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INTRODUCTION

The contemporary society will inevitably face a resource crisis, more specifically, the fossil
fuel reservoir will be depleted based on the increasing number of Earth’s inhabitants (according to
UN, there are 7.7 billions inhabitants at the present time and by the end of the 21% century, an
impressive number of 12 billion inhabitants is expected), the rising life expectancy and the continual
economic growth. The life expectancy has doubled and the energy requirements have increased
almost 35 times in the last 2 centuries. Currently, 80% of the globally consumed energy is based on
fossil fuels. It is expected that by 2030-2040 the exploitation of natural fossil fuel resources will be
at its maximum, closely followed by a steep decline. Undoubtedly, there is a growing need for
utilizing renewable energy sources, which can be easily achieved due to the technological
advancements in this particular domain.

Microalgae are a source of renewable energy and can be used in biofuel production because
of their many advantages, which will be discussed in the Theoretical part of this thesis.

Botryococcus braunii (Class Trebouxiophyceae) is an ideal candidate because it can
synthesize high amounts of hydrocarbons which can be up to 86% of their dry weight in optimal
growth conditions (Brown et al., 1969); these hydrocarbons are similar to those found in fuel
reservoirs. Strains of B. braunii are classified in four chemical races: A, B, L and S, based on the
type of hydrocarbons they synthesize.

The present thesis aimed at: i) morphological characterization, optimization of nucleic acids
extraction methods from the microalga biomass and establishing a protocol for the amplification
and isolation of the transcripts and the genes involved in the squalene-synthase activity at different
strains of Botryococcus genus, deposited in the Algae and Cyanobacteria Collection of the Institute
of Biological Research, Cluj- Napoca (AICB); 2) identification of the squalene-synthase like
primary transcripts and genes and the 3D prediction of the aforementioned proteins structure and
domains.

The originality of this thesis is due to the number of investigated algal strains, which were
all isolated from regions of Transylvania, and aims to add value to the existing Algae and
Cyanobacteria Collection of the Institute of Biological Research, Cluj-Napoca.

I would like to mention that this thesis was written under the close supervision and guidance
of my supervisor, Prof. Dr. Nicolae Dragos, to whom I wish to sincerely thank for the advice given

during my PhD years.
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Chapter. I. FOSSIL FUELS GENERAL INFORMATIONS AND SOURCES
OF ALTERNATIVE ENERGY

The global consumption of energy is divided as follows, according to figure 1: petroleum
remains the main energy source representing 33% of the total used energy, followed closely by coal
(27.5%), then natural gas (24.1%), hydroelectricity (6.9%), nuclear power (4.4%), and lastly, the
renewable energy comprise a percentage of 4.1% (British Petroleum, 2019). Petroleum is the most
important energy source used nowadays, exceeding all the other fuels. Fossil fuels are formed in the
ground, at high temperatures and pressure, at comparably low rates in comparison to the high
demand and consumption levels. Thus, fossil fuel sources are not considered to be renewable energy
sources because there is a significant gap between the formation and consumption of petroleum. For
this matter, the future viewpoint is to make a transition towards alternative energy sources and
redirect the fast-developing technology in this area (Kirtay, 2009).

The energy sources are classified in two main groups: fossil fuel energy sources and
renewable energy sources, which constitute non-renewable and renewable energy resources. Non-
renewable resources include coal, petroleum, natural gas and fissile nuclear fuel (uranium and

thorium), while renewable power resources include wind, geothermal, solar, hydroelectricity and

biomass.
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Fig. 1. The global energy consumption during 1984-2018, represented in tonne of oil equivalent
(TOE). The global petroleum consumption in 2018 remains the main energy source, with 33% of

the total energy consumed (British Petroleum, 2019).



Fossil fuels are currently used to produce over 80% from the total energy, but due to the
technological advancements and the new discoveries in the area of renewable energy, there is an
interest towards the new renewable energy sources (Demirbas, 2016).

The utilization of fossil fuels as primary sources for energy generation will result in an
energy crisis and considerable pollution of the environment. The cost of energy that can be obtained
from renewable energy sources (wind, geothermal and solar power, hydroelectricity and biomass)
can be competitively attractive with the cost of energy obtained from the non-renewable sources
(petroleum, coal and natural gas) because of the advanced technology in this area. As a consequence,
the renewable energy sources will become more and more appealing because the fossil resources
will become limited (Demirbas, 2016).

The renewable energy sources include: solar energy, hydroelectric energy, wind power,
geothermal energy and energy which can be generated from biomass. In 2018, the hydroelectric
energy comprised 62.8% of the total utilized alternative energy, followed by wind power (19%),
geothermal energy, biomass and other types of alternative energy reaching 9.4%, and the solar
energy was used in the lowest amount, with 8.8% (British Petroleum, 2019). Lately, there is an

increase in the biofuel production from algae (Dale ef al., 2011).

Chapter II. MICROALGAE AND BIOFUELS PRODUCTION - A VIABLE
ALTERNATIVE TO FOSSIL FUELS?

Microalgae are photosynthesizing organisms capable of carbon dioxide fixation, from
various sources: atmospheric CO>, CO> from industrial processes or dissolved carbonate salts
(Brennan and Owende, 2010). The biological CO; fixation by microalgae has more advantages
because no additional CO; is formed and the nutritive compounds are continually consumed, thus
hydrocarbons (Judd et al., 2017) or other secondary metabolites of economic interest are produced
(da Rosa et al., 2018).

Using microalgae for biofuel production has various advantages: i) microalgae synthesize
and accumulate large quantities of neutral lipids (Spolaore et al., 2006; Ghafari et al., 2018); ii)
microalgae can be cultivated in areas with favorable climate and be productive the entire year
(Chisti, 2007; Demirbas, 2016); iii) microalgae cultivation requires a small quantity of water
(Dismukes et al., 2008); iv) microalgae cultivation does not require expensive maintenance
treatments (Rodolfi et al., 2008; Ortiz-Marquez et al., 2013); v) algae can have a substantial role in
reducing greenhouse gas emissions by capturing CO> from different sources (Consoletti and
Prinsen, 2019); vi) algae can be used in bioremediation of various pollutants from contaminated

wastewater (Cantrell ef al., 2008; Salama et al., 2017; Yang et al., 2019); vii) some algal species
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can grow in saline or brackish water or coast waters or on non-arable lands, thus not competing with
the resources needed in agriculture (Searchinger ef al., 2008); viii) the algal biomass can be used to
produce biofuels (Voloshin et al., 2016; Bibi et al., 2017).

Biofuels are classified in primary and secondary biofuels. The primary biofuels can be used
without additional treatments and the secondary biofuels are used after the biomass has been treated.
Secondary biofuels can be further classified into first, second and third generation biofuels,
depending on the raw materials they are based on and the treating processes they go through (Nigam
and Singh, 2011).

First generation biofuels are formed by fermentation of polysaccharides or starch extracted
from culture plants or from corn seeds or other plants with high content of starch (Marzo ef al.,
2019).

Second generation biofuels are obtained from lignocellulosic biomass. The greatest
advantage of these biofuels is the used raw material, which is mainly inedible and thus, does not
compete with the food resources (Naik et al., 2010).

Third generation biofuels are derived from bacteria, yeasts or microalgae and consist mainly

of bioethanol and biodiesel (Chisti, 2007; Nigam and Singh, 2011).

CHAPTER III. BIOLOGY AND FATTY ACIDS METABOLISM OF
BOTRYOCOCCUS BRAUNII

Botryococcus braunii (Chlorophyta) is a colonial microalga, that can intracellularly
synthesize and then excrete large quantities of hydrocarbons, which are then accumulated in the
extracellular colonial matrix. These hydrocarbons are up to 86% of the dry weight of the algal
biomass in optimal growth conditions (Brown et al., 1969).

Under the optical microscope, the cells have a pear-shaped form as seen from a lateral
position and a rounded shape seen from a vertical position. The cells are most frequently grouped
in colonies, but they can be rarely observed singular. The colonies have a spherical, elliptical or
even irregular shape (approx. 100 pm), some strains also form sub-colonies which are held together
by refringent hydrocarbon string-like connections (Hegedis et al., 2014). The chloroplast is located
adjacent to the plasma membrane, is cup-shaped, has at least 2 major lobes, extending up to the cell
apex (Wolf and Cox, 1981). The cells reproduce asexually, by generating 2 to 4 autospores through
mitosis (Komarek and Marvan, 1992). The cell also contains mitochondria, endoplasmic reticulum

and Golgi apparatus with a high number of vesicles and lipid droplets (Largeau et al., 1980a).



Strains of B. braunii synthesize different type of hydrocarbons. B. braunii is subclassified in
three chemical races: A, B and L. The chemical race A synthesizes n-alkadiene and/or n-trienes and
derivatives (C23-Cs3) (Metzger et al., 1986; Metzger and Largeau, 2005). The chemical race B algae
accumulate n-triterpenes, predominantly botryococcenes (C3o-Cs7) (Metzger et al., 1985; Metzger
and Largeau, 2005), squalenes and methylated derivatives (Huang and Poulter, 1989; Achitouv et
al., 2004). The chemical race L algae synthesize lycopadiene and lycopatriene (Metzger and
Casadevall, 1987; Metzger et al., 1990; Thapa et al., 2016). Kawachi et al. (2012) have discovered
another chemical race of B. braunii, named S chemical race, and this algae synthesize n-alkanes and
epoxy n-alkanes.

Squalene and botryococcenes synthesis in B. braunii consist of two reactions. In the first
reaction, two farnesyl diphosphate (FPP) molecules are head-to-head condensed and presqualene
diphosphate (PSPP) is formed. In the second reaction, presqualene diphosphate is reduced in
presence of NADPH cofactor and squalenes are formed, with a C1-C1’ bond between the farnesyl
diphosphate molecules (Blagg and et al., 2002). Poulter (1990) suggests that botryococcenes
synthesis may take place through a similar mechanism, with the first reaction being common to the
squalene synthesis, but in the second part, due to the reduction of PSPP, a C3-C1’ bond is formed
between the two farnesyl diphosphate molecules. Niehaus et al. (2011) use a de novo cDNA
assembly approach to identify three enzymes involved in the last steps of squalenes and
botryococcenes synthesis in B. braunii. These enzymes were names squalene synthesis-like. SSL-1
is involved in the condensation of FPP molecules in PSPP, afterwards, PSPP is converted to
squalene (SSL-2) or botryococcene, all three reaction are NADPH-dependent.

B. braunii has a great biotechnological potential due to the hydrocarbon synthesis and
accumulation in the extracellular matrix. They can be up to 86% of the dry weight, depending on
the growth conditions and the strain (Brown et al., 1969; Wolf and Cox, 1981).

The pigments composition of B. braunii chemical races was also studied. One of the most
important carotenoids found in B and L chemical races is lutein (20-29% of the total carotenoids),
followed by B-carotene, echinenone, 3-OH echinenone, canthaxantin, violaxanthin, loroxanthin and
neoxanthin (Ranga Rao et al., 2017).

Some B. braunii strains produce up to 4.0-4.5 g/L EPS, but they produce few hydrocarbons
(5% from the dry weight). Strains belonging to A and B chemical races can produce up to 250 mg/L
EPS, while strains belonging to L chemical race produce up to 1g/L (Banerjee et al., 2002).
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Chapter IV. OBJECTIVES OF THE STUDY

More than 1300 algal strains from 9 principal phyla (Chlorophyta, Cyanobacteria,
Euglenophyta, Xantophyta, Bacillariophyta, Cryptophyta, Rhodophyta, Chrysophyta and
Dinophyta) can be found in the Alga and Cyanobacteria Collection of the Institute of Biological
Research (AICB) from Cluj-Napoca. Both B. braunii race A and B. terribilis race B belong to this
collection, even if they are not found in impressive numbers, but their importance is of great
significance.

Botryococcus braunii is a unicellular, colonial microalga, belonging to Chlorophyta phylum,
Trebouxiophyceae class. The importance of this alga comes from its capability to synthesize and
accumulate hydrocarbons similar to those found in petroleum deposits. Lately, the synthesis
mechanism of these hydrocarbons has been of great interest in the scientific community. However,
a mass production of these hydrocarbons cannot be implemented and remains a desired process in

the future.

In the present study, the following objectives have been proposed:

> The morphological characterization of Botryococcus strains, both race A and race B,
found in the AICB Collection, through light and fluorescence microscopy, using Nile Red and
Neutral Red dyes.

> Testing nucleic acid extraction methods and standardization of a PCR protocol to

amplify and isolate the primary transcripts and the genes involved in the squalene synthase activity.

> Identification of primary transcripts and the SSL genes, analysis of the conserved
regions and establishing phylogenetic relationships among enzymes involved in the hydrocarbon

synthesis pathways in race B algal strains.

> Three-dimensional protein structure prediction of the main structural domains of
squalene synthesis-like proteins, by comparing the proteins found in B. terribilis AICB 870 strain

and those characterized in B. braunii Showa strain.
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Chapter V. MATERIAL AND METHODS

V. 1. Algal strains and growth conditions

The algal strains used in this paper were isolated from the algal flora of Transylvania, from
various ponds scattered in Cluj, Mures and Bihor counties. These strains are AICB 53, AICB 413
AICB 414, AICB 415, AICB 416, AICB 438, AICB 442, AICB 475, AICB 870, AICB 872 and
AICB 874.

V. 2. Light and fluorescent microscopy
The morphological analysis was made by light and fluorescence microscopy. Nile Red was
used to visualize the hydrocarbon content and lipid droplets, whereas Neutral Red was used for

visualizing vesicles.

V. 3. Molecular analysis

The protocol established for identifying the primary transcripts and the genes involved in the
squalene synthesis activity in Botryococcus AICB strains consisted of the following steps: 1)
growing and obtaining algal biomass (see Section V. 3. 1.); ii) isolation of gDNA and total RNA,
by using both commercial kits and the classical phenol:chloroform:isoamyl alcohol extraction
method (see detailed information in Sections V. 3.2 and V. 3.3); iii) cDNA synthesis (Section V.
3.4); iv) primer design and in silico primer testing, PCR amplification using both standard endpoint
PCR and Touchdown PCR, isolation and cloning of the obtained fragments (Section V. 3.5); v)
sequencing of the isolated SSL genes, chromatography analysis and contig generation (Section V.

3.6).

V. 4. Phylogenetic analysis

The phylogenetic analysis was made using the available databases, UniProtKB/Swis-Prot
and GenBank. Two data sets were used in order to construct phylogenetic trees. One data set
contained 68 protein sequences from all groups of organisms that were used for identifying the
conserved domains and phylogenetic analysis. The other data set contained 24 proteins from algal
organisms that were used for phylogenetic analysis. The sequences were aligned using Mega7
(Kumar et al., 2016), ClustalW algorithm (Larkin ef al., 2007) by default settings. The phylogenetic
trees were generated using multiple alignments, the following methods: Maximum Likelihood (ML)

and Neighbor-Joining (NJ) with a set bootstrap value of 1000 replicates.
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V. 5. Three-dimensional protein structure prediction

In order to predict in silico the three-dimensional protein structure of SSL, the following
steps were carried: i) generation of the raw three-dimensional structure using Phyre2 server
(Lawrence et al., 2015); ii) quality control of these structures using the following programs:
RAMPAGE (Lovell et al., 2003), ProSA-web (Wiederstein and Sippl, 2007) and MolProbity (Chen
et al., 2009); iii) structure refinement using GROMACS (Abraham et al., 2015) based on the
PREFMD protocol (Heo and Feig, 2018); iv) quality control of the refined structures, using the same
programs; v) identifying the functional regions using ConSurf server (Ashkenazy et al., 2016); vi)
prediction of the binding sites for ligands using P2Rank (Jendele ef al., 2019; Krivak and Hoksza,
2018); and COACH (Yang et al., 2013); vii) visualization of the three-dimensional structures and
image generation with UCSF CHIMERA (Peterson ef al., 2004).
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Chapter VI. RESULTS AND DISCUSSIONS

VI. 1. Light and fluorescence microscopy

The investigated algal strains possess all the morphological characteristics to B. braunii race
A as described previously by Largeau et al. (1980b), Wolf and Cox (1981), Komarek and Marvan
(1992), Weiss et al. (2012), Hirose et al. (2013), Hegedds et al. (2016).

The colonies are loose, have a spherical (Fig. 2-D1) or elliptical shape. The dimension of the
colonies varies between 21 pm (Hegedls et al., 2016) and 80 pm (Fig. 2-D2). The extracellular
matrix is composed of a crosslinked hydrocarbon network (Fig. 2-D2). The cells are bound by a
cup-shaped mucilaginous (Fig. 2-A2), telescopic and stratified (Fig. 2-C1), hydrocarbon rich (Fig.
2-B2, Fig. 2-C2) sheath. The sheath covers almost 2/3 of the cell, with the exception of the apical
region, which forms a colorless polysaccharides cap (Fig. 2-A4), without any hydrocarbons (Fig. 2-
B4).

The double-dyed technique (Nile Red and Neutral Red) revealed the presence of vesicles
and the lipid droplets, which are closely related to the algal growth phase and cellular division (Fig.
2 A1-3).

The morphological observations of Botryococcus AICB 413, 414, 418, 438, 442 and 870
algal strains (Fig. 3) showed a pear (Fig. 3D) or spherical (Fig. 3-E1) shape of the algal colonies.

The sub-colonies are compact, held together by mucilaginous string-like connections (Fig.
2-3A, C, D-black arrow), rich in hydrocarbons (Fig. 3B — white arrow). In some cases, AICB 870
strain possessed at the periphery side of the colonies short, irregular, mucilaginous processes,
sometimes they can appear branched (Fig. 3A, C, D — white arrow); these mucilaginous processes
are rich in hydrocarbons (Fig. 3B). In some cases, hydrocarbon droplets could be observed on these
string-like connections or nearby colonies (Fig. 3E1).

The cells are pear-shaped and are defined by a cup-shaped mucilaginous sheath, radially
directed, and partially or totally embedded in a hydrocarbon rich mucilaginous matrix (Fig. 3B and
E3).

The lipid droplets were observed under the fluorescent microscope using Nile Red dye (Fig.
3B, E3); these droplets are abundant and have variable dimensions. They play an important role in
the extracellular excretion of hydrocarbons and their accumulation in the extracellular matrix. In
some cases, hydrocarbon droplets can be observed because of the lamellar pressure (Fig. 3 E1).

All the observations made by light microscopy indicate that the investigated Botryococcus
AICB strains have all the characteristics specific to B. terribilis, according to the descriptions made

by Komarek and Marvan (1992), Trevino et al. (2009), Mendes et al. (2012), Hegeds et al. (2014).
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Fig. 2. Light and double-dyed fluorescence microscopy (Nile Red and Neutral Red) on algal cells of B.
braunii AICB 53. The cells are found in different division phases: cells in interphase have a large number of
red, neutral-positive, centrally-located vesicles (Al) and few lipid droplets (B1); cells already in division or
that enter mitosis have a few vesicles (A2) and an increasing number of lipid droplets (B2); once the septum
is formed, the number and volume of the lipid droplets is increasing (B3). The cells have at the apical pole a
polysaccharide (B4) cap (A4), and are surrounded by a hydrocarbon rich (C2) cup (B2, C1). The cell form
loose colonies (D1), which are embedded in a hydrocarbon rich extracellular matrix (D2). The images have

Nomarski effect. Bar =20 pm for all images.
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Fig. 3. Light microscopy images that show the colonial organization of B. ferribilis AICB 870 (A-
D). The sub-colonies are held together by mucilaginous string-like connections (A, C, D — black
arrow) and various mucilaginous processes (A, C, D — white arrow) that are impregnated with

hydrocarbons (B).

VL. 2. Molecular analysis

VL. 2. 1. DNA and RNA isolation

Nucleic acids were isolated using various commercial kits and also with the phenol-
chloroform-isoamyl alcohol (PCI) method. The obtained nucleic acids yields highlighted the
following conclusions: ZR Soil Microprobe DNA MiniPrep™ and the PCI extraction method gave
the best results, with high yield and purity of nucleic acids. The highest yield of DNA was obtained
from AICB 416 strain (398.9 ng pL!, with a value of 2.16 at Ayso/Asso ratio and 2.30 at Axeo/A230
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ratio). The highest yield of RNA was obtained from AICB 874 strain (3228.4 ng pL!, with a value
of 1.98 at Azxso/Azsoratio and 1.92 at Azeo/Azsoratio). The obtained data are comparable with the data
obtained by Kim et al. (2012) and Ghawana ef al. (2011), where similar isolation methods were

used for various B. braunii strains.

VL. 2. 2. PCR amplification of primary transcripts of SSI-1, SSL-2 and SSL-3 genes
The squalene synthase-like primary transcripts from chemical race B (Fig. 4) were amplified
by TD-PCR, by screening between a large set of primer combinations. The amplified PCR products

with the de novo designed primers were checked on agarose gel electrophoresis.

SSL1 - F+R SSL1 - F+1100 SSL1 - F+R3 SSL1 - 704R A

5000 M  874a 874b B74g 870a 870b 874a 874b 874g 870a 870b 874a 874b 874g 870a 870b 874a 874b 874g 870a 870b M

2000
850 =) @
400
100

SSL1 - 70+R3 8SSL1 - F2+R SSL1 - F2+R2 SSL1 - F2+R3

5000 M  874a 874b 874g 870a 870b 874a 874b 874g 870a 870b 874a 874b B74g 870a 870b 874a 874b 874g 870a 870b

2000
850 ‘__’-—- — (3 3
400 . :
100

AICB 870 - SSL2 (ADNc random primer)
F 50 F2 F3

R 1300 R2 R3 R 1300 R2 R3 R 1300 R2 R3 R 1300 R2

AICB 870 - SSL3 D
M F+R F+1099 F+R2 F+R3 40+R 40+1099 40+R2 40+R3 F2+R F2+1099 F2+R2 F2+R3

-»

Fig. 4. Agarose gel electrophoresis of the primary transcripts for SSL-1 (A and B), SSL-2 (C) and
SSL-3 (D) obtained by TD-PCR. (A-B) TD-PCR using as template cDNA synthesized with
universal primers (870a, 874a), oligo (dT)1s (870b, 874b) or gDNA (874g). The amplified fragments
that represent the three primary transcripts are indicated with a white arrow.

VL. 2. 3. PCR amplification of SSL-1, SSL-2 and SSI-3 genes

SSL genes were amplified by gradient PCR (the thermal gradient was applied during primer
annealing), which resulted in the successful amplification of the SSL-1 gene (Fig. 5A), a single
4000bp DNA fragment, and 4 different DNA fragments, varying between 400-2000bp length, that
were thought to belong to SSL-3 gene. However, for the downstream applications only the 2000bp
DNA fragment was chosen (Fig. 5B). The DNA fragments were gel isolated and cloned before being
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sent to sequencing. The genes belonging to the chemical race B strains could not be amplified and

isolated from strains belonging to chemical race A.

M 48°C 50.4°C 51.8°C 53.3°C 54.7°C 57.5°C [58.5°C|] 60°C

#\-4 - .

5000 50°C | 52.1°C 54.5°C 56.9°C 58.1°C 60°C
2000

850

400

AICB 870 SSL1-F2+R3 (A) 100 AICB - 870 (SSL3-F2+R2) - (B)

Fig. 5. Agarose gel electrophoresis of PCR products obtained after amplification of SSI-1 (A) and

SSL-3 (B). The framed samples were selected for subsequent analysis.

SSL-1 gene was amplified in chemical race B strains with SSL1-F2 and SSL1-R3 primer
pair. Agarose gel electrophoresis highlighted the presence of amplified DNA products in the
following strains: AICB 413,414,416, 438, 442 and 872. The length of the amplified DNA products
was similar to that of AICB 870 strain.

M 53 379 413 414 416 436 438 442 470475 850 872 874

W v - it v -

Fig. 6. Agarose gel electrophoresis of amplified SSL-1 gene from the following AICB strains: 413,
414, 416, 438, 442 and 872.

VL. 2. 4. Sequencing and identification of squalene-synthase like genes

The obtained DNA chromatograms after sequencing were manually annotated and compared
using BLAST algorithm. The DNA fragments amplified and isolated in this study showed a 95.78%
to 99.91% identity to Botryococcus braunii Showa genes (HQS585058.1, HQ585059.1 si
HQ585060.1), published by Niehaus et al. (2011) according to the BLAST report.

The DNA fragments were sequenced by the primer walking technique because of their high
length. The following contigs were generated after assembly and annotation: AICB 413 (3828pb),
AICB 414 (3615pb), AICB 416 (3845pb), AICB 438 (3614pb), AICB 442 (3755pb), AICB 870
(3821pb) and AICB 872 (3811pb).

SSL-1 gene structure was determined based on alignments between the nucleotide sequences

and the primary transcripts fragments. SSL-1 gene isolated from AICB strains has 8 exons, varying
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in length between 101 and 246 nucleotides, and 7 introns varying between 345 and 675 nucleotides.
Chromatogram analysis (Fig. 7) also revealed the 864-940 repeated sequence of intron 2. Repeated
sequences or GC-rich sequences are characteristic of eukaryotic gene organization (Amit et al.,

2012). These regions can be sequenced with great difficulty due to secondary structures formed by

the DNA template and the need for a higher melting temperature in order to be denatured (Choi et
al, 1999).

Fig. 7. Chromatogram of a DNA fragment, that indicates the repetitive region 864-940 obtained after SSL-
1 gene sequencing (AICB 870) with SSL1-G2F primer.

VI. 2. 5. Analysis of the conserved domains

The multiple alignment between the investigated squalene synthase-like proteins and those
found in databases showed 4 conserved domains, 2 aspartate-rich motifs that bind divalent Mg*"
ions and a NADPH binding motif. These domains and motifs were also previously described by
Nakashima et al. (1995), Hata et al. (1997), Gu et al. (1998) and Lee and Poulter (2008). In this
paper, the domains were numbered I-IV and are similar to those described by Lee and Poulter

(2008).

VL. 2. 6. Phylogenetic analysis

The phylogenetic trees showed common features of squalene synthase proteins, irrespective
of the used algorithm, ML or NJ. The generated phylogenetic trees were grouped in 3 principal
clades (Fig. 8): I clade (Tracheophyta), II clade (Botryococcus) and III clade (phyla Chordata,
Ascomycota and Basidiomycota).

SSL protein sequences belonging to II clade were grouped in 3 distinct sub-clades: subclade
II.1 was comprised of SSL-1 (100/100), subclade I1.2 was comprised of SSL-2 and LOS sequence
(99/93), subclade I1.3 was comprised of SSL-3 and a sequence of Songkla Nakarin chemical race L
strain (36/47).
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Solanum tuberosum - BAAB2083 1
Solanum lycopersicum - DOVFUB.1
Withania somnifera - ADW78251.1
Capsicum annuum - AAD20626 1
Nicotiana tabacum - AAB08578.1
Nicotiana benthamiana - P53800.1
Trigonella foenum-graecum - APA182897 .1
Betula platyphylla - AKR76253.1
Glyeyrrhiza uralensis - ADG36701 1
Glycyrrhiza glabra - AMRSB504 1
Lotus japonicus - BAC56854 .1
Glycine max - BAA22558.1
Malus domestica - AGS78117 1
Eriobotrya japonica - AFI33135.3
Salvia miltiorrhiza - AJR21118.1
Bacopa monnieri - ADX01171.1
Gardenia jasminoides - AYCB62335.1
Lonicera macranthoides - QEA72088.1
Trachyspermum ammi - AUZ98402 1
Bupleurum falcatum - AAY46017.1
Panax japonicus - ALB3BEE4.1
Panax sokpayensis - AMT75533 1
Panax ginseng - ADA1P7Y0D0.1
Lepidium apetalum - ARAT3617.1
Arabidopsis thaliana - P53799.1
3 Saussurea involucrata - APG29283.1
24 99 Matricaria chamomilla var. recutita - AX87183.1
100 L— Arternisia annua - AAG14896.2
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49 Paris polyphylla var. yunnanensis - AGVV25489 .1
E Fritillaria thunbergii - AHB20141 2
83 62 Alisma plantago-aquatica subsp. orientale - AFYG3035.1
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43 Zea mays - BAA22558.1
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| Ginkgo biloba - APB03418.1
9 Taxus cuspidata - ABI14439 1
" Pinus massoniana - AHI9B421.1
Dryopteris fragrans - AWVD4728 1
Huperzia serrata - AEX58673.1
Botryococcus braunii SSL-1 - GOY286.1
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Fig. 8. Phylogenetic tree of squalene-synthase sequences from AICB strains and databases, built by
ML algorithm, LG+G model. The branch numbers indicate the bootstrap value, from 1000

replicates.
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VIL.3. Three-dimensional protein structure prediction

VL. 3. 1. Primary structure analysis (physico-chemical parameters)

The analyzed physical and chemical parameters were: 1) amino acid sequence length (aa); ii)
molecular weight; iii) theoretical isoelectric point (pl); iv) total number of negatively charged
residues (Asp + Glu); v) total number of positively charged residues (Arg + Lys); vi) total number
of atoms; vii) extinction coefficient; viii) estimated half-time; ix) instability index and x) GRAVY
index. The physical and chemical parameters were computed using the ProtParam tool of ExXPASy
(Gasteiger et al., 2005).

The physical and chemical parameters analysis revealed similar values for most of the
parameters, however, the different values resulted from the partial sequences of SSL-2 and SSL-3.
SSL-1 had a unique pl value, 7.96, and also a positive electrical charge in comparison to the

neutrally charged SSL proteins from B. braunii.

VL. 3. 2. Secondary structure analysis

All three SSL proteins have approximately the same number of a-helix and -sheet motifs,
according to the secondary structure prediction. However, the AICB 870 SSL-2 protein has only 2
TM domains and the Showa SSL-2 protein has 3 TM domains. The 2 transmembrane domains found
in AICB 870 SSL-2 protein are represented by the CHY VAGLVGCAV AKIF aa sequence between
136-151 and RLLLVVGVVAYFVYAFN aa sequence between 364-379. The N- and C-terminus
are found on the same membrane side due to the partial sequence of SSL-2. The B. braunii Showa
SSL-2 protein has the following TM aa sequences: CHYVAGLVGSAV between 169-184,
RLLLLVGVVAYFAY AF between 397-412 and KGLAVASVALLLLVLLA between 435-351. A
model of the generated report with Phyre2 of to the secondary structure prediction of B. terribilis

AICB 870 SSL-2 protein is illustrated in Fig. 9.

VL. 3. 3. Three-dimensional structure prediction

The three-dimensional protein structures of B. terribilis AICB 870 and B. braunii Showa
(available in GenBank) squalene synthase-like proteins were generated using Phyre2 server. The
structure prediction was generated by homology analysis with proteins whose structures were
experimentally obtained, by RMN or X ray methods. The models used for structure prediction were:
3wcee C (Trypanosoma cruzi squalene synthase) and lezf A (human squalene synthase), the N and
C-terminus of proteins were ab initio constructed, due to lack of information regarding the end

terminus amino acid sequences.
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Fig. 9. Secondary structures (a-helix and B-sheet) of squalene synthase-like 2 from B. terribilis
AICB 870 predicted with Phyre2. According to the predicted secondary structures, SSL-2 has: 13%

disordered regions, 69% o-helix, a single B-sheet and 8% TM a-helix.

339 amino acids were modelled with more than 90% confidence for SSL-1 (B. terribilis

AICB 870) after comparing the aforementioned models. These amino acids represent 85% of the

protein structure, meanwhile the rest of the structure, the remaining end regions, were ab initio

modelled due to lack of structural homology.
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In the case of SSL-2 (B. terribilis AICB 870), although the overall identity was higher, the
percentage of high confidence modelled residues was lower. This domain is formed of 334 amino
acids and is located in the central part of the protein, representing 83% of the protein total structure.
The ab initio modelled residues showed a lower confidence than 90% and were predominantly found
in the distal regions of the proteins, forming their ends.

SSL-3 structural model (B. terribilis AICB 870) was predicted with the highest confidence
score from all three proteins analyzed in AICB 870 strain. A 319 amino acid structural fragment
was predicted with >90% confidence. This domain constitutes 91% of the protein structure and
forms the core part of the protein. The end parts of the protein could not be predicted based on
models and were modelled ab initio. Squalene synthase-like proteins from B. braunii Showa were
predicted in a similar way.

The generated three-dimensional protein structures were qualitatively assessed by three
distinct methods: ProSA-web, Ramachandran plots (RAMPAGE) and a qualitative global
evaluation (MolProbity).

ProSA-web quality assessment indicated high-quality, promising results (Fig. 10). On the
other hand, Ramachandran plot indicated that not all generated models are qualitative enough. For
SSL-1 AICB 870 (Fig. 11 A1), only 86.5% of the amino acids were classified in favored regions,
while 15 amino acids remained in unallowed regions. A similar result was obtained for the structural
model of SSL-2 AICB 870 (Fig. 11 B1). 86.3% of amino acids were found in favored regions, while
20 residues were located in unallowed regions.

An additional quality test was used due to the inconsistency of the other two analysis. This
quality test is a structure-validation service based on experimentally obtained protein structures. All
predicted models were subjected to MolProbity validation program, which adds the hydrogen atoms
and provides detailed all-atom contact analysis. Quality structure evaluation depended only on the
global score of the protein, without local validation between carbon atoms from o and 3 positions.
Based on this analysis, only SSL-3 AICB 870 tridimensional model was similar enough to a native
structure with a global score of 3.05 (MolProbity score), followed by SSL-1 AICB 870 with 3.84
and SSL-2 AICB 870 with 3.93.

The previously predicted protein structures were subjected to a refinement process, by
applying the protocol used by PREFMD program, which refines the predicted structures by
molecular dynamics simulation. The protocol is described in section VI. 3. 3. 2.

The overall structure of the predicted proteins was improved after refinement. In the case of
SSL-1 protein from B. terribilis AICB 870, the percentage of amino acids found in the favored
region rose from 86,5% to 96,3% (Fig. 11 Az), and the number of residues from unallowed regions

was reduced (Tyr119, Asnl195, Arg234, Lys 356 and GIn357). This result was confirmed by the
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global score obtained with MolProbity which was also reduced from 3.84 to 1.17. ProSA-web
analysis (Fig. 10 A2) indicated a minor change of the Z score. SSL-2 AICB 870 protein structure
was also qualitatively improved, the percentage of residues located in the favored region rose to
94,4% and the number of residues in the unallowed region dropped to 4 residues: Pro225, Arg228,
Lys315 and Asp330 (Fig. 11 B»). The global score based on MolProbity validation improved from
3.93 to 1.26. SSL-3 protein showed a qualitative improvement after the refinement process, by
which the percentage of residues located in the favored region rose with 2% and reached 97.7%,
while the residues located in the unallowed regions remained the same (Fig. 11 C;). The Z score
obtained with ProSA-web was slightly improved from -7.30 to -6.47 for SSL-2 (AICB 870) (Fig.
10 By), but for SSL-3 (AICB 870) the Z score remained the same (Fig. 10 Cy).

The core part of the protein is almost identical between predicted and refined models
according to a comparative analysis between the raw and refined structures. The a helix motifs that
form the protein core were found to be stable, due to a high degree of symmetry and superimposition
between models (Fig. 12). Minor modifications could be noticed at the loop structures, which was
expected due to the high flexibility of these secondary structures.

In the case of SSL-1 (AICB 870), a disordered fragment could be noticed (Fig. 12 Al),
formed by 14 amino acids, which during refinement suffered a conformational change by 90° at
Lys40 and Asp41 (Fig. 12 A2). The same process was observed at the C-terminus where the chain
suffered a conformational change at Lys385.

In the case of SSL-2 (AICB 870), the structure has an anchor which includes one of the
transmembrane domains (Fig. 12 B1 and B2). This structural difference results from the
conformational change of Lys344 towards Ala343 by 30°.

After the refinement of SSL-3 (AICB 870) (Fig. 12 C1), two minor conformational changes
appeared. These changes came from 2 twists present in the only region with intrinsic disorder. The
first twist was identified between Arg28 and Lys29, and the second twist appeared towards Asp32
and was identified at Glu32.

SSL-3 tridimensional model (Fig. 12 C1) showed the smallest conformational change after
refinement from all three squalene synthase-like proteins from AICB 870, because the raw model
was initially of great quality. One of the reasons which lead to such a qualitative model was the lack
of disordered regions in comparison with SSL-1 and SLL-2. The disordered regions still constitute
one of the main reasons why 3D structure prediction is both computationally and experimentally
difficult to achieve, these disordered regions have high instability and flexibility.

After superimposing the squalene synthase-like pairs (SSL-1 Showa - SSL-1 AICB 870;
SSL-2 Showa - SSL-2 AICB 870; SSL-3 Showa - SSL-3 AICB 870), some differences were

observed at the end N- and C-terminus regions of the polypeptide chains. However, the local
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analysis of these regions indicated the presence of structural homology between them and the
differences reside from a symmetrical change of these regions. This is a common feature among
regions with intrinsic structural variability and high disorder. This summary presents the comparison

after superimposing 3D structures belonging to SLL-1 from Showa and AICB 870.

Squalene synthase-like from Showa and AICB 870

The amino acid sequence alignments of SSL-1 showed 5 mismatches at residues from the
following positions: 24, 124, 256, 259 and 263. The first two mismatches did not influence neither
the secondary, nor the tertiary structure (Fig. 13) because they were situated in a good structured o-
helix. The only visible difference was found at position 256 due to a loop formation. At this position,
Glu256 (Showa) was replaced by Lys256 (AICB 870) and it lead to a more pronounced bend of the
loop. Although there were no significant structural differences between the two SSL-1 proteins,
there was a significant difference of the isoelectric point. In the case of SSL-1 (Showa) the pl was
7.12 and the SSL-1 (AICB 870) pI was 7.96. This significant change in the isoelectric point could
be explained due to the substitution of Asp256, a negatively charged amino acid, with Lys256, a
positively charged amino acid, and the presence of Arg263.

The prediction of active and ligand-binding sites was generated using P2Rank (et al., 2019;
Krivak and Hoksza, 2018) and the conservation degree was verified using ConSurf (Ashkenazy et
al., 2016).

All analyzed structures presented two potential ligands: FPS — farnesyl phyrophosphate and
PS7{(1R,2R,3R)-2-[(3E)-4,8-dimethylnona-3,7-dien-1-yl]-2-methyl-3-[(1E,5E)-2,6,10-
trimethylundeca-1,5,9-trien-1-yl]cyclopropyl} methyl trihydrogen diphosphate. Mg?* divalent ions
were also identified that could be possibly involved in securing ligand binding to the active site.

Pocket prediction at SSL-1 AICB 870 indicated the presence of four potential pockets, but
only one of them was considered due to the high confidence score (Fig. 13 Al). SSL-2 from B.
terribilis AICB 870 showed nine potential pockets, but only the first one presented a score >50 and
the others were eliminated (Fig. 13 C1). Similarly, pocket prediction in the case of B. braunii Showa
indicated the same pocket number as in the case of all interrogated SSL proteins.

The identified pockets were partially superimposed with the four conserved domains that
were analyzed in section V1. 2. 5. Moreover, the amino acids involved in pocket formation indicated
a high conservation degree. These observation lead to the conclusion that the head-to-head
condensation of FPP moieties takes place in these pockets, which resulted in PSPP formation (SSL-

1), followed by conversion to squalene (SLL-2) or botryococcene (SSL-3).
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Fig. 10. Schematic representation of the obtained Z score with ProSA-web of SSL-1 (A), SSL-2 (B)
and SSL-3 (C) from B. terribilis AICB 870, before (subscript 1) and after (subscript 2) structure

refinement.
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Fig. 12. Three-dimensional protein structures prediction of SSL-1 (A), SSL-2 (B) and SSL-3 (C)
from B. terribilis AICB 870. 1 (red) — initial raw structure; before refinement, 2 (blue) — structure

after refinement; 3 — superimposing of initial and final structure.
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Fig. 13. Image illustrating the superimposed 3D - structures obtained after refinement of SSL-1
from B. terribilis AICB 870 (magenta) and B. braunii Showa (blue). The mismatched aa are
indicated, in green (AICB 870) and orange (Showa).
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Fig. 14. (1) - Schematic representation of predicted pockets with P2Rank; (2) Representation of
conserved domains according to Lee and Poulter (2008), Domain I — red, Domain II — yellow,
Domain III — green, Domain IV — blue, NADPH - binding domain — pink; (3) — Conservation degree
of aa residues according to ConSurf; from SSL-1 (A), SSL-2 (B) and SSL-3 (C) in B. terribilis
AICB 870.
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Squalene synthase-like are the enzymes involved in the biosynthesis pathway of
hydrocarbons and were firstly described and characterized in the green microalga Botryococcus
braunii (Niehaus et al., 2011). They described three enzymes generically named SSL-1 (EC:
2.5.1.103), SSL-2 (EC: 1.3.1.96) and SLL-3 (EC: 1.3.1.97), each enzyme being responsible for
catalyzing one specific reaction in the synthesis pathway. The biosynthesis pathway of
hydrocarbons in B. braunii and possibly, B. terribilis, starts from the head-to-head condensation of
two FPP moieties to form a stable intermediate compound, PSPP. This reaction is catalyzed by SSL-
1, afterwards, SLL-2 catalyze the NADPH-dependent conversion of PSPP to squalene. Similarly,
botryococcenes biosynthesis occurs with a PSPP intermediate which is converted to botryococcenes
by SSL-3 (Niehaus et al., 2011).

The comparative analysis of before and after refinement of 3D protein structures highlighted
the following: 1) the N-terminus of SSL-1 (AICB 870) was a disordered fragment formed by 14
amino acids which during refinement suffered a conformational change of 90° at Lys40 and Asp41,
and at the C-terminus a similar conformation change occurred at Lys385; and 2) SSL-2 (AICB 870)
showed the presence of an anchor which contains one of the transmembrane domains, the
conformational change was due to the twist of Lys344 towards Ala343.

The 3D proteins structures were also analyzed for potential ligands and two ligands were
discovered: FPS and PS7. Elumalai et al. (2018) observed that there is a third ligand, 8PH, in case
of SQS from B. braunii BB1.

Squalene synthase from plants were overexpressed in medicinal plants such as Panax
ginseng (Lee et al., 2004) or Eleutherococcus senticosus (Seo et al., 2005) in order to stimulate
triterpenes or phytosterols production. Co-expression of both SSL-1 and SSL-3 from B. braunii
Showa in yeasts yielded 100 mg L™ botryococcenes synthesis (Niehaus et al., 2011).

The number of papers which investigate the three-dimensional protein structure prediction
and analysis of squalene synthase-like enzymes from B. braunii or other species belonging to
Botryococcus is very low. From firstly being published in 2011 by Niehaus et al. Till now, only two
other studies investigated the 3D protein structure of SSL in B. braunii Showa. These two studies
are by Bell et al. (2014) and Elumalai et al. (2018). Bell et al. (2014) used 3D protein structure
prediction and directed mutagenesis to understand the rearrangement of PSPP molecules at 1°-1 and
1’-3 bonds, and also tried to identify the amino acid residues and/or domains that were involved in

this crucial step of the squalene and botryococcenes synthesis pathway.
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GENERAL CONCLUSIONS

By studying the B. ferribilis chemical race B algal strains deposited in the Algae and
Cyanobacteria Collection of the Institute of Biological Research in Cluj-Napoca, this paper aimed
at identifying the primary transcripts and the genes involved in squalene synthase activity by using
a molecular approach and the three-dimensional protein structure prediction of squalene synthase-

like based on in silico analysis.

> The molecular analysis lead to the identification of de novo designed primer pairs
and establishing an amplification protocol for the primary transcripts and SSL genes which can lead

to further investigations.

> Identification of the genes involved in squalene synthase activity appeared to be
problematic due to their extended length (between 3800 and 6000bp) and the presence of repeated
intronic regions, highly variable. Despite all these, the SSL-1 gene could be identified and analyzed

in seven strains belonging to B. terribilis.

> The in silico analysis had two main purposes: establishing an experimental
methodology for 3D protein structure prediction of SSL, quality assessment and refinement of
predicted structures to generate three-dimensional models similar to the native ones; and a
comparison between all obtained structures and the prediction of the conserved active sites involved

in the last steps of squalene and botryococcene synthesis pathway.

> The methodology described for 3D protein structure prediction — analysis —
refinement was very efficient, managing to significantly improve the quality of the predicted

structures for SSL-1 and SSL-2 from B. terribilis AICB 870.

> The comparative analysis of the refined structures indicated minor modifications at
the protein core, involved in FPP conversion to PSPP (SLL-1) and of PSPP to squalene (SSL-2) or
botryococcene (SSL-3); the major changes were obtained where the loops and N and C-terminus
regions are, but they were not important since these regions are not involved in the catalytic role of
the protein. Studying the functional regions showed the presence of highly conserved pockets, two
potential ligands (FPS and PS7), and Mg?" divalent ions binding motifs, whose main purpose is to

stabilize diphosphate groups found in the precursors used for hydrocarbon synthesis.
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