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Abstract

Antimicrobials fight microorganisms, preventing and treating infectious diseases. However, antimicrobial resistance (AMR)
is a growing concern due to the inappropriate and excessive use of these drugs. Several mechanisms can lead to resistance,
including efflux pumps such as the NorA pump in Staphylococcus aureus, which reduces the effectiveness of fluoroquinolo-
nes. Thiadiazines are heterocyclic compounds whose chemical structure resembles that of cephalosporins. Therefore, these
compounds and their derivatives have been studied for their potential in combating increased bacterial resistance. To analyze
this hypothesis, direct activity assays, antibiotic action-modifying activity, fluorescence assays to evaluate the retention of
ethidium bromide inside bacteria, and molecular docking were carried out. These experiments involved serial dilutions in
microplates against Staphylococcus aureus strain 1199B under the influence of six thiadiazine derivatives (IJ10, IJ11, J21,
1J22, 1J23, and 1J25). The tests revealed that, despite not showing effective direct activity, some thiadiazine derivatives (IJ11,
1J21, and 1J22) inhibited the function of the bromide pump both in microdilution tests and in fluorescence and docking assays.
Particularly, the IJ11 compound stood out for its activity similar to efflux inhibitors, as well as its inhibition of the norfloxacin
pump of this bacterium. Among the results of this study, it deserves to be highlighted for anchoring future experiments, as
it represents the first investigation of this group of thiadiazine derivatives against the NorA pump.
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Introduction

Antimicrobials are therapeutic agents of natural or syn-
thetic origin that act on different types of microorganisms,
inhibiting their growth and preventing their dissemination,
thus contributing to the prevention and treatment of a wide
variety of infectious diseases. They can be used prophylac-
tically or therapeutically, representing a pharmacological
advancement of great importance to society [10].

Antimicrobial resistance (AMR) is one of the 10 causes
of global public health and development threats. Accord-
ing to the WHO, one of the causes of the increase in this
adaptive selectivity of resistant pathogens is the improper
and excessive use of antimicrobials. AMR occurs when
bacteria, viruses, and fungi no longer respond to certain
drugs at certain concentrations previously sufficient to
control them. Therefore, several antibiotics from different
classes that are present on the market have become obso-
lete against different types of infections [6, 11].

Bacterial resistance is a complex and comprehensive
phenomenon that affects a variety of pathogenic bacteria.
One of the most notable is methicillin-resistant Staphylo-
coccus aureus (MRSA); this strain has developed resist-
ance to a wide range of beta-lactam antibiotics, including
methicillin and other penicillins. This makes MRSA infec-
tions more difficult to treat and potentially more severe.
This example highlights the importance of bacterial resist-
ance and the need for comprehensive measures to prevent
and control its development and spread. Proper use of anti-
microbials, infection control, research into new therapeutic
agents, and prevention strategies are crucial in the fight
against bacterial resistance [15, 21, 26].

There are several mechanisms by which bacteria can
develop resistance to antibiotics. Some of the main mech-
anisms of bacterial resistance include 1. Production of
enzymes that inactivate the antibiotic; 2. Alteration of the
antibiotic’s target; 3. Modification or reduction of bacte-
rial membrane permeability; 4. Acquisition of resistance
genes by horizontal transfer; 5. Formation of biofilms; and
6. Efflux pump [3, 7, 23].

Bacterial resistance through efflux pumps is an impor-
tant mechanism by which bacteria can protect themselves
from the effects of antibiotics. Efflux pumps are transport
proteins present in the bacterial membrane that act as
active transport pumps, removing antibiotics from inside
the bacterial cell before they can exert their antimicrobial
action [3, 14].

The NorA efflux pump is a resistance mechanism pre-
sent in Staphylococcus aureus, specifically giving it resist-
ance to fluoroquinolones, a class of antibiotics widely used
in the treatment of bacterial infections. This efflux pump
is encoded by a gene called norA, located on the bacterial
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chromosome of S. aureus. Its expression can be regulated
by several factors, including previous exposure to fluo-
roquinolones. Through the proton motive force and the
antiport mechanism, the pump facilitates the influx of H*
ions and efficiently transports fluoroquinolones out of the
cell, reducing their antimicrobial action [1, 13, 27].

Among the compounds capable of exhibiting antimicro-
bial and pharmacological activities, thiadiazines are a prom-
ising class of organic compounds that have a heterocyclic
ring containing two nitrogen atoms and one sulfur atom.
These compounds are known for their chemical reactivity
and for presenting interesting biologic and pharmacological
activities, in addition to demonstrating good results against a
multidrug-resistant Staphylococcus aureus strain in a previ-
ous study [8].

Methodology
Acquisition of the Isolated Substances

The substances used in the present study were synthesized
according to Aratjo et al. [8], and details of this procedure
can be found in the article. The substances are being reused
to continue research in this line of compounds, as they were
previously tested against multi-resistant strains.

Bacterial Strains

An isolated strain of Staphylococcus aureus 1199B isolate
was provided by the University of London. The strain was
cultured on Brain Heart Infusion Agar (BHI) at 37 °C for
24 h before the assays. After this period, a portion of the cul-
ture was transferred from the solid medium to test tubes con-
taining sterile saline solution, and the density was evaluated
using a value of 0.5 on the McFarland scale, corresponding
to 10% colony-forming units (CFU).

Dilution of Substances for Microdilution Assays

Initially, 10 mg of norfloxacin, chlorpromazine and each of
the 6 thiadiazine derivatives were weighed and stored in
microtubes, which were later diluted in 0.5 mL of DMSO.
Then, the resulting solution from this first dilution was trans-
ferred to a 15-mL conical tube and an additional 9.265 mL
of sterile distilled water was added, totaling 9.765 mL of
solution with a concentration of 1024 pug/mL.

Ethidium bromide and carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP) were diluted to achieve the same con-
centration as the previous substances. For the dilution of
ethidium bromide, only distilled water was used. For CCCP,
solution A was prepared using 5 mL of methanol and 5 mL
of distilled water; then, 10 mg of CCCP was weighed; and
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9.765 mL of solution A was used to finish this dilution.
These substances were purchased from Sigma-Aldrich [25].

Preparation of Bacterial Inoculum for Microdilution
Assays

The bacterial strains were cultured on Heart Infusion Agar
(HIA) plates and incubated in an oven at 37 °C to allow
growth for 24 h before the experiment. After this period,
a sample of bacteria was diluted in triplicate in test tubes
containing sterile saline solution. The turbidity of the solu-
tion was adjusted to match that of the control, which had a
reading of 0.5 on the McFarland scale.

Determination of Minimum Inhibitory
Concentration (MIC)

Microtubes were prepared in groups of three for each type of
bacterium. Each microtube contained 900 pL of a 10% BHI
liquid solution and 100 pL of inoculum, representing 10%
of the total solution for the MIC experiment. Then, 100 pL
of the final inoculum solution was added to each well of
a 96-well plate. A serial microdilution was performed in
columns, using a solution of 100 pL of the substances, with
concentrations ranging from 512 pg/mL in the first well to
8 pg/mL in the last well; the last well is not microdiluted as
it serves as the growth control. The plates were incubated
at a temperature of 35 +2 °C for 24 h. After this period, an
indicator solution with a concentration of 20 pg/mL was
added to each well, and the plates were kept at room tem-
perature for one hour. After this period, the test was read by
observing the colors of the culture medium. Wells that did
not show microbial growth were considered positive, retain-
ing a blue color, while those that showed a red color were
considered negative.

Modifying Activity of Antibiotic Action

The bacterial inoculum was prepared in BHI medium fol-
lowing the procedure described above. The thiadiazines
were added at a concentration equivalent to MIC8 value
(eighth of the minimum inhibitory concentration) to evalu-
ate their ability to modulate the induced efflux pump in the
presence of other drugs [5, 25].

In a 96-well plate, the wells were filled with 100 pL of
inoculum and only BHI in the control wells. In the test wells,
the thiadiazine derivatives were added to the medium. Then,
ethidium bromide or norfloxacin was added and microdi-
luted at concentrations ranging from 512 to 0.5 pg/mL. The
positive control was performed using CCCP and CPZ, which
were added to the wells in a similar manner to the products.
The experimental controls and MIC values for each com-
pound were set as described earlier.

Evaluation of Efflux Protein Inhibition Through
Fluorescence Quantification

Staphylococcus aureus 1199B strain, previously cultured in
Brain Heart Infusion Agar (BHI) medium for 24 h before the
experiment, was used. Bacterial cultivation was maintained
in a bacteriological incubator at a temperature of 37 ‘C. The
inoculum was prepared in phosphate-buffered saline (PBS)
until reaching a count of 1.5x 10® colony-forming units,
according to the 0.5 McFarland scale.

IJ variants of thiadiazine analogs that showed the best
results in the microdilution test were selected. A solution
containing the inoculum and thiadiazine derivatives was
prepared in microtubes, with a concentration of 50 ug/mL
for the test. A CCCP solution at 50 ug/mL was used as a
positive control. After the addition of the inoculum and the
substance, PBS was added until reaching a final volume of
1 mL. The solutions were incubated and then ethidium bro-
mide was added at a concentration of 100 ug/mL to all solu-
tions except the growth control. After 1 h, the solutions were
centrifuged at 10,000 rpm for 2 min and washed with PBS
twice, with each wash followed by centrifugation. The read-
ing was performed using a BioTek® Cytation 1 microplate
fluorescence reader and Gen5™ Software, with excitation
at 530 nm and emission at 590 nm. Readings were taken
at 10-min intervals, totaling 1 h and 10 min after washing.
The following groups were read: Growth control (without
EtBr). Negative control composed of inoculum with EtBr.
Inoculum with EtBr and CCCP as positive control. Test con-
taining inoculum, EtBr, and thiadiazine derivatives at 50 pug/
mL [2, 20].

Molecular Docking

The amino acid sequence of the NorA transporter from S.
aureus (UniProt ID: POAOJ7) was inputted into SWISS-
MODEL [28], which identified 7LO8 (Protein Data Bank
ID) as the best template and generated the model used in
the analyses. The thiadiazine analogous molecules were
designed in MarvinSketch (Chemaxon®©), and energy mini-
mization was performed using Open Babel 2.4.1, employing
the Merck Molecular Force Field (MMFF94).

Gasteiger partial charges and hydrogen atoms (non-polar
mixing) were added to the NorA model and the ligands using
AutoDock Tools software [19]. Flexibility was also added
to the ligands and the 11 key residues of NorA reported by
Brawley et al. [4]. The docking was conducted using the
tools of AutoDock software version 4.2.6, employing the
same parameters as the study by Martin et al. [17], with a
30 Ax30 Ax30 A grid box centered on the macromolecule.
The determination of the best conformation for each ligand
was based on the lowest binding energies.
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Statistical Analysis

Results were expressed as geometric mean + standard devia-
tion, statistically evaluated using one-way ANOVA followed
by Bonferroni’s post-test using GraphPad Prism software
version 9.0. Differences were considered significant when
p<0.05.

Results

Five compounds were synthesized using the 1J25 structure
as a model. To enhance bioactive performance, various ions
were introduced into different regions of the base structure.
The resulting compounds are depicted in Fig. 1. The cor-
responding chromatogram is provided in Supplementary
Material 1.

In the MIC assays, the compounds were tested directly
against the strain carrying the NorA efflux pump, result-
ing in a value of 1024 pg/mL, and for 1J 22 and 1J23, the
values were equal to 128 pg/mL. These concentrations are
not considered clinically relevant, as the concentration of
substance required for this inhibition would be unfeasible
for the volume of human blood [12].

Figure 2 presents the results obtained by the asso-
ciation of ethidium bromide, thiadiazines, and the con-
trol substances CCCP and CPZ. Among the thiadiazine
derivatives tested, the compound 1J25 had no effect on

Fig. 1 Molecular structure of
1J25 and its derivatives. a Struc-
ture of 1J25. b Structure of 1J10.
¢ Structure of 1J11. d Structure
of IJ21. e Structure of 1J22. f
Structure of 1J23
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inhibiting the efflux pump but somehow increased its
activity, increasing bromide efflux through the NorA
pump. The compound 1J23 had a similar action to iso-
lated ethidium bromide, thus not altering the functioning
of the pump. However, the other compounds managed
to interfere with the efflux mechanism, thus reducing
the amount of EtBr necessary for the bactericidal effect,
mainly the compound [J22, which had a similar action to
CCCP, an efflux pump inhibitor, but toxic, different from
the compound 1J22.

Tests associated with the antibiotic norfloxacin (Fig. 3)
showed only 3 compounds that managed to reduce the con-
centration of the antibiotic necessary to inhibit bacterial
growth; these were 1J11, 1J21 and 1J22. The compound 1J25
again potentiated the pump effect by increasing norfloxacin
efflux, an effect also played by 1J23. The compound 1J10
acted similarly to CCCP and norfloxacin alone.

When evaluating fluorescence emission, it was observed
that all thiadiazine derivatives, except compound [J25,
increased fluorescence compared to the negative control
(inoculum and EtBr) (Fig. 4). A significant result was also
observed for the pump inhibitor, CCCP, indicating reproduc-
ibility of the experiment.

Molecular docking analysis shows that compound 1J11
had the lowest binding energy of — 7.77 kcal/mol, inhibi-
tion constant of 2.03 uM, and ligand efficiency of — 0.55,
followed by compounds 1J10, 1J22, 1J21, 1J23, and 1J25
(Table 1). The affinity for the NorA efflux pump, including
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5-(3,4-dichlorophenyl)-6H-1,3,4-thiadiazin-2-amine
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Fig.2 Ethidium bromide micro-
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Fig. 3 Norfloxacin microdilu-
tion and association of the
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significance was determined by one-way ANOVA and Bonferroni post hoc test.
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“xEFE” < 0.0001 indicates significant differences between groups. Statistical
significance was determined by one-way ANOVA and Bonferroni post hoc test.

the notion of effective compounds, corroborates the results
of the previous sections, which associate thiadiazine deriva-
tives with the inhibition of the efflux system. The values
corresponding to CCCP are similar to those of thiadiazine
derivatives. The results for norfloxacin and ethidium bro-
mide are also presented.

With the lowest binding energy among the thiadiazine
derivatives, the compound I1J11 established three main
classes of interactions with the NorA model, namely hydro-
gen bonds, hydrophobic interactions, and Van der Waals
forces, distributed as follows: Arg310, Asn340, and Glu222
residues (hydrogen bonds), Thr336 (n-sigma), Ile136 (alkyl),
Phe140 (n-alkyl), Phel6 (n—r T-shaped and =-alkyl), and
Asnl137, GIn51, Leu218, Metl109, and Ser337 (Van der
Waals) (Fig. 5).

As shown in the results of the association with norfloxa-
cin (Fig. 3), the compound 1J11 reduced the MIC of the
antibiotic, unlike CCCP (the most effective inhibitor in other
in vitro assays), which had no effect. From the analysis of
norfloxacin interactions with NorA (Fig. 6A), also grouped
into hydrogen bonds, hydrophobic interactions, and Van der
Waals interactions, it can be observed that residues Arg310,
Asnl137, Asn340, GIn51, Glu222, Ile136, Met109, Phel6,
Phe 140, and Thr336 constitute the binding sites of the anti-
biotic and compound 1J11.

CCCP performed m-anion (Asp307 and Glu222), n-alkyl
(Phe303 and Tyr225), and Van der Waals interactions
(Asn137, l1e244 and Phe140) and hydrogen bonds (Arg310)
with the transporter (Fig. 6B), having less commonalities
with the location of norfloxacin compared to the best in sil-
ico thiadiazine derivative. Evaluating the level of similarity
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Fig.4 Inhibition of the efflux
pump through detection of
fluorescence emitted by eth-
idium bromide against S. aureus
1199B strain. “*#***”P <(0.0001
indicates significant differences
between groups. Statistical
significance was determined by
one-way ANOVA and Bonfer-
roni post hoc test

Relative fluorescence units (RFU)

S. aureus 1199B
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“xEkEE? < 0.0001 indicates significant differences between groups. Statistical
significance was determined by one-way ANOVA and Bonferroni posthoc test.

Table 1 Values obtained through docking with the NorA efflux pump
model

Compounds Binding Inhibition Ligand Efficiency*
Energy (Kcal/ Constant
mol) (uM)
1710 - 6.83 9.87 —-0.49
11 =777 2.03 - 0.55
121 -6.33 22.72 - 045
1722 - 645 18.69 —-043
1323 -5.71 65.74 —-0.38
1125 —4.81 296.13 -0.37
CCCP — 743 3.55 - 0.53
Norfloxacin —7.96 1.46 -0.35
Ethidium bromide — 6.80 10.44 —-0.28

*The ligand efficiency is the result of dividing the binding energy by
the number of heavy atoms in the respective molecules

of inhibitor and substrate binding sites as an important fac-
tor for efflux pump inhibition, these differences observed in
docking constitute the main explanation for the mentioned
in vitro results.
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Discussion

Ethidium bromide is a toxic and fluorescent substance that
intercalates with DNA. In bacteria that carry efflux pump
genes in their genome, bromide is expelled from the bacte-
ria only by the pump and cannot be metabolized or attenu-
ated. Microdilution assays using EtBr aim to evaluate the
functionality of the bacterial pump. A lower value observed
in the interaction between EtBr and thiadiazines indicates
that these substances inhibited the efflux pump and ethidium
bromide remained inside the bacterial cell, leading to cell
death [28].

The compound 1J25 enhanced the efflux pump effect
against both bromide and the antibiotic, showed no signifi-
cant effect on ethidium bromide retention and had the lowest
binding energy detected in the in silico assay. These results
underscore the importance of the chemical variations intro-
duced during synthesis, indicating that the ions added to the
other substances improve the biologic activities of thiadia-
zine derivatives against the NorA pump [18].

The fluorescence control group is essential to show
that the isolated bacteria do not emit fluorescence. Thus,
all detected fluorescence is due to the accumulation of
EtBr. This compound emits fluorescence when bound to
genetic material. Inhibition of efflux pumps increases the



Assessment In vitro and In silico of the Activity of Thiadiazines as NorA Efflux Pump Inhibitors Page70f9 325
LEU
B a2is A1
MET
A:109
GLU
A:222

Interactions

[] van der Waas B #PiT-shaped
I Conventional Kydrogen Bond [ A
B Fisigms [ pram
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A

Interactions

[Z] van der waals

B conventional Hydrogen Bond
[] carbon Hydrogen Bond

B
TYR
3 PHE ILE
R~ - K308 A:244
GLU
AP?EO A:222
Interactions
[] van der waals I Pi-Anion
[ conventional Hydrogen Bond [] Piralkyl

Fig. 6 Interaction maps performed by norfloxacin (a) and CCCP (b) with NorA

intracellular concentration of EtBr, increasing the level of
fluorescence detected during reading. The increase in fluo-
rescence emission in groups treated with IJ derivatives indi-
cates that NorA efflux pumps were possibly inhibited [17].

In the study by Waterhouse et al. [28], thiazole com-
pounds were used against two strains carrying the norA
gene, namely strains 1199 (wild type) and 1199B (mutant).
Even carrying the gene, there is a difference in pump expres-
sion between the two strains, with the mutant strain over-
expressing this efflux protein, developing even more resist-
ance compared to strain 1199. Further tests were performed
using 1,2,3-triazole and ciprofloxacin as efflux antibiotics,
and the authors used NorA bacteria and found a probable
inhibition of efflux [8]. The results evidenced by the authors

corroborate those found in the present study, where most of
the compounds used potentiated the efflux of antibiotics.

Martin et al. [17] conducted fluorescence assays with eth-
idium bromide against Staphylococcus aureus strain 1199B,
where they found that the coumarins used in the experiments
were able to decrease efflux pump expression, causing bro-
mide to accumulate inside the bacteria, leading to cell death.
Freitas et al. [9] used the synthetic compound limonene,
an oxygenated monoterpene found in citrus plant essential
oils, against another bacterium carrying a fluoroquinolone
pump and managed to inhibit the pump, promoting EtBr
accumulation.

Related to docking with thiadiazine derivatives, Stephen
et al. [24] reported that residues identified in our study,
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such as Arg310, Asn340, GIn51, and Phe140, are consist-
ent in silico analyses of compounds from different classes
that showed inhibitory effects on bacterial transporters.
Additionally, Majumder et al. [16] analyses indicated that
acidic residues of another member of the Major Facilitator
Superfamily (MFS) act both in substrate recognition and
proton-coupled transport, which highlights the importance
of the hydrogen bonding performed by 1J11 with the residue
Glu222.

Based on the location in the NorA cavity, we hypoth-
esized that the effect of compound IJ11 on norfloxacin efflux
was due to the similarity of the potential inhibitor binding
site to the antibiotic binding site. This preliminary conclu-
sion is supported by Waterhouse et al. [28] and Siqueira
et al. [22], whose molecular docking assays elucidated that
compound with more significant in vitro activities against
S. aureus 1199B interacted with NorA in regions similar to
the substrates tested.

Conclusion

The results presented in this study demonstrate the inhibi-
tory potential of thiadiazine derivatives against the NorA
efflux pump carried by the bacteria Staphylococcus aureus.
Although some of these compounds did not show inhibitory
activity, others, such as compounds 1J11 and [J22, demon-
strated this potential in all tests performed. However, it is
worth highlighting the novelty of using these compounds
against this strain; therefore, more experiments need to be
carried out to clarify how this mechanism is affected and
to continue the use of these compounds as a future hope in
combating bacterial resistance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-024-03836-0.
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