compounds 2-15.
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Scheme 2. Structures of compounds 16-18.
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Fig. 3 Chloride efflux promoted by the addition of 5 (0.675 mol%) and either NaNO3 or NaHCO3 to the liposome solution (1 mM POPC, internal solution: 1 M NaCl, 0.1 M Na2SO4 5 mM HEPES, pH = 7.2, external solution: 0.1 M Na2SO4, 5 mM HEPES pH = 7.2).
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Fig. 4 A 96 well plate bacterial assay of compounds 18 (top row) and 17 (middle row) against S. Aureus grown in 99 μL brain-heart infusion media and DMSO (bottom row) after 16 hours of bacterial growth. Each successive well (from left to right) represents a two-fold dilution of compound. Clear wells indicate inhibition of bacterial growth, while cloudy wells signify unhindered bacterial growth.











Table 1. MIC values for compounds 2-15 against the Mu50 strain of S. aureus. Average of ≥3 independent studies.


Compound�
2�
3�
4�
5�
6�
7�
8�
9�
10�
11�
12�
13�
14�
15�
�
MIC (μg/mL)�
>100�
50�
66.67�
6.25�
25�
50�
4.69�
25�
12.5�
12.5�
4.69�
3.13�
>100�
>100�
�
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Fig. 5 Plot of chloride efflux promoted by 2-13 in liposomal transport models as detailed in Fig. 2 against their effectiveness in reducing the growth of the Mu50 (resistant) strain of S. aureus.  
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