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Abstract

Natural products have contributed to the development of protein
formulations currently used as biotherapeutic agents. The topic of this thesis
investigates the green microalga Botryococcus braunii (B. braunii) Photosystem |
light-harvesting antenna complex | (PSI-LHCI) and its delivery to one of the most
aggressive types of breast cancer with fewer treatment options, triple-negative
breast cancer cells (TNBC), exhibiting notable anticancer activity. The PSI-LHCI
multiprotein supercomplex plays a significant role in the highly efficient
photosynthetic conversion of light energy to chemical energy while generating
reactive oxygen species (ROS). Intracellular ROS-regulating anticancer
therapeutic strategies emphasize ROS’s ability to trigger programmed cell death
by selectively killing cancer cells after inducing oxidative stress and exceeding
cytotoxic thresholds. In Chapter 3, PSI-LHCI isolation, purification and
characterization will be introduced, followed by Chapter 4, an investigation of the
role and cell death mechanism determined after the delivery of B. braunii PSI-LHCI
to TNBC MDA-MB-231 cells. A discontinuous sucrose density gradient by
ultracentrifugation produced PSI-LHCI complex, and in vitro experiments were
conducted by incubating MDA-MB-231 cells under serum starvation conditions
with PSI-LHCI. In the absence of an LED light source, we conclude that B. braunii
PSI-LHCI naturally generates intracellular ROS, significantly reducing cell viability
compared to typical positive controls while inducing necrosis by autophagy cell

death mechanism.
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Chapter 1

Introduction

1.1  Algal Products: Current Research and Biomedical Applications

From the dawn of history to the present day, algae has been regarded as
an essential contributor to life, producing most of the oxygen we breathe [1,2].
Their capability of generating novel products for the food, agriculture, cosmetics,
pharmaceutical, materials, and the biofuel industry makes them capable of
transforming the world [2]. As of August 3, 2021, the U.S. Department of Energy
(DOE) appointed approximately $34 million in funding for bioenergy technologies
research and development [3].

The definition of algae encompasses a large and varied group of
photosynthetic eukaryotic aquatic organisms whose diversity is embodied by three
representative groups: Rhodophyta (red algae), Phaeophyta (brown algae), and
Chlorophyta (green algae), ranging from large-sized and multicellular macroalgae
to microscopic and single-celled microalgae [4]. In recent decades, algal culturing
and biotechnological applications have gained widespread awareness owed to the
generation of market-value algal-based products. Microalgal species’ chemical
composition comprises lipids, proteins, carbohydrates, and other compounds such
as pigments, and vitamins, regarded as high-value bioactive compounds [5].

Under adequate conditions, microalgae double their biomass in 24 hours
with 3.5 hours log phase, and this biomass as a source of energy is an excellent
alternative to fossil fuels [6]. Considering microalgae high storage of lipids, from
Table 1.1, it can be seen that their product yield rate in the form of oils, reduced

requirement of land use, and increased biodiesel productivity results in microalgae

1



Chapter 1

Table 1.1 Comparison of microalgae (low, medium, and high oil content) with other

energy crops [7].

Crop Oil Content Oil Yield Land Use Biodiesel
(% Dry Weight) (L/ha  (m? Year/kg Productivity (kg
Year) Biodiesel) Biodiesel/ha Year)
Corn 44 172 66 152
Hemp 33 363 31 321
Soybean 18 636 18 562
Jatropha 28 741 15 656
Camelina 42 915 12 809
Canola 41 974 12 862
Sunflower 40 1070 11 946
Castor 48 1307 9 1156
Palm oil 36 5366 2 4747
Microalgae® 30 58,700 0.2 51,927
Microalgae® 50 97,800 0.1 86,515
Microalgae® 70 136,900 0.1 121,104

2 Low oil content. ® Medium oil content. ¢ High oil content.



Chapter 1

owning to a superior per unit of surface values than any other variety of energy
crops [2,7]. The optimization of the culture conditions and control of the parameters
regulating growth, such as light intensity, temperature, inorganic carbon in the form
of bicarbonate salts or enriched air, macronutrients like nitrogen (N), phosphorus
(P), and potassium (K), and culture mixing deliver the maximum photosynthesis
rate, thus increasing the lipid content of dried microalgal biomass up to 80% [5,8].
At first, biodiesel production was the main application of microalgal lipids,
whose fraction is predominantly composed of nonpolar lipids, including free fatty
acids (saturated, unsaturated, and polyunsaturated), carotenoids (e.g., B-
carotene), and acylglycerols (mono-, di-, triacylglycerol or TAG). The latter,
accumulated in oil bodies, is easily convertible to biodiesel through its
transesterification with methanol to fatty acid methyl esters (FAME) [9]. Polar lipids
such as glycerophospholipids and galactolipids, with long carbon chains and high
degrees of unsaturation, are thereby not convertible to biodiesel through
conventional methods and very challenging to process [10,11]. Membrane lipids
are known to produce up to 40% polyunsaturated fatty acids or PUFAs (e.g.,
eicosapentaenoic acid [EPA], arachidonic acid [AA], docosapentaenoic acid
[DPA], and docosahexaenoic acid [DHA]), regarded as commercial-scale high-
value products used in the food, pharmaceutical, and cosmetic industry, in
particular, the omega-3 and omega-6 fatty acids which act as potent antioxidants
with promising therapeutic effects towards inflammatory diseases [2,8,12].
Microalgal proteins perform a structural function as an intrinsic component
of lipidic membranes and light-harvesting complexes and a metabolic role as
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enzymes involved in photosynthesis [13]. Numerous microalgal species produce
high amounts of proteins with great nutritional value, similar to traditional animal
and vegetable sources, e.g., meat, egg, milk, soy [11]. Microalgae also produce
high quantities of essential amino acids mammals cannot synthesize, used in the
food industry as nutritional supplements for human consumption, e.g., Chlorella
pills and Spirulina flakes [4,14].

Carbohydrates from microalgae featuring mono-, oligo-, and
polysaccharides render metabolic and structural roles and can be found covalently
attached to proteins (glycoproteins) and lipids (glycolipids) [11]. Microalgal cells
are comprised of carbohydrates such as glycogen, starch, agar, cellulose, and
hemicellulose, which can be used as hygroscopic substances, antioxidants, and
renewable feedstock [5,11]. Carbohydrates from various microalgal species, for
instance, Anabaena, Chlamydomonas, Chlorella, Porphyrydium, Scenedesmus,
Spirogyra, and Spirulina, are thus converted through high-temperature acid
hydrolysis pretreatment, saccharification by glycosidic bonds breakage, and
fermentation, to one of the most common types of biofuel, bioethanol [4,15].

Various microalgal species also produce marketable bioactive products
such as chlorophyll (Chl), carotenoids, B-carotene, and xanthophylls like
astaxanthin, phycobiliproteins, vitamins, and other antioxidants. Among the
different types of photosynthetic pigments produced by microalgae, chlorophyll a,
one specific form of chlorophyll, and its metabolites such as pheophorbide b and
pheophytin b, have strong antioxidant properties, which by definition prevent
oxidative damage to cells and tissues by scavenging free radicals [4,16]. As an
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essential bioactive compound, chlorophyll is regularly used in the food industry as
a natural coloring agent and in the pharmaceutical industry due to its antimutagenic
activity in the form of the soluble derivative chlorophyllin [17]. Chlorophyll’s similar
chemical structure to hemoglobin is hypothesized to promote fast carbon dioxide
(CO2) and oxygen (O-) interchange, contributing to the fundamental properties of
wound healing by tissue growth stimulation while preventing bacteria
advancement, thus used to treat ulcers and oral sepsis [16].

Carotenoids are recognized in the pharmaceutical and food industry for their
antioxidant and anti-inflammatory properties, particularly the nutritional
supplement and coloring agent B-carotene, obtained from Dunaliella salina.
Astaxanthin, a xanthophyll derived under environmental stress conditions from
Haematococcus pluvialis, has been incorporated into fish and crustaceans’ diet to
give them their characteristic pink hue, and perhaps its most crucial biomedical
application, anti-inflammatory effects; more pronounced than that of the standard
anti-inflammatory drug, prednisolone [5,11,18]. Free radical scavengers like the
water-soluble proteins, phycobiliproteins, are used in fluorescence microscopy as
labeling agents, known to suppress inflammation and ease disease-related
symptoms due to their antioxidant activity [11,18].

Microalgal vitamins, for instance, pro-vitamin A (B-carotene), vitamin B12
(cobalamin), vitamin C (ascorbic acid), vitamin D, and vitamin E (tocopherol and
tocotrienols), hold nutritional value owing to their potent antioxidant activity,
antiproliferative, and anticarcinogenic properties [19]. Microalgae are rich in

sterols, namely phytosterols, e.g., campesterol, sitosterol, and stigmasterol, which
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are recommended for their cholesterol-reducing properties in several
cardiovascular diseases, alongside their antioxidant, anti-inflammatory, and
anticancer effects [4,19]. Phytochemicals from microalgae have numerous
valuable medicinal components and properties that urge the scale-up of microalgal
biomass production as a promising antioxidant, anti-cholesteroligenic, anti-
inflammatory, antimutagenic, antiproliferative, and anticancer source.
1.2 Green Microalga of Interest: Botryococcus braunii

Due to the unsustainable use of fossil fuels’ finite and nonrenewable
resources, an increase in oil prices compels most microalgal biotechnological
studies and cultivation techniques. They aim to enhance microalgal lipid production
and optimize biofuel resources for energy, particularly biodiesel generation. The
widespread application and increasing demand for microalgal-based bioproducts
can contribute to meeting and solving most of the global sustainability needs.
Botryococcus braunii (B. braunii) is an excellent model of a microorganism that
can produce in the resting phase of growth up to 86% of its dry weight as
hydrocarbon oils, potentially used as alternative renewable fuels (Table 1.2) [20—
22]. Thus, this green photosynthetic microalga is highly studied due to its

hydrocarbon accumulation, secretion, and synthesis ability [23].



Table 1.2 Oil content of several microalgal species [22].

Microalga Oil Content (% Dry Weight)
B. braunii 25-75
Chilorella sp. 28-32
Crypthecodinium cohnii 20
Cylindrotheca sp. 16-37
Dunaliella primolecta 23
Isochrysis sp. 25-33
Monallanthus salina >20
Nannochloris sp. 20-35
Nannochloropsis sp. 31-68
Neochloris oleoabundans 35-54
Nitzchia sp. 45-47
Phaeodactylum tricornutum 20-30
Schizochytrium sp. 50-77
Tetraselmis sueica 15-23
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Although the hydrocarbon productivities of several B. braunii strains have
already been assessed; the machinery that drives light energy conversion to
chemical energy via photosynthesis, also known as the photosynthetic apparatus,
remains unresolved. A study on B. braunii light-harvesting complexes (LHCs)
concluded that the pigment composition is comparable to LHCII in plants; this is
the only literature available on the subject [24]. This species remains underutilized
other than the biofuel industry, overlooking their full research potential. Therefore,
in this research, the focus was placed on obtaining multiprotein complexes from
the biomass of B. braunii, the green microalga of interest, for their potential
biomedical applications.

B. braunii is a photosynthetic unicellular microalga, a member of the
Chlorophyceae class of freshwater green microalgae that produces a substantial
amount of hydrocarbons as algal biomass, which can be potentially exploited for
various commercial purposes [23,25]. This green colonial microalga is highly
studied and examined due to its hydrocarbon content production, including
tetracosane, octacosane, palmitic, and oleic acid. It is widely located in fresh and
brackish or slightly salty water, reservoirs, and ponds at tropical, moderate, and
arctic latitudes [26]. Aside from chlorophyll a and b, this microalga also contains
lutein and B-carotene as its major carotenoids constituents, which are biological
pigments naturally occurring inside chloroplasts that absorb and transfer light
energy and provide photooxidative protection against reactive oxygen species

[26,27].
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B. braunii is classified into three different chemical races: A, B, and L,
defined by the liquid hydrocarbons the microalgae synthesize [28]. Race A
produces mainly a series of C23-C33 odd-numbered n-alkadienes, mono-, tri-, tetra-
, and pentaenes derived from fatty acids [29]. This race turns a pale yellow from a
green colony color in the stationary growth phase and has a distinctive feature
among other races, long-chain alkenyl phenols, whose function is essential for
protecting against biochemical oxidative degradation [30]. Race B produces large
quantities of the triterpene botryococcene of C30-C37 with a CnHan-10 general
formula and small amounts of C31-C3s polymethylated squalenes [28,31]. The A
and B races contain long aliphatic chains crosslinked by ether bridges as a
distinguishable characteristic of the nature of the biopolymers present in the
microalgal cell wall. Race L and B are of an orange-red or orange-brown colony
color due to carotenoid accumulation in both races’ stationary phase [30]. The L
race yields a single Caso lycopadiene, a tetraterpene [32]. Out of all races, the
hydrocarbons from B. brauniirace A has the most chemical variability content, from
0.4% to 61.0% of their dry cell weight [28].

Under the microscope, B. braunii UTEX 2441 race A colonies, obtained
from the culture collection of the University of Texas at Austin (UTEX), exhibit a
botryoid-type morphology of individual pyriform-shaped cells bound by a lipid-

containing matrix (Figure 1.1) [28].
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Figure 1.1 Microscopic examination of B. braunii UTEX 2441 cells by UTEX,

licensed under CC by 4.0. Bars indicate 10 um (A) and 20 ym (B) [33].

The microalgal cells’ basal surface is enclosed by a matrix comprised of
outer walls formed from successive cellular divisions, with the bulk of B. braunii
hydrocarbons stored in these outer walls [28]. Lipid accumulation can be achieved
via nitrogen deprivation, which serves as an excellent experimental tool for
monitoring metabolic activities during lipid accumulation in microalgae [34].
Nitrogen deprivation is considered an environmental stress factor that causes
microalgae a shift in lipid storage, which provides a significant number of neutral
lipids, multibranched and, or polyunsaturated in nature [35]. A vast proportion of
the total lipid content in B. braunii is composed of neutral lipids, with its highest
production rate occurring in the stationary growth phase and the maximum yield
arising when the microalga turns from color green to brown in the growth phase
[36]. Recent studies suggest a different approach to nitrogen depletion, where
excess CO, is supplied under intense continuous light, therefore, inducing lipid

accumulation [37].
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To perform photosynthesis with adequate biomass growth, microalgae
need a good carbon source and light exposure since light intensity, and light
spectrum are considered critical factors in the phototrophic growth of microalgae
[36]. Excess light also holds a harmful purpose, damaging the microalgae’s
photosynthetic apparatus, thus inducing the organism to adopt photoprotective
mechanisms such as fluorescence emission and heat dissipation [38]. In order to
study B. braunii protein complexes, culture conditions parameters such as
temperature, CO2 supply, nutrients, light intensity, and culture mixing must be
controlled. This project commenced a study that resolves the photosynthetic
apparatus components of the phototrophic organism B. braunii towards generating
high-value biomedical products.

1.3 Insight into the Importance and Role of Photosynthesis

The photosynthesis timeline started ~2.4 billion years ago by an
endosymbiosis process of a primordial eukaryote engulfing the ancestor organism
we know today as a cyanobacterium; subsequently, ancient cyanobacteria
experienced a stage of accelerated evolution of anoxygenic photosystems to
develop modern-day oxygenic photosynthesis [39-41]. The conversion of
harnessed light energy to chemical energy to produce molecular Oz, and to
synthesize reduced nicotinamide adenine dinucleotide phosphate (NADPH) and
adenosine triphosphate (ATP), whose energy is used in the Calvin cycle to fix CO,
is crucial to support nearly all forms of life on Earth [39]. In organisms such as
plants, cyanobacteria, and green algae, oxygenic photosynthesis occurs in the

thylakoid membranes and consists of two distinct and highly organized membrane-
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bound photosynthetic reaction centers (RC), namely photosystem | (PSI) and
photosystem Il (PSIl), each with its light-harvesting antenna protein-bound
pigment complexes (LHCI and LHCII) associated with it, working in series in the
Z-scheme [42-44]. The Z-scheme depicts the electron transport pathway of
photosynthesis from water to oxidized NADP* on a redox potential (Em) vertical
energy scale from left to right, with the most reducing (negative En) components
at the top and the most oxidizing (positive Em) components at the bottom.
Comparable with an uphill/downhill reaction, the diagram illustrates the distinctive
redox potential in the ground versus the excited energy state of the particular

pigments, P680/P680* in PSII and P700/P700* in PSI (Figure 1.2) [45].
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Figure 1.2 The electron transport representation of the oxygenic photosynthesis
process and the Z-scheme. This diagram was modified from Govindjee et al [46].

©2010 John Wiley & Sons, Ltd. All rights reserved.

In detail, the oxygenic photosynthesis process involves four major

macromolecular membrane-associated complexes directly related to the
12
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photosynthetic process: PSIlI and PSI, connected via the cytochrome bef (Cyt bsf)
complex and the enzyme ATP synthase. Photosynthesis initiates with the dual
gathering of light energy as photon absorption by a large number of tightly coupled
and integral proteins, LHCs, and other antenna pigment complexes associated
with both photosystems that play a role in light capture by transferring excitation
energy to the photosynthetic RC, dissipating excess energy as heat and emitted
as fluorescence [47,48]. In the Z-scheme model of photosynthesis, charge
separation occurs within the D1 protein of the PSIl core complex, where the
primary electron donor of PSII (P680) absorbs a photon, exciting an electron from
a low energy state to a higher energy state (P680*) [49]. This electron, initially
extracted from water molecules by the tetranuclear manganese-oxygen-calcium
cluster (Mn4OsCa) of the oxygen-evolving complex (OEC) through D1-Tyrosine161
(Yz), is then transferred by the primary electron acceptor D1-pheophytin molecule
(Phep1) to the first electron acceptor of PSII, Qa, a one-electron acceptor quinone
that is firmly bound to the D2 protein, and then to the two-electron acceptor
quinone, Qg, bound to the D1 protein [48]. A bicarbonate ion (HCOz3"), the mobile
ligand of the non-heme iron (Fe?*) located in between Qa and Qg, proffer a role in
photosynthesis and particularly PSII activity by stimulating water splitting with the
acceptance of protons produced by the water-splitting process, responsible for the
protonation of reduced Qg that becomes plastoquinol (PQH2). Under stress
conditions, HCO3" concentration directly affects PSIl O. activity and perturbs
electron transfer through the electron acceptors quinone Qa and Qs whose Fe

structure stabilization and Mn4sOsCa cluster mediates [50,51].
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Subsequently, a chain of mobile electron carrier molecules through the
thylakoid membrane, namely a plastoquinone (PQ) pool, exchanges with PQHo>.
The reduction of PQ to PQH2reduces Cyt bef by translocating and pumping protons
via the Q-cycle, thus connecting PSII to Cyt bef, prompting the interaction of Cyt
bef with PSI through the copper-containing protein, plastocyanin (PC). In PSI,
P700, a special Chl a pair is the primary electron donor, whereas P700* is the
excited electronic state of P700. The primary electron acceptor of PSl is Ao, a
special Chl a molecule; other molecules on the acceptor side include A+ (vitamin
K1); Fx, Fa, and Fg, three iron-sulfur centers (FeS), and a mobile water-soluble
ferredoxin (Fd) that upon reduction transfers an electron to either NADP™* which is
reduced to NADPH through ferredoxin NADP reductase (FNR), Cyt bef, or
alternative electron acceptors such as Oz [48,49]. The ATP produced from
adenosine diphosphate (ADP) and inorganic phosphate (Pi) catalyzed by ATP
synthase employs the proton motive force (pmf), built-up electrical potential (AY),
and proton gradient (ApH) across the thylakoid membrane by the proton flow
originated from water splitting at the OEC, cyclic reduction-oxidation of PQ/PQH>,
Cyt bef complex Q-cycle, and PSI cyclic electron transport [48]. The NADPH and
ATP obtained are used in the Calvin-Benson cycle to fix atmospheric CO- and
produce carbohydrates [52]. Hence, the overall photosynthesis equation is written
as:

2H,0 + C0, - [CH,0] + 0, + H,0 (D
The photosynthesis process is controlled by various mechanisms that either

alter light-harvesting efficiency or stabilize the absorption of PSI and PSII, involving
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varied light intensities and spectral properties—predominantly by non-
photochemical quenching (NPQ) mechanisms affecting the rate constant of
excitation of PSI and particularly PSII, thus decreasing the fluorescence yield [39].
Changes in quenching correlate to (1) photoinhibition, q;, or photoinactivation
leading to oxidative damage and loss of PSIl RC; (2) state transitions, qr,
significant in algae at low light levels due to a change in antenna pigment size and
the reversible movement of LHCII between PSIl and PSI RC; and (3) energy-
dependent, qg, associated with light-induced H* transport into the thylakoid lumen
resulting in the development of low pH from electron transport, hence regulating
the rate of excitation of PSII RC [53,54].

In oxygen-evolving photosynthesis, the photons in the photosynthetically
active radiation (PAR) most efficiently used are in the wavelength range of 400-
700 nm. In nature, PSI is considered the most efficient light-capturing and energy
conversion photosynthetic apparatus [55]. Algal engineering strategies such as
antenna pigment size optimization attenuates NPQ losses, allowing more
extensive light transmission into lower layers of cultured cells in bioreactors,
maximizing photosynthetic efficiency [38,56]. Nevertheless, excess light damages
the photosynthetic apparatus, and algae have evolved photoprotective
mechanisms to offset this drawback [38]. Fluorescence studies, particularly Chl a
fluorescence transients following the regular chlorophyll fluorescence induction
(OJIP) pattern, provide insight into photochemical efficiency and the
photosynthetic organisms’ ability to tolerate environmental inhibitors and stressors,

plus to which extent such stress has damaged the photosynthetic apparatus [57].
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The polyphasic Chl a fluorescence induction curves or fluorescence transients
arise from dark-adapted photosynthetic samples after illumination, which include a
fast phase affected by the functional and structural changes in the photosynthetic
apparatus that occurs under 1 s and is labeled OJIP, where O stands for origin or
minimum (Fo) and initial value of the fluorescence, J and | are intermediate
inflection points, and where P is peak or Fm corresponding to maximum
fluorescence intensity [48].

1.4 The Photosynthetic Apparatus: Photosystems and Light Harvesting
Complexes

The eukaryotic oxygenic photosynthesis process occurs in the
endosymbiotic cell organelles, the chloroplasts, comprised of characteristic
photosynthetic pigments with organized thylakoid membranes ultrastructure
[58,59]. Highly compartmentalized, the chloroplast encompasses outer and inner
envelope membrane, inter-envelope membrane, cylindrical closely stacked discs
named grana, interconnecting unstacked stroma lamellae, thylakoid lumen, and
intergranal thylakoids [60,61]. The photosynthetic apparatus flexible molecular
machinery is highly susceptible yet can acclimate to environmental factors. It
contains iron, copper, manganese, and iron-sulfur center cofactors, which perform
the light-dependent reactions in the three main multi-protein-pigment membrane
complexes: PSI, PSII, each with its reaction center supercomplex and LHCs, and
Cyt bef [47,53,58,62,63]. The thylakoid membranes are arranged analogous to
land plants, containing the photosynthetic electron transport chain’s (ETC) primary
complexes: PSIl and LHCII located in the appressed grana enriched regions

forming super- and mega complexes, Cyt bef proportionately allocated amidst
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grana and stromal regions, and PSI and its corresponding LHCI found in the
stroma lamellae and grana end membranes [60,61,63].

Multi-protein-pigment complexes recovery strategies require a higher
degree of purity concerning the sample’s complexity. The general microalgal
biomass processing requires harvesting by coagulation/flocculation to concentrate
the biomass, thickening, and dewatering by flotation, filtration, and centrifugation,
followed by convective drying to obtain a concentrated thick microalgal slurry.
Microalgal cells undergo mechanical (e.g., homogenizer, bead-mill,
ultrasonication) or non-mechanical (physical, chemical, enzymatic) cell wall
disruption methods. Soluble proteins are isolated from cell debris at low
temperatures and typically at high-speed centrifugation conditions, protein
fractionation by dispersibility, density, or size, using sucrose gradient
centrifugation, and protein purification by chromatographic methods [64].

The highly conserved PSIlI pigment-protein supramolecular complex, a
light-driven-plastoquinone-oxidoreductase homodimer, is organized in a core
complex and a light-harvesting antenna system. The PSII RC comprises four Chl
a molecules, two pheophytins a, Pheop1 and Pheopy, two PQ, Qa and Qg bounded
by non-heme iron, two redox-active tyrosine, Yz and Yp, and OEC [65]. The core
complex contains two essential subunits, D1 (PsbA), whose a major target of
photodamage, and D2 (PsbD), including P680 RC and all ETC cofactors, the inner
antenna and Chl a coordinating CP47 (PsbB) and CP43 (PsbC) proteins, and
various low molecular subunits [65-67]. PSII with a total molecular weight of 350

kDa as a monomer, 700 kDa as a homodimer, and 1,100 kDa as a supercomplex
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comprises independent monomers, each with 17 transmembrane subunits, three
peripheral membrane subunits, multiple cofactors, for a total of approximately 40
permanently attached or temporarily associated proteins [65,68—70].

In eukaryotic green algae, PSI, whose role is to catalyze light-driven
electron transport from PC to Fd, is isolated as a monomer or a supercomplex of
a monomer with a molecular mass between 230-600 kDa; as a trimer in the native
membrane, it exists with a mass of 1068 kDa for the entire complex [52,55]. As a
monomer, PSl is highly conserved among plants and green algae and presents an
absorption maximum of around 680 nm. It contains an apparent 65 kDa
PsaA/PsaB heterodimer core complex coordinating about 100 Chls and 20 B-
carotene light-capturing molecules, 14 subunits (PsaA-PsaL and PsaN-PsaO),
and up to 9 LHCI outer antenna proteins and small core subunits from 10-20 kDa,
which guarantee photoprotection [55,63,71]. The characterization of PSI RC from
plant chloroplasts was first published in 1975, following a purification protocol
comprising an initial detergent treatment, sucrose density gradient centrifugation,
and an absorption spectrum characterization [72]. Subsequently, several higher
plants and algae PSI and LHCI purification research articles revealed their general
red-shift characteristics (Stokes’ shift) of 2-5 nm and 77K emission bands at 680
nm and 730 nm [73,74].

Within green algae, PSI/PSII ratio generally remains at a level of 1:1,
whereas in cyanobacteria, elevated ratios of 2:1 and 5:1 are observed [75]. In land
plants and green algae, Chl a is located in the core complex of PSI| and PSII, and
Chl b is almost exclusively found in the pigment antenna system of LHCs [76].
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These particular types of chlorophyll exist side-by-side at Chl a/b ratio of 3:1, with
variations in ratio used as an indicator of stress or photosynthetic apparatus
damage, expressed as controlled changes in antenna complex size [77,78]. The
LHC proteins involving the two photosystems perform different roles, such as
excessive light energy dissipation and optimizing light energy utilization, with core,
peripheral, and accessory antennas [45]. The six highly homologous major LHCII
proteins associated with PSIl are encoded by the heterogeneous trimer Lhcb1-3,
whereas the monomeric and tightly associated minor LHC proteins consist of CP29
(Lhcb4), CP26(Lhcb5), and CP24(Lhcb6) [79]. Moreover, PSI is associated with
LHCs dimers with a higher Chl a/b ratio [24].

Both photosystems have been characterized in several organisms and have
been found to dissociate into various high molecular mass complexes, with sub-
complexes appearing loosely associated with the core, providing valuable
information regarding their composition. The two photosystems’ supramolecular
organization and associated light-harvesting antennas entail a PSII dimer and two
LHCII trimers to form the C2S>M. and C2S> supercomplexes [63,80]. The
interaction between monomeric PSI and LHCI in green algae suggests a more
extensive antenna size comprising a 22-30 kDa Chl a, b, and carotenoid binding
apoprotein, divergent from land plants and equivalent with Lhca1-4 genes
encoding the LHCI of PSI [24,55,79].

An upsurge in light intensity leads to an increase in energy absorption by
the photosynthetic apparatus; consequently, the toxic byproducts of aerobic

metabolism, reactive oxygen species (ROS), are generated [62]. Photosystems in
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eukaryotic photosynthetic organisms have developed an array of photoprotective
mechanisms to counteract the harmful effects of oxidative stress and excessive
light energy. Photodamage against PSIl due to the strong oxidizing reaction of
water splitting and the photoprotective mechanisms to repair and recover has been
extensively considered, e.g., NPQ, photoinhibition of PSIl as means of ETC and
PSI photoprotection. In contrast, PSI| appears to be effectively protected from the
irreversibility of damage by repair strategies and LHCI [81]. Typically, the thylakoid
membrane contains a ROS-producing enzyme named plastid terminal oxidase,
and the strong reductant function of PSI under stress conditions reduces all NADP*
and transfers electrons to O to naturally generate ROS [81].
1.5 Reactive Oxygen Species Production in Algae

Reactive oxygen species are considered highly reactive and cytotoxic,
leading at high concentrations to irreversible oxidative damage to proteins,
deoxyribonucleic acid (DNA), lipid membranes, and to both photosystems, PS| and
PSII [82]. Emerging as undesirable byproducts of aerobic metabolic processes
such as respiration and photosynthesis, ROS determining roles are shaped by
production and scavenging mechanisms to maintain a delicate balance
(homeostasis), though dissipating under stress conditions [82,83]. Extreme
temperature, change in salinity, high irradiance, nutrient deprivation, pH variation,
and oxidative stress are examples of abiotic stress conditions that induce ROS’s
excessive production in algae [84].

The prooxidants or oxygen-containing main species of ROS primarily

comprise free radicals such as superoxide anion (O2™"), the hydroxyl radical (-OH),
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peroxyl (ROO-), alkoxyl (RO-), and nitric oxide (NO-). In contrast, the non-radicals
involve hydrogen peroxide (H203), singlet oxygen ('O2), and hypochlorous acid
(HOCI) [11].

The most common ROS produced are -OH formed on PSII electron donor
and acceptor sides, also 'Oz, mainly occurring at PSII, but also present in PSI as
it has been related to photoinhibition, and H.O2 and O, predominantly appearing
on PSI’s acceptor side, mentioned in order of chemical activity [53,85-87]. Initially
believed to be the only generator of ROS, PSI is the main generation site of ROS,
owing to the culmination of electron transfer reactions in the stromal thylakoid
membranes [85]. The hydroxyl radical, produced by the Fenton reaction among
H>0, and Oz~ and catalyzed by transition elements such as copper ion (Cu*), Fe?*
and Fe®*, is considered highly reactive and the most toxic ROS identified, rapidly
attacking by lipid peroxidation cellular membrane components, mainly lipids and
proteins leading to oxidative damage [82]. Singlet oxygen, a peculiar kind of ROS,
highly damaging to both PSI and PSII, and the entire photosynthetic apparatus is
a product of the reaction of energy transfer of a triplet excited state of a Chl
molecule in the antenna complex or reaction center with molecular Oz, thus
producing 'O in the process and damaging proteins, pigments, lipids, and nucleic
acids, leading to cellular death [82,88]. The membrane-permeable hydrogen
peroxide, produced under normal and stressful conditions, is a relatively reactive
ROS generated from the dismutation of Oz~ by superoxide dismutase (SOD).
Oxidative damage and programmed cell death occur as a consequence of H20>
longer t12 of 1 ms, higher cellular concentrations, and conversion into more
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reactive species [82]. The superoxide anion radical is moderately reactive, and the
first ROS to be generated, known to yield more reactive and toxic ROS family
members, and arising at PSI| non-cyclic ETC, but also mitochondrial ETC
complexes | and Il [82,89].

Among ROS’s multifunctional roles in algae, perhaps the most important is
performing as signal transduction molecules mediating many cellular processes,
particularly from chloroplasts to the nucleus [81]. ROS acts as secondary
messengers at low levels, transmitting stress signals to cells, enabling them to
counter and acclimate to different stressors; H202 best fulfills the role of a second
messenger, regulating processes such as cell division, differentiation, and growth,
among others [90]. Further roles include de novo protein synthesis inhibition of the
D1 protein, used in the repair mechanism of photodamaged PSII, and the
photooxidative stress defense genes upregulation by 'O, which operate as vital
cell signaling molecules that mediate photoacclimation strategies. In addition, ROS
regulates apoptosis type-I programmed cell death and the starvation-induced
autophagy-mediated mechanism by superoxide anion radicals [82,89,91,92].

At basal and stressful environmental conditions, ROS production sites are
localized in the electron transport chain components of the chloroplast thylakoids
of both photosystems, PSI and PSII. The mitochondria is a significant producer of
O2~ in dark and stress conditions involved in ROS-induced cell death in plants,
the peroxisomes constitute an important site of intracellular H2O2, the endoplasmic
reticulum similarly produces H20>, the plasma membrane by NADPH oxidases,

cell wall, and even the Calvin-Benson cycle are considered important production
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sites of O2"~ and H20- [83,93,94]. At high levels of ROS, oxidative stress regulation
occurs in chloroplast thylakoid membranes through a defense mechanism
fundamental for photosynthesis of a series of major ROS-scavenging enzymes,
such as ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase
(GPX), superoxide dismutase (SOD), and thioredoxins (TRXs), but also by non-
enzymatic antioxidants like ascorbic acid (AA), carotenoids, flavonoids, proline,
reduced glutathione (GSH), and tocopherol [82,95]. As scavenging systems,
superoxide removal with SOD metalloenzyme follows a dismutation into O2 and
H202 (202+ 2H* > O2 + H2032). The hydroxyl radical is efficiently scavenged by
proline, a powerful antioxidant; hydrogen peroxide is removed through the
ubiquitous and tetrameric heme-containing enzyme CAT by its dismutation to H.O
and O2 (2H202 > 2H20 + O2), additionally by peroxidases and flavonoids, and
singlet oxygen is scavenged by carotenoids, consequently generating heat as a
byproduct, and the lipophilic antioxidant a-tocopherol which serves as a free
radical trap [82,96,97].

The imbalance between ROS generation and antioxidant defense induces
oxidative stress during stress conditions and leads to many pathologies [98]. Algae
counter such harmful effects at the molecular, membrane, cellular, morphological,
and physiological levels [98,99].

1.6 The Role of Oxidative Stress in the Pathogenesis of Various Human
Diseases

Toxic ROS levels, leading to oxidative stress, elicit stress responses of

supporting cell survival, or stimulation of DNA damage, premature chromatin
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condensation, mitochondrial cytochrome c release, caspase-like enzymatic
activities activation, photosynthetic activity reduction, cytoplasmic vacuolization
due to the accumulation of autophagic vacuoles, depleted ATP levels, and
membrane disturbances, beginning mechanisms that range from necrotic
processes to genetically regulating cell death [84,100,101]. These cell death
processes can include (1) the enzymatically regulated route of cell destruction due
to changes in the gene expression of dying cells that ultimately exhibit a distinct
morphology devoid of apoptotic body formation, unobserved in plants, called
programmed cell death, (2) the arguably metazoan exclusive process of apoptosis
with morphological characteristics of apoptotic bodies during or subsequently to
programmed cell death, and (3) autophagy, a type Il of cell death where proteins
and other cell organelles are guided, enclosed by a double membrane vesicle
called the autophagosome, and degraded by hydrolytic enzymes called acidic
hydrolases, after fusion with lysosomes and vacuoles [84,89,90,102]. Accordingly,
oxidative stress evokes the individual or simultaneous release of ROS, either
chemically distinct or originating within various intracellular compartments by a
different mechanism, and associated with their biological activities and in some
cases like '0; inducing a specific set of stress responses [83].

Consequently, out of all the different cell death processes, autophagy, a key
defense mechanism utilized to degrade oxidized molecules, recycle or eliminate
ROS-producing cellular organelles, is highly conserved among different
photosynthetic organisms such as plants and algae, contributing a strong tie

between autophagy and ROS in photosynthetic eukaryotes [90]. There are three
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primary types of autophagy comprising: chaperone proteins (e.g., Hsc-70)
mediated, which selectively translocate soluble proteins that contain a KFERQ
pentapeptide motif across the lysosomal membrane for lysosomal-associated
membrane protein 2A (LAMP-2A) receptor recognition, and succeeding unfolding
and degradation, in microautophagy, cytosolic constituents are transported to the
lysosome by a direct lysosomal membrane invagination or distortion process, and
macroautophagy, capable of engulfing and delivering bulky cytoplasmic cargo to
the lysosome via single membrane autophagic bodies in plants, or by the fusion of
the autophagosome and lysosome which forms the autolysosome in mammals
[103,104]. The double function of pro-survival, for instance, under nutrient stress
conditions to safeguard the supply of crucial proteins and nutrients, and cell death
autophagy-induced strategies, arise in cells, following various stimuli that require
strict regulation [105,106]. Since autophagy is implicated in numerous human
diseases and physiology, its research could contribute to developing therapeutic
strategies for autophagy control by ROS-related diseases [89].

Some human pathologies are oxidative stress-mediated diseases attributed
to unfavorable, toxic, and excessive ROS production and accumulation [107].
Oxidative damage, lipid membrane peroxidation, swelling and lysis of
mitochondria, mutagenesis, and oxidative post-translational modifications of
proteins (PTMs), have been associated with numerous degenerative disorders
such as Alzheimer’s, Parkinson’s, atherosclerosis, rheumatoid arthritis, progeria,

and cancer [11].
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Cancer, the second leading cause of death in the United States, is a group
of diseases genetically associated with autophagy dysfunction; moreover, it
contains over 40 autophagy-related genes (ATG) and proteins regulating all
autophagy phases: induction, nucleation, elongation, and maturation, with various
roles, paradoxically, cell proliferation and tumor growth, and the generally
recognized notion of tumor suppression inducing cancer cell death, as confirmed
by potent autophagy-inducing anticancer therapeutic drugs such as tamoxifen and
rapamycin, functioning as signaling regulators genetically-linked to oncogenic
signaling [105,108-110]. Regarding the tumor suppression features of autophagy,
previous studies confirm the tumor suppressor properties of ATG genes like Beclin
1 (BECN1), monoallelically deleted in 40-75% of ovarian, prostate, and human
breast cancers; which in animal models and cancer cell lines, deleting BECN1
induces cell proliferation and a decrease in autophagy, suggesting a key role of
autophagy in the progress of breast tissue tumors [105]. However, knockdown of
the autophagic marker, the ATG genes, BECN1, and microtubule-associated light
chain 3 (LC3), reveal anti-metastatic features, such as anti-proliferation, hindered
colony formation, migration, and invasion, triggering apoptosis in the triple-
negative breast cancer (TNBC) MDA-MB-231 cell lines [111]. Nevertheless, ROS
regulation inhibits tumor generation through autophagy pathways, making
autophagy a critical process that prevents tumor generation. In contrast,
dysfunctional autophagy can give rise to carcinogenesis [105,106]. Research in
this area comprising MDA-MB-231 cells indicates that cell cycle arrest inhibitors,

nutrient starvation, or cellular stressors such as ROS H20> can induce autophagy
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and mitochondrial dysfunction, driving cancer cells into senescence and thus
inhibiting tumor growth [112]. Natural ROS generator anticancer drugs such as
1,3,8-trihydroxy-6-methylanthraquinone or emodin have proven to induce cancer
cell death in a ROS-dependent manner via cell cycle arrest; co-treatment with
chemotherapeutic drugs like cisplatin (CDDP) enhances cytotoxicity and cancer
cells’ sensitivity while overcoming chemoresistance [113,114]. It is also important
to highlight that cell cycle regulation by arrest at a checkpoint can lead to apoptosis;
thus, ROS-generating agents from natural sources can be used in cancer therapy
[115].

Still, breast cancer is the most frequently diagnosed cancer in women,
except for skin cancer, and the second leading cause of death of women in the
United States [116]. Breast cancer has been conventionally categorized based on
standardized immunohistochemistry (IHC) tests and markers such as estrogen
receptor (ER), progesterone receptors (PR), and human epidermal growth factor
receptor 2 (HERZ2) into four main subtypes: Luminal A (ER-positive, PR-positive,
HERZ2-negative), Luminal B (ER-positive, PR-positive, HER2-negative/positive),
HER2 overexpressed (ER-negative, PR-negative, HER2-positive), and TNBC or
basal-like (ER-negative, PR-negative, HER2-negative) [117].

In comparison to other subtypes of breast cancer, TNBC, which add up to
~15-20% of all breast cancers, is characterized by the absence of expression of
the three main IHC biomarkers, ER, PR, and HER2, and is correlated with younger
African and Hispanic women diagnosis, aggressive nature, a highly metastatic

and recurrence rate, and poor prognosis [118-120]. TNBC is unresponsive to
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standard hormone therapy and HER2-targeted therapy; however,
chemotherapeutic drugs remain the usual alternative due to sensitivity but fail in
terms of chemoresistance and recurrence [121]. Although there have been
noteworthy improvements in finding and developing effective treatments for TNBC,
recent studies approved by the U.S. Food and Drug Administration (FDA) in
inoperable and advanced metastatic tumors, expressing elevated levels of
programmed cell death ligand 1 (PD-L1) were tested with atezolizumab
(monoclonal antibody targeting PD-L1) and the nanoparticle-bound paclitaxel
(nab-paclitaxel) or commonly known by their trade name drug Abraxane®,
obtained unsuccessful results in treating the disease and prolonging survival.
Current treatments with the anti-programmed death receptor 1 drug,
pembrolizumab, combined with nab-paclitaxel, paclitaxel, or
gemcitabine/carboplatin chemotherapeutic drugs revealed statistically significant
results. However, further studies are required to identify and develop effective
therapeutic strategies to improve the patient’s survival [122]. Therapeutic protein
delivery to cancerous cells is challenging due to high molecular weight proteins,
surface charge, solubility and stability issues, circulation time, rapid removal,
immunogenicity, non-specific cytotoxicity, and endosomal entrapment;
nonetheless, protein drugs potency, specificity, tumor inhibition, and their capacity
to induce cancer cell death by apoptotic and necrotic mechanisms through specific
signaling pathways and lower half-maximal inhibitory concentration (ICso) values,
as well as a wide range of applications hold great potential in cancer treatment
[123-125].
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This research ultimately focused on assessing the ROS producing green
microalga B. braunii photosynthetic apparatus component, PSI, and its antenna
LHCI, potential treatment benefits in the life-threatening disease of TNBC. This
thesis project may further our knowledge for developing novel drugs from natural
sources for breast cancer disease and the mechanism of cell death elicited by

ROS-enriched photosynthetic microorganisms.

1.7  Specific Aims
The following specific aims were developed to evaluate a ROS-containing
photosynthetic complex’s applicability as a potential therapeutic protein for cancer

treatment:

Specific Aim 1. Isolate and characterize photosystem | (PSl) light-harvesting

complex | (LHCI) of the photosynthetic apparatus of B. braunii

B. braunii cells were harvested and broken via mechanical cell disruption
grinding method for optimum rupture of the rigid cell wall and intracellular protein
extraction. The ultracentrifugation technique enabled cell debris separation and
pellet thylakoid membranes, further solubilized with detergents. Freshly prepared
solubilized thylakoids underwent electron microscopy to provide morphological
information and experienced various isolation and purification methods for
identifying the multiprotein complex, starting with a discontinuous sucrose density

gradient centrifugation, followed by a strong anion-exchange column. The Chl
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concentration was determined spectrophotometrically after extraction in 90%
methanol according to Lichtenthaler and Buschmann equations and Meeks and
Castenholz extinction coefficient [126,127]. The PSI complex’s room temperature
absorption and fluorescence emission spectra were measured using an ultraviolet-
visible (UV/Vis) spectrophotometer and a fluorescence spectrophotometer,
obtaining the characteristics peaks for PSI-RC and PSI-LHCI. Low-temperature
(77K) fluorescence emission measurements were recorded with an excitation at
436 nm and served to distinguish the association between photosystem complexes
and light-harvesting systems by each of their characteristic emissions [128]. The
photosystems and light-harvesting complexes’ protein composition were
characterized via sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis. Blue native (BN) PAGE and two-dimensional (2D) PAGE
allowed the separation and characterization of the PSI-LHCI supercomplex. With
the results obtained from this study, we provided the fundamental knowledge of

this microalga’s photosynthetic apparatus missing from the literature.

Specific Aim 2. To determine the mechanism of cell death following the

intracellular delivery of PSI-LHCI into TNBC cells for cell-based therapeutics

Oxidative stress by an overwhelming generation of ROS can trigger cell
damage and death. We hypothesized that the ROS-containing PSI-LHCI isolated
from the green microalga B. braunii, prepared following the Specific Aim 1

experimental procedure, could induce cell death and be therapeutically interesting.
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At first, we investigated the photoprotective effect of Chl a against oxidative stress.
Next, we conducted in vitro cell viability studies and investigated cell death
mechanisms in breast cancer cell lines; a concentration-dependent reduction in
cell viability was observed after incubation using various concentrations of PSI-
LHCI. Fluorescence confocal microscopy studies assessed internalization, and Z-
series were performed to visualize PSI-LHCI's cytoplasmic intracellular
localization. Live-cell imaging allowed total ROS production and superoxide
detection. We determined that PSI-LHCI under serum starvation conditions
induced autophagy, and studies with propidium iodide only exhibited a red
concentrated cell nucleus suggesting necrotic cell staining. In contrast, Annexin V
did not show any typical early apoptosis markers. Consequently, our results
confirm that TNBC MDA-MB-231 cells undergo autophagy concomitant with
necrotic-like cell death after treatment with PSI-LHCI for 24 h due to the

overwhelming ROS levels.
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Materials and Methods

2.1 Experimental procedures — Chapter 3

2.1.1 Materials

Strain: Botryococcus braunii UTEX 2441 strain race A was obtained from
The Culture Collection of the University of Texas at Austin. Medium: modified Chu
13 medium components: KNOs3, KoHPOs, MgSO04:7H20, CaClx*2H20, Ferric
citrate, citric acid, CoClz, H3BOs, MnCl2¢4H20, ZnS0O47H20, CuSO4+5H-0,
NaxMoOs, H2SOs were obtained from Sigma-Aldrich (St. Louis, MO) [129].
Breaking buffer: 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
MgCl2, CaCly, glycerol were purchased from Sigma-Aldrich (St. Louis, MO).
Protease inhibitors: phenylmethylsulfonyl fluoride (PMSF),
ethylenediaminetetraacetic acid (EDTA), Benzamidine, and SIGMAFAST™
protease inhibitor tablets were obtained from Sigma-Aldrich (St. Louis, MO).
Detergent: n-dodecyl-B-D-maltoside (DDM) was purchased from Sigma-Aldrich
(St. Louis, MO). Solvents: methanol, acetone, acetic acid, and ethanol (>99.5%)
were purchased from Sigma-Aldrich (St. Louis, MO). Gradients: Percoll and
sucrose were obtained from Sigma-Aldrich (St. Louis, MO). Mechanical disruption:
the Beadbeater and glass beads, 0.5 mm in diameter, are from BioSpec Products
(Bartlesville, OK). Protein concentration: the Pierce™ BCA protein assay kit was
acquired from Thermo Fisher Scientific (Waltham, MA), and the
chromatographically purified albumin from bovine serum (BSA) was purchased

from Sigma-Aldrich (St. Louis, MO). Gel electrophoresis: 4-15% Mini-PROTEAN®
32



Chapter 2

TGX™ precast protein gels, 2X Laemmli sample buffer, dithiothreitol (DTT), 2-
mercaptoethanol, SDS, ammonium persulfate (APS), N,N,N’,N’-
Tetramethylethylenediamine (TEMED), 30% Acrylamide/Bis solution (29:1), Tris
base, 10x Tris/Glycine/SDS, Precision Plus Protein™ Kaleidoscope™ prestained
protein standard, and Coomassie Brilliant Blue G-250 were purchased from Bio-
rad (Hercules, CA). For BN-PAGE, and 2D-PAGE; NativePAGE™ 4-16% Bis-Tris
protein gels, NativePAGE™ 4X sample buffer and 5% G-250 sample additive, 20X
running buffer and 20X cathode buffer additive, Native Mark™ unstained protein
standard, 4-12% Bis-Tris 2D-well protein gels, NUPAGE® 4X LDS sample buffer,
10X sample reducing agent, and MES SDS buffer kit were from Invitrogen
(Waltham, MA), N,N-dimethylacrylamide (DMA) and ProteoSilver™ silver staining

kit were acquired from Sigma-Aldrich (St. Louis, MO).

2.1.2 Culture Strain and Growth Conditions

The unicellular microalga, Botryococcus braunii UTEX 2441 Race A
(hereafter referred to as B. braunii), was obtained from The Culture Collection of
the University of Texas at Austin. Cells were grown at 23 “C in sterilized modified
Chu 13 medium (mg/L): KNOs (400), KzHPOs (80), MgSO4+7H20 (200),
CaCl22H20 (107), Ferric citrate (20), citric acid (100), CoCl2 (0.02), H3BO3 (5.72),
MnCl2+4H20 (3.62), ZnSO47H20 (0.44), CuSO4+5H20 (0.16), Na2MoO4 (0.084), 1
drop of 0.072N H2SO4 in a UTEX 2L glass photobioreactor system, which provided
gas exchange and mixing by air bubbling. Cultures were under 50 ymol m2s™’

photons of white light illumination (Phillips) with a 16:8 h light-dark cycle. B. braunii
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cells from 50 ml suspension were harvested at their logarithmic growth phase by
centrifugation at 3,000 x g at 4 °C for 10 min and washed twice in breaking buffer

A [50 mM HEPES (pH 7.2), 5 mM MgClz, 5 mM CaClz] with 20% glycerol (v/v).

2.1.3 Thylakoid Membrane Preparation

All preparations were performed in the dark or a dim light room at 4 °C. The
collected cells were suspended in ice-cold breaking buffer A and supplemented
with 1 mM EDTA and 1X protease inhibitor cocktail (Sigma-Aldrich). Cells were
disrupted in a 15 ml chamber of a pre-chilled Mini Beadbeater homogenizer
(BioSpec Products) filled halfway with ice-cold 0.5 mm glass beads for 25 cycles
of 15 s beating and 2 min cooling on an ice-filled sealed chamber. Cell debris,
intact cells, starch granules, and glass beads settled down as a pellet and were
removed by centrifugation at 3,000 x g at 4 °C for 5 min. The resulting supernatant
was collected and centrifuged at 32,600 rpm with a ThermoScientific AH-650 rotor
at 4 "C for 30 min. The pellet of thylakoid membranes was suspended in the
supplemented breaking buffer A containing 1% (w/v) n-dodecyl-B-D-maltoside
(DDM). Briefly, a freshly prepared solution of 10% (w/v) DDM was added dropwise
to the suspension until a 1% DDM concentration was reached. To solubilize the
thylakoids, the extraction was performed in the dark, in a cold room, and under
gentle stirring for 15 min. Subsequently, the solubilized thylakoids were centrifuged
at 36,200 rpm with a Thermo Scientific AH-650 rotor at 4 °C for 20 min to obtain
stroma membranes as a supernatant; the resulting pellet corresponded to the

grana preparation and was discarded. The stromal thylakoid supernatant was
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stored at -80 “C until further use. Thylakoid membrane morphology was inspected
with the JEOL 6480 LV by scanning electron microscopy (SEM) at 10, 15, and 20
kV. Centrifugation of isolated chloroplast samples was performed in a 40/80%
Percoll gradient; later samples were coated with gold for 10 s using a PELCO SC-

7.

2.1.4 Purification of PSI from Botryococcus braunii

Stromal thylakoids were loaded onto a discontinuous sucrose density
gradient in the range of 0.1 to 1.5 M in supplemented breaking buffer A with 1 mM
EDTA, 1X protease inhibitor cocktail, 0.03% (w/v) DDM, and centrifuged at 37,500
rom with a Thermo Scientific TH-641 rotor at 4 °C for 16.5 h. The lower green band
obtained, corresponding to the PSI-enriched fraction, was collected using a
syringe, concentrated with a centrifugal filter unit (10,000 NMWL, Millipore), and
stored at -80 °C. Alternatively, a fast protein liquid chromatography (FPLC) system
(AKTA purifier UPC 10, GE Healthcare) was used to purify the PSI reaction center
(PSI- RC) with the HiTrap Capto Q (5 ml) prepacked strong anion exchanger with
supplemented breaking buffer A and 0.03% DDM. These initial conditions were
used to equilibrate, wash the column, and extract free pigments and loosely bound
proteins. The elution buffer A comprised [50 mM HEPES (pH 7.2), 5 mM MgClz,
12 mM CaClz], 20% glycerol (v/v), 1X protease inhibitor, 1 mM EDTA, 0.03% (w/v)
DDM, and 100 mM MgSOsas. The eluted fraction was pooled and concentrated with

a centrifugal filter unit (10,000 NMWL, Millipore).
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2.1.5 Absorption and Fluorescence Spectroscopy

Absorption spectra were measured at room temperature (RT) using a UV-
2450 UVNis spectrophotometer (Shimadzu) using 1 cm (10 mm) path length
quartz cuvettes. Scanning was performed on the visible region up to 800 nm.
Thylakoids and FPLC purified PSI-RC fluorescence emission spectra at 293 K
were recorded between 600 to 800 nm with a Cary Eclipse fluorescence
spectrophotometer by exciting with a blue light wavelength of 436 nm. Also, FPLC
purified PSI-RC fluorescence excitation spectra at 293 K were recorded from 400-
650 nm with an emission wavelength of 679 nm. PSI-LHCI sucrose fraction and
glycerol fractions low-temperature 77K fluorescence emission spectra were
recorded from 630 to 800 nm and measured using a Fluoromax-4
spectrofluorometer (Horiba Scientific) equipped with a low-temperature holder at
an excitation wavelength of 436 nm. Before 77K fluorescence measurements,
each sample was cooled in liquid nitrogen in a cryostat. Pigment content was
determined after extraction in 90% (v/v) methanol according to Meeks and
Castenholz extinction coefficient, and Lichtenthaler and Buschmann equations
[126]:

Chla (ug/ml) = 16.82 Aggso— 9.28 Agsz s
Chlb (ng/ml) = 36.92 Agsy4— 16.54 Ages o

Carotenoids (ung/ml) = 1000 A,,0 - 1.91 Chla- 95.15 Chl b) /225

Protein concentration was determined with the BCA protein assay kit
(Pierce), using diluted BSA standards from a 2 mg/ml stock.
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2.1.6 Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectra were obtained using a JASCO J-1500 CD
Spectrometer at a scanning speed of 50 nm/min, a bandwidth of 1 nm, and at 25
°C. Visible range measurements between 350 and 750 nm were recorded with a
10 mm quartz cuvette with previously desalted sucrose gradient purified PSI-LHCI
and thylakoid membrane samples at 0.4 mg/ml Chl concentration. Final spectra
were normalized to the maximum peak in the red region, averaged from three
scans, and corrected by subtracting the breaking buffer A spectra acquired under

the same conditions.

2.1.7 Protein Composition Analysis

The protein composition of B. braunii was analyzed using SDS-PAGE with
a 10% (w/v) SDS polyacrylamide resolving gel and 5% SDS polyacrylamide
stacking gel and run according to the manufacturer’s protocol (Bio-Rad) with 1X
Tris/Glycine/SDS buffer system on a Mini-Protean electrophoresis cell system
(Bio-Rad). Beforehand, protein samples were solubilized in Laemmli sample buffer
(2X) containing 50 pL of B-mercaptoethanol and incubated at 95 °C for 5 min in a
gradient thermal cycler (Eppendorf) immediately before electrophoresis. A
prestained protein standard (Bio-Rad) was used as a molecular weight marker to
follow the progress of proteins 5-10 mm into the resolving part of the gel.

Identification of protein subunits submitted as gel plugs was performed by running
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samples for 1 h on a Dionex LC system and Orbitrap mass spectrometer for LC-
MS/MS (Proteomics Facility, TX). Blue Native PAGE (BN-PAGE) of B. braunii
thylakoids and sucrose gradient purified PSI-LHCI sample (0.7 mg/ml Chl) was
performed in a 4-16 % gradient Novex Bis-Tris gel, 5% G-250 sample additive,
pre-chilled 1X running buffers and 1X NativePage sample buffer, at constant 150
V and for up to 120 min, as indicated in the manufacturer’'s recommended protocol
(Invitrogen). Mass estimation was achieved using NativeMark unstained protein
standard (Invitrogen) to generate a molecular weight (MW) standard curve of the
log MW versus the migration distance of the protein through the gel divided by the
migration distance of the dye front (Rf). Protein bands were detected with
Coomassie Brilliant Blue G-250 and silver staining kit (Sigma-Aldrich). Two-
dimensional (2D) native/ SDS-PAGE was accomplished in a gradient 4-12%
NuPAGE Bis-Tris gel in 1X MES running buffer at constant 150 V for 1 h with the
excised PSI-LHCI BN-PAGE gel lane obtained that underwent reduction,
alkylation, and quenching as indicated in the manufacturer’s protocol (Invitrogen).
We used a prestained protein standard (Thermo Fisher Scientific) to estimate PSI

components’ apparent size.
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2.2 Experimental procedures — Chapter 4

2.2.1 Materials

B. braunii (UTEX 2441) was purchased from The Culture Collection of the
University of Texas at Austin. Chu 13 medium components, L-Glutathione
reduced, Uric acid, L-Ascorbic acid, Imidazole, 3-(3,4-Dichlorophenyl)-1,1-
dimethylurea (DCMU), D-a-Tocopherol polyethylene glycol succinate, Sodium
hydroxide (NaOH), Dimethyl sulfoxide (DMSO), N,N-Dimethylformamide (DMF),
formaldehyde solution (37%), Minimum Essential Medium (MEM), Dulbecco’s
Modified Eagle’s Medium (DMEM), Leibovitz’'s Medium with L-Glutamine (L-15),
phosphate buffered saline (PBS), penicillin/streptomycin (Pen/Strep) solution, L-
Glutamine solution, and fetal bovine serum (FBS) were purchased from Sigma-
Aldrich (St. Louis, MO). The CellMask™ green plasma membrane stain, NucBlue™
4’ 6-diamidino-2-phenylindole (DAPI), Annexin Dead Cell Apoptosis Kit with
Annexin V Alexa Fluor® 488 and propidium iodide (Pl), and FM™ 4-64 (N-(3-
Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium
Dibromide) dye were purchased from Invitrogen (Waltham, MA). Hanks’ balanced
salt solution 1X (HBSS) and 0.25% Trypsin-EDTA solution was purchased from
Gibco (Waltham, MA). The CellTiter 96® AQueous NON-radioactive cell proliferation
assay was purchased from Promega Corporation (Madison, WI). HeLa, MDA-MB-

231, MDA-MB-468, NIH-3T3 cells were purchased from the American Type
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Culture Collection (Manassas, VA). The JC-1 mitochondrial membrane potential
detection assay kit and NucView 405 Caspase-3 substrate were purchased from
Biotium, Inc (Freemont, CA). Nuclear Green™ DCS1 was obtained from AAT
Bioquest®, Inc. (Sunnyvale, CA). Staurosporine 99+% was obtained from Thermo
Fisher Scientific (Waltham, MA). Docetaxel and the fluorometric intracellular ROS
kit were purchased from Sigma-Aldrich (St. Louis, MO). The cellular
ROS/Superoxide detection and autophagy assays were obtained from Abcam Inc.
(Cambridge, MA). All analytical-grade chemicals were acquired from various

suppliers and used without further purification.

2.2.2 Cell Culture Conditions

HeLa (ATCC® CCL-2™) cells from human epithelial cervix
adenocarcinoma, MDA-MB-231 (ATCC® HTB-26™) cells from human epithelial
breast adenocarcinoma, MDA-MB-468 (ATCC® HTB-132™) cells from human
epithelial breast adenocarcinoma, and NIH-3T3 (ATCC® CRL-1658™) cells from
mouse fibroblast were maintained according to the culture methods specified by
the American Type Culture Collection. Briefly, MDA-MB-231 and MDA-MB-468
breast cancer cells were cultivated in 75 cm? flasks in L-15 Medium containing L-
Glutamine, supplemented with a final concentration of 10% FBS, and 1%
Pen/Strep in a humidified incubator with 0% CO2 at 37 °C. NIH-3T3 cells were
cultured in DMEM comprising L-Glutamine, supplemented with 10% FBS and 1%
Pen/Strep in a humidified incubator with 95% air and 5% CO: at 37 °C. HelLa cells

were grown in MEM containing L-Glutamine, 10% FBS, and 1% Pen/Strep in a
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humidified incubator with 5% CO- and 95% air atmosphere at 37 °C. Before the
cells reached confluency, they were seeded to 96-well plates or 4-well chambered
coverglass plates for further analysis. Trypsin-EDTA 1X was used for cell splitting
and passage. Cell cycle arrest for 18 h was performed by serum starvation with a
decrease from 10% FBS to 1% FBS concentration in the cell culture media. Next,
cells were incubated with different PSI-LHCI| sample concentrations and negative
and positive controls for 6, 12, and/or 24 h. All experiments were performed before

the cells reached 20 passages.

2.2.3 Cell Viability Assay

HelLa, MDA-MB-231, MDA-MB-468, and NIH-3T3 cells were seeded in
sterile 96-well cell culture plates in MEM, L-15 Medium or DMEM containing L-
Glutamine, 10% FBS, and 1% Pen/Strep at a density of 10,000 cells per well and
incubated for 24 h at 37 °C in 0% CO2 or 5% CO2 atmosphere according to each
cell given specifications. After 24 h of incubation, cell arrest was achieved by
reducing FBS concentration in the medium to 1% for 18 h. Cells were washed with
1X PBS and treated with different concentrations (6.25, 12.5, 25, 50 pg/ml) of PSI-
LHCI for various incubation times (6, 12, 24 h). At the end of treatment, 20 pl of
the assay solution containing (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) and the electron
coupling reagent phenazine ethosulfate (PES) was added to each sample well,
incubation for 1-4 h followed absorbance measurements recorded at 490 nm using

a 96-well Tecan reader to determine the percentage of cell viability following the
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general protocol provided by the manufacturer where the amount of soluble
formazan produced by cellular reduction of the tetrazolium compound MTS is
determined. Positive (2 yM Staurosporine and 20 nM Docetaxel) controls, buffer
extraction medium, and untreated cells were used as a negative control. The ICsg
value of PSI-LHCI for the concentrations (3.125, 6.25, 12.5, 25, and 50 pg/ml) in
MDA-MB-231 cells was calculated from the MTS assay results. The cell viability
percentiles obtained were analyzed through GraphPad Prism 6 software program
by transforming the X values to logarithms of concentration, normalizing the Y
values setting the lowest values in each data set to 0% and defining 100% by the
largest value in each data set. At least three experimental replicate results were
performed. For phototoxicity studies, cells were irradiated with a light-emitting
diode (LED) lamp (Amax=660 + 10 nm) at a distance of 10 cm from the 96-well plate

and a fluence rate of 50 mW/cm? for 10 min.

2.2 .4 Internalization Study of PSI

Initially, cells were plated in 4-well chambered coverglass plates at a density
of 10,000 cells per well and incubated overnight in L-15 Medium. Next, cells were
arrested for 18 h and incubated with the point closest to the ICso concentration of
PSI-LHCI (12.5 pg/ml) for 6, 12, and 24 h. Afterward, cells were washed three
times with PBS 1X for 10 min, stained with CellMask™ green plasma membrane
dye (ExEm = 522/535 nm) for 15 min, and fixed for 20 min with a 3.7%
formaldehyde solution at room temperature (RT). After removing the fixing solution

and washing it three times with PBS 1X for 5 min, cells were incubated with the
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nuclear counterstain NucBlue™ DAPI and the dead, fixed, or apoptotic DNA-
selective dye Nuclear Green™ DCS1 (Ex/Em = 503/526 nm) for 15 min at RT, then
rapidly removed and washed three times with PBS 1X. Excess wash buffer was
removed, cell wells protected from the light, and wells carefully filled with glycerol.
Cells were analyzed by in-depth optical sectioning through the sample along the
z-axis (Z-series), generating a 3-D image in a Nikon Eclipse Ti confocal laser
scanning microscope with a 60X objective and the appropriate dye channels.
Untreated control cells were used to detect autofluorescence. Fluorescence
intensity was analyzed using NIS-Elements Advanced Research Imaging Software

(version 5.20).

2.2.5 Chlorophyll fluorescence induction kinetics

B. braunii UTEX 2441 cells were cultured in modified Chu 13 medium in a
UTEX 2L glass photobioreactor system, following Section 2.1.2 set of conditions.
For determining the rapid fluorescence transient curves, OJIP, O = Origin, J and |
= Intermediate steps, P = peak, B. braunii cells samples were harvested at 4 °C,
6,500 g for 10 min, resuspended in water, and prepared to a final concentration of
50 pg/ml. B. braunii cells were tested with the photosynthetic electron transfer
inhibitor DCMU (20 uM) prepared from an ethanol stock solution. Cells were also
examined with exogenous nonenzymatic antioxidants and radical scavengers
such as 5 mM imidazole, 5 mg/ml L-glutathione reduced, 5 mg/ml L-ascorbic acid,
5 mg/ml uric acid prepared from a 1 M NaOH stock solution, and 5 mg/ml D-a-

tocopherol polyethylene glycol succinate added from a stock solution in ethanol.
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B. braunii cells were transferred to a 2 ml measurement cuvette and kept in the
dark covered for 10 min. Monitoring of the OJIP chlorophyll fluorescent transient
analysis of cells was performed upon intense light excitation (3000 pmol photons
m2 s, kexc = 450 nm), using the AquaPen-C handheld version of a fluorometer.

Each displayed OJIP curve is an average of three independent measurements.

2.2.6 Study of Thylakoid and PSI ROS/Superoxide Generation

The production of the ROS 'O upon light irradiation in the isolated thylakoid
membrane and PSI (0.5 mg/ml) samples was determined using the spectrometric
RNO bleaching assay [130]. The solutions prepared in PBS (pH 7.4) and mixed
with each of the samples and controls included 50 uM of the selective scavenger
p-nitrosodimethylaniline (RNO) and 10 uM of the 'O, acceptor imidazole. Chlorin
€6 (0.5 mg/ml) (Ceb), a second-generation photosensitizer and chlorophyll analog,
was used as a singlet oxygen generator positive control and PBS as a negative
control. The time course of RNO bleaching was followed spectrophotometrically at
440 nm. Samples and controls were exposed by irradiation to a continuous LED
lamp light source (Amax=660 £ 10 nm) at a distance of 10 cm, a fluence rate of 50
mW/cm? for 40 min while bubbling with O.. After incubation, the rate of 'O
production was determined by measuring the reduction of RNO absorbance,
normalized at 440 nm. The ROS/Superoxide Detection Assay Kit (Abcam
ab139476) was used to detect total ROS and superoxide production in live MDA-
MB-231 cells. First, cells were seeded in sterile 4-well chambered coverglass
plates at a density of 10,000 cells per well and incubated for 24 h in L-15 Medium
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containing L-Glutamine, 10% FBS, and 1% penicillin/streptomycin at 37 °C in 0%
COo.. After 18 h of serum starvation in 1% FBS L-15 medium, cells were treated
with the point closest to the ICso concentration (12.5 pg/ml) of PSI-LHCI for 24 h.
In brief, the green oxidative stress reagent (5 mM) that directly reacts and detects
H202, peroxynitrite (ONOO-), -OH, NO:, and ROO-, the orange superoxide
detection reagent (5 mM) that reacts specifically with O>~, and the positive control
and ROS inducer pyocyanin (200 uM)were reconstituted in DMF. Before induction,
cells were pre-treated for 30 min with the negative control and ROS inhibitor N-
acetyl-L-cysteine (5 mM). Next, cells were loaded with 2X ROS/Superoxide
detection mix, prepared by mixing the green and orange reagents in 1X wash
buffer to obtain a 1:2500 diluted staining solution as specified by the
manufacturers’ instructions with PSI-LHCI and the ROS inducer pyocyanin (200
MM). After incubation for 30 min to 1 h at 37 °C, the staining mix solution was
removed, washed twice with 1X wash buffer, and the cells were examined using a
Nikon Eclipse Ti confocal laser scanning microscope with filter sets compatible
with fluorescein (ExX/Em = 490/525 nm) and rhodamine (Ex/Em = 550/620 nm).
Fluorescence intensity was analyzed using NIS-Elements Advanced Research

Imaging Software (version 5.20).

2.2.7 Annexin V/Propidium lodide Assay and Caspase 3 Colorimetric Assay

MDA-MB-231 cells were seeded as described before in sterile 4-well
chambered plates or 24-well cell culture plates with a 12 mm round glass coverslip

and incubated for 24 h in L-15 Medium supplemented with L-Glutamine, 10% FBS,
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and 1% Pen/Strep at 37 °C in 0% CO.. After cell cycle arrest with 1% FBS in the
culture medium for 18 h, cells were treated with the point closest to the ICs
concentration (12.5 pg/ml) of PSI-LHCI and incubated at 37 °C for 24 h. Afterward,
cells were washed with 1X PBS (pH 7.4) and incubated with DAPI, Annexin V, and
Pl (75 uM) for 5 min. Subsequently, cells were fixed with 3.7% formaldehyde
solution for 20 min, washed three times with 1X PBS, and covered with glycerol
prior to visualization. Afterward, fixed cells were analyzed to confirm cell death
under a Nikon Eclipse Ti confocal laser scanning microscope utilizing a 20X or 60X
oil objective with filter sets compatible with DAPI (Ex/Em = 405/420-480 nm),
Annexin V Alexa Fluor excited at 488 nm with no emission detected, PSI-LHCI
(EX’Em = 640/663-738 nm, Pl (ExX/Em = 561/600-674 nm), and Nuclear Green™
DCS1 (ExEm = 503/526 nm). Additionally, 2 yM NucView 405 Caspase-3
Substrate was used for detecting apoptosis in intact cells based on caspase-3/7
activity using confocal microscopy. Briefly, cells were incubated for 30 min at RT
with NucView 405 substrate, washed three times with 1X PBS, fixed for 20 min,
then washed three times with 1X PBS. After cell fixing, wells were filled with
glycerol and stored in the cold room until confocal laser microscopy was

performed.

2.2.8 J-C1 Mitochondrial Membrane Potential Assay

The fluorescence-based measurement of mitochondrial membrane
potential (AYM) of MDA-MB-231 cells was evaluated after treatment with the

concentration closest to the point of the ICso (12.5 pg/ml) of PSI-LHCI and using
46



Chapter 2

the J-C1 dye. Briefly, MDA-MB-231 cells were seeded at 10,000 cells/well density
in sterile 96-well plates and treated following the above-mentioned cell culturing,
serum starvation, and PSI-LHCI treatment specifications. Staining was performed
by removing L-15 Medium from PSI-LHCI treated cells, replacing it with J-C1, and
incubating for 15 min in a humidified incubator at 37 °C. After incubation, the J-C1
working solution was removed and cells were washed once with 1X PBS.
Afterward, wells were covered with 1X PBS, and using the Tecan microplate
reader, red fluorescence (excitation at 550 nm, emission at 600 nm) and green
fluorescence (excitation at 485 nm, emission at 535 nm) were recorded. The red
fluorescence to green fluorescence ratio was determined by dividing both
measurements, where a decrease in the ratio is attributed to dead cells or cells

undergoing programmed cell death.

2.2.9 Autophagy Assay

An autophagy detection protocol was performed as a fast, specific, and
quantifiable method for monitoring lysosome-mediated autophagic activity in cells
by fluorescence microscopy. MDA-MB-231 cells were initially grown in 75 cm?
tissue culture flasks; when the cells had reached a 70% level of confluence, they
were transferred to 4-well chambered coverglass plates at a density of 10,000
cells/well and grown in L-15 medium supplemented with L-Glutamine, 10% FBS,
and 1% Pen/Strep at 37 °C in 0% CO- usual conditions. The autophagy inducer
rapamycin (500 nM) and the lysosomal activity inhibitor chloroquine (20 uM) were

used as positive controls; untreated cells in media and extraction buffer were used
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as the negative control. Cells were pre-treated with rapamycin and chloroquine for
18 h; for chloroquine, starvation conditions in 1% FBS L-15 medium was
employed. After the 24 h of initial seeding in the experimental chamber, cells were
arrested for 18 h and incubated for 24 h with PSI-LHCI (12.5 pg/ml) in 1% FBS L-
15 media. After treatment, the culture medium was removed with the testing
reagents and positive controls, and the cells were washed two times with 1X Assay
buffer containing 5% FBS. Approximately 500 ul of the Green Microscopy Dual
Detection Reagent was added to cover each sample. The samples were protected
from the light and incubated for 30 min at 37 °C and 0% CO:2. Next, cells were
washed with 100 pl of 1X Assay buffer without FBS and fixed with 3.7%
formaldehyde solution for 20 min at RT. Then, the fixing solution was removed,
and the 4-well chambered coverglass plates were washed three times with 1X
Assay buffer without FBS. Autophagic vacuoles fluorescent signal was analyzed
by confocal microscopy using a standard FITC (green) filter set. Nuclei were

counterstained with DAPI (blue).

2.2.10 Statistical Analysis

All experiments were performed at least as three biological replicates,
plotting values with an average of 8 measurements for each treatment condition
as mean + SD. The quantitative data were analyzed with the statistical software
GraphPad Prism 6. Statistical analysis was performed using two-way analysis of

variance (ANOVA).
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Purification and Characterization of Photosystem | Light-
Harvesting Complex | (PSI-LHCI) from the Green Microalga

Botryococcus braunii

3.1 Abstract

The purification of Photosystem | Light-Harvesting Complex | (PSI-LHCI)
from Botryococcus braunii (B. braunii) UTEX 2441 was examined. Following the
purification by either fast protein liquid chromatography (FPLC) or sucrose-density
gradient ultracentrifugation, characterization studies such as absorption,
fluorescence, and circular dichroism (CD) spectroscopy, plus polypeptide
composition analyses were performed to confirm the main characteristics of the
photosystem complex. The data indicated an absorption peak of 679 nm in PSI-
LHCI, whereas a characteristic maximum of 677 nm was observed in the PSI
reaction center. 77K fluorescence emission spectra showed two peaks, a narrow
~677 nm corresponding to detached LHCI and a broad ~715 nm band typically
seen in PSI. Circular dichroism analysis and SDS-PAGE and Blue-Native PAGE
further confirmed the presence of PSI-LHCI constituents. Our study has revealed
fundamental results regarding the outcome of the PSI reaction center and PSI-
LHCI preparation achieved through chromatography or centrifugation separation

techniques, facilitating further discoveries of B. braunii photosystem complexes.
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3.2 Introduction

In the initial stages of oxygenic photosynthesis in algae, light energy is
converted into chemical energy. The energy conversion is catalyzed by soluble
factors, electron donors and acceptors, and large protein complexes located in the
photosynthetic membrane [131]. The photosynthetic apparatus is comprised of two
photosystems, photosystem | (PSI) and photosystem Il (PSIl), that operate in
series, each with its own polypeptide-rich reaction center and light-harvesting
antenna protein-bound pigment complexes (LHCI, LHCII) associated with them
[43,132,133]. PSI is a multisubunit thylakoid membrane-bound pigment-protein
complex that drives the light-induced electron transfer from plastocyanin to
ferredoxin [134]. PSI has usually been recovered as a trimer or a monomer in
cyanobacteria and a monomer or supercomplex of a monomer with the associated
light-harvesting antenna complex of PSI (LHCI) in higher plants and green algae
[135,136]. The eukaryotic PSI reaction center contains 13 subunits from psaA to
psaN. However, psaO appears to be present in green algae and LHCI, which in
plants have up to six Lhca subunits [134,137]. PSI core is comprised of psaA/psaB
genes binding the primary electron donor P700 chlorophyll dimer and containing
the electron acceptors Ao, A1, and Fx (4Fe-4S) iron-sulfur center. The last
components in the electron transport chain, Fa, Fg, and iron-sulfur centers, are
coordinated to the psaC gene [138].

B. braunii is a green photosynthetic microalga, a member of the

Chlorophyceae class, highly studied due to its hydrocarbon accumulation

50



Chapter 3

capability, secretion, and synthesis [23,25]. B. braunii is a green colonial microalga
primarily found in fresh and brackish water, reservoirs, and ponds. Under the
microscope, colonies of B. braunii exhibit a botryoid form of individual pyriform-
shaped cells held together by a lipid-containing matrix [23,139]. The matrix’s base
structure comprises outer walls formed from successive cellular divisions, with the
bulk of B. braunii hydrocarbons stored in these outer walls [28]. Aside from
chlorophyll, this alga contains lutein and B-carotene as their major carotenoid
constituents [26]. B. braunii is classified into three different races: A, B, and L,
defined by the liquid hydrocarbons the microalgae produce. Race A produces
majorly Cos to C31 odd-numbered n-alkadienes, mono-, tri-, tetra-, pentaenes
derived from fatty acids [32]. This race has a pale yellow to green colony color in
the stationary growth phase and has a distinctive feature among other races with
long-chain alkenyl phenols [30].

So far, studies of the photosynthetic apparatus of B. braunii have been
overlooked, as the focus on the hydrocarbon-accumulation properties of this
microalga dominates their research. B. braunii is an example of a microorganism
that can accumulate up to 86% of its dry weight as hydrocarbon oils, potentially
used as a renewable fuel such as biodiesel [7,21,22]. In this work, we were able
to elucidate the pigment-protein composition of the PSI-LHCI complex of B. braunii
after purification by sucrose density gradient ultracentrifugation and
characterization studies. The results presented herein have been resolved for the

first time while prompting additional work and further knowledge to delve into
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alternative applications of B. braunii photosynthetic apparatus components,

particularly PSI reaction center and PSI-LHCI.

3.3 Results and Discussion

3.3.1 Thylakoid Membrane Preparation and Solubilization

The thylakoid membranes of B. braunii were solubilized after a preliminary
extraction process to evaluate the best n-Dodecyl B-D-maltoside (DDM)
concentration needed via UV-Visible spectroscopy. Mild non-ionic detergents such
as DDM are widely used to isolate intact and functional photosynthetic complexes
from integral membrane proteins, like PSI, while maintaining protein solubility in
solution [140]. Figure 3.1 represents the effect of different DDM concentrations on
the absorption spectra at 293.15 K of stroma thylakoid membranes (STM),
separated by differential centrifugation. The optimal solubilizing condition for the
extraction of PSI from thylakoids was 1% (w/v) DDM; confirmed by the high
absorbance peak in stroma membranes at that concentration. A minor red-shift of
6 nm was observed in 1% (w/v) DDM, PSI-rich STM sample, denoting contribution
from light-harvesting complex proteins, free pigments, and PSI in the preparation

[39,141,142].
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Figure 3.1 Standard room temperature absorption spectra of solubilized stroma
thylakoid membranes (STM), 10 mg Chl/ml from B. braunii at different DDM

concentrations.

An intact chloroplast isolation was performed on a 40/80% Percoll gradient
to investigate the structure of thylakoid membranes. The samples prepared for
scanning electron microscopy (SEM) were washed, resuspended in water, and
then lyophilized. The following SEM images correspond to the loss in structure and

organization of the solubilized thylakoid membrane isolated from chloroplasts and
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the particles found in them (Fig. 3.2). Upon solubilization and a decrease in the
organization, large spherical granules, possibly thylakoid plexus, alongside

globules of distinct sizes emerge and eventually gather together [143].

1SkU  X2S5, 000

Figure 3.2 Scanning electron micrographs of B. braunii chloroplasts isolated by
centrifugation through a 40/80% Percoll gradient, where the solubilized stroma
thylakoid membrane (STM), transmembrane particles (TMP), thylakoid plexus
(TP), and stroma thylakoids (ST) are apparent. Thylakoid spherical globules

appear (G). Scale bars, 5 um, 2 um, and 1 ym.
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3.3.2 PSI reaction center and PSI-LHCI complex purification and spectroscopic

characterization

B. braunii PSI-LHCI was purified by loading the DDM-solubilized STM onto
a 0.1-1.5 M discontinuous sucrose density gradient. Figure 3.3 (A) presents the
two distinct sucrose density gradient bands obtained, with the lowermost green
band corresponding to a PSl-rich fraction. The freshly purified fraction was pooled
and concentrated, and scanned as observed in Fig. 3.3 (B) to obtain the expected
absorption spectrum at room temperature of PSI-LHCI supercomplex, with a

maximum peak of 679 nm [55,144].
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Figure 3.3 Sucrose gradient separation of B. braunii thylakoid membranes. The
upper band consists of free pigments and unbound proteins, and the lower green
band corresponds to the PSI-rich fraction (A). Room temperature absorption
spectrum of (0.1-1.5 M) sucrose gradient PSI-LHCI complex fraction (B).
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Alternatively, to purify the PSI-RC core complex, FPLC anion exchange
chromatography was employed (Fig. 3.4). The PSI-RC fraction eluted after the
extraction of free pigments and loosely bound proteins at a concentration of 50
mM MgSO4 and exhibited a maximum absorption peak (1) of 677 nm characteristic
of the Chl a of the PSI reaction center [144—-147]. The second peak (2) detected
obtained a maximum absorbance of 673 nm, and in accordance with the literature,
results are observed for PSIl [148,149]. These two purification processes allowed

us to obtain the PSI-LHCI complex and PSI-RC of B. braunii.
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Figure 3.4 Elution profile at 280 nm (solid line) and 677 nm (dotted line) of the
purified PSI-RC in elution buffer A with 0.03% (w/v) DDM at a flow rate of 1 ml/min.
Purification was performed by anion exchange chromatography on a HiTrap Capto
Q column of the crude extract of B. braunii thylakoids (A). Room temperature

absorption spectrum of FPLC purified PSI-RC eluted with 0.5 M MgSO4 (B).
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3.3.3 77 K fluorescence emission measurements

The low temperature (77 K) fluorescence emission spectra of B. braunii
cells, thylakoids, and PSI-LHCI from 0.1-1.5 M sucrose and 5-30 % glycerol
gradient fractions were analyzed as discussed below. In Fig. 3.5 (A), B. braunii
cells show a broad band at ~715 nm. In contrast, thylakoids show a narrow
maximum peak at ~677 nm, suggesting light-harvesting antenna complexes
dissociate from photosystems after thylakoid membrane solubilization with mild
non-ionic detergents such as DDM, and this disconnection contributes to the
fluorescence peaks obtained. B. braunii thylakoids and cells sample results are an
excellent example of the masking of photosystems by light-harvesting complexes.
The high emission fluorescence detected at ~677 nm is due to the detachment of
LHCI from PSI and low stability of the PSI-LHCI complex after cell disruption and
thylakoid membrane preparation and solubilization in the presence of 0.03% DDM,
otherwise, if the photosystems remain connected with the LHC antenna this
fluorescence emission peak is absent, as seen in the control (B. braunii cells)
[150]. The prominent peak at ~677 nm corresponds to disconnected LHCI that,
upon solubilization and its inability to effectively transfer its excitation energy to
PSI, exhibits a blue-shift spectrum at that wavelength [144,150]. The 77K emission
maxima at ~715 nm are characteristically observed in PSI [151]. Both peaks are
observed for PSI-LHCI sucrose and glycerol gradient fractions (Chl concentration);
however, as explained previously, in B. braunii cells, only one broad band is
present. At 77 K temperatures, photosynthetic reactions cease, and valuable

information regarding the organization of the photosynthetic apparatus, such as
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the connection of photosystems with light-harvesting complexes, as reflected on
the intensity and fluorescence peaks observed, can be obtained [152]. Overall, PSI

emerges as the main contributor in the sucrose and glycerol gradient fractions

spectra.
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Figure 3.5 The 77K fluorescence emission spectra of thylakoids and B. braunii
cells (A). PSI-LHCI 0.1-1.5 M sucrose gradient fraction (PSI-LHCI sucrose), 5-30

% glycerol gradient fraction (PSI-LHCI glycerol), and B. braunii cells (B). The

excitation wavelength was 436 nm.

3.3.4 Circular Dichroism Analysis
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In Fig. 3.6, visible CD spectroscopy in the red region revealed the
characteristic pigment-pigment and pigment-protein organization of B. braunii PSI
core complex with their antenna system LHCI (PSI-LHCI) and thylakoids, in
agreement with the literature [42]. The longer wavelength positive peak at 668 nm
and negative peak at 683 nm corresponds to chlorophyll dimers resulting from the
excitonic interplay of Chl a in PSI-LHCI supercomplexes, whereas the negative
peak at 648 nm is attributed to Chl b [153-155]. From the Soret region analysis,
the PSI-LHCI visible spectrum showed a positive peak at 444 nm originating from
Chl a, and three negative peaks at 460 nm and 473 nm, 490 nm prominently
observed in thylakoids due to Chl b and arising from LHCII, respectively [153,155—
157]. Although similar, the CD spectra of PSI-LHCI| and B. braunii thylakoid
presented a slight shift and peaks with somewhat different intensities as explained
by the difference in pigments contribution and content from the samples (Table
3.1). These results, as comparably reported in the Qy region of the CD spectrum
of PSI-LHCI in the green alga Chlamydomonas reinhardtii (C. reinhardtii), validated
the contribution of LHCI in the sucrose gradient purified PSI and confirmed the

absence of any significant contribution from LHCII or PSII [158].
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Figure 3.6 Visible CD spectra of purified PSI-LHCI complex and thylakoids
measured in a 10 mm quartz cuvette, at a scanning speed of 50 nm/min, a
bandwidth of 1 nm, and 25 °C. Sample concentration was adjusted to 0.4 mg/ml

Chl and spectra normalized at the maximum of the Qy region.

3.3.5 Pigment composition

In Table 3.1, the analysis of the pigment content of B. braunii cells, thylakoid
membrane, and PSI-LHCI complex revealed significant differences amongst them.
A strong predominance of Chl a is observed in all samples, particularly for PSI-

LHCI with (1.50 pg/ml) compared to Chl b (0.45 pg/ml).For PSI-LHCI, the Chl a/b
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ratio obtained was 3.4, a much lower value if compared to higher plants such as
Arabidopsis thaliana (9.7) and the ratio observed in the green microalga C.
reinhardtii (4.4) [55,159]. A possible increase in abundance in the peripheral
pigment antenna system may contribute to these results [160]. The purification
treatment influenced the spectroscopic features of PSI-LHCI. Compared to the
preparation by glycerol gradient centrifugation, the sucrose fraction displayed the
characteristic absorption spectra, fluorescence emission, and CD signals
validating PSI-LHCI identity and was subsequently selected as the main

purification method.

Table 3.1 Pigment content and yield of B. braunii cells, thylakoid membrane, and
PSI-LHCI complex extracted in 90% methanol.

Parameter Cells Thylakoid Membrane PSI-LHCI
Carotenoids (ug/ml) 2.1+04 0.28 £ 0.02 0.31 £ 0.01
Chl a (ug/ml) 1.6+£05 1.02 £ 0.03 1.50 + 0.01
Chl b (ug/ml) 0.8+0.3 0.53 £ 0.09 0.45+0.03
Chl a /b ratio (w/w)  1.93+0.06 2.0x0.3 34+0.2
Total Chl (ug/ml) 24+038 1.6+ 0.1 1.94 £ 0.04

' Average values are presented as means of two independent experiments + SD.
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3.3.6 PSI-LHCI polypeptide composition by SDS-PAGE

SDS-PAGE evaluated the polypeptide composition of the PSI-LHCI
complex obtained from the 0.1-1.5 M sucrose gradient preparation. As observed
in Fig. 3.7, our results indicate the presence of six bands, four of them being small
subunits detected in the region of 9-30 kDa. A diffuse band was detected with an
apparent molecular weight of ~62 kDa corresponding to PSI reaction center core
subunits; Photosystem | P700 chlorophyll a apoprotein A1 (PsaA) and
Photosystem | P700 chlorophyll a apoprotein A2 (PsaB), validated quantitatively
by LC-MS/MS for the identification of B. braunii PSI-LHCI proteins (Table 3.2). The
bands visualized in the 20-30 kDa range were assigned to the LHC antenna and
PSI stromal subunits PsaD and PsaF. In contrast, those that appear around 10
kDa arise from small PSI subunits, such as Photosystem | iron-sulfur center
subunit VII, psaC [55,161]. The sequencing analysis findings presented in Table
3.2 provide the peptide sequence where the proteins identified were filtered, and
all high confidence matches closely related B. braunii races. Our results indicate
that PSI-LHCI was present in the sucrose gradient purified fraction, further

characterized by BN-PAGE and 2D native/SDS-PAGE.
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A . B Table 3.2. Polypeptide profile of 0.1-1.5 M sucrose gradient
a L=) purified PSI-LHCI complex from B. braunii
=
B‘ i No. Protein Accession Gene De novo sequence Total
= 2 identification number protein fragment score
1 Photosystem I AQA097KQ63 psaA DYDPTNNYNNLLDR 49.90
P700 chlorophyll ALSITQGR
a apoprotein Al FPCDGPGR
VAPAIQPR
LLDAGIDPK
2 Photosystem I AOA097KQ46 psaB DFGYSFPCDGPGR 8.56
P700 chlorophyll
a apoprotein A2
3 Photosystem I AOA097KQ83 psaC IYDTCIGCTQCVR 16.28
iron-sulfur center VYLGAETTR
4 ATP synthase AOA097KQ64 atpB  VALVYGQMNEPPGAR 61.09
subunit beta, VALVYGQMNEPPGAR
chloroplastic TVLIMELINNIAK
VVDLLAPYR
IGLFGGAGVGK
LSIFETGIK
5 ATP synthase AOQAO097KQ55 atpA  TAVAIDTILNQK 24.99
subunit alpha, ELIIGDRQTGK
chloroplastic ELIIGDR
6 ATP synthase AOAQU2F033  atpl  ELIIGDRQTGK 22.08
subunit alpha AVDSLVPIGR
ELIIGDR
STVAQLVK
VLDTLGQPIDGK
7 Cytochrome f AOA097KQ58 petA  VQLAEMNF 2.21

Figure 3.7 Polypeptide composition of B. braunii PSI-LHCI (1.0 mg/mL).
Electrophoresis was performed on a 4-20% polyacrylamide gel. The gel was
Coomassie blue-stained (A). Polypeptide composition of B. braunii PSI-LHCI

complex. Proteins were identified by LC-MS/MS (B).

65



Chapter 3

3.3.7 Analysis of PSI-LHCI by BN-PAGE and 2D-PAGE

Figure 3.8 depicts the BN-PAGE of B. braunii thylakoids and PSI-LHCI (0.7
mg/ml Chl a). Mass estimation was achieved using NativeMarkTM unstained
protein standard (~20 to 1,200 kDa) to generate a molecular weight (MW) standard
curve of the log MW versus the migration distance of the protein through the gel
divided by the migration distance of the dye front (Rf) [162]. PSI-LHCI complexes
were resolved and qualitatively visualized in a BN-PAGE gel where several bands
were identified and deduced according to previous reports. The high molecular
values estimated were 669 kDa appointed to supercomplexes (SC), ~ 600 kDa to
PSI-LHCI, 481 kDa to PSI, 324-303 kDa to ATPase, 250 kDa to dimer Cyt b6/f,
121 kDa to monomer Cyt b6/f and 93 kDa to LHCIl subunits [55,141]. Two-
dimensional native/ SDS-PAGE was accomplished in a gradient 4-12% Bis-Tris
gel in MES running buffer at 150 V for 1 h with the excised PSI-LHCI complex BN-
PAGE gel lane obtained previously that underwent reduction, alkylation, and
quenching as indicated in the manufacturer's protocol. A prestained protein
standard was used to estimate PSI-LHCI and co-eluting components (~3.5 to 260
kDa). Second dimension 2D native/SDS-PAGE polypeptide spots detected
indicated a high abundance of PSI-LHCI complex components and subunits as
observed in previous reports providing an assessment of the polypeptide

composition of our preparation [140,163]. Although we notice a small contribution
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for LHCII, a mobile antenna, judging from our 77K fluorescence assay, it is deemed
not a major contributor [150,151]. To the best of our knowledge, this is the first time

such an exhaustive characterization study on B. braunii PSI-LHCO has been

conducted.
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PSI-LHCI
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Figure 3.8 BN-PAGE separation of purified PSI-LHCI complexes and thylakoids
from B. braunii at a concentration of 0.7 mg/ml Chl. The selected lane was excised
and applied to a two-dimensional SDS-PAGE gel to separate PSI-LHCI

polypeptides and co-eluting complexes.
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3.4 Conclusions

In summary, two purification protocols that generate PSI-RC and PSI-LHCI
from Botryococcus braunii UTEX2441 have been established and studied in detail.
We found that the FPLC system with the HiTrap Capto Q prepacked strong anion
exchanger column yields a PSI core preparation, excluding contamination from
other protein complexes. At the same time, a discontinuous sucrose density
gradient ultracentrifugation process produced a PSI-LHCI complex.
Characterization results of both purification protocols were evaluated by
absorbance and fluorescence spectroscopic studies, CD measurements, pigment,
and polypeptide composition analysis. B. braunii is a green microalga highly
studied due to its oil generation and use in the biofuel industry. However, its
biomedical application is currently underway, setting the base for broadening PSI’s
relevance and use. This dissertation highlights the PSI core complex and
surrounding LHCI antenna system organization, furthering the understanding and

studies of this organism’s pigment-protein complex.
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Botryococcus braunii Photosystem | induce ROS-dependent

decrease in cell viability by necrosis and autophagy pathways

4.1 Summary

In green microalgae, such as B. braunii, the thylakoid membrane, principally
PSI, obtained following Specific Aim 1 descriptions, is the main contributor to
ROS’s overall production. ROS generation in TM and PSI, specifically 'O, was
monitored spectrophotometrically using the p-nitrosodimethylaniline, RNO assay,
at 440 nm, which produced RNO dye bleaching upon singlet oxygen generation.

Taking into consideration that B. braunii TM and PSI generate 'O, we
determined Chlorophyll a OJIP (O = origin and equivalent to Fo, J and | =
intermediate steps, P = peak and equivalent to Fn at saturating light conditions)
fluorescence induction transients, after saturating light conditions and the addition
of antioxidants, ROS scavengers, and photosynthesis inhibitors, used in
photosynthesis research to study photosynthetic efficiency, and pigments
photoprotective roles [164]. We performed in vitro cell viability studies to
investigate the cell death mechanisms, particularly in the triple-negative breast
cancer cell line MDA-MB-231. A concentration-dependent reduction in cell viability
was observed after incubation for 6, 12, and 24 h using different PSI-LHCI
concentrations (6.25, 12.5, 25, and 50 ug/ml). Fluorescence confocal microscopy

studies, particularly Z-series, examined the intracellular localization of PSI-LHCI,
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which after 24 h of treatment, appeared to be present in the cytoplasm. After
incubation with PSI-LHCI, total ROS production and superoxide detection in live
MDA-MB-231 cells was determined by confocal microscopy. We found that PSI-
LHCI under serum starvation conditions induced oxidative stress, increased ROS
levels and superoxide production, and reduced mitochondrial membrane potential.
An increment in the autophagy marker dye’s fluorescence accumulated in the
autophagosomes confirmed PSI-LHCI-induced cell death via autophagy. DNA
content in dead cells was examined; analyses with Annexin V/P| only exhibited a
red concentrated cell nucleus suggesting necrotic cell staining, whereas Annexin
V did not show any typical early apoptosis green fluorescence signal. Our results
indicate that MDA-MB-231 cells undergo autophagy and necrosis after treatment

with PSI-LHCI for 24 h.

4.2 Introduction

Breast cancer is the most often diagnosed cancer among women worldwide
and the second leading cause of death after lung cancer [165]. Up to 80% of breast
cancer cases express hormone receptors such as ER, PR, and ERBB2 or
HERZ2/neu; the rest of the breast cancer diagnosed fall into the triple receptor-
negative category, characterized by the lack of expression of these receptor
proteins [166]. Early and late-stage breast cancer therapeutic options rely on
hormone therapy targeting nuclear or surface receptors with pharmacological
agents such as tamoxifen and trastuzumab [166]. TNBC is an aggressive breast

cancer subtype with a poor prognosis that remains resistant to existing targeted
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hormone treatments relying predominantly on chemotherapy as standard
treatment [167]. Current TNBC pharmacological strategies involve the anti-
programmed death receptor 1 drug, pembrolizumab, combined with nab-
paclitaxel, paclitaxel, or gemcitabine/carboplatin chemotherapeutic agents,
reporting statistical significance [122]. As one of the 27 human breast cancer cell
lines classified as TNBC most cited in the literature, MDA-MB-231, isolated in
1970, is one of the most commonly studied cell lines and the central topic in this
research study [167]. We investigated a possible anticancer treatment using a
natural source reactive oxygen species (ROS) generator.

In green microalgae, such as B. braunii, PSI, a pigment-protein complex
located in the thylakoid membrane involved in photosynthesis, is the leading
production site of ROS [168]. A surplus of ROS produces irreversible oxidative
damage by reacting with proteins, lipids, and nucleic acids, thus activating
signaling pathways that promote cell death [90]. Under stress conditions, ROS and
autophagy studies in photosynthetic organisms have been predominantly
associated with cell death. Autophagy acts as a defense mechanism mediating the
removal of oxidatively damaged molecules and ROS-generating organelles by a
nonselective engulfing process by the autophagosome and ultimate delivery to the
lysosome for degradation [90,169]. In mammalian cells, ROS selectively target
malignant cells and activate autophagy; accordingly, an accumulation of ROS in
the mitochondria makes them a potential target for degradation [170,171]. Cancer

cells undergo an increase in the lysosomal membrane permeabilization process
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promoting lipid peroxidation, making them more susceptible to ROS-mediated cell
death via apoptosis, autophagy, and necrosis pathways [172].

In this work, we report for the first time the cytotoxic impact of oxidative
stress generated by the green microalga B. braunii PSI-LHCI in triple-negative
human breast cancer cells (MDA-MB-231) through a ROS-dependent decrease in
cell viability, thus elucidating a lysosome-mediated type of cell death via necrosis

and autophagic pathways.

4.3 Results and Discussion

4.3.1 Chlorophyll Fluorescence Induction Studies

Light provides the energy needed for the photosynthesis process, but
exposure to intense light conditions can also be toxic to the photosynthetic
apparatus and damage it [173]. Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea or
DCMU), a widely used phenylurea herbicide known to inhibit the photosynthetic
electron transport between PSIl and PSI by binding specifically to the Qg binding
pocket at the PSIl D1 protein, thereby blocking the electron transfer between the
plastoquinone binding sites of Qa and Qg on the reducing side of PSII, has been
shown to photodestroy chlorophyll and carotenoid pigments [174—176]. Inhibiting
electron transport overwhelms the triplet chlorophyll-to-carotenoid dissipation
mechanism for excessive absorbed light energy that generally protects the
chloroplast, thus inducing pigments phytotoxicity [177,178].

Incubation of 50 ug/mL B. braunii UTEX2441 cells with 20 yM DCMU was

performed to investigate the photoprotective effect of pigments, in particular, Chl
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a, against oxidative stress after exposure of B. braunii cells to DCMU in aqueous
solution after illuminating them with intense light excitation conditions (450 nm light
of 3000 umol photons m2 s'), as studies with DCMU bring awareness of the
relationship among chlorophyll fluorescence and the light-dependent reactions of

photosynthesis [179].
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Figure 4.1 Chlorophyll a fluorescence transient OJIP for B. braunii cells after
strong light excitation (3000 pmol photons m2 s™'; dexc = 450 nm), in the absence
(control) or presence of DCMU.

Figure 4.1 displays the inability of Chl a to protect against excessive
illumination and dissipate its absorbed light energy as observed in the steep initial
rise of the fast fluorescent transient, the OJIP curve on a logarithmic time scale of
the dark-adapted DCMU-treated vs. the control samples. Dark adaptation of the

samples for 10 min was crucial to obtain reproducible Chl a fluorescence results
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consequence of the well-defined photosynthetic apparatus state while avoiding
inducing photosynthetic activity [164]. Upon adding 20 yM DCMU, Chl a
fluorescence progresses quickly, reaching maximum fluorescence without
presenting the characteristic J and | inflection points observed in untreated cells,
implying full inhibition of electron flow and PSIl with an apparent quenching of
fluorescence (Fm value) due to an oxidized PQ pool, as similarly reported in the
literature [180]. This process is connected to the photosystems, particularly to the

reaction centers that get saturated, stimulating an increase in fluorescence

intensity.
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Figure 4.2 Effects of Imidazole on the chlorophyll a fluorescence transient OJIP
for B. braunii cells after strong light excitation (3000 umol photons m?2 s™; kexc =

450 nm).
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After adding 5 mM imidazole to B. braunii cells, we determined that
imidazole, a chemical trap used to detect 'O, confers no photoprotection capacity
to Chl a against light intensity damage (Figure 4.2). The fluorescence transients
observed, plotted on a logarithmic scale, followed the typical OJIP pattern, where
the origin (Fo) or initial value of fluorescence appears at 21 ys, the J and | inflection
points appear at about 2 ms and 30 ms, respectively, and the peak (Fm) or
maximum value under saturating light evidently distinguishable [48]. Focusing on
the OJ segment or initial rise kinetics of Chl a fluorescence of control samples and
the water-soluble compound and 'O, acceptor imidazole-treated samples, we
resolve that the OJ traces appear indistinguishable up until nearly reaching the ~2
ms J inflection point. Moreover, we determined that imidazole offers no protection
to pigment molecules against photodamage and oxidative stress caused by high
light intensity conditions.

B. braunii cells Chl a fluorescence OJIP transients (Fig. 4.3 and Fig. 4.4)
were generated after applying exogenous nonenzymatic antioxidants, radical
scavengers, and the photosynthetic electron transport inhibitor DCMU. The OJIP
fluorescence measurements, a crucial biophysical signal reflecting the time course
of photosynthesis, provide insight into the capacity of microalgal cultures to
withstand environmental stresses and to which extent the photosynthetic
apparatus is damaged [164]. After blue light excitation of 450 nm (Chl a) and
continuous illumination (3000 pmol photons m?s), Alpha-tocopherol, which
deactivates photosynthesis derived singlet oxygen, was used and compared to the

antioxidant, and singlet oxygen scavenger power of L-glutathione reduced that
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scavenges/reduces ROS; also it was compared to L-Ascorbic Acid, a potent ROS

scavenger, and Uric Acid which inhibit ROS producing enzymes.
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Figure 4.3 Chlorophyll a fluorescence transient OJIP for B. braunii cells after
strong light excitation (3000 ymol photons m=2 s'; Aexc = 450 nm), in the absence
(control) or presence of L-glutathione, Ascorbic Acid, Uric Acid and Alpha
Tocopherol.

Figure 4.3 illustrates the use of L-glutathione reduced, Ascorbic Acid, Uric
Acid, and Alpha-Tocopherol as antioxidants and 'O, scavengers. An enhanced

fluorescence is observed with Uric Acid and Ascorbic Acid, thereby implying the
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protection of Chl a due to the potent '0. scavenging efficiency and enzymatic
inhibitory effect of these substances. Figure 4.4 compares the halt of
photosynthesis by the effect of the herbicide DCMU, the use of the singlet oxygen
chemical trap, imidazole, and the application of antioxidant species as means of

offering photoprotection to excited Chls a.
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Figure 4.4. Chlorophyll a fluorescence transient OJIP for B. braunii cells after
strong light excitation (3000 pmol photons m= s'; Aexc = 450 nm), in the presence
of DCMU, and DCMU with L-Glutathione, Ascorbic Acid, Uric Acid, Alpha

Tocopherol, and Imidazole.
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As seen in Figure 4.3 and Figure 4.4, the increase in Chl fluorescence due
to the photoprotection influence of these additives’ antioxidant activity and their
singlet oxygen scavenger capacity relies on their ability to donate electrons. The
redox catalyst action capable of reducing and neutralizing ROS, was first seen
occurring in Uric Acid, followed by Ascorbic acid, Alpha-tocopherol, and lastly in L-
Glutathione reduced. Similar photoprotection effects were observed in the
presence of DCMU, an environmental stressor that halts photosynthesis
completely (PSIl photosynthetic electron transport).

Artificial electron donors, such as the antioxidant additives, circumvent the
DCMU block and damage during illumination by conferring an observable degree
of protection against Chl a photodestruction. According to their antioxidant capacity
or strength, the OJIP curves of fluorescence induction exhibit a corresponding
inclination in the logarithmic scale graph, thus confirming the presence of ROS

[177].
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Figure 4.5. The time course of RNO bleaching at 440 nm of B. braunii thylakoid
membrane and PSI in the presence of imidazole (10 pM) and RNO (50 yM) in

phosphate buffer (pH 7.4). Chlorin (Ce6) was used as a singlet oxygen generator.

Singlet-state oxygen is a highly reactive form of ROS, generated as a
byproduct of light trapping and energy conversion during photosynthesis. It is
responsible for damaging oxygenic photosynthetic microorganisms, particularly
the D1 protein, required for the PSII repair system, inhibiting de novo protein
synthesis, and leading to PSII inactivation [181,182]. The organism under study,
B. braunii, has naturally producing 'O, components, such as TM and PSI, which
act as light-sensitive molecules called photosensitizers. Photoactivation causes
the formation of 'Oz, a byproduct of photosynthesis that produces peroxidative
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reactions that can cause cell damage and death; thereby, we performed the p-
nitrosodimethylaniline bleaching assay.

As shown in Figure 4.5, using RNO as a selective scavenger and imidazole
as a 'O, acceptor, RNO is bleached as followed spectrophotometrically at 440 nm.
The '02 capture by the imidazole ring results in the formation of a trans-annular
peroxide intermediate promoting the bleaching of RNO. This imidazole plus RNO
system was used as a sensible assay to measure 'O in B. braunii TM and PSI
aqueous solutions [183]. Exposure occurred to LED light (Amax=660 £ 10 nm) at a
distance of 10 cm and a fluence rate of 50 mW/cm? for 40 min. Photoactivation
triggers the formation of 'O with a higher degree in thylakoid membranes than PSI
due to the production of 'O, within the hydrophobic domains of the thylakoid
membrane, where Chl a is located. In Fig. 4.5, we can observe the generation of
02 by the singlet oxygen generator and positive control chlorin e6 (Ce6), untreated
cells with no apparent generation of 'O, and slight bleaching of RNO at 440nm by
B. braunii TM and PSI. It is essential to mention that intense irradiation damages
the photosystems; therefore, a more accurate ROS and superoxide detection
assay is required to successfully monitor the generation of reactive oxygen species

and not only 'O».

4 .3.2 Phototoxicity Evaluation and Cell Viability Studies

Initially, cell-based screening studies assessed the effect of PSI-LHCI on
the HeLa (human cervical adenocarcinoma) cell line. Phototoxicity in HeLa cells

was assessed after incubation with PSI-LHCI (3.125, 6.25, 12.5, 25, and 50 pg/ml)
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for 24 h, and irradiation with a LED lamp (Amax=660 + 10 nm) at a distance of 10
cm from the 96-well plate and a fluence rate of 50 mW/cm? for 10 min before
measurements. Extraction buffer A was added to Hela cells at the highest

concentration tested as a negative control.
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Figure 4.6. Cell viability in HelLa cells. Effect of PSI-LHCI in cell viability following
treatment with different concentrations of PSI-LHCI (from 3.125 to 50 pug/ml) in the
presence and absence of LED irradiation (Amax =660 + 10 nm) after 24 h of
incubation. Incubation with the extraction buffer A (control) at the highest

experimental concentration (50 pug/ml) was included.

81



Chapter 4

125+
100+
75

50+

Cell Viability (%)

25+

0-
Control 219 438 875 175 35

Concentration (ug/ml)

Bl Hela NO-LED BEE HelalED

Figure 4.7. Cell viability in HelLa cells. Effect of PSI-LHCI in cell viability following
treatment with different concentrations of PSI-LHCI (from 2.19 to 35 pg/ml) in the
presence and absence of LED irradiation (Amax =660 + 10 nm) after 24 h of
incubation. Incubation with the extraction buffer A (control) at the highest

experimental concentration (35 pug/ml) was included.

A drastic reduction in cell viability was observed, particularly at the 12.5
pg/ml PSI-LHCI concentration (Figure 4.6). Although a decrease in viability was
detected, the ICso values calculated with GraphPad Prism 6 for HelLa cells with
LED irradiation (ICso =9.628 ug/ml, R? = 0.1263) and Hela cells without LED

irradiation (ICso = 9.755 ug/ml, R? = 0.05038) obtained R-squared with 10% or 5%
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variation within the data. Thus, we examined varying concentrations in the range
closer to the value corresponding to the drop in cell viability previously observed
in HelLa cells. Consequently, HelLa cells were incubated with PSI-LHCI
concentrations (2.19, 4.38, 8.75, 17.5, and 35 ug/ml), and after 24 h, similar results
were obtained, particularly at the 8.75 ug/ml PSI-LHCI concentration (Figure 4.7).
Once again, Hela cells irradiated with a LED light source obtained an ICsp = 6.101
pg/ml and R? = 0.1083. Hela cells minus LED irradiation attained an 1Cso = 8.207
pg/ml and R? = 0.1744, which only explained 10% variability within the data.
Regardless of irradiation, cell viability experienced a steep decline to less than 5%
in both experiments with at least three experimental replicates. Due to these
outcomes, variable ICso results, and poor R-squared values, the HelLa cell line was
deemed not the best model for PSI-LHCI toxicity studies.

PSI-LHCI samples treated with irradiation obtained mixed toxicity results;
thus, LED radiation was deemed unnecessary to achieve toxic effects.
Furthermore, chlorophyll a fluorescence induction studies results (Section 4.3.1)
support the reasoning behind the discouragement of using light irradiation to
generate ROS in cell viability analyses of cancer cell lines incubated with PSI-LHCI
as the photosensitizer pigments (e.g., chlorophyll and carotenoids) alongside the
proteins within the pigment-protein complexes these are attached to, are also

irreversibly photo-oxidatively destroyed [177].
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Before selecting the best cancer cell line in vitro model system, we
assessed the cell viability of HelLa cells after a 24 h treatment with cytochrome c
at a range of concentrations from (12.5 - 100 pg/ml) dissolved in the extraction
buffer A (50 mM HEPES, pH 7.2; 5 mM MgClz; 5§ mM CaClz; 20% glycerol; 1X
protease inhibitor SIGMAFAST; 1 mM EDTA; 0.03% DDM). We performed this
assay to examine if the non-ionic detergent DDM and concentration used had a
role in the membrane permeability that allows negatively charged and ROS-
producing PSI-LHCI to enter the cell membrane and induce a decrease in cell
viability. Cytochrome c is a membrane-impermeable apoptosis-initiating protein
and an ideal candidate to test this hypothesis in cancerous cells such as Hela
[184]. From the non-statistically significant results observed in Figure 4.8, in
replicate experiments, Cyt ¢ was unable to induce a decrease in cell viability,
confirming that the detergent concentration used in the buffer is not a factor that
allows membrane-impermeable proteins to be transported across the phospholipid
bilayer of the membrane. Therefore, PSI-LHCI must be interacting with the cell

membrane via an alternate mechanism.
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Figure 4.8. Cell viability in HeLa cells. Effect of Cyt c in cell viability following
treatment with different concentrations of Cyt ¢ (12.5 to 100 pg/ml) in the presence

of extraction buffer A supplemented with 0.03% DDM after 24 h of incubation.

Next, we preliminarily performed cell viability studies in the triple-negative
breast cancer cell line MDA-MB-231 after incubation with PSI-LHCI (6.25 - 50
pg/ml) for 24 h as a screening and testing method for an alternate cancerous cell
line model system. As observed in Figure 4.9, previously arrested for 18 h in serum
starvation media, MDA-MB-231 cells treated with PSI-LHCI for 24 h induced a
decrease in cell viability of 53% at a concentration of 12.5 ug/ml compared to
untreated cells (control) with 90% cell viability. The MTS assay results were used
to determine the ICso values calculated using GraphPad Prism 6 as previously

indicated in Chapter 2 - Materials and Methods - Section 2.2.3. The resulting ICso
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values obtained for PSI-LHCI were 11.43 pg/ml, and the R-squared value was
0.9787. As a control, extraction buffer A was added to MDA-MB-231 cells at the
highest concentration tested (50 pug/ml). Dunnett’s multiple comparisons test for
one-way repeated measures ANOVA reported statistically significant results for
concentrations 12.5 (**P < 0.01), 25 and 50 pug/ml (***P < 0.001) compared to the
control. In this work, the TNBC MDA-MB-231 cell line was selected as a model fit

to test for cell viability and further studies.
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Figure 4.9. Cell viability in the MDA-MB-231 cell line. Effect of PSI-LHCI in cell
viability following treatment with different concentrations (from 6.25 to 50 pg/ml)
after 24 h of incubation. Incubation with the extraction buffer A at the highest
experimental concentration (50 pg/ml) served as a control. Asterisks indicate

statistical significance with **P < 0.01 and ***P < 0.001.
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Cellular viability (MTS) assays monitored toxicity in TNBC MDA-MB-231

cells upon exposure to cell arrest for 18 h, PSI-LHCI concentrations of 6.25, 12.5,

25, and 50 pg/ml, and incubation times for 6, 12, and 24 h, where n=8.
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Figure 4.10. Time and Concentration-Dependent Effect of PSI-LHCI in MDA-MB-

231 Cells. Effect of PSI-LHCI in cell viability following treatment with different

concentrations (6.25 to 50 pg/ml) after 6 h of incubation. Incubation with the

extraction buffer A at the highest concentration (50 pg/ml) was used as an

experimental control. Staurosporine (2 pM) was used as a positive control.

Untreated cells were used as negative control. Asterisks indicate statistical

significance with *P < 0.05 and ****P < 0.0001.
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Cell viabilities above 100% were observed after 6 h of incubation period
with the negative control of extraction buffer A and the positive control
Staurosporine and in concentrations lower than 50 ug/ml PSI-LHCI compared to
untreated cells (Figure 4.10). Although a decrease in cell viability at 50 ug/ml PSI-
LHCI of 55% was detected, the values observed for 6.25 to 25 pg/ml of PSI-LHCI
exceeded the 100% value. This 6 h cell viability assay’s experimental uncertainty
(error bars) indicated large data variability, thus regarded as a negative result, and
discarded as a potential testing parameter.

Consequently, we performed cell viability studies in the MDA-MB-231 cell
line after incubation with PSI-LHCI (6.25 - 50 pg/ml) for 12 and 24 h. Our MTS
assay results revealed the remarkable time- and concentration-dependent effects
of decreased cell viability of B. braunii PSI-LHCI against MDA-MB-231 cells. With
an increment in PSI-LHCI concentration after 12 and 24 h of incubation, a
reduction in cell viability was observed, showing an inverse relationship between
proliferation and cell death. A decline in cell viability of 87% was observed for the
12 h incubation period, commencing with the 6.25 pg/ml PSI-LHCI concentration.
A reduction in viability was detected around 84% and 79% for the 12.5 and 25
pg/ml PSI-LHCI concentration, respectively, and a considerably lower value of
49% in the highest concentration tested of 50 pyg/ml (Figure 4.11). We compared
our results with Staurosporine, a strong cytotoxic positive control, used at peak
plasma concentration (2 pyM), and negative and experimental controls. As
observed in Figure 4.12, after 24 h of incubation we observed a statistically

significant decrease in viable cells from 100% with negative controls to below 32%
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with 25 and 50 pg/ml of PSI-LHCI (****P < 0.0001), in contrast to 52% with

Staurosporine.
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Figure 4.11. Time and Concentration-Dependent Effect of PSI-LHCI in MDA-MB-

231 Cells. Effect of PSI-LHCI in cell viability following treatment with different

concentrations (6.25 to 50 pg/ml) after 12 hours of incubation. Incubation with the

extraction buffer A at the highest concentration tested (50 pg/ml) was used as an

experimental control. Staurosporine (2 pM) was used as a positive control.

Untreated cells were used as negative control. Asterisks indicate statistical

significance with **P < 0.01 and ****P < 0.0001.
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Figure 4.12. Time and Concentration-Dependent Effect of PSI-LHCI in MDA-MB-
231 Cells. Effect of PSI-LHCI in cell viability following treatment with different
concentrations (6.25 to 50 ug/ml) after 24 h of incubation. Incubation with the
extraction buffer A at the highest concentration tested (50 pg/ml) was used as an
experimental control. Staurosporine (2 pM) was used as a positive control.
Untreated cells were used as a negative control. Asterisks indicate statistical
significance with *P < 0.05, ***P < 0.01 and ****P < 0.0001. Data shown are
expressed as mean £ SD performed in triplicate, where n = 8, and the statistical

method performed used the two-way analysis of variance (ANOVA).
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It is important to highlight that after 6 hours of incubation with PSI-LHCI, a
considerable increment in cell viability at low doses showed opposing effects.
Accordingly, cell proliferation was inhibited by high concentrations of PSI-LHCI; a
hormetic phenomenon was deemed responsible for the stimulatory or proliferative
impact observed by the increment in viability at low PSI-LHCI concentrations [1885].
Hence, the indicated event of hormesis illustrates the proliferative or adaptive
compensatory feedback of cells upon a disturbance in homeostasis due to
exposure to low doses of chemical or environmental agents, which otherwise pose

damaging effects at higher doses [186].

Moreover, we conducted additional in vitro cell viability studies in TNBC cell
lines MDA-MB-231, MDA-MB-468, and the non-cancer cell line, NIH-3T3.
Similarly, a concentration-dependent reduction in cell viability was observed after
incubation for 6, 12, and 24 h using various concentrations of PSI-LHCI (6.25, 12.5,
25, and 50 pg/ml). At the highest PSI-LHCI concentration (50 pyg/ml), a drastic
decrease in cell viability was observed to less than 18% in NIH-3T3 cells, and 14%
and 7% decreased cell viability in MDA-MB-468 and MDA-MB-231 cells,
respectively (data not shown). The findings of the analyzed MTS assay indicate a
dose-dependent manner reduction in cellular viability upon treatment of MDA-MB-
231 cells with PSI-LHCI. We proceeded to choose the concentration point closest
to the I1Cso value (12.5 pg/ml PSI-LHCI, ***P < 0.01) revealed after exposure of
MDA-MB-231 cells to PSI-LHCI following 24 h of incubation. The ICso value
attained was 14.7 pg/ml with an R squared value of 0.9121, standard error of 1.1,

and Log ICsp equal to 1.2. Our results confirmed that PSI-LHCI induces a decrease
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in cell viability in the triple-negative breast cancer cell line, MDA-MB-231, with

superior results than the well-known cancer cell line positive control Staurosporine

[187,188].

4 .3.3 Cellular Internalization Studies of PSI| in MDA-MB-231 Cells

The internalization of PSI-LHCI was determined by confocal laser scanning
microscopy (CLSM) after the TNBC MDA-MB-231 cell line, and the non-cancer cell
line, NIH-3T3 were seeded at 10,000 cells/well, arrested with 1% FBS in L-15
culture medium for 18 h, and subsequently incubated with PSI-LHCI (12.5 pg/ml)
at 37 °C for 24 h. After incubation and fixing, the cells were imaged using a Nikon
Eclipse Ti confocal microscope. PSI-LHCI was detected at 663-738 nm after
excitation at 640 nm, and DAPI was excited at 405 nm with its emission spotted
from 420-480 nm.

A

NIH-3T3 Untreated MDA-MB-231 Untreated

Figure 4.13 Cont.
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Phase Contrast DAPI PSI-LHCI Merge

Figure 4.13. Confocal microscopy studies in NIH -3T3 and MDA-MB-231 cell lines.
(A) Phase contrast of NIH-3T3 (left) and MDA-MB-231 (right) untreated cells after
24 h of incubation. (B) Internalization of PSI-LHCI. NIH -3T3 and MDA-MB-231
cells were incubated with PSI-LHCI (orange). Nuclei were stained with DAPI (blue).
All images were taken at 20X magnification.

As illustrated in Figure 4.13, after 24 h of incubation, PSI-LHCI (orange) is
observed in the cell cytoplasm, suggesting the internalization of PSI-LHCI is not
cell line-specific, as it exhibited fluorescence by both NIH-3T3 and MDA-MB-231
cells. To visualize and study the intracellular localization and endocytic fate of PSI-
LHCI, MDA-MB-231 cells were co-incubated with the amphiphilic marker FM 4-64
for 24 h. Endosomal entrapment was identified by confocal microscopy of Z-series

or Z-stack images. Still, as depicted in Fig. 4.14, after 24 h of incubation with PSI-
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LHCI (orange) and FM 4-64 (red), PSI-LHCI appears to be present in the cell
cytoplasm and not in the nucleus. The merged image manifested a significant
obstacle, FM 4-64 emission excited PSI-LHCI sample, thus interfering with the
analysis of endosomal entrapment, highlighting the need for a fluorescent probe

whose signal does not occlude PSI-LHCI or present overlapping spectra.

Untreated Treated PSI-LHCI FM 4-64

Z-series PSI-LHCI Z-series FM 4-64

Figure 4.14. Confocal microscopy studies in MDA-MB-231 cells. Phase-contrast
MDA-MB-231 (upper left panel) untreated cells, treated cells, and controls after 24
h of incubation with PSI-LHCI. Z-Series Internalization of PSI. MDA-MB-231 cells
were incubated with PSI-LHCI (orange) and FM 4-64 (red). All images were taken

at 60X magnification.
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Supplementary staining procedures addressed fluorescent markers
interference and constraints. Internalization studies after 6, 12, and 24 h of
incubation were performed and studied by monitoring the distribution of the
fluorescence signal of PSI-LHCI (12.5 pg/ml) on MDA-MB-231 cells surface and
intracellular localization with CLSM as observed in Fig. 4.15, Fig. 4.16, and Fig.
4.17, respectively. MDA-MB-231 cells plasma membrane was labeled with the
CellMask green plasma membrane stain to help define the cellular components
bound by the cell membrane after treatment with PSI-LHCI. PSI-LHCI-treated
MDA-MB-231 cells were visualized using the Z-series, a straightforward technique
of analyzing multiple images at different focal planes (z-stack) of the sample of

interest to determine their location within the cell [189].

Phase Contrast Plasma Membrane

MDA-MB-231

Z-series Plasma Membrane Z-series DAPI Z-series PSI-LHCI Z-series Merge

MDA-MB-231

Figure 4.15. Confocal microscopy studies in MDA-MB-231 cells. Phase contrast

(upper left panel) and CellMask green plasma membrane (upper right panel) of
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MDA-MB-231 cells after 6 h of incubation with PSI-LHCI. Internalization of PSI-
LHCI. MDA-MB-231 cells were incubated with PSI-LHCI (orange), DAPI (blue),
and CellMask Plasma Membrane (green). All images were taken at 60X

magnification.

Phase Contrast Plasma Membrane

MDA-MB-231

Z-series Plasma Membrane Z-series DAPI Z-series PSI-LHCI Z-series Merge

MDA-MB-231

Figure 4.16. Confocal microscopy studies in MDA-MB-231 cells. Phase contrast
(upper left panel) and CellMask green plasma membrane (upper right panel) of
MDA-MB-231 cells after 12 h of incubation with PSI-LHCI. Internalization of PSI-
LHCI. MDA-MB-231 cells were incubated with PSI-LHCI (orange), DAPI (blue),
and CellMask Plasma Membrane (green). All images were taken at 60X

magnification.
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Phase Contrast Plasma Membrane

MDA-MB-231

Z-series Plasma Membrane Z-series DAPI Z-series PSI-LHCI Z-series Merge

MDA-MB-231

Figure 4.17. Confocal microscopy studies in MDA-MB-231 cells. Phase contrast
(upper left panel) and CellMask green plasma membrane (upper right panel) of
MDA-MB-231 cells after 24 h of incubation with PSI-LHCI. Internalization of PSI-
LHCI. MDA-MB-231 cells were incubated with PSI-LHCI (orange), DAPI (blue),
and CellMask Plasma Membrane (green). All images were taken at 60X

magnification.

Out of all the incubation times tested, following 24 hours of treatment, PSI-
LHCI, which exhibits natural emission or autofluorescence, appeared to have
produced the most impairment to the cell membrane. Qualitative visual results of
PSI-LHCI (orange), plasma membrane (green), DAPI nuclear stain (blue), and a

merged image of all the dyes provided a clear depiction of the fate of PSI-LHCI
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and cell membrane integrity. Green fluorescence signal intensity increased
significantly from localized plasma membrane boundaries observed after 6 h of
incubation to uniform cytoplasmic (12 h of incubation) and widespread nuclear
distribution, representing PSI-LHCI impact and location within the membrane after
24 h of treatment (Fig. 4.17). The mean fluorescence intensity (MFI) of MDA-MB-
231 cells after 6 h of incubation with PSI-LHCI, when compared with control,
represented as mean * standard deviation (SD), was 108.03 + 12.23 and 94.14 +
48.72. After 12 h of incubation with PSI-LHCI compared with control, MDA-MB-
231 cells MFI was 503.08 + 146.01 and 74.12 + 10.02 respectively. According to
the literature, internalized proteins and, for instance, PSI-LHCI in a receptor-
unbound state are expected to undergo lysosomal trafficking [190]. Internalization
and localization studies of PSI-LHCI in MDA-MB-231 cells monitored time-
dependent intracellular traffic and contributed critical knowledge towards reporting
non-specific internalization and PSI-LHCI damage-mediated cytotoxicity while
differentiating surface membrane staining from intracellular staining. Therefore,
supporting the premise that PSI-LHCI does not remain on the cell’s surface;

instead, it is ultimately internalized.

4.3.4 Study of ROS Generation in Thylakoids and in MDA-MB-231 Cells after PSI

Treatment
Cellular total ROS production and superoxide detection were directly
monitored and determined using CLSM. Fixed and live MDA-MB-231 cells in

complete and serum starvation L-15 medium (1% FBS) were monitored in real-
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time after incubating with PSI-LHCI (12.5 pg/ml) for 1 h or 24h, ROS inducer
(Pyocyanin 1uM), and ROS inhibitor/scavenger (N-acetyl-L-cysteine) which were
used as positive and negative controls, respectively. Sample pretreatment
performed for 30 min with N-acetyl-L-cysteine prevented ROS generation.
Compensation correction was performed with single-stained standards.

As observed in Figure 4.18A, untreated cells present a low
autofluorescence signal. In contrast, a vivid uniform green cytoplasmic stain was
observed at the occurrence of increased levels of oxidative stress, and bright red
nuclear staining was detected in superoxide-positive cells. Pyocyanin-induced
samples exhibited a bright nuclear and cytoplasmic signal, while cells pretreated
for 30 min with the negative control and ROS inhibitor, N-acetyl-L-cysteine, did not
show uniform fluorescence upon induction. Figure 4.18B results resolved, PSI-
LHCI increased reactive oxygen species generation and superoxide production in
serum-starved conditions following normal experimental conditions of 24 h versus
1 h incubation treatment in complete media. The MFI of MDA-MB-231 cells after 1
h incubation exhibited a PSI-LHCI (120.77 + 5.54), oxidative stress (142.13 %
54.24), and superoxide (98.63 + 36.03) signal when compared to 24 h incubation
which presented an intensified PSI-LHCI (201.45 + 46.11), oxidative stress (366.73

+ 85.95), and superoxide (101.01 £ 37.64) signal.
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Figure 4.18. ROS/Superoxide detection microscopy studies in MDA-MB-231 live
cells. Phase-contrast MDA-MB-231 untreated cells, positive (Pyocyanin) and
negative control ROS inhibitor (N-acetyl-L-cysteine) (A). PSI-LHCI (12.5 pg/ml)
after 1 h of incubation (B). Green cytoplasmic stain (FITC filter), red nuclear stain
(CY3 filter), orange PSI-LHCI (Alexa 555) of cells in serum-starved or complete

medium. All images were taken at 20X magnification.

Thus, a marked contrast in the fluorescence signal was observed between
1 h and 24 h incubation periods for the two fluorescent dyes: green oxidative stress
detection reagent and red superoxide detection reagent. Time-course
fluorescence changes reinforced the constitutive internalization of PSI-LHCI after
24 h of incubation which was monitored by the increment in orange signal in the
Alexa Fluor 555 channel. An increase in signal intensity was detected over time
when oxidative stress and superoxide concentration levels were monitored,
surveyed in the FITC channel and CY3 filter channel, respectively. Hence, ROS
and superoxide generation and accumulation and subsequent rise in oxidative
stress have thereby been further confirmed after MDA-MB-231 cells were exposed

to PSI-LHCI (12.5 pg/ml) and analyzed through this ROS/Superoxide assay.

4.3.5 Annexin V/Propidium lodide and Caspase-3 Staining Assays for Cell-Death

Assessment
Analyzing the unique morphological hallmarks in ongoing cell demise

requires distinguishing among the different cell death pathways, including
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apoptosis, necrosis, and autophagy, by multiparameter studies involving
qualitative and functional criteria.

In our research, qualitative cell death mechanism analyses were carried out,
starting with the nuclear counterstain DAPI, which can help identify the condensed
nuclei of apoptotic cells. Apoptosis was studied via the Alexa Fluor 488 Annexin V
and with the live and apoptotic impermeant dye PI to help distinguish apoptotic
cells from dead cells, respectively. Alternatively, we used the Nuclear Green DCS1
was used to analyze dead cells. MDA-MB-231 cells plasma membrane was
labeled with the CellMask green plasma membrane stain to help define the cellular
components bound by the cell membrane after treatment with PSI-LHCI. Unlike
lipophilic dyes such as FM 4-64, the fluorescent probes were selected to avoid
interference with the sample, which created an imaging problem due to the
excitation of the sample by the emission of the FM 4-64 dye. Apoptosis activation
was checked for Caspase 3 activity with NucView 405 Caspase-3 substrate to
detect caspase-3/7 activity by confocal microscopy using the DAPI channel. This
substrate contains the caspase-3/7 DEVD recognition sequence and a fluorescent
DNA dye, allowing for the detection of caspase activity and nuclear morphological
changes by confocal imaging [191].

An increase in ROS may cause cell death; therefore, we initially searched
for hallmarks of apoptosis using DAPI, Annexin V, and Pl (Figure 4.19). The
analysis of DAPI-stained MDA-MB-231 cells unveiled a brightly stained nuclear
morphology and minor condensation, initially regarded as an early apoptotic

marker; however, dead or necrotic cells appeared stained bright red due to the
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differential uptake of the DNA binding dye (PI) that do not traverse the plasma
membrane of apoptotic or living cells [192]. The merged image in magenta is
interpreted as the overlap between neighboring fluorophores or colocalization of
the blue (DAPI) and red (PI) signals and used as a discernable method to detect
apoptosis; however, distinguishing apoptotic to non-apoptotic cell death is not a
straightforward process [193]. After staining the cells with Annexin V, no apparent
green fluorescence was detected. Therefore, this assay did not identify early
apoptotic cells. Nevertheless, the stronger and condensed red fluorescence
observed has been generally represented as the typical nuclear staining of dead
cells [194]. Caspase-3 activity was examined due to their active role in
programmed cell death or apoptosis; no signal was detected [192]. Thus, an
alternative cell death pathway should be responsible for the cellular cytotoxicity

sustained by MDA-MB-231 cells after 24 h treatment with PSI-LHCI.

Phase Contrast Propidium lodide DAPI PSI-LHCI

Figure 4.19. Confocal microscopy studies in MDA-MB-231 cell line. DAPI/PI-
stained cells were treated with PSI-LHCI after 24 h of incubation to determine
apoptosis and PSI-LHCI localization. Merged image (magenta) represents the
colocalization of DAPI (blue) and PI (red) staining and PSI-LHCI localization in

MDA-MB-231 cells. All images were taken at 20X magnification.
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Phase Contrast NucGreen DCS1 PSI-LHCI Merge

Figure 4.20. DNA content microscopy studies in MDA-MB-231 cells. Phase-
contrast MDA-MB-231 cells after 24 hours of incubation with PSI-LHCI at a
concentration of 12.5 pg/ml. Green nuclear stain (FITC filter), orange PSI-LHCI
(Alexa 555 filter) of cells in serum starvation medium. All images were taken at

60X magnification.

In Figure 4.20, we analyzed DNA content in dead cells with the DNA-
selective and cell-impermeant green, fluorescent dye Nuclear Green. MDA-MB-
231 cells exhibited a high-intensity fluorescence after treatment with PSI-LHCI
(12.5 pg/ml) and 24 h of incubation, representing the labeling of necrotic and
apoptotic cells after PSI-LHCI treatment. Previous studies with Annexin V/PI only
exhibited a red concentrated cell nucleus suggesting necrotic or late apoptosis cell
staining, whereas Annexin V did not show any typical apoptosis marker. Nuclear
green DCS1 results indicate MDA-MB-231 cells undergo late-stage apoptosis or
necrosis after PSI-LHCI 24 h treatment. Necrosis is evidenced by the presence of
dead cells product of environmental perturbations and pathologies that led to ROS
increase and mitochondria disruption, but fails to specify how the death occurred;
thus, further cell death mechanism assays followed [192,195].
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4 .3.6 Mitochondrial Membrane Potential Assay

Intracellular loss of mitochondrial membrane potential (AWYM) was evaluated
in MDA-MB-231 cells using the lipophilic cationic fluorescent dye (5,5°,6,6'-
tetrachloro-1,1’,3,3’- tetraethylbenzimidazolylcarbocyanine iodide) through the JC-
1 assay by measuring the ratio of the aggregated red form fluorescence, which
tends to accumulate in the mitochondrial matrix, divided by the green monomeric
form fluorescence, that localizes in the cytosol. The ratio of red to green
fluorescence presents a decline in the average fluorescence signal upon
increasing the PSI-LHCI dose. In Figure 4.21, we observed that the PSI-LHCI
concentration of 50 pg/ml induced a decrease in the mitochondrial membrane
potential of MDA-MB-231 cells after treatment and incubation with JC-1 dye for 15
min, likely by direct interaction and destabilization of the mitochondrial membrane,
and consequently triggering cell death like other ROS-generating anticancer
activity drugs [196]. These results are statistically significant at the level of ****P <
0.0001 compared to the positive control Staurosporine with a significance level of
**P <0.01. However, at PSI-LHCI concentrations of 12.5 uyg/ml. MDA-MB-231 cells

retained their mitochondrial membrane potential.
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Figure 4.21. Evaluation of the mitochondrial membrane potential (AYM) of MDA-
MB-231 cells after treatment with PSI-LHCI. The bars represent mean £ S.D. where

n = 8. Asterisks indicate statistical significance with **P < 0.01 and ****P < 0.0001.

The red to green fluorescence ratio is reduced in dead cells and in cells
experiencing apoptotic or non-apoptotic cell death compared to healthy cells.
Thus, a decrease in mitochondrial membrane potential or depolarization is linked
to the opening of mitochondrial membrane permeability pores and the loss in
electrochemical gradient, which is utilized as a symbol of cell health [197]. Hence,
these results indicate that MDA-MB-231 cell death upon treatment with PSI-LHCI

is mediated by a mitochondrial-dependent pathway.
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4 .3.7 Autophagy-Associated Cell Death Assay

The final cell death mechanism examined was ROS-induced autophagy,
also known as macroautophagy via the LC3 lysosomal pathway. The
housekeeping ROS-induced autophagic cell death pathway was determined
following treatment with PSI-LHCI (12.5 pg/ml) in synchronously nutrient-starved
MDA-MB-231 cells. During the highly regulated lysosome-based cellular recycling
process, degradation of cytoplasmic components is mediated by the double-
membrane vesicles or autophagosomes, the morphological hallmark of
macroautophagy [198].

To directly measure autophagic vacuoles and monitor autophagic flux,
complete media and serum starvation conditions were used. Untreated negative
control MDA-MB-231 cells, positive controls, namely the autophagy inducer
rapamycin, and the lysosomal activity inhibitor and autophagic flux detector
chloroquine, in addition to experimental samples treated with PSI-LHCI after 24 h
of the incubation period, or induction was used. Fluorescence intensity was
detected in autophagic vacuoles after incubation with the green microscopy dual
detection reagent by confocal microscopy. Fixed-stained cells were monitored for
autophagy activity at 40X magnification using the standard FITC filter set for
imaging the autophagic signal. In contrast, the nuclear signal was obtained using
the DAPI channel. As observed in Figure 4.22, the accumulation of the green
detection reagent, represented by localized globular autophagic vacuoles or
vesicles, was identified in the positive controls, rapamycin, rapamycin &

chloroquine as dotted structures of increased fluorescence intensity.
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Phase Contrast Autophagic Vesicles DAPI Merge

Figure 4.22. Autophagy confocal microscopy studies in MDA-MB-231 cells.
Phase-contrast of MDA-MB-231 cells, untreated cells, autophagy inducer
rapamycin, and chloroquine as a positive control. Blue nuclear stain (DAPI filter)
and green autophagic vesicles (FITC filter) of cells in complete medium. All images

were taken at 40X magnification.

Untreated and chloroquine-treated MDA-MB-231 cells were incubated in L-
15 medium with 1% FBS, where the starvation medium is recognized as an

autophagy inducer treatment and chloroquine as a positive control. Figure 4.23A
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revealed a typical uniform but diffused positive autophagy signal in the cytoplasm
and the nucleus, likely due to the incubation period as stated in the manufacturers’
protocol response to controls is time and concentration dependent. The starvation
medium is recognized as an autophagy inducer treatment.

After treatment with low critical micellar concentration detergents such as
DDM, membrane pigment-protein complexes such as PSI-LHCI self-assemble in
larger mixed protein-detergent oblate ellipsoid micelles while retaining their
functional and biological properties, thus enabling interaction with the cell
membrane and cytotoxic effects during in vitro studies [140]. Experimental
treatment of MDA-MB-231 cells with PSI-LHCI (12.5 pg/ml) after 24 h of incubation
time revealed a bright fluorescent orange signal obtained using the Alexa Fluor
555 channel corresponding to the autofluorescent pigment-protein complex. The
blue nuclear stain Hoechst exhibited typical nuclear staining. The green detection
signal observed in the TNBC MDA-MB-231 cells as punctuate structures in the
autophagic vacuoles and diffused throughout the nucleus and cytoplasm is
presumably the LC3 autophagosome marker protein. These results confirm that
ROS-rich PSI-LHCI pigment-protein complex in serum starvation conditions

induces autophagy (Fig. 4.23B) [199].
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Phase Contrast Autophagic Vesicles DAPI Merge

Phase Contrast Autophagic Vesicles DAPI PSI-LHCI

Figure 4.23. Autophagy confocal microscopy studies in MDA-MB-231 cells.
Phase-contrast MDA-MB-231 cells, untreated cells, starvation, and Chloroquine
as a positive control (A). PSI-LHCI after 24 h of incubation with a concentration of
12.5 pg/ml (B). Blue nuclear stain (DAPI filter), green autophagic vesicles (FITC
filter), PSI-LHCI (Alexa 555 filter) of cells in serum starvation medium. All images

were taken at 40X magnification.
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4.4 Conclusions

At first, Chl a fluorescence transients OJIP analysis was used as a ROS
stress and high light energy detector to study photoprotective defense
mechanisms. As a photosynthetic organism, B. braunii must avoid the adverse
effects of excess light; consequently, with the results obtained, intense LED light
conditions to generate ROS were averted. Exposure of MDA-MB-231 cells to ROS-
rich PSI-LHCI has resulted in attenuated cell death following autophagic and
necrotic cell death mechanisms. This research explores the potential of B. braunii
PSI-LHCI as a human breast cancer cell therapy candidate, however, strategies in
designing microalgal PSI-LHCI delivery systems to ensure the specificity, stability,
efficacy, and increased bioavailability of the pigment-protein complex for in vivo
application are critical for forthcoming studies. The assessment of proliferation,
migration, and invasion of cancer cells would address PSI-LHCI potential as an
anticancer agent. Future work will focus on the processing technologies and
economic feasibility of microalgal-based high-value products by optimizing protein
purification methods, improving vyield, and addressing pharmaceutical
marketability challenges. Unanswered questions remain; thus, careful
consideration should be given to the interplay and manipulation of ROS and
autophagy to induce death in cancerous cells. To date, and as far as we know, this
is the first study to report the cytotoxic effects and mechanisms of cell death

induced by B. braunii PSI-LHCI against the TNBC cell line MDA-MB-231.
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