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Previous studies have investigated the safety of the food/drug
additive, 5-hydroxymethylfurfural including its albumin binding
which might impact on its biodistribution and toxicity. In contrast, the
safety assessment of its major degradant, di (5-furfural) ether (OMBF)
is often neglected despite having been detected at concentrations in
excess of HMF in parenteral solutions. The aim of this study was to
compare the albumin binding characteristics of OMBF with 5-
hydroxymethylfurfural. OMBF was synthesized by thermal
dehydration of 5-hydroxymethylfurfural and characterized by using
spectroscopic and mass spectral techniques. The binding
characteristics of 5-hydroxymethylfurfural and OMBF with bovine
serum albumin (BSA) were elucidated by wusing UV-visible
spectroscopy, molecular docking, and semi-empirical calculations.

Photometric titrations with OMBF revealed more pronounced
perturbations in the UV-visible spectra of BSA and binding constants
that were 51% greater than those of 5-hydroxymethylfurfural.
Thermodynamic parameters revealed that the OMBF binding to
albumin was spontaneous and hydrophobic interactions were the
main forces responsible for complex stabilization. Docking studies
showed that the superior binding affinity of OMBF was due to its
higher C/H ratio which facilitated an extensive network of six
hydrophobic interactions with Tyr149, Leu237, Ala290, 1le289, and
Arg194 residues of BSA Site I compared with only two hydrophobic
interactions in 5-hydroxymethylfurfural complex. Analysis of the
multi-point hydrogen bonded complexes by using PM6-D3H+ method
revealed the interaction energy of OMBF-BSA complex was 1.5 folds
greater than 5-hydroxymethylfurfural-BSA.

The study confirmed an increased avidity and stability in the
complexation of albumin with OMBF compared with 5-
hydroxymethylfurfural. Stricter limits control of OMBF in heat-
processed foods/drugs is necessary.
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GRAPHICAL ABSTRACT

1-Introduction
The compound, 5-hydroxymethyfurfural (HMF),
is a product of Maillard reaction that is generated
during the heat processing of sugar-containing
foods and parenteral solutions [1]. HMF is found
at the average levels that vary widely from 1.4
mg/kg in whiskey to 2000 mg/kg in instant
coffee and over 9000 mg/kg in caramel products
[1, 2]. HMF is also present in heat-sterilised
parenteral solutions and traditional Chinese
medicines [3]. The HMF formation is directly
related to the applied heat load and although not
often present in fresh foods, HMF rapidly
accumulates during heat treatment [1]. Thus,
HMF content is often used as an indicator of food
quality and over-processing of foods [4]. HMF
has also been employed in the food industry as
an additive to impart characteristic flavour and
encourage acceptability [1]. The
possibility of intolerably high levels of HMF in
products as a result of over-processing and/or its
deliberate
potential safety concerns. While it's protective
effect against oxidative stress and hypoxia are
well reported, a few studies have also indicated a
HMF

customer

inclusion as an additive raises

link between exposure from drug
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formulations and clinical presentations such as
allergies, muscle damage, and thrombophlebitis
[3, 5]. In addition, HMF showed contradicting
results with different genotoxicity assay models:
some that the
compound is not mutagenic with or without
activation in the Salmonella mutation test, other
reports have established an
conversion into an

studies have documented

enzymatic
metabolite, 5-
sulfoxymethylfurfural with mutagenicity towards
S. typhimurium TA104 [6-8]. Significant DNA
damage when measured by end-point
parameters such as single-strand breaks,
micronuclei frequency, chromosomal aberrant-
ions, and sister-chromatid exchange have been
further reported with HMF [8-10]. Likewise, a
previous study had documented an extensive in
vitro binding of HMF with albumin via hydrogen
bonding and hydrophobic interactions [11]. The
in vitro investigation of the binding dynamics
between molecules and the major transporter

active

protein, albumin which has two major binding
sites known as Sites I and II, remains central in
the safety assessment of chemical compounds as
it dictates their distribution, access to storage
sites, and toxicity [12]. This is particularly critical
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for additives for which bioaccumulation
following consumption of sub-toxic levels over
time has been identified as a major contributor to
their toxicity [13]. However, while HMF has been
the subject of several studies investigating its
toxicity liabilities, the well-known ability of the
compound to undergo degradative reactions and
react with several other food components has
not resulted in a similar extensive investigation
of its degradative/reaction products. Amongst
several other degradative routes, HMF can be
decarboxylated to furfural, oxidised to 2,5-
furandialdehyde or 5-hydroxymethyl-2-furan
carboxylic acid, reduced to 5-methylfufural or
undergo dimeric condensation to yield di (5-
furfural) ether otherwise called 5,5'-
oxydimethylenebis (2-furfural) (OMBF) [14]. We
have taken particular interest in the safety
profile of OMBF (Figure 1b) as it is readily
generated from the self-condensation of HMF
and at elevated temperatures similar to those
required for the initial formation of HMF in
foods. Furthermore, it has been established that
the HMF concentration formed during Maillard
reaction exists in equilibrium with the OMBF
concentration [1,15]. Moreover, HMF readily

degrades to OMBF during prolonged storage of
foods and medicines. Thus, OMBF has been found
in stored parenteral solutions at concentrations
greater than those of HMF [3]. It is certain that
the relative levels of OMBF in products might
pose safety concerns which are equal if not
greater than those of HMF as revealed by a
recent study that reported the higher immune
sensitisation  potential of  OMBF [3].
Unfortunately, there continues to be a dearth of
investigations on the potential toxicity of OMBF
to human health. In this study, we focus on the
albumin binding dynamics of the compounds and
hypothesised that the higher aromatic character
of OMBF might substantially alter its albumin
binding compared with HMF. To the best of our
knowledge, this study representsthe first in vitro
investigation of the binding dynamics of OMBF
with endogenous macromolecules.

The objective of this study was therefore to
delineate the binding
intermolecular forces of interactions involved in

affinities and
the formation of albumin-HMF and albumin-
OMBF by using spectroscopic,
molecular docking, and semi-empirical methods.

complexes

a

o 0 0

H \ / 0 o
H \ / OH \ y
(a) (b)
Fig. 1. Chemical structures of (a) 5-hydroxymethylfurfural and (b) 5, 5’- oxydimethylenebis (2-
furfural)
2- Experimental (Nanalysis 60PRO Multinuclear), IR

2-1-Materials
5-hydroxymethylfurfural (AK Scientific), Bovine

serum albumin (Glentham UK), Tris base (Sigma
Aldrich), and Hydrochloric acid (BDH UK).

2-2- Equipment
UV-visible spectrophotometer with 1 cm path
length (Spectroquant Pharo 300), NMR 60 MHz
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spectrophotometer (Buck Scientific M530), HPLC
(Agilent Technologies 1290 Infinity), and Mass
spectrometer (Agilent Infinity G6125B).

2-3-Sample preparation

Tris-HCI buffer solution of pH=7.4 was prepared
by careful addition of concentrated hydrochloric
acid to 10 mM Tris base solution. A 3x107° M
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stock solution of BSA in Tris-HCI buffer, 1.8 x 10-3
M stock solution of HMF in Tris ~HCl buffer and
1.8 x 103 M stock solution of OMBF in 10%
aqueous DMSO were prepared. Thereafter
working concentrations of the ligands equivalent
to 45, 90, 135, 180, 270, and 360 uM in Tris-HCI

buffer were prepared.

2-4- Synthesis and characterization of OMBF
OMBF was synthesized by the thermal

dehydration of 5-hydroxymethylfurfural [16]. A
0.29 mL aliquot of DMSO (that has been
previously dried over activated alumina for 24
hours) was added to 5.45 g of HMF in a round
bottomed flask. The mixture was refluxed at 155
°C for one hour after which it was cooled in an
ice-bath before the addition of 50 mL water. The
mixture was refluxed for an additional 30
minutes, filtered, and cooled to obtain needle-like
crystals which were collected by filtration and
dried in a desiccator. The IR, mass spectral data,
the 'H, and 13C NMR characterization of the
synthesized compound with respect to the
residual proton of DMSO-ds were obtained at
room temperature.

2-5- Binding experiments

Aliquots of the ligand solutions were added to a
fixed concentration of BSA to obtain
1, = [ligand] /[BSA4] values of 0, 0.25, 0.5, 0.75,

1.0, 1.5, and 2.0. The final volume of all the
reaction mixtures was made up to 5 mL with
Tris-HCl buffer solution, and then allowed to
equilibrate for 30 minutes at 25 °C After that, the
UV-visible spectra of BSA in the absence and
presence of the ligands were acquired from 190
to 420 nm by using the corresponding ligand
solution for Dbaseline correction of the
spectrophotometer. The entire procedure was
repeated at 37 °C.

The binding constants of the ligands were
determined at the two temperature levels from
Benesi-Hilderbrand plots by using Equation (1).
A= 18 i 1

- + (1

A—4- sH-G—sG  sH-G—sG Kf[ligand]

242

Where, 4-and A refer to the absorbances of BSA

in the and presence of ligand,
respectively and, £fr and £H — G are their molar

absence

absorptivities. The thermodynamic enthalpy
(AH) and entropy (A5) energy changes
associated  with  ligand-protein = complex

formation were determined from a modified
Van’t Hoff plot (2) and (3), respectively.

ks _ MM (11
.I'.nk—__ = z \n r-_) (2)
AG = AH —TAS (3)

2-6- Molecular docking
The Open Babel plugin in PyRx was used to

minimise and convert the 3D structures of the
ligands dockable The
crystallographic structure of bovine serum
albumin (PDB ID: 3V03) was downloaded from
the RCSB protein data bank (PDB) and prepared
by using Chimera 1.16 software. The chain B
monomer of the protein, complexed ions, and
non-standard amino acid residues were deleted
before minimizing. Solvent molecules were then
removed followed by the addition of hydrogen
and charges by using the Gastelger force field.
The multiple docking of the ligands and proteins
were carried out by using the virtual screening
tool, PyRx incorporated with Autodock Vina 1.1.2
software [17]. An initial blind docking with grid
box size of 94.44x79.74x101.24 centered at x =
97.64, y = 27.72, z = 23.49 A identified the

preferential binding of the ligands to Site I of
BSA. Thereafter, Site I-directed docking by using
grid box size of 31.46x19.19x40.71 and centered
at x = 29.58, y = 32.97, z = 31.80 A was carried

out. Post docking analysis of the conformations,

into the format.

type, and strength of intermolecular forces
involved in ligand-protein complexation were
done by using UCSF Chimera 1.16 and Biovia
Discovery Studio Visualiser 2020 software.

2-7- Semi-empirical quantum mechanical
calculations
The geometrical parameters of the protein-ligand

complexes were optimized by using PM6-D3H+
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which is a third-generation hydrogen bonding-
corrected semi-empirical method [18]. Likewise,
vibrational frequencies of the complexes were
evaluated with the same method. By using the
supermolecular approach with counterpoise
correction, interaction energy of the complexes
were determined as:

AE™ = E(AB)— E(A) — E(B) (4)
Where, E(AB), E(A), and E(B) refer to the
electronic energies of the complex and its
constituents, A and B,
calculations were done by using the GAMESS
programme [19].

respectively.  All

3- Results and Discussion

3-1- Spectral data of OMBF
Colour: yellow; mp: 111-113 °C; Yield: 27.5%; IR

(KBr) cm: 2690.47-2782.47 (aldehyde H),
1600.0 (C=0), 1289.60 (C-0); 1H NMR (DMSO-ds
0 OH
0
2 H+
<N e,

60MHz) &: 9.54 (s, 2H CHO), 7.45 (d, /= 3.6 Hz,
2H), 6.70 (d, J= 3.6 Hz, 2H), 4.58 (s, 4H); 13C NMR
(DMSO-ds 60MHz) &: 178.78 (C-1 and C-12),
157.72 (C-5 and C-8), 152.81 (C-2 and C-11),
123.99 (C-3 and C-10), 112.66 (C-4 and C-9),
64.19 (C-6 and C-7); negative-ion ESI: m/z
molecular ion peak not found, calculated M 234.2

3-2- Synthesis and structural elucidation of
OMBF

Thermal dehydration of HMF in the presence of
dry DMSO yielded yellow needle-shaped crystals
of OMBF with a yield of 27.5%. The purity of the
product as determined by liquid chromatography
was 95.72%w/w. The overall reaction scheme is
depicted in Scheme 1. Dry DMSO can catalyse

ether formation from alcohols in a self-

condensation reaction which proceeds via a

resonance-stabilised carbocation [16].
o [ 0

ta— \ / H

9 10

Scheme 1. Synthesis of 5, 5’-oxydimethylenebis (2-furfural) via thermal dehydration of 5-
hydroxymethylfurfural

This reaction, which has been successfully used
for the synthesis of benzylic and allylic ethers
from benzyl and allylic alcohols, respectively,
yielded OMBF in sufficiently high purity of
95.72%w/w [20, 21]. The chemical shifts,
reported with respect to the residual protons of
the deuterated solvent, were consistent with
predicted values. The chemical shift values were
readily assigned by using the de-shielding effects
and splitting patterns of the peaks. Expectedly,
the mass spectrum of OMBF did not produce a
molecular ion because ethers are very unstable
to ionisation energy in mass spectrometry [22].
Characteristically as with ethers, the oxygen
atom mediated the fragmentation of OMBF
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leading to a B-cleavage that is stabilised by
resonance [23]. Thus, the mass spectrum of
OMBF (as demonstrated in supplemental files)
revealed a base peak of m/z value of 108.6
corresponding to the CsH30,-CH;* fragment.
Another peak of m/z value of 138.6, but with
lower relative abundance could also be observed
and this was attributed to CsHs03-CH>* fragment.

3-3- Spectroscopic characterization of BSA
binding

Incremental addition of 5-hydroxymethylfurfural
to a fixed concentration of BSA produced an
initial increase in the absorption of its 278 nm
band which was then followed by a progressive
decrease in the absorption intensity, as displayed
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in Figure 2. On the other hand, with OMBF
titration, an initial decrease in the 278 nm band

—10
—10.25
—r0.5
r0.75
—r1.0
—rl5
r2.0

0 . .

270 2
wavelength (nm)

(a)

was observed before a progressive increase in
absorption intensity.

14 - 0
—1r0.25
1.2
—1r0.5
1
% r0.75
0.8
n —
§ r1.0
206 —r15
0.4 r2.0
0.2
0 T T
250 270 290
wavelength (nm)
(b)

Fig. 2. Changes in the UV absorption spectra of BSA with titration of (a) HMF and (b) OMBF

The Benesi-Hilderbrand plots for the binding of
the ligands with albumin at 25 °C and 37°C are
depicted in Figure 3. The plots showed a linear
relationship (Rz > 0.9) between A:/4 — A: and

reciprocal of ligand concentration in the protein

0
y J] #5000 10000 15000 20000 25000
) "::""—-v-..,!
-2 )
3 .. ®
<E .
i<L 4 ® HMF
<5 T * OMBF
B ;
-7 @
-8

concentration -

(a)

complex. The slope of the double reciprocal plots
at both temperatures investigated further
revealed that OMBF produced more pronounced
changes in the response parameter for the same
concentrations of HMF.

0
J] 95000 10000 15000 20000 25000

) ..:o‘

-2 -

-3 b -.

; .,

CEA ®HMF
-5 ) o OMBF
6 nu

]
7 concentration -1

(b)

Fig. 3. Benesi-Hilderbrand plots for the formation of ligand-BSA complex at (a) 25 °C and (b) 37 °C

The binding or formation constants were
estimated from the ratio of the intercept to the
slope of the plots and are listed in Table 1. The
thermodynamic

changes, free energy (AG),
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ligand-protein

enthalpy (AH), and entropy (AS) associated with

complex formation are also
represented in Table 1.
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Table 1. Binding and thermodynamic energy changes associated with interaction of albumin with

ligands
) 25°C 37°C AH AS
Interactions In K; AG (K]/mol In K; AG (KJ/mol)  (K]/mol) (K]/mol)
5 HMF-BSA 5.35 -13.26 5.97 -14.78 39.43 0.18
OMBF-BSA 8.98 -22.26 8.99 -22.29 0.83 0.08

The UV-visible spectroscopy can be used to study
protein-ligand complexation and the effects of
the interaction on the structural conformation of
proteins. Bovine serum albumin indicated two
characteristics bands at 220 and 278 nm. The
high intensity band at 220 nm was attributed to
the 77 —* transition of C=0 functional groups in

the BSA peptide backbone, while the 278 nm
band is ascribed to the m — m* transition of its

aromatic amino acid residues including
tryptophan, tyrosine, and phenylalanine [24,25].
The observed changes in the 278 nm band of BSA
following titration with HMF or OMBF arose from
the hydrophobic interactions between the
aromatic rings of these amino acids and the
ligands. These changes are indicative of
perturbations in the BSA conformation which
might include an unfolding of the backbone and a
reduction of its hydrophobicity [26].

The formation constants of both HMF-albumin
and OMBF-albumin complexes increased with
temperature indicating an endothermic process
[24]. Binding affinity is a function of structural
chemistry and as a result, derivatives of a ligand
(metabolite, degradation products, etc.) might
show different binding profiles and affinities
compared with the intact ligand. The formation
constant of a ligand-BSA complex is a measure of
binding affinity, thus a higher binding constant
indicates an increased affinity of the ligand for
the protein. The binding affinity of a ligand
influences both pharmacokinetic
pharmacodynamics properties including
therapeutic effectiveness, in vivo stability, and

its and

its

toxicity [27]. Increased binding to albumin might
prolong the storage time of a ligand in the body
leading to bioaccumulation which has been

previously identified as a major cause of toxicity
of food additives and contaminants [13, 28].
Thus, compared with HMF, the dimer OMBF
which showed more than 51% increased affinity
for albumin at both investigated temperatures
might be more prone to bioaccumulation and
toxicity. comparison of its
immunomod-ulatory capability with HMF, OMBF
showed
potential which may contribute to the auto-
immune diseases often reported with traditional
Chinese Medicine injections [3]. Increased
affinity further indicated that OMBF might be
better transported by circulating albumin which
often serves as an in vivo solubilizing agent
increasing the access of otherwise insoluble
ligands to the storage tissues [29].

In a previous

substantial immune sensitisation

3-4-Thermodynamic parameters and
intermolecular forces of interaction

Ligand-protein complexation is often driven by
reversible forces of interaction including
hydrogen bonding, hydrophobic forces, Van der
Waals, and electrostatic interactions. The
thermodynamic parameters associated with a
complex formation between albumin and the
ligands were therefore calculated to determine
the prominent forces responsible for complex
stabilization (Table 1). The negative value of A&

showed that all the binding processes were
spontaneous. According to the previous studies
on ligand-protein interactions, a combination of
positive enthalpic and entropic changes are
indicative of predominating hydrophobic forces
[30, 31]. Thus, the formation and stabilization of
HMF-BSA and OMBF-BSA complexes were driven
by hydrophobic forces presumably between the
aromatic furan rings of the ligands and the
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hydrophobic pocket of albumin. Expectedly,
compared with HMEF,
aromatic structure of OMBF
hydrophobic interactions and binding affinity
with BSA. These results are in agreement with an
fluorescence  spectroscopic
identified hydrophobic forces as responsible for
the HMF binding with human serum albumin
[11].

the more extensive
increased its

earlier study

3-5- Molecular docking characterization of
thermodynamics of BSA binding

Molecular modelling revealed that HMF and
OMBF bound to BSA site I with binding energies
of -5.3 kcal/mol RMSD = 0 and -7.2 kcal/mo],
RMSD = 0, respectively. Both ligands occupied
the hydrophobic pocket of site I in albumin, as
Figure 4. The
representation of the interaction of amino acid
residues in the subdomain IIA of albumin with
HMF and OMBF are displayed in Figures 5 and 6,
respectively.

illustrated in schematic

PHE222

Hydrophobicity

Hydrophobicity

300
200
1.00

3.00
2000
1.00
0.00

98 i

1.00
-2.00
-3.00 .

0.00
-1.00
-2.00
-3.00

(a)

Fig. 4. Orientations of (a) HMF and (b) OMBF within the hydrophobic pocket of BSA site-I

Molecular docking is one of several approaches
in computer-aided drug design to understand
protein-ligand stabilization.
When employed prior to the experimental
bioassay in drug discovery, molecular docking

interaction and

serves as a powerful computational filter that can
save resources [25]. On the other hand, when
deployed to validate experimental
docking studies provide a useful insight to the
mechanisms of ligand-protein interactions and

results,

how these can be modified to

pharmacokinetics of lead compounds including

improve
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(b)

distribution, drug-drug interactions, metabolic
liabilities, promiscuity, etc.

There are three binding sites in albumin with
majority of bound drugs occupying either Site I
which IIA of BSA
containing tryptophan 213 residue or Site II (the
subunit domain IIIA of BSA) that include
tryptophan 134 residue [25, 32]. In this study,
blind docking showed that HMF and OMBF
preferentially bound at Site I which was
a Site I

is the subunit domain

identified by warfarin, marker.
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c - Conventional Hydrogen Bond

(a)

ARG
A194

TYR A290 GLU
g1 A152
HIS
A241
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A256

Interactions

I:I van der Waals I:I Fi-Pi T-shaped

|:| Fi-Alkyl

(b)

Fig. 5. (a) 3D view and (b) 2D representation of molecular interaction of HMF with BSA site-I

Site-directed docking revealed that HMF and
OMBF were inserted into the hydrophobic
pockets of subunit domain IIA of albumin and
were surrounded by amino acids which vary in
hydrophobicity, polarity, and charge. However,
HMF and OMBF showed a graded affinity for
albumin with binding energies of -5.3 and -7.2
kcal/mol, respectively when compared with -8.2
kcal/mol obtained by warfarin. Although this
represents to the best of our knowledge, the first
docking study with OMBF, our modelling
protocol was further validated as it corroborated
previous fluorescence spectroscopic and docking
studies which identified subdomain IIA of human
serum albumin as the binding site of HMF
[11,33]. These previous studies further
documented a similar array of surrounding
amino acids residues in the binding pocket of
HMF as we have herein reported. The marked
difference in the affinities of HMF and OMBF for
BSA, as reported in our study, can be attributed
to the type and extent of their intermolecular
interactions with albumin which is in turn
dictated by their chemical structure.

HMF interacted through five hydrogen bonds,
four of which involved oxygen atoms in its
heterocyclic ring chains. The

and side
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guanidinium ion of Arginine 198 was involved in
two hydrogen bonds with oxygen of the furan
ring (bond lengths of 1.89 and 2.43A) and in a
third hydrogen bond (predicted bond length of
2.04A) with oxygen of alcohol side group of the
ligand. Likewise, a fourth hydrogen bond
(predicted bond length 3.02A) between the
ketonic group of HMF and Arginine 217 could be
observed in the 2D representation. At
physiological pH, the side chain of arginine can
accept proton and become positively charged
[34]. The positive charge is sufficiently stabilised
by the resonance of its guanidinium ion and can
drive the extensive interaction of the amino acid
residue with the electronegative oxygen atoms of
HMF. The fifth hydrogen bond interaction of HMF
with a predicted bond length of 2.448A involved
its alcohol group serving as hydrogen bond
donor and the side chain of Serine 191 as
acceptor. Expectedly, OMBF which is a dimer of
HMF showed a similar extensive network of

hydrogen  bond interactions with the
guanidinium ions of Arginine 198, Arginine 217,
and the side chain of Serine 191.
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(@)

=
)
-

eractions

|:| van der Waals |:| Pi-Pi T-shaped
- Conventional Hydrogen Bond |:| Amide-Pi Stacked
|:| Carbon Hydrogen Bond |:| Pi-Alkyl
- Fi-Sigma

(b)

Fig. 6. (a) 3D view and (b) 2D representation of molecular interaction of OMBF with BSA site-I

In addition, a new hydrogen bond interaction
involving the positively charged side chain of
Lysine 221 and polar carbonyl group of OMBF
could be This
intermolecular interaction may contribute to the
increased binding of OMBF as obtained in
docking studies. However, as previously
identified in thermodynamic studies,
hydrophobic interactions played prominent roles
in driving the binding of both compounds and the
stabilization of their resultant ligand-protein
complexes. Thus, although docking indicated that
both ligands occupied the hydrophobic pocket of
of BSA and were surrounded by
hydrophobic amino acid residues including
Phe222, 11e289, Ala290, and Leu237, the marked
difference in the albumin binding affinities of
HMF and OMBF can be better explained by the
predicted hydrophobic interactions, as displayed
in Figures 5 and 6.

Analysis of the OMBF-albumin complex in Figure
6b showed six hydrophobic
forces in which the m-electrons of the furan rings

observed. additional

site 1

intermolecular

of the ligand were involved in interactions with
the saturated bond electrons of leucine 237 and
alanine 290, aromatic m-electrons of tyrosine
149, amide functional groups of isoleucine 289,
and the alkyl side chains of arginine 194 and
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alanine 290, among which three interactions, on
the account of their intermolecular distances,
were regarded as significant. These included pi-
sigma interactions with leucine 237 (3.75A) and
290 (3.56A) as well as pi-alkyl
interactions with alanine 290 (4.53A). In
contrast, as depicted in Figure 5b, only two
hydrophobic interactions were involved in the
stabilization of HMF-albumin complex viz. pi-pi
T-shaped interaction with tyrosine 149 and pi-
alkyl interaction with alanine 290. Of the two
interactions, only the latter was significant with a
bond length of 4.61A. Hydrophobic interactions
generally increase with number of carbon atoms
in a molecule, and thus OMBF with a higher C/H
ratio expectedly showed an increased propensity
for hydrophobic interactions. The longer alkyl
side chains of OMBF will also mediate stronger
hydrophobic interactions compared with HMF.

alanine

3.6- Semi-empirical
calculations

The multi-point hydrogen bonded complexes of
HMF and OMBF with amino acid residues of BSA
were analysed by using PM6-D3H+. The semi-
empirical method, despite being computationally
has been successfully used to

quantum mechanical

inexpensive,
determine interaction energies that rival in
accuracy results obtained with DFT [18]. The
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optimised geometry of the investigated
complexes by using the PM6-D3H+ method is
demonstrated in Figure 7. The coordinates of the
complexes are reproduced in the supplemental
files. Analysis by using the same method ruled
out the existence of imaginary frequencies and
confirmed that convergence was achieved. The
heat of formation, frontier molecular orbitals,
and the interaction energies of HMF and OMBF

complexes are represented in Table 2. The
interaction energy of OMBF-BSA complex was 1.5
folds higher than that of HMF. This trend was
consistent with molecular docking studies.
Therefore, OMBF formed a more stable complex
with BSA compared with HMF. The energy gaps
of both ligands were also within feasible

transition levels.

Fig. 7. Optimised structures of (a) HMF and (b) OMBF complex within the PM6-D3H+ approximations
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Table 2. Geometrical parameters and interaction energy (AE) of HMF and OMBF complexes by using

PM6-D3H+
Heat of formation
Complex (kcal /mol) HOMO (eV) LUMO (eV) AE (kcal/mol)
HMF-BSA -405.49 -9.14 -1.39 -51.43
OMBF-BSA -420.53 -9.16 -1.57 -76.27
4-Conclusion Acknowledgments

The binding interactions of HMF and OMBF with
BSA were studied by using the UV-visible
spectroscopic, molecular docking, and semi-
empirical methods. Spectroscopic results showed
that OMBF induced more perturbations in the
278 nm electronic absorption band of BSA
compared with HMF. Furthermore, the degradant
formed a more stable complex with BSA with a
binding constant (In Ky) of 8.99 compared with
5.97 obtained with HMF.

Thermodynamic investigations identified
hydrophobic interactions as the major forces
driving the interaction of BSA with both OMBF
and HMF. Molecular modelling showed that
although both ligands occupied the hydrophobic
pocket of Site I of BSA, the OMBF binding was
characterized by a higher binding energy of 7.2
kcal/mol
hydrophobic interactions between the aromatic
rings of the ligand and hydrophobic residues of
BSA. Semi-empirical calculations also
corroborated the observed trend with the
interaction energy of OMBF-BSA complex being
1.5 folds greater than that of HMF. Therefore, this
study confirmed an

attributed to the more extensive

increased avidity and
stability in the complexation of albumin with
OMBF compared with HMF. The
affinity of OMBF for albumin might increase its
tissue distribution making it more prone to
bioaccumulation. A stricter limits control of

increased

OMBF in heat-processed foods and parenteral
preparations is recommended.
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