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Abstract

Due to the emergence and rapid spread of drug resistance in bacteria, there is an urgent need for 

the development of novel antimicrobials. SecA, a key component of the general bacterial secretion 

system required for viability and virulence, is an attractive antimicrobial target. Earlier we 

reported that systematical dissection of a SecA inhibitor, Rose Bengal (RB), led to the 

development of novel small molecule SecA inhibitors active against E. coli and B. subtilis. In this 

study, two potent RB analogs were further evaluated for activities against methicillin-resistant 

Staphylococcus aureus (MRSA) strains and for their mechanism of actions. These analogs showed 

inhibition on the ATPase activities of S. aureus SecA1 (SaSecA1) and SecA2 (SaSecA2), and 

inhibition of SaSecA1-dependent protein-conducting channel. Moreover, these inhibitors reduce 

the secretion of three toxins from S. aureus and exert potent bacteriostatic effects against three 

MRSA strains. Our best inhibitor SCA-50 showed potent concentration-dependent bactericidal 

activity against MRSA Mu50 strain and very importantly, 2–60 fold more potent inhibitory effect 

on MRSA Mu50 than all the commonly used antibiotics including vancomycin, which is 

considered the last resort option in treating MRSA-related infections. Protein pull down 

experiments further confirmed SaSecA1 as a target. Deletion or overexpression of NorA and 

MepA efflux pumps had minimal effect on the antimicrobial activities against S. aureus, 

indicating that the effects of SecA inhibitors were not affected by the presence of these efflux 

pumps. Our studies show that these small molecule analogs target SecA functions, have potent 

antimicrobial activities, reduce the secretion of toxins, and have the ability to overcome the effect 

efflux pumps, which are responsible for multi-drug resistance. Thus, targeting SecA is an 

attractive antimicrobial strategy against MRSA.
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1. Introduction

Due to the widespread emergence of bacterial resistance to currently marketed antibiotics, 

the need for the development of new therapeutic agents is urgent. Methicillin-resistant 

Staphylococcus aureus (MRSA) is one of the major drug-resistant bacterial pathogens, 

causing serious hospital- and community-acquired infections [1–5]. As the prototype of 

clinical Gram-positive multidrug resistant (MDR) bacteria, MRSA is the focus of numerous 

mechanistic and therapeutic studies. In addressing infections by drug resistant bacteria, such 

as MRSA, it is important to consider issues beyond simple potency. Specifically, 

antimicrobials capable of inhibiting virulence factor production and overcoming the 

negative effect of efflux pumps on potency are important traits in addition to bacteriostatic 

and bactericidal effects. However, currently, there are no antimicrobials that have all three 

traits together, although the benefits of attacking all three mechanisms using one 

antimicrobial are obvious. We have previously published the design and synthesis of a novel 

class of thiouracil containing SecA [6] inhibitors and extensively reviewed all known SecA 

inhibitors so far [7, 8]. In this study, the ability for SecA inhibitors to take on this three-

pronged approach has been explored.

SecA is an indispensable ATPase of the general protein translocation machinery present in 

bacteria. It is responsible for the secretion of many vital proteins and essential for bacterial 

growth [9–11]. SecA also plays important roles in bacterial virulence, being involved in the 

secretion of many toxins and other virulence factors [12, 13]. Moreover, in addition to 

interacting with membrane protein SecYEG in soluble form, SecA is also involved in 

forming a membrane protein-conducting channel [14, 15]. Therefore inhibitors might be 

able to directly act on SecA without having to enter into cells and thus may bypass the 

negative effect of efflux pumps. SecA is highly conserved in bacteria and has no counterpart 

in mammalian cells [11, 16], thus providing an ideal target for developing broad-spectrum 

antimicrobial agents. We have recently developed Rose Bengal (RB) [17] and its analogs 

[18] as SecA inhibitors using SecA from E. coli and B. subtilis as models. In this study, we 

focus on examining several key issues in evaluating the scope of applications of these 

inhibitors. First, we were interested in seeing whether these SecA inhibitors would be 
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effective against the clinically important pathogenic MRSA. This is very important because 

of MRSA’s role in mortality in hospital- and community-acquired infections. Second, most 

antibiotics available do not have the intrinsic ability to attenuate virulence factor secretion. 

As a result, sometimes the control of infection does not always correlate with the control of 

bacterial pathogenicity. We hypothesize that SecA inhibitors can inhibit virulence factor 

secretion and plan to evaluate this point using our most potent inhibitors. Third, efflux 

pumps are well-known to attenuate the effectiveness of antibiotics by reducing their 

intracellular concentrations, and are responsible for multi-drug resistance. This is a 

widespread problem in drug-resistant bacteria such as MRSA. There has been a long-

standing interest in the field to find approaches to nullify the effect of efflux pumps to no 

avail. We hypothesize that SecA inhibitors would have the intrinsic ability to overcome the 

effect of efflux pumps because SecA is mainly a membrane target and can be accessible by 

direct diffusion of the inhibitor into the membrane without the need of enhanced 

intracellular concentrations. We plan to probe this issue using our available inhibitors. If 

proven to be true, this would be the first case that one can use a single inhibitor to achieve 

the effect of (1) bacterial inhibition, (2) virulence factor secretion attenuation, and (3) 

overcoming the effect of efflux pumps.

2. Materials and Methods

2.1 Bacterial strains and culture condition

All bacteria used were S. aureus. ATCC 35556 and ATCC 6538 were from the American 

Type Culture collection. Mu50, Mu3, and N315 were kindly provided by C.-D. Lu, and 

Newman strain from Z. Eichenbaum of Georgia State University. Five efflux pump-related 

strains 8325-4 [19], K1758 (NorA−), K2361 (NorA++), K2908 (MepA−), K2068 (MepA++) 

[19, 20] were kindly provided by GW Kaatz at Wayne State University School of Medicine. 

All strains were grown on Luria-Bertani (LB) broth or agar plates at 37 °C.

2.2 Chemical compounds

Rose Bengal was from Sigma-Aldrich. The syntheses of SCA-41 and SCA-50 

(corresponding to 22a and 22c respectively) have been described previously [18]. The 

synthesis of SCA-254 is described in the Supplemental Information section. DMSO was 

used to prepare stock solutions, which were further diluted for assays. All control samples 

without treatment contained DMSO at the same concentration.

2,3 Protein preparations

The SaSecA1 and SaSecA2 genes were amplified from S. aureus ATCC 35556. SaSecA1 

gene was cloned into pET-21d and SaSecA2 gene was cloned into pET-29a, and both genes 

were over-expressed in BL21λDE3 at 20 °C with 0.5 mM IPTG. SaSecA1 and SaSecA2 

were purified with HisTrap affinity column and Superdex-200 column (GE Healthcare).

2.4 Intrinsic SecA ATPase activity assay

The ATPase activity was determined by malachite green colorimetric method described 

previously [17, 18, 21]. In this assay, the reactions were carried out at 25 °C for 3 hr 
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(SaSecA1) or 30 min (SaSecA2). IC50 is the concentration of the compound that inhibits 

50% ATPase activities.

2.5 SecA-liposome ion-channel activity assays in the oocyte

Liposomes were prepared as described previously [14–18]. Oocytes were obtained from live 

frog Xenopus laevis (Xenopus Express, Inc) and injected with sample mixtures as described 

previously [14, 22]. Briefly, 50 nl sample mixtures containing 120 ng liposomes, 120 ng 

SecA, 14 ng proOmpA, 2 mM ATP, 1 mM Mg(OAC)2, and different concentrations of 

inhibitors were injected into dark animal pole side of oocytes (average volume: 500 nl) 

using Nanoject II injector (Drummond Scientific Co., Broomall, PA). After injection, the 

oocytes were incubated at 23 °C for 3 hr; then the ion current was recorded continuously for 

1 min. IC50 is the concentration of the compound that inhibits 50% ion-channel activities of 

SaSecA1.

2.6 SaSecA1-liposome alone in vitro proOmpA translocation

Inhibition of in vitro translocation activity of SaSecA1 was determined by using the 

liposome alone-proOmpA translocation system [14]. Translocation mixtures per 0.1 ml 

contained 50 mM Tris-HCl (pH 7.6), 20 mM NH4Cl, 25 mM KCl, 2 mM Mg(OAc)2, an 

ATP regenerating system, 1.5 µg SaSecA1, 100 ng SecB, 120 ng of proOmpA, and 120 µg 

of liposomes. After incubation with different concentrations of inhibitors at 30 °C for 1.5 hr, 

the translocation of purified proOmpA was determined by its inaccessibility to proteinase K 

as described previously [14]. The inhibition effect was evaluated by quantitation of 

translocated proOmpA with Western blots. IC50 is the concentration of the compound that 

inhibits 50% in vitro translocation activit ies of SaSecA1.

2.7 Toxin secretion

S. aureus Mu50 was grown in LB broth at 37 °C. Inhibitors were added to the mid-log 

phase. Culture was collected after treating with inhibitor at various time points. The 

supernatant and cell pellet were separated by centrifugation and the supernatant was further 

filtered through 0.45-µm syringe disks (Fisher Scientific). Western blots with specific toxin 

antibodies were used to detect the amount of toxins in the supernatant. S. aureus antibodies 

for α-hemolysin were obtained from Sigma-Aldrich; for toxin shock syndrome toxin-1 

(TSST-1) from Acris-Antibodies; and for enterotoxin B from Abcam.

2.8 Pull down assay

S. aureus ATCC 6538 was grown in LB medium at 37 °C. Overnight cells were harvested 

by centrifugation and washed with TBST buffer (0.1 M Tris-HCl pH 7.0, 0.15 M NaCl, 

0.1% Tween-20). Cell pellets were washed three times with the same buffer and re-

suspended with TBST buffer containing EDTA-free cocktail protease inhibitors. The cells 

were broken with French Press at 10,000 psi. Unbroken cells were removed by 5,000 rpm 

centrifugation. Whole cell lysates were treated with PureProteome Streptavidin Magnetic 

Beads (Purchased from Millipore) at 4 °C for 1 hr to remove non-specific binding. The 

supernatant was mixed with or without 400 µM SCA-254 with gentle rolling at 4 °C for 1 hr. 

The beads were washed with TBST buffer for 3 times. After washing, beads were mixed 
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with SDS sample buffer, and then boiled for 15 min. Cross-reacting EcSecA antibody (lab 

stock) was used to detect SaSecA1 by Western blots.

2.9 Bacteriostatic effect

Bacteriostatic effects were tested according to the guidelines of the Clinical and Laboratory 

Standards Institute [23]. This assay was performed in a 96-well microtiter plate in triplicates 

in three separate experiments as described previously [18] at 37 °C with shaking at 250 rpm 

for 24 hrs. MIC is the lowest concentration of inhibitor, at which cells were not able to 

grow.

2.10 Bactericidal effect

Bactericidal effect was determined under normal room light condition as described 

previously [18]. Log-phase growing cells (OD600 ≈ 0.5) were mixed with different 

concentrations of inhibitors, and then incubated in an Eppendorf Thermonmixer R 

(Brinkmann instruments) at 37 °C with shaking (1,000 rpm) for 1 hr. Cultures were serially 

diluted with LB broth and spreaded on LB plates, and incubated at 37 °C overnight for 

colony forming units (CFU). Bactericidal effect was determined by the reduction of CFU as 

described previously [18].

2.11 Effects of light on bactericidal result

Compounds were added into early log phase culture (OD600 ≈ 0.8) of S. aureus ATCC 6538 

grown in glass tubes, and then the mixture was incubated at 37 °C (shaking at 250 rpm) in 

dark or with 15W fluorescent light. After 2 hr, cultures were serially diluted with LB broth 

and CFU were similarly determined. Bactericidal effect was determined by the reduction of 

CFU as described previously [18].

2.12. Molecular docking

Docking was done using SYBYL-X 2.0 by following the standard procedures provided in 

the manual. Surflex-dock method was used to dock ligands into SecA crystal structure (PDB 

ID: 2FSG) using automatic docking. Standard parameters given in SYBYL X 2.0 were 

employed for energy minimization of SecA crystal structure. Protein preparation was done 

using AMBER7 FF99 force field and the default parameters in Surflex-Dock (SFXC). A 

maximum of 20 docking poses were generated for each molecule.

3. Results and Discussions

SecA is essential for cell growth in all bacteria, and is required for Sec-dependent secretion 

of proteins including extracellular toxins and other virulence factors. Therefore, targeting S. 

aureus SecA might achieve the effect of decreasing bacterial survivability and reducing 

virulence. In our previous studies, EcSecA and BsSecA were used as model systems to 

develop new SecA inhibitors. RB was found as a potent SecA inhibitor through random 

screening [17], and a series of novel SecA inhibitors were further developed from systematic 

dissections of RB [18]. Figure 1a shows the structures of RB and two RB analogs developed 

from our previous study. These two RB analogs have low molecular weight (RB MW, 1017 

daltons, SCA-41, 282 daltons, and SCA-50, 298 daltons) and display potent antimicrobial 
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activities against two model bacteria strains E. coli NR698 and B. subtilis 168 [18]. In the 

current study, we evaluate the inhibitory effects of these RB analogs against pathological 

MRSA strains and examined the functional effect on SecA inhibition in SaSecAs.

3.1 Inhibition of the ATPase activities of SaSecA1 and SaSecA2

Two SecA homologues have been identified in S. aureus [13]: SaSecA1 is the essential 

housekeeping SecA, while SaSecA2 is only involved in the secretion of adhesin-SraP [13]. 

The RB analogs SCA-41 and SCA-50 were tested for their inhibitory effects on the intrinsic 

ATPase activities of SaSecA1 and SaSecA2. The intrinsic ATPase activity without inhibitor 

was defined as 100% and IC50 is the concentration of the inhibitor, at which 50% inhibition 

of ATPase activity was achieved. As shown in Figure 1b and 1c, the IC50 value of SCA-41 

was 35 µM for SaSecA1 and 30 µM for SaSecA2; for SCA-50, the IC50 value was 20 µM 

for SaSecA1 and 15 µM for SaSecA2. Such results indicate that these two compounds might 

have dual targets in S. aureus, which could increase the chance of combating infection and 

reduce the occurrence of mutational resistance. Though their inhibitory effects for intrinsic 

ATPase were not as good as that of RB (IC50 ≈ 1 µM against SaSecA1, 2 µM against 

SaSecA2), RB is much bigger, and also has other targets and limitations (see below). 

Because SecA is a multi-functional protein, exists in multi-forms, and more importantly 

functions in the membrane, potency of SecA inhibitors needs to be evaluated by multiple 

assays, especially related to membrane activities, as discussed earlier [17, 18].

3.2 Inhibition on the activities of SecA-dependent protein-conducting channels

SecA exerts its essential functions in the membrane, not in its soluble form. However, 

currently there is no suitable in vitro system for studying protein translocation using 

membrane and a precursor protein from S. aureus. To assess the inhibitors’ effect, we have 

developed two very sensitive assays that mimic the in vivo protein translocation activity for 

testing the effectiveness of the SecA inhibitors. These two assays involve using SecA-

liposomes interacting with protein precursor proOmpA. One is a very sensitive 

electrophysiological assay that opens the SecA-specific channels in oocytes; the other is an 

in vitro protein translocation SecA-liposome alone assay [14]. However, it needs to be noted 

that such assays are only applicable to SecA1, but not the soluble SecA2. Thus, there will be 

no side-by-side comparisons of inhibitory activities against SecA1 and SecA2 in such 

experiments.

3.2.1 Inhibition on ion-channel activity—To assess the efficacy of the inhibitors 

against the functions of SaSecA1 in membrane environments, a sensitive semi-physiological 

assay in oocytes [22] was applied to evaluate SecA-liposomes ion-channel activities [14, 18, 

22]. SaSecA1-liposome was injected simultaneously into oocytes in the presence or absence 

of an inhibitor. RB and two analogs displayed potent inhibition against the ion-channel 

activity of SaSecA1 (SaSecA2 has no channel activity, data not shown). The ion-channel 

activity of SaSecA1 was defined as 100%, and IC50 is the concentration of inhibitor, at 

which 50% inhibition of its ion-channel activity was achieved. The IC50 value of RB was 

0.5 µM (Fig. 2), which is closed to its IC50 value in ATPase inhibition. The IC50 value of 

SCA-50 and SCA-41 were 1 µM and 2 µM (Fig. 2), respectively, which are much lower than 

the IC50 values against the intrinsic ATPase activity of SaSecA1 (Fig.1), indicating that 
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these two compounds exert better inhibition in a membrane environment. Kinetic studies 

showed that both SCA-50 and RB inhibit translocation related ATPase activity of SaSecA1 

in a non-competitive manner in the liposomes-oocytes (Fig. 3), suggesting that the inhibition 

is mainly a conformational effect with SecA ATP binding site in the membranes. These 

results also indicate intrinsic ATPase activity of soluble SecA may not be an appropriate 

single test for the purpose of drug discovery screening.

3.2.2 Inhibition of in vitro protein translocation activity—SecA is essential for 

translocation of proteins containing the Sec-dependent signal peptide to traverse membranes. 

Therefore, the most important in vitro functional assay for evaluation of SecA inhibitor is 

protein translocation across membranes. In this study, a SecA alone in vitro liposome 

translocation system without SecYEG [14] was applied to determine the inhibitory effect of 

SCA-50 against SaSecA1-dependent proOmpA translocation. The in vitro translocation 

activity of SaSecA1 without inhibitor was defined as 100%, and IC50 was the concentration 

of inhibitor, at which 50% inhibition of its in vitro translocation activity was achieved. 

Figure 4 shows that SCA-50 inhibited in vitro translocation activity of SaSecA1 with an 

IC50 value of about 4 µM, indicating potent inhibition of SaSecA1-mediated protein 

translocation.

3.3 Validation of SaSecA1 as a target by protein pull-down assay

To further examine the interaction between RB analogs and SecA in biological matrices, a 

biotinylated SCA-50 analog (SCA-254) was synthesized and used to carry out the protein 

target pull-down assay (Fig. 5a). Enzymatic assays showed that SCA-254 retained 

reasonable inhibition effect on the ATPase activity of EcSecAN68 (IC50 ≈ 90 µM). We 

used EcSecAN68 to check its ATPase activity because this is the intrinsic and unregulated 

ATPase activity and SaSecAN68 is not available. All the other available SecA forms are 

regulated with an inhibitory regulatory domain. Thus we chose the EcSecAN68 assay, 

which is least likely to cause artifact. Of course, this is a judgment call, and there is never a 

“perfect model” system.

Western blot results showed that SCA-254 could recognize and pull down SaSecA1 from 

whole cell lysates (Figure 5b), while control experiments did not yield the same results. 

Such results demonstrate the specific interactions between SecA and the inhibitor, further 

verifying that SaSecA1 is a target of this group of inhibitors. However, Coomassie Brilliant 

Blue staining showed SaSecA1 was not the only protein pulled out from whole cell lysates 

(data not shown). Therefore we cannot rule out the possibility that SCA-50 might have other 

targets besides SecA. Affinity modifications of small molecule typically result in many more 

non-specific binding proteins than actual targets; therefore the results observed are not 

uncommon in not being able to confirm the singularity of the inhibitor’s target. Furthermore, 

spiking SecA2 into the mixture did allow the pull down of SecA2, suggesting that the 

relative abundance might be the reason that SecA2 was not observed in the pull down assay 

using whole cell lysates.
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3.4 Inhibition of the secretion of Sec-dependent secretory toxins

Sec-system is responsible for the secretion of more than 20 toxins or virulence factors in S. 

aureus [12]. These toxins play important roles in the pathogenesis of S. aureus infection. We 

used inhibitors at concentrations that do not affect the OD during growth to avoid 

complications. The MIC of SCA-50 is 12.5 µM (4 µg/ml) against S. aureus Mu50; however 

the compound was added to dilute early-log phase bacteria culture (OD600 ≈ 0.05) in the 

MIC assay. When adding into mid-log phase of S. aureus Mu50 (OD600 ≈ 2.6), SCA-50 at 

10 µM didn’t obviously change the OD600 reading when compared with control within the 

first 15 hr (Fig. 6a), indicating that general protein synthesis was not affected. However, 10 

µM SCA-50 reduced the amount of many extracellular proteins in the supernatant (data not 

shown). To determine whether SCA-50 could inhibit the secretion of specific S. aureus 

toxins, secretions of α-hemolysin, enterotoxin B, and TSST-1 were examined with or 

without the RB analogs. Each of these three secreted toxins contains a Sec-dependent signal 

peptide; thus they are expected to secret through the Sec-system. The amounts of toxins in 

the supernatant at different time points were determined by using specific toxin antibodies. 

Western blot results showed that 10 µM SCA-50 significantly decreased the amount of α-

hemolysin, enterotoxin B, and TSST-1 in the supernatant (Fig. 6b). Therefore, the reduction 

of these toxins in the supernatant is likely due to inhibition of secretion alone. These results 

indicate that SCA-50 can inhibit the in vivo function of SaSecA1 in protein secretion, further 

validating SaSecA1 as a target in vivo.

Moreover, α-hemolysin, enterotoxin B, and TSST-1 play important roles in the pathogenesis 

of S. aureus infection. In addition to these toxins, there are other twenty toxins containing 

Sec-dependent signal peptide, which might be secreted through the Sec-dependent pathway. 

All these toxins play important roles in the pathogenesis of S. aureus infection by promoting 

adhesion, colonization, and spread in host tissue, protecting bacteria from environment toxic 

condition or from host immune defense system, and causing serious host cell damage or 

toxic syndrome [12]. Therefore, the SecA inhibitors are expected to reduce virulence of S. 

aureus by blocking secretion of toxins and other virulence factors.

3.5 Bacteriostatic effects of RB analogs against MRSA strains

SecA is essential for the growth and viability of bacteria. Thus, antimicrobial activities are 

the most important evaluation for SecA inhibitors. RB has been reported to possess 

antimicrobial activities against S. aureus [24, 25]. We determined the antimicrobial effect of 

the RB analogs against S. aureus, including three MRSA strains (N315, Mu3, and Mu50). 

These inhibitors showed potent bacteriostatic effects against all S. aureus strains tested with 

MIC values of 3.7 to 25.6 µg/ml (Table 1). Most interestingly, the bacteriostatic effects of 

the tested RB analogs were more effective than that of RB in all strains tested, presumably 

reflecting the improved permeability of the smaller molecule of the RB analogs. MIC values 

of the RB analogs against MRSA had no obvious difference in MIC value against a non-

MRSA strain (ATCC 6538). Three MRSA strains used in this study are agr group II, which 

were defective in agr function, resulting in less toxin secretion [26–28]. To further examine 

whether antibacterial activity of our inhibitors could be affected by the function of agr, S. 

aureus Newman strain with functional agr gene was used for comparison. The MIC value of 
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this agr functional strain is similar to those three agr inactivated strains; therefore the agr 

gene did not affect the bacteriostatic effect of these RB analogs.

S. aureus Mu50 is a MRSA strain with multi-drug resistance (MDR) and intermediate level 

resistance to vancomycin [29]. As shown in Table 2, our best SecA inhibitors were far more 

potent in their antimicrobial activity against Mu50 than the majority of commonly used 

antibiotics examined. MIC of SCA-50 is 4 µg/ml, which is lower than that of RB and is not 

only 250 fold lower than that of ampicillin as expected, but also that of kanamycin, 

erythromycin, and rifampicin against a MRSA strain. The MIC values of polymyxin B, 

norfloxacin, and tetracycline, are 7 to 60 fold higher than that of SCA-50. More importantly, 

for vancomycin, which is considered the last resort antibiotic against MRSA, its MIC is two-

fold higher than that of SCA-50 (Table 2). Thus, the RB analogs described in this study are 

very potent inhibitors against MRSA strains.

3.6 The bactericidal effect and photooxidation

SCA-50 is our most potent compound in this class of inhibitors; thus it was further evaluated 

for bactericidal activity against MRSA strain Mu50 and MSSA 6538. SCA-50 showed 

bactericidal activity in a concentration-dependent manner against both strains: 30 µM in 1 hr 

was enough to achieve 2-log units of CFU reduction of MSSA 6538 and more than 3-log 

units of CFU reduction of MRSA Mu50 (Fig. 7).

Previous studies showed that at least part of RB’s antimicrobial activities is due to 

photooxidation [30, 31]. Therefore, we further determined whether the activities of our 

smaller RB analogs are related to photooxidation. Bactericidal effects of SCA-41 and 

SCA-50 were tested with ATCC 6538 in the dark and under room light in comparison with 

RB. Under light, RB at 40 µM eliminated all 9 log of CFU, while in the dark, its bactericidal 

effect was reduced by 5 log units of CFU (Fig. 8), confirming that photooxidation 

contributes to RB’s antimicrobial activity. However the bactericidal effects of SCA-50 were 

not obviously affected by light (Fig. 8). Similar results were obtained with SCA-41 (data not 

shown). These results indicate that the antimicrobial activities of SCA-50 and SCA-41, 

unlike that of their parent compound RB, are not due to photooxidation.

3.7 Bypassing the negative effects of efflux pumps

Previous studies showed that SecA functions as a membrane protein and is involved in 

forming a protein-conducting channel that spans the entire membrane [15, 32–36]. It was 

reported that the majority of SecA in Streptoccous pyogenes [36, 37] and Streptococcus 

agalactiae [38] is present in the membranes as an ‘Exporter’. We also found that the 

majority of SecA1 in S. aureus is in the membrane fraction (data not shown). Thus, in 

Gram-positive bacteria, inhibitors may be able to directly access SecA from the extracellular 

matrix and exert their effect without having to enter the cells. If so, targeting SecA may 

allow an intrinsic way of bypassing the negative effect of efflux pumps in bacteria, which is 

a major mechanism for the development of multi-drug resistance [39–44]. Strains Mu50 and 

N315 are resistant to QacA efflux-mediated antibiotics [43, 45]. Our SecA inhibitors 

showed similar efficacy against strains Mu50 and N315 as against those without QacA 

efflux pump, suggesting that QacA-mediated efflux has no effect on the inhibitory effect of 
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these SecA inhibitors. NorA and MepA are two efflux pumps of S. aureus with 23% or 4% 

frequencies of overexpression [20, 46]. We further determined whether overexpression of 

NorA or MepA may affect the antimicrobial activities of SCA-41 and SCA-50. Thus the 

antimicrobial effects of NorA or MepA deletion or overexpression mutants were compared 

with their parental strain 8325-4. Overexpression or deletion NorA or MepA had no 

significant effect on the MIC values of SCA-50 and SCA-41 (Table 3). Previous studies 

showed that RB is a substrate of NorA [47], which we confirmed (Table 3). Therefore RB 

analogs decrease the level of drug resistance in S. aureus. Such results indicate that the 

effects of SecA inhibitors were not affected by the presence of efflux pumps, suggesting that 

these two compounds either are not substrates of the tested efflux pumps or can bypass the 

effects of efflux pumps. In any case, these SecA analogs are effective inhibitors regardless 

of the levels of efflux pumps tested.

SecA functions as a membrane protein forming a trans-membrane channel [14, 15, 33, 36, 

37] and thus provides the possibility for inhibitors to reach this target without entering into 

the cell. In addition, SecA is involved in the secretion or assembly of many membrane 

proteins; therefore blocking SecA’s function probably inhibits directly or indirectly the 

assembly of efflux pumps. If the same concept is demonstrated in more bacterial strains with 

various efflux pumps, this would be the very first approach to the development of new 

broad-spectrum antimicrobials that have the intrinsic ability to overcome the negative effects 

of efflux. Given the wide-spread nature of efflux in bacteria and its importance in drug-

resistance, antimicrobial agents with intrinsic abilities to overcome efflux will be extremely 

useful in combating bacterial drug resistance.

3.8 A putative binding site

In order to achieve an initial understanding of the possible binding site, we conducted an 

extensive docking search using the SYBYL program. We propose that SCA-50 binds 

outside the ATP pocket of chain B, and is stacked against the entrance as shown in Figure 9. 

The binding pocket is defined by amino acid residues B/Arg 138, B/Leu 135, B/Thr 130, 

B/Asn 132, B/Val 208, B/Asp 209, B/ASP 512, and B/Lys 108. This site has the best 

docking score, and is consistent with the experimental data showing non-competitive 

inhibition. However, this is a hypothetical binding site. More experimental evidence is 

needed to validate this.

4. Conclusions

Our studies show that the small molecule RB analogs target SecA functions and have 

antimicrobial effects against MRSA with higher potency than most available antimicrobial 

agents including vancomycin. They also reduce the secretion of toxins and their potency is 

not affected by the presence of efflux pumps. The results obtained demonstrated an 

important proof of concept, i.e., targeting SecA could achieve antimicrobial effect through 

three mechanisms, which are not seen with any single class of antimicrobial agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibition on the ATPase activities of SaSecA1 and SaSecA2
(a) Structures of RB (MW, 1017 daltons) and RB analogs, SCA-41 (MW, 282 daltons) and 

SCA-50 (MW 298 daltons). (b) Inhibition of the intrinsic ATPase activity of soluble 

SaSecA1 (n = 6). (c) Inhibition of the intrinsic ATPase activity of SaSecA2 (n = 6). The 

ATPase activity without inhibitor was defined as 100%.
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Figure 2. Inhibition of the ion-channel activity of SaSecA1
SaSecA1-liposomes ion-channel activity was determined in oocytes with or without 

inhibitors (n = 20–30). The ion-channel activity without inhibitors was defined as 100%.
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Figure 3. Non-competitive inhibition of the membrane ATPase activity of SaSecA1
SaSecA1-liposomes ion-channel activity was determined in the oocytes with different 

concentration of ATP and SCA-50 (n = 9–10). (a) Inhibition of RB. (b) Inhibition of 

SCA-50.
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Figure 4. Inhibition of in vitro translocation activity of SaSecA1
Liposomes-SaSecA1-dependent proOmpA translocation activity was determined at 30 °C 

with or without SCA-50 (n = 3). The in vitro translocation activity of SaSecA1 without 

inhibitor was defined as 100%.
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Figure 5. Validation SaSecA1 as a drug target with pull down assay
(a) Structure of SCA-254. (b) Whole cell lysate of S. aureus ATCC 6538 was mixed with or 

without SCA-254 (biotinylated SCA-50 analog) for 1 hr, then Streptavidin magnetic beads 

were used to pull out proteins interact with SCA-254. The interaction between SaSecA1 and 

SCA-254 was examined by Western blot with SecA antibody.
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Figure 6. Inhibition of the secretion of S. aureus toxins
SCA-50 or same volume of DMSO as control was added to of S. aureus Mu50 at time point 

0 hr as indicated. (a) Growth curve. (b) Western blot analysis the amount of toxins in the 

supernatant.
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Figure 7. Bactericidal effects of SCA-50
Bactericidal effects were determined by counting CFU after 1 hr treatment with different 

concentration of SCA-50.
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Figure 8. Photooxidation does not contribute to the bactericidal effects of SCA-50
Early log phase cells of S. aureus ATCC 6538 were treated with 40 µM of inhibitor for 2 hr 

with or without exposure to light. Control was absence of inhibitor, and bactericidal effects 

were determined by the reduction of CFU comparing inhibitor treatment with control.
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Figure 9. 
Molecular modeling of SCA-50’s binding site in E. Coli SecA. Top panel shows SCA-50 

partially blocks the ATP entrance in chain B. Bottom panel shows the amino acid residues in 

the binding pocket.
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Table 2

Comparison of the bacteriostatic effect of SecA inhibitors with other antibiotics against S. aureus Mu50

Antibiotics Bacteriostatic effect
MIC (µg/ml)

RB 42 ± 8

SCA-50 4

Vancomycin 8

Ampicillin 1000

Kanamycin 1000

Polymxin B 31

Tetracycline 63

Erythromycin >1250

Norfloxacin 250

Rifampicin >1000

For MIC values, n = 6; no variation in other tests.
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