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Abstract: Blue C-phycocyanin (C-PC), the major Spirulina protein with innumerable health-promoting
benefits, is an attractive colourant and food supplement. A crucial obstacle to its more extensive
use is its relatively low stability. This study aimed to screen various food-derived ligands for their
ability to bind and stabilise C-PC, utilising spectroscopic techniques and molecular docking. Among
twelve examined ligands, the protein fluorescence quenching revealed that only quercetin, coenzyme
Q10 and resveratrol had a moderate affinity to C-PC (K, of 2.2 to 3.7 x 10° M1). Docking revealed
these three ligands bind more strongly to the C-PC hexamer than the trimer, with the binding sites
located at the interface of two (xf3); trimers. UV/VIS absorption spectroscopy demonstrated the
changes in the C-PC absorption spectra in a complex with quercetin and resveratrol compared to the
spectra of free protein and ligands. Selected ligands did not affect the secondary structure content,
but they induced changes in the tertiary protein structure in the CD study. A fluorescence-based
thermal stability assay demonstrated quercetin and coenzyme Qg increased the C-PC melting point
by nearly 5 °C. Our study identified food-derived ligands that interact with C-PC and improve its
thermal stability, indicating their potential as stabilising agents for C-PC in the food industry.

Keywords: C-phycocyanin; spirulina; food antioxidants; quercetin; resveratrol; coenzyme Qjo;
binding interactions; spectroscopic methods; molecular docking; protein stabilisation

1. Introduction

Arthrospira platensis, also known as Spirulina, is a filamentous cyanobacteria whose
popularity as an alternative food source is increasing. The annual production of Spirulina,
predominantly produced in China, is estimated to be about 10,000 tons [1]. Spirulina’s
edible biomass is considered a superfood since it is rich in several bioactive components,
including proteins, fatty acids, and micronutrients. Proteins are the most important, and
dry Spirulina biomass can contain between 50 and 70% of high-quality proteins [2]. Among
these proteins, natural blue pigment C-phycocyanin (C-PC) is the most dominant and
crucial bioactive component, whose market value is expected to reach USD 409.8 million
by 2030 [3].
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C-phycocyanin is an intensively blue-coloured protein due to the presence of a tetrapyr-
role prosthetic group called phycocyanobilin (PCB). It is involved in light-harvesting pro-
cesses in Arthrospira platensis as a phycobilisome component. C-PC consists of o (18 kDa)
and f3 (20 kDa) subunits, which form the «f3 dimer. The obtained dimer further oligomerises
to trimers (x3)3 and hexamers (xf3)g [4]. A PCB chromophore is covalently bound to the
protein part via a thioether bond at Cys84 in the x-subunit and Cys82 and Cys153 in
the 3-subunit [5]. Several studies confirm PCB is responsible for many beneficial effects
connected to C-PC. They include immunomodulatory, anti-inflammatory, anti-oxidative,
anti-cancerogenic, neuroprotective, and antiviral activity [6-9]. During digestion or opti-
mised conditions of C-PC proteolysis, bioactive chromopeptides containing PCB could be
released [10,11].

C-phycocyanin has an intense blue colour that is rare, making it very interesting for the
food and confectionery industry as a natural food colourant. Additionally, C-PC application
stretches to biotechnology, medicine and diagnostics [12]. A vital drawback to the broader
utilisation of C-PC on an industrial scale is its low stability during food processing since
C-PC from Spirulina is sensitive to high temperatures, light and pH. In solution, C-PC’s
melting point (Tr,) is about 50 °C; above it, denaturation occurs [13]. Additionally, C-PC is
unstable at pH values below 5 and above 8 [14]. Optimal storage conditions for this protein
are in the dark at pH 5.5-6.0 and below 45 °C [15]. Several approaches are proposed for
increasing the stability of C-PC and phycobiliproteins in general. They include different
encapsulation techniques, the addition of edible oils, sugars, whey proteins, cross-linkers,
etc. [16-19]. However, these molecules could stabilise C-PC only at high concentrations (at
least in the mM range). On the other hand, the literature data about the specific binding of
food-derived ligands to C-PC are scarce. Therefore, identifying high-affinity ligands that
could stabilise protein at a much lower ligand concentration (UM range) is a challenge.

This work aims to screen twelve food-derived antioxidants (Figure 1) for their ability
to bind to C-PC with high/moderate binding affinities (K4 at least in the micromolar range)
and investigate the consequences of their interactions on the structure and stability of C-PC.
Binding, structural investigation and stability were assessed using several spectroscopic
techniques, including spectrofluorimetry, UV /VIS absorption spectroscopy and circular
dichroism (CD) spectroscopy. Besides the thermal stabilisation of the C-PC, these results
also identify molecules for which C-PC could act as a carrier, thus improving its potential
bioactivity even further.

5 OH 'f
H o} CH,
2 3 o
HO. ~ O HyC
H.C HS
Co S W OH
{ o CH, SH
OH 10

Dihydrolipoic acid

OH O

. Resveratrol Coenzyme Quo
Quercetin

2
HO. C—OH
~ =
(] HO™ ey OH HO
OH

Vanillin trans-Ferulic acid

Menthol 3.4-Dihydroxybenzoic
acid
Oy__OH P
COOH HO, P
o
HO OH
o SaW,
HiCO OCH; OCH il
OH : HES
ineic acid HO HO o
Syringic aci Vanillic acid Caffeic acid Ellagic acid

Figure 1. Structures of food-derived ligands used in this study.
2. Results
2.1. Screening of Suitable Ligands and Calculation of Affinity Constants to C-PC

C-phycocyanin exhibits strong fluorescence when it is excited at 590 nm, which enables
the study of the interactions of various molecules with this chromoprotein. The addition
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of ligands caused the fluorescence quenching of C-PC chromophores, indicating that they
were binding to C-PC protein (Figure 2).
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Figure 2. Emission quenching of C-PC in the presence of examined ligands (excitation at 590 nm)
at pH 7.2 and 25 °C. Quercetin (A), resveratrol (B), coenzyme Qi (C), dihydrolipoic acid (D),
menthol (E), vanillin (F), 3,4-dihydroxybenzoic acid (G), trans-ferulic acid (H), syringic acid (I),
vanillic acid (J), caffeic acid (K) and ellagic acid (L).

Out of 12 ligands tested, only 3 quenched the intrinsic fluorescence of C-PC by more
than 30%, indicating decent binding to the protein partner. They included quercetin,
resveratrol and coenzyme Qg (Figure 2A, Figure 2B, and Figure 2C, respectively). These
three ligands were further analysed, and their binding affinities for C-PC were calculated
from the obtained emission spectra (Figure 3; Table 1).



Int. J. Mol. Sci. 2024, 25, 229

4of 15

>

Fluorescence intensity x 106 (CPMm)

(@

Fluorescence intensity x 10% (CPM)

m

Fluorescence intensity x 106 (CPM)

W

18 nM C-PC
+ 1 uM quercetin

1.04 —— + 2 uM quercetin
: ——— +3 uM quercetin
——— + 4 uM quercetin
0.84 — +6uM quorcolfn f
——— + 8 uM quercetin w
—— +10 uM quercetin |.£
0.6+ —— +12 uM quercetin u\.?
~——— 416 uM quercetin o
——— + 20 uM quercetin w
0.4 ;
o
0.2
0.0 T T T T 1
620 640 660 680 700
Wavelength (nm)
—18nMC-PC D
— +1uMQqo
— +2uM Q
1.0 P10
—— +3uM Qqg
—— +4uM Qqg -
0.8+ — +6uM Qqq u’§_‘
—— +8uM Qqo pr
0.6 - — +10uMQqq =
— +12uMQqg -
- +16uMQqo w
0.4 —— +20uMQqq =
2
0.24
0.0 T T T T T
620 640 660 680 700
Wavelength (nm)
—18 nM C-PC F
—— +1 uM resveratrol
1.0 —— +2 uM resveratrol
. —— +3 uM resveratrol
—— +4 uM resveratrol
0.8 —— +6 uM resveratrol ?
—— +8 uM resveratrol w
—— +10 uM resveratrol w
0.6 4 —— +12 uM resveratrol =
—— +16 uM resveratrol u{:
—— + 20 uM resveratrol w
0.4 ;
L
0.24
0.0

T T T T
640 660 680 700

Wavelength (nm)

T
620

12
1.0
0.8
0.6
0.4
0.2
0.0

0.2

0.4

0.6

-0.8

1.0+
0.8 4
0.6
0.4 4
0.2+
0.0 4
0.2+
-0.4

-0.6

T 1

T T T T
-5.8 56 -54 52 50 -4.8

log [quercetin]

0.8+

0.6

0.4 4

0.2

0.0 4

0.2

-0.4 4

-0.6

56 54 52
log [coenzyme Q, ]

58 5.0

T T T T
56 54 52 50 -4.8

log [resveratrol]

T
-5.8

Figure 3. Titration of C-PC with increasing concentrations of quercetin (A), coenzyme Qi (C) and
resveratrol (E). Calculation of affinity constants was carried out from Equation (2), based on the
corresponding fluorescence quenching data (B,D,F).

Table 1. Calculated affinity constants (K,) of selected ligands for C-PC at pH 7.2 and 25 °C.

Ligand K, M)
Quercetin 3.7 x 10°
Coenzyme Qqq 3.4 x 10°
Resveratrol 22 x 10°

Values represent the mean of three independent experiments (standard deviation was less than 5%).

The affinity constants show that quercetin, coenzyme Qj, and resveratrol have similar
affinities for C-PC, with quercetin having the highest. The binding of these ligands affects
the emission maximum of C-PC, suggesting that there are changes in polarity around PCB
chromophores. In the presence of coenzyme Qj, a slight blue shift of PCB chromophore
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emission maximum occurs (decreased polarity), while in the presence of resveratrol and
quercetin, the redshift occurs (increased polarity).

2.2. Molecular Docking Analysis

In this study, we performed molecular docking simulations to determine the binding
mode of three ligands (quercetin, resveratrol and coenzyme Qg) to C-PC trimers and
hexamers, considering the equilibrium between these two forms in aqueous solution [16].

The lowest-energy complex formed between a C-PC trimer (x[3)3 and quercetin is sta-
bilised through the hydrogen bond interactions, where the hydroxyl group from quercetin’s
A-ring interacts with 32-GIn29, and hydroxyl groups from the B-ring interact with (2-
Met30, 32-Glu33 and (32-Arg37. Moreover, the B-ring forms hydrophobic interactions
with 32-Alal57 and 32-Leul58 (Figure 4). The binding affinities range from —7.6 to —6.6
kcal/mol. Resveratrol also exhibits a preference for the (-subunit, forming hydrogen
bonds with 31-Glu33, as well as hydrophobic interactions with 31-Ala26, $1-Met30 and
31-Alal57. The calculated binding affinities for 20 docking poses span from —6.3 to —5.9
kcal/mol (Figure 4). Coenzyme Qqg, on the other hand, favours the «3-subunit, with the
protein-ligand complex stabilised through hydrogen bonding interactions with «3-Ser164
and «3-Tyr165, along with a network of hydrophobic interactions involving the isoprenyl
chain with «3-Ala8, x3-Ile11, «3-Thr22 and «3-Val26, as well as the methyl group of the
aromatic ring with «3-Thr104. Despite these interactions, its binding affinities are relatively
low, ranging from —5.2 to —4.6 kcal/mol (Figure 4).

a,-Thr104 ay-Thr22 q,.lle11

B,-Met30

OH
QH

| B,-Ala26 B,-Ala157

ay-Tyr165  q,-Ser164

B,-Glu33’

B.-Loutss B,-Ala157

""""" 4 Hydrogen bond donor {/\

------- P Hydrogen bond acceptor
Hydrophobic

Figure 4. Binding modes of quercetin (green), resveratrol (wine red) and coenzyme Qg (light blue)
into C-PC trimer predicted by molecular docking. The molecular surfaces of three ligands are
depicted. PCB chromophores are displayed as dark blue sticks. The corresponding ligand interaction
diagram (LID) for each ligand is highlighted. The protein structure is visualised in PyMol, and LIDs
are calculated in LigandScout 4.4.

For the C-PC hexamer (xf3)s, the lowest-energy complex with quercetin is stabilised
by a network of non-covalent interactions, including hydrophobic interactions of the
B-ring with f1-Thr45 and «4-Tyr168, as well as hydrogen bonding with 1-Ser46, 31-
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Glu89, and «4-Ser164 (Figure 5). The corresponding binding affinities range from —9.2
to —8.0 kcal/mol. Resveratrol occupies the same binding pocket as quercetin, forming
hydrophobic interactions with 31-Thr45, 31-Ala48, x1-Phel8 and o4-Tyr168. Moreover, it
establishes hydrogen bonds with 31-Ser46 and (31-Ser49, with binding affinities spanning
from —8.1 to —7.6 kcal/mol (Figure 5). On the other hand, coenzyme Q;( preferably binds
to a-subunits, forming numerous hydrophobic interactions with «1-Ile112, x1-Alal13,
al-Tyr168, «1-Alal72 and «4-Phel8. Furthermore, this ligand is hydrogen-bonded to
«1-Serl74 and also forms a cation-pi interaction with the protonated side-chain of «5-
Arg120. The calculated binding affinities are the lowest in this series, ranging from —6.4 to
—5.9 kecal/mol (Figure 5).

a,-Tyr168

: a,-Sert74 9A9120
B,-Thrd5 : a,-Alat13

v

o OH B, 4‘(
8,-Glug9 B;:Ser‘i\\ ;

a,-Tyr168
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i
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............. Hydrophobic

._y Cation-n

B,-Thras  BrAlads 9 i
By-Se rdql.~"

Figure 5. Binding modes of quercetin (green), resveratrol (wine red) and coenzyme Qg (light blue)
into C-PC hexamer predicted by molecular docking. Molecular surfaces of quercetin and coenzyme
Qg are shown, while resveratrol is represented as wine-red sticks. Two (x[3)3 trimers are depicted as
gray and pale green ribbons. PCB chromophores are displayed as dark blue sticks. The corresponding
ligand interaction diagram (LID) for each ligand is highlighted. The protein structure is visualised in
PyMol, and LIDs are calculated in LigandScout 4.4.

2.3. UV-VIS Spectroscopy Analysis

UV-VIS spectroscopy shows that the presence of quercetin increases the absorbance
of the red band (around 620 nm) in the differential spectrum of C-PC (the spectrum of
quercetin is subtracted from the spectrum of C-PC: quercetin complex; Figure 6A). The
signal of C-PC at 362 nm is also increased, followed by the redshift to 368 nm in the
presence of quercetin, thus approaching the wavelength of the absorption maximum of free
quercetin (375 nm; Figure 6A). The differential spectrum of quercetin (the spectrum of C-PC
alone is subtracted from the spectrum of the C-PC/quercetin complex) also has stronger
absorbance compared to free quercetin, and there is no shift in the absorption maximum in
the differential spectrum of quercetin compared to the spectrum of free ligands (Figure 6A).
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Considering these observations, an increase in absorbance in the near-UV range of the
C-PC/quercetin complex arises mainly from the higher absorption of quercetin when it is
bound to C-PC. A similar effect also occurs with C-PC and resveratrol (Figure 6B). Here, the
red band of C-PC is not altered significantly, but the differential spectrum of resveratrol (the
spectrum of C-PC alone is subtracted from the spectrum of the C-PC/resveratrol complex)
revealed that the absorbance of resveratrol is increased due to complex formation with
C-PC. Additionally, the differential spectrum of C-PC in the presence of resveratrol (the
spectrum of resveratrol is subtracted from the spectrum of the C-PC/resveratrol complex)
exhibits a peak at 320 nm, which corresponds to the position of the resveratrol peak,
confirming that interaction between these two molecules induces an increase in resveratrol
absorbance. Furthermore, in the same spectrum, an absorbance increase at 280 nm was
observed, indicating that aromatic side chains of C-PC are involved in the interactions with
resveratrol (Figure 6B). On the other hand, coenzyme Q1o does not influence the absorption
peaks of C-PC (Figure 6C).
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Figure 6. UV-VIS spectra of C-PC and quercetin (A), resveratrol (B) and coenzyme Qg (C) recorded
at pH 7.2 and 25 °C. Black and blue lines represent the spectra of free protein and ligands, respec-
tively. Red and pink lines (A,B) represent differential spectra of C-PC (the spectrum of the ligand is
subtracted from the spectrum of the C-PC/ligand complex) and ligands (the spectrum of C-PC alone
is subtracted from the spectrum of the C-PC/ligand complex), respectively. Green (A,B) and pink
(C) lines represent unsubtracted spectra of protein/ligand complexes.

2.4. Structural Changes to C-PC Due to Binding of Ligands

Far-UV CD spectra (Figure 7A,C,E) of the C-PC solution have two characteristic
minima at 209 and 222 nm, confirming that -helix is the dominant secondary structure, in
accordance with the crystal structure of C-PC [20]. Neither ligand significantly influences
the far-UV CD spectra (Figure 7A,C,E), suggesting the C-PC secondary structure content in
the presence of quercetin, coenzyme Qg and resveratrol is not altered. On the other hand,
near-UV CD spectra of C-PC are much more sensitive to ligand binding, confirming the
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changes in protein tertiary structure upon ligand binding (Figure 7B,D,F). The near-UV
CD spectrum of C-PC has two characteristic peaks at 285 and 305 nm. The first peak
could arise from Tyr and Trp residues, while the peak at 305 nm arises solely from the Trp
residue. However, one «f3 dimer of C-PC has 16 Tyr and 1 Trp residues, suggesting that Tyr
residues are the major contributor to the band’s intensity at 285 nm. The ligands without
C-PC do not exhibit circular dichroism in the near-UV region. Quercetin binding to C-PC
induces significant changes in the band shape at 285 nm, followed by the appearance of the
additional band at 279 nm (Figure 7B). On the other hand, the binding of coenzyme Q19
has a much lower influence on the shape of the protein near-UV CD bands, and the band’s
broadening at 285 nm is observed upon the addition of ligand (Figure 7D). Resveratrol at a
20 uM concentration subtly affects the shape of the C-PC near-UV CD bands. In contrast,
40 uM of resveratrol induces the band’s broadening at 285 nm and 2 nm blue shift, while
the band at 305 nm is substantially redshifted to 314 nm (Figure 7F).
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Figure 7. Far-UV (A,CE) and near-UV (B,D,F) spectra of C-PC in the presence and the absence of
quercetin, coenzyme Q1o and resveratrol at pH 7.2 and 25 °C.

2.5. The Influence of Ligand Binding on Thermal Stability of C-PC

The thermal stability analysis of C-PC alone and in the presence of the tested ligands
is presented in Figure 8. The effects of quercetin and coenzyme Qjg on the thermal stability
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of C-PC were studied by monitoring the ratio of protein fluorescence at 335 and 345 nm
(excitation at 280 nm). The obtained melting curves show that both quercetin and coenzyme
Qqo improve the thermal stability of C-PC by increasing Ty, by nearly 5 °C (Figure 8A).
On the other hand, resveratrol does not change the melting point of C-PC (Figure 8B). It
should be noted that a different approach was used to determine T, for resveratrol. Here,
the emission of the C-PC chromophore was followed by excitation at 590 nm. When C-PC
was excited at 280 nm in the presence of resveratrol, a strong background signal from the
ligand appeared, and T, measurements were turned off at this excitation wavelength. This
observation is also the reason why the Tr, of C-PC alone was somewhat different when the
protein was excited at 590 nm (46.1 °C), compared to the excitation at 280 nm (48.9 °C).
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Figure 8. Thermal stability analysis of C-PC alone and in the presence of 20 uM of ligands, including
(A) quercetin and coenzyme Qg (excitation at 280 nm) and (B) resveratrol (excitation at 590 nm) at
pH7.2.

3. Discussion

In this paper, we probed the ability of twelve food-derived antioxidants to bind
and stabilise C-PC, the major protein of cyanobacteria Arthrospira platensis. The protein
fluorescence quenching approach revealed that quercetin, resveratrol and coenzyme Q1q
bind to C-PC with the highest affinity, and these ligands were selected for further work.
A molecular docking approach was used to predict the binding sites and modes for the
selected ligands on the C-PC trimer and hexamer. All three ligands induce changes in
the protein conformation, while the binding of quercetin and coenzyme Q1o induces the
thermal stabilisation of C-PC.

The selected ligands bind to C-PC with a moderate affinity from 2.2 to 3.7 x 10 M~}
(the dissociation constant is in the micromolar range). Considering that the concentration of
quercetin, resveratrol and coenzyme Q9 may be above a few uM in food products [21-23],
the binding of selected ligands to C-PC could occur in natural food systems, demonstrating
the relevance of the characterised binding systems.

Molecular docking analyses reveal distinct binding preferences for quercetin and
resveratrol toward -subunits of the C-PC («f3); trimer, while coenzyme Q1 interacts
preferentially with «-subunits. The identified binding sites for all three ligands on the C-PC
hexamer are situated at the interface between two («f3)3 trimers, implying a potential role
in stabilising the tertiary structure of C-PC. Quercetin demonstrates the highest binding
affinity for C-PC trimers and hexamers, aligning with the highest association constants
obtained by fluorescence titration. Despite a rich pattern of intermolecular interactions,
the relatively low binding affinity of coenzyme Qo may be attributed to its highly bent
conformation, resulting in a substantial energy penalty for a transition from an extended to
a bent conformation.
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The UV-VIS absorption spectrum of C-PC is an excellent indicator of the conforma-
tional state of the protein. This protein has two characteristic bands at a near-UV area
at around 360 nm and the so-called red band at about 620 nm in the visible spectrum
area, originating from bound PCB [24]. The shape and the ratio of these two absorption
maxima are used as an indicator for the C-PC structure, with native protein having higher
absorption at 620 nm, where PCB is in linear conformation and tightly bound to C-PC. In a
denatured state, PCB obtains a cyclic structure, and in this case, absorption at 360 nm is
higher, while the red band is blue-shifted to about 600 nm [24,25]. Quercetin influences
C-PC by increasing red band absorption by a small amount. This finding could result from
a slight conformational alteration of the PCB chromophore.

As a consequence of binding to C-PC, the intensity at absorption maxima of both
quercetin and resveratrol are increased, while the wavelengths of their absorption maxima
are not altered. The absorbance spectrum of quercetin is characterised by two prominent
bands called I and II. Band I is associated with the cinnamoyl system (B-C ring), and band II
with the benzoyl moiety created by the A-C ring. The nature of these transitions is 7-7t*. In
the presence of C-PC, the absorption of both band I and II of quercetin is increased, similar
to what is found in its interaction with SDS surfactant [26]. Since no shifts in absorption
maxima are detected, the interaction of quercetin to C-PC does not disturb 7-7* excitations
in both the A-C and B-C ring systems of quercetin. Human serum albumin, for example,
causes a robust bathochromic shift of quercetin band I for about 30 nm [27]. Regarding
resveratrol, a similar effect was obtained with its interactions with HSA [28]. The obtained
results indicate that due to complex formation, aromatic amino acid side chains responsible
for C-PC absorption at 280 nm and resveratrol have altered polarity in their environment,
leading to increased absorption intensity.

While neither of the ligands could affect the secondary structures of C-PC, the tertiary
structure of protein is influenced by the binding of all three ligands, especially in the pres-
ence of quercetin and resveratrol. Quercetin binding to C-PC induces significant changes in
the shape of the Tyr band, indicating that binding of this molecule occurs in the vicinity of
Tyr residues. A similar phenomenon (blue shift of Tyr band) was observed in the near-UV
CD spectra of human serum albumin upon quercetin binding [29]. Indeed, our docking
results confirmed that quercetin binds in the vicinity of x4-Tyr168. Resveratrol binding
influences both bands in the near-UV CD spectra of C-PC, with the more pronounced effect
on the Trp band with the substantial redshift (from 305 to 314 nm). However, it is unlikely
that Trp residues could exhibit a maximum intensity above 310 nm. Hence, the obtained
shift could not arise solely from Trp residue but probably due to the complex formation
between this residue and the resveratrol chromophore. Although free resveratrol does not
exhibit circular dichroism, its interaction with the aromatic side chains could induce its
optical activity reflected in the CD peak at 314 nm. In fact, the resveratrol absorption maxi-
mum (320 nm) is close to the observed CD peak, suggesting the significant contribution of
resveratrol to the ellipticity of the C-PC/resveratrol complex. The binding of coenzyme
Q10 provokes subtle changes in the Tyr band of C-PC, indicating ligand interactions with
the Tyr residues within the protein. The docking results also indicated the existence of
hydrogen bonding interactions between the phenolic hydroxyl group and «3-Tyr165 for
C-PC trimers and hydrophobic interactions with «1-Tyr168 for hexamers.

Considering that a significant drawback of the broader industrial utilisation of C-PC
is its lower stability, research with a focus on the stabilisation of C-PC is gaining attention,
with several review papers about this subject already being published [13,15]. C-PC has
an intense blue colour originating from its prosthetic group, PCB, which is very hard to
find in nature [30]. Due to its attractive appearance, C-PC has excellent potential to be
utilised as a food colourant. High temperatures represent standard food processing before
consumption, and C-PC loses its structure and blue colour at higher temperatures.

Besides colour, denaturation also affects C-PC’s bioactivity [31]. Therefore, the sta-
bilisation of C-PC has two benefits: the preservation of its attractive colour and bioac-
tivity. Another point to consider is the price for food-grade C-PC, estimated to be USD
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130 per g [32]. The improved stability of C-PC could significantly impact the cost of its
production. Several reports describe thermostable C-PC isolated from extremophilic algae
with Tm above 70 °C [33,34]. While their potential for industrial application is greater than
C-PC from Spirulina, C-PC is currently dominantly produced from mesophile Arthrospira
platensis. Cultivating extremophilic algae on a large scale requires many more resources
than growing mesophilic algae.

In the literature, there are several approaches for stabilising C-PC at higher temper-
atures. Based on several studies, it can be concluded that the optimal temperature for
keeping C-PC is below 45 °C [15]. There are not many studies, if any, exploring the binding
abilities of C-PC with small bioactive molecules. C-PC was shown to interact with and
inhibit the activity of a-synuclein and (3-secretase, which are involved in fibril formation
associated with Alzheimer’s and Parkinson’s disease [35,36]. By forming interactions
with BSA, C-PC can also inhibit the formation of BSA fibrils [37]. This study provides
insights into the types of molecules that can bind to this bioactive protein and stabilise
its tertiary structure at higher temperatures. Furthermore, C-PC can serve as a carrier for
these molecules. This further means enriched C-PC preparations can be made with other
bioactive small molecules. It was shown that quercetin and coenzyme Q1 increase its Try
by nearly 5 °C. C-PC’s thermal stability depends on its purity, with a reagent-grade protein
having lower stability than a food-grade one [38]. Enriching crude Spirulina extract with
the mentioned antioxidants could improve the thermal stability of C-PC even further.

Molecules that bind to C-PC, including quercetin, resveratrol and coenzyme Qqg,
are popular and widely used food supplements. Antioxidants are usually small organic
molecules with poor aqueous solubility [39,40]. Combined with their low stability, this
represents significant drawbacks in their efficient usage. When bound to proteins, their
solubility and bioavailability can increase, as is the case in studies of resveratrol attached
to fibrinogen [41] or B-lactoglobulin [42]. Similarly, coenzyme Qjg solubility increases
due to interactions with casein hydrolysates [43], while quercetin solubility, stability and
bioaccessibility are enhanced in excipient emulsions made of milk proteins [44]. In addition,
when bound to proteins, the activity of antioxidants can be extended as the protein itself
can protect bound ligands from chemical alterations.

4. Materials and Methods
4.1. Materials

Commercial Hawaiian Spirulina biomass was purchased from Nutrex (Kailua-Kona,
HI, USA). All reagents were of analytical grade and were purchased from Sigma (Darmstadt,
Germany). C-PC was purified according to the published procedure [45]. The concentration
of C-PC was calculated using the following equation [46]:

C-PC ( ) = (A615 —0.474 x A652)/5.34 (1)

mg/mL

where Ag15 and Agsp are absorbances of isolated C-PC at 615 and 652 nm. The molar
concentration of C-PC was calculated by dividing the protein mass concentration by the
molar mass of trimeric C-PC (~110 kDa).

Unless otherwise stated, all experiments were performed at room temperature in
20 mM phosphate buffer pH 7.2.

4.2. Screening of Antioxidants Binding to C-PC

The binding potential of 12 food-derived antioxidants, including quercetin, resveratrol,
coenzyme Qj, dihydrolipoic acid, menthol, vanillin, 3,4-dihydroxybenzoic acid, trans-
ferulic acid, syringic acid, vanillic acid, caffeic acid and ellagic acid (Figure 1), for C-PC
was tested.

The binding was analysed using a FluoroMax spectrofluorimeter (HORIBA Scientific,
Japan). To C-PC (18 nM, final concentration), 20 uM of each ligand was added. C-PC
alone and in the presence of ligands was excited at 590 nm (specific excitation of PCB),
and emission spectra were recorded from 610 to 700 nm. Ligands that quenched the
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emission of C-PC for more than 30% (at the peak maximum of ca. 645 nm) were chosen for
further work.

4.3. Calculation of Binding Affinity of Selected Ligands to C-PC

C-PC was titrated with increasing concentrations of selected ligands, including quercetin,
resveratrol, and coenzyme Qjg. Spectra were recorded under the same conditions as
described in the previous section. The obtained spectra were corrected by subtracting
the used ligands” emission spectra at appropriate concentrations. Considering that the
excitation wavelength used was 590 nm, no inner filter effect existed, and thus, it was
unnecessary to include its correction in the obtained emission intensity of C-PC. The
affinity constant was determined using the following equation:

Fo—F
F_p. " log[L]+n logK, )

log

where Fj is the initial emission intensity of C-PC at 645 nm, F is the emission intensity
in the presence of ligands, F« is the emission of C-PC completely saturated with ligands
(20 uM), [L] is the molar concentration of ligands and K, is the affinity constant in M1
Additionally, the emission of C-PC alone in the presence of increasing concentrations of
DMSO or ethanol was recorded, and this change was used for the correction of F and Fe.

4.4. Molecular Docking

The 3D coordinates of the C-PC (xf3)¢ hexamer were retrieved from the Protein Data
Bank (PDB) with the code 1HA7 [20]. To prepare the protein for docking, we removed all
water molecules and adjusted the ionisation state to mimic pH 7.4 using PROPKA [47]. All
PCB chromophores were retained in the structure of the macromolecular target. Since the
(¢)¢ hexamer consists of two stacked trimers, the structure of C-PC (x[3); was prepared
by deleting half of the hexamer structure.

The initial structures of quercetin, resveratrol and coenzyme Q;y were downloaded
from PubChem, and their starting geometries were generated using the MMFF94s force
field [48]. These structures were further optimised using the semi-empirical PM7 method [49]
in MOPAC2016 [50], considering the solvation effects of water by applying the COSMO
implicit solvation model (EPS = 78.4 keyword).

Molecular docking calculations were performed in AutoDock Vina 1.2. [51]. We
expanded the search space to 114 x 112 x 90 A3 to encompass the entire (xf3)s hexamer
structure. In the case of the trimer, the search box was set to 114 x 111 x 70 A3. The.
pdbqt files of the C-PC protein and three ligands were prepared by removing the apolar
hydrogens and assigning default partial atomic charges using the built-in script in Vega
77 3.2.3 software [52]. The exhaustiveness was set to 1000, and 20 binding modes were
calculated for each ligand. The ligand interaction diagrams were visualised in LigandScout
4.4.3. [53].

4.5. UV-VIS Absorption Spectroscopy

Absorbance spectra were recorded on an LLG uniSPEC-4 spectrophotometer (LLG,
Meckenheim, Germany) using 909 nM (0.1 mg/mL) C-PC alone and with 20 uM of selected
ligands. Spectra were recorded in the range from 250 to 750 nm. For protein and ligands
alone, spectra were corrected by subtracting appropriate buffers. For protein and ligands
combined, spectra were corrected by subtracting spectra obtained for ligands alone or C-PC.

4.6. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded on the J-815 spectropolarimeter (JASCO, Tokyo, Japan).
Far UV CD spectra were recorded from 180 to 260 nm using a cuvette with an optical
path length of 0.01 cm and protein concentration of 4.54 uM (0.5 mg/mL). Near-UV CD
spectra were recorded from 260 to 320 nm using the cuvette with an optical path length
of 1 cm and a protein concentration of 9.09 uM (0.8 mg/mL). Spectra were recorded with
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3 accumulations and a 50 nm/min scanning speed. Spectra of C-PC were corrected by the
subtraction of spectra obtained from ligands alone.

4.7. Thermal Stability

The influence of ligands on the C-PC thermal stability was evaluated using fluores-
cence spectroscopy. C-PC alone (0.05 mg/mL, final concentration) and in the presence of
ligands (20 puM, final concentration) was gradually heated from 25 to 80 °C with an increas-
ing rate of 2 °C/min and equilibration time of 1 min. C-PC was excited at 280 nm except for
resveratrol, and emission spectra were recorded from 290 to 450 nm. The emissions ratios
at 345 and 335 nm were used to construct melting curves. Considering that resveratrol
fluorescence interferes with the emission of C-PC in the UV range, its effects on protein
thermal stability were studied by C-PC excitation at 590 nm. In comparison, emission
spectra were recorded from 600 to 700 nm. The emissions ratios at 640 and 650 nm were
used for constructing melting curves. The melting point (Tr,) was determined by fitting the
obtained data with a sigmoidal function in Origin software v8.5.1 (USA).

5. Conclusions

This study probed the potential of various food-derived antioxidants to bind and
stabilise C-phycocyanin (C-PC), a major protein in the cyanobacteria Arthrospira platensis,
also known as Spirulina. The obtained results revealed that quercetin, resveratrol and
coenzyme Qg have the highest binding affinities to C-PC, with dissociation constants in
the micromolar range. These binding interactions lead to notable changes in the protein’s
tertiary structure. Furthermore, the binding of quercetin and coenzyme Q;( induced the
thermal stabilisation of C-PC by increasing the melting point by nearly 5 °C.

Our work sheds light on the potential benefits of binding bioactive molecules to
proteins. Its significance extends to both the stabilisation of C-PC in the food industry
and the possible enhancement of C-PC’s bioactivity through interaction with bioactive
food-derived ligands. This is particularly crucial as C-PC is sensitive to temperature, light
and pH, limiting its industrial utilisation. Preserving C-PC’s attractive blue colour and
bioactivity holds promise for the food industry, where C-PC is considered a food colourant
and bioactive nutraceutical.
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