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ABSTRACT

Phycocyanobilin is a dark blue linear tetrapyrrole chromophore covalently attached to protein subunits of
phycobiliproteins present in the light-harvesting complexes of the cyanobacteria Arthrospira platensis
(Spirulina “superfood”). It shows exceptional health-promoting properties and emerging use in various
fields of bioscience and industry. This study aims to examine the mutual impact of phycocyanobilin inter-
actions with catalase, a life-essential antioxidant enzyme. Fluorescence quenching experiments demon-
strated moderate binding (K, of 3.9 x 10* M~! at 25 °C; n = 0.89) (static type), while van’t Hoff plot points
to an enthalpically driven ligand binding (AG = —28.2 k] mol~'; AH = —41.9 k] mol~'). No significant
changes in protein secondary structures (o-helix content ~22%) and thermal protein stability in terms
of enzyme tetramer subunits (T, ~ 64 °C) were detected upon ligand binding. Alterations in the tertiary
catalase structure were found without adverse effects on enzyme activity (~2 x 10° IU/mL). The docking
study results indicated that the ligand most likely binds to amino acid residues (Asn141, Arg 362, Tyr369
and Asn384) near the cavity between the enzyme homotetramer subunits not related to the active site.
Finally, complex formation protects the pigment from free-radical induced oxidation (bleaching), sug-
gesting possible prolongation of its half-life and bioactivity in vivo if bound to catalase.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Phycobiliproteins are deep-coloured, fluorescent water-soluble
proteins mainly present in cyanobacteria (blue-green algae) and
Rhodophyta (red algae) [1]. Their function is to harvest light,
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enabling photosynthesis and other biological processes [2]. The
blue colour of Arthrospira platensis’ (commonly called Spirulina)
main biliprotein C-phycocyanin (C-PC) originates from the phyco-
cyanobilin (PCB) chromophore. It is an open-chain tetrapyrrole
structure covalently attached to protein subunits via thioether
bonds [1]. Many pigments in living systems contain similar open
tetrapyrrole molecules, such as bilirubin and biliverdin in verte-
brates [2]. C-Phycocyanin has many potential applications. Its
usage as a food additive and colourant has already been well-
established [3]. To date, studies have shown that C-PC has potent
antioxidant and anti-tumour activity. Its role in inflammation
and enhancement of immune response has also been described
[1,4,5]. One of the essential phycobiliprotein applications is their
use as fluorescent markers in biomedical research [6]. Positive C-
PC health effects are primarily derived from PCB [7-10].

Catalase is an enzyme involved in defence mechanisms against
oxidative damage, and it converts hydrogen peroxide (H,0,) to
oxygen and water. Hydrogen peroxide is toxic due to its ability
to form reactive oxygen species and participates in the Fenton
reaction. This molecule can also act as a second messenger in many
biological processes such as apoptosis, changes in morphology and
cell proliferation [11]. Typical catalases are homotetramers with
molecular masses ranging from 200 to 350 kDa. Each subunit of
an animal and human catalase is 62 kDa, heme b as a prosthetic
group and NADPH as a cofactor [12]. In humans, catalase is
expressed in every organ, and the highest levels are found in the
liver, kidneys and erythrocytes. In erythrocytes, where high pro-
duction of H,0, occurs, catalase is responsible for more than 50%
of its turnover [12]. So far, binding of many small bioactive mole-
cules to catalase has been characterised. Some of these molecules
are potent antioxidants, including vitamin C [13], resveratrol
[14], curcumin [15] and quercetin [16]. They are capable of influ-
encing both the structure and the activity of this enzyme.

Both covalent (with B-lactoglobulin) and non-covalent (with
human or bovine serum albumin) interactions of PCB with various
proteins have already been described [17-19]. Due to these inter-
actions, the properties of these proteins are changed, including
protein structure, increased stability and higher oxidation resis-
tance. Protection from oxidation appears to be mutual, as binding
proteins were shown to protect PCB from oxidation, thus prolong-
ing its antioxidant activity [18,19]. Since both catalase and PCB are
involved in antioxidant protection, it seemed reasonable to inves-
tigate in detail their potential interaction and its possible beneficial
physiologic effects. The primary purpose of this study was to
examine the binding capacity of catalase to PCB. Further, we
explored the consequences of interactions on both the enzyme
(possible alterations of its structure and activity) and the pigment
(protection from free-radicals induced oxidation).

2. Materials and methods
2.1. Materials

All chemicals used were purchased from Sigma (Germany) and
were of analytical grade or higher. Isolation, purification and PCB
characterisation were performed using commercial Hawaiian Spir-
ulina Pacifica powder (Nutrex, USA) and a previously described
protocol [20]. Stock solutions of PCB were prepared by dissolving
dried pigment in HPLC grade methanol (for circular dichroism
studies) or anhydrous DMSO (for all other experiments). The con-
centration of PCB was determined by diluting aliquots in HCI/
MeOH (1:19; v/v), measuring absorbance at 680 nm and using
the extinction coefficient of 37900 M~! cm™! [21]. Bovine liver
catalase powder (Product No. C-9322; 2000-5000 units/mg pro-
tein, molecular weight 250 kDa) was purchased from Sigma. It dis-
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solved in 20 mM phosphate buffer, pH 7.4, and dialysed overnight
in the same buffer. The next day, the catalase solution was cen-
trifuged at 12,000g for 1 min at room temperature and the result-
ing supernatant was used for all experiments. The catalase
concentration was determined by measuring absorbance at
276 nm using an extinction coefficient of €14=12.9 [22]. All solu-
tions were prepared with ultra-pure water and the final concentra-
tion of organic solvents did not exceed 1% in any experiment. All
experiments were performed in triplicate in the same phosphate
buffer. All experimental results reported were based on averaging
results of repeated triplicates, with the SD not exceeding 5% of the
reported average.

2.2. Spectrofluorimetric analysis of catalase/phycocyanobilin complex
formation

All fluorescence spectra were recorded on a FluoroMax-4 spec-
trofluorometer (Horiba Scientific, Japan), equipped with a Peltier
temperature controller unit connected with a cuvette holder.
3.5 mL quartz cuvettes were used, with a 2 mL total volume of
reaction.

Determination of a binding constant between catalase and PCB
was performed by titrating the enzyme with increasing pigment
concentrations and recording fluorescence emission spectra. The
catalase concentration was 0.5 pM, and PCB was added in a con-
centration range from 0.5 to 5 uM. The enzyme was excited at
280 nm, an excitation wavelength for both Trp and Tyr residues,
and emission spectra were recorded from 290 to 500 nm. Excita-
tion and emission slit widths were set to 5 nm. Control spectra
obtained for each tested PCB concentration were subtracted from
the appropriate spectra obtained in the presence of both catalase
and PCB. The change in catalase emission intensity maximum at
339 nm was used to determine the affinity constant (K,). The
resulting fluorescence intensity was first corrected for the inner fil-
ter effect of PCB using a common equation:

Fe = Fy x 10(Aexthem)/2

where F¢ is a corrected fluorescence intensity, Fy is a measured flu-
orescence and Aex and Aem are absorbances at wavelengths of exci-
tation and emission, respectively.

The quenching type was determined by preparing a Stern-
Volmer (SV) plot and calculating the SV quenching constant (Ksy)
using the following equation [23]:

B 1 kR =1+ Kn(Q)
where Fy and F are emission intensities without and in the presence
of PCB, kg is a biomolecule quenching rate constant, T, is an average
lifetime of the biomolecule without quencher of 5 x 1079 s, specif-
ically determined for bovine liver catalase [24], [Q] is the total con-
centration of quencher (PCB), and Ksy is SV quenching constant. The
obtained slope from SV plot represents Ksy.

A binding constant, K,, between catalase and PCB, was deter-
mined by applying the following equation [23]:

Fo—F 1
F = —nlogm + nlOgKa

Fo

log

where Fy and F are emission signals originating from catalase in the
absence and the presence of PCB, [L] is the total concentration of
ligand (PCB), and [P] is the total concentration of protein (catalase).

For the calculation of thermodynamic parameters of PCB bind-
ing to catalase, the same experimental setup and K, calculation
was performed, but at three temperatures, 25, 30 and 37 °C. The
obtained K, at three temperatures was used to plot a van't Hoff
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graph (In K; versus 1/T), from which changes in enthalpy (AH) and
entropy (AS) were calculated using the standard equation:
AH AS

Ki=——+—
InK, RT + R
where R represents the universal gas constant (8.314 Jmol~!K™),
and T is the temperature in kelvins (K). From the graph’s slope,
AH was calculated, while AS was calculated from the intercept.
The change in free Gibbs energy (AG) was calculated from the
equation:

AG =AH —TAS

Using the same experimental setup, synchronous fluorescence
spectra of the catalase/PCB complex were obtained at two different
scanning intervals: (i) AL = 60 nm, for the excited Trp residues
with emission spectra recorded from 300 to 420 nm, and (ii)
A\ = 15 nm, for the excited Tyr residues with emission spectra
recorded from 290 to 340 nm (where A represents a difference
between A of the emission and the excitation spectra).

The emission spectra of PCB (7.85 uM), alone and in the pres-
ence of catalase (7.85, 15.7, and 31.4 uM), were also recorded using
the same equipment. Phycocyanobilin was excited at 580 nm, and
emission spectra were recorded in the interval from 600 to
725 nm. Control spectra, obtained for each tested concentration
of catalase, were subtracted from the appropriate spectra obtained
in the presence of both catalase and PCB.

2.3. Circular dichroism (CD) analysis of catalase/phycocyanobilin
complex formation

All CD measurements were performed on a Jasco ]J-815 spec-
tropolarimeter (JASCO, Japan), under constant nitrogen flow at
25 °C. Far-UV CD spectra of 7 uM catalase in the absence and in
the presence of 7 and 14 uM PCB were recorded in the range of
185-260 nm, using a cell with a 0.1 mm path length and with an
accumulation of three scans at a scan speed of 50 nm/min. The
total solution volume was 60 pL. The a-helical content of protein
was determined using two equations [25]:

0

MRE =16 71 [CAT]

—MRE;09,m — 4000
29000

where 0 is an ellipticity in mdeg at 209 nm, r is a number of amino
acid residues (2024), 1 is a path length of the cell in cm (0.01), [CAT]
is a molar concentration of catalase and MRE is a mean residual
ellipticity.

For the near-UV region, the catalase concentration was fixed at
12 pM, while the concentration of PCB in the mixture varied (0, 12
or 24 puM) in a total incubation volume of 1.5 mL. Spectra were
recorded in the range of 260-320 nm with an accumulation of
two scans at a scan speed of 100 nm/min, using a cell of 10 mm
path length. All CD spectra were baseline corrected by subtracting
an appropriate blank spectrum of the solution without catalase.

o — helix (%) = x 100

2.4. Determination of thermal stability of catalase/phycocyanobilin
complex

The monitoring of catalase thermal denaturation was per-
formed in the temperature range from 30 to 85 °C, by increasing
temperature at a rate of 2 °C/min. After 1 min of equilibration at
each temperature, emission spectra were recorded in the range
from 315 to 365 nm, while the excitation wavelength was set to
280 nm. Concentrations of catalase and PCB were 0.5 and 5 pM,
respectively. The results were expressed as the change of the ratio
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F350/F330 With the temperature (where F is the emission intensity at
a corresponding wavelength) and fitted into a sigmoidal function.
The inflection point in the plot was considered as the melting point
(Ty) of catalase; Ty, is defined as the temperature at which the con-
centration of the catalase in its folded state equals the concentra-
tion of the unfolded protein.

2.5. UV-VIS analysis of phycocyanobilin upon binding to catalase

UV-VIS spectra of PCB (7.85 uM) alone and in the presence of
catalase (7.85, 15.7, and 31.4 uM) were recorded using a UV-
1800 spectrophotometer (Shimadzu, Japan). The incubation mix-
tures were 2 mL in volume. Absorbance spectra were recorded in
the interval from 320 to 800 nm using a quartz cuvette with a
10 mm path length. All UV-VIS spectra were baseline corrected
by subtracting an appropriate blank spectrum of the solution con-
taining only catalase.

2.6. Analysis of the catalase activity in the presence of phycocyanobilin

Catalase activity was measured according to a published
method [15]. Catalase stock solution was diluted 125,000 times
and 10 puL of this solution was added to the reaction mixture con-
taining 12 mM H,0, in 20 mM phosphate buffer in a total reaction
volume of 2 mL. The activity was measured by following the reduc-
tion in absorbance at 240 nm for 2 min using a UV-1800 spec-
trophotometer (Shimadzu, Japan). Standardisation of H,0, was
performed by measuring the absorbance of appropriately diluted
30% (w/w) H,0, (Sigma-Aldrich) at 240 nm; from the obtained
absorbance, its concentration was calculated by using an extinc-
tion coefficient of 43.6 M~! cm™! [26]. Catalase activity was mea-
sured in the absence and in the presence of PCB at catalase/PCB
molar ratios of 1/10, 1/100 and 1/1000. One catalase activity unit
(IU) is defined as the amount of enzyme that converts 1 umol of
H,0, per minute at 25 °C.

2.7. Protection of phycocyanobilin from oxidation in the presence of
catalase

Catalase’s ability to protect PCB from oxidation was examined
using 2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH), a
free radical-generating azo compound. The reaction mixture
(2 mL) contained PCB (7.85 pM), alone or in the presence of
increased concentrations of catalase (7.85, 15.7, and 31.4 pM).
After addition of AAPH at a final concentration of 12 mM, the
resulting solutions were incubated 40 min at 25 °C. UV-VIS spectra
were then recorded and baseline corrected as described in
Section 2.5.

2.8. Computational analysis of catalase/phycocyanobilin complex
formation

To investigate PCB’s interaction with catalase in silico, molecular
docking using AutoDock Vina (version 1.1.2) was performed [27].
The crystal structure of catalase from bovine liver (PDB code:
1TGU) was obtained from the RCSB Protein Data Bank (http://
www.rcsb.org/). Because all four bovine liver catalase chains are
identical, we selected only chain A for ligand docking. The protona-
tion state of each titratable amino acid was estimated using H++
3.0 [28]. Catalase structure was optimised in 3000 optimisation
steps by CHARMM (version c35b1) [29]. The structure of the PCB
ligand in the most stable anionic form was obtained as described
[18]. Optimised catalase and PCB were further subjected to Auto
Dock Tools (version 1.5.6. Sep_17_14) for docking preparation
[30]. Ligand single bonds were set to be rotational, while all protein
residues were Kkept rigid. A grid box with the dimensions
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28 x 28 x 28 A was used to accommodate the ligand to move
freely during a docking simulation. Since the blind docking
approach was used to cover the protein’s whole volume, a grid
box was shifted over the rectangular matrix containing protein
with points 8 A apart. A total of 504 docking runs were made with
the exhaustiveness parameter set to 100. From each docking run,
nine binding modes with the highest scoring function were kept
for analysis.

3. Results and discussion

In the presence of increasing PCB concentration, catalase’s
intrinsic fluorescence was quenched, as shown by spectrofluori-
metric analysis (Fig. 1A). From the obtained emission spectra, there
was also a blue shift (2 nm) in the emission maximum. Using these
spectra, the K, of the catalase/PCB complex was calculated to be
3.9 x 10* M~ at 25 °C (Fig. 1B). The results suggested one binding
site on catalase for PCB (n = 0.89). The K, of PCB to catalase was
similar to that of vitamin C, 2.3 x 10* M~ [13], but it was lower
than that of resveratrol, 1.4 x 10> M~' [14] and quercetin,
2.2 x 10° M~! [16]. The Stern-Volmer plot was drawn to demon-
strate that static fluorescence quenching (complex formation)
was present (Fig. 1C). Since the obtained Stern-Volmer plot was
linear (r? = 0.983; Fig. 1C), it proved that only one type of quench-
ing was present in our tested system. To confirm the quenching
type, the SV constant (Ks,) was calculated from the slope of the
obtained SV plot. The K, value was found to be 2.85 x 10* M~
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The bimolecular quenching rate constant of 5.7 x 10> M~ s~ !, cal-
culated from Ks,, was two orders of magnitude higher than the dif-
fusion rate of biomolecules (10'° M~ s 1). This confirmed that the
intrinsic fluorescence signal quenching of catalase was of static
type, rather than a dynamic type. In other words, it was a conse-
quence of complex formation between catalase and PCB.

The calculation of thermodynamic parameters by determina-
tion of Ka at three different temperatures and creation of a van't
Hoff graph (Fig. 1D) demonstrated that catalase binding of PCB
was driven by enthalpy, as shown by a significant negative value
of AH, —41.9 k] mol~!, with a negative value of AS, —49.7 ] mol~!-
K~!. The change in free Gibbs energy (AG) was calculated to be
—28.2 k] mol~!. These results suggested that the binding of PCB
to catalase occured via electrostatic interactions and hydrogen
bonds [31]. Similar results were obtained for the binding of PCB
to human serum albumin [18].

Molecular docking simulation was used to predict the specific
binding site of PCB on the catalase A monomer. The enzyme is a
tetramer of virtually identical subunits. Each polypeptide chain
comprises a helix domain, B-barrel, wrapping domain and thread-
ing arm [12]. Docking results revealed that PCB tended to bind
between the B-sheet and wrapping domain on catalase monomer.
This position is about 12.5 A from heme, with the docked ligand
directed towards the B chain of homotetramer catalase structure
and its central cavity (Fig. 2A). No direct interaction was found
between PCB and the residues related to enzyme activity (His 61,
Asn 133, Phe138, Phe146, conserved Arg339 and unprotonated
Tyr343) or the heme group. Instead, the pigment’s pyrrole rings
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Fig. 1. Catalase (CAT) fluorescence quenching by phycocyanobilin (PCB) complex formation and pigment binding characterisation. (A) Emission spectra (excitation at
280 nm) of CAT (0.5 pM) in the presence of increasing PCB concentrations (0-5 pM) at 25 °C, in 20 mM phosphate buffer, pH 7.4. (B) Plot for determination of the binding
constant of the CAT/PCB complex at 25 °C. (C) Stern-Volmer plot for the fluorescence quenching of CAT by PCB at 25 °C. (D) van’t Hoff plot for the binding constants (Ka) at 25,

30, and 37 °C calculated by fluorescence quenching of CAT by PCB.
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Fig. 2. Docking results of the catalase (CAT)/phycocyanobilin (PCB) complex. (A) The binding site of PCB to CAT of lowest energy. (B) Detailed illustration of the interaction
pattern between PCB and CAT structural domains, close to the cavity and between the B-barrel and wrapping regions.

formed hydrogen bonds with the amino group of Asn384, and car-
boxylate anion formed a salt bridge with the amino group of
Asn141. In contrast, the carboxyl group of PCB was involved in salt
bridge formation with the amino groups of Arg362 and Tyr369.
Numerous hydrophobic interactions surrounding amino acid resi-
dues (region 360-400 aa) were observed, to further stabilise the
complex formation (Fig. 2B). These results were consistent with
the results obtained from the fluorescence quenching analysis dis-
cussed earlier. The selected binding conformation data indicated
that the docking energy score was —9.5 kcal/mol, lower than for
pigment binding to human serum albumin [18]. The predicted
putative binding site on catalase for PCB was near to those previ-
ously reported for bulky ligands, such as resorcinarenes [32] and
pioglitazone [33].

Synchronous fluorescence spectra showed that both Trp and Tyr
residues were involved in the fluorescence quenching, implying
that they were close to the PCB binding pocket on catalase
(Fig. 3A and B). An observed small blue shift (2 nm) of emission
maximum (Fig. 1A) originated from Trp residues (Fig. 3A), suggest-
ing a change in polarity towards a more hydrophobic environment
in the proximity of Trp residues as a consequence of PCB binding.

Far-UV CD spectra were recorded to estimate the effects of PCB
binding on secondary structures of catalase. Fig. 3C shows the far-
UV spectra of catalase-PCB complex and free protein. The far-UV
CD spectrum of catalase contained a broad negative band between
210 and 220 nm, originating from the high content of a-helix and
B-sheet secondary structures in the protein. The shape of the far-
UV CD spectra of catalase-PCB complex and of free protein were
almost the same, with a minor decrease in negative and positive
band intensities occurring upon PCB binding. It was calculated that
catalase contained 22.3% a-helix. In a complex with PCB, the esti-
mated o-helix content was only slightly decreased, to 20.2%.
Therefore, the catalase/PCB complex formation did not alter the
secondary structure of the protein significantly.

Near-UV CD spectra of proteins arise from aromatic amino acid
side chains. Each aromatic side chain has a characteristic wave-
length profile: Trp residues exhibits a peak at about 290 nm, while
peaks between 275 and 282 nm arise from Tyr residues [34]. The
near-UV CD spectrum of catalase had a characteristic peak at
292 nm, indicating Trp residues’ chiral environment. In the cata-
lase/PCB complex spectrum, the peak at 292 nm decreased com-
pared to that of the free protein (Fig. 3D), while a new peak
appeared at 285 nm. Therefore, the shapes and amplitudes of spec-
tra indicated that catalase’s tertiary structure had changed upon
PCB binding, especially near Trp residues.

In aqueous solutions, free PCB does not exhibit optical activity
due to an equilibrium between right-hand (P) and left-hand (M)
conformers; P stands for PCB conformer with positive (Plus) chiral-
ity, while M represents conformer with negative (Minus) chirality
[18]. Our previous results have shown that peaks appear in the
near-UV/VIS CD spectra of PCB upon addition of albumin and pref-
erential binding of only one conformer [18,19]. However, catalase
addition did not induce significant changes in PCB’s CD spectra
(data not shown), indicating no preferential binding of one con-
former of PCB over the other to the enzyme.

Denaturation of catalase leads to a redshift of the protein emis-
sion peak, allowing the study of its thermal stability and unfolding.
Hence, plotting the ratio of fluorescence intensities at 350 and
330 nm against temperature results in a melting curve used to
determine the melting point. Melting curves of catalase/PCB com-
plex and free catalase differed significantly (Fig. 3E). The melting
curve of the catalase/PCB complex was steeper than the curve of
free catalase. Additionally, at lower temperatures, the protein/li-
gand complex had a smaller F350/F33¢ ratio than free catalase. These
observations can be explained by a blue shift in the catalase emis-
sion spectrum due to PCB binding at lower temperatures (Fig. 1A
and 3A). Increased temperature caused protein denaturation and
dissociation of a protein/ligand complex. Consequently, a steeper
increase in the F350/F330 ratio of catalase/PCB complex than free
catalase was observed. However, the calculated catalase and cata-
lase/PCB complex’s melting temperatures were almost the same
(64.2 and 64.7 °C, respectively), indicating that protein thermal
stability was not affected by ligand binding. Therefore, the changes
in the tertiary structure of catalase did not seem to influence its
thermal stability. In agreement with these findings, our previous
results have shown an ability of PCB to change the shape of the
near-UV CD spectrum of B-lactoglobulin [17], without significant
change in its thermal stability.

Although the tertiary structure of catalase changed in the pres-
ence of PCB, as demonstrated by the near-UV CD spectra, catalase
activity remained almost unaltered (Fig. 3F). No statistical differ-
ence (p > 0.05; t-test) was found between the activities of catalase
alone or in the presence of even 1000 times molar excess of PCB. It
is worth mentioning that 40% dimethylformamide induced
remarkable changes in the near-UV CD spectrum of catalase with-
out influencing its enzyme activity [35]. Each subunit of catalase
contains an active site with bound heme b; its aggregation into tet-
ramer hides active sites form the solvent [36]. It seemed that the
structure of catalase close to its active sites was not significantly
altered due to PCB binding. Likewise, PCB itself did not have a sig-
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Fig. 3. Effects of phycocyanobilin (PCB) complex formation on catalase (CAT) structure and activity. Synchronous fluorescence spectra of CAT with (A) Ax = 60 nm (Trp) and
with (B) Ak = 15 nm (Tyr) in the presence of increasing concentrations of PCB. (C) Far-UV CD spectra of CAT with different concentrations of PCB. (D) Near-UV CD spectra of
CAT titrated with varying concentrations of PCB. (E) The change in the ratio of fluorescence intensities at 350 and 330 (excitation at 280 nm) with temperature and
determination of the melting point (the inflexion point of the curve) of CAT and CAT/PCB complex (in molar ratio 1:10). (F) CAT activity (IU/mL) in the absence and presence of
different concentrations of PCB; data were pooled from three independent experiments, and error bars indicate SD. All experiments were performed at 25 °C, in 20 mM

phosphate buffer, pH 7.4.

nificant effect on catalase activity upon binding. Similar results
were obtained for aspirin binding to catalase. Even though aspirin
caused considerable alteration of the catalase structure, no alter-
ation in the enzyme activity was detected [37]. On the other hand,
some ligands (such as ellagic acid) may increase the activity of
catalase [38], whereas others (such as resorcinarenes) may
decrease it [32].

PCB can be excited at 580 nm to emit at a maximum of 640 nm.
In the presence of increased catalase concentration, the intensity of
the emission maximum of PCB declined, as shown in Fig. 4A. One
possible explanation for this finding can be the Forster resonance
energy transfer (FRET) effect [39]. This effect is present when the

acceptor’s absorption spectrum (in this case, the heme in catalase
has a small absorption peak at 625 nm) overlaps with the donor’s
emission spectrum (PCB at 640 nm), suggesting possible dipole-
dipole interactions between heme and PCB. This observation is
another indication that pigment PCB bound to catalase.

The UV-VIS spectra of PCB in the presence of catalase at varying
concentrations were almost unaltered (Fig. 4B), in contrast to the
bovine serum albumin/PCB complex [19]. This result indicated that
PCB binding to catalase did not influence conformation, polarity, or
protonation state of the pigment, which could be monitored to
reduce the absorption intensity or a blue/redshift of its absorption
maximum [18,19]. In contrast to these findings, a blue shift was
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Fig. 4. Effects of catalase (CAT)/phycocyanobilin (PCB) complex formation on pigment properties. (A) Emission (excitation at 580 nm) and (B) UV-VIS spectra of PCB in the
presence of different concentrations of CAT. (C) VIS spectra of PCB, alone or in the presence of a fixed concentration of free-radical generator 2,2’-azobis (2-amidinopropane)
dihydrochloride (AAPH) and varying CAT concentrations. All experiments were performed at 25 °C, in 20 mM phosphate buffer, pH 7.4.

observed on PCB’s high-affinity binding to human serum albumin
[40].

The absence of stereoselective pigment binding, the modest
association constant without changes in ligand conformation,
together with the predicted interactions pattern, all point to the
conclusion that the binding site(s) for PCB on catalase tetramer
was loosely structured.

Incubation of PCB with AAPH, an oxygen-free radical generator,
for 40 min at 25 °C resulted in a reduction of PCB absorption in the
visible part of its spectrum with a significant blueshift of its
absorption maximum. Blueshift decreases with increasing catalase
concentrations, while the absorption intensity is closer to nonmod-
ified PCB (Fig. 4C). These results suggest that catalase could bind
PCB and protect it from oxidation, thus prolonging its bioactivity.
A plausible explanation for this phenomenon was that catalase
directly scavenges peroxyl radicals formed by the decomposition
of AAPH in aqueous solutions [13,41].

On the other hand, as various reactive oxygen species (ROS) can
inhibit catalase [42], their scavenging by the bound PCB could
diminish ROS-induced inhibition of an enzyme [43]. It is worth
mentioning that PCB is not only a potent antioxidant [44], but it
can also induce an innate antioxidant mechanism. For example,
PCB was shown to activate atheroprotective heme oxygenase in
endothelial cells, which is considered an essential mechanism for
reducing atherosclerosis [45]. Furthermore, potent anti-cancer
and immunomodulatory effects of PCB [46] are ascribed to its
antioxidant and radical scavenging properties [43].

The exact mechanisms behind PCB and/or PCB-carrying pep-
tides transport from the gastrointestinal tract to the circulation

are currently unknown [3]. Preservation of PCB in its active state,
for example, by binding to different proteins is crucial for exerting
its health-promoting effects. As already mentioned, human serum
albumin can bind PCB with high affinity and serve as its protective
carrier in the circulation [18,40]. Catalase can serve this purpose by
binding PCB with moderate affinity and concentrating it in erythro-
cytes. An in vitro study previously demonstrated that C-PC could
protect the erythrocyte membrane from oxidative damage [47].
Phycocyanobilin is most likely responsible for this effect as C-
PC’s health benefits most likely arise from the attached PCB. To
date there are no concentrated PCB formulations in clinical treat-
ments or as food supplements [48]. Manufacturing PCB formula-
tions or PCB-enriched Spirulina powders could prove beneficial
for human health, notably in conditions characterised by increased
oxidative stress.

4. Conclusion

The interaction between bovine liver catalase and nutraceutical
PCB was investigated using different spectroscopic techniques
complemented with a molecular docking study. Catalase’s
microenvironment and conformation were altered due to PCB
binding, as seen from fluorescence, synchronous fluorescence and
near-UV CD spectra. However, no profound structural change of
catalase occurred in the pigment’s presence, as revealed by far-
UV CD studies. The same was true for enzyme activity in the pres-
ence of pigment - it remained unaffected. Molecular docking sim-
ulations demonstrated that PCB most likely bound to amino acid
residues from the B-barrel and wrapping domain, near the central
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cavity of catalase. These results supplemented the wet laboratory
experimental results. The relationship between catalase and PCB
is, on the other hand, beneficial for PCB as catalase effectively
reduces free-radical induced pigment oxidation. This effect may
translate in vivo and provide health benefits.
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