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a b s t r a c t

Curcumin, along with its derivatives, form a large class of natural and synthetic compounds with notable
biological activity. However, their highly reactive b-diketone moiety renders this type of compounds
unstable at pH above 6.5. The substitution of this group for a mono-carbonyl solves this problem, while
improving antibacterial and anti-inflammatory activities. A thiophene curcuminoid, (1E,4E)-1,5-
Di(thiophen-2-yl)penta-1,4-dien-3-one (DB Thiophene), has been synthesised and its molecular and
spectroscopic characterization is reported, as well as a complete vibrational assignment. An efflux pump
inhibition assay determined that DB Thiophene exhibits a remarkable NorA and MepA efflux pump in-
hibition activity. Molecular docking studies were carried out in order to understand this inhibition
mechanism.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Curcumin is a polyphenol (Scheme 1) and an active principle of
the Curcuma longa herb, also known as turmeric. Its derivatives,
called curcuminoids, form a large class of natural and synthetic
compounds with notable biological activity [1]. Curcumin interacts
with numerous targets, such as transcription and growth factors
and their receptors, as well as genes that regulate cell proliferation
and apoptosis [2]. It has thus been widely used as a chemo-
preventive agent [2] and it is a prime candidate for cancer
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treatment. In fact, it can suppress the tumorigenic activity of a
variety of carcinogens in the colon, duodenum, oesophagus,
stomach, breast, and prostate. Curcumin and its derivatives are also
known to suppress the growth of bacteria of several genera, such as
Streptococcus, Staphylococcus, Lactobacillus and Helicobacter [3].
Additionally, it exhibits antiviral activity, including anti-HIV
through inhibition of the HIV-1 integrase, an enzyme needed for
viral replication [4].

The potential of curcumin is only hampered by its poor
bioavailability and pharmacokinetic profile, as its highly reactive
diketone moiety makes it unstable in vitro at pH above 6.5 [5].
Several studies have focused on finding synthetic derivatives with
improved pharmacokinetic profiles [6,7] by substitution of the b-
diketone moiety for a mono-carbonyl one. It has been shown that
this substitution not only improves stability, but also leads to a
better antibacterial and anti-inflammatory activities [8,9]. Likewise,
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Scheme 1. DB Thiophene structure and atom numbering along with Curcumin structure.
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modifications of the aromatic rings substitution also seems to
improve the biological activity of curcumin derivatives [10].

The use of new substances in the fight against bacterial in-
fections is often accompanied by increased resistance of these or-
ganisms. There are several mechanisms of resistance to antibiotics,
one of them being known as efflux pump. This active efflux is able
to extrude different compounds from the cell and is therefore seen
as a key element in antimicrobial resistance. Currently, more than
ten multidrug efflux pump types have been identified for S. aureus
[11], namely NorA and MepA.

NorA is a fluoroquinolone-resistant efflux pump that expels a set
of different antibiotics and other substances, such as norfloxacin,
ciprofloxacin, ethidium bromide and quaternary ammonium com-
pounds [12e14]. MepA belongs to the multidrug and toxin extru-
sion (MATE) efflux pump family. First described by Kaatz et al. [15],
it is also found in S. aureus mutant strains. Inhibition of the efflux
pumps can be achieved by reducing the pump gene expression,
interrupting pump assembly, reducing substrate binding by
competitive or non-competitive means and disrupting the pump’s
required energy source. Compounds that are capable of performing
such inhibition are called efflux pump inhibitors (EPI) [16].

Since chalcone derivatives with a heterocyclic thiophene ring
have an increased antibacterial activity [17], a mono-carbonyl
curcumin derivative with thiophene instead the usual aromatic
rings was synthesised - the (1E,4E)-1,5-Di(thiophen-2-yl)penta-
1,4-dien-3-one, henceforth denominated DB thiophene (Scheme 1).
This curcuminoid was fully characterised by NMR, Raman and IR
spectroscopies, with a complete assignment of bands based on
frequency calculations using the DFT approach. In order to test the
ability of DB thiophene as an EPI, inhibition tests focused on
S. aureus strains were performed. The inhibition mechanism of the
NorA efflux pumpwas then studied bymeans of molecular docking
using a NorA protein homolog model.
2. Materials and methods

2.1. Materials

Potassium hydroxide was purchased from Dinâmica Química
Contemporânea Ltd. (Indaiatuba, Brazil). Ethanol and acetone were
obtained from Vetec Química Fina Ltd (Duque de Caxias, Brazil).
Chlorpromazine (CPZ), ciprofloxacin, norfloxacin, carbonyl cyanide
m-chlorophenylhydrazone (CCCP), thiophene-2-carbaldehyde and
Scheme 2. DB Thiophene
ethidium bromide (EtBr) were acquired from Sigma Aldrich Brasil
Ltd. (S~ao Paulo, Brazil). Brain heart infusion (BHI) was purchased
from KASVI company (S~ao Jos�e do Pinhais, Brazil).
2.2. Synthesis

The (1E,4E)-1,5-Di(thiophen-2-yl)penta-1,4-dien-3-one was
synthesised by the Claisen�Schmidt condensation method [18,19],
with thiophene-2-carbaldehyde instead of benzaldehyde. In an
Erlenmeyer flask containing 50 mL of KOH 10% (m/v) and 40 mL of
ethanol, 7 mL of thiophene-2-carbaldehyde:acetone (5:2) was
slowly added, under agitation, and the temperature was kept at
0 �C. After 30 min, the mixture was filtered: a precipitate was ob-
tained and washed with small portions of distilled water. The
compound was redissolved in hot ethanol, filtered and allowed to
cool in an ice bath. The formed crystals were washed with cold
ethanol and dried at room temperature. Scheme 2 shows the DB
Thiophene synthesis reaction.

(1H NMR (CDCl3, 500 MHz): d ¼ 7.48 (2H, d, J ¼ 5.1 Hz, H21,
H25), 7.15 (2H, m, H22, H26), 7.40 (2H,d, J ¼ 3.6 Hz, H23,H24), 6.89
(2H, d, J¼ 15.6 Hz, H17, H18), 7.92 (2H, d, J¼ 15.6 Hz, H19, H20) 13C
NMR (CDCl3, 125 MHz): d ¼ 140.3 (CH, C7, C8), 128.4 (CH, C10, C15),
128.8 (C11, C16), 135.6 (CH, C12C14), 124.4 (CH, C3, C4), 131.8 (CH,
C5, C6), 187.7 (C, C1)); EIMS m/z (Mþ. 246), calcd for: C13H10OS2/
246.
2.3. Vibrational spectroscopy

The Raman spectrumwas recorded using compacted powder in
the sample holder of a Bruker RAM II FT-Raman module, equipped
with a liquid nitrogen cooled high-sensitivity Ge detector, and
coupled to a Bruker Optics VERTEX 70v FTIR spectrometer. The
1064 nm line of a Nd:YAG laser was used as the excitation radiation,
with a nominal laser power of 150 mW. The spectrumwas the sum
of 60 scans, at a typical resolution of ca. 4 cm�1.

The FTIR-ATR spectrum was measured at room temperature
using a spectrometer Bruker Vertex 70v equipped with a RT-
DLaTGS (Deuterated Lanthanum a-Alanine doped TriGlycine Sul-
phate) detector and a Wide Range MIR-FIR. The spectra were
recorded in the region 130 to 4000 cm�1 with a resolution of
2 cm�1 and accumulating 32 scans per spectrum. A
BlackmaneHarris three-term apodization function and the Mertz
search phase correction algorithm were used.
synthesis reaction.
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2.4. NMR and GC-MS

The chemical reagents were from Sigma-Aldrich. 1H and 13C
NMR spectra were obtained using a Bruker Spectrometer, model
Avance DPX - 300 and model Avance DRX-500 operating at a fre-
quency of 300 MHz and 500 MHz for hydrogen, 75 MHz and
125 MHz for carbon respectively. The spectra were measured in
CDCl3 solvents at 27 �C and chemical shifts are reported as d values
in parts per million (ppm) relative to tetramethylsilane (d 0.00) as
the internal standard. The mass spectra were obtained with a Shi-
madzu QP201 GC-MS (Gas Chromatography coupled to Mass
Spectrometry) using RTX-5MS capillary column (30.0 m� 0.25 mm
x 0.30 mm) for compounds within the literature record.

2.5. Computational details

Density Functional Theory (DFT) calculations [20] were per-
formed using the Gaussian 09 program [21]. Initial coordinates
were generated according to the NMR results. The B3LYP exchange-
correlation functional [22] was applied, combined with the 6-31G*
basis set. All geometries were fully optimised within the Berny al-
gorithm, using redundant internal coordinates and considering the
Gaussian default convergence criteria. Vibrational wavenumber
calculations were carried out for the optimised geometries, at the
same theory level, to verify convergence to a real minimumwithin
the potential energy surface (no negative eigenvalues) and to assist
in the vibrational mode description.

For an accurate comparison between the calculated and exper-
imental vibrational wavenumbers, the former were corrected for
anharmonicity and incomplete electron correlation treatment, us-
ing the scaling factors of 0.960 [23] and 0.942 for predicted values
below and above 2000 cm�1, respectively. Vibrational modes were
analysed, in terms of their Potential Energy Distribution (PED),
using the VEDA [24] program with default optimisation options.

2.6. Evaluation of efflux pump inhibition by MIC reduction

The evaluation of the efflux pump inhibition was performed
according to Tintino et al. [12]. The two strains of S. aureus used
were: SA-1199 B, which overexpresses the NorA gene encoding the
NorA efflux protein and the multi-drug resistant (MDR) mutant
strain SA-K2068 which presents the MepA efflux pump. The strains
were maintained on blood agar base slants and, prior to use, the
cells were grown overnight at 37 �C in Heart Infusion Agar slants.

Chlorpromazine (CPZ), carbonyl cyanide m-chlorophenylhy-
drazone (CCCP) and ethidium bromide (EtBr) were used for this
essay. Norfloxacin and Ciprofloxacin were the antibiotics used for
NorA and MepA efflux inhibition respectively. The antibiotics and
DB Thiophene were dissolved in dimethyl sulfoxide aqueous solu-
tion (5.1%, v/v). The CPZ and EtBr were dissolved in sterile water
and CCCP in methanol/water (1:1, v/v). All the compounds were
stored at �20 �C, at a final concentration of 4162.60 mM for DB
Thiophene, 5004.50 mM for CCCP, 3211.44 mM for CPZ, 2597.00 mM
for EtBr, 3206.71 mM for norfloxacin and 3090.48 mM for
ciprofloxacin.

The Minimal Inhibitory Concentration (MIC) is defined as the
lowest concentration inwhich no growth can be observed [25]. The
MIC’s of CPZ, CCCP, EtBr and DB Thiophene were obtained in a
microdilution assay using 150 mL of each strain suspended in saline
solution, corresponding to a final concentration of 105 colony-
forming units/mL, followed by addition of 1350 mL of brain heart
infusion (BHI) broth. Aliquots of 100 mL were transferred to a 96-
well multiplate with two-fold serial dilutions by adding 100 mL of
each compound solutions with final concentrations ranging from
2.03 to 2081.00 mM for DB Thiophene, 2.44e2502.25 mM for CCCP,
1.57e1605.72 mM for CPZ and 1.27e1298.50 mM for EtBr. The trays
were incubated at 37 �C for 24 h and bacterial growth was revealed
by staining with resazurin.

In order to evaluate the potential inhibition of the efflux pump
by DB Thiophene, a comparative study was made assessing its
ability to decrease the MIC antibiotics and EtBr (substrate for MDR
pumps including NorA [11,13,26,27] and MepA [15,28]), by
comparing with CPZ and CCCP which are standard EPI’s [29e32].
Eppendorf’s were prepared with the EPI’s and DB Thiophene at a
sub-inhibitory concentration (MIC/8), which corresponds to
520.32 mM for DB Thiophene, 625.56 mM for CCCP and 401.43 mM
for CPZ. Then 100 mL of the Eppendorf’s content were transferred to
a 96-well microtiter tray with two-fold serial dilution by adding
100 mL of antibiotics and EtBr with a final concentration ranging
from 1.27 to 1298.50 mM for EtBr, 1.56e1603.36 mM for norfloxacin
and 1.50e1545.24 mM for ciprofloxacin. The trays were incubated
for 24 h at 37 �C and bacterial growth was revealed by staining with
resazurin.

2.7. Statistical analysis of the microbiological results

Antibacterial assays were performed in triplicate and results
were expressed as an average of the replicates. The results of the
tests are expressed as the geometric mean. Statistical hypothesis
analysis was applied using a Two-Way ANOVA followed by the
Bonferroni post hoc test (using the GraphPad Prism 5.0 [33]
software).

2.8. Docking

The NorA sequence of S. aureus 1199 strain (Entry Q03325) was
retrieved from the Universal Protein Resource database (Uniprot).
The web-based SWISS-MODEL [34] service was used to build a
homology model of NorA. The HHblits-based automated mode was
used, resulting in 50 different templates, the best one being based
on the structure of the E. coli YajR transporter (PDB-ID: 3wdo).

The grid box for the docking procedure was defined as an
80Åx80Åx80 Å box around the geometrical center of the NorA
model. Partial Gasteiger charges were added to ligand atoms while
non-polar hydrogen atoms were mixed and rotational bonds
determined. Docking studies were carried out using the Lamarckian
genetic algorithm in Autodock 4.0 [35]. All other parameters were
kept at their default values. The ten best results were chosen by
least binding energy.

3. Results and discussion

3.1. Structural and conformational analysis

Fig.1a and b and displays the 1H NMR and 13C NMR spectra of DB
Thiophene, respectively. The NMR profile (Fig. 1a) shows two
doublets, one at 6.89 ppm, assigned to H17 and H18 (J ¼ 15.6 Hz),
and another at 7.92 ppm, due to H19 and H20 (J ¼ 15.6 Hz). Their
coupling constants confirm the stereochemistry E of the double
bond. The signals at 7.48 (d, J ¼ 5.1 Hz), 7.40 (d, J ¼ 3.6 Hz) and
7.15 ppm (m) are ascribed to the hydrogens of the thiophene ring. In
the 13C spectra the signal from the unsaturated carbonyl is at
187.7 ppm, while the ketone peak is seen at 203.8 ppm. However,
the presence of unsaturation causes a shift of the latter to high field.
The charge delocalisation is either caused by the aromatic ring
(thiophene) or by the double bond, rendering the carbonylic carbon
less electron deficient. The olefinic carbons C3 and C4 are observed
at 124.4 ppm, while C5 and C6 appear at 131.8 ppm. The carbon
atoms belonging to the thiophene rings are at 140.3, 135.6, 128.8
and 128.4 ppm. The chromatogram (Fig. S1) confirms the presence
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Fig. 1. (a) 1 H NMR Spectrum of DB thiophene (b) 13 C NMR Spectrum of DB Thiophene.

Fig. 2. Representation of the three conformers of DB thiophene.
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of only one compound, thereby indicating the analytical purity of
chalcone. ESIMS and a proposed fragmentation scheme are pro-
vided as supplementary material as Fig. S2 and Scheme S1,
respectively.

Rotations around the single bonds of the enone groups lead to
three possible conformational isomers, namely: cis-cis, cis-trans
and trans-trans isomers, henceforth denominated C0, C1 and C2,
respectively (Fig. 2). DFT calculations performed on the isolated
molecule show that the trans-trans conformation, i.e. the C2
conformer, is the preferred geometry (at least in vacuum). The
calculated SCF (self-consistent field method) energies for the C0
and C1 isomers are 10.0 and 5.0 kJ/mol higher, respectively. This is
consistent with the crystal structure reported by Murugavel et al.
[36], in which the asymmetric unit of the compound was found to
be in trans-trans conformation.

3.2. Vibrational analysis

The DB thiophene molecule contains 26 atoms, yielding 72
vibrational modes. The Raman and IR spectra of the compound, as
well as the calculated spectra for the considered conformers are
shown in Fig. 3a and b. Comparison of spectra for wavenumbers
higher than 2000 cm�1 are given in Figs. S3 and S4 (Supplementary
information).

The calculated Raman profile of C1 is the one which matches
more closely the experimental data, although the three conformers
of the compound exhibit almost the same modes at roughly the
same frequencies, within 10 cm�1 of each other, which hardly af-
fects the overall assignment. These differences will be discussed



Fig. 3. Raman (a) and IR (b) spectra of DB thiophene.

Table 1
Observed (Raman and Infrared) and calculated vibrational wavenumbers (cm�1) for
Thiophene (C1).

uIR uRaman uCalc Assignment

3088 3088 3081 n(CH)ring
3071 3074 3079 n(CH)ring
3044 3047 n(CH)ring
3013 3012 3034 n(CH)ring

2990 2900 n(CH)enone
1662 1658 1673 n(OC)enone þ n(CC)enone
1602 1604 1599 n(CC)enone
1562 1567 1573 n(OC)enone þ n(CC)enone
1512 1512 1517 n(CC)ring þ d(HCC)ring

1425 1426 n(CC)ring þ d(HCC)ring
1419 1420 1417 n(CC)ring þ d(HCC)ring
1376 1376 1355 n(CC)ring þ d(HCS)ring þ d(HCC)ring
1359 1359 1351 n(CC)ring þ d(HCS)ring
1319 1307 n(CC)enone þ d(HCC)enone
1307 1309 1299 n(CC)enone þ d(HCC)enone
1270 1271 1258 d(HCC)enone þ d(HCC)ring
1224 1225 1232 d(HCS)ring þ d(HCC)ring
1199 1199 1203 n(CC)enone þ d(CCC)ring
1169 1185 n(CC)ring þ d(HCC)enone þ d(HCC)ring
1106 1095 1115 n(CC)ring þ n(CC)enone þ d(CCC)ring
1095 1088 1079 n(CC)enone þ d(HCS)ring þ d(HCC)ring
1045 1047 1034 n(CC)ring þ d(HCC)ring
1038 1041 1025 n(CC)ring þ d(CCC)ring þ d(HCC)ring
967 977 t(HCenoneCenoneCring) þ t(HCenoneCringCring)
959 963 950 n(CC)enone þ d(CCC)enone
873 881 t(HCSC)ring þ t(HCCC)ring þ t(CCCC)ring
856 867 t(HCCC)enone þ g(OCCC)enone
836 837 n(SC)ring þ d(CCC)ring
814 815 825 t(HCCC)enone þ t(HCCC)ring

788 801 d(OCC)enone þ d(CCC)enone
727 727 n(SC)ring þ d(CCC)ring
711 705 716 n(SC)ring þ d(CCC)ring
681 680 679 d(OCC)enone þ d(CCC)ring þ d(SCC)ring
666 675 t(HCSC)ring þ g(OCCC)enone
579 584 n(SC)ring þ d(CCC)ring þ d(SCC)ring
564 559 t(CCCC)ring þ t(SCCC)ring
503 504 480 d(CCC)enone
477 478 t(CCCC)ring þ t(CringCringCringCenone) þ t(SCCC)ring
397 375 d(CCC)enone þ d(CringCringCenone) þ d(CenoneCringS)
314 303 t(CringCringCringCenone) þ t(CCCC)enone þ t(SCCC)ring
264 263 d(OCC)enone þ d(CCC)enone þ d(CenoneCringS)
191 197 196 t(CCCC)enone

71 88 lattice

M.M. Oliveira et al. / Journal of Molecular Structure 1215 (2020) 128291 5
below. A conformation consistent with C1 model, shown by
calculated Raman profile, is corroborated by the fact that the
experimental dipole moment measured previously [37] (3.19D) is
closer to the theorical calculated C1 value (3.11D) than C0 (4.15D)
and C2 (1.98D).

Table 1 comprises the Raman and IR data for DB thiophene, as
well as the corresponding assignments. The calculated vibrational
wavenumbers and Potential Energy Distribution (PED) analysis, for
all three conformers of the compound, are comprised in Tables S1,
S2 and S3 (Supplementary information).

The IR absorptions in the 3020-3100 cm�1 region arise from the
CH stretching vibrations. In this region the Raman spectrum shows
two bands, at 3088 and 3074 cm�1, both assigned to CH stretching
modes of the thiophene rings. Two other Raman bands at 3012 and
2990 cm�1 are due to the antisymmetric and symmetric olefinic CH
stretching modes, respectively.

In the fingerprint region, there are two weak Raman bands at
1658 and 1604 cm�1. The former was assigned as a combination of
stretching modes of the carbonyl group and of the C]C bonds,
while the latter was attributed to stretching of CC bonds. A very
strong Raman band at 1567 cm�1 was assigned to a combination of
the carbonyl and C]C stretchings. For curcumin, the intense band
related to the diketone stretching mode is recorded at 1626 cm�1

[38]. On the IR spectrum, said bands appear at 1662, 1602 and
1562 cm�1, respectively.

A strong Raman band at 1419 cm�1 was assigned to a combi-
nation of n(CC) and d(HCC) bands of the thiophene rings. Accord-
ingly, this mode appears at 1425 cm�1 in thiophene substituted
chalcone [39]. In the IR spectrum, the same mode is seen as a
medium intensity absorption at 1419 cm�1.

In the Raman spectrum, two veryweakmodes occur at 1359 and
1309 cm�1, that were assigned as a combination of n(CC) and d(HCS)
of the thiophene rings, and as n(CC)þd(HCC) of the enone spacers,
respectively. The three very weak bands at 1271, 1225 and
1199 cm�1 are not visible for the C0 conformer, appearing as very
weak bands for the other two. The first one was assigned as HCC
bending modes of both enone and thiophene rings, while the sec-
ond is a combination of d(HCS) and d(HCC) of the thiophene atoms.
The third band was assigned as n(CC) of the enone spacer and
d(CCC) of the rings. Three medium intensity features appear at 873,
856 and 836 cm�1: the first two are torsional modes from the rings
and the enones, while the last was assigned to a SeC stretching and
a CeCeC bending modes. Finally, an isolated weak Raman band at
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504 cm�1 was ascribed to the bending of the enone group. The
equivalent IR band is a medium absorption at 503 cm�1.

3.3. Efflux pump modulation

Unlike the standard inhibitors, DB Thiophene did not reveal
clinically relevant antibacterial activity, with a MIC �4162.60 mM.
However, when used in association with norfloxacin against SA-
1199 B, significant synergistic effects were noted - DB thiophene
was able to reduce the MIC of norfloxacin by 30%. This synergic
effect against NorA efflux pump is due to the inhibition of the efflux
pump mechanism. That could be confirmed by examining the as-
sociation of this curcumin derivative with EtBr, since an identical
behaviour was observed.
Fig. 4. (a)MIC of Norfloxacin and EtBr, in association with the standard inhibitors and in asso
b1,b2p < 0.0001 vs CPZ, c1,c2p < 0.0001 vs CCCP. (b) MIC of Ciprofloxacin and EtBr, in associati
S. aureus K2068. a1,a2p < 0.0001 vs control, b1,b2p < 0.0001 vs CPZ, c1,c2p < 0.0001 vs CCCP
Similar compounds containing the thiophene ringswere already
tested as inhibitors of the SA-1199 B NorA efflux pump and showed
a significant enhancement in the activity of ciprofloxacin, with an
increase in the intracellular level of the antibiotic, confirming the
mode of action as an EPI [40e42]. In the present experiment, DB
thiophene led to an effective reduction of norfloxacin MIC
compared to CCCP. When used in conjunction with EtBr, DB thio-
phenewas effective as CPZ, while there was no statistical difference
compared to CCCP. To sum up, the essays indicated that DB thio-
phene seems to be an inhibitor of NorAwhen co-administered with
norfloxacin, and it is more effective than CCCP (Fig. 4a).

The mutant SA-K2068 is recognized as having a multi-drug
resistance that is mediated by MepA instead of NorA. The essays
show the ability of DB thiophene to inhibit the MepA efflux pump,
ciation with DB thiophene against the strain S. aureus 1199 B. a1,a2p < 0.0001 vs control,
on with the standard inhibitors and in association with DB thiophene against the strain
(bottom).



Fig. 5. (a) The best five poses of DB Thiophene (green) and the best pose of norfloxacin
(blue) on the binding site of the NorA model. Regions on the binding site are marked 1
and 2. (b) 2D ligand-protein interaction diagram of DB Thiophene and the NorA model
on regions 1 and 2.
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with a two-fold reduction in MIC of ciprofloxacin. This is a
remarkable result since DB thiophene performed better than CPZ,
although it was not as effective as CCCP (Fig. 4b). We can’t make
direct comparisons with other curcumin derivatives, since, to the
best of our knowledge, there are no studies on NorA or MepA efflux
pump inhibition involving other curcuminoids. The mechanism by
which DB thiophene inhibits the NorA or MepA efflux pumps can
be explored by molecular docking (to be discussed further on).
3.4. Docking results

Fig. 5a shows the five best poses of DB Thiophene, inserted in
the binding site of the NorA model, with energies ranging
from �26.527 to �26.276 kJ/mol. For comparison, Li et al. [43]
found that the affinity of tetracycline to the same protein
was �28.033 kJ/mol. In our simulations, norfloxacin best pose en-
ergy was �32.677 kJ/mol. Docking calculations showed that there
are two preferred regions in the binding site of the NorA model,
labeled regions 1 and 2 (Fig. 5a).

Fig. 5b displays a 2D ligand-protein interaction diagram, with
the contact distances in green. The best pose of DB Thiophene is in
region 1. In region 2, the C]O group is favorably oriented to form a
hydrogen bond with Arg310 (Fig. 5b). Norfloxacin best pose over-
laps with poses of DB thiophene in both regions, as can be seen in
Fig. 5a. Additionally, and confirming these results, Dantas et al. [44]
described the binding site of norfloxacin of a NorA model identical
to the one reported here, with interactions with residues 340, 310,
51 and 16. It can thus be argued that DB thiophene hinders the
binding of norfloxacin to NorA, being expelled from the bacteria in
place of the antibiotic.
All these results suggest that DB Thiophene is likely to function

as a competitive inhibitor of NorA efflux protein.

4. Conclusions

The compound (1E,4E)-1,5-Di(thiophen-2-yl)penta-1,4-dien-3-
one was synthesised and fully characterised. A study on its vibra-
tional properties was performed using FTIR and FT-Raman spec-
troscopies as well as quantum chemical calculations at the DFT
level (for the three possible conformers of the compound). The
experimental and calculated (scaled) vibrational spectra were
compared and showed a very good correspondence. These results
and the description of the normal modes according to the PED,
were used to elucidate the vibrational wavenumber assignments of
this synthetic substance. It was shown that this curcuminoid not
only inhibits the NorA efflux pump, but also the MepA, thus being a
potential new EPI. DB Thiophene interacts with the binding site of
efflux pump models and it’s likely that DB Thiophene acts as a
competitive inhibitor of efflux pumps.
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