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Abstract: The aim of this chapter is to review and discuss methodology and protocols in the
analysis of phycobiliproteins (phycocyanins, allophycocyanins, and phycoerythrins) and their
chromophores. Due to the presence of multiple covalently bound open-chain tetrapyrrole
chromophores, phycobiliproteins are colored and strongly fluorescent molecules, with high
absorption coefficients (10° to 10°) and excellent fluorescent quantum yield (0.51 up to 0.98).
Therefore, a vast number of methods for phycobiliproteins analysis is based on these spectral
characteristics, whereas assessment of their, bioactivity is related to their exceptional redox and

metal-chelating properties. This chapter is dedicated to methods used for isolation and
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purification, structure analysis, physicochemical properties and stability characterization,
guantification, as well as in vitro and in vivo biological activities evaluation. In addition, emerging
approaches related to phycobiliproteins analysis are also reviewed including interactions with
other biomolecules and ions, identification by proteomics, phycobiliprotein (chromo)peptides and

computational studies of structural and dynamic properties.

Keywords: Phycobiliproteins, Phycocyanin, Allophycocyanin, Phycoerythrin, Phycocyanobilin,

Chromopeptides

Introduction

Phycobiliproteins (PBPs) are a family of water-soluble, highly fluorescent bioactive molecules
composed of apoproteins and phycobilin open-chain tetrapyrrole chromophores covalently
bound via cysteine amino acid. There are three PBP classes in microalgae: phycocyanin (PC),
allophycocyanin (APC) and phycoerythrin (PE), containing phycocyanobilin (PCB) and
phycoerythrobilin (PEB) as pigments that differ in their spectral properties. Given its increasing
application in the various fields, the aim of this chapter is to review and discuss methodology

and protocols in PBPs research focusing on recent and the most relevant literature data.

PBPs isolation and purification

PBPs are produced by the photoautotrophic, mixotrophic or heterotrophic cultivation of
cyanobacteria and red algae. Although recombinant production of PBPs is demanding, as a
complete synthesis of PBPs depends on co-expression of a- and B-chains, in parallel with the
synthesis of chromophores and their covalent attachment to protein, recombinant APC/PC were
successfully produced in E. coli (Chen et al. 2015a; Cherdkiatikul and Suwanwong 2014).
Isolation of PBPs in high yield requires efficient extraction process. There are several effective
approaches used for their extraction: freezing and thawing, sonication, microwave assisted
extraction, pulsed electric field extraction, high-pressure homogenization, osmotic shock, acid

treatment, enzymatic treatment, organic solvent extraction, etc. (reviewed in Bleakley and



Hayes 2017). Extraction of algal proteins could be very challenging due to the presence of
mechanically robust, multilayered cell wall, and application of different polysaccharides-
hydrolyzing enzymes (xylanase, cellulase, etc.) significantly increases PBPs extraction (Dumay
et al. 2013).

Procedures for PBPs purification use single or combination of several chromatographic steps
(ion-exchange chromatography, hydrophobic chromatography, gel filtration, hydroxyapatite
chromatography, and expanded bed adsorption chromatography), as well as preparative
electrophoresis or two-phase aqueous extraction (Sonani et al. 2016). One of the main
challenges during the purification of PBPs is the separation of individual PBP from PBPs mixture
because of their similar properties (pl, molecular mass, chromophore spectral properties).
Recently, ultrasound assisted three-phase partitioning was employed for efficient extraction and
purification of PC from Arthrospira platensis (Zhang et al. 2017Db).

PBPs purity is evaluated using the ratio between absorbance in the visible region (652 nm, 620
nm, 565 nm or 540 nm for APC, PC, R-PE, and B-PE, respectively) and the absorbance at 280
nm. PC preparations with Ago/Ass0 > 0.7 are considered as food grade, while those with Agao/Asgo
> 4.0 have an analytical grade of purity (Vernés et al. 2015). Absorbance ratio Ags/Asg > 4.0
means analytical purity grade of APC (Yan et al. 2011) whereas the commonly accepted
criterion for PE purity is when Asgs/Asgo ratio reaches 3.2 (Galland-Irmouli et al. 2000). An
additional approach for evaluation of PBPs purity is determination of the ratios between
absorption maxima of individual PBPs. Ratio Ass0/As20<0.3 means that PC preparation contains
negligible contamination from APC, while the ratio Agso/As2o > 1.5 indicates that APC is pure
relatively to PC (McGregor et al. 2008). The purity of R-PE is also estimated by means of
following indexes: Asgs/Asgs < 1.5 and Asgs/Aszo < 0.005, indicating minimal contamination by B-
PE and PC, respectively (Niu et al. 2006). However, these absorbance ratios could sometimes
give false interpretations. The pure APC in trimeric form has a peak at 652 nm, but monomers

strongly absorb at 620 nm, preventing discrimination of PC from APC by visible absorption



measurements (MacColl et al. 2003). In these cases, other additional analytical methods, such
as SDS-PAGE, are needed to obtain reliable results regarding PBPs purity. Induction of
fluorescence after incubation of SDS-PAGE gels with Zn?* ions specifically marks PBPs bands
(Berkelman and Lagarias 1986), giving the possibility to make a distinction between PBP and
other proteins by comparing electrophoretic gels after Zn?>* and CBB staining. The molecular
weights of PBPs are routinely determined by gel filtration and electrophoretic techniques (SDS-
PAGE and PAGE), as well as by mass spectroscopy (MS) (Chen et al. 2006).

Isolation of tetrapyrrole chromophores requires cleavage of thioether bond between apoprotein
and bilin chromophore by acid hydrolysis, enzymatic cleavage, or extensive refluxing in alcohols.
Although the most common procedure for the chromophore cleavage is still conventional reflux
in methanol (Fu et al. 1979), it has been shown that performing ethanolysis in the sealed vessel
at 120°C decreases reaction time to 30 minutes and obtained PCB has higher purity in
comparison to conventional reflux method (Roda-Serrat et al. 2018). Purification of released
tetrapyrroles is usually performed by reversed phase HPLC (Roda-Serrat et al. 2018).
Tetrapyrrole chromophores could also be produced recombinantly. PCB was produced in
mammalian cells by metabolic engineering introducing genes for heme oxygenase-1 and
PCB:ferredoxin oxidoreductase with simultaneous knock-down of biliverdin reductase A to

prevent PCB reduction to phycocyanorubin (Muller et al. 2013).

PBPs structure and physicochemical properties evaluation

Early studies based on PBPs enzymatic or CNBr hydrolysis and products detection after Edman
degradation of chromopeptides by MS, revealed that the side chain (at position 2) of tetrapyrrole
ring A is covalently bound to the cysteine residues of apoprotein (Williams and Glazer 1978).
The real progress in PBPs research has been enabled by resolving the crystal structures of
several PBPs in last three decades (Li et al. 2019), providing valuable information about amino

acid sequence(s), oligomerization state, subunit interactions, shapes of PBPs, as well as



tetrapyrrole interactions with apoproteins and chromophore conformations in binding pockets.
Details about the spatial arrangement of chromophores and modulations of their conformations
enabled the study of mechanisms of energy transfer between chromophores in phycobilisomes
(Jiang et al. 2001). While X-ray crystal structures have provided molecular details on the
isolated PBPs, relatively high-resolution images (3.5A) of the overall architecture of
phycobilisome assembly were obtained by single-particle cryo-electron microscopy (Zhang et al.
2017a). SDS-PAGE, HPLC, and MS confirmed the existence of at least two different types of y
subunit in some PEs which exist within the central cavity of [(af3)s], hexamers (Isailovic et al.
2004; Wang et al. 2015).

While crystallographic studies have a big impact on the understanding of the structure and
function of PBPs, they do not provide answers on proteins behavior in solution. Small angle X-
ray and small angle neutron scattering techniques were employed for the determination of
dimensions, aggregation state and shapes of PBPs in solution (Golub et al. 2017). Special
software (CRYSOL) was used for comparison between experimentally obtained scattering curve
and theoretical curve based on the PDB file of the crystal structure of PC, enabling comparison
of the structure of PBPs in crystal and solutions (Golub et al. 2017). PC dynamics per se, as
well as the importance of hydration (interfacial water), have been studied by elastic incoherent
neutron scattering (Combet and Zanotti 2012). In another approach, the structure and
dynamics of chromophore binding pocket in PC were investigated by Heteronuclear Multiple-
Quantum Correlation (HMQC) **N NMR. HMQC spectra unequivocally confirmed that all four
nitrogen atoms of PCB in a subunit of PC are protonated (Hahn et al. 2007).

Optical spectroscopic properties of covalently bound tetrapyrrole chromophores alter in
response to changes in conformation and oligomerization state of PBPs, which makes UV/VIS
absorption, fluorescence and CD spectrometry very convenient for studying PBPs properties
(Thoren et al 2006). An important finding is that these spectroscopic methods are useful for the

characterization of PBP chromophores and their conformers in free and protein-bound form



(Minic et al. 2015; Minic et al. 2018a). Due to high absorption coefficients (10° to 10° M*cm?)
and excellent fluorescence quantum yields (from 0.51 to 0.98) these techniques have high
sensitivity towards PBPs (Hermanson 2013). Based on absorption spectra, it is possible to
estimate the chromophore content of PBPs and make a distinction between different PBPs.
Moreover, the same chromophore molecules, bound at different sites in PBPs do not have the
same spectroscopic properties, i.e. they show different absorption maxima. These differences
may hot be obvious in the raw absorption spectra due to broadness of peaks, but application of
deconvolution method, using a Gaussian model analysis of the components, allows peaks to be
resolved into several peaks that arise from the same types of chromophores bound at different
regions on PBPs (Sepulveda-Ugarte et al. 2011).

Study of energy transfer between tetrapyrrole chromophores during photosynthesis is an
important topic in PBPs research. The energy transfers in PBPs have been investigated by
steady-state fluorescence and fluorescence polarization spectroscopy, as well as by
fluorescence lifetime and kinetic absorption spectroscopy (Li et al. 2019). Single-molecule
fluorescence spectroscopy was used for analysis of switching of PC between different
conformations and the role of this process in energy transmission to photosystem | (Gwizdala et
al. 2018). UV/VIS absorption, fluorescence anisotropy, and CD spectroscopy are also useful
tools for studying the effects of ionic strength, pH and protein concentration on oligomerization
states of PBPs (Thoren et al. 2006). Additionally, analytical ultracentrifugation enables analysis
of PC at smaller concentrations (< 0.01 mg/mL), and the determination of equilibrium constants
between different oligomerization states (monomers, trimers, and hexamers) of PC (Berns and

MacColl 1989).

PBPs quantification and stability measurements
Tetrapyrrole chromophores are responsible for the typical color of various PBPs and have

characteristic light absorption properties: PE, pink-purple, Anax = 540-570 nm; PC, blue, Aynax =



610-620 nm, and APC, bluish-green, Ay.x = 650-655 nm (Dufossé 2018). The quantity of
PBPs/chromophores in solution is routinely determined by measurements of absorption in the
visible spectral region (usually at the wavelength(s) of PBSs maximum absorption). In general,
four sets of equations, combining the extinction coefficients, are used for the estimation of PBPs
concentrations. The first was described by Bennett and Bogorad (1973) and the concentrations
are given in mg/mL:

[PC] = (Ae15s — 0.474 Assp) 1 5.34;

[APC] = (Ags2 — 0.205 Ag;5) / 5.09;

[PE] = (Ase — 2.41 [PC] — 0.849 [APC]) / 9.62.
The second set was proposed by Kursar et al. (1983) with concentrations expressed as pug/mL:

[APC] = 181.3 Ags; — 22.3 Agus;]

[PC] = 151.1 Agis — 99.1 Agsy;

[PE] = 155.8 Asggs— 40.0 Agis — 10.5 Agsy.
For expression of the hexameric form concentration in mol/L, the authors assumed the molar
mass of 210 kDa (APC), 225 kDa (PC), and 250 kDa (for PE [(aB)sy]). For expression of
chromophores concentration in mol/L, the number of tetrapyrroles per hexamer was assumed to
be 12 (APC), 18 (PC), and 40 (for PE [(af)sY])-
Beer and Eshel (1985) proposed equations for calculation of concentration (mg/mL), which are
not affected by the concentration of interfering components, and which are presently mainly
used for determination of PBPs from red algae:

[PE] = ((Ases — Asez) — (Asss — Asg) 0.20) 0.12;

[PC] = ((A61s = Asss) = (Asez = Agss) 0.15) 0.15.
Finally, Sampath-Wiley and Neefus (2007) described equations for estimation of PBPs content
in agueous extracts (mg/mL), which are, according to the authors, more accurate than previously
published methods:

[R-PC] = 0.154 (As1s — A7z0);



[R-PE] = 0.1247 ((Asss = Azz0) = 0.4583 (Ag1s = Azz0)).

For guantification of PCB obtained by methanolysis of purified PC, the extinction coefficient of
37900 M™*cm™ in MeOH/HCI solution (Cole al. 1967) is frequently used.

While chromophore is a light-sensitive part of PBPs, apoprotein part confers the stability with
respect to pH and temperature. Typically, the thermostability, the effect of pH itself or the effect
of pH on thermal stability of the PBPs are measured by incubating protein samples at chosen
temperatures/pH values, followed by measurements of the characteristic absorbance maximum
at regular time intervals, and calculation of the remaining concentration of PBP (Cg, %) relative
to the initial concentration (e.g. Rahman et al. 2017; Wu at al. 2016; Gonzalez-Ramirez et al.
2014; Liu et al. 2009). Differences in denaturation midpoint, defined as the temperature (Tm) at
which 50% of the protein still remains in solution (Cr = 50% value), the purity ratio (e.g. As20/A2s0
for PC), and the half-life value (t,, the time taken for the initial protein concentration to be
reduced by half) are also used to compare the stability of PBPs from various algal species. The
examination of conformational state and functional dynamics of PBPs by measurements of
optical properties of chromophores have been recently applied to compare the stability of the full
length and truncated a-subunit of cyanobacterial PE. Urea-induced denaturation a-subunit
transitions were monitored and the role of the truncated region in PE stability was also
investigated by molecular dynamics simulations (MDS) (Anwer et al. 2015).

Improving the stability of PBPs is an important goal for their practical application as natural
colors in the food and cosmetic industry and as a fluorescent probe and analytical reagent
(Stanic-Vucinic et al. 2018). PBPs spectroscopic properties, including degradation kinetics with
determination of degradation rate constant (k;), are wildly used to examine improvement of
PBPs storage stability by encapsulation (Suzery et al. 2015; Purnamayati et al. 2018),
nanofiber encapsulation and/or in the presence of preservatives (Braga et al. 2016;

Bhattacharya et al. 2018).



Evaluation of biological activities of PBPs

The exceptional redox and metal-chelating properties of PBPs, and especially their
chromophores, are proved by various biochemical assays for determination of their antioxidant
potential: oxygen radical absorbance capacity (ORAC), total radical-trapping antioxidant
parameter (TRAP), B-carotene or crocin bleaching, ferric ion reducing antioxidant power (FRAP),
lipid peroxidation inhibition, thiobarbituric acid reactive substances (TBARS), Fe®" ions chelating,
copper ion reducing antioxidant capacity (CUPRAC), 1,1-diphenyl-2-picrylhydrazyl (DPPH) or
2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) radical scavenging, hydroxyl radical
absorbance capacity (HORAC), etc. (reviewed in Kenny et al. 2015).

An increasing number of studies, performed in different in vivo and in vitro model systems, show
that purified PBPs, PBSs-enriched extracts, recombinant, and even encapsulated PBSs, as well
as their chromophores, exhibit a plethora of biological activities with substantial health benefits
(summarized in Table 3.3.1). In vivo, in rat, mouse and hamster models with induced disorders,
PBPs were tested for their anti-cancer, anti-inflammatory, neuroprotective, nephroprotective,
hepatoprotective, antihyperlipidemic and antioxidative effects, while in Caenorhabditis elegans
PC anti-aging action was examined. In vitro, in healthy cells, such as human erythrocytes and
rat cardiomyocytes, PBPs were examined for their protective antioxidant effects during induced
oxidative stress. In cancer cell lines, anti-cancer activity of PBPs was investigated mainly by
testing cell viability, cycle, and apoptosis, while mechanisms of PBS's anti-cancer action were
examined by monitoring of mMRNA and protein expression of genes and signaling pathways
involved in cell death. Photodynamic cytotoxicity on cancer cell lines was tested upon PBPs
treatment followed by laser irradiation (Table 3.3.1).

Table 3.3.1 Selected examples of evaluation of biological activities of PBPs in vitro and in vivo.
AAPH,  2,2'-Azobis(2-amidinopropane) dihydrochloride; GOT, glutamic  oxaloacetic

transaminase; GPT, glutamic pyruvic transaminase; ROS, reactive oxygen species; SOD,

superoxide dismutase; TNF, Tumor necrosis factor.



Disorder/disease PBP PBP activity Experimental approach References
model system source
In vivo
Murine sarcoma 180- PE Anti-cancer Tumor inhibitory rate and organ Pan et al.
bearing mice index, SOD activity in liver and (2013)
serum, splenic lymphocyte
proliferation, natural killer cells
activity, and TNF secretion capacity,
histopathology of tumors
Caenorhabditis PE Antioxidant and Life span and stress resistance Sonani et al.
elegans / C. elegans anti-aging assays, locomotion and paralysis (2014a);
CL4176 transgenic assays, expression of signaling Sonani et al.
model for pathways involved in aging; (2014b)
Alzheimer's disease aggregation and proteotoxicity-
mediated paralysis phenotype
Acetic acid-induced PC extract  Anti-inflammatory Myeloperoxidase activity, Gonzélez et al.
colitis histopathology and electron (1999)
(Sprague-Dawley rats) microscopy of colonic tissue
Pancreatic PC Anti-cancer Tumor growth and weight, Liao et al.
adenocarcinoma body weight (2016)
PANC-1 based tumor
xenograft (Mice)
Kainic acid-induced PC Neuroprotective Neurobehavioral activities, body Rimbau et al.
hippocampus neuronal weight, expression of markers of (1999)
damage microglia and astroglia
(Sprague-Dawley rats)
Oxalate-induced PC Nephroprotective ~ Histopathology, oxalate content and Farooq et al.
renal injury lipid peroxidation of renal tissues, (2004)
(Wistar rats) stone forming, biochemical analysis
of urine
Thioacetamide - PC Hepatoprotective Levels of NH3 in serum, liver, and Sathyasaikumar
induced hepatic brain; prothrombin time and albumin et al. (2007)
encephalopathy levels in plasma; lipid peroxidation,
(Wistar rats) Trp, antioxidant enzymes activity in
the brain; histopathology and
electron microscopy of brain tissue
CCly and R-(+)- PC Hepatoprotective ~ Serum GPT activity; liver microsomal Vadiraja et al.
pulegone-induced cytochrome P450, glucose-6- (1998)
hepatotoxicity phosphatase, aminopyrine-N-
(Albino rats) demethylase activities
Atherogenic diet- PC Antihyperlipidemic Plasma lipid concentrations and Riss et al.
induced oxidative and antioxidative  antioxidant capacity; liver antioxidant (2007)
stress enzymes activity; aortic fatty streak
(Golden Syrian area; cardiac superoxide anion
hamsters) production and expression of
NADPH oxidase
Hypercholesterolemic PC Antihyperlipidemic Plasma lipid concentrations, Sheu et al.
diet-induced and antioxidative GOT/GPT activity and lipid (2013)
hyperlipidemia and peroxidation in serum; antioxidant
oxidative stress enzymes activity in the liver; mRNA
(Golden Syrian levels of LDL receptor, HMG-CoA
hamsters) reductase of HepG2 cells
Selenite-induced PC Anticataractogenic Antioxidant enzymes activity, lipid Kumari et al.
cataractogenesis peroxidation, and glutathione lens (2013)
(Wistar rat) tissue levels
Encephalitogen- C-PC/ Anti-multiple Balance and motor coordination; Cervantes-
induced autoimmune PCB sclerosis oxidative stress markers in brain and Llanos et al.
encephalomyelitis serum; cytokine levels in the brain; (2018)
(Lewis rats) electron microscopy of brain tissue
In vitro
Colon cancer PE Anti-cancer Cell viability, cycle and apoptosis Li et al.




SW480 cells

assays; electron microscopy;
proteomics analysis of cell lysate;
assays for signaling pathways
involved in cell death

(2016)

A549 human lung PE Anti-cancer Cell viability, cycle and apoptosis Madamwar et al.
carcinoma cells assays; mitochondrial membrane (2015)
potential and intracellular ROS
generation
Cervical carcinoma PE Anti-cancer Cell viability and apoptosis assays Pan et al.
Hela cells after laser irradiation (photodynamic (2013)
cytotoxicity); assays for signaling
pathways involved in cell death
Human hepatocellular PC and PE Anti-cancer Cell viability and apoptosis assays Cai et al.
carcinoma SMMC- after laser irradiation (2014)
7721 cells (photodynamic cytotoxicity)
AAPH-induced PC-enriched Antioxidant Cytosolic glutathione content, lipid Benedetti et al.
oxidative stress in algae extract peroxidation, and hemolysis assay (2004)
human erythrocytes
Pancreatic cancer PC Anti-cancer Cell viability, cycle, apoptosis, Liao et al.
Capan-1, PANC-1 and autophagy and autosis assays, (2016)
BxPC3 cell lines assays for signaling pathways
involved in cell death
Lung cancer NCI- PC Anti-cancer Cell viability, cycle, apoptosis, Hao et al.
H1299, NCI-H460, and migration and colony formation (2018)
LTEP-A2 cell lines assays; assays for signaling
pathways involved in cell death
Breast cancer MDA- PC Anti-cancer Cell viability, cycle, apoptosis, Jiang et al.
MB-231 cell lines migration and colony formation (2018)
assays; assays for signaling
pathways involved in cell death
Breast cancer MDA- PC Anti-cancer Cell viability, cycle, apoptosis, Ravi et al.
MB-231, MCF-7, and anti- migration and colony formation (2015)
SKBR-3, BT-474, and angiogenic assays; angiogenic assay; assays
HBL-100 cell lines for signaling pathways involved in
cell death
Doxorubicin-induced PC Cardioprotec  Cell viability and apoptosis assays; Khan et al.
oxidative stress in rat tive intracellular ROS generation; (2006)
cardiomyocytes assays for signaling pathways
involved in cell death
B16F10 murine PC Anti- Cell viability assay, tyrosinase Wu et al.
melanoma cells melanogenic activity, and melanin content; (2011)
assays of signaling pathways
involved in melanogenesis
AAPH-induced Natural PC and Antioxidant Hemolysis assay, electron Pleonsil et al.
oxidative stress in recombinant microscopy (2013)
human erythrocytes apo-PC
Human colon T116 Encapsulated Anti-cancer Cell viability, cycle and apoptosis Wen et al.
cancer cell line PC assays; assays for signaling (2019)

pathways involved in cell death

PBPs interactions with other biomolecules and ions

Although PBPs and their chromophores are prone to interact (non)covalently with other

molecules and ions, there is limited literature data related to this topic. In the majority of the

studies, fluorescent properties of PC and PCB are exploited for the determination of their

noncovalent interactions and the most frequently used method is fluorescence quenching. In



several studies, fluorescence quenching of a chromophore was monitored upon its titration with
tested molecule or ion. The interactions of PCB with proteins were also followed by fluorescence
guenching of protein Trp residue(s) upon titration with PCB. Gelagutashvili et al. (2013)
compared three methods for monitoring of heavy metal binding to PC: equilibrium dialysis,
fluorescence, and absorption titration. Heavy metal binding to PC was even exploited for the
creation of fluorescence chemosensor for Cu** and mercapto biomolecules (Puangploy 2015).
Fluorescence quenching was used for monitoring of PC interactions with lectins, such as jacalin
(Pandey et al. 2009a), concanavalin A and peanut agglutinin (Pandey et al. 2009b), and PCB
interactions with human serum albumin (HSA) (Minic et al. 2015), bovine serum albumin (BSA)
(Kathiravan et al. 2009; Minic et al. 2018a), and beta-lactoglobulin (BLG) (Minic et al. 2018b).
For identification of PCB binding site on HSA, competition experiments with site markers, as well
as the determination of binding constants in the presence of site markers were exploited (Minic
et al. 2015). Fluorescence microscopy has shown that PC penetrates to nucleated cells and
stains the nucleus. High affinity of PC for DNA was confirmed by agarose gel electrophoresis,
suggesting that PC can be used as a natural non-toxic replacement for ethidium bromide for
specific detection of genomic DNA and as a marker of various blood cells/molecules (Singh et
al. 2011; Paswan et al. 2016). On the other hand, the microscale thermophoresis, as a new
method for characterization of ligand-macromolecule binding, was used for characterization of
PCB-BSA interactions (Fig 3.3.1; Minic et al. 2018a), while isothermal titration calorimetry and
scanning electron microscopy-energy dispersive X-ray spectrophotometry were used for
characterization of PC interactions with Hg** (Bhayani et al. 2016). PC interactions with lipid
monolayers were investigated by surface pressure measurements (Almog et al. 1988). PCB
interactions and its potential binding sites to proteins were also studied by molecular docking
(Minic et al. 2015; Minic et al. 2018a; Minic et al. 2018b). Covalent binding of PCB to proteins
was investigated by fluorescence and absorption spectrometry, MS and electrophoretic

techniques, supported by computational methods (Isailovic et al. 2006; Minic et al. 2018a).
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Figure 3.3.1 Microscale thermophoresis was used for the determination of PCB-BSA
interactions. Reprinted from Minic et al. (2018a), Copyright (2018), with permission from

Elsevier.

Several studies have also investigated the consequences of PC and PCB interactions with other
molecules/ions on the conformation of interacting species. PCB-induced thermal stability and
conformational changes of HSA, BSA, and BLG were monitored by synchronous fluorescence,
CD spectroscopy, and FT-IR, while chromophore conformational changes were detected by CD
spectroscopy in the visible region (Kathiravan et al. 2009; Minic et al. 2018a; Minic et al.
2015). Heavy metal ions-induced conformational changes of PC were observed by FT-IR and
CD spectroscopy (Bhayani et al. 2016). The role of trehalose on the dynamics and structural
stabilization of PC was investigated by neutron scattering (Koeper et al. 2008). In addition,
Minic et al. (2018a) demonstrated a mutual protective effect of complexed PCB and BSA

against free radical attack using antioxidant assays.

PBPs-derived natural and synthetic (chromo)peptides

Early studies of structure and/or configuration of PBP chromophores were performed on
chromopeptides and provided the means for the development of methods for their purification.
Rabier et al. (1983) digested PC with pepsin and obtained good separation of chromopeptides

on histidyl-Sepharose gels based on histidine-tetrapyrrole interactions. Chromopeptides from



pepsin digests of PC were purified by chromatography and isoelectrofocusing and, after
photoisomerization, chromophore configuration was characterized by 'H NMR spectroscopy
(Thiimmler and Riudiger 1983). In the study of Wedemayer et al. (1992), PBPs were digested
by pepsin, chromopeptides were purified by chromatography, and bilin groups were identified by
absorption, fluorescence, *H NMR and MS.

Although multiple studies investigated biological activities of peptides produced by enzymatic
hydrolysis of whole algal biomass or isolated whole algal proteins (Ovando et al. 2018), only a
few of them focused on the bioactivities of (chromo)peptides obtained from purified PBPs. In
several studies, in addition to the identification of bioactive peptides, some of the peptides were
synthesized and tested for bioactivity. Kim et al. (2018) identified PBPs by proteomics and,
based on obtained amino acid sequences, synthesized 13 PBPs-derived peptides which were
tested for their anticancer activity effect in vitro. Minic et al. (2016) digested PC by pepsin in
simulated gastric fluid, separated chromopeptides by chromatography, and analyzed
chromopeptides by MS. Sequences of chromopeptides were determined by manual de novo
sequencing and confirmation of sequences was done by analysis of MS2 and MS3 spectra of
parent ions and pure PCB. They also tested chromopeptides for antioxidant and metal-chelating
activities, as well as for the protection of human erythrocytes from free radical-induced
hemolysis and cytotoxic effect on HeLa and Caco-2 cells. Oh et al. (2018) separated whole algal
proteins on 2D PAGE, digested PE band by trypsin, and after identification by MS, synthesized
PYP peptide and tested its effect in hippocampal neuron cell culture. Wu et al. (2017)
hydrolyzed PE by pepsin and purified the hydrolysate by gel permeation and reversed-phase
chromatography. Two peptides with the highest angiotensin-converting enzyme inhibitory activity
were determined with the Edman degradation method, followed by the synthesis of peptides with
the same sequences. Xu et al. (2018) generated PC-derived peptides by limited trypsin
hydrolysis, grafted hydrolysate to N-succinyl chitosan by microbial transglutaminase and tested

them for antioxidant and anticancer activity on HeLa and L929 mouse fibroblast cell lines.



PBPs identification by proteomics

Using emerging proteomic methodologies, the most recent studies used global, and especially
differential proteomic analysis of cyanobacteria/algae, for investigation of their circadian rhythm,
cellular differentiation or acclimation to external/stress factors and starvation focusing on the
expression of PBPs. Proteomics was used to investigate the link between light adaptation
responses and phylogeny (different strains) and pigmentation (different PBPs ratio) (Mackey et
al. 2017), as well as to monitor photo-acclimation by proteomics identification of expressed
genes for PBPs (Herrera-Salgado et al. 2018). PBPs degradation was followed by proteomics
analysis during an organism's adaptation to nitrogen depletion (Deschoenmaeker et al. 2014)
and desiccation/rehydration (Xu et al. 2016). In an attempt to understand the toxicity of
herbicide butachlor, a proteomic approach was helpful for detection of butachlor-induced down-
regulation of PBPs (Kumari et al. 2009). Semiquantitative proteomics was used to monitor the
expression level of each of 20 PE subunits, depending on light intensity during algal growth
(Kieselbach et al. 2018). For quantitative proteomics, isobaric tags for relative and absolute
gquantitation (iTRAQ) were exploited to reveal the capacity for transfer of light energy and
expression of PBPs during high-temperature stress and tolerance (Shi et al. 2017), as well as
for monitoring of PBPs abundances in response to phosphate acclimation (Fuszard et al. 2013).
In addition to label-free proteomics, quantitative proteomics with **N/*°N-labeled proteins was
used for investigation of temperature-induced remodeling of the photosynthetic machinery,
where cells grown at high temperature were metabolically labeled with N (Nikolova et al.
2017). Phosphoproteomics, with the additional step of phosphopeptides enrichment by TiO,
chromatography, was exploited for detecting how phosphorylation status of PBPs affects the
energy transfer and state transition of photosynthesis (Angeleri et al. 2016; Chen et al. 2015b).
Spat et al. (2018) used guantitative phosphoproteomics to describe the proteomic of a dormant
cyanobacterium and its dynamics during the transition to vegetative growth, in order to find the

link between hyper-phosphorylation and the lifespan of PBPs during chlorosis.



On the other hand, high-resolution native mass spectrometry (NMS) which preserves
noncovalent interactions, enabled better insight into the adaptation of the algal light-harvesting
system to a wide range of environmental conditions via oligomerization of PBPs (Eisenberg et
al. 2017). The combination of NMS and fluorescence spectroscopy was used to characterize the
(dis)assembly of the PE protein complex regarding species contributing to color and highly
fluorescent properties of the complex (Leney et al. 2018). The major challenge in working with
the proteome of cyanobacteria is the high abundance of PBPs which affects the dynamic
detection range and therefore suppresses the MS identification of other proteins. Matallana-
Surget et al. (2014) successfully improved the cyanobacterial proteome coverage using 3D LC-
MS/MS approach. They introduced a immobilized Cu(ll)-affinity chromatography separation step
to eliminate PBPs as the most abundant proteins, and therefore improved access to additional
low-abundance proteins. Ultimately, complete or near-complete sequences of novel PBPs could

be deduced by combined proteomics and de novo sequencing approaches (Nair et al. 2018).

Computational studies of PBPs' structural and dynamics properties

MDS and quantum mechanics/molecular mechanics (QM/MM) are valuable tools for
investigation of PBPs and their chromophores. These methods are useful for explanation of
spectroscopic and structural properties found by experimental data, in addition to uncovering still
controversial molecular mechanisms of energy transport in light-harvesting complexes. Several
studies applied MDS to uncover the effects of bound solvent molecules on the conformation of
PCB and dynamic of PC (Adir et al. 2002; Bellissent-Funel 2004). Waterman et al. (2014)
investigated the conformational response of PCB to the ability of solvents to form hydrogen
bonds using ab initio MDS of PCB in different solvents and ab initio calculations of NMR
chemical shift patterns. In order to understand long-lived quantum coherences in PE, MDS,
combined with quantum chemistry calculations, was employed to study the coupling between

the biological environment and the vertical excitation energies of chromophores of PE antenna



system (Aghtar et al. 2014). MDS was exploited for monitoring of PCB conformational changes
and HSA overall and individual domain flexibility upon PCB binding to any of the two found
binding sites on the protein. MDS enabled refining these binding sites and supported
experimental data which demonstrate PCB-induced stabilization of HSA (Radibratovic et al.
2016). MDS was a tool for comparison of conformational flexibility of PC from Arctic
cyanobacterial strain and mesophilic Arthrospira platensis in relation to cold adaptation (Su et al.
2017). The solvation dynamics of individual pigments in PC was quantified using ab initio
QM/MM nuclear dynamics (Blau et al. 2018), demonstrating how the molecular motion of PBP
antennae funnel excitations to low-energy pigments. QM/MM method was established for
calculating the Raman spectra of protein-bound chromophores and revealed the potential and
limitations of QM calculations on isolated tetrapyrroles for determining the chromophore
structures which are not available (Mroginski et al. 2007). Elgabarty et al. (2013) presented
hybrid ab initio QM/MM MDS and theoretical NMR chemical shift calculations of PCB in the
binding pocket of the a-subunit of PC, unraveling the existence of dynamic water channels in

light-harvesting proteins.

Conclusion: A recent increased interest in the use of PBPs for various industrial,
biotechnological, pharmaceutical and clinical applications demands reliable experimental
protocols for their comprehensive analysis. The overview of traditional methods, as well as the
most recent experimental advances used for PBPs' analysis given in this chapter, may be useful
for further scientific research of the role of PBPs in photosynthesis. In addition, it may also serve
as a literature guide for assembly of analytical protocols for PBPs analysis prior to commercial

and/or medical use.
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