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Abstract
SecA is a central component of the general secretion system that is essential for bacterial growth
and thus an ideal target for the development of antimicrobial agents. A series of fluorescein
analogs were first screened against the ATPase activity using the truncated unregulated SecA
catalytic domain. Rose Bengal (RB) and Erythrosin B (EB) were found to be potent inhibitors
with IC50 values of 0.5 µM and 2 µM, respectively. RB and EB inhibit the catalytic SecA ATPase
more than the F1F0-proton ATPase. We used three assays to test the effect of these compounds on
full length SecA ATPase: in solution (intrinsic ATPase), in membrane preparation, and
translocation ATPase. RB and EB show the following trend in terms of IC50 values: translocation
ATPase < membrane ATPase < intrinsic ATPase. Very importantly, the potency of these
fluorescein analogs in inhibiting the truncated SecA ATPase correlates with their ability to inhibit
the biologically relevant protein translocation activity of SecA. The in vitro translocation of
proOmpA precursors into membrane vesicles is strongly inhibited by RB with IC50 of about 0.25
µM, making RB the most potent inhibitor of SecA ATPases and SecA-dependent protein
translocation thus far. The ability of these compounds to inhibit SecA directly translates into
antibacterial effects as well. Our findings show the value of fluorescein analogs as probes for
mechanistic studies of SecA functions, and for the potential development of new antimicrobial
agents with SecA as the target.
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Introduction
In all growing cells, the translocation of proteins into various cellular and extra-cellular
compartments is essential for maintaining normal physiological functions. In bacteria, more
than 30% of the proteins are located in or outside the cellular cytoplasmic membrane. The
general secretion (Sec)-pathway mediates the transport of most unfolded proteins across or
inserted into the cytoplasmic membrane before these proteins reach their final destinations
in the cytoplasmic membrane, periplasmic space or outer membrane.[1] The bacterial Sec-
pathway consists of a series of membrane proteins including SecY, SecE, and SecG that
constitute an oligomeric complex.[2] SecA is the major component of the bacterial Sec-
system that is found both in the cytoplasm and the membrane[3] and functions as an ATPase
that provides the energy for the Sec-dependent protein translocation. The intrinsic ATPase
activity of the native SecA is relatively low because of the existence of the inhibitory C-
terminal domain, while the membrane ATPase could be stimulated by anionic
phospholipids. Binding to SecYEG complex and precursor proteins further fully activates
the ATPase activity referred to as SecA translocation ATPase.[4] It has been suggested that
the ATPase activities are stimulated by anionic phospholipids through conformational
changes and the formation of the complex, which apparently negate the inhibitory effect of
the C-terminal domain.

Inhibitors of SecA can be potential antimicrobial agents and useful tools for probing the
roles of SecA in the secretion and membrane integration of various proteins. They can also
be used in studying the conformational changes of SecA during protein translocation.
Sodium azide is a well-known SecA inhibitor.[5] However, azide inhibits only the
translocation ATPase but not the intrinsic/native and membrane ATPases of SecA.[5a, 6] It
has been reported that a natural fungal fermentation product CJ21058 also inhibits the
translocation ATPase, though the effect on the intrinsic or membrane ATPase of SecA has
not been reported.[7] More recently, a secondary metabolite (pannomycin) from fungi was
isolated by antisense-based screening against SecA.[8] This compound only shows weak
antibacterial activity with MIC in the mM range, and the inhibitory effect against SecA
function was not reported. By virtual screening and optimization, we recently found several
thiouracil-based compounds capable of inhibiting the intrinsic SecA ATPase (IC50 20–60
µM).[9] Further optimization of these analogs led to low µM inhibitors.[10] Later, a report by
others described a series of thiazolo[4,5-d]pyrimidine derivatives with the most potent
compound having an IC50 value of 135 µM against SecA intrinsic ATPase, but showed
minor effects on the translocation ATPase.[11]

It has been reported that some halogenated fluorescein analogs could influence the activity
of phosphatase as non-hydrolyzable nucleotide analogs.[12] In this work, the effects of
several fluorescein analogs were tested against Escherichia coli SecA (EcSecA) and Bacillus
subtilis SecA (BsSecA) ATPase activity using truncated SecA and full length SecA under
three different settings including in solution (intrinsic ATPase), in membrane preparation,
and translocation ATPase in the presence of a precursor protein. Rose Bengal (RB) and
Erythrosine B (EB) show strong inhibitory effects on the three forms of SecA ATPase
activity and SecA-mediated in vitro protein translocation, as well as antimicrobial effects.

Results and Discussion
Before the discussion of the results, it is important to first describe the various types of
experiments and their relevance. As discussed earlier, SecA exerts it transporter functions
while integrated into membranes in a bound form with the SecYEG complex. However,
SecA’s ATPase is functional in solution alone or in membranes. In addition, SecA itself has
a C-terminal regulatory domain, which becomes disengaged upon integration into the
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membrane. Thus, there are several ways to test inhibitory effects against SecA. The ATPase
activity can be examined using the truncated SecA without the C-terminal regulatory
domain in solution (e.g., EcN68, unregulated ATPase), SecA alone in solution (regulated
intrinsic ATPase), SecA in membrane (membrane ATPase) and SecA in the presence of
membrane and precursor proteins (translocation ATPase). For functional assays, we can
examine the translocation of proOmpA into membrane vesicles. Of course, the ultimate test
is the antimicrobial activity. For practical reasons, the initial screening can be done with the
truncated form (unregulated ATPase) because of its ease of experiments and sensitivity. The
regulated ATPase actually does not reflect the function of SecA in membranes because of
the engagement of the regulatory domain, which is not the case in membranes. In addition,
integration into the membrane is known to cause conformational changes, which could
perturb the binding domain. Therefore, for reliable results, it is important to test the
inhibitory activities using more than one method. Among these methods, the truncated
EcN68 ATPase, membrane ATPase, translocation ATPase, and SecA-dependent protein
translocation yield the intrinsic ability for the compounds to bind and inhibit the most
relevant forms of the transporter/ATPase. On the other hand, experiments using the
regulated intrinsic ATPase suggest the ability for the compound to affect the closed state of
SecA. It is important to emphasize that because of the membrane nature and the need for
complex formation before SecA can function as a transporter, SecA inhibition studies do
need to involve all different methods in order to achieve a thorough understanding of the
ability of these inhibitors to inhibit SecA ATPase.

A series of commercially available fluorescein analogs (Figure 1) were first screened against
E. coli SecA ATPase (EcSecA) using the intrinsic ATPase of the truncated N-terminal
catalytic domain (unregulated, EcN68).[13] The IC50 values of fluorescein analogs with
significant inhibitory effects are summarized in Table 1. Among the screened compounds,
RB and EB are the most effective, with IC50 of 0.5 µM and 2 µM, respectively (Figure 2).
Since RB and EB are known to inhibit some ATPases from animal tissues,[14] we tested
whether these compounds inhibit other E. coli ATPases such as the F1F0-ATPase. The IC50
values of RB and EB for F1F0-ATPase are about 10 µM and 30 µM, respectively (Figure 2).
The data indicate that RB and EB may be general ATPase inhibitors. However, they are
more effective on the catalytic SecA ATPase. It has been previously reported that some
ATPases from animal tissues can be inhibited by RB and EB through photo-oxidation and
subsequent reactions.[15] In our studies, all assays have been performed under the condition
of normal room illumination without special light excitation. Moreover, reactions with or
without light showed no difference in IC50 (data not shown). Thus the inhibitory effects
against SecA ATPase activity are not likely caused by photo-oxidation.

In order to fully understand the ability of these fluorescein analogs to inhibit the biological
relevant SecA ATPase, we studied the effect of these compounds on all three forms of the
SecA ATPase. Specifically, we next examined the inhibitory effects on the ATPase activity
of full-length SecA alone (regulated intrinsic ATPase). As expected, the IC50 values (about
20–30 µM) for RB and EB are higher than with the truncated unregulated SecA ATPase. We
further investigated the inhibitory effects of RB and EB on the membrane and translocation
ATPases of EcSecA (Table 2). It is interesting to note that both RB and EB show the
following trends in terms of their ability/affinity for different forms of SecA ATPase: EcN68
ATPase, translocation ATPase, membrane ATPase, and intrinsic ATPase. With RB, these
numbers are 0.5, 0.9, 5, and 25 µM. In the presence of the C-terminal domain in the native
regulated form, the IC50 is higher at 25 µM. EB shows similar trends in inhibiting the
different forms of SecA, i.e., higher potency against truncated SecA, translocation and
membrane ATPase than the regulated intrinsic SecA ATPase. However, the potency of EB
is lower than that of RB with IC50 values of about 10–20 µM (Table 2). The significant
differences of the sensitivities of three forms of ATPase of EcSecA also indicate that
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conformational changes of SecA induced by interaction with membranes and precursors
may influence the accessibility of the enzyme to inhibitors. We also determined the
inhibition profile of RB and EB on SecA from Gram-positive B. subtilis (BsSecA), which
has high homology (51% identity) to EcSecA and has much higher intrinsic ATPase
activity. As expected, both RB and EB show inhibitory effects on activity of BsSecA
intrinsic ATPase, with RB as a strong inhibitor (Table 2).

As discussed earlier, the ATPase activity is only relevant if its inhibition results in the same
effect on protein translocation.[6, 16] Therefore, we further investigated the effects of RB and
EB on the SecA-dependent protein translocation in vitro. We found that the in vitro
translocation of precursor proOmpA into membrane vesicles is severely inhibited by RB and
EB (Figure 3). Interestingly, the protein translocation is about three to four times more
sensitive to RB and EB than the translocation ATPase. Consistent with the result of
translocation ATPase, RB shows stronger inhibitory effect (with IC50 of 0.25 µM) than EB
(with IC50 of 4 µM). Sodium azide is the most well-known SecA ATPase inhibitor;
however, the intrinsic ATPase of SecA is not inhibited by sodium azide at concentrations as
high as 10 mM. The inhibitory effect of azide against translocation ATPase of SecA and in
vitro protein translocation are moderate, with IC50 of 5 mM and 0.6 mM, respectively.[6] On
the other hand, RB inhibits the translocation ATPase and protein translocation very
efficiently, with IC50 of 0.9 µM and 0.25 µM, respectively, which are about several thousand
times more effective than azide.

The SecA-dependent protein translocation is essential for maintaining the normal
physiology of bacteria. Therefore, it is important to study the effect of these inhibitors on
bacterial growth. These fluorescein analogs inhibit bacterial growth in plate assays (Table
3). Gram-negative bacteria E. coli MC4100 (wild-type) is very resistant to the fluorescein
analogs, while its permeable leaky mutant NR698[17] shows high sensitivity. Such results
suggest that the outer-membrane barrier is the reason for the observed difference in activity.
Among the tested fluorescein analogs, diiodofluorescein (DI), Eosin Y (EY), and
dinitrofluorescein (DN) show the minimal inhibitory concentration (MIC) at the mM level,
while RB and EB have stronger inhibition with MIC at the µM level. RB also completely
inhibits the growth of E. coli NR698 in liquid culture at low concentration levels (50 µM,
data not shown). RB demonstrates the same potency of bacteriostatic activity with or
without 0.2% glucose in the media (data not shown), suggesting that F1F0-proton ATPase is
not the primary target of the inhibition. The observed inhibition effect against bacterial
growth validates the idea that SecA inhibitors can be used as antimicrobial agents. The
inhibition potency for RB is in the single digit micromolar range, which is similar to the
IC50 values obtained using truncated SecA and SecA in the presence of membrane and
precursor proteins. In the case of EB, the MIC is much higher than the IC50 values obtained
in the enzyme inhibition assays. Many reasons could contribute to such results. A key
consideration is permeability. As seen with the results obtained using the wild-type strain of
E. coli, minimal inhibition is observed. However, when a leaky mutant (NR698) was used,
inhibitory potency increases substantially. It is interesting to note that azide has been
reported to inhibit the translocation ATPase of SecA and the transport of precursor proteins
across the inner membrane vesicles in vitro.[6] SecA mutants that lack the stimulated
translocation ATPase show defects of preprotein translocation in vitro.[16] The in vitro
translocation of precursor protein proOmpA into membrane vesicles is also inhibited by RB
and EB. The in vitro translocation is even more sensitive to RB and EB than the
translocation ATPase of EcSecA. Similar differences are also reported for azide, but the in
vitro protein translocation and the cell growth show similar sensitivities.[6] In the case of RB
and EB, in vivo growth is significantly less sensitive than in vitro protein translocation. This
again may be due to the different membrane permeability of inhibitors. Azide is a small
inorganic molecule, while RB and EB are much bigger organic molecules presumably with
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lower permeability across bacterial membranes. Since the permeability is important for the
antibacterial effect of RB and EB, Gram-positive bacteria B. subtilis without the barrier of
the outer-membrane was also examined. B. subtilis shows high sensitivities to these
fluorescein analogs similar to E. coli NR698 (Table 3). Indeed, RB and EB are very
effective against Gram-positive bacteria where permeability is not a major problem.

In addition to the bacteriostatic studies, we are also interested in seeing whether these
inhibitors have bactericidal effect. After one-hour treatment on exponential-phase cells, the
CFU was determined after overnight incubation. RB shows strong bactericidal effects in a
concentration dependent manner. With 100 µM of RB, cell survival decreases about 10 log
units in leaky mutant E. coli NR698 (Figure 4a) and 8 log units in B. subtilis (Figure 4b).
Cell density does not drop in the presence of 100 µM RB up to 90 min (data not shown),
indicating that the bactericidal effects of RB on both bacteria are not caused by cell lysis. It
has been reported that RB can inhibit the growth and kill Staphylococcus aureus in dark with
unknown mechanisms, while some halogenated fluoresceins work as the photosensitizer in
antimicrobial actions to kill various other bacteria, mainly through photo-oxidation.[18] As
discussed earlier, under the experimental condition in this study, photo-oxidation is not
likely the primary mechanism of the bacteriostatic and bactericidal effects. Taken together,
the results suggest that SecA may be the target of fluorescein analogs, and the inhibition of
ATPase and SecA-dependent protein translocation may contribute to the antibacterial
effects.

Because of the literature reports of other fluorescein analogs binding to enzymes containing
nucleotide-binding sites,[14a, 19] we conducted in silico modeling using approaches
described previously.[20] It needs to be noted that we have results from kinetic experiments
indicating the RB and EB are competitive inhibitors against ATP at low ATP concentrations
(data not shown). Such results indicate that these compounds bind to the high affinity ATP
binding site. Thus the structures of RB, EB, and DI were docked into the high affinity ATP
site of EcSecA. RB and EB show very similar binding profiles, while DI shows a different
conformation because of the lack of the diiodo-moiety (Figure 5). For comparison, the
binding mode of CJ-21058 (Figure 1),[7] a natural product SecA inhibitor, was also
examined. RB and CJ-21058 seem to have the same position and with the same orientations.

Protein secretion system is essential for bacterial viability and virulence; therefore, it has
been considered as an ideal target for pharmaceutical interests.[21] The majority of secreted
and membrane proteins are mediated by the Sec pathway, making the components of the Sec
system potentially valuable for antibiotic targeting.[22] SecA is the central element of the
Sec pathway and is highly conserved in bacteria. More importantly, SecA has no human
counterpart, making it a good target for the development of new antibiotics.[21] Thus SecA
inhibitors have the potential to be new antibacterial agents. In addition to sodium azide,
some other SecA inhibitors are reported but not well defined.[7–11, 23] It is worthwhile to
mention here that RB and EB are the first inhibitors against all three forms of SecA ATPase
with low µM concentration levels. The inhibitory effects of RB and EB against the ATPase
and in vitro protein translocation activities of SecA and bacterial growth may lead to some
alternative antimicrobial strategies. The fluorescein analogs used in this study are
hydroxyxanthenes. Xanthene derivatives are well known and have been used as food
additives for some time. Although some xanthenes dyes have safety concerns, ten of those
dyes are certifiable as regulated by FDA for food, drug, or cosmetic use.[18d] Rose Bengal is
reportedly in phase II trials in a study for the treatment of metastatic melanoma.[24]

Erythrosine B (FD&C Red No. 3) is at present the only xanthenes derivative with approval
for food use.[25] These fluorescein analogs have several advantages as SecA inhibitors: the
convenience of commercial availability, high solubility in water, known chemical structure
for further modification, and relatively low or no toxicity for food and drug use.
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Conclusion
SecA is essential for bacterial survival and is thus an attractive target for the development of
antimicrobial agents. However, activities in this field have been lacking with a few mid- to
high-micromolar inhibitors reported. We screened a series of fluorescein analogs and found
the first sub-micromolar inhibitors RB, which can serve as a lead structural for the design of
new antibacterial agents. It is also important to note that the screening results using the
truncated SecA, not the native/regulated form, yielded potency similar to the more
biologically relevant test, such as membrane SecA ATPase, translocation SecA ATPase, in
vitro protein translocation, and antibacterial experiments.

Materials and Methods
Bacterial strains, medium, and chemicals

E. coli K-12 strain MC4100,[26] NR698 (MC4100 imp4213), a leaky mutant with increased
outer membrane permeability[17] from T. Slhavy, BA13 (MC4100 secA13(am) supF(ts))[27]

from D. Oliver, and B. subtilis strain 168 (lab stock) were used in this study. Luria-Bertani
(LB) liquid and solid (1.5% agar) media with 0.2% glucose were used for bacterial growth.
Fluorescein analogs were purchased from Sigma-Aldrich Corp (St. Louis, MO) and were
dissolved in water (for Rose Bengal, Erythrosin B, and fluorescein) or 100% DMSO (for
diiodofluorescein, Eosin Y, and dinitrofluorescein).

Determination of bacteriostatic and bactericidal concentrations of fluorescein analogs
Plate assay: 0.5 mL culture of bacterial cells (exponential phase, OD600=0.5) was mixed
with 4 mL of LB with 0.2% of glucose and 0.75% soft agar and then was poured into petri
dishes. After the soft agar solidified, 1 µL of the potential inhibitors was spotted on the
surface of the culture. Bacteriostatic effect was judged by the appearance of a clear zone of
growth inhibition after overnight incubation at 37°C. Liquid culture assay: Bacterial cells of
exponential phase (OD600 about 0.5–0.8) were diluted to OD600=0.05 with LB with 0.2% of
glucose. 90 µL of diluted culture was incubated at 37°C with shaking at 1,000 rpm
(Eppendorf Thermomixer R, Brinkmann Instruments, Inc.) in the presence of 10 µL of
inhibitors or equal volume of water as control. After 14 hours of incubation, cell growth was
determined by OD600. Inhibition of cell growth (or bacteriostatic effect) was illustrated by
decreasing OD. Bactericidal effect assay: 40 µL inhibitors were added into 360 µL of
bacteria cultures (exponential phase, OD600=0.5) while the same volume of water was used
as control. After one hour treatment at 37°C, cultures were spread on LB plate after serial
dilutions, and the colony forming units (CFU) of surviving cells were enumerated after
overnight incubation at 37°C. Inhibitory effect (or bactericidal effect) was illustrated by the
decreasing of the log value of CFU. All assays were done at least in triplicate, and the results
were presented as line or bar graphs with standard error of the means.

Preparations of various SecA proteins, F1F0-ATPase, proOmpA, and membrane vesicles
The N-terminal catalytic domain of SecA from E. coli (EcN68) was over-expressed from
pIMBB28[13a] obtained from A. Economou. EcN68 was used for the early screening
because it has higher intrinsic activity and is more sensitive to inhibitors. The full-length
SecA from E. coli (EcSecA) and B. subtilis (BsSecA) were over-expressed from pT7-
SecA[27] and pT7div[28] respectively, both obtained from D. Oliver. SecA proteins were
purified as described.[29] F1F0-ATPase enriched membrane of E. coli strain KY7485[30]

obtained from W. Brusilow was prepared as described.[31] F1F0-ATPase was partially
purified by sucrose gradient fractionation and then reconstituted into liposomes by dialysis.
Non-radiolabeled and 35S-labeled proOmpA were purified as described.[29b] SecA-depleted
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BA13 membrane vesicles were prepared as described,[32] and washed with 6M urea to
reduce endogenous ATPase activity.

In vitro ATPase activity assay
ATPase activity assays were performed as described previously[4a] with minor
modifications. For intrinsic and membrane ATPase assays, 50 µL reaction mixtures
contained 1.8 µg EcN68, 1.5 µg EcSecA, or 1.5 µg BsSecA, 20 µg ovalbumin, 1.2 mM ATP,
50 mM Tris-HCl (pH7.6), 20 mM KCl, 20 mM NH4Cl, 2 mM Mg(OAc)2, 1 mM DTT, and
(for membrane ATPase) 3 µg urea-washed E. coli BA13 membrane. For translocation
ATPase assay, reaction mixtures contained 1 µg proOmpA in addition to membranes. For
proton ATPase activity, reconstituted-liposomes containing partially purified F1F0-proton
ATPase were assayed in the same condition as the intrinsic ATPase. All reactions were
carried out at 40°C for an appropriate time in the linear ranges of the activity assay that was
determined by the release of inorganic phosphate detected by the photometric method[33]

with the absorption measured at 660 nm (SmartSpec Plus, Bio-Rad Laboratories, Inc.). The
inhibitory effects were illustrated by the percentage (%) of remaining ATPase activity as
compared to the controls in the absence of potential inhibitors. All assays were performed at
least in triplicate, and the results were presented as line graphs with standard error of the
mean.

In vitro protein translocation assay
Protein translocation assay was carried out as previously described using 35S-labeled
proOmpA as a marker.[34] The protease-resistant translocated proteins were analyzed by
SDS-PAGE, autoradiographed, and quantified by a densitometer (GS-800 Calibrated
Densitometer, Bio-Rad, Hercules, CA).

Molecular simulation of docking complexes
For simulating the binding profiles of DI, EB, RB and CJ-21058, their structures were
docked into the ATP site of EcSecA using the DOCK 6 program.[35] Residues within a
radius of 6 Å around the center of ATP were defined as the active site to construct a grid.
The active site included residues Gly80, Met81, Arg82, His83, Phe84, Gln87, Arg103,
Thr104, Gly105, Glu106, Gly107, Lys108, Thr109, Leu110, Arg138, Asp209, Glu210,
Arg509, and Gln578. The subsequent computational work was conducted as described
previously.[36] Briefly, the docked complexes were solvated by using the TIP3P water
model,[37] and then subjected to 500 steps of molecular mechanics minimization and
molecular dynamics simulations at 300 K for 1.5 ns using the SANDER module in the
AMBER 8 program.[38]
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Figure 1.
The chemical structures of DI, RB, EB, and CJ-21058.
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Figure 2. The inhibitory effect of RB and EB against different ATPases
ATPase activities of the catalytic domain of SecA (EcN68) and the F1F0-proton ATPase
were assayed with different concentrations of RB and EB. The inhibitory effects were
illustrated by the percentage (%) of remaining ATPase activity as compared to the controls
in the absence of inhibitors.
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Figure 3. The inhibitory effects of RB and EB against the SecA-dependent in vitro translocation
of proOmpA
The translocation of proOmpAprecursors into membrane vesicles was assayed in the
presence of RB and EB. The insert is the expanded presentation for RB. The inhibitory
effects were illustrated by the percentage (%) of translocated proteins as compared to the
controls in the absence of inhibitors. The results were presented as line graphs with standard
error of the mean.
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Figure 4. The bactericidal effect of RB on Gram-positive and Gram-negative bacteria
The bactericidal activities are illustrated by the number of surviving cells as CFU after one
hour treatment with various concentrations of inhibitors (gray bar) as compared to the
controls (white bar) in the absence of inhibitors.(A)Permeability leaky mutant E. coli
NR698; (B) B. subtilis 168.

Huang et al. Page 13

ChemMedChem. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. The docking conformations of DI, EB, RB and CJ-21058 at the EcSecA ATP-site
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Table 1

Screening of fluorescein analogs using EcN68 SecA ATPase

Chemical* IC50

Rose Bengal (RB) 0.5 µM

Erythrosin B (EB) 2 µM

Diiodofluorescein (DI) 30 µM

Eosin Y (EY) 25 µM

Dinitrofluorescein (DN) 50 µM

Sodium azide >10 mM

*
Fluorescein analogs were applied to the intrinsic ATPase assay of EcN68 as described in Materials and Methods.
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Table 2

IC50 of RB and EB* against different forms of ATPases of SecA

Inhibitor RB
(µM)

EB
(µM)ATPase

Intrinsic 25 21

EcSecA Membrane 5 12

Translocation 0.9 10

BsSecA Intrinsic 7 70

*
RB and EB were applied to the intrinsic, membrane, and translocation ATPase assays as described in the Material and Methods.
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Table 3

MIC† of fluorescein analogs on growth of microbes in plate assay

Bacteria
E. coli MC4100 E. coli NR698 B. subtilis 168

Chemical*

Rose Bengal (RB) >1 mM 3.1 µM 3.1 µM

Erythrosin B (EB) >10 mM 250–500 µM 250–500 µM

Diiodofluorescein (DI) >3 mM 200–500 µM 1 mM

Ecosin Y (EY) NA 1–2.5 mM 2.5 mM

Dinitrofluorescein (DN) NA 10–20 mM 10 mM

†
Minimal inhibition concentrations (MIC) were determined by the concentration of inhibitors showing a clear zone after overnight incubation as

compared to the surrounding area.

*
Fluorescein analogs were applied to the bacterial cells as described in Material and Methods.
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