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Aim. The goal of the study is to demonstrate the binding sites for curcumin on the protein
carriers — bovine serum albumin and diphtheria toxoid CRM197. BSA was chosen as a potential non-
specific protein carrier because of its widely used in medicine as a drug carrier.

Methods. In the investigation, both spectrophotometric and molecular docking methods were

used.

Results. Two stable binding sites were demonstrated for BSA to bind curcumin. CRM197 was
taken as a well-studied carrier protein with its own antitumor activity and has been investigated as
a specific carrier with a high affinity for cancer cells with overexpression of epidermal growth factor

receptor.

Our results showed one possible curcumin binding site, making CRM197 an ideal specific
curcumin delivery platform that provides at least an additive effect in anticancer therapies.
Conclusions. In conclusion, both studied proteins form stable complexes with curcumin that can

lay in base of the commercial drug application.

Key words: curcumin; blood proteins; BSA; toxoid; CRM197; complex formation; macromolecular
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Cancer is still a major factor threatening
human life around the world, and anticancer
drugs remain a huge unmet clinical need [1].
New approaches, use of synthetic molecules
[2], cell therapy techniques [3], application
of peptides [4] or nanocomplexes [5] are still
under consideration.

The object of our study was CRM197 —
a recombinant non-toxic diphtheria toxin
derivative that differs from the native toxin
by only one substitution in the amino acid
sequence of the catalytic domain. CRM197 is
obtained by replacing glycine in position 52
of the DT gene with glutamic acid [6]. This
replacement leads to the loss of catalytic
activity by the C-domain and the loss of
cytotoxicity by the entire CRM 197 molecule
[7]. Despite the loss of toxicity, the CRM 197
molecule retains all the structural components
characteristic of the DT molecule, including
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the structures responsible for binding the
R domain to the EGFR demonstrated an
overexpression on the surface of the row of the
cancer cells [8].

A non-toxic recombinant derivative of
diphtheria toxin has antitumor effects in
several types of tumor cells, in particular,
CRM197 has been shown to block proliferation
and angiogenesis and induce apoptosis in
human SW-13 and H295R adenocarcinoma
cells in culture and in mouse xenografts
[9]. In addition, CRM197 has been shown to
be a promising carrier for many drugs,
such as paclitaxel [10], doxyrubicin [11],
cisplatin [12].

All this makes CRM197 a promising
possible carrier for curcumin, which can not
only increase the bioavailability of anticancer
drugs, but also have a synergistic effect on
tumor cells.
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We tested BSA as a vector for nonspecific
delivery of curcumin to evaluate the difference
between specific and nonspecific protein
carriers. BSA was chosen because of its
ability to bind a variety of chemicals such as
paclitaxel, metal ions etc [4, 5].

In present study, we focused of the possible
complexation of CRM197 with curcumin that
is known low-molecular weight compound with
prominent anticancer activity [13]. The aim of
a present study was to explore the mechanism
of complex formation between CRM197 and
curcumin and to compare it to the complex
formed by BSA and curcumin.

Materials and Methods

BSA (bovine serum albumin ), tablets for
buffer preparation, PVDF membrane, SDS
acrylamide and Curcumin (5 mg/ml stock in
96% ethanol) were purchased from Sigma-
Aldrich, USA.

The recombinant protein CRM197 was
expressed in E.coli BL21(DE3) Rosetta
(Sigma-Aldrich, USA) (0.5 mM IPTG (Sigma,
USA), 5 hours at 30 °C) with a His-tag at the
C-terminal. It was purified using His-Trap
affinity column as per the manufacturer’s
protocol, and the residual imidazole was
removed by dialysis against phosphate-
buffered saline (PBS, pH 7.4).

SDS-PAGE (sodium dodecyl sulfate —
polyacrylamide gel electrophoresis) was used
for the characterization of obtained protein.
SDS-PAGE was performed at 60 V, 20 min
and 120 V, 60 min. Coomassie Brilliant Blue
40 was used as the protein dye. Obtained gels
were scanned and protein concentrations were
calculated by was purchased from Sigma-
Aldrich, USA. PBS.

Formation of Curcumin-Protein Complexes.
The curcumin stock solution (5 mg/mL) was
prepared in 96% ethanol. A required amount
of curcumin was added to the calculated
amount of protein (CRM197 or BSA) in PBS
solution (pH 7.4) to achieve desired molar
ratios. Curcumin in PBS at the required
concentration and solvent ratio was used as
the control. Formed complexes were dialysated
in PBS using PVDF dialysis tubing membrane
(Sigma-Aldrich, USA)

Spectrophotometric characteristics.
The absorption spectrum of complexes was
obtained by spectrophotometry using Optizen-
POP (Optizen, Korea). The measurement
was provided against PBS solution (pH 7.4).
Curcumin dissolved in PBS was used as
a control when we examined the spectral

properties of curcumin complexes both with
BSA or CRM197.

Molecular docking. The protein structures
of CRM197 (5I82) and BSA (2VUE) were
acquired from Protein Data Bank (http://
www.rcsb.org/) and prepared in Chimera
software. Ligand structures were built by
Marvin Sketch software. Ligands were then
protonated and generated in the low-energy
conformations (MarvinSketch version 21.16.0,
ChemAxon (https://www.chemaxon.com)). A
molecular docking simulation of protein and
ligand was performed using SwissDock web
server, which uses the protein—ligand docking
program EADock DSS v3 [14]. A search
space of 20x20x20 was used with a grid box
centered on the binding sites. Additionally,
an accurate docking type was selected with
default parameters.

Results and Discussion

Expression of recombinant protein
CRM197. Recombinant CRM197 molecule
is presented on the Fig. 1. It was obtained
from E. coli cell lysate by refolding of protein
from inclusion bodies on affinity column
(Ni-NTA-agarose). The purified protein was
further characterized by SDS-PAGE (Fig. 2).
The molecular weight of matured protein
CRM197, purified from E. coli cell lysate,
was approximately 60 kDa that coincides with
literature data [15].
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Fig. 1. Schematic structure of nontoxic derivative
od diphtheria toxin CRM197
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Fig. 2. SDS-PAGE analysis
of purified protein CRM197
1-3 samples of CRM197 fractions; 4 — Molecular
Mass Marker (PageRuler™ Prestained Protein
Ladder, 10 to 180 kDa, ThermoFisher);
5—10 — gradient of BSA concentration:
5 — 0.3 mkg; 6 — 0.84 mkg; 7 — 1.38 mkg;
8 —1.92 mkg; 9 — 2.46 mkg; 10 — 3.0 mkg
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Spectrometric characteristic of curcumin
complexes with BSA or CRM. CRM197 is a
well-known protein with a high affinity to HB-
EGFR. Row of cancer cell lines demonstrate
of overexpression of these receptors that
makes CRM197 is a possible specific curcumin
deliver agent. We also used BSA as a widely
used protein carrier of chemicals in medicine
[16]. Both BSA and CRM197 were considered
as the perspective non-specific carrier of
curcumin in our investigation.

The absorption spectrum of curcumin was
a broad band with maximum absorbance peak
at a wavelength ~ 425 nm. However, complexes
of curcumin with proteins demonstrated
different spectrums with three peaks in the
case of CRM197 (Fig. 3) and two peaks in the
presence of BSA (Fig. 4).

Both tested proteins showed increasing of
absorption rate with increasing of curcumin
concentration. When ratio of saturation of
proteins by curcumin was achieved there is no
further increasing of absorption rate that is
represented as a plato on the graph. Based on
the data the calculated molar ratio was 1:2,5
and 1:3 for BSA and curcumin and CRM and
curcumin respectively.

This allowed us to conclude that the
spectral behavior of complexes can be
evidence of the stoichiometry of complexes
of curcumin with BSA or CRM197. We can
speculate that more than one molecule of
curcumin can interact with one protein. To
prove this hypothesis, we used the molecular
docking of BSA or CRM197 with curcumin
using SwissDock.

Molecular modeling. The next stage of
our work was research in silico of the possible
binding sites of the curcumin molecule with
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the CRM197 or BSA molecules. The molecular
docking method using the SwissDock software
allowed predicting the possible binding modes
for the formation of stable complexes.

Study of complexation of BSA and
curcumin allowed to obtain two possible
binding sites for such interactions
(Fig. 5, A, B). According to the first binding
site curcumin forms hydrogen bonds with
Tyr138, Tyrl61 and His146 of BSA molecule
(Fig. 5, A).

Second binding mode of curcumin was
characterized by the hydrogen bonds between
Ser202, I1e290 and Pi-Pi interactions with
Trp214 (Fig. 5, B).

Complex of CRM197 with curcumin were
stabilized by formation of hydrogen bonds with
Lys20, Gly18 and Pi-Pi interactions between
aromatic moieties of curcumin and His17 and
Tyr61 of CRM197 (Fig. 6).

BSA and CRM197, a non-toxic derivative
of diphtheria toxin, are promising carriers
due to their binding capabilities and potential
anticancer properties. The present study
was dedicated to investigation of protein
carriers for curcumin as drug-delivery
platforms. Two promising protein carriers
were evaluated such as BSA and CRM197,
non-toxic derivatives of diphtheria toxin.
BSA was chosen as a non-specific protein
carrier because of its ability to bind different
substances and deliver them to the cells
[12, 18, 19]. Two stable binding sites were
demonstrated for BSA to bind curcumin,
which allow it serving as a promising
carrier for anticancer therapy. CRM197 is
a well-studied carrier protein [10, 20,] with
own intrinsic anticancer activity [10] was
investigated as a specific carrier with high
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Fig. 3. The absorption spectrum of curcumin and its complexes with CRM197
1 — Solution of CRM197 (0.05%); 2 — solution of curcumin in PBS (50:1); 3 — 0.05% solution of CRM197
and curcumin (50:1); 4 — 0.05% solution of CRM197 and curcumin (25:1); 5 — 0.05% solution of CRM197
and curcumin (17:1); 6 — 0.05% solution of CRM197 and curcumin (33:1); 7 — 0.05% solution of CRM197
and curcumin (12:1); 8 — 0.05% solution of CRM197 and curcumin (8:1). All curcumin-containing solutions
were prepared in the presence of 0.5% ethanol
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Fig. 4. The absorption spectrum of curcumin and its complexes with BSA
1 — PBS; 2 — solution of curcumin in PBS (50:1); 3 — 0.05% solution of BSA and curcumin (50:1); 4 —
0.05% solution of BSA and curcumin (25:1); 5 — 0.05% solution of BSA and curcumin (17:1); 6 — 0.05%
solution of BSA and curcumin (33:1); 7 — 0.05% solution of BSA and curcumin (12:1); 8 — 0.05% solution
of BSA and curcumin (8:1). All curcumin-containing solutions were prepared in the presence of 0.5% ethanol

Fig. 5. Binding modes of BSA and curcumin
Yellow dashed lines — hydrogen bonds; blue dashed lines — Pi-Pi interactions

affinity to cancer cells with overexpression
of marker proHB-EGF like A431 (human
adenocarcinoma) or MDA-MB (human breast
cancer) cell lines. These results showed
one possible binding site for curcumin for
CRM197 that makes it perfect specific drug-
delivery platforms.

Conclusions

Two sites of curcumin binding with BSA
were detected. This was confirmed by the
spectral analysis and also by the docking in
SwissDock. As for CRM197 in silico studies
allowed us to detect only one binding site
that contradict the spectrometry data. The
domains of CRM197 are highly flexible and
the availability of only one crystallographic
structure did not allow us to take into
consideration all conformational changes that
can result in the formation of curcumin binding
sites.
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Fig. 6. Binding modes of CRM197 and curcumin
Yellow dashed lines — hydrogen bonds; blue
dashed lines — Pi-Pi interactions
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Mema. MeTorw nociifgxeHHsa OyJio JOBECTH HAABHICTH CalTiB 3B’A3yBaHHA KYPKYMiHY 3 IPOTEiHOBUMU
HOCifAIMM — CHPOBATKOBUM aJIbOYMiHOM BeJIMKOI poraToi xyaoou Ta audrepiiinum Tokcoizom CRM197. BCA
O0yB oOpaHUl AK MOTEHIiHHUN HecHeHMM@MiuHMUI IIPOTEeIHOBUII HOCiHl uepes HOT0 IMUPOKE 3aCTOCYBAHHS B
MeIUIINHI SK HOCid 0araTbox JIiKapchbKUX 3ac00iB.

Memoodu. Y pociaimskeHHi 0yJI0O BUKOPUCTAHO SK CHEKTPO(OTOMETPUUHUNM METOJ, TaK i MeTox
MOJIEKYJIAPHOTO JOKiHTY.

Pesyavmamu. Bymno mporemMoHCTpOoBaHO aBa crTabinpHuUX caiiTa 3B’a3yBaHHA BCA 3 KypKyMiHOM.
CRM197 6yB obOpauuii AK o0Ope BUBUEHUN IIPOTEiH 3 BJIACHOIO IPOTUNYXJINHHOIO aKTHUBHICTIO, II[0 IMINPOKO
3aCTOCOBYIOTh Y MeAUUHill IPaKTHUIIL IMOA0 Tepalii NyXJIMHHUX KJIITUH 3 HiABUIIeHUM pPiBHeM eKcipecii
EGFR. Hairri pesyJbTaTy IoKasaJ Iy OGUH MOMKJINBUI CANT 3B’ A3YBAHHA JJIA MOJIEKYJIN KYPKYMIiHY, 1110 POOUTH
CRM197 ireanbuo0 1maaT¢gopMoo crernudiuyHol foCcTaBKU KYPKYMiHY, AKa 3a0e3neuye IpuHARMHL afuTUBHU
e(eKT B IPOTUNTYXJIUHHIH Tepatrii.

Bucnosku. IlizcymoByioun, o6uaBa JOCTiIKeHi IpoTeiHy yTBOPIOIOTH CTabiIbHI KOMILIEKCH 3 KYPKYMiHOM,
III0 MOJKe JIATTH B OCHOBY KOMEPIIiHOTO 3aCTOCYBAHHA JIiKiB.

Knawuwosi cnosea: rymuu; mnporeinm Kposi; BSA; amatoxcmu; CRM197; KoMIJIeKCOYTBOPEHH;
BHCOKOMOJIEKYJIAPHI KOMILJIEKCH; HAHOKOMILJIEKC; CTPYKTYypa IPOTeiHy; MOJEKYJIAPHUN JOKIiHT.
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