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Abstract The surface binding properties of apoferritin
were investigated using two different substances, specifi-
cally, non-ionic nicotinamide and calcium. Nicotinamide
could bind with apoferritin through hydrogen bonding. The
binding location could be estimated by combining the
Forster’s non-radiation resonance energy transfer theory
model and Molegro Virtual Docker docking software. The
surface and internal cavities of apoferritin could be used to
bind calcium through electrostatic attraction. Apoferritin
monomers were stabilized only when the calcium con-
centration was lower than 20,000 uM, whereas a high
calcium concentration could promote serious protein
aggregation.

Keywords Apoferritin - Nicotinamide - Calcium -
Load-carrying characteristics

Introduction

The development of nanovehicles as drug delivery systems
has gained considerable interest in nutritional and phar-
maceutical industries over the last several decades. Nano-
toxicology research has indicated that the pharmacological
properties, as well as biodegradability, biocompatibility,
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and non-toxicity, of such new systems [1]. Therefore,
synthetic nanovehicles, such as porous hollow silica
nanoparticles [2], single-wall nanotubes [3], and C60 ful-
lerenes [4] are often studied. Replacement of these syn-
thetic materials with natural materials that are more
acceptable to many people has become an attractive field
of research.

Ferritin, a ubiquitous iron storage protein that plays
a crucial role in intracellular iron homeostasis, has a
3-dimensional structure that is highly conserved among
plants, animals, and bacteria. Ferritins have 24 similar or
identical subunits arranged in a 4,3,2 symmetry, resulting in
a hollow protein shell (outer diameter of 12—13 nm; inner
diameter of 7-8 nm) where ~4,500 iron atoms can be
stored as an inorganic complex. The iron cores in ferritin
can be removed by dialysis against a solution containing a
reducing agent. Ferritin without a ferrihydrite core is called
apoferritin, the exterior and interior surfaces of which are
amenable to both genetic and chemical modifications [5].
Aside from iron oxides, a variety of inorganic nanoparticles,
such as Mn(O)OH, Co(O)OH, CdS, and ZnSe, have also
been synthesized within the ferritin protein cage based on
similar biomimetic strategies [6-9]. Works focusing on the
interactions between apoferritin and small organic mole-
cules have also been reported. Glucose, having a molecular
cross-section of ~0.7 nm, can diffuse into the ferritin
cavity over a period of several days [10]. The maximum
size of molecules passing through the ferritin channels into
the cavity is believed to be smaller than that of maltotriose
(~2 nm) [11]. However, due to lack of extensive research,
the discussion on the loading capacities of the apoferritin
remains incomplete.

Nicotinamide (NA), which is part of the vitamin B
group, is a precursor of nicotinamide adenine dinucleotide
or its phosphate form, both of which are important

@ Springer



Eur Food Res Technol

coenzymes in the redox reactions of living organisms. The
pharmacological activities of NA, such as its anti-inflam-
matory properties and significant role during oxidative
stress, DNA repair synthesis, and cerebral ischemia, among
others, have been reported over the years [12-14]. Cal-
cium, a mineral nutrient with many medical and healthcare
uses, such as the treatment of bone loss [15], can fortify the
nutritional values of food formulation [16]. In the present
study, model samples of NA and calcium to represent non-
ionic and ionic factors, respectively, were used to investi-
gate the surface characteristics of apoferritin. The objective
of this work is to determine the stability of apoferritin in
the process of carrying drugs.

Materials and methods
Materials

Horse spleen ferritin (HoSF) and nicotinamide were pur-
chased from Sigma-Aldrich (F4503, N0636). The 3-(N-
morpholino) propanesulfonic acid (MOPS) was obtained
from Amresco (USA). Ferrous sulfate, sodium dithionite,
2, 2’-bipyridyl were obtained from Sigma-Aldrich Co.
(Beijing, PR China). All the reagents used were of ana-
lytical grade or purer (99.7 %).

Preparation of solutions

MOPS buffer solution (5 mM) was prepared by dissolving
the powder in deionised water. The pH was the adjusted to
7.0 with NaOH (1 M). ApoHoSF was prepared as descri-
bed recently [17]. Proteins solutions were obtained by
dissolving an appropriate amount of each protein in the
MOPS buffer solution (5 mM, pH 7.0). NA solutions
(10 mM) was prepared with MOPS and stored at 4 °C. All
protein concentrations were determined based on the
Lowry method using BSA as a standard.

Fluorescence and UV-Vis spectrometry study

The fluorescence and UV-Vis intensities were recorded
with a Varian Cary Eclipse fluorescence spectrophotometer
and a Varian Cary 50 UV-Vis spectrophotometer (Varian
Medical Systems, Inc., CA, USA), respectively. Fluores-
cence spectra were measured in the range of 290-400 nm
at an excitation wavelength of 285 nm at 25 °C, using
5.0 nm excitation and 10.0 nm emission slit widths. Each
spectrum was background corrected by subtracting the
spectrum of the Milli-Q water and MOPS blank. The dif-
ferential apoHoSF spectrum was obtained by subtracting
the pure NA spectrum from the NA-apoHoSF mix
spectrum.
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Dynamic light scattering (DLS) measurements

DLS experiments were performed at 25 °C using a
Viscotek model 802 dynamic light scattering instrument
(Viscotek, Europe) as described previously [17]. The
OmniSIZE 2.0 software was used to calculate the size/
hydrodynamic radius (Rh) distribution of prepared proteins
when protein samples were added certain amount of NA.
All samples, unless stated otherwise the final concentration
at 0.5 pM, were allowed to stand for 24 h prior to DLS
measurement to ensure that the reactions were complete.

Scanning transmission electron microscopy (STEM)

Liquid samples were diluted with 5 mM Mops buffer (pH
7.0) prior to placing on carbon-coated copper grids and
excess solution removed with filter paper; then, proteins
were stained using 2 % uranyl acetate for 10 min. Trans-
mission/Scanning electron micrographs (TEM/SEM) were
imaged at 30 kV through a Hitachi S-5500 scanning elec-
tron microscope.

3D molecular models and molecular docking

ChemBioOffice ultra 2008 (v.11.0) (http://www.cambridge
soft.com/software/ChemBioOffice), Pymol (http://www.
pymol.org) and MVD (Molegro Virtual Docker, 8.0
http://www.molegro.com) were used here for molecular
structure construction and molecular docking. The MVD is
based on a new heuristic search algorithm that combines
differential evolution with a cavity prediction algorithm.
During the search process, fast and accurate identification
of the potential binding modes is achieved through the use
of predicted cavities.

The 3-dimensional structure of the NA was initially
optimized by ChemBioOffice with MM2 method combined
in with default set, then displayed by pymol. The
3-dimensional structures of apoHoSF (11ER) were loaded
from their worldwide protein data bank (PDB) (http://
www.rcsb.org/pdb/home/home.do) elucidated structures.
The docking of peptides to NA was performed according to
the guidance of MVD.

For the complex, the atom types and the bond orders
were corrected to both ligand and protein structures using
the MVD automatic preparation function, and the MVD
default charges were assigned. Potential binding sites
(cavities) were detected using the grid-based cavity pre-
diction algorithm. The population size, maximum interac-
tions, scaling factor, and crossover rate were set to 150,
2000, 0.50, and 0.90, respectively. For each complex, we
performed 100 independent runs with the MolDock opti-
mizer algorithm, with each run returning one solution
(pose).


http://www.cambridgesoft.com/software/ChemBioOffice
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http://www.pymol.org
http://www.pymol.org
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Statistical analysis

Statistical data were analyzed using origin 8.0. Statistics on a
completely randomized design were performed using the
general linear models procedure with the One-way analyses of
variance (ANOVA), Duncan’s multiple range test (P < 0.05)
was used to detect differences among mean values.

Results and discussion
UV-visible and fluorescence spectroscopy

UV-visible and fluorescence techniques were used to
analyze the properties of the chromophoric and fluoro-
phoric groups, which are often involved in various inter-
molecular reactions. Fluorescence quenching processes
usually refer to two modes, namely, dynamic and static.
Dynamic quenching occurs when the excited fluorophore
collides with an atom or molecule that can facilitate non-
radiative transitions to the ground state. Static quenching
implies either the existence of a spherical region of
effective quenching or the formation of a non-fluorescent
complex. Empirically, a linear expression (Eq. 1) can be
used to describe the variation of the fluorescence versus the
concentration of the quencher [18]:

Fop =1+ k(0] (1)

where F, and F represent the fluorescence intensity without
and with the quencher, respectively. K is the quenching
constant, which is equivalent to the reaction constant, and
[Q] is the quencher concentration. Combination of the
fluorescence and absorption spectra could provide infor-
mation with which to analyze the characteristics of the
dynamic and static mode quenching [19].

Atan excitation wavelength of 285 nm, apoHoSF showed
maximum intrinsic fluorescence around 320 nm caused by
Trpresidues [19]. The fluorescence of Tyr residues (304 nm)
at this excitation wavelength was very weak and thus
neglected. Figure 1 exhibits variations in the apoHoSF
fluorescence spectrum versus the NA concentration, where
the intensity of the apoHoSF fluorescence decreases with
increasing NA concentration. Figure 2 compares the UV—
visible spectra of the pure NA, apoHoSF, and NA—-apoHoSF.
The NA-apoHoSF spectrum does not overlap with super-
position of apoHoSF and NA separately, indicating the for-
mation of a NA—apoHoSF complex. In addition, the UV
absorption values for NA at the excitation and emission
wavelength of apoferritin were minor, thus the inner-filter
effect was assumed to be limited. The decrease in fluores-
cence is mainly attributed to quenching by NA [20]. Figure 3
shows a linear Stern—Volmer relationship obtained by fitting
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Fig. 1 Fluorescence spectra of apoHoSF and NA-apoHoSF systems
(pH 7.0). The concentration of apoHoSF was 0.5 pM. 4., = 285 nm
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Fig. 2 Absorption spectra of NA, apoHoSF and NA-apoHoSF (pH
7.0). The concentrations of apoHoSF and NA were 0.5 and 200 pM,
respectively. The insert was the comparison of the differential
apoHoSF spectrum and the pure apoHoSF spectrum

Eq. 1 to the experimental data. Taking into account the
collision quenching constant, which is normally lower than
2 x 10°1mol~" [21], the NA-apoHoSF mode likely
became more static.

The thermodynamic parameters of enthalpy (AH) and
entropy (AS) of NA—apoHoSF interactions are important in
confirming the binding mode of the reaction. The variation
in binding enthalpy AH, which is assumed not to change
with temperature, was calculated using the classical Van’t
Hoff equation (Eq. 2) [22, 23]:

K AH (1 1

n(2)=-"S(——— (2)
K, R \T, T,

where T is the temperature and R is the ideal gas constant.

The binding free energy AG was calculated using:
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Fig. 3 Stern—Volmer curves of apoHoSF with certain amount of NA

Table 1 Thermodynamic binding parameters of NA-apoHoSF

system

T/K KL mol™') AH/KJI mol™! AS/J mol™' K™' AG/kJ mol™!
298 1.59 x 10> —20.21 —6.54 —18.26

308 122 x 10° —18.19

AG = —RTInK (3)

The variation in binding entropy AS was calculated with
AG = AH — TAS, and the results were summarized in Table 1.

The negative AG indicates that the binding of NA and
apoHOSF is energetically favorable, while the negative
AS and AH indicate that the binding behaviors decrease the
entropy of the molecular environment of Trp and that the
reaction is exothermic. This reaction is seen as a result of
hydrogen bonding and van der Waals power [24].

According to Forster’s non-radiation resonance energy
transfer theory (FRET), the energy transfer occurs only
when the fluorescence emission spectra of the donor and
the absorption spectra of the acceptor have overlap and the
distance between donor and acceptor is not longer than
7 nm. The following equations could be used to estimate
the distance between the acceptor and donor [25]:

RS F
E=—"_=1-— 4
R+ 10 Fy )
RS =8.8 x 1072 (K*pN"*)) (5)
> Fp(A)ea(lo)Atda
;b p()ea(a) ©)
fO FD(A«)d/L

In these equations, E is the efficiency of transfer between the
donor and the acceptor, Ry is the critical distance when the
efficiency of transfer reaches 50 %, r is the distance between
the acceptor and the donor, K is the space factor of
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Fig. 4 Absorption spectrum of NA and fluorescence emission
spectrum of apoHoSF

orientation, N is the refracted index of medium, ¢ is the
fluorescence quantum yield of the donor, J is the effect of the
spectral overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor, Fp(4) is the
corrected fluorescence intensity of the donor in the wave-
length range A to 4, and e4(/o) is the extinction coefficient of
the acceptor at 4q. The overlap integral J can be evaluated by
integrating the spectra in Fig. 4 according to Eq. 6. Under
the present experimental conditions, using K* = 2/3,
N = 1.336, and ¢ = 0.118 [26], the obtained distance
between NA and Trp in apoHoSF was about 3.40 nm.

Molecular docking of NA to apoHoSF

The space volume of NA was defined as 38 according to
the lengths of the molecular bonds. Using MVD docking
software, apoHoSF was identified to have about 100 cav-
ities as binding sites, which could be divided into 4 main
classes: (1) 8 threefold channels with space volumes
varying between 151 and 215, (2) 24 intersubunit gaps with
a volume of 71, (3) 24 cavities on the surface of subunits
with volumes varying between 49 and 57, and (4) 6 four-
fold channels with a volume of 23. The rest of the cavities
had volumes less than 23. By comparing space volumes,
the large threefold channels may allow NA molecules to
enter apoHoSF. The cavities on the surface of the subunit
and intersubunit gap are able to bind with NA but such an
occurrence could be reduced by steric hindrance. Sites with
volumes less than 23 were very small so they were
neglected. Analysis of fluorescence and adsorption indi-
cates that the NA binding sites were in the vicinity of the
Trp residues. Thus, the most likely binding sites of NA on
apoHoSF are proposed in Fig. 5. The cavity of the binding
site was formed by Arg(75), Phe(35), Ser(32), Arg(39),
Asp(87), and Ala(76). Hydrogen bonds were formed
between the amino hydrogen of Ala(76) and the pyridine
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Fig. 5 Illustration of the
structural formulae of NA (a),
the diagram of binding site of
NA (yellow) on apoHoSF

(b) and 3-dimensional structure
of apoHoSF banded by NA (c).
Red-fluorescence group (Trp),
green-NA
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Fig. 6 Zeta and size variation of the NA—apoHoSF and Ca®'—apoHoSF system (pH 7.0). a Zeta potential; b size measurement. The

concentration of apoHoSF was 0.5 uM

nitrogen of NA, the -NH of Phe(35) and the carbonyl
oxygen of NA, and the carbonyl oxygen of Ser(32), and the
amino nitrogen of NA. Water molecules could also serve as
a bridge to produce other hydrogen bonds. Some basic
residues, such as Arg(75), Arg(39), and Ala(76), were in
very close proximity to NA, which suggests that a strong
hydrophobic interaction also exists in the binding process.

Zeta size and potential measurements

The most significant difference between the NA—apoHoSF
and Ca®"—apoHoSF systems involves the variation in their
protein charge states. Figure 6 compares the variations of
the size and zeta potential, &, of apoHoSF and the concen-
trations of calcium and NA at pH 7. The ¢ of pure apoHoSF
was approximately —33 mV. The negative charges were
mainly from the amino acid residues Glu and Asp. The ¢ of
the apoHoSF system was independent of the NA concen-
tration (Fig. 6a). The stable ¢ value of NA—apoHoSF sys-
tem is due to the non-ionic NA (pK = 3.6) [27]. Hydrogen
bonding was the main binding forces between the non-ionic
NA and apoHoSF. In contrast, addition of 50 pM calcium
could reduce the & of apoHoSF to —15 mV through elec-
trostatic neutralization. This ¢ was maintained until the
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Fig. 7 Zeta and size variation of the Ca®T—apoHoSF system (pH
7.0). The concentration of apoHoSF was 0.5 uM

calcium concentration was over 5,000 pM (Fig. 7). When
the calcium concentration reached 300,000 pM, apoHoSF
was completely neutralized.

The hydrodynamic size (Ry,) of apoHoSF was measured
using dynamic light scattering spectroscopy. The size of
apoHoSF was slightly increased with the presence of NA
(Fig. 6b). When the calcium concentration was less than
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Fig. 8 STEM images of the NA—apoHoSF (a) and Ca*"—apoHoSF (b) system. The concentration of apoHoSF was 0.5 pM

20,000 uM, the size of apoHoSF was maintained at 26 nm.
Rapid aggregation of proteins could be induced when the
total charges are neutralized by calcium (Fig. 7). Figure 8
exhibits STEM photographs of the (a) NA—apoHoSF and
(b) Ca*"—apoHoSF systems. The dark center of the NA—
apoHoSF monomer is caused by uranium dye. In the Ca*"—
apoHoSF system, the internal negatively charged cavity of
the protein is filled with Ca2+, which could hamper the
entry of uranium [28]. Similar observations have also been
reported in CCMV (Cowpea chlorotic mottle virus) [29].

Conclusions

The present results indicate that apoferritin could be used
to load a variety of functional factors. Non-ionic mole-
cules, such as nicotinamide, could bind with apoferritin
through hydrogen bonding. The binding location could be
estimated by combining the FRET model and MVD
docking software. The surface and internal cavities of
apoferritin could be used to bind calcium through electro-
static attraction. Apoferritin monomers were stabilized
only when the calcium concentration was lower than
20,000 pM, whereas a high calcium concentration could
promote serious protein aggregation.
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