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Abstract

Natural molecules with biological activities, for example, antibacterial,
antioxidant,anti-carcinogenic,and anti-inflammatory properties are an interesting
area for study. We have focused on the naturally occurring molecule - curcumin
to study its properties and interaction with bacterial proteins. We have employed
a hybrid computational approach to study the interactions at a molecular level.
The molecular structure of curcumin was optimized using quantum mechanical
methods. The validity of the model was verified using a comparative structural
analysis of the keto and enol forms of curcumin and by studying the spectra
of their relevant structural isomers. Interaction of curcumin with the bacterial
porins of the Gram-negative bacteria was studied using molecular docking
analysis. The most expressed outer membrane porins of two different classes -
OccK and OcceD of Pseudomonas aeruginosa were selected as they are the major
points of entry for antibiotic molecules to the bacterial cell. We have identified
the affinity sites inside the porins. Our study shows that the similarity in the
chemical environment inside the porins plays a crucial role in targeted movement
of the curcumin molecule.
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Introduction

Turmeric (Curcuma longa) belongs to the curcuminoid family and has been
utilized for ages in traditional therapies as well as dietary spices [1] (Figure 1).
Turmeric contains the active substance curcumin, which has three major variations
in its structure: curcumin, demethoxycurcumin, and bisdemethoxycurcumin
(Figure 2). Among these, the native structure of curcumin has been well
researched for its properties [2-5]. Curcumin has been shown in numerous
studies to exhibit a variety of biological and pharmacological activities, including
anti-inflammatory, antioxidant, antioxidizing, antibacterial, anti-protozoal, anti-
microbial, anti-malarial, anti-inflammatory, anti-proliferative, anti-angiogenic,
anti-tumor, and anti-aging properties [6-8]. It also has the potential to be used
as a therapeutic agent for wound healing, diabetes, Alzheimer disease, Parkinson
disease, cardiovascular disease, pulmonary disease, and arthritis.

Curcumin has three important functional parts in its structure: an aromatic
methoxy phenolic group; o, B-unsaturated B-diketo and keto-enol tautomerism
(Figure 1) [9]. Curcumin could scavenge active oxygen or nitrogen-free radicals
which is responsible for the activity of curcumin [10-14]. The antioxidant activity
of curcumin is attributed to the phenolic -OH group, and it has been established
by pulse radiolysis and other biochemical methods [13-16]. Some other studies
show that this antioxidant activity of curcumin is due to the hydrogen abstraction
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Figure 2: Structures of curcumin, demethoxycurcumin, and bisdeme-
L thoxycurcumin.

from the methylene group [17, 18]. Later, the quantum chem-
ical study confirms that the biological activity of curcumin is
due to the phenolic -OH group [15]. To a complete under-
standing of its biological properties, it is necessary to charac-
terize the most stable geometrical isomers of curcumin and the
factors that contributed to their relative stability.

Based on quantum mechanical calculations, and the de-
tailed structural analysis of the diketo and enol forms of cur-
cumin and their infrared and Raman spectra of relevant struc-
tural isomers, it has been found that enol form of curcumin is
more stable than diketo form and it shows better bioactivity
[4,19,20].

We used the model of curcumin to study its interaction
with two outer membrane proteins of P aeruginosa — OccD1/
OprD and OccK1/OpdK. These proteins are found in the out-
er membrane of the bacteria, and they serve as entry points for
polar molecules into the cell of bacteria [21-24]. Among these
porins, OccD1 has been proven to favor positively charged
molecules and OccK1 has been established to favor negatively
charged molecules [25-28]. The polarity and electrostatic dis-
tribution of residues inside the channel has been proven to be a
key factor in binding of polar molecules inside these channels

[21, 23,29, 30].

Though the properties of these channels as well as the an-

tibiotic properties of curcumin have been extensively studied,
there are no studies which explore the possibility of finding an
interaction site of curcumin in these channels. Here, we have
focused on that and computationally investigated the affinity
sites of curcumin in the most expressed porins of both families
to establish the validity of the proposed model of curcumin.

Methodology

Quantum mechanical calculations

We used Density Functional Theory (DFT), Hartee-Fock
(HF), and Restricted Hartee Fock (RHF) to optimize the
structure of curcumin and study its spectral properties. We did
a comparative structural analysis of the enol form of curcumin
and predicted the infrared and Raman spectra of their relevant
structural isomers. These results were then used to interpret
the observed vibrational spectra for the curcumin to correlate
the structure with the biological activity.

We used the Gaussian 09W program to perform the
quantum mechanical calculations [31]. Based on the results
obtained by using different theories, DFT (with B3LYP
method) with 6-31++G (d, p) basis set gives the best result
with minimum energy value indicating maximum stability of
the structure.

We calculated several parameters, for example, the ener-
gy distribution from HOMO-LUMO (Highest Occupied
Molecular Orbital and Lowest Unoccupied Molecular Orbit-
al), Electrostatic Surface Potential (ESP), Fourier transform
infrared (FTIR) and Raman spectra, and Mulliken atomic
charges. These properties were analyzed by the Gauss View
software [32].

Molecular docking analysis

Molecular docking has become a fundamental technique
in the drug discovery process [33-35]. Here, we describe a
thorough assessment of the molecular interactions of curcumin
with Gram-negative bacteria proteins using molecular docking
methods. We can define the behavior of molecules at the
binding site of target proteins by using the molecular docking
approach to determine the interaction between the curcumin
molecule and a variety of proteins at the atomic level.

The RCSB Protein Data Bank (PDB) (www.rcsb.org),
was used to obtain the 3D structures of all potential targets for
the Gram-negative bacteria proteins. We focused our study on
two proteins: OccD1 or OprD (PDB code: 3SY7) and OccK1
or OpdK (PDB code: 35YS). UCSF Chimera 1.11.2 was used

to construct the protein structures [36].

We optimized the model of the curcumin molecule used
in this study (chemical structure shown in figure 1) using
DFT method. Because of its chemical makeup and abilities,
curcumin can bind to specific proteins. We prepared the ligand
structures for each target macromolecules using VMD [37].
We separated them from the protein, water molecules, and
other byproducts to ensure unbiased binding. We used these
acquired conformations as starting conformations for our
docking analysis. We used Autodock4 for the docking analysis
[38]. We obtained a population of potential ligand conforma-
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tions and orientations at the binding site. We used PyRx pro-
gram for further analysis [39]. After the docking search was
finished, we selected the optimal conformation with the low-
est binding energy and used Discovery Studio Visualizer to
examine the interactions between complicated protein-ligand
conformations, including hydrogen bonds and bond lengths.

'The docking methods and parameters were validated by
redocking experiment to make sure that the docking studies
were legitimate and accurately represented the prospective
binding model. To test the Autodock program’s ability to rep-
licate the orientation and position of the ligand as shown in
the crystal structure, each copy of the native ligand was docked
into the native protein. Success is commonly defined as hav-
ing an all-atom root mean square deviation of less than 2A
between the docked location and the crystallographically ob-
served binding position of the ligand, which we confirmed in
our study.

Results and Discussion

Structure of curcumin

The chemical name for curcumin is 1,7-bis(4-hy-
droxy-3-methoxyphenol)1,6-heptadiene-3,5-dione, and its
molecular formula is C, H, O,. It has two ferulic acid resi-
dues connected by a methylene bridge as shown in figure 1.
Both theoretical and experimental investigations demon-
strated that curcumin exhibits three acidity constants for two
phenolic -OH groups and one enolic -OH group. The two
phenolic protons’ pKa values range from 8.5 to 10.7, and the
most acidic of these three is the enolic proton (pKa value 8.5)
[40]. Additionally, it has been demonstrated that curcumin’s
antioxidant action depends on the enolic -OH group [17, 18].
Curcumin can adopt a variety of conformations which are ide-
al for optimizing hydrophobic interactions with the protein
to which it is attached. Curcumin’s phenyl rings can engage
in van der Waals interactions with the side chains of the aro-
matic amino acids. The phenolic and carbonyl groups, which
are found on the ends and in the middle of the molecule, can
engage in hydrogen bonding interactions with the target mac-
romolecules. To increase the favorable free energies of asso-
ciation, this structure demonstrates an efficient and focused
electrostatic interaction [1].

HOMO-LUMO analysis

On the detailed analysis it was observed that curcum-
in shows both nucleophilic and electrophilic nature. The
HOMO-LUMO energies have been determined at B3LY-
P/6-311++G (d, p) level. The excited-state energy of a mole-
cule implicates the disparity between HOMO-LUMO (Fig-
ure 3) [41]. These energy values were used to calculate various
physical parameters and to compare their reported values to

establish usability of the present model [42-44].

We have calculated energy values of the HOMO and
LUMO which resulted in an energy gap of 0.11890 eV. We
used these values to calculate chemical potential (p), chemical
hardness (1), chemical softness (S), electronegativity (x), elec-
trophilicity, ionization energy (IE), and electron affinity (EA).
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Figure 3: Energy values and energy gap between HOMO and LUMO

\for curcumin.

Table 1: Energy values of HOMO-LUMO and calculated parameters.

Molecular parameters Energy (eV)
E, -0.21583
E -0.09693
E 0.11890
1 -0.15638
u=—(E +E,)
2
1 -0.05944
n= _(Ez - E, )
2
1 -0.02972
S=—n
2
0.15638
x=-u-=(E+E,)
0w -0.20568
0="—
21
IE 0.21583
EA 0.09693

These values have been tabulated in table 1 along with the
formulae used to calculate them.

ESP analysis

The ESP diagram shows the sites for nucleophilic and
electrophilic properties [45, 46]. The ESP expresses the shape,
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size, reactive site, and charge density of the molecule. The ESP
of curcumin molecule was determined by using the B3LYP
functional employing 6-311++G (d, p) level of theory and has
a grid range between -7.563 x 10% eV to 7.563 x 10% V. The
ESP surface for the curcumin molecule is represented in figure
4. In the ESP map, the negative region is more concentrated
around the oxygen atoms, and it is supported by the Mulliken
charges. The changes on the atoms are shown in table 2. These
results indicate the binding site of the curcumin molecule may
lie at the electrophilic sites.

Vibrational analysis

'The vibrational spectra of curcumin have been concluded
with potential energy distribution analysis. The curcumin mol-
ecule has 47 atoms, which results in 135 modes of vibrations.
The spectral calculation of the FTIR and Raman spectra is
shown in figure 5.

The measured and interpreted experimental vibrational
spectra of the curcumin molecule is the strong band at 1628
cm™ and has a stretching frequency of C=C and C=0 char-
acter. Most of the bands in the frequency region 1450 - 1300
cm™ are highly mixed. The bands at 1290 and 1282 cm™ be-
long to the pure in-plane C-H vibrations of the aromatic
rings. The bands in 1277 - 1188 cm™ are attributed to the vi-

bration of the phenyl rings. Deformation vibrations of the two
methyl groups are pure. These were observed at 1460 - 1430

Figure 4: ESP diagram of curcumin. The maximum electrophilic reactivity
is shown in red and yellow. The maximum nucleophilic reactivity is shown
in blue. The neutral region is shown by green.
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Figure 5: Computed FTIR and Raman spectra of the curcumin molecule.

Table 2: Calculated Mulliken charges on the atoms of the curcumin molecule. h
S. No. Atoms Charge S. No. Atoms Charge S. No. Atoms Charge
1 C -0.745138 17 H 0.216834 33 H 0.281025
2 C 0.812092 18 H 0.195725 34 H -0.004847
3 C 0.305395 19 C -0.299535 35 H 0.212522
4 C -0.345584 20 C -0.365001 36 O -0.297178
5 C 1.066833 21 C 0.387104 37 O -0.296776
6 C -1.414306 22 C 0.244085 38 O -0.544734
7 H 0.196136 23 C 0.224704 39 H 0.541960
8 H 0.214567 24 C -0.375295 40 C -0.470442
9 H 0.249199 25 C -0.166378 41 H 0.221780
10 C -0.715274 26 O -0.555893 42 H 0.243871
11 C -1.477233 27 O -0.634764 43 H 0.225977
12 C 1.133910 28 O -0.634689 44 C -0.470031
13 C -0.311597 29 H 0.464871 45 H 0.244139
14 C 0.289176 30 H 0.464703 46 H 0.221945
15 C 0.844470 31 H 0.215994 47 H 0.225879
16 H 0.244782 32 H -0.024982
-3 7
- J
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cm™ and were calculated to be in the 1452 - 1420 cm™ region, [ R
ideally. The highest frequency experimental bands observed in :

the FTIR spectrum 3079 - 3000 cm™ are assigned to the ar- ‘”f\:’;%

omatic C-H stretching. C-C vibrations for the aromatic and ORI, \j

heteroaromatic compounds. The C-C symmetric stretching ;"&3%' e

vibrations lie in the range between 1600 to 1400 cm™ [47,48].

C-H vibrations bands of the curcumin molecule are the-
oretically specified in the range 3102, 3098, 3096, 3084, 3067,
3069, 3065, 3054, 3051, 3035, 3035, 3022, 3028, 2973, 2959,
2926,and 2907 cm™. It shows good agreement with the bands
observed in the calculated FTIR spectrum at 3049,3150,3174,
3180, 3188,3191, 3202, 3211, 3233, and 3233 cm™’. The O-H
symmetric stretching vibrations are theoretically observed in
between 3200 and 3650 cm™. The computed values at 3250
cm™ shows good agreement with the experimental data. The
C=0 stretching vibration for ketones can be seen at 1740 -
1660 cm™ [49]. The C-O symmetric stretching vibrations can
be observed in the range from 1300 - 1000 cm™ [50]. All val-
ues are well correlated to experimental results, which further
validates the usability of the model.

Molecular interaction of curcumin with bacterial porins

Using the valid parameter method to dock the curcumin
molecule with the proteins from P aeruginosa, the best clus-
ter’s docked conformation with the lowest energy was chosen
and studied. Among these porins, OccD1 and OccK1 being
among the most expressed porins in P aeruginosa, we have fo-
cused our studies on these two proteins [23, 25,51, 52].

The structure OccD1, and interaction cites of curcumin
in this channel is shown in figure 6. The molecule’s phenolic
and carbonyl functional groups, which are found on its ex-
tremities, and in the middle, respectively, can form hydrogen
bonds with certain macromolecules. At the top of the channel,
R190, R337, R390, and D232 formed hydrogen bonds with
the phenolic and carbonyl groups of curcumin. While curcum-
in’s phenyl rings can engage in van der Waals interactions with
the side chains of aromatic amino acids. This indicates that the
molecule can attach to the basic ladder of the OccD1 chan-
nel, and it can have a consecutive interaction with the ladder
which may help it to slide through the constriction zone of
the channel.

OccK1 has a basic ladder made up of arginine (R163,
R131, R421) and lysine (K397) residues on one side and two
negatively charged aspartate residues on the other side (D311
and D322) is present in the constriction region, as has been
previously reported for other porins. The structure OccK1, and
interaction cites of curcumin in this channel is shown in figure

7.

Conclusion

Here, we have analyzed the structural and spectroscopic
properties of curcumin and compared them with available
experimental data. We studied the HOMO-LUMO energies,
ESP, and vibrational assignments (FTIR and Raman) and
they agreed with available data. Molecular docking studies
were done to predict the possibilities of protein OccK1 and

[]
5

Figure 6: The structure of OccD1 protein along with important residues is
shown on the top (top view on the left, side view on the right). The major
interactions are shown at the bottom.
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Figure 7: The structure of OccK1 protein along with important residues is
shown on the top (top view on the left, side view on the right). The major

\interactions are shown at the bottom.

J

OccD1 with curcumin. Analysis of CUR and protein revealed
strong stability of the binding affinity. The docking results
showed that OccD1 in the OccD family and OccK1 in the
OccK family have the strongest affinity to the macromolecular
targets and the lowest binding energy -8.1 and -6.7 values.
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