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ABSTRACT

Lactate and alcohol dehydrogenases have attracted much attention in various industries and
scientific research for their ability to produce chirally pure compounds and be assayed for
activity using more straightforward and reproducible assay methods. These enzymes have been
previously isolated and purified from various plants, animals and microorganisms. So far, the
molecular and biochemical properties of enzymes from these dehydrogenase families in red algae
are mostly unknown. Red macroalgae have been used for centuries for the treatment of various
diseases and as a source of ingredients in the food industry. The aim of this study was to identify
genes in the sequenced red algae genomes that encode dehydrogenases, to use bioinformatic
tools to confirm that the proteins encoded are dehydrogenases and to isolate and Kinetically
purify alcohol or lactate dehydrogenase from red algae species found along the coastline of the
Eastern Cape Province. A combination of bioinformatics tools, molecular and biochemical

techniques were used to identify, purify, and characterise ADH and LDH enzymes.

Bioinformatics analysis revealed two alcoholwdehydrogenase genes and two hypothetical genes
encoding functional domains similar to D-lagtate dghydrogenases from other species. The ADH
and LDH-like genes shared low {sggyer}cq‘agliltyﬁ Itérﬂlewprotein level with medium-chain
dehydrogenases/reductases (MDRs) and 2<hydroxy-acid-dehydrogenases, respectively. These two
dehydrogenase genes showed a highly conserved NAD-binding motif (Rossmann-fold) similar to
many other NAD-dependent dehydrogenases. The ADH and LDH proteins contained no signal
peptides and may be located in the cytoplasm. The phylogenetic tree analysis showed that the
two ADH genes belonged to cinnamyl and class 111 alcohol dehydrogenases, whereas the LDH-
like genes were grouped with D-lactate dehydrogenases from other organisms. The ADH and
LDH gene family showed cis-acting regulatory elements that are mostly involved in stress
response and hormonal response. Structural analysis showed that the dehydrogenases 3D
structure predicted models comprise of two domains, namely the substrate binding and the

coenzyme binding domains that are rich in beta-strands secondary structure elements.

The LDH from red algae was purified approximately 4-fold with a specific activity of 0.044
U/mg. The purified LDH enzyme had a molecular weight of approximately 37kDa. The LDH

was active across a broad pH range from 5-9 with a pH optimum observed at 7.5. The LDH



enzyme in red algae exhibits a temperature optimum of 40 °C and heat stability up to 40 °C.
Above 50 °C the LDH activity rapidly decreased showing that the LDH in red algae is not
thermostable. The LDH enzyme showed a K., value of 0.8 mM and Viax of 0.0067 mM.min™

when using sodium pyruvate as a substrate.

Keywords: dehydrogenases, red algae, bioinformatics, seaweed, characterisation, Chondrus
crispus, genome, Gelidium capense, purification
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CHAPTER 1: Marine algae: An overview

1.1. Introduction

Algae are plant-like organisms that are found mostly in aguatic environments. These plant-like
organisms exist as unicellular species commonly known as microalgae and multicellular species
known as macroalgae or seaweeds (Raven and Giordano, 2014). Algae are divided into three
broad groups namely Rhodophyceae (red algae), Chlorophyceae (green algae) and Phaeophyceae
(brown algae). The red and green algae are members of the Archaeplastida that belong to
kingdom Plantae (De Clerck et al., 2012). The brown algae belong to kingdom Chromista, a
group also referred to as Stramenopiles (or Heterokonts), and this group has been reported to
evolve independently of the animal, plants and fungal lineages (Maneveldt et al., 1997; Cock et
al., 2011). Among these three groups of algae, the red algae have been found to be the most

essential type because of their biological and economic benefits (EI Gamal, 2010).

1.1.1 Red algae genomes

The genomic studies in higher plants and microalgae are well-studied compared to red

macroalgae (Ho et al., 2017). So fa{r elghltqt‘ancl)r?es of[ r1e|d\ Ia\lgae have been fully sequenced, i.e.
Chondrus crispus (Collen et al., 2013),,Galdieria..sulphuraria (Schonknecht et al., 2013),
Cyanidioschyzon merolae (Matsuzaki et al., 2004), Pyropia yezoensis (Nakamura et al., 2013),
Porphyridium purpureum (Bhattacharya et al., 2013), Kappaphycus alvarezii (Yee et al., 2017),
Porphyra umbilicalis (Brawley et al., 2017), and Laurancia dendroidea (de Oliveira et al.,
2012). Among these species, only Laurancia dendroidea has no genome sequence available in
the public domain databases such as the National Centre for Biotechnological Information
(NCBI). The availability of these genomes is vital to accelerate functional studies of individual

genes and provide information about the evolutionary relationships of the red algae.

1.1.2 Ecological and commercial role of seaweeds

Seaweeds play an ecological role in the marine ecosystem as primary sources of food to many
marine organisms, and they supply approximately 50% oxygen to the atmosphere (Chapman,
2013). Commercially, seaweed extracts have been used as food additives,

medicinal/pharmaceutical, cosmetic, brewing and chemical components in many industries



(Renn, 1997; Dhargalkar and Pereira, 2005). In addition, about 10% of the marine production is

obtained from seaweeds (Battacharyya et al., 2015).

The red algae (Rhodophyta) species attracted considerable interest in various fields of scientific
research and biotechnology because they contain a wide range of bioactive compounds and
enzymes with commercial value. Red algae species from the genera Gelidium, Gracilaria, and
Chondrus are essential sources of raw material for extraction of agar and agarose (Rhein-
Knudsen et al., 2015). The commercial use of algae in developing countries such as South Africa
is growing and reported in the literature (Anderson et al., 1989; Maneveldt et al., 2006). There is
a need to expand the use of red algae into other modern areas of application in order to explore
the riches of these marine plants. The red algae species are among the most essential macroalgae
with anticancer, antiviral, antibacterial and antimicrobial compounds (Seenivasan et al., 2010;
Zandi et al., 2010; Wang et al., 2012; Oumaskour et al., 2013). Red algae of the genera Gelidium

have been used in the treatment of kidney, bladder and lung diseases.

Red algae are an untapped source of enzymes, in particular dehydrogenases which have attracted
considerable interest for various medical and-industrial applications. The lactate dehydrogenases
and alcohol dehydrogenases are two cruual enzymes used for various industrial and research
purposes worldwide. These dehydrogenaéé eniﬂ}mes [aitlhgugh abundant in nature, are mostly
underexplored in red algae. Although red algae have been used for various purposes such as the
production of agar and carrageenans, molecular and biochemical properties of their

dehydrogenases, such as alcohol and lactate dehydrogenases, remain unknown.

Several dehydrogenases have been identified in some of the red algae species, including those
with fully sequenced genomes such Chondrus crispus, Galdieria sulphuraria, Cyanidioschyzon
merolae (Liaud et al., 1993, 1994; Gross and Meyer, 2003). The genome analysis using
computational approaches revealed several genes encoding dehydrogenase proteins. The protein
sequences encoded by the identified dehydrogenase coding regions obtained in the NCBI
database can be used to find similar sequences in the GenBank non-redundancy (nr) protein
database. These findings will provide the necessary background information for dehydrogenases

at the protein level and also provide insight into experimental design.



1.2. Chondrus crispus as a model organism for red algae

Chondrus crispus is a marine red algae species that is found mostly attached to the rocks of the
Atlantic coast of Europe and North America. This alga is considered as the model organism for
red algae, and its genome is fully sequenced (Collen et al., 2013, 2014). According to Collen et
al. (2013) gene annotation of C.crispus is predicted to 9606 genes. Although the use of red algae
in scientific research is still far behind compared to land plants and animals, progress has been
made over the years to explore the richness of this vital marine plant. Chondrus crispus is a
marine macroalgae, and easily accessible and therefore there are several studies reported on it in

literature.
The genomic information about C. crispus is available on the NCBI public domain database

(www.ncbi.nlm.nih.gov/genome/). According to Collen et al. (2013), the C. crispus genome was

sequenced using the Sanger technology approach using DNA purified from a clonally unialgal
culture of a gametophyte of C. crispus. The genome of this alga is made up of 1266 scaffolds
that form a 105Mbp size genome (Collen et al.;”2013). Although the C. crispus genome has
many different genes, the function and struct@pff}these genes are still unclear. The 9606 genes
annotated for Chondrus crispus give insight \‘Ai‘{{lfh&eVQ|l§lﬂOﬂw0f the eukaryotic genomes (Collen
etal., 2013). e

Analysis of the protein-coding genes gives some insight into the function and cellular location of
the encoded protein. In the red algae, however, it is difficult to accurately determine the role of
these protein-coding genes because most of the proteins in the C. crispus are not experimentally
validated and are based on the computational analysis. According to Pruitt et al., (2014), the
predicted proteins are denoted by the prefix accession formats ‘XP for proteins and XM for

nucleic acid’.

This research study focussed on oxidoreductases, with emphasis on lactate and alcohol
dehydrogenases. These enzymes are known for catalysing the oxidation-reduction reactions and
are found within the first class of enzymes. These enzymes are some of the most important

enzymes in scientific research and for industrial applications.


http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/genome/

1.3 Dehydrogenase enzymes

1.3.1 Background

Dehydrogenases are enzymes that belong to class 1 oxidoreductases. Dehydrogenase enzymes
carry out most of their reactions using NADH/NAD as a cofactor, and these cofactors are
necessary because they activate the biocatalytic function of the enzyme. The dehydrogenases are
widely distributed in nature, and several studies have been carried out with these biocatalysts
(Valvona et al., 2016)

The oxidoreductases are a group of enzymes classified as EC 1 in the EC number enzyme
classification. This group comprises the largest families of enzymes that are involved in the
catalysis of the oxidation-reduction reactions. The enzymes from this group have the potential to
be used for many industrial processes such as in food, cosmetics, textile, polymers, organic
synthesis, and pharmaceuticals and in diagnostics (Drent et al., 1996; Singh et al., 2016).
However, microbial enzymes have been favoured over their plant and animal counterparts
because of their simplicity in production, stability; catalytic mechanism, and optimization (Singh
et al., 2016). And therefore, given {thﬂrapllll‘t;t{catallyﬁe\ a wide range of biological reactions,
the oxidoreductase enzymes attract much’attention-for<use in many biotechnology processes. So
far, many industrial uses of the oxidoreductase class 1 enzymes have been reported (Sing et al.,
2016; Martinez et al., 2017).

The oxidoreductases include families of enzymes such as dehydrogenases, oxygenases,
reductases, and oxidases. The present study focused on lactate and alcohol dehydrogenase
enzymes, which have been proven to be useful for many industrial processes (Ravot et al., 2003;
Beck et al., 2017). Among the industrially important dehydrogenases, alcohol and lactate
dehydrogenases attracted the most interest. Alcohol dehydrogenases have been used in the
pharmaceutical, food and fine chemical industries for the production of chiral alcohols,
aldehydes and ketones (Schoemaker et al., 2003; Kroutil et al., 2004).

The lactate dehydrogenases play a significant role in the production of different pharmaceutical
products (Karaguler et al., 2007). The LDH enzyme has been isolated from many different
organisms, but the fungal species such as Saccharomyces cerevisiae, Rhizopus oryzae, Pichia
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stipites and the Candida genera have been used to produce high yield of L-lactate (Skory, 2003;
IImen et al., 2007; 2013; Skory et al., 2007; Ikushima et al., 2009). Lactate dehydrogenases have
also been shown to have potential to be a therapeutic target for the treatment of cancer (Valvona
et al., 2015). The marine environment possesses many important organisms which produce a
variety of enzymes that can be used for both scientific research and industrial applications. The
marine red algae have been used for the discovery of new knowledge using both computational
methods and molecular biology approaches to isolate, purify, and express enzymes.

This allows the characterization of different enzymes from a wide range of marine algal species.
1.3.2 Classification of dehydrogenases

The dehydrogenase enzymes are grouped into three large superfamilies of proteins, namely
longchain  dehydrogenases/reductases (LDRs), medium-chain dehydrogenases/reductases
(MDRs) and short-chain dehydrogenases/reductases (SDRs) (Persson et al., 1991; Nordling et
al., 1994; Jornvall et al., 1995). The dehydrogenases/reductases groups are differentiated from
each other by their protein size, the structural-organization, and catalytic mechanisms. Although,
these dehydrogenases/reductases differ from‘eaghyother, common traits among each other have
been noticed, such as the presence dfiR'GS'Skh‘ahLEféid"éo@hiy‘me binding motif (Rossman et al.,
1975; Kallberg and Persson, 2006) and‘ tHeir ébility to interconvert substrates containing

hydroxyl or Oxo-groups.
1.3.2.1 Short-chain dehydrogenases/reductases (SDRs)

The SDRs are by far the largest group of proteins with more than 46000 protein sequences found
in the sequence databases and with more than 300 structures submitted to the protein data bank
(PDB) (Persson et al., 2009). However, the SDR superfamily of proteins has a relatively low
sequence identity at the protein level, with only 15-30% amino acid sequence identity (Jornvall
et al., 1995). The SDR proteins are present in almost all organisms as NAD(P)(H)-dependent
enzymes which catalyse the conversion of alcohols to aldehydes or ketones using nicotinamide
adenine dinucleotide phosphate as a cofactor (Gani et al., 2008). The SDR enzymes have been
used in drug developmental research which indicates their potential use in pharmacology

(Oppermann et al., 2003).



The SDR proteins have highly conserved amino acid residues such as serine (S), tyrosine (Y),
lysine (K) and asparagine (N) that are important for their catalytic activity (Filling et al., 2002;
Gani et al., 2008). Alcohol dehydrogenases are part of the SDR superfamily of proteins and have
been isolated and characterized from many organisms. The human SDRs consist of more than 70
genes and have been used for annotation and reference purposes for many other SDR proteins
(Oppermann et al., 2001; Bray et al., 2009).

1.3.2.2 Medium-chain dehydrogenases/reductases (MDRs)

The MDRs are protein dimers or tetramers that form two-domain subunits, one in the catalytic
binding domain and the other in the coenzyme-binding domain (Jornvall and Bergman, 2013).
The superfamily of MDRs has more than 15 000 members available in the sequence databases
and share around 25% sequence identity (Hedlund et al., 2010). The MDRs are present in most
organisms, and they are about 350 amino acids in length (Jornvall et al., 1999). The subunits of
MDR proteins bind two zinc ions, with one zinc ion essential for functional and catalytic activity,
whereas the other zinc ion is responsible for:structural stability (Branden et al., 1975; Jornvall
and Bergman, 2013). The zinc-ion containihgsMBR proteins are denoted as dehydrogenases,

whereas non-zinc-ion containing MDRs aresdenoted as'réductases (Hedlund et al., 2010).

The MDRs have various enzyme activities of which alcohol dehydrogenases are the most studied
(Nordling et al., 2002). ADHs from the MDRs superfamily are responsible for catalysing the
reversible oxidation of primary and secondary alcohols to their corresponding aldehydes or
ketones using the cofactors [NAD(H) or NADP(H)] in the hydride transfer process (Jornvall and
Bergman, 2013). The MDRs alcohol dehydrogenases have been isolated and characterized in
almost all organisms (Ammendola et al., 1992; Danielsson and Jornvall, 1992; Magonet et al.,
1992; Esposito et al., 2002; Sibout et al., 2005; Youn et al., 2006).

1.3.2.3 Long-chain dehydrogenases/reductases (LDRS)

The LDR protein superfamily is the smallest of the three dehydrogenases/reductases super
families with only 66 members that have been classified based on the amino acid sequence
similarity (Dean et al., 1993; Schneider et al., 1993; Adams et al., 1994; Pirrung et al., 1994;
Rowland et al., 1994; Liu et al., 2000; Ruzheinikov et al., 2001; Karsten et al., 2002; Klimacek
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et al., 2003). The LDR proteins vary from 350 to 560 amino acids in length, and they are mostly
found in prokaryotic organisms (Persson et al., 1991; Klimacek et al., 2003). Mannitol
dehydrogenase is the most studied enzyme in the LDR superfamily (Klimacek and Nidetzky,
2002; Bubner et al., 2008). The long-chain dehydrogenases contain two domains (catalytic and
coenzyme-binding) just like the MDRs family members, with the active site found in the cleft
between these domains but employing the lysine-based catalytic mechanism (Kavanagh et al.,
2002; Klimacek and Nidetzky, 2002). The LDR enzymes have been purified and characterized
from several organisms for medical and biotechnological applications (Schneider and Giffhorn,
1989; Diamandis et al., 1994; Slatner et al., 1998).

1.4 Alcohol dehydrogenases

Alcohol dehydrogenase is one of the well-investigated families of dehydrogenase enzymes. The
ADH enzymes are found in both the SDR and MDR superfamily. Alcohol dehydrogenases
(ADH; EC 1.1.1.1), are oxidoreductase enzymes that are widely distributed in all organisms and
represent the most abundant classes of enzymes; They are involved in many oxidation or
reduction reactions that include inter-conversiensbetween alcohols and ketones or aldehydes
using NAD*, NAD (P)* or NADH! N]ADH(P)' The ADI&'in humans and animals are involved
in many processes such as the breakdown of‘a‘llcohols, or generating useful ketones, aldehyde, or
alcohol groups during biosynthesis of different metabolites. However, ADHs in plants, yeast and
bacteria plays important role in the catalysis of reverse reaction as part of fermentation to make

sure that there is a continuous source of NAD".

ADHs related to the MDRs superfamily have been reported in plants (Grima-Pettenati et al.,
1994; Blanco-Portales et al., 2002; Strommer, 2011). The SDR enzymes (generally 250 amino
acid residues) have also been studied in plants, but their function is still unclear in plants
(Strommer, 2011). The ADH enzyme class 1 (ADH1) was characterized in mammalian
organisms in the early 1970s (Jornvall, 1970). Ever since then, many ADH enzymes have been
isolated, purified and characterized from many other organisms (Danielsson et al., 1994; Jornvall
et al., 1995; Wilkin et al., 1999; Blanco-Portales et al., 2002; Larroy et al., 2003; Vidal et al.,
2009). The ADH enzymes are now grouped into 8 different classes in vertebrates (Duester et al.,
1999; Peralba et al., 1999).



The MDRs alcohol dehydrogenase is responsible for the catalysis of alcohols to aldehydes or
ketones using NAD" as electron acceptor with a wide range of substrates. However, the ADH
class Il enzymes have shown a specific function in glutathione-dependent formaldehyde
dehydrogenase (Staab et al., 2008). Other members of the MDRs superfamily of ADH enzymes
are described as cinnamyl alcohol dehydrogenases (CAD) and glutathione-dependent
formaldehyde dehydrogenases (Dolferus et al., 1997; Blanco-Portales et al., 2002). Studies have
shown that ADH class I-1V enzymes comprised of two zinc atoms that are involved in the
catalytic activity and structural stability. The zinc atom that is involved in the catalytic activity is
bound by two cysteine and one histidine residues in the ADH sequence (Eklund et al., 1976).
The human ADH class Il enzymes have also been shown to have an extra glutamate that
interacts with the catalytic zinc active site (Sanghani et al., 2006). The zinc atom that is
responsible for structural stability in mammalian ADH is organized by four cysteine residues
(Eklund et al., 1976; Jelokova et al., 1994). The ADH enzymes are well investigated in many

organisms, which indicate their essential function in various life forms.

1.4.1. Classes of alcohol dehydrogenases

The class 1 ADH is one of the first éthrhe§ to 5é‘éry‘st%1‘|1wed and is now well characterized in
the liver and has dehydrogenase activity“ v‘v}ith efhanol (Jornvall et al., 1993). This class of
enzyme exists as homo or heterodimer in vitro and converts alcohol to acetaldehyde. The class 11
ADHs has also been studied and has a different catalytic mechanism to class | ADH. This class
of ADH enzymes is highly expressed in the liver and also in the intestine (Estonius et al., 1993).
ADH class Il are enzymes with specific activity with glutathione-dependent formaldehyde
dehydrogenase

(GSH-FDH), and it is believed to be the ancestral form of ADH enzymes (Danielsson et al.,
1994; Persson et al., 2008). Studies have shown that ADH I1l have lower activity with ethanol,
which suggests that ADH 11l and glutathione-dependent formaldehyde dehydrogenase are
identical enzymes. However, a recent study has also shown that a glutathione-dependent
formaldehyde dehydrogenase homolog from Bacillus subtilis had activity with propanol, rather
than other common glutathione-dependent formaldehyde dehydrogenase substrates (Ashraf et al.,
2017).



The class IV ADH is an enzyme that is highly expressed in epithelial cells in the ventricle and
gastrointestinal tract (Pares et al., 1992; Moreno et al., 1996). And studies have suggested that
ADH IV play a crucial role in retinoid metabolism, especially in foetal development (Duester et
al., 1997). The ADH V is one of the least studied classes of ADH enzymes, and it has only been
identified as the gene and mRNA with no functional role illustrated (Stromberg and Hoog,
2000). The unsuccessful attempts to isolate and characterize the ADH V protein have been linked
to being unstable in a non-cellular environment as compared to other ADH enzymes (Ostberg et
al., 2016). The ADH class VI has been identified in rat and deer mouse (Zheng et al., 1993,;
Hoog and Brandt, 1995). The ADH VII is the enzyme that is found in humans, and it metabolizes
a wide range of substrates (Satre et al., 1994). The ADH V11 is highly expressed in the stomach
than the liver. The ADH VIII is the only class of the ADH enzymes in vertebrates that is specific
for NADP(H) and is found in the gastric tissues (Rosell et al., 2003; Borras et al., 2014).

1.5. Lactate dehydrogenases (LDH)

The lactate dehydrogenase is an enzyme found in animal tissues, plants and in prokaryotes.
Under anaerobic glycolysis, the LDH is involyedsin the sequence of reactions that promote the
breakdown of glucose to lactate, anavfhiéf‘eféffef‘if i5 Vlta' forfife production of ATP and also in the
generation of NAD" essential in the glycolysis pathway (Kopperschlager and Kirchberger, 1996).
The LDH plays an essential role in the last step of the metabolic chain of anaerobic glycolysis by
catalyzing the conversion of pyruvate to lactate (Smuts et al., 2014). In the Cori cycle, the lactate
dehydrogenases present in the liver catalyses the reverse reaction, whereby lactate is converted to
pyruvate. The equilibrium, however, strongly favours the catalysis of pyruvate to lactate reaction
(Drent et al., 1996).

Pyruvate + NADH + H => L-(or D-) lactate + NAD" (Drent et al., 1996)

The LDH is an enzyme found in body tissues which include skeletal muscle, heart, liver, kidney,
lungs, brain, and blood cells. The LDH enzymes have received much attention in many research
studies because of their important role in glycolytic metabolism and because it displays different

isozymes.



1.5.1. Lactate dehydrogenase source

Lactate dehydrogenase is widely distributed among invertebrates. They are commercially
extracted from different sources which include chicken, bovine heart, rabbit muscle, porcine
heart and muscle, as well as human heart and erythrocyte. The LDH genes exist as LDH-A,
LDH-B, LDH-C, and LDH-D, in which LDH A, B, and C are the L-isomers, while the LDH-D is
the D-isomer (Valvona et al., 2015). The L-isomer of lactate in all higher animals is the product
of the reduction of pyruvate. In bacteria and lower animals, catalysis of D-lactate isomer from
pyruvate occurs often. Structurally, the L- isomers and D-isomers are not evolutionary related,
and their products belong to the L-specific NAD-dependent dehydrogenases and the D-isomer
specific 2-hydroxy acid dehydrogenases respectively (Cristescu et al., 2008).

The L-lactate dehydrogenases have been purified to homogeneity from different animal sources,
and their physical, kinetic and catalytic properties are reported in the literature (Ike et al., 1992;
Javed et al., 1997; Savijoki and Palva, 1997). Although the D-lactate specific LDHs have (been)
purified to some extent (Kochhars et al., [1992), there is little knowledge on the structure,
function, and kinetic properties of the D-Iagtﬂg;drehydrogenase (Flick and Konieczny, 2002).
Despite the several literature studieggri\\’,Lt_pm\,jh*’,r’{»ﬁ'ény, vertebrates, the occurrence of the LDH in
some plants is relatively low (O’carra and’ Mulc‘ary, 1996). Interestingly, the study done by
O’carra and Mulcary (1996) showed that there was no activity in red and brown algae species

tested, which shows that the activity of LDH in plant-like organisms is very low.

1.5.2 Lactate dehydrogenase Isozymes

Lactate dehydrogenase exists as five isozymes that are made from the H and M subunits
(Valvona et al., 2015). The isozymes that are made from the H and M subunits are; LDH1
(HHHH), LDH2 (HHHM), LDH3 (HHMM), LDH4 (HMMM) and LDH5 (MMMM) (Valvona
et al., 2015). The M subunit is found in the skeletal muscle, and the H form is found in the heart.
The H and M subunits have a different electrophoretic mobility and whereby the H (H4) subunit
moves in a gel quicker than the M (M,) subunit (Koolman and Roehm, 2005).
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1.5.3 Structural characterization of Lactate dehydrogenase (LDH)

The lactate dehydrogenases are tetrameric enzymes with four subunits of 36 kDa mass each that
gives a molecular weight of 144 kDa (Koolman and Roehm, 2005). The L-lactate (EC 1.1.1.27)
and the D-lactate (EC 1.1.1. 28) dehydrogenases are two types of dehydrogenases that has been
found with different stereo-specificities (Taguchi and Ohta, 1993). Analysis of the primary
structure of these dehydrogenases showed that the genes encoding the D-lactate and L-lactate
dehydrogenases are evolutionarily different (Taguchi and Ohta, 1991; Cristescu et al., 2008).
The four LDH subunits have their own active site and a peptide sequence or chain of 334 amino
acids (Koolman and Roehm, 2005). The make-up of the tertiary structure of the H and M
isozymes of LDH showed some differences in the catalytic properties (Koolman and Roehm,
2005). The LDH1 (H subunit) and LDH5 (M subunit) are characterized by similar active site
regions, but the only difference is in 81 out of 332 amino acid positions that are mostly situated
in the first 22 and last 38 residues, and they pose a reduced effect on the overall structure (Read
et al., 2001; Valvona et al., 2015). Studies suggested that the LDHA (M subunit) has a higher
affinity for pyruvate and they convert pyruvate to lactate with concomitant conversion of NADH
to NAD", whereas the LDHB (H subunit) hasghigher affinity for lactate and convert lactate and
NAD' to pyruvate and NADH respectivély (Koppérsehiager and Kirchberger, 1996; Read et al.,
2001). -

1.5.4 Importance of Lactate dehydrogenases

Clinically, lactate dehydrogenase is a critical enzyme that is used to determine whether a
particular tissue has been damaged or not and it can serve as a marker for various disease and cell
problems (Kopperschlager and Kirchberger, 1996). The LDH activity is found in the cytoplasm
in almost all body tissues. The activity of LDH isoenzymes is measured to check its diagnostic
value. For example in a study done by Cobben et al. (1997) showed that high level of LDH in
serum is associated with lung tissue injury. The LDH enzymes have many applications in clinical
biochemistry, pharmaceuticals and nanotoxicology. The LDHs have received much attention in
research studies due to their importance in carbohydrate metabolism, as a diagnostic tool, and

their significance as a tool in the enzyme analysis of other enzymes and biological compounds
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(Kopperschlager and Kirchberger, 1996). The present study explores the use of dehydrogenase

enzymes, particular from lactate and alcohol dehydrogenase family from the red algae species.

1.6 The proposal for the present study

The considerable interest in the marine red algae is driven by the ever-improving world of
biotechnology and the development of new essential products from algal sources. The research
studies on the marine organisms in developing countries like South Africa has been done and
most of the algal species reported are used for the production of hydrocolloids, abalone farming
and in aquaculture industry (Troell et al., 2006; Amosu et al., 2013). One of the challenges
facing the South African macroalgae sector is the identification and availability of sequenced
genomes of red algae species. Studies on DNA barcoding (Saunders, 2005; Robba et al., 2006;
Kogame et al., 2017) and genome sequencing are particularly needed in order to identify and

sequence genomes of various red algae species that are available in the South African oceans.

Although sequenced red algae genomes have not been reported for species found in South Africa,
progress has been made to discover new info,[mau;qn using various computational and molecular
biology techniques in other develop'm‘gu,ceMnﬁ]ééf@m& ofrthe essential commercial red algae
species in Southern Africa belongs to the genera of Gelidium and Gracilaria which are used for
the production of agar (Anderson et al., 1989). Based on the information in the literature, most of
the red algae species are unexplored and little is known about the enzymes from these sources,

especially enzymes that belong to the dehydrogenase family.

Enzymes are biological catalysts that are responsible for catalysing many biochemical reactions
in living organisms. Enzymes are unstable in nature and are often isolated under certain
environmental conditions such as temperature, pH and ionic strength (Dako et al., 2012).
Although enzymes are proteins and they display the same isolation and purification methods,
however, they differ at some point because enzyme activity must be determined at each
purification step in order to get the purified form of the desired enzyme (Reymond and Sicard,
2006). Dehydrogenases are one of the prominent families of enzymes that have attracted a lot of
industrial processes and have been isolated and well characterized in many organisms. These

enzymes have been purified from a variety of sources such as microbial and yeast sources which
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are used for industrial processes (Hummel, 1999; Vieille and Zeikus, 2001; Radianingtyas
and Wright, 2003; Schoemaker et al., 2003; Karaguler et al., 2007; llmen et al., 2013). The
dehydrogenase enzymes from the red algae organisms are still scattered and poorly documented.
One of the challenges in the red algae is the difficulty to find suitable methods for protein
isolation, and nucleic acid extraction of high purity for biochemical, molecular and cell biology
studies (Ho et al., 1996; Hu et al., 2004; Barbarino and Lourenco, 2005). In addition, some of the
plant-specific nucleic acids commercial kits are not reliable, and they result in reduced yields
when used in algae (Falcao et al., 2008). The red algae are considered as marine plants, and
several well-known methods used in other plant research studies can be optimized and used to
obtain purification steps and to achieve high yields of quality nucleic acids for biochemical and

molecular biology applications respectively.

The present study focuses on enzymes from the dehydrogenase family with emphasis on lactate
and alcohol dehydrogenases. These two enzymes have received much attention in research
studies because of their importance in scientifiegresearch and industrial processes. This thesis
will discuss mostly in-silico analysis of LDH .andfADH enzymes from the red alga Chondrus

crispus and the extraction, purificiation andv“ieh‘a?écterirziation studies will be solely based on
niversity of Fort Hare
lactate dehydrogenase enzyme from Gelidium.capense.-Also in this dissertation, several attempts

were made to isolate and clone alcohol dehydrogenase enzymes as discussed in chapter 3.

1.7 Problem statement

The dehydrogenases are perhaps one of the least studied groups of enzymes in the marine red
algae species, and yet they are believed to have essential properties for industrial applications.
The little knowledge on the marine algae dehydrogenases is perhaps caused by the scarcity of
well-commercialized tools that can be used to obtain and purify algal enzymes for both
laboratory and industrial processes. The use of dehydrogenase enzymes has attracted many
biotechnological processes such as bioremediation, sensors and biofuel cells. Despite the several
literature studies on the biochemical and molecular biology of dehydrogenase enzymes in many
prokaryotes and eukaryotes, there are few studies reported on the red algae species. The role of

the dehydrogenases in plants and more importantly in red algae is still unknown.

13



1.8 Hypothesis

The red algae species are a new source of dehydrogenase enzymes.

1.9 Aim

The present research is aimed at identifying, isolating, purifying, and kinetically characterising

the LDH enzyme from red algae harvested along the coastline of the Eastern Cape.

1.10 Specific objectives to

1.10.1 Identify the red algae genomes and analysis of dehydrogenase genes using bioinformatics
tools.

1.10.2 Extract and validate the alcohol dehydrogenase insert from red algae by PCR

1.10.3 Isolate and purify lactate dehydrogenase enzymes from the red algae

1.10.4 Kinetically characterize lactate dehydrogenase from the red algae

| 'Hi‘m‘i“»-»]\l)' of Fort Hare
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CHAPTER 2: Bioinformatics analysis of alcohol and lactate dehydrogenase

gene families from red algae genomes

2.1 Introduction

Genomic studies in algae are very scarce and limited as compared to other terrestrial plants. The
limited information on algal genomes makes the functional analysis of genes from red algae
difficult, considering low similarities between algae and other organisms, including terrestrial
plants (Chan et al., 2006; Tirichine et al., 2011). The use of bioinformatics tools to analyse red
algae genomes should accelerate and contribute to the ongoing advances in molecular and

computational approaches for red algae research.

So far Chondrus crispus is one of the very few red seaweed species with a fully sequenced and
annotated genome (Collen et al., 2013). Several dehydrogenase sequences are available in the
genome of this red seaweed. However, the functional characteristics of these gene encoding
sequences in C. crispus has not been reported. The alcohol and lactate dehydrogenases are
widely distributed and characterized in 'several organisms. Many members of alcohol
dehydrogenases identified and characterized<atiithe gene level in plants belong to the MDRs
superfamily (Chase, 1999). Un J‘ “ : ” rt Hare

2.2 Subcellular localization and Biophysical properties

Protein subcellular localization play important role in prediction of a protein function. Many
proteins in a cell are encoded in the nuclear DNA (Hoglund et al, 2005). ADH and LDH in plant
species have been found in the cytoplasm (Wang et al., 2009). Several computational prediction
methods for subcellular localization available include SignalP, TargetP, and WoLF-PSORT.
SignalP target proteins for translocation in the plasma membrane and endoplasmic reticulum in
prokaryotes and eukaryotes respectively (Emanuelsson et al., 2007). WoLF-PSORT is also a
good prediction method that coverts protein amino acid sequences into numerical features based
on functional motifs (Horton et al., 2007). LoctTree3 is fast tool used to predict subcellular in
domains of life. Protparam from ExPAsy tool at the SIB bioinformatics resource portal is used to

analyse physiochemical properties in proteins sequence (Gasteiger et al., 2003).
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2.3 Sequence and Structure analysis

Structure-based alignment plays important role in predicting and improving accuracy of the
function of protein (Branden and Tooze, 1999; Kim and Lee, 2007). The 3D structures of LDH
and ADH proteins have been predicted and well characterized in other organisms (Kim et al.,
2014; Raj et al., 2014). Most LDH proteins possess a beta-strand rich structure and consist of
two conserved substrate binding and cofactor binding domains (Stoll et al., 1996; Kim et al.,
2014; Zhu et al., 2015). The ADH protein structures possess similar overall fold containing
catalytic binding and coenzyme binding with active site residues located in the interdomain cleft
(Yang et al., 1997; Esposito et al., 2002).

Basic Local Alignment Search Tool (BLAST) searches proteins and nucleotide sequence identity
similarity in the non-redundant database (GenBank) (Atschul et al., 1997). These sequences are
then used in alignment using tools like Clustal Omega to predict possible function through
sequence comparison of known function (Larkin et al., 2007). The sequences with similarities

especially in the active site residues are expectedito’share common structure and function.

2.4 Regulation of gene expression @

Initiation and regulation of transcrépltjigh‘f ;s:%i\jolr'(ldiln;t‘e[dﬂll);l{}anscription factors. The cis-acting
regulatory elements in the promoter control transcriptional regulation (Hughes et al., 1999;
Hernandez-Garcia and Finer, 2014). Plant-based databases such as PlantCARE and PLACE are
used to scan the 5" upstream region for regulatory elements (Hugo et al., 1999; Lescot et al.,
2002).

To know how the gene expression is regulated is essential to fully understand the function of a
genome and search for therapeutic compounds for industrial and medical applications. Gene
expression regulation is a much more complex network in eukaryotes compared to prokaryotes
(Griffiths et al., 2000; Mathews et al., 2000). Regulatory elements are often present in regions
where complex protein interaction occurs. Genes with common cis-acting elements in the 5’

upstream region suggest similar expression pattern.
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2.5 Methods

2.5.1 Red algae genome search from NCBI Database

The National Centre for Biotechnology Information (NCBI) internet database

(http://www.ncbi.nlm.gov) was used to search for available red algae genomes. The keywords

“red algae” were typed in the NCBI search box and BioProject was selected from the Entrez pull-

down menu, to find sequenced red algae genomes, including those in progress.
2.5.2 Search for dehydrogenase-like genes from the selected red algae genomes

The keywords dehydrogenase AND “red algae” were used to retrieve all the dehydrogenase-like
genes from red algae genomes in the NCBI database. All the dehydrogenase-like genes from the
selected red algae genomes were analysed. The genes that encode alcohol dehydrogenase-like
and lactate dehydrogenase-like proteins were then selected from the red algae genomes and used

for further Bioinformatics analysis.

The red alga, Chondrus crispus, genome was_selected as a model organism for the study and
genes encoding alcohol and lactate dehydrogenase-like proteins from this genome were obtained
from the NCBI database. The keywords “lactate dehydrogenase” OR “alcohol dehydrogenase”

AND “Chondrus crispus” were used I17111 thesearlékll b(;x aqnld‘ I“All databses” in NCBI was selected
for the search. The genes tab in the resultant results window was selected to provide the list of all

lactate/alcohol dehydrogenase genes from the Chondrus crispus genome.

Each Gene ID entry was individually selected and in the resultant window, the Protein tab on the
right side of the results window was selected to provide a list of the encoded proteins. The
protein sequences encoded by the identified alcohol and lactate dehydrogenase coding regions
were used in a BLAST search to retrieve similar sequences in the GenBank non-redundancy (nr)
protein database. All the protein sequences with a low E value and a high score (>200) were
selected and saved in a FASTA format in a text file. The default settings were used for all the

parameters in the BLAST search.
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2.5.3 Sequence Alignments

The LDH and ADH protein sequences obtained from the above BLAST searches were used in
the Clustal Omega tool (Larkin et al., 2007), to generate a multisequence alignment of the known
LDHs and ADHs from different organisms. The default settings were used for all the sequence

alignments.

2.5.4 Phylogenetic tree analysis

Phylogenetic and molecular evolutionary analyses for all known LDHs and ADHSs proteins from
other organisms were conducted using MEGA version 6 (Tamura et al., 2013), using the

bootstrapping method and the nodes of bootstrap replications were set to 1000.

2.5.5 Properties, signal peptide and subcellular localization predictions

The ExXPASYy tools such ProtParam were used to predict the molecular weight and theoretical
isoelectric  point (pl) of LDHs and ADHs proteins wusing the website
(http://www.expasy.org?tools/protparam.htmbsihezsignal peptide was predicted by SignalP web

server (http://www.cbs.dtu.dk/se@igeg/%jiqnalP/) and TargetP

(http://www.cbs.dtu.dk/services/Taqu?tP/) l(gjﬁ?ﬁelsﬁqrﬂ_”gt al., 2007). The subcellular

TIIVersit 101

localization predictions were performed: by theeWoLF PSORT (http://genscript.com/wolf-
psort.html) and LOCTREE 3 (Goldberg et al., 2012; 2014). The default settings were used in all

the predictions.

2.5.6 Domains, families and functional sites

The InterProScan tool (http://www.ebi.ac.uk/tools/pfa/iprscan) was used to identify the presence

of the functional domains for LDHs and ADHs proteins. The NCBI’s Conserved Domain
Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cqi) and the Pfam database

(http://pfam.xfam.org) was used to check the domain organization in the LDH and ADH protein

sequences, and PROSITE (http://prosite.expasy.org) was used to check the signature patterns for

the LDH and ADH proteins to confirm the family to which they belong.
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2.5.7 Secondary structure analysis

The secondary structures of LDH and ADH proteins were predicted by the Phyre2 server
(http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley et al., 2015) and the default settings were used. The
PROMALS3D web server (http://prodata.swmed.edu/promals3d/promals3d.php) (Pei et al.,
2008; Pei and Grishin, 2014) was used to identify homologs with the known 3D structure for the

input LDH and ADH protein sequences to construct consistency-based multiple sequence
alignments. The default settings were used to perform multiple sequence alignments with local

structure and 3D structures.

2.5.8 Tertiary structure analysis

The tertiary structure of LDHs and ADHSs were predicted by using PRIMO
(http://primo.rubi.ru.ac.za/) (Hatherley et al., 2016) and SWISS-MODEL
(http://swissmodel.expasy.org/) (Arnold et al., 2006). The template identification and target

template sequence alignment were done by PRIMO with only minor manual edits to the
alignment. After the modelling of LDHs and ADHswas completed the models were evaluated by
DOPE Zscore and RMSD. The Ramachandrapiav[g_tﬁwas also used to test the quality of the LDHs
and ADHs models. The superposition, gft,l,.-l;}HsTé{ﬁa(ADH@I models with selected templates were
analyzed by the Swiss-PDBViewer v4.1 (G‘ué)‘k‘ et'al:, 2012).

2.5.9 Analysis of putative cis-acting regulatory elements

The analysis of the 1500bp 5° upstream region from the transcriptional start site of the Chondrus
crispus ADH genes was achieved by scanning for the presence of putative cis-acting regulatory
elements using plant-specific database PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Rombauts et al., 1999; Lescot et

al., 2002) and the default settings were used.
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2.6 Results and Discussion
2.6.1 Red algae genome analysis

The search for red algae species with fully sequenced genomes from NCBI database showed that
Chondrus crispus, Cyanidioschyzon merolae strain 10D, Galdieria sulphuraria, Porphyra
umbilicalis, Porphyridium purpureum, Kappaphycus alvarezii, Gracilariopsis lemaneiformis,
Gracilariopsis chorda, and Pyropia yezoensis have complete genome sequences (Table 2.1).
The information on these red algae sequenced genomes were obtained using the keywords “red

algae” in the NCBI website (https://www.ncbi.nlm.nih.gov/assembly/?term=red%20algae).

However, the pyropia yezoensis genome did not appear on the list of algae genomes when the
keywords “red algae” used in the NCBI search box. According to Nakamura et al. (2013) the
draft genome assembly of pyropia yezeonsis was determined. The search for this genome was

done separately and showed a genome length of 43 Mbp.

The genome analysis in the NCBI database gives insight on genome size variation and showed a
relatively small number of predicted genes. [Fhisrresult is similar to the observation showed by
Lee et al. (2018) on draft genome analysis of Gracilariopsis chorda. The purpose of this section
was to check the available red algaqrqg?p\qmgisgﬁﬁihg_ [I\Il(;élﬁlvdatabase. The genomic information
on red algae is scarce; about 9 red algae species'with'full genome sequences were obtained in the
NCBI database for this study. The genomic information is important for functional studies of

individual genes and provides insight into the evolutionary relationships of red algae.
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Table 2. 1: Identified and fully sequenced red algae genomes from the NCBI database

Organism Class Genome Assembly GenBank assembly| Reference Gene
size level accession number annotation
Chondrus crispus Florideophyceae 105 Mbp Scaffold GCA _000350225.2 Collenet al., 2013 9606
Cyanidioschyzon merolae Bangiophyceae 16.7 Mbp Complete GCA _000091205.1 Matsuzaki et al.| 5678
genome
Strain 10D 2004
Galdieria sulphuraria Bangiophyceae 13.7 Mbp Scaffold GCA 000341285.1 Schonknecht et al., 6623
2013
\“ ‘H
Porphyridium purpureum Bangiophyceae 19.7 Mbp ‘!&o‘ffﬂfg‘”f—ﬁ” GCA _000397085.1 Bhattacharya et al., 8355
University of Fort Hare 2013
Pyropia yezoensis Bangiophyceae 43 Mbp Contig Not found Nakamura et al.| 10327
2013
Porphyra umbilicalis Bangiophyceae 87.7 Mbp Scaffold GCA _002049455.2 Brawley et al., 2017 13125
Kappaphycus alvarezii Florideophyceae 349.5 Mbp Contig GCA _002205965.2 Liuetal., 2017 234
Gracilariopsis chorda Florideophyceae 92.1 Mbp Contig GCA 003194525.1 Leeetal., 2018 10938
Gracilariopsis lemaneiformis Florideophyceae 88.69 Mbp Scaffold GCA 003346895.1 Not published 9281
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2.6.2 Genome selection and identification dehydrogenases

To our knowledge, the C. crispus is one of the only red macroalgae species with a fully
sequenced genome and annotated genes. This genomic information encouraged the determination
and identification of genes used in this study. Several genes encoding dehydrogenase-like
proteins were obtained in the NCBI database from each of the 7 red algae genomes. The NCBI
database search for dehydrogenase-like genes showed that Galdieria sulphuraria contained 215
dehydrogenase-like genes, followed by Cyanidioschyzon merolae with 179 genes, Chondrus
crispus with 155 genes, Kappaphycus alvarezii with 12 genes, Pyropia yezoensis and Porphyra
umbilicalis with 11 genes each, and Porphyridium purpureum with 2 genes. The protein
sequences encoded by the identified dehydrogenase coding regions were obtained and used in a
BLAST search against the GenBank non-redundancy protein database and similar sequences

were obtained, indicating that the identified genes may belong to several dehydrogenase families.

Since many dehydrogenase-like genes were obtained from the red algae genomes available in the
NCBI database, it was decided to focus only,en,the alcohol dehydrogenase (ADH) and lactate
dehydrogenase (LDH) family. These two enzymesiare well-investigated and serve as important
enzymes for both scientific researcr{l ﬁ?ldc?nrn@f%iél ﬁﬁ’%lli?ﬂiwons (Hassan et al., 2013; Liu et al.,
2014). Wi o

All the LDH and ADH genes in the red algae genomes were collected from the NCBI GenBank
database and compared with other similar genes from other organisms. The search for lactate
dehydrogenases revealed 11 LDH-like genes, including 2 hypothetical genes from Chondrus
crispus genome. Six of these 11 LDH-like genes were obtained from the C. merolae genome,
and 3 LDH-like genes were obtained from G. sulphuraria genome. The search for alcohol
dehydrogenases showed 12 ADH genes which include 8 genes from G. sulphuraria and 2 genes
from C. crispus and C. merolae, each. All the predicted alcohol dehydrogenases and lactate
dehydrogenase-like genes were analysed using ExXPASy Bioinformatics Resource Portals

(www.expasy.org/tools) as shown in Table 2.2.
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Table 2. 2: The alcohol dehydrogenases and lactate dehydrogenase-like gene family in red algae genomes using the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov/gene/). The analysis was done through ExPASy Bioinformatics Resource Portals (www.expasy.org/tools)

Gene name Aliases/gene 1D Location Nucleotide Protein accession Protein Molecular Isoelectric
length (bp) number length (aa) | weight (kDa) point (pl)
Alcohol dehydrogenase | Gasu_04790 179708..181012 1305 XP_005708911 398 43.49 8.85
(Zn-containing) complement
Alcohol dehydrogenase | Gasu_42440 42391..43601 1161 XP_005704762 351 36.81 8.73
(Zn-containing)
Alcohol dehydrogenase | CYME_CMS125C | Chromosome 19 1149 XP_005538792 382 40.63 6.34
class 1 (321089.322237
complement)
I |
| A
Probable CYME_CMQ301C | Chromosome 17 1095@—::%9 XP_005538212 364 40.28 8.36
alcohol (777042..778136 ; Wi 28
dehydrogenase N % ﬁﬂ\'{_‘l'%]l\, of Fort Hare
complement) i el
Alcohol Gasu_38040 85311..86566 1,205 XP_005705275 375 40.24 6.75
dehydrogenase (Zn-
containing)
Alcohol Gasu_45570 46931..48081 1151 XP_005704413 341 36.26 8.06
dehydrogenase
Alcohol Gasu_53790 48626..49860 1235 XP_005703564 341 37.46 8.53
dehydrogenase complement
(NADP+)
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Alcohol Gasu_57970 47361..48475 1115 XP_005703083 338 36.62 7.56
dehydrogenase
Alcohol CHC_T00009372001 182742..184011 1184 XP_005714659 377 40.89 5.79
dehydrogenase complement
Alcohol CHC_T00010066001 27096..28641 1426 XP_005711469 377 40.01 6.02
dehydrogenase
Zn-containing alcohol | Gasu_23390 176381..178146 1614 XP_005706957 372 41.34 5.74
dehydrogenase
Umiversityrof Fort Hare

Alcohol dehydrogenase | Gasu_54710 44691.45650 ~ ~| 960 XP_005703418 244 25.36 5.95
(Zn-containing) complement 7T T EAEEE
L-lactate CYME_CMKO006C Chromosome 11 1065 XP_005536444 354 37.91 5.84
dehydrogenase (14006..15070

compliment)
L-lactate CYME_CMI306C Chromosome 9 | 1065 XP_005536442 354 37.89 5.84
dehydrogenase (804566..805630)
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L-lactate CYME_CMC188C Chromosome 3 | 1065 XP_005535386 354 37.92 5.84
dehydrogenase (476222..477286)
L-lactate CYME_CMA145C Chromosome 1| 1065 XP_005535115 354 37.89 5.84
dehydrogenase (417033..418097)
L-lactate CYME_CMJ002C Chromosome 10 831 XP_005534764 276 29.94 6.66
dehydrogenase (4509..5339

complement)
Probable D-lactate CYME_CMQ347C Chromosome 17 2193 XP_005538239 730 79.51 5.87
dehydrogenase (887379..889571

compliment)

Umniversity of Fort Hare

D-lactate Gasu_43520 105761..106996 '|'1097 """ | xP_005704707 340 36.93 6.66
dehydrogenase
D-lactate Gasu_38460 34691..36641 1849 XP_005705157 563 62.32 6.17
dehydrogenase
(cytochrome)
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D-lactate Gasu_04450 114636..116590 1893 XP_005708873 504 55.94 5.94

dehydrogenase complement

(cytochrome)

Hypothetical gene CHC_T00003974001 160412..161585 1174 XP_005715286 338 36.95 6.16
complement

Hypothetical gene CHC_T00003490001 125045..126088 1044 XP_005714861 347 36.98 9.02

- i )

University of Fort Hare
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The ADH and LDH-like genes from C. crispus were then selected and used for further study.
The C. crispus was used as a model organism for this study based on the interest in macroalgal
studies and the availability of relevant information about genes in the literature made this alga a
suitable choice for this study (Collen et al., 2006, 2007, 2013; Kowalczyk et al., 2014; Gao et al.,
2016). The C. crispus genome has useful scientific research background information, and it has

been used as a model species for red algae (Kowalczyk et al., 2014).

In C. crispus, 2 alcohol dehydrogenases and 2 hypothetical genes were identified. These alcohol
dehydrogenase proteins encoded by these genes, are referred to in this study as the cinnamyl
alcohol dehydrogenase (CAD1) and the class 11l alcohol dehydrogenase (ADH3), because of the
presence of conserved putative domains with cinnamyl alcohol dehydrogenases and class Il
alcohol dehydrogenase, respectively. The proteins encoded by the two hypothetical genes were
identified as D-lactate dehydrogenase-like (D-LDH-like) proteins, because of the conserved
NAD and catalytic binding domains identified in these sequences during BLASTp search against
the GenBank non-redundancy protein database. The BLAST search for ADH and LDH-like
proteins showed low protein identity among CADZ coding region. The ADH3 coding region in
several other organisms showed more than'§@%pprotein identity among the class Il alcohol

dehydrogenases from other species. A TE e e DL

The protein BLASTp search, using the hypothetical protein sequences as a query, showed protein
identity with D-lactate dehydrogenases, D-isomer specific and 2-hydroxyacid dehydrogenases,
formate and D-3-phosphoglycerate dehydrogenases from other species (See Appendix A). The
coding nucleotide sequence lengths for alcohol dehydrogenases (ADH) were 1184, and 1426 bp
and that of the hypothetical genes (LDH-like) were 1044 and 1174 bp, respectively. The proteins
encoded by these genes have a predicted molecular weight ranging from 36.95 to 40.97 kDa and
isoelectric points of 5.79 to 9.02, respectively. The information of ADH and LDH-like gene

family in C. crispus is summarised in Table 2.3.



Table 2. 3: The alcohol dehydrogenases and hypothetical genes encoding LDH-like proteins from NCBI database

Gene name Gene symbol Amino Protein accession mMRNA Nucleotide Molecular Location

acid number sequence accession number | weight

length

Alcohol CHC_T00009372001 377 aa XP_005714659 1184 bp XM_005714602 40.89 kDa Scaffold_18
dehydrogenase
Alcohol CHC_T00010066001 377 aa XP_005711469 1426 bp XM_005711412 40.01 kDa Scaffold_82
dehydrogenase
Hypothetical gene | CHC_T00003490001 347 aa XP_005714861 1044 bp XM_005714804 36.98 kDa Scaffold_191
Hypothetical gene | CHC_T00003974001 338 aa XP_005715286 1174 bp XM_005715229 36.95 kDa Scaffold_208
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2.6.3 Domains, families and functional and structural sites in dehydrogenases

Several protein databases were used to check for the presence of functional domains in the C.
crispus ADH and hypothetical LDH proteins. The alcohol dehydrogenase (XP_005711469)
showed putative conserved domains for class Ill alcohol dehydrogenases. These proteins are
identical to members of the glutathione-dependent formaldehyde dehydrogenases (FDH) and
belong to the MDRs protein superfamily as shown in the NCBI Conserved Domain Database

http://www.ncbi.nlm.nih.gov/Structure/ccd/cddsrv.cqi).

The C. crispus alcohol dehydrogenase and glutathione-dependent formaldehyde dehydrogenase
genes reported in the literature (Dolferus et al., 1997; Jin et al., 2016) have the same functional
domains (Appendix A). The analysis of NCBI Conserved Domain and InterPro

(www.ebi.ac.uk/interpro/) databases confirmed that this protein is a member of the zinc

dependent/ medium-chain alcohol dehydrogenases.

The other ADH protein (XP_005714659) was named as C. crispus cinnamyl alcohol
dehydrogenase (CcCAD1) based on the functional domains similar to other plant CAD proteins.
The cinnamyl alcohol dehydrogenases are galso  members of the Medium-Chain
Dehydrogenases/Reductases (MDRS) superfamlly, and they reduce cinnamyl aldehydes to
cinnamyl alcohols in the last step of mono“éhlo'll ﬁéfaﬁél;ém in plant cell walls. In non-plant
species such as the yeast, CAD proteins are involved in the aldehyde reductase activity. The
NCBI CDD search showed that CcCAD1 protein also has a specific hit for D-arabinose 1-

dehydrogenase.

The proteins in this group are zinc-dependent alcohol dehydrogenases that are involved in the
carbohydrate transport and metabolism. The InterPro database analysis revealed that the N-
terminal (IPRO13154) and C-terminal (IPRO13149) regions in alcohol dehydrogenase proteins
are catalytic and zinc-binding domains, respectively. These conserved domain regions contain
residues essential for catalytic activity in many alcohol dehydrogenases (Murzin, 1996; Taneja
and Mande, 1999).

The hypothetical protein (XP_005715286) was named as C. crispus D-lactate dehydrogenase
(CcD-LDH) based on the presence of the same functional domain with D-lactate and related

dehydrogenases. This domain had a sequence length of 335 amino acid residues.
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The NCBI Conserved Domain Database showed that this protein catalyses the conversion of
pyruvate and lactate, and is a member of the 2-hydroxyacid dehydrogenase family. The other
hypothetical protein (XP_005714861) was named as CcD-LDH-like due to the specific BLAST
hits related to D-isomer specific 2-hydroxyacid dehydrogenase and NAD-binding domains.
Most members of D-isomer specific 2-hydroxyacid dehydrogenase family are NAD-dependent
proteins and the present of these functional domains suggest that the hypothetical protein in

C.crispus may belong to this family.

The InterPro database also showed that the catalytic domain is larger in most D-isomer specific
2-hydroxyacid dehydrogenases and has been reported to have a number of conserved charged
residues which may be involved in the catalytic mechanism (Dengler et al., 1997). The NAD-
binding domain contains a glycine-rich region that is located in the central section of many

NAD- dependent D-isomer specific 2-hydroxyacid dehydrogenases (Dengler et al., 1997).

The NAD-binding domain is inserted into the catalytic domain, and these domains which are

located in the C-terminal and N-terminalregions, respectively of many NAD-dependent

2hydroxyacid dehydrogenases has been shown. 1o be functionally and structurally similar

(Dengler et al., 1997). In members of the 2-hydrox|ya0|d dehydrogenase, the N-terminal
LV O1 I'( C 1are

(IPR0O06139) and C-terminal (IPR006140) reglons are located in the catalytic and NAD-binding

domains, respectively.
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Table 2. 4:Analysis of the InterPro database results of the CcADH and CcD-LDH showing conserved domains, protein family and gene ontology

term prediction (See Appendix C for the full result of the InterPro database analysis)

Gene Family N-terminal domain | C-terminal | Biological process Molecular function
position domain
position
CcADH3 glutathione-dependent 33-157 202-333 Ethanol oxidation Zinc-ion binding
formaldehyde
dehydrogenase Oxidationreduction Oxidoreductase activity, S(hydroxymethyl)
process glutathione dehydrogenase activity.
CcCAD1 cinnamyl alcohol 48-166 209-334 Oxidationreduction Oxidoreductase activity
dehydrogenase process
CcD-LDH 2-hydroxyacid 5-330 114-301~‘ Mqtgbolic process Oxidoreductase activity, acting on the CH-OH
dehydrogenase (WS roup of donors, NAD or NADP as acceptor
[ Oxidationreduction grotp ’ P
Unjversity of’I'6¥t Hare | NAD binding
CcD-LDH- 2-hydroxyacid 19-342 128-313 Metabolic process Oxidoreductase activity, acting on the CH-OH
like dehydrogenase group of donors, NAD or NADP as acceptor

Oxidationreduction
process

NAD binding




Members of the D-isomer specific 2-hydroxyacid dehydrogenase family have been shown to be
functionally and structurally related (Taguchi and Ohta, 1991). The SIB Bioinformatics Resource
Portal (http://prosite.expasy.org) was also used to check the protein domains, family and
functional sites in ADH and LDH proteins. The signature patterns for the CcD-LDH and CcD-

LDH-like proteins showed a consensus pattern that corresponds to the NAD-binding and the
catalytic domains. The ScanProsite results obtained from the entry PS00670 for both D-lactate
dehydrogenase-like (CcD-LDH and CcD-LDH-like) proteins revealed a consensus pattern
[LF(X)2SDI(X)LH(X)P(X)4T(X)2M(X)D] and [LL(X)2SDII(X)LH(X)P(X)4T(X)2M(X)G]
which corresponds to the NAD-binding domain, respectively. The signature patterns for CcD-
LDH [MK(X)G(X)ILIN(X)SRG(X)LMD] and CcD-LDH-like
[CK(X)G(X)LLIN(X)SRG(X)LLD] were obtained from the PROSITE entry PS00671, which
corresponds to the catalytic domain. The catalytic domain has essential amino acid residues
involved in the catalytic mechanism of many NAD-dependent 2-hydroxyacid dehydrogenases.
The signature patterns for CcCADH3 protein showed a zinc-containing alcohol dehydrogenase
signature pattern [GHE(X)AGV(X)4G(X)2V] which corresponds to the highly conserved zinc-
binding signature in most MDR proteins (Jin et al., 2016). There were no hits found for all
PROSITE motifs on the ADH (CcOABL) aminé.’eiéid Sequence.

2.6.4 Sequence alignment

The sequence alignments of the two alcohol dehydrogenase proteins in C. crispus showed 23%
identity similarity with each other. The alcohol dehydrogenases of the MDRs superfamily have
been reported in the literature to have low sequence identity at the protein level (Knoll and
Pleiss, 2008), supporting our observation in this study. The low sequence identity similarity
between these two ADH proteins may indicate that these proteins are members of two different
families within the MDRs superfamily of proteins. When these two proteins were used in
sequence alignments with other known ADH proteins from other species they showed varied
homology among the cinnamyl alcohol and class Il alcohol dehydrogenases, also known as
glutathione-dependent formaldehyde dehydrogenases ranging from 22 to 68% sequence identity

similarity (See Appendix D).

The CcCAD1 amino acid sequence when used as a query to find regions of similarity with known

or putative cinnamyl alcohol dehydrogenases from other species including plants showed low
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sequence identity similarity (about 36%) in other plant CAD proteins. This low similarity
identity among these amino acid sequences was by no means outside the range of some of the
similar proteins reported in the literature (Bukh et al., 2012; Jin et al., 2014). The CcADH3 was
used as a query sequence with other known or putative ADH sequences from other species and
revealed identity ranging between 62-66%. These proteins are known as glutathione-dependent
formaldehyde dehydrogenases and showed highly conserved regions among plant species which
have been reported in the literature (Dolferus et al., 1997; Jin et al., 2016). In this study, the
CcADH3 showed high similarity with zebrafish (Danio rerio) and soil-living amoeba
(Dictyostelium discoideum AX4) with 60% sequence identity similarity. The CAD and ADH3
amino acid sequences used in the multiple sequence alignments showed sequence identity

ranging from 31 to 66%, as shown in Table 2.5.

Table 2. 5: Percentage protein identity obtained from the Clustal Omega multiple sequence alignment of
C. crispus class I1 alcohol dehydrogenase and cinnamyl alcohol dehydrogenases with other species.

Plant CAD Proteins CcCAD1 ADH3 Proteins CcADH3
AtCAD 33 i GSADH 64
AtCAD1 36 University ¢fdipysdare 65
AtCAD4 32 PuADH-like 64
SbhCADA4 34 AtADH3 62
ZmCAD1 31 DrADH3 66
TaCAD1 31 HsADH3 65
FaCAD1 31 SoADH 64
NtCAD1 31 DdADH 66
LpCAD1 35 DmADH 64
PtCAD1 31
AcCAD1 32
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The analysis of CAD proteins among higher plants has shown that some CAD proteins have high
sequence identity similarity among each other (Ma, 2010). The multiple sequence alignments
revealed that the CAD genes showed lower sequence identity at the protein level with each other.
Several plant CAD sequences were used in Clustal omega multiple sequence alignments with C.
crispus CAD sequence and showed conserved regions (Figure 2.1). The CAD proteins in MDRs
superfamily revealed highly conserved catalytic Zn binding amino acid residues which consist of

two highly conserved cysteine residues and a histidine.

These amino acid residues in C. crispus CAD protein sequence were located at Cys-58, His-80
and Cys-183. The structural zinc binding site consisted of four identical cysteine residues at
position 111, 114, 117 and 125 in the C. crispus protein. The substrate binding motifs in the
proteins used in the alignment showed highly conserved residues including Cys-58, Thr-60,
His80, and Cys-183. The conserved binding motif [GXG(X)2G] (residues Gly-206 to Gly-212)
in the NADPH-binding domain of the CAD sequences, used in the alignments, showed that these
proteins are members of the MDRs and may be zinc-dependent alcohol dehydrogenases as
reported in literature (Rossman et al., 1974; Knoll and Pleiss, 2008).

-
XP_005714659CcCADL LfHED I HMRDNWGT BNy PLLAGHEGVARYFRVGSAVRNIRPDDRIAITWIRDSCRACDS 116
AAP40269AtCAD] YADVIWSRNQHGDSKYPLVP‘ ETAGINVTKVGPNVORFKVGDHVGVGTYVNSCRECEY 106
CAA06687zmCAD1 IfHEDI HOAKNHLGASKY PMVPGHEVVGEVVEVGPEVAKYGVGDVVGVGVIVGCCRECSP 105
ADI59734TacADl IfHEDVHOVKNDLGASKY PMVPGHEVVGEVVEVGPEVSKFRAGDVVGVGVIVGCCRDCRP 106
AAK97808FaCADl IQHEDLHOTKNHLGASKY PMVPGHEVVGEVVEVGPEVSKY SVGDVVGVGVIVGCCRDCRP 106
AAP59434ntCAD4 IfHEDIHOIKNDLGMSNY PMVPGHEVVGEVLEVGSDVSKFTVGDVVGVGVVVGCCGSCKP 106
CAA44216NtCAD1 LEEDLHEQVKNDLGMSNY PLVPGHEVVGEVVEVGPDVSKFKVGDTVGVGLLVGSCRNCGP 105
BAA03099AcCADL IQHEDIHOIKNDLGASNY PMVPGHEVVGEVVEVGSDVTKFKVGDCVGDGTIVGCCKTCRP 105
AAF43140pPtCADl IQHEDIHOIKNDLGMSHY PMVPGHEVVGEVVEVGSDVTKFKAGDVVGVGVIVGSCKNCHP 105
NP 179765AtCAD HSDLHTIKNHWGFSRYPIIPGHEIVGIATKVGKNVTKFKEGDRVGVGVIIGSCQSCES 102
XP_ 002462348sbCAD4 IfHEDLHVIKNEWGNAMY PVVPGHEVVGVVTDVGHGVTKFKAGDTVGVGYFVDSCRTCES 105
AAT99535LpCADL IfHEDLHI IKNDWGNALYPIVPGHE IVGVVASVGSGVSSFKAGDTVGVGYFLDSCRTCYS 102
HR Tk Rk Rk xx X o oKX
XP_005714659CcCAD1 CLAGRENICEDSY---QGTYLGDSAGAWGSSKFHYNENGGCFSKIQRIEERFAIKIPDGV 173
AAP40269AtCADL CNEGQEVNCAKGVFTFNGIDH-—--————--—- DGSVTKGGYSSHIVVHERYCYKIPVDY 154
CARA06687zmCAD1 CKANVEQYCNKKIWSYNDVYT-——-————-——- DGRPTQGGFASTMVVDQKFVVKIPAGL 153
ADI59734TacADl CKANVEQYCNKKIWSYNDVYT-——--—=--—--—- DGKPTQGGFASAMVVDQKFVVKIPAGL 154
BAAK97808FaCADL CKANVEQYCNKKIWSYNDVYT-——--—=--—--—- DGKPTQGGFASAMVVDQKFVVKIPAGL 154
AAP59434AtCAD4 CSSELEQYCNKRIWSYNDVYT-————-——-——- DGKPTQGGFADTMIVNQKFVVKIPEGM 154
CAA44216NtCAD1 CKRDIEQYCNKKIWNCNDVYT-—=-—=-—=-—- DGKPTQGGFAKSMVVDQKFVVKIPEGM 153



BAAO3099AcCADL
AAF43140PtCAD1

NP_179765AtCAD

XP 002462348SbCAD4

AAL99535LpCADL

XP_005714659CcCADL

AAP40269AtCAD1
CAA066872mCAD1
ADI59734TaCADl
AAK97808FaCAD1
AAP59434AtCAD4
CAA44216NtCAD1
BAAO3099AcCADL
AAF43140PtCAD1

NP 179765AtCAD

XP_002462348SbCAD4

AAL99535LpCADL

XP_005714659CcCAD1

AAP40269AtCADL
CAA06687ZmCAD1
ADI59734TaCADl
AAK97808FaCADl
AAP59434AtCAD4
CAA44216NtCAD1
BAA03099AcCAD1L
AAF43140PtCAD1

NBII79765ACAD

XP_002462348SbCAD4

BAL99535LpCADL

CKADVEQYCNKKIWSYNDVYT-————-====——— DGKPTQGGFSGHMVVDQKFVVKIPDGM
CKSELEQYCNKKIWSYNDVYT-———=-===———— DGKPTQGGFAESMVVDQKFVVRIPDGM
CNQDLENYCPKVVFTYNSRSS————-—-—-————— DGTSRNQGGYSDVIVVDHREFVLSIPDGL
CSTGHENYCPDLVLTSNGVDHH-----————— HHGATTKGGEFSDVLVVSQDFVVRVPESL
CSKGYENFCPTLTLTSNGVDG-—--——-=-———-——— GGATTQGGFSDVLVVNKDYVIRVPDNL

* * * . * .. . . .-k
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APEQAAPLIHAGITVYSPLNHFGFKQ-SGLRGGILGLGGVGHMGVKIAKAMGHHVTVISS
APEQAAPLIHAGVIVYSPLTHFGLKEISGLRGGILGLGGVGHMGVKLAKAMGHHVTVISS
SPEQAAPLIHAGLTVYSPLKHFGLKQ-SGLRGGILGLGGVGHMGVKIAKAMGHHVTVISS
PSDSGAPLIGAGITVYSPMKYYGMTKESGKRLGVNGLGGLGHIAVKIGKAFGLRVTVISR
PLDGAAPLIHAGVTIVYSPMAQYALN-EPGKHLGVVGLGGLGHMAVKFAKAFGMTVTVISS

PLAGAAPLILHAGVIVYSPMVEYGLN-APGKHLGVVGLGGLGHVAVKFGKAFGMTVTVISS
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XP 005714659CcCAD1 KIGIPAMSQQTFSYNFSSLIFQOKKIVGTVMTGTRRMKDMLDLVAKNIDFMKDTDAWKTE 349

AAP40269AtCAD1 LVGFPSEIK-IS---PANLNLGMRMLAGSVTGGTKITQOMLDFCAAHK--—-——--— IYPNIE 323
CAA06687ZzmCAD1 LLGVIGEPLSEFV---SPMVMLGRKAITGSFIGSIDETAEVLQFCVDKG-—-———— LTSQIE 323
ADI59734TaCADl LMGVIAEPLSEFV---SPMVMLGRKTITGSFIGSMDETEEVLQFCVDKG-————— LTSQIE 324
AAK97808FaCAD1 LMGVIAEPLSFV---SPMVMLGRKTITGSFIGSIEETEEVLRFCVEKG-—-———--— LTSQIE 324
AAP59434AtCAD4 LMGVINTPLQFV---TPLVILGRKVISGSFIGSIKETEEVLAFCKEKG--—-——-— LTSTIE 324
CAA44216NtCAD1 LMGVINTPLQFI---SPMVMLGRKSITGSFIGSMKETEEMLDFCKEKG-—-———— VTSQIE 323
BAAO3099AcCADL LMGVINTPLQFI---SPMVMLGRKAITGSFIGSMKETEEMLDFCNEKG-—-—-——— ITSTIE 324
AAF43140PtCADL LMGVINTPLQFV---SPMVMLGRKSITGSFIGSMKETEEMLEFCKEKG-—----— LASMIE 323
NP 179765AtCAD ALGLPEKPLDLP---IFSLVLGRKMVGGSQIGGMKETQEMLEFCAKHK-—----— IVSDIE 322
XP 002462348SbCAD4 VVGAPSTPLELP---AYAIITGGKRVAGNGMGSVADCQAMLDFAGEHG-—--—-—— VTADIE 325
AAL99535LpCAD1 VVGAPSKPLELP---AFAIIGGGKRLAGSGTGSVAHCQAMLDFAGKHG----—— ITADVE 320

. x . PP ek . . *

Figure 2. 1: Multiple sequence alignment of CcCAD1 with several validated and putative plants CAD-
like proteins, using the Clustal Omega tool.

The GenBank accession numbers for each CAD protein was marked by the turquoise background

colour. The conserved important amino acid residues were marked as follows: the red rectangular

box showed the catalytic zinc binding amino acid residues. The conserved amino acid residues in

the NAD(P) binding site were marked usingva red font The green marked amino acid residues

showed putative substrate binding 5|te readué’si'[iﬁé structural Zn binding residues were denoted
v of For

by the yellow marked amino acid reS|dues The ADH protems showed a highly conserved region

for the substrate, catalytic zinc, structural zinc and NADPH-binding amino acid residues.

The amino acid residues in the catalytic Zn binding and structural binding sites of CAD proteins
used in multiple sequence alignment are depicted in Figure 2.1. The amino acid residues
involved in the Zn binding sites were marked with capital letters and identical amino acids
among the organisms used in Table 2.6 were marked. These amino acid residues were identical

for all the sequences, and the difference was the only position located in each organism.
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Table 2. 6: The amino acid residues involved in catalytic Zn and a structural binding site for all the CAD
proteins used in the sequence alignment.

Organism Catalytic Zn binding site Structural Zn binding site

C H Cc C c C C
Chondrs crispus ¢ ¢ v N N N
Arabidopsis thaliana 1 N N N N N \ \
Zeamays v v v v N A
Sorghum bicolor y y v A
Tristicum aestivum J J J J J N J
Aralia cordata v v v Voo Y|
Festuca arundinacea N N N N
Populous tremuloides J J N J
olium perenne y y y Vol Y|
Arabidopsis thaliana 4 N N N N N N N
Nicotiana tabacum v v y Voo Y|
,zArabidopsis thaliana homolog V V V V d \/ \/
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In Table 2.7, the amino acids that are known to be involved in the substrate and NAD binding sites were indicated by capital letters.
The amino acid residues that were not marked with a tick showed that they have a different amino acid compared to that of CcCAD

sequence.

Table 2. 7: The amino acid residues in the substrate and NAD-binding site of all the CAD sequences used in the sequence alignment (See Figure
2.1)

Organism Substrate binding site Putative NAD(P)-binding site
C|T|H|w|C|V|C|H H|C|T|G|V|G|G G|IS|T|K[M|T|T|V]I |G|T|V

C. crispus VAN NN NN ANV NN VN[V VNV VN NN NN N VN
A. thaliana 1 VIAN [T (VTN Y AT (N[N N L[V NNV NN Vs [V]|[A|G|V [V |S |V ]|T
Z. mays NV NNV AN N NN YN LN [N VN[V s NS [NV N L [V]S]|F ]I
S. bicolor VA | v VIV VA A \/4;;5:_\/ VIiL |V [V|s|V|s [V|V]A|V |V |N]|G |V
T. aestivum VIV J VIV ]V“x'}_/‘]“Q/J':;’\/T)—!_]«'{\/”[\/HM[U\/ Vs |V |S |[V|V|A|M |~V ]|S|F]I
A. cordata RN S N N IV VN VA B R e i I AV I N - N S R RV IR RV N R
F.arundinacea |V |V |V V VN N[NV NN L NN VN VsV s |[V|VIV|M[YN]|S|F|I
P. tremuloides |V | | J VN N[N NN YL NN VN VsV S |[V|VIV|[M[Y]|S]|F|I
L. perenne NN Y \ NIV N NN NN N LN NSV s |[V|IVIA|lV |V |S|G]|T
A. thaliana 4 VNN V VN NNV L NN VN VsV s |[V|VIV|[M[Y]|S|F|I
N. tabacum VNN V VN N[NV NN L NN VN VsV s |[V|VIV|M[Y]|S|F|I
A. thaliana Vs | \ NN s |V N[V ||~V |N[V|R|N|IT |N|[V]|A|IL [V]S|Q]I




The Clustal omega multiple sequence alignment of CcADH3 sequence with related sequences
from other species (Figure 2.2) showed highly conserved amino acid residues among the class
I11 alcohol dehydrogenases. These highly conserved regions include the catalytic Zn amino acid
residues Cys-45, His-67, Glu-68 and Cys-174. The four cysteine amino acid residues 97, 100,
103 and 111 showed in CcADH3 sequence have a role in the structural stability of zinc-
dependent alcohol dehydrogenases (Sanghani et al., 2002; Auld and Bergman, 2008; Eklund and
Ramaswamy, 2008), and were conserved among all the species used in the sequence alignment.
The class 111 alcohol dehydrogenases used in the alignment also showed the highly conserved
amino acid residues in the substrate binding site, suggesting that the members of this group have
a particular substrate for activity. The amino acid residues in the NADPH-binding site were
found to be highly conserved, suggesting that these proteins have a similar function among the

MDRs superfamily.

Shewanella MSNEKPOF IKSKAAVAWGPRQPLKIEEVDVMLPKAGEVLVRIVATGVHEDAFTLSGDBE 60
Galdieria --——MASTISCKAAVAWEAGRPLSIEQIQVDPPKKGEVRIRIVATALGHEDAYTLSGKEE 56
Porphyra -MSSAPGPIECRGAIAWEAGKPLSVEKVTVGEPAAGEVRVRLAATGVEHEDAYTLSGTHE 59
Chondrus -—-MTAGTITCRAAVAWGPNSDL {EEIQVQ‘PKANEVRVKVLATGV HfipAYTLSGTHE 57
Arabidopsis ~MATQGQVITCKAAVAYEPNKPLVI] APPOAGEVRTKT LY TAIGHEDAY TS GKDE 59
Cyanidioschyzon MS STOGKYTRCKAAVARKEGER T4 FECHvE B3k ARV vATGUBHEDAY TT.SGADE 60
Dictyostelium MSTEGKVITCKAAVAWEAKKBLV TED1EVOPPOKGEVRTKTLYTGY@HEDSYTLSGSBB 59
Drosophila MSATEGKVITCKAAVAWEAKKPLVIEDIEVAPPKAHEVRIKITATGVEHEDAFTLSGADE 60
Danio ~MDTTGKVIKCKAAVAWEAGKPLSIEEVEVAPPKAHEVRVKIHATGVEHEDAYTLSGSPB 59
Homo ---MANEVIKCKAAVAWEAGKPLSIEEIEVAPPKAHEVRIKI IATAV@HEDAYTLSGADB 57
* .:.*:*: * :*.: * * * % . *.:****::* * Kk kx
Substrate binding site
Shewanella BevrpaILGBERGGIVEQUGEGYTSVOVGDHY I PLYTPECGECKFCLSGKTNLCQK IRAT 120
Galdieria BGIFPSILGHEEGCGVVESIGEGVESVKVGDHVI PLETPECGKCEYCQSNRTNLCPVIRAT 116
Porphyra BGAFPCILGHEEGAGVVESVGDGVTSVSVGDHVVLLEI PECRECKFCKSGKTNLCGAIRAT 119
Chondrus BGLFPTVLGEEGAGVVES IGERVTNVSVGDHV IMARNIPECGOCNFCKS PKTNLCOKIRTT 117
Arabidopsis BGLFPCILGEERAGIVESVGEGVTEVOAGDHVI PCROAECRECKFCKSGKTNLCGKVRSA 119
Cyanidioschyzon BGVFPVILGHEGGAIVESVGEGVTSVKPGDHI I PCEIPECGQCKFCRSTKTNLCSATIRVT 120
Dictyostelium BGIFPCILGHEEGGGIVESIGEGVTSVKVGDHVIPLEIPECGTCKFCTSNKTNLCSKIRIT 119
Drosophila BGLFPVVLGEEGAGIVESVGEGVTNFKAGDHVIALY I POCNECKFCKSGKTNLCOKIRLT 120
Danio BGLFPVILGEEGAGTVESVGEGVTKFKPGDTVI PLENIPOCGECKFCKNPKTNLCOKIRVT 119
Homo EGCFPVILGEEGAGIVESVGEGVTKLKAGDTVIPLEI POCGECKFCLNPKTNLCOKIRVT 117

Kk kK e kKKK KKk e ke Kk KK .. * .k K e ek

Catalytic Zn binding site
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Shewanella
Galdieria
Porphyra
Chondrus
Arabidopsis
Cyanidioschyzon
Dictyostelium
Drosophila
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Shewanella
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Chondrus
Arabidopsis
Cyanidioschyzon
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Drosophila
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Homo

Shewanella
Galdieria
Porphyra
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Dictyostelium
Drosophila
Danio
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OGKGLM-PDGTTRF--YKDGQPIFHYMGCSTFSEYTVLPEISLAKVNKTAPLKEICLLG

QOGKGYM-PDGTVRF--HCKGKDIHHYMGTSTFSEYTVLPEISVAKVDPSVPFERACLEG
QOGKGVM-PDGTSRLTATCSDRGLLHFMGTSTFCEYAVLPAIAVATVDAAAPLTSVCLLG
QOGAGVM-PDGTGRF--TCKGKDLYHYMGTSTFAEYTVVADISVVRIREDAPLDKVCL
TGVGIMMNDRKSRF--SVNGKPIYHFMGTSTFSQYTVVHDVSVAKIDPTAPLDKVCLLG
OGQGLM-PDRTTRY--SCNGRSLFHYMGCSCFSQYIVLPEIAVAKIRQDAPLDRVCLLG
QOGKGOM-PDGTTRF--KCKGKEIFHFMGTSTFSQYTVLPEISCCVVREDAPLDKVCLLG
QOGAGVM-PEGTSRL--SCKGQQLFHFMGTSTFAEYTVVADISLTKINEKAPLEKVCLLG
OGQGLM-PDNTSRF--TCKGKQLFHFMGTSTFSEYTVVAEISLAKVDEHAPLDKVCLLG

QOGKGLM-PDGTSRF--TCKGKTILHYMGTSTFSEYTVVADISVAKIDPLAPLDKVCLLG

koK x|k Kekk K x ek k. . . ) kx. K
GVTTGMGAVMNTAKVEAGATVAIFGLGGIGLSAIIGATMAKASRIIAIDINESKFELARK
GVTTGIGAVLNTCKVERGKTVGVFGLGAVGLSAIQGARLAGASRIVAIDINEGKFELAKK
GIPTGVGAVRNTCKVEEGATVAVFGLGGVGLSVVQGAVLAGASRIIGVDIDAGKFANATK
GVTTGIGAVRNNCKVEPGSTVAVFGLGGVGLSAIQGAKMAGAKAIYGIDTNPEKFAMAET
GVPTGLGAVWNTAKVEPGSNVAIFGLGTVGLAVAEGAKTAGASRIIGIDIDSKKYETAKK
GITTGIGAVLNTAKVEQGSTVAVFGLGGVGLSVVQGARIAGASRIIGVDTNESKFPLAKQ
GITTGFGAAKITAKVEEGSTVAIFGLGAVGLSVAQGAVDCGAKRIIGIDNNETKFGPGKD
GISTGYGAALNTAKVEAGSTCAVWGLGAVGLAVGLGCKKAGAGKIYGIDINPDKFELAKK

GISTGYGAAINTAKVEAGSTCAVEGLGAVGLAVVMGCKSAGATRIIGIDVNPDKFEIAKK

GISTGYGAAVNTAKLEPGSVCAV‘ﬂi ' VIMGCKVAGASRIIGVDINKDKFARAKE

ke KKk kK K ek K * * * ek . * .

- .. NADBinding site
University of *Ol'g ﬂ'&l'@

!(waw!hru‘fszlvrww!ﬁw:rv
LGATDCINPKN---FDKPIQEVIVEMTDGGVDYSFECIGNVNVMRSALECCHKGWGESVI
MGATDCVNPNK---YDKPIQQVLIEMTNGGLDYTFEAVGNVKLMRAALEACHRGWGESCI
FGATECVNPKDY--GDKPIQEVLVEMTDGGLDYTFEAIGRTATMRSALEAAHKGWGMSCT
LGATVCVNPKD---HSKPIQQVLVELTGGGFDYTFECIGKVETMRAALESCHKGWGESCI
FGVNEFVNPKD---HDKPIQEVIVDLTDGGVDYSFECIGNVSVMRAALECCHKGWGTSVI
LGATECINPLKF--GEKPIQQVLIDMTDGGPDYTFEATIGNVKTMRAALEASHKGWGVSVI
FGCTEFINPSKDLPEGKTIQQHLVDITDGGVDYSFECIGNVNVMRAALECCHKGWGVSTI
FGFTDFVNPK-DVADKGSIQNYLIDLTDGGFDYTFECIGNVNTMRSALEATHKGWGTSVV
FGATEFVNPK-DHS--KPIQEVLVELTDGGVDYSFECIGNVGIMRAALEACHKGWGTSVI

FGATECINPQ-DFS--KPIQEVLIEMTDGGVDYSFECIGNVKVMRAALEACHKGWGVSVV
I sk Kk *k

e ek KKk KKk e kK oKk * Kk e kK Kk * ek kX Kx

55

237
233
238
234
237
237
236
237
236
234

294
290
296
291
294
295
296
296
293
291



Shewanella IGMAGAGQEISTRPFQLVTGRVWRGSAFGGVKGRSQLPKIVEQYLAGEFKLDDFITHTMG 354

Galdieria 1GlIAGAGEE I STRPFOLVTGRVWRGSHFGGVKGRSQLGGFLERYKQGE I FVDDLVTGELP 350
Porphyra 1GlIAGAGEMIQTRPFOLVTGRRWVGTHFGGTKGRTEVPLLVKE YMDGKLKI DEC I TKKYS 356
Chondrus IGNAGSGQEISTRPFQLVTGRVWRGSAFGGVKSRSQLPGMIDEYMCGDIKIDEMISKTYP 351
Arabidopsis VGMAASGQEISTRPFQLVTGRVWKGTAFGGFKSRTQVPWLVEKYMNKEIKVDEYITHNLS 354
Cyanidioschyzon 1GllAASGEEISTRPFQLVTGRTWKGTHFGGAKSRTOLPELVDMYMKGVINI DDYVTGTYK 355
Dictyostelium vCllAPAGAE I STRPFOLVTGRVWKGSEFGGVKSRSQLPS T I DKYMDKKLKVDEYVTEFTYP 356
Drosophila IGNAGAGQEISTRPFQLVVGRVWKGSAFGGWRSVSDVPKLVEDYLKKDLLVDEFITHELP 356
Danio IGNAGAGQEISTRPFQLVTGRTWKGTAFGGWKSVESVPKLVNDYMNKKLMVDEFVTHTLP 353
Homo VCflAASGEE TATRPFQLVTGRTWKGTREFGGWKSVESVPKLVSEYMSKK IKVDEFVTHNLS 351
:*** :* * *******.** * *:**** s, . [N * . :*:
Shewanella LEQVNEAFDLMHEGKSIRSVIHFDK-- 379
Galdieria FESIQQAFDDLHHGKAIRTVLKYNQ-- 375
Porphyra LDQINDAFADMHDGKLIRGVIVF---- 379
Chondrus LKDINQAFEDMHSGKNIRGVVLFEAK- 377
Arabidopsis LGEINKAFDLLHEGTCLRCVLDTSK-- 379
Cyanidioschyzon LDDINRAFEEMHNGRSIRSIILMDDDA 382
Dictyostelium LNEINTAFDVMHEGKSLRSVVNL---- 379
Drosophila LSQINEAFDLMHKGESIRSIIKY---- 379
Danio FAQINEAFDLMHAGKSIRAVLQF—==— 376
Homo FDEINKAFELMHSGKSIRTVVKIJﬁTj‘Mk @ 374
. * % :* * :* s 7\7":_—‘;;9"(
University of F

! ort Hare

Figure 2. 2: Multiple sequence alignment of class Il alcohol dehydrogenases from different organisms
using Chondrus crispus ADH as a query protein.

The Clustal omega tool was used to align amino acid sequences with GenBank accession
numbers: Chondrus crispus (XP_005711469), Galdieria sulphuraria (XP_005705275),
Cyanidioschyzon merolae (XP_005538792), Porphyra umbilicalis (OSX74245), Arabidopsis
thaliana (CAA57973), Danio rerio (NP_571924), Shewanella oneidensis MR-1 (NP_717657),
Drosophila melanogaster (NP_524310), Dictyostelium discoideum AX4 (XP_640467), and
Homo sapiens (NP_000662). Conserved amino acid residues are shown as follows: solid black
box showed catalytic zinc ion coordinating residues, yellow shaded residues showed amino acids
involved in the structural zinc binding, amino acid residues with red background showed
essential residues in the NAD-binding site, and the green highlighted residues represent the
amino acids for putative substrate binding. The identical amino acid residues are marked with an
asterisk (*), conserved amino acid residues marked with a colon (:) and semi-conserved residues

are marked with a full stop (.).
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The essential conserved catalytic Zn and structural Zn binding site in all class I11 ADH sequences

used in sequence alignments and CcADH3 amino acid residues were shown in Table 2.8 as

capitalized letters for each amino acid symbol. The tick marks were used to show homologous

amino acid sequences in each organism.

Table 2. 8: The catalytic and structural Zn binding site amino acid residues in class Ill alcohol

dehydrogenases (See Figure 2.2 for Clustal omega sequence alignment)

Organisms

Catalytic Zn binding site

Structural Zn binding site

H E C C C C
Chondrus crispus N N N N N N
Shewanella oneidensis J N N N N N
Galdieria sulphuraria J N N N N N
Porphyra umbilicalis N N N N N N
Arabidopsis thaliana J Vsl | v N N N
Cyanidioschyzon merolae U M]\“;H, tvHare N \ N
Dictyostelium discoideum J e ‘\/ - \/ N N N
Danio rerio N N N N N N
Homo sapiens N N N N N N
Drosophila melanogaster J N N N N N

The amino acid residues involved in the substrate and NAD-binding site in class Il alcohol

dehydrogenases from different organisms are indicated by ticks and the capital letters indicate

different amino acid residues (Table 2.9).
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Table 2. 9: The amino acid residues involved in the substrate and NAD-binding site of class 111 alcohol dehydrogenases in different species using
the C.crispus amino acid residues as reference (bold capitalized letters)

Organism Substrate binding site NAD-binding site

C|T|D|P|E|H|Y|V|C|V|A|H|T|C|T|G|L|G|G|V|ID|T|K|C|I|E|T|I|G|S|A|F|R

Coorispus | N [N |V |V N[NV NV NNV Y Y Y]

S.oneidensis | N [N [N [N [V NN T [N N[NNIV A NN AL [N NN VN[V NN (VNN

G.sulphuraria |\ [N [N [N [V N[ N[T [N [N [NV [NV AN N[N NN A[VIK[L N[N [N

P.umbilicalis | N | N [N [N [ N[N NN VNNV REINIRE AV VNV NV A AN (VN TV VY

A. thaliana VIV VN NN N]Q N N[NV

C. merolae S NV RV IRV A EEVA IRV RV Y I VAR RV BV IR Ve S ‘

b discoideum | ¥ [ [N |V [N V|0V [V Y A [ NN v e ][

D. rerio S N IV R Y I T I I R I VA VR IR I I N V2 S I NS R T I S R N

H. sapiens VAN VNN A A AN A NN AV NN NNV KV VTN VY

D.

melanogaster




The CcD-LDH sequences were used in alignment to find regions of similarity, and it was found
that these two LDH-like proteins in C. crispus share 43% identity similarity with each other.
When they aligned with other LDH-like proteins in other red algae species, it was found to be
most similar to D-LDH in G. sulphuraria with 48% identity. These LDH-like proteins were
further aligned with plant species, and they showed 46% identity similarity with D-LDH from
Quercus suber and lower identity with D-3-phosphoglycerate and formate dehydrogenase with
both monocot and dicot plant species. High protein identity was found in 2-hydroxyacid
dehydrogenase from bacterial species with a 55% identity cyanobacteria Nodularia spumigena.
The protein identity similarity among the members of the 2-hydroxyacid dehydrogenase family
is outlined in Table 2.10.

Table 2. 10: Sequences that produces significant sequence alignments with CcD-LDH

Protein CcD-LDH
CcD-LDH-like 43%
GsD-LDH 46%
PsD-LDH ;: 49%
nmb.LBHversity of [Egxt Hare
SoD-LDH o 48%
EcD-LDH 47%
S_2-HACID 49%
Ns_2-HACID 55%
QsD-LDH 46%
DdD-LDH 43%
ObD-3-PGH 34%
OsD-3-PGH 34%
BrFDH 29%
AtFDH 200
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The D-lactate dehydrogenase sequences from C. crispus were aligned with similar amino acids
from other species, and the multiple sequence alignment revealed lower identity similarity
among these sequences. The critical binding motifs of these amino acid sequences from different
organisms were highly conserved, suggesting that these proteins were members of the same
family. The amino acid residues in the active site in these sequences were highly conserved,

suggesting that these proteins share the same functional properties.

In the multiple sequence alignments, the amino acids involved in the active site were marked
with a rectangular box outlined with the red colour. The amino acid residues identified in the
sequence alignment were highly similar or even identical to the ones reported for members of the
2hydroxyacid dehydrogenase family (Taguchi and Ohta, 1991). The amino acid residues
essential for catalysis of D-lactate dehydrogenase were located at Arg-238, Glu-267 and His-299.
These three amino acid residues have been reported in the literature as critical for substrate

binding and catalytic activity of D-lactate dehydrogenases (Razeto et al., 2002).

The amino acid sequences in the putative ligand binding or substrate binding site were also
highly conserved in all the sequences used in-alignment. The amino acid resides Cys-80, Ala-81,
Gly-82, Tyr-104, Arg-238, and His-299 weregprésent in D-lactate dehydrogenase, suggesting a
wide range of substrate specificit;l/‘%fzﬁoﬁg;ffhé'F‘I»Z)i-‘yl'_’ljl-‘jlé'f" The NAD-dependent 2-hydroxyacid

dehydrogenases have been shown to have D- isomers for their substrates (Dengler et al., 1997).

The sequence alignment also revealed a NAD-binding site motif [GXGXXGX17D] (Gly-155,
Gly-156, Lys-158, lle-159 and Gly-160) and this region had been shown to be the coenzyme
binding domain (Razeto et al., 2002). This binding motif site further confirmed that the D-
lactate dehydrogenase gene in C. crispus is the member of the 2-hydroxy acid dehydrogenase
family because of the presence of this highly conserved nucleotide binding domain in all the
sequences used in the alignment. These highly conserved amino acid residues in the multiple

sequence alignments are also outlined in Table 2.11 and 2.12.
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P 005714861CcD-LDH-1ike
XP_ 640819DdD-LDH
KENO00STHS286C D-Lon

NP 716597S0D-LDH

NP 274689NmD-LDH

NP 415898EcD-LDH

WP 0108741765 2-HACID

NP 249618 PaD-LDH

XP 005714861CcD-LDH-1ike
XP 640819DdD-LDH
KEN00S7I5286CcD-Lox

NP 716597S0D-LDH

NP 274689NmD-LDH

NP 415898EcD-LDH

WP 010874176S 2-HACID
NP 249618 .PaD-LDH

XP_ 005714861CcD-LDH-1ike
XP_ 640819DdD-LDH
KEN00STHS286C o-Lox

NP 716597S0D-LDH

NP 274689NmD-LDH

NP _415898EcD-LDH

WP 0108741765 2-HACID
NP 249618 . PaD-LDH

XP 005714861CcD-LDH-1ike
XP 640819DdD-LDH
RBJO0STIS286C -0k

NP 716597S0D-LDH

NP 274689NmD-LDH

NP 415898EcD-LDH

i 010874176S 2-HACID
NP 249618 .PaD-LDH

MADSFNAAGQSQRLRVIMFGARQYEVAAFRNEMKLSPETQLLDIVEVSAPLDKSTATLAA
————————————— MKITLFSSKPYWVKWFNELNK-----FSYEINYVTSACDIKSVNEAK
————————————— MKVTVEFSSKRYERDFLRQHPTLTRVTPHIDFEFLAMPLSEGTAPLAA
————————————— MRIGFFSAKHYDMQHFNRTNA----AFDAQIEYFDYRLCMQTVKLAE
————————————— MKIAIYGTKSYDREHFTRANR----HFGFELEFFDFMLDAKTAKMAE
————————————— MKLAVYSTKQYDKKYLQQVNE----SFGFELEFFDFLLTEKTAKTAN
————————————— MKIAFFSSKAYDRQFFQQOANH----PHOQREMVFFDAQLNLDTAILAE
————————————— MRILFFSSQAYDSESFQASNH----RHGFELHFQQAHLQADTAVLAQ
..... * : HES .
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GFEVVCAFVNDSLCEEVLVELAKGGTKIIAMRCAGFNNVDLVAAKRLGMQVVNVPAYSPE
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XP_005714861CcD-LDH-1ike LCKRGVLLINTSTGALLDVKAVIPALQAGQVGGLALDSFE§EADLFFQDHTGVQ—TNPDF 297
XP_640819DdD-LDH KMRDGVMIINVSHGALVNASDAIVGLKSGKISSLGMDVYENHTDYFYQDHNGSIIKDDNL 282
XP_005715286CcD-LDH KMKTGVILINTSHGELMDMDALIKGLKGKKIGACAMDVVEGHAELFFDDHSGEILEDDRI 285
NP_716597SoD-LDH KMKPGVMVINTSHGGLLNAFDAMEALKLGQIGALGLDVYENHKELFFEDKSNQIIQDDVE 281
NP_274689NmD-LDH KMKDGVMIINTSHGGLIDSAAAIEALKRRKIGALGMDVYENHRELFFEDKSNDVITDDVE 281
NP_415898EcD-LDH OMKNGVMIVNTSHGALIDSQAATIEALKNQKIGSLGMDVYENFHRDLEFFEDKSNDVIQDDVE 281
WP_010874176S 2-HACID OMKPGVMLINTSHGHLIDTQAVIQGIKSHKIGFLGIDVYERHEELFFTDHSDTIIQDDTE 282
NP_249618.PaD-LDH TMKPGAMLINTGHGALVNAAALIEALKSGQLGYLGLDVYERHADIFFEDRSDQPLQDDVL 281
: *.:::*..:* *ie HEN HE R : R
XP_005714861CcD-LDH-1ike QLLRSMPNVLITCjéAALTTNALASVAKATLRTLVQFARGEALDY ————— EIATT--- 347
XP_640819DdD-LDH SLLISYPNVMITYHDAWYTKEAISCICGTSLONEFVDFRSNQIKKSNLVNNPISSQPTQ 340
XP_005715286CcD-LDH SMLMSFPNVLLTHHIAFCTDTAMLNIWGTTVSNMLEFKEAGPDAT-LT-NEVIIQ--- 338
NP_716597SoD-LDH RRLSACHNVIFTGHDAFLTEEALGAIANTTLSNVQAVLAGKRCG-—---- NELF----- 329
NP_274689NmD-LDH RRLSSCHNVLFTGHDAFLTEEALGNISEVTLSNIREVGQTGDCG-—---- NAVRADG-- 332
NP_415898EcD-LDH RRLSACHNVLFTGHDAFLTAEALTSISQTTLONLSNLEKGETCP-—---~ NELV----- 329
WP_010874176S_2-HACID QLLQSFPNVMITAHPDGFFTHNALQTIAATTLANIAEFEQNKPLT----— YQVICPH-- 333
NP_249618.PaD-LDH ARLLSFPNVVVTAE;AFLTREALAAIADTTLDNIAAWQDGTPRN 77777 RVRA----- 329
Ko kk. ok ok ok k.

Figure 2. 3: Multiple sequence alignment of D-isomer specific 2-hydroxyacid dehydrogenase family
proteins from seven different organisms.

The amino acid sequences of D-LDHSs and Z@yacid dehydrogenases were aligned from: C.
crispus  (CcD-LDH and CcD-LDH-like), v Dictyosteliume discoideum AX4 (DdD-LDH),
Shewanella oneidensis MR-1 (SoD-L“[“)‘I—CIJ‘)‘,‘ ‘Né‘iéséfia meningitidis MC58 (NmD-LDH),
Escherichia coli MG1655 (EaD-LDH), Synechocystis (S_2-HACID), and Pseudomonas
aeruginosa POA1 (PaD-LDH). The GenBank accession numbers of each protein are marked by
the turquoise colour behind to the corresponding protein. The conserved important amino acid
residues are indicated by the red rectangular box for active site residues. The green coloured
background residues denoted amino acid residues involved in the ligand binding/substrate
binding site. The yellow coloured amino acid residues were shown to be involved in the NAD
binding site.

The amino acid residues Arg-238, Glu-267 and His-299, were highly conserved in the D-lactate
dehydrogenases sequences used in the alignments. These amino acid residues have been well
investigated and shown to be critical for substrate binding and catalysis of many D-isomer

specific 2-hydroxyacid dehydrogenases (Razeto et al., 2002) (Table 2.11).
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Table 2. 11: The critical amino acid residues in the active site and substrate binding site in C. crispus D-
lactate dehydrogenase and several other organisms used in sequence alignment (Figure 2.3).

Organism Active site Putative ligand binding site

R |[E |H |[c |A |6 |y |R H |F
Chondrus crispus S N N N N N R
Dictyostelium discoideum J J N NN J J J N W
shewanella oneidensis S N O e R e R
Neisseria meningitidis R VR VR OV OV J J |y J J
Escherichia coll N N N N R RN N N R
Synechocystis \ \ \ Sy \ \ \ \ \
Pseudomonas aeruginosa VN @ S N N A N
Chondrus crispus LDH-like J Uhiversity : Roet[Hare | Hooly J A
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Table 2. 12: The amino acid residues found in the NAD-binding site of the 2-hydroxyacid dehydrogenases protein sequences used in the Clustal
omega sequence alignment (Figure 2.3)

Organism Putative NAD-binding site amino acid residues
Yy |v |6 |G |K |I |[G|Y |D|V | H|C|P|L|T|M|T|S|IR|ID|V|HJA|F
Chondrus crispus S R I I A U U IO U A R A T VA IR N I
Dictyostelium discoideum J 1y J J N NN | N T Iy vy V VIV IV IV Iy |y W
Shewanella oneidensis J 1y J J 1y NIRN F J P J Iy Iy ly N |L JIvIv IV Iy Iy vy
Neisseria meningitidis NN, J N, Jiv B ﬂP vy A |N IV VIV IV Iy Iv vy
o —
Escherichia coli N VR VR IV VI NI Y _E‘@‘P \{ J Iyl N | L IV IV IV Iy Iy IV
Umiversity of Hort Hiare
Synechocystis S R I I VA IV e O I U N U el IER VRS TR TR IR IR I I
Peeudomonas aeruginosa g N |V |V N Y [V BV NS Y N[
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2.6.5 Signal peptide, transmembrane and subcellular localization prediction of the ADH and
LDH proteins

The analysis of the ADH and LDH protein sequences by SignalP 3.0 and 4.0 Server
(Emanuelsson et al., 2007; Petersen et al., 2011), showed no signal peptides. These proteins were
deemed as nonsecretory proteins, and no typical transmembrane domain was observed by
TMHMM 2.0 server. The subcellular localization prediction by TargetP 1.1 Server and WoLF

PSORT showed that these proteins are most likely situated in the cytoplasm.
2.6.6 Phylogenetic analysis of dehydrogenases

To have a better understanding of the functional divergence of the ADH and LDH genes in C.
crispus, the amino acid sequences of these two family members, including red algae, plants,
human, bacteria, insect, and zebrafish, were analyzed by the Neighbor-joining (NJ) phylogenetic
tree using the MEGAG6 program. The two alcohol dehydrogenases were used to build a
neighbourjoining phylogenetic tree along with cinnamyl alcohol dehydrogenase and class il

alcohol dehydrogenases from other species.

The phylogenetic tree showed these two ABHypreteins belong to different groups, suggesting
that they may have a different function. It has. been reported that most of the CAD proteins in

plant cell walls are involved in the{lvas_t step_éfmaﬁolign?l metabolism (Eudes et al., 2006; Ma,
niversity ot Fort Hare

2010). Members of the CAD proteins were..found/to..be close to CAD1 protein found in C.

crispus. The other ADH protein was found in the group with class Il alcohol dehydrogenases

from other species.

The family members of these proteins have been reported to evolve from the glutathione-
dependent formaldehyde dehydrogenases (Strommer, 2011). All the ADH proteins in C. crispus
were grouped as medium-chain dehydrogenases/reductases based on the amino acid length and
presence of zinc ion which has been found to be present in most MDRs superfamily proteins.
The difference in these families may also indicate that these ADH proteins have different

substrate specificities among the C. crispus genome.
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Figure 2. 4: The phylogenetic relationship of class Ill alcohol dehydrogenase and cinnamyl alcohol
dehydrogenase proteins of C.crispus (in red rectangular box) with similar proteins from other organisms
using MEGAG6 program.

The numbers below the branches represent the bootstrap values of mostly 50% or more support.
The scale bar showed the levels of sequence divergence. The CAD and class 111 ADH sequences
were shown to belong to two different groups in the phylogeny tree. The plant's CAD proteins
were grouped together and most of these protein groups showed a bootstrap value of 100%
showing that the estimation of these groups has a high probability. The ADH Il proteins were

shown to be the descendants of the glutathione-dependent formaldehyde dehydrogenases.

The phylogenetic tree was constructed using the Neighbour-joining (NJ) method from MEGAG

program and several lactate dehydrogenases from different organisms were used to check the
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evolutionary relationship of these proteins. The tree showed several groups of 2-hydroxyacid
dehydrogenase families from different organisms. The LDH-like proteins from red algae are
grouped among the D-lactate dehydrogenases from other species such as plants (Quercus suber)
and bacteria (mostly cyanobacteria). This showed that the LDH proteins obtained in C. crispus
have functional divergence from D-lactate dehydrogenases. Compared to other 2-hydroxyacid
dehydrogenases, the D-lactate dehydrogenases have D-isomers for their substrate, and they may

slightly differ with other 2-hydroxyacid dehydrogenases in plants and other bacterium species.

Most plants species were grouped together, and they are reported to have conserved regions with
formate/glycerate dehydrogenases. The 2-hydroxyacid dehydrogenase proteins from fungi and
bacteria identified were grouped together. Proteins which have been found to lack the D-isomers
for their substrates have been grouped together, including L-LDH isomers which are mostly
common in many vertebrates. The phylogenetic analysis revealed that the hypothetical genes in
C. crispus have the same evolutionary origin with D-lactate dehydrogenase from other species.
This may indicate that these proteins share the same functional characteristics and are members

of the D-isomer specific 2-hydroxyacid dehydrogenases (see Appendix B).

| 'Hi‘m‘i“»-»]\l)' of Fort Hare
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Figure 2. 5: Phylogenetic tree of two,C; crispus, D;LiDH proteins (marked in rectangular red box) and
other proteins members of 2-hydroxyacid, dehydrogenase, gene family from different species using
MEGAG program.

The Neighbour-joining (NJ) tree was constructed using the MEGAG6 program, and the bootstrap
of 1000 replicates was employed in the analysis. The GenBank accession number of each protein
was written next to the corresponding proteins. The following species were used to construct the
phylogeny: C. crispus, Galdieria sulphuraria, Quercus suber, Nostocales, Nodularia spumigena,
Dictyostelium discoideum, Synechocystis, pseudomonas aeruginosa PAO1, Neisseria
meningitidis MC58, Escherichia coli str.K-12 substr. MG1655, Shewanella oneidensis MR-1,

Brassica rapa, Arabidopsis thaliana, Oryza sativa japonica group, and Oryza branchyantha.
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2.6.7 Computation analysis of the cis-acting regulatory elements in ADH and LDH gene

families from red alga (Chondrus crispus).

The genomic sequences obtained in the 1.5 kbp 5’ upstream from the translational start site of
alcohol dehydrogenase and lactate dehydrogenase genes in C. crispus were analysed by the
PlantCARE Database (Rombauts et al., 1999; Lescot et al., 2002) and several cis-acting
regulatory elements (CAREs) were identified in the upstream regions of these dehydrogenase
genes. The PlantCARE database revealed 88 and 84 cis-acting regulatory elements with different
sequence lengths between 4-12 bp for both LDH and ADH genes, respectively. The identified
cis-acting regulatory elements were grouped by their motif name, sequence, position and

functions (see Appendix E).

The names of the identified CAREs included TATA-box, CCAT and GC-box, which are
common in the upstream region of the translation start site. Most of the CAREs in the gene
promoters were identified to be involved in light response, hormonal response, abiotic and biotic
stress, as well as in growth and development. The highest number of cis-acting elements in these
genes was associated with light responses, fandpharmonal responses and the stress-responsive
elements were abundant in the 1.5kbp 5’ regulatory regions of these dehydrogenase gene family.

This may indicate that the expreﬁs,ign pgttjé‘a?()?,these.genes could be regulated by various
1IVETSII |

tv of Fort Hare

environmental factors.

The light responsive elements were spread across the 5’ upstream regions of these gene families.
Light is a vital source of energy for many organisms including plants, and therefore it is one of
the critical environmental factors and plants have complex transcriptional network that mediates
developmental changes in response to light (Jiao et al., 2007). developed a Red algae have also
been shown to utilize light for various physiological and developmental processes, and it has
been reported that marine algae and plants have the same phytochrome signalling system
(Duanmu et al., 2014).

The light response-associated cis-acting regulatory elements such as ACE, CATT_motif,
GT1_motif, G-Box, GAG_motif, MNF1, Box 4, Spl, AE-box, and I-box were identified in
1.5kbp 5’ upstream regulatory region in dehydrogenase gene sequence. Plant hormones such
methyl jasmonate (MeJA), abscisic acid (ABA) and GARE-motifs were also identify in the
upstream region of these dehydrogenase genes.
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These CAREs play essential roles in the development and cellular processes in plants. MeJA is a
plant hormone which is regulated during various developmental processes and in C. crispus; this
plant hormone plays a physiological role as a stress hormone in red algae (Collen et al., 2006).
The cis-acting regulatory elements which are involved in MeJA responsiveness were identified
including TGACG_motif and CGTCA_motif. The CAREs such as salicylic acid (SA),
gibberellin (GA), and auxin responsive elements were identified, and they play crucial roles in

various plant developmental and cellular processes (Hagen and Guilfoyle, 2002)

Other CAREs such as circadian, Sk_1 motif, and O2-site are also regulated during various
stages of plant growth and developmental stages. Although most of the CAREs in C. crispus
gene promoter are involved in stress responsiveness, the mechanism to which they respond in
these conditions is unknown. Studies need to be done in future using experimental evidence from
other sources to try to expand this knowledge by investigating the role of red algae genes in these
response mechanisms. The use of computational approach is helpful in fast-tracking this
knowledge, and given the theoretical and structural background of several genes from other

sources, this might be a fruitful consideration for future studies.

The illustration and distribution of the identified cistacting regulatory elements in ADH and LDH

were ]re\l/‘earedi y [aiplant-based promoter sequence analysis

V O B \T'€

gene family in C. crispus genome,
PlantCARE database. The putative CiS-actiﬂg‘regulatory elements identified in the 5’ upstream
regulatory region in the ADH3 gene sequence showed a high number of sequence motifs involved

in stress responsiveness (Figure 2.6).

The CAREs in the ADH genes showed similar sequence motifs in the 5’ regulatory regions. In
Figure 2.7, the CcCAD gene showed a high number of light responsive elements in the 5’
upstream region. The LDH gene family showed a high number of CAREs that are activated
during the stress response. There were also several CAREs that are involved in hormonal
regulation. The number of putative motifs in the 5’ regulatory region in C. crispus LDH gene
revealed cis-acting regulatory elements that are involved in stress response, hormonal change and

growth as well as developmental processes (Figure 2.8).
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Figure 2. 6: Illustration of the putative cis-acting regulatory elements in the 5’ upstream region of the
CcADH3 gene family.
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Figure 2. 7: lllustration of the putative cis-acting regulatory elements in the 5’ upstream regulatory region
of CcCAD gene family.
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2.6.8 Secondary structure analysis

The secondary structure analysis of C. crispus alcohol dehydrogenase class Il (A) showed 14
(29%) alpha helices and 19 (28%) beta strands. The predicted secondary structure by the 3Phyre?
server was based on the template of Arabidopsis thaliana s-nitrosoglutathione reductase (PDB
code: 3UKO), which showed 62% identity. The secondary structure analysis of cinnamyl alcohol
dehydrogenase (B) showed 12 (25%) alpha helices and 19 (29%) beta strands. Transmembrane
helices were also identified in the secondary structures A (168-210) and B (176-219) in the N- to
C-terminal regions, respectively (see Appendix F). The secondary structure confidence key is
indicated by the coloured amino acid residues, with red coloured residues showing high

confidence and purple coloured residues showing low confidence as shown in Figure 2.9.
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Figure 2. 9: Secondary structure of CcADH predicted by Phyre? server showing the alpha helix, beta strands and transmembrane region in the two
C. crispus alcohol dehydrogenase amino acid sequences. (A) C. crispus ADH class 111 alcohol dehydrogenases; (B) C. crispus cinnamyl alcohol
dehydrogenase (CcCADL).



The class 111 ADH sequences showed over 50% sequence identity when aligned with the query
protein from C. crispus. The structure-based alignment was performed by the PROMALS3D tool
server using C. crispus class 111 ADH (CcADH) sequence and Homo sapiens 3D structures (PDB
code: 1MC5, 3QJ5, 1TEH, and 2FZW) and Arabidopsis thaliana 3D structure (PDB code:
3UKO). The C. crispus sequence showed 65% identity with H. sapiens 3D structure sequences

and 62% identity with A. thaliana 3D structure sequence.

The numbers at the top of each amino acid residues in the structure-based alignment indicates the
conservation index for the aligned sequences. The high conservation index number 9 was
observed in all the alignments, suggesting that C. crispus ADH sequence produces high
similarities with class Il ADH and reductase proteins from H. sapiens and A. thaliana. The
predicted secondary structure elements showed 19 beta-strands and 14 alpha helices marked by

red amino acid residues for alpha helices and blue coloured residues for beta-strands.

The conserved amino acids in the alignment are indicated by bold and uppercase letters. The
consensus amino acid sequences (consensussaa)yia-the alignment showed symbols for different

classes or groups of amino acids such as aliphati¢, aromatic, hydrophobic, alcohol, and polar

residues, small, bulky residues, posgtiv_ely ch_é‘rgéd?;’hegati\I/ely charged and charged residues. The
niversity ot Fort Hare
structure-based sequence alignments of class:lH.ADH.in C. crispus and similar proteins from H.

sapiens and A. thaliana with known 3D structures are shown in Figure 2.10.

The other C. crispus ADH protein (CcCAD) was also used in alignment with proteins from other
organisms with known 3D structures in the PDB. These sequences showed high similarities and
most of the secondary structure elements were predicted as beta-strands. The structure-based
sequence alignment was performed using the structure from Populus tremuloides (PDB code:
1YQD), and Methylobacterium extorquens AM1 (PDB code: 4GI12). The conservation index for
the aligned sequences was 9 for most of the conserved amino acid residues, and most of the
consensus amino acid sequences were hydrophobic residues (Figure 2.11). The sequence

identity similarity among these proteins was low, being 35% and 18%, respectively.
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Figure 2. 10: Illustration of structure-based sequence alignments of C. crispus alcohol dehydrogenase proteins and other related proteins from
different organisms with known 3 dimensional structures in the Protein Data Bank. (A) CcADH class Il structure-based alignments with other
related proteins from other organisms; (B) CcCAD structure-based alignments with other related proteins from other organisms.



The secondary structure of LDH proteins in C. crispus was predicted using the Phyre? server
(Figure 2.10). The amino acid sequence analysis showed that D-LDH-like protein shown in
Figure 2.10A contains 15 (39%) alpha helices and 12 (19%) beta strands. The secondary
structure prediction analysis of LDH-like protein was based on the template of the
Chlamydomonas reinhardtii protein structure (PDB ID: 4ZGS), which showed the highest
identity similarity of 44%. Secondary structure analysis of D-LDH structure shown in Figure
2.10B revealed 16 (40%) alpha helices and 13 (19%) beta strands. The amino acid residues were
coloured by their secondary structure confidence key, with red coloured residues showing
highest confidence and purple coloured residues showing lowest confidence. The secondary
structure analysis of CcD-LDH was based on the template of Pseudomonas aeruginosa (PDB ID:
3WW?2Z), which showed 49% identity.

The structure-based amino acid sequence alignment was performed since the structure is better
conserved than the amino acid sequence and the accurate sequence alignment is essential for
homology searches and for building protein 3D structures (Kim and Lee, 2007). The structure-
based sequence alignment between the CcD-LDH sequence and two D-lactate dehydrogenase 3D
structures from other organisms showed highsgenservation index number 9 as shown in Figure
2.11A. The D-lactate dehydrogenases :ﬁ*rdhi‘¥‘[§Séu{‘di‘owhﬁb‘[n%1§"éé‘ruginosa (PDB code: 3WW?2Z) and
Salmonella typhi (PDB code: 4CUJ) shared 49% and 48% identity, respectively with C. crispus
protein sequence. The high structure-based alignment similarities among these three sequences
indicated that CcD-LDH has similar structure and function with these two experimentally
validated crystal structures. The consensus amino acid sequences in the alignment were mainly
hydrophobic residues, and the predicted secondary structure elements showed many alpha

helices (13) than beta-strands (11).

The other protein shown in Figure 2.11B showed conservation index above 4, indicating high
similarity among the aligned Chondrus crispus proteins with Salmonella typhi (PDB code:
4CUJ), Pseudomonas aeruginosa (PDB code: 3WW2Z), Escherichia coli (PDB code: 4CUK),
and Chlamydomonas reinhardtii (PDB code: 4ZGS). These proteins showed between 35 to 43%
identity among each other. The secondary structure elements analysis showed 12 beta-strands

and 15 alpha helices.
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Figure 2. 11: Secondary structure prediction analysis of CcD-LDH proteins showing a-helices (green) and B-sheets (blue arrow) by the Phyre? server. (A)
Secondary structure prediction of C. crispus D-lactate dehydrogenase-like protein; (B) Secondary structure prediction of C. crispus D-lactate dehydrogenase
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Figure 2. 12: Structure-based sequence alignments of C. crispus D-lactate dehydrogenases with other related proteins form other organisms with known

3D structures. (A) Structure-based alignment of CcD-LDH with other related proteins; (B) Structure-based alignment of CcD-LDH —like protein with

D-lactate dehydrogenases from other organisms.
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2.6.9 Tertiary structure analysis

The 3D structures of C. crispus proteins were built by the Swiss-PDB Viewer (Deep View). The
multiple templates were modelled based on the closely related ADH and LDH proteins using
PRIMO and SWISS-MODEL. The BLAST analysis showed that alcohol and lactate
dehydrogenases from Homo sapiens (IMC5, 1TEH, 2FZW, 3QJ5), Populus tremuloides
(1YQD), Escherichia coli K-12 (1UUF), Catharanthus roseus (5H83), Pseudomonas aeruginosa
(BWW2Z), Salmonella typhi (4CUJ), Escherichia coli (4CUK) were closely related to the
Chondrus crispus proteins and these templates generated good models. The three-dimensional
models of C. crispus proteins were generated by PRIMO and SWISS-MODEL, these two
databases showed homologous models. The best-modelled structures were then selected by

analysing the least DOPE-Z-score and accessed with Ramachandran plot.

The tertiary structure analysis of class 11l ADH modelled with alcohol dehydrogenase template
structure from H. sapiens (PDB code: 1MC5) which showed the highest identity. The 3D ribbon
structure model was rich in B-strands than alphashelices, and similar type of structures has been
identified from other studies in literature (Amelia et al., 2015). The quality analysis of the

modelled structure was evaluated by the RarTTacﬁandran plot showing that 95.1% (355 amino
acid residues) were found in the most”fé\‘}&}af)lg \reglo[r114|1\5|5/o (17 amino acids) in the additional
allowed region and 1% (4 amino acids) in the generously allowed region. There were no amino
acid residues detected in the disallowed region, suggesting that the C. crispus 3D structure model
has a stable conformation. The templates from H. sapiens were also used to generate a 3D model
with ADH class Ill-like protein from other red algae genomes, and these structures showed

similar overall fold, indicating that they might share a common function (see Appendix G).

The other C. crispus alcohol dehydrogenase which is related to the cinnamyl dehydrogenases
was modelled using the template structure from E. coli (LUUF) sharing more than 30% protein
identity similarity. The Ramachandran plot showed 83.6% (260 amino acids) of residues falling
in the most favoured regions, 13.5% (42 amino acids) found in the additional allowed region,
1.9% (6 amino acids) in the generously allowed regions and 1% (3 amino acid) residues in the
disallowed regions. An illustration of the tertiary structure and validation of C. crispus alcohol
dehydrogenases showing a successful model of the target sequence using very slow refinement is

shown in Figure 2.13.
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Figure 2.13A: Homology modeled 3D structure of C. crispus class 111 ADH showing the ~ Figure 2.13C: Homology modeled 3D structure of  C. crispus cinnamily alcohol
dehydrogenase showing the N- and C-terminal regions and the molecular surface.
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Figure 2. 13: Tertiary structure analysis of C. crispus alcohol dehydrogenases showing the N- and C-terminal regions. The 3D structures in
Fig.2.12A and Fig. 2.12C showed ribbon models colored by secondary structure elements such as beta-strand (red), alpha helices (yellow) and
random coils (gray). The Ramachandran plots showed in Fig. 2.12B and Fig. 2.12D represent the quality and validation of the model generated.

80




The overall structures of D-LDH consist of a coenzyme binding domain and substrate binding
domains. These two domains were observed in the C. crispus D-LDH models and are separated
by a deep cleft as observed in other studies (Zhu et al., 2015; Kim et al., 2014). These two
domains were joined together by the linker region which may function as a joint that alters the
structural conformation and flexibility during substrate binding (Razeto et al., 2002; Kim et al.,
2014). The 3D ribbon structures of C. crispus contained a coenzyme binding domain common in
most NAD-dependent dehydrogenase that consisted of six parallel strands surrounded by alpha

helices.

This topology was similar to the ones reported for other D-LDHs from other organisms (Kim et
al., 2014; Zhu et al., 2015). The substrate binding domain consisted of five beta strands flanked
by five alpha helices and D-LDH from Sporolactobacillus inulinus revealed similar topology
(Zhu et al., 2015). Three amino acid residues His297, Arg237 and Glu266 that have been
reported in the literature to be involved in the substrate and catalysis of D-lactate dehydrogenases
were located in the centre of the modelled structure. The tertiary structure of C. crispus LDH
showed an open conformation due to the absence of substrate and cofactor binding residues in
the catalytic site. The secondary structure elements’in the 3D structure were coloured in yellow
for beta-strands, red for alpha helices Ifhhdcﬁ;réyfb’#randbl’ﬁ €oils as shown in Figure 2.13A.

The quality and validation of the templates and models were analysed by PROCHECK in
PRIMO database. The analysis showed that 95% (267 amino acid residues) were found in the
most favoured regions, 4.6% (13 amino acid) residues found in the additional allowed region, 4%
(1 residue) in generously allowed regions and there were amino acid residues in the disallowed
regions. This showed that the modelled 3D structure has stable confirmations. The other LDH
protein structure showed that 91.8% (267 amino acids) were found in the most favoured region,
7.9% (23 residues) in the additional allowed region and no amino acid residues were found in the
generously allowed regions. One amino acid residue, Glu264 was found in the disallowed region.
The Ramachandran plots for the two LDH protein structures for C. crispus are shown in Figure
2.13B. The Ramachandran plots determine protein structure and position of amino acids. The
quality of the structure modelled is validated using Ramachandran plot and shows allowed and

disallowed regions of amino acid showing stability of protein.
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Figure 2. 15: Homology modeling C. crispus D-LDH protein using templates from C. reinhardtii (4ZGS) for structure A and P. aeruginosa (3WW2Z).

The phi/psi values were determined by the Ramachandran plot to check the validation and quality of the model in (a) and (b).



2.3 Concluding remarks

Two alcohol dehydrogenases and two hypothetical genes that code for D-lactate dehydrogenases
were identified in the Chondrus crispus genome. The alcohol dehydrogenase proteins belong to
the medium-chain dehydrogenase/reductases (MDRs) superfamily, whereas the D-lactate
dehydrogenases showed similar characteristics with the members of the D-isomer specific to
hydroxyacid dehydrogenase family. The conserved Zinc-binding motifs among the ADH proteins
in the catalytic activity showed that these two C. crispus are Zinc-dependent alcohol

dehydrogenases.

The C. crispus LDH proteins showed a highly conserved Rossman-fold binding motif which is
present in most NAD-dependent dehydrogenases (Stoll et al., 1996). The amino acid residues that
are critical for substrate binding and catalysis in ADH formed a catalytic triad (C-H-C) and those
involved in lactate dehydrogenase formed (R-E-H) catalytic triad. The phylogenetic tree analysis
showed that C. crispus ADH proteins belong to class 11l and cinnamyl alcohol dehydrogenases.
The C. crispus LDH proteins showed specificity among the D-isomers and showed functional

characteristics to D-lactate dehydrogenases.

Many cis-acting regulatory elements of the dehydregenase gene family in C. crispus were associated
with abiotic stress and hormonal &egponéé“Thé b‘été‘[-sit'}dhd‘ rich secondary structure elements
were observed in the C. crispus dehydrogenaéé proteins. The structure-based sequence alignments
were highly conserved among the ADH and LDH proteins. The 3D structure analysis suggests
that C. crispus ADH is analogous to H. sapiens class 111 ADH proteins. Homology modelling of
C. crispus D-LDH 3D structure has substrate binding and cofactor binding domains surrounding a
deep cleft containing the active site. These similarities among the dehydrogenase proteins in C.

crispus suggest similar function and stable structural conformation.
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CHAPTER 3: Molecular characterization of alcohol dehydrogenases (ADHSs)

from red algae

3.1 Introduction

The molecular characterization of proteins requires the use of many techniques, including
extraction of high quality DNA or RNA, gene amplification by PCR or RT-PCR, cloning and
expression (Wink, 2006). The integrity of the extracted nucleic acid is essential because it
increase the chances of a successful downstream application (Cseke et al., 2004). The RNA,
compared to DNA, is very sensitive and easily exposed to degradation because it is a single-
stranded molecule (Kojima and Ozawa, 2002). The polymerase chain reaction (PCR) is a
technique used to amplify and replicate DNA copies. The reverse-transcriptase polymerase chain
reaction (RT-PCR) is used to reverse transcribe RNA to its complementary strand using reverse
transcriptase enzyme. Gel electrophoresis is a technique that is used to separate samples based on

their charge and molecular weight.

The success of any molecular biology lab experiment depends on the quality of the nucleic acid of
the desired product. The nucleic acid extracted f4r9mvthe marine algal sources has been reported to
be of poor quality because of vario%lsl ??F‘?ﬂq%}f‘ﬂm\?ﬁbf’lﬂ?ﬁ Fhat interfere with the extraction (Ho
et al., 1996; Gehrig et al., 2000). Eukaryotic'genes contain both introns and exons and it is
difficult to splice the introns without the messenger RNA (mRNA). Amplification of most
eukaryotic genes requires extraction of full-length mRNA and then generates a cDNA for other

downstream applications.

The primary interest in studying alcohol dehydrogenases in red algae is that the study of ADH
gene-enzymes is still new in the red algae species, and the molecular and functional
characteristics of these ADH genes are mostly unknown. The candidate gene for ADH has been
annotated in the C. crispus (CHC_T00010066001); however, the functional characteristic of the
predicted protein is unknown. If the gene encoding the predicted protein has functional ADH, the
structure, kinetics and biological functions need to be described. Thus, we isolated the mRNA for

molecular characterization of the ADH gene in C. crispus.

The aim of this chapter is to evaluate various DNA and RNA extraction methods to find the
optimal method for amplification of the alcohol dehydrogenase (ADH) gene, and further analyse

its functional and molecular characterization properties.
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3.2 Methods

3.2.1 Sample collection
Red algae samples were collected during 2017 at Kenton-On-Sea (33°41'44.4"S 26°40'00.3"E

-33.695657, 26.666738). Samples were collected by hand and washed with distilled water and

stored at -80 °C freezer until nucleic acid extraction.

3.2.2 DNA and RNA extraction

The red algae (Gelidium capense) material was isolated using Promega SV total RNA isolation
kit following manufacturer’s instructions. Sample of 180 mg, 250 mg, 280 mg and 300 mg were
frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle. The DNA was
isolated using the ZR Plant/Seed DNA MiniPrep Kit (The Epigenetics Company) according to
manufacturer’s instructions. The red algae sample of 300 mg frozen in liquid nitrogen was ground
to a fine powder using mortar and pestle and placed in a ZR bashing bead™. The integrity of the

nucleic acid was determined by running 5 pl red algae sample on 1% agarose gel.

3.2.3 PCR amplification of the ADH gene usmg RT PCR

Amplification of the ADH gene was performg gﬁing thg”(g!agen® OneStep Ahead RT-PCR kit
(Qiagen). ‘

3.2.2.1 Oligonucleotide primers

A set of primers (forward and reverse) was designed by the gene runner tool to amplify the region
of 1184 bp that encodes alcohol dehydrogenase in Chondrus crispus (Table 3.1). The 10 uM
working solution of the forward and reverse primers were prepared by diluting the 100 uM stock
solution with nuclease-free water as indicated in the Ingaba Biotech sheet supplied with the

primers.

Table 3. 1: RT-PCR oligonucleotide primers (ordered from Ingaba Biotechnical Industries)

Primer Sequence Tm (°C) Primer length | GC %
Forward | ATGCCACCAACTCTGAAC 57.62 18 bp 50
Reverse | CTACCACTCTAGCACATATC 58.35 20 bp 45
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3.2.2.2 Reaction mixture

The reaction mixture was prepared as shown in Table 3.2 below in a thin-walled PCR tube.

Table 3. 2: Reaction components and setup for OneStep RT-PCR

Component VVolume/reaction Final concentration

Reaction mix 10 pl 1X

OneStep ahead RT-PCR 10 pl _

Master mix 10 ul _

OneStep ahead RT-PCR mix | 1 pul 1X

Primer (forward) 1.25 pl 0.5uM

Primer (reverse) 1.25 pl 7); 0.5 uM
Cniversity of FortEiar

RNase-free water Variable 1oetme: _

Template RNA variable 0.1 pg-1pg

Total reaction volume 25 ul 1 reaction

In order to make the working solution, the volumes per reaction in Table 3.2 were multiplied by
3. Three different concentrations of the template were amplified by using O ul, 5ul or 10 pl of the

RNA template in the reaction mix, as summarized in Table 3.3.

Table 3. 3: RT-PCR setup using different concentrations of the sample

Concentrations

Components ol 5 ul 10 l
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Master mix (43.5ul) 13.5 ul 13.5 ul 13.5 ul

RNase-free water 11.5 ul 6.5 ul 1.5l
RNA template Ol Sul 10 pl
Total volume/reaction | 25 pl 25 pl 25 pl

3.2.2.3 Temperature cycling conditions

The RT-PCR reactions were performed using the parameters indicated in Table 3.4 below, using

a MyCycler thermal cycler from Bio-Rad.

Table 3. 4:Thermal cycling conditions for RT-PCR amplification

Step time temperature | Number of cycles
Reverse transcription 15 minutes 45 °C 1
Initial denaturation 5 minutes | 95 °C 1

3-step cycling -

IInmiversity of Faort [Hare

denaturation 10 secondg e i Freellen 95 °C 40
Annealing 15 seconds 55 oC 40
Extension 1 minute 79 °C 40
Final extension 2 minute 79 °C 1
Keep indefinite 4°C 1

3.2.2.4 Standard PCR procedure

The standard PCR reaction mixture (Table 3.5) was prepared for amplification of the ADH gene

from red algae using the Takara Kit (Takara Bio Inc.).

Table 3. 5: Reaction setups for standard PCR

General reaction mixture 50 pl total volume 25 pl total volume 4 x 25 pl rxn
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TakaRa EX Taq (5units/ul) 0.25 pl 0.125 pl 0.5 ul
10X EX Taq buffer 5l 2.5l 10 pl
dNTP mixture (2.5mM) 4 ul 2 ul 8 ul
Template <500 ng O ul, 5 ul, and 10 pl

Forward primer 0.2-1.0 uM 0.25 ul 1l
Reverse primer 0.2-1 uM 0.25 ul 1l

Volumes of water to be added in each of the volume/reaction (50pl and 25pl)

DNA to be added with 25ul total volume

Opl DNA = 19.875pl
5ul DNA = 14.875pl

10pl DNA = 9.875l

V O

Primer volume to be added calculations,, . -

C1lVv1l=C2V2

C1= 100 pM, C2=1 puM, V2=25l

V1= C2V2/C2 = 1X25/100

V1=0.25 pl

{ Fort Hare

Table 3. 6:Thermal cycling conditions for standard PCR

Step Temperature Time Cycle
Initial denaturation 98 °C 1 minute 1
Denaturation 98 °C 30 seconds

Annealing 55 oC 1 minute 30
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Extension 72 °C 1 minute

Final extension 79 0C 1 minute 1

3.2.2.5 The gradient PCR

The PCR components mixture was prepared for gradient PCR using the reaction mixture

as follows; Master Mix = 8 pl
Forward primer =1 pl
Reverse primer = 1 pl

DNA sample =1 pl dH20

=4 ul

Total volume = 15pl

Gradient PCR was performed using the PCR [€onditions in Table 3.7.

Ny

<%

_d

Table 3. 7: Gradient PCR conditions l,ﬂi\'n,,‘l'\ii)i of Fort Hare

Step Temperature - ‘w‘l"rirr‘]e | Cycle
Initial denaturation 95 °C 3 minutes 1X
Denaturation 95 °C 1 minute

Annealing 45-65 °C 30 seconds 40X
Extension 79 0C 1 minute

Final extension 79 0C 10 minutes 1
Standby (Hold) 4°C indefinite 1
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3.2.4 Agarose gel electrophoresis of the RT-PCR products

Agarose gel electrophoresis was run from the RT-PCR, standard PCR and gradient PCR product
results. The PCR products were resolved at 100 V for 45 minutes on a 1% agarose gel prepared
from TAE buffer (Tris-acetic acid and EDTA). About 0.5 pg/ml ethidium bromide was used in
the gel mixture to stain. The mixture of 2 pl of 6X DNA gel loading buffer and 10 pl sample was

visualized in the transilluminator system.

3.3 Results and Discussion

3.3.1 RNA and DNA isolation

The various extraction conditions were used to optimize the yield of ADH extracts from the red
algae samples. The total RNA was isolated using the Promega SV total RNA isolation kit. The
1% agarose gel showed two faint bands (Figure 3.1). These two bands are observed only in the
starting material in algae sample of 300 mg. The present of these two faint bands may indicate
lower yield of the RNA sample in the red algae. Although the marker was not used in the gel,
most intact RNA samples reported in algae arevindicated by two separate bands of 18S and 28S
(Chan et al., 2002; Pearson et al., 2006). The poor yield of RNA in algae is reported in literature

(Ho et al., 1996; Kim et al., 1997{ (%ehriIg ?t aﬂ\ZOO{O)| ‘ll'he good quality RNA from algae is
IVersitv o1 rort nrare

reported when CTAB method and LiCl precipitation’are used in the RNA extraction (Chan et al.,
2002; Pearson et al., 2006).

The cell wall of most seaweed is rich in secondary metabolites and it is hard to breakdown the
cell wall because most of thes metabolites interfere with extraction (Falcao et al., 2008). The
other challenge in the extraction of RNA in seaweed is that some methods used can be strain-and
species-specific (Chan et al., 2004). The use of CTAB method could have been explored to
reduce or overcome the impact of some of the secondary metabolites. However, the chemicals for

this method are expensive and time consuming (Lee and Lee, 2003).

95



Figure 3. 1: 1% agarose gel showing band for Red algae RNA sample extracted from Gelidium species.

The RNA samples were loaded on a 1% agarose gel as follows: lane 1:180 mg RNA sample, lane

2: 250 mg RNA sample, and lane 3: 280 mg and lane 4:300 mg RNA sample.

The DNA sample was used in an attempt to amplify alcohol dehydrogenase and two bright bands
were obtained from 1% agarose gel electrophoresis (Figure 3.2). These two bright, intact DNA
bands that appeared on 1% agarose showed that DNA isolation in red algae is more stable than
that of RNA. The DNA marker was not used and the bands showed are from one species. The two
bands indicated that the DNA isolation in alg uch more stable than RNA. The DNA was
used for standard PCR to amplify the regio ""J‘ desired gene. A high yield of pure DNA is
required for molecular biology |nUr1@6I‘§i§éE%g %}i}b,ﬁ-&ﬁglity of DNA from algae has been
reported in the literature (Lee and Lee, 2003). The DNA samples were used in the analysis for
standard PCR.

DNA bands

Figure 3. 2: DNA sample extracted from red algae material and visualized on 1% agarose gel
electrophoresis. The DNA bands observed in the gel were loaded in lane 1 and lane 3 using the same
sample.

An attempt to amplify the region of 1184 bp, encoding alcohol dehydrogenase (ADH) from the
red algae, was performed using the RT-PCR. A set of primers was designed based on the open
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reading frame (ORF) of the alcohol dehydrogenase gene. From the results shown in Figure 3.3,
the attempt to amplify the ADH-gene in red algae was unsuccessful. There were no detectable
bands observed after running 1% agarose gel electrophoresis. There seem to be a problem with
the DNA ladder as shown in Fig. 3.3. The ladder may be overloaded and it is hard to separate.

The amplification of ADH- gene was not achieved and the gel showed no detactable bands.

The primer sets used in the amplification of ADH-gene were designed from the genome of red
algae, Chondrus crispus and were used to amplify the ADH-gene from other red algae species
found in the Algoa Bay Region. The various conditions were optimized to evaluate the optimal
PCR conditions that can be used for the amplification of ADH-gene in C. crispus. The ADH-

gene was not detected in the RT-PCR analysis of the total RNA isolated from red algae species.

The universal DNA ladder was used as a marker, but it appears as if there was a problem with the
separation of the DNA marker used. The reason it did not separate may be the high volume of the
DNA marker loaded and as a result, the time used to run the samples on 1% agarose gel might not
have been enough for the marker to completely separate. Molecular techniques such as RT-PCR
are becoming a challenge in analyzing marine algae-derived enzymes, as shown by the various

unsuccessful attempts to amplify the ADH ‘f«, the red algae samples used in this study.

University of Fort Hare

Universal DNAladder

Figure 3. 3: The analysis of the RT-PCR amplification by 1% agarose gel electrophoresis.

The standard PCR was then used as an alternative route to try and amplify the ADH-gene
using the DNA samples as shown in Figure 3.4. The attempted amplification using standard

PCR method was unsuccessful, and only dimers appeared on 1% agarose gel.
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DNA ladder

———> PCR dimers

Figure 3. 4: Visualization of standard PCR products on 1% agarose gel electrophoresis.

The red algae samples laoded using different concentration of the DNA showed in lane 2 and 3
are 0 ul DNA template, lane 5 and 6 its 5 ul DNA template and lane 8 and 9 is 10 pl.
The ADH-gene from Chondrus crispus (1184 bp) could not be amplified from the red algal

species obtained from Kenton-On-Sea. The ADH-genes have been amplified and characterized in

many other organisms; however, the use of algae species for such a relatively important

investigation did not produce any significa

primers that were used in this expe]ht%lénIﬁé?e‘éfesﬂﬁh@d{ﬁ‘ésted on the open reading frame of the

Its due to unspecific primer sets used. The

C. crispus genome, and that may be one of the reasons the ADH-gene could not be amplified

when tested from other red algae species.

There is a considerable lack of genome information on the local species of red algae, and as a
result, the C. crispus was an ideal organism for this research using bioinformatics to analyse and
interpret the ADH-like genes, including the one used for amplification in this study. The use of
the primers, (designed based on the conserved amino acid regions among several red algal
species), could have been used to amplify different DNA fragments. This approach has been
successfully used with ADH-like genes in several yeast organisms according to Lertwattanasakul
et al. (2014). This approach, although it is expensive, is reproducible and it could provide insight
into organisms with relatively similar amino acids residues. The gradient PCR for single sample
perfomed using different annealing temperatures did not produce the desired product of 1184 bp
length. The sets of primers used in this section were designed using Chondrus crispus sequence

and used to try to amplify ADH gene in Gelidium species. The results showed some faint band
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but the size of the bands in the gel did not correspond to the ADH gene size. The non-binding of
the primers could be the result of the difference in codon usage. However, work need to be done

to find evidence of codon usage between red algae species.

> Universal DNA
ladder

Unknown

Bands/ primer
dimers

ing the products of the gradient PCR.

Figure 3. 5: The 1% agarose gel electrophoresis vi

From right to left in the diagram showing gra R products (lane 1: DNA ladder; lane 2-9 is

the samples at different annealing temperatu ~ 62, 60.4, 57.7, 54.8, 52.5, 50.9, and 50.0 °C

) University of Fort Hare
respectively). ST B S

3.4 Concluding remarks

The ADH gene could not be amplified due to the unspecific primers tested in the red algae
samples collected along the Kenton-On-Sea region, in Port Alfred. The red algae model organism
C. crispus ADH coding region was used to design the primers and the non-binding of these
primers could be due to the difference in the codon usage or DNA sequence of the Gelidium
capense genome as compared to the C. crispus genome. We therefore undertook a study to
directly extract the protein from red algae (Gelidium capense) as our wet bench approach to
investigate whether these dehydrogenase proteins have activity in red algae. However, the alcohol
dehydrogenase did not show any activity when primary alcohol like ethanol, propanol, methanol
and butanol were used as substrate. It was therefore decided to directly extract and purify the

lactate dehydrogenase enzyme from red algae using biochemical techniques to understand the
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structure and function and to apply several analytical methods to check the presence and purity of
the LDH (Chapter 4).
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CHAPTER 4: Isolation, purification and kinetic characterization of lactate

dehydrogenase (LDH) from red algae collected at Kenton-On-Sea region.

4.1 Introduction

The lactate dehydrogenase is one of the essential enzymes occurring in most organisms. LDH is
mostly found in the cytoplasm and is made up of one or two of five isoenzymes (Vanderlinde,
1985; Javed et al., 1997). This enzyme catalyzes the reversible reaction between pyruvate and
lactate using NADH or NAD™ as coenzymes (Azmat et al., 2013). LDH assay is measured using
spectrophotometry by observing a change in absorbance of NADH at 340 nm over time. The
lactate-to-pyruvate reaction is produced by an increase in NADH at 340 nm, and the pyruvate-to-
lactate direction produces a decrease in NADH at 340 nm (Vanderlinde, 1985). The kinetic assay
systems for the measurement of LDH reaction in both directions are well investigated, and this

study focused on red algae as a source of LDH enzyme.

LDH enzyme from animals, fungi and bacteria has been published in the literature (Sommer et
al., 1985; Javed et al., 1997; Nadeem et al.; 2011). The LDH enzyme exists as a tetramer with
subunit molecular weight of 35 to 36 kDa (Javed et al., 1997; Al-Jassabi, 2002). The LDH
enzyme in these sources has advantlaggﬁ,y\/lh,jghﬁ"ih’ﬁ'l3ﬁ,;1e[iQSI abundance, high specific activity, well-
investigated Kkinetics, inexpensive and straighfforWard assays (Wolf, 1988). In contrast, very few
studies have been reported in plants because alcohol is the main product of plants under anaerobic
conditions (Oba et al., 1977; Hassan et al., 2013). The lactate dehydrogenase activity in plants has
been investigated. However, the function and other properties of this enzyme in plants remain

poorly understood as compared to bacteria, animals and fungi (O’Carra and Mulcahy, 1996).

The value of the red algae as a source of a protein depends on the yields and functional properties.
It has also been shown in the literature that in order to achieve nutraceuticals, pharmaceutical and
cosmeceutical properties it is essential to preserve protein function (Polikovsky et al., 2016).
Marine red algae are the untapped source of enzymes, particularly lactate dehydrogenases, so a
broader exploration of the potential of the red algae is considered necessary. Lactate
dehydrogenase attracted considerable interest since it may be used as a valid therapeutic target for
diseases (Hassan et al., 2013). Proteins are purificed from a variety of species based on their size,

solubility, charge, and binding capacity (Berg et al., 2002). A mixture of proteins is exposed to a
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series of separations to obtain pure protein. Affinity chromatography is one of the most effective
techniques used to purify proteins. Affinity chromatography works by passing a sample through a
column and proteins with binding affinity for specific chemical group will bind and retained,
while the unbound proteins will be washed off the column. This techniques works well for several
dehydrogenase proteins such as lactate dehydrogenase as reported in literature (O’Carra and
Barry, 1972; Javed et al., 1997; Karamanos, 2014). This chapter deals with the extraction,
purification and characterization of lactate dehydrogenase from red algae found in the Kenton-
On-Sea region, Port Alfred in the Eastern Cape of South Africa. Several important biochemical
methods including spectrophotometry, chromatography, centrifugation and electrophoresis will be

used to describe the biochemical properties of LDH from red algae.

4.2 Methods

4.2.1 Sample preparation and extraction of crude protein

Gelidium capense samples were collected by hand from submerged rocks on the coast near the
Kenton-on-Sea beach. After collection, the samples; were washed with sea water before packing
them into plastic bags. The samples were then. transported to the laboratory in plastic bags stored

in big containers filled with ice. In{the. Iabor.a{tgk';épiﬁ)mﬂtes and rock debris were removed from
Nniversity o1 roIrt rare

the samples before rinsing them with distilled water:multiple times to remove surface salts. The

samples were then stored in a -80 °C freezer until the day of extraction.

For extraction of proteins, 75 g of Gelidium capense was weighed out and ground to a fine
powder with a mortar and pestle containing liquid nitrogen. The powder was added to 150 ml
extraction buffer in (100 mM Tris-HCI, pH 7.5 containing 0.2 mM MgCl,, 2 mM DTT, and 10%
glycerol) and on ice for 1 hour with occasional shaking and then centrifuged at 4600 x g for 20
minutes at 4 °C. The supernatant (crude extract) was retrieved, and the total volume was recorded.
A 5 ml sample was removed for total protein, LDH activity assay and SDS-PAGE analysis and

the balance of the crude extract processed further.

4.2.2 Ammonium sulphate precipitation

The crude protein sample was concentrated by adding ammonium sulphate [(NH4),SO4]. The
precipitation was done by slowly adding finely ground ammonium sulphate to reach 70%

saturation, with continuous stirring at 4 °C for 30 minutes. The 70% ammonium sulphate solution
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was allowed to stand on ice for 1 hour, with continuous stirring. The precipitate was collected by
centrifugation in a Beckman Coulter, Avanti® J-E Centrifuge at 4600 x g for 20 min. at 4 °C
using an SS-34 Fixed Angle Rotor. The supernatant was decanted into a clean tube, and the total
volume recorded before 5 ml was removed for total protein, LDH activity assay and SDS-PAGE
analysis.

The remaining supernatant was dialysed as described in the next section.

4.2.3 Dialysis

The pellet was re-suspended into 20 ml dialysis buffer (100 mM Tris-HCI pH 7.5 containing 1
mM 2-mercaptoethanol) and placed into a dialysis bag and dialyzed two times in 1 L of dialysis
buffer for 16-24 hours at 4 °C. The dialysate was transferred into a clean tube, and 2 ml sample
was removed for total protein, LDH activity assay and SDS-PAGE analysis and the remaining

total volume was recorded.

4.2.4 Affinity chromatography

The HiTrap™ 5 ml Blue HP column was connected, at 4 °C, to the AKTA FPLC system which is
controlled by the Unicorn software version 5:1. The preservatives were removed by equilibrating
the column with 5-10 column volumes of bin’dfﬁﬁfmjffer (20 mM Tris-HCI, pH 8.6) at a flow rate
of 5 ml/minute. The dialysate extract of différent Volurﬁés' (0.2-2 ml) was applied onto the affinity
column at a flow rate of 1 ml/minute and washed with 5-10 column volumes of equilibration
buffer. The fall-through peak was collected in a beaker, and the eluate obtained using a salt
gradient over five column volumes of elution buffer (20 mM Tris-HCI, pH 8.6 containing 2M
NaCl). The eluate was collected in 2 ml fractions. The collected fractions were assayed for LDH
activity, and those containing activity were pooled and labelled appropriately. A sample (2 ml)
was removed for total protein and LDH activity assay and SDS-PAGE analysis, and the balance
stored at -20 °C until used.

4.2.5 LDH activity assay

The reaction velocity of each purification step was determined by the decrease in absorbance of
NADH at 340 nm over time. The enzyme unit was defined as 1 unit that causes the oxidation of 1
umole of NADH per minute at 25 °C and pH 7.3. The LDH activity assay was performed using

the protocol found on the website: (http://www.worthington-biochem.com/Idh/assay.html) with

slight modifications. The reaction mixture contained 280 pl of 0.2 M Tris-HCI pH 7.3, 10 ul of 30
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mM sodium pyruvate and 10 pl of 6.6 mM NADH. The mixture was then incubated for 4-5
minutes at room temperature. After this incubation period, 10 ul of enzyme extract was added to
the mixture and read the change in absorbance at 340 nm in the spectrophotometer for 6 minutes

from the initial linear portion. The enzyme activity assay was done in triplicates.
4.2.6 Protein quantification

The total protein content of the sample was determined using the microtiter plate method as
described by Redinbaugh and Campbell (1985) and Bradford method (Hammond et al., 1988)
using BSA as the standard. The assay components were mixed by pipetting 10 pl of protein
sample into each well before adding 200 ul of the dye reagent, and the absorbance was measured
at 595 nm.

4.2.7 SDS-PAGE analysis

The purity of the LDH enzyme extract in each purification step was determined using SDS-PAGE
(Laemmli, 1970) on fractions exhibiting LDH activity. Samples (25 ul) from each fraction were
mixed with 50 ul of sample buffer, before applying 25 pl to a 12% resolving and 4% stacking
SDS-PAGe and electrophoresed at 200 V fori45: mir;. A broad range rainbow coloured pre-stained
protein standard, (5 pl, New Englane jBiql;apé,ﬁ"fl,ﬁia.\) wasjused to calibrate the gel for Molecular

Weight Determination.

4.2.8 Effect of pH on LDH activity

The activity of the purified LDH was determined at different pH values ranging from 5-10 using
the assay procedure described in section 4.2.5 with changing buffer. The following buffers were
used to determine the optimum pH for LDH activity: sodium acetate buffer pH 5, sodium
phosphate buffer pH 6, and Tris-HCI buffer pH 7 to 8.5, and Glycine-NaOH buffer pH 9-10.
Triplicate absorbance readings were taken.

4.2.9 Effect of temperature on LDH activity

The temperature profile for purified LDH was determined over a temperature range of 20 to 80 °C
at the optimum pH using the assay method in section 4.2.5, and the enzyme activity was done in

triplicates.
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4.2.10 Thermal stability

The purified LDH was used to establish the optimal stability by incubating the enzyme at 20, 25,
30, 37, 40, 50, 60, 70, and 80 °C. The samples were prepared in triplicate and enzyme activity
was measured as described in section 4.2.5. The thermal stability was tested to check the activity
of LDH exposed to heat.

4.2.11 Kinetic studies

The kinetic studies were performed at 25 °C with pyruvate substrate concentrations ranging from
0.5 to 5 mM final concentration as described in section 4.2.5 and the kinetic parameters Km and

Vmax were determined from the Lineweaver-Burk plot and Michaelis-Menten plot.

4.3 Results and Discussion

The activity of lactate dehydrogenase was determined from the red alga Gelidium capensa. The
LDH activity in the crude extract was low and the extract concentrated in ammonium sulphate
precipitation increased the activity. The ammonium sulphate precipitation is important for
fractionation and concentrating proteins. HoOwever, it is observed that there is a loss of activity
after dialysis, suggesting that protein is exposed.to denaturation during dialysis. The purification
of LDH on HiTrap™ Blue 5ml columil‘,'shGWAef(riii‘i/ér’y lowl peak when 2 ml sample was loaded. A
flow-through peak was observed (Iabelled“llA and 1-B), followed by a tiny peak (labelled 1-C).
The LDH activity was measured for the tiny peak but there was no detectable LDH activity

observed.

The non-binding of the LDH sample to the column could mean that there were contaminating
non-LDH proteins in the column. The non-binding could also reflect that there were some salts
remaining from the ammonium sulphate precipitation step, even though the dialysis was used to
remove the salts, the unbound LDH may be caused by the remaining salts in a sample which
competed with LDH for binding to the column. In the graph shown in Figure 4.1, the purification
profile of 2 ml sample injection on affinity chromatography was analysed using HiTrap ™ Blue 5
ml column. As a result, when this low peak used in the measurement of LDH activity, there was

no activity at this stage it seems like nothing bound to the column.
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Figure 4. 1: The purification of LDH enzyme from red algae on a HiTrap™ Blue 5 ml column.

The small dotted region showed a salt gradient in equilibration buffer and the black solid line
showed the protein profile at A280 nm. The fractions used for LDH activity assay were labelled
1-C and used in the SDS-PAGE to check the purity.

Figure 4. 2: SDS-PAGE profile showing no desired bands for LDH fractions eluted in the Ag, profile as
shown in figure 4.2. (A) Protein marker (B) sample 1-C.

The sample injection of 0.5 ml was loaded to the affinity column and several peaks were
obtained. The SDS-PAGE was used to confirm the activity from the active peaks observed on the
collected fractions. The LDH activity was found in four of the six fractions tested showing varied
activity between 0.010 and 0.015 Units/mg. LDH protein of approximately 37 kDa in size was
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detactable in the SDS-PAGE gel. The flow-through peaks were also observed, but these peaks
prior to salt gradient are considered as unbound proteins and they are washed off the column. The
affinity chromatography techniques are based on the separation of proteins based on the affinity
charge or group, and the proteins that are unbound to the affinity column may well have no

similar binding affinity.
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Figure 4. 3: Affinity chromatography profilé of protéins ét 280 nm showing active peaks with LDH
activity, salt gradient and time.

The purified LDH protein from affinity chromatography showed several bands of high purity
when analyzed by the SDS-PAGE. The major bands obtained from SDS-PAGE analysis showed
molecular weight of approximately 37 kDa. The SDS-PAGE analysis showed very low integrity
for crude extracts and dialysis samples, indicating some degradation in the proteins. The
molecular weight of LDH protein obtained in Figure 2.5 correlates to the one predicted by

computational approaches shown in Chapter 2 (Table 2.2).
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Figure 4. 4. SDS-PAGE analysis of LDH fractions from red algae after affinity chromatography. Lane A
showed protein standards, lane B to E showed the LDH band(s) corresponding to each fraction from crude
extract, fractionation, and dialysis and also the affinity chromatography, respectively.

The purification steps of LDH protein was carried out as shown in Table 4.1. The first step to
enzyme purification is to analyze the tissue samples that contain the desired protein and break the
cell wall to obtain the protein of the interestiwiFhe purification analysis of LDH at each step

showed the highest protein concentration, to "‘"varo‘tfiin and total activity in the crude extract. This

high value in these components was. no sl r\ i 4,g$faﬁse the crude extract contains a lot of

are
different proteins at this stage. However, the'SDS-PAGE gel showed very little bands and smears

for other proteins, suggesting that LDH in red algae maybe the dominant protein in these steps.

These high values decreases at each step because some of the proteins now were removed as the
LDH was purified. One of the important steps in a purification of proteins is the specific activity,
percentage yield and the fold purification. These steps showed how effective is the purification of
the protein of interest. The purification table showed that more than 44% LDH activity was lost

during the ammonium precipitation as shown by the 55.76 percentage yield recovery.

Although the recovered LDH from the step was not high, it showed that even after precipitating
the proteins, more than 50% LDH was recovered and this step worked well in removing
contaminating, non-LDH proteins. It was noticed in the purification table that the most effective
step was the affinity chromatography because of the higher specific activity obtained, however
the percentage recovery was low and this may indicate contamination which causes the LDH

protein to denature. This step produces approximately 4-fold purification of LDH. The
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purification of LDH was effective based on the observed purification table analysis shown in
Table 4.1.

Table 4. 1: Purification of LDH protein from red algae by several steps including crude extract,
ammonium sulphate precipitation, dialysis and affinity chromatography techniques

Purification [protein] Total Total Activity Specific | % Yield Fold
t /mi Unitsfmly | O
Step (mg/mi) volume protein (Units/ml) activit activity
y
(ml) (mg) (Units/mg)
(Units)
Crude extract 0.891 90 80.19 0.011 0.990 0.012 100 1
. 0.657 60 39.44 0.014 0.552 0.014 55.76 1.67
Ammonium
sulphate
Dialysis 0.560 20 11.2 0.015 0.309 0.028 31.21 2.33
» 0.213 8 1.704 0.010 0.076 0.044 7.071 3.67
Affinity
chromatography

4.2.8 Effect of pH on LDH activit}/, ¥ -
N1vVel

sity of Fort Hare
LDH enzyme is well characterized and has Béen ‘found in different organism with slightly
different pH optimum. The pH on enzyme activity is important because it determines the stability
and the rate of a chemical reaction. The LDH activity assay was determined at different pH values
between pH 5 to pH 10 and it was found that LDH showed high activity at pH 5 to pH 9. The
LDH showed highest activity at pH 7.5, suggesting that LDH is most active at pH optimum of
7.5. The stability of enzymes is important, especially for industrial applications and it was
observed in this study that LDH in red algae showed activity for broad range of pH 5 to pH 9.
Extremely high pH values result in loss of activity for most enzymes, and at pH 9.5 to pH 10
there was high loss of LDH activity. The observations in this study are similar to other findings

from other organisms reported in literature.
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Figure 4. 5: Effect of pH on LDH activity showing activity assay at pH 5 to pH 10
4.2.9 Effect of temperature on LDH activity

The LDH activity assay was performed at different temperature to determine the optimum
temperature. Enzymes are inactive at low temperatures, but as the temperature increases to room
temperature, the enzymes become active. The LDH optimum temperature was found at 40 °C.
The LDH was also observed to be active over the range 20 to 40 °C. The marine red algae are

exposed to different environmental conditiowmg temperature, and it was observed that at
n

50 to 70 °C LDH activity dropped and then'Sighificantly decreases at 80 °C. The loss of LDH

niversity of Fort Hare
activity may indicate the instability and denaturatlon
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Figure 4. 6: The effect of temperature on LDH activity.

111



4.2.10 Thermal stability of LDH

The temperature stability of the purified LDH enzyme was tested by exposing the enzyme at
different temperatures as follows; 20, 25, 30, 37, 40, 50, 60, 70 and 80 °C. The LDH enzyme
showed thermal stability from 20 to 40 °C. The maximum activity observed at 40 °C suggests that
LDH to perform well requires temperature above the room temperature. The LDH activity assay
above 40 °C usually led to loss of activity and a complete loss of LDH activity was observed
between 60 to 80 °C. The loss of activity at higher temperature showed that LDH enzyme in red
algae cannot function at extremetely higher temperature. The stability of enzymes is important
especially for industrial application because it shows that the enzyme can active in a solution even
if it expose at temperature above room temperation. It is also interesting to note that there is a
considerable difference in the activity shown in Fig. 4.6 and Fig. 4.7compared to the Fig. 4.8. The
low activity values in Fig.4.8 may indicate that storage condition and time caused this decrease in
activity. LDH enzymes are sensitive to denaturation and working in ice or at temperature below 4

°C can reduce exposure of the enzymes to denaturation.
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Figure 4. 7: Thermal stability of LDH enzyme after exposure at different temperature.
4.2.11 Estimation of kinetic parameters

The LDH enzyme is well characterized from different organisms and kinetic parameters are
important for determining the rate at which substrate is converted to product. The graph in Figure

4.9 showed velocity determined in mM per minute against sodium pyruvate concentration in mM.
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The conversion of pyruvate to lactate using Lineweaver-Burk plot reciprocal plot showed a linear

relationship between the velocity and sodium pyruvate substrate concentration.

The maximum velocity (Vmax) for LDH was reached at 0.0067 mM/ min and the enzyme at this
point was saturated with substrate and the velocity could not increase, unless more enzymes were
added. The sodium pyruvate concentration when initial velocity was equal to one half Vmax
showed a Km value of 0.8 mM. At very low substrate concentration it is reported in the literature

that the value of Km because very small.
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Figure 4. 8: Lineweaver-Burk plot of LDH activity determined at different substrate of pyruvate
concentrations.

4.4 Concluding remarks

The LDH activity was observed in each purification step which was purified from the red algae
sample using different four purification steps. The affinity chromatography step showed high
specific LDH activity with percentage recovery and fold purification of 7.071 and 3.67,
respectively. The SDS-PAGE analysis showed the molecular weight of LDH to be approximately
37 kDa. The optimum pH was 7.5 and the optimum temperature was observed at 40 °C. The LDH
enzyme was stable for up to 40 °C, suggesting that LDH in red algae performs well at
temperature above room temperature. The higher temperatures result in complete loss of activity.
The kinetic parameters of LDH showed Km 0.8 mM and Vmax 0.0067 mM.min™.
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CHAPTER 5: General Discussion and Future studies

5.1 General discussion

Marine red algae (seaweed) are untapped sources of raw materials for extraction of enzymes,
particularly dehydrogenases which have attracted considerable interest from various applications
in medicine and pharmaceutical industries. Lactate and alcohol dehydrogenases are important
enzymes abundant in nature and yet underexplored in red seaweed. Molecular and biochemical
properties of the dehydrogenase gene family in red algae remain largely unknown. To identify the
candidate dehydrogenase genes, the C. crispus genome was analysed and two alcohol
dehydrogenase two hypothetical genes encoding nearly-full length D-lactate dehydrogenases

were found in this red alga genome.

The potential of the marine algal species has been utilized in the aim to explore and discover
enzymes from the dehydrogenase gene family using a combination of bioinformatics tools,
molecular and biochemical techniques. The bioinformatics analysis showed two alcohol
dehydrogenase and two hypothetical genesgencoding proteins belonging to the D-lactate
dehydrogenases. The database search for aleohol dehydrogenases in the non-redundant protein
sequence database using BLASTp{ (prott{alvr}“’?rﬁt\ejr\r])E?IT,IA\\S|T) program showed low identity at
protein levels as observed in other studies, (Knoll.and,Pleiss, 2008; Bukh et al., 2012; Jin et al.,
2014, 2016).

The two alcohol dehydrogenases in C. crispus belong to the MDRs superfamily and revealed
conserved domains with cinnamyl alcohol dehydrogenase and class Il alcohol dehydrogenase
(also known as glutathione-dependent formaldehyde dehydrogenase) studied in other plant
organisms (Dolferus et al., 1997; Bukh et al., 2012; Jin et al., 2014). The alcohol dehydrogenase
proteins possess a Zn binding motif, suggesting these proteins are zinc-containing alcohol
dehydrogenases. The presence of zinc amino acid residues in the active site of these proteins
proves that the identified proteins are members of the MDRs superfamily, not SDR which lack
the zinc binding characteristics. The catalytic domain of these ADH proteins showed conserved
amino acids in the active site and also contain conserved binding motif [GXG(X)2G], which is
common in most NAD-dependent dehydrogenases (Rossman et al., 1974; Knoll and Pleiss,
2008).
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The phylogenetic analysis of alcohol dehydrogenases showed that they belong to two different
groups and they possess different substrate specificity. The cis-acting regulatory elements in
alcohol dehydrogenase gene family revealed stress and hormonal response regulatory elements.
Most of the cis-acting regulatory elements were associated in light response, suggesting that
ADHs are regulated during abiotic stress. Structural analysis of alcohol dehydrogenases showed
beta-strand rich regions and these secondary structural elements were similar to the ones reported
in literature for H. sapiens and A. thaliana proteins for ADH class Il and P. tremuloides and M.
extorquens for cinnamyl alcohol dehydrogenases. The tertiary structure analysis showed two
domains surrounding the active site. The catalytic triad formed by two cysteine amino acid
residues and one histidine. The position of these conserved residues differs in each species but the

function is the same in most organisms.

The lactate dehydrogenases proteins in C. crispus showed conserved domains with members of
the D-isomer specific 2-hydroxyacid dehydrogenase (Taguchi and Ohta, 1991; Razeto et al.,
2002). The amino acid residues arginine and histidine are crucial for substrate binding and
catalysis of D-lactate dehydrogenases (Razetewetyak, 2002; Kim et al., 2014). The phylogenetic
analysis showed that D-lactate dehydrogenases bvelong to the 2-hydroxyacid dehydrogenase

family and they shared low S|nlllﬁn|t|e§J\‘Mthﬁorrn[aﬁﬁnd glycerate dehydrogenases from
terrestrial plants. Although members of this:family:shared structural and sometimes functional
analysis, the NAD-dependent dehydrogenases have D-isomers for their substrates. The D-isomer
and L-isomer specific lactate dehydrogenases belong to two different evolutionary origins as

shown in literature (Taguchi and Ohta, 1991).

The CAREs in lactate dehydrogenase were associated with growth and development, stress
response and hormonal response. Most of the cis-acting regulatory elements obtained in 5’
upstream regulatory region of lactate dehydrogenase gene family were likely to be involved in
light response, suggesting that expression pattern of LDH genes could be regulated by
environmental factors. Several plant hormones were identified in the upstream sequence of C.
crispus and these hormones have been reported to play important roles in developmental and
cellular processes (Hagen and Guilfoyle, 2002; Collen et al., 2006). The mechanisms through

which these regulatory elements respond to these various stimuli are still unknown.

The structural analysis of red algal LDH showed highly conserved structure-based sequence

alignment with the green alga Chlamydomonas reinhardtii, Pseudomonas aeruginosa, and
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Salmonella typhi D-lactate dehydrogenases. These highly conserved regions are important for 3D
structure analysis as structure-based alignment has been shown to better conservation than
sequence based alignment (Kim and Lee, 2007). The 3D structure of D-lactate dehydrogenases
comprises a coenzyme binding domain and substrate binding domains that surround the active
site amino acid residues (Kim et al., 2014; Zhu et al., 2015). The six parallel beta-strand and five
alpha helices is conserved in most D-LDH protein structures (Stoll et al., 1996; Zhu et al., 2015).
The conserved structural topology and secondary structure elements indicate that these proteins

shared similar functions.

The amplification of the identified ADH-genes from C. crispus in red algae was however,
unsuccessful because the suitable expression could not be found after numerous attempts using
RT-PCR, Standard PCR and Gradient PCR techniques. The availability of the red algae genome
could improve chances of success, as it would be easier to express proteins using the fully
sequence genomic information from local red algae species. The C. crispus genome, as a model
species for the genomic studies in red algae, provides insight on different genes and proteins
(Collen et al., 2013).

The affinity chromatography HiTrap™ Blue HP 5ml column was used to separate LDH extracted
from red algae. Crude extraction yielded, a; ﬂl\p'v,?/,]’[;(D?H[ activity because at this step most of the
proteins are still active and LDH may be éxp‘o:s‘ed"to denaturation. The purification steps of LDH,
including crude extraction, ammonium sulphate, dialysis, and affinity chromatography yielded a
3.67-fold purification increase. Several attempts to purify the LDH enzyme were performed and
initially the failure to adsorb to the affinity might suggest that the coenzyme-binding domain in
red algae LDH is organized differently in D-LDH than L-LDH. The studies of Kochhar et al.
(1992) showed similar challenge whereby the enzyme does not bind to the column. According to
the study of Wilks et al. (1990), which was reported by Kochhar et al. (1992), the poor adsorption
of the enzyme to the matrix was due to the increased hydrophobicity in the “jaw” region which
caused coenzyme binding loop and helix G to stick together, and therefore preventing the
effective interactions with the affinity (Wilks et al., 1990; Kochhar et al., 1992). The LDH
activity from red algae was measured by the spectrophotometer in the pyruvate to lactate direction

by observing the pyruvate-dependent NADH oxidation at 340 nm.

The SDS-PAGE analysis showed LDH-like protein with a molecular weight between 35 to 40
kDa. This band was distinct and bands with similar size were presence for crude extract,
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ammonium sulphate and dialysis samples, suggesting that they are LDH proteins bands. The
crude extract showed lower LDH activity. The low percentage yield in the affinity suggested that
there was a loss of activity. Studies have shown that during the dialysis step, the protein might
lose activity because the enzyme might be more diluted or the dialysis step result in loss of

cofactors that are required for enzyme activity.

The LDH enzyme activity was determined within a broad range of pH values from pH 5 to pH 9;
however, at pH 10 there was a complete loss of activity. This may indicate that at higher pH
range, there is a loss enzyme activity. The highest activity was observed above neutral pH,
indicating that LHD in red algae perform well at an optimum pH 7.5. The temperature optimum
of LDH was determined between 37 °C and 40 °C. The LDH activity was found to be between 25
°C to 40 °C. These results were observed in other studies and it has been reported that most
enzymes performed well between 37 and 40 °C. There was no LDH activity at about 50 °C,
suggesting that red algae proteins are stable up to 40 °C. At high temperatures the activity of the
enzymes was completely lost and this showed that proteins at high temperatures denature. Other
studies have shown that LDH from other organisms,can adapt to more than 85 °C (Coquelle et al.,
2007). The Lineweaver-Burk plot drawn showed a Km of 0.8 mM, Vmax 0.0067 mM.min™.

5.2 Future studies { m”‘ ' ” L SarE

In this research study we have used bioinformatics tools to identify and characterize the structural
properties of genes encoding dehydrogenase family proteins in red algae. We then described
purification and kinetic characterization of LDH like enzyme. The LDH in red algae is considered
NAD-dependent dehydrogenase that used D-isomers for their substrates. However, their role and
catalytic mechanism remain unknown in algae and therefore, further investigation is needed to
determine the function of these enzymes in algae. Red algae species contain a lot of
dehydrogenases-like genes and studies need to be done in future to confirm that most of the
hypothetical genes in most red algae species encode dehydrogenase proteins. The C. crispus LDH
and ADH 3D models were analogous to crystalized 3D structure from other organisms. However,
further studies to be done to using the experimental validated route to confirm the predicted

models.

The regulation of gene expression of dehydrogenase gene family has not been characterized and

experimentally validated in red algae isolates. However, it was recognized in some plant species
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that most of the NAD-dependent dehydrogenases are involved in plant development and stress
response and these similar result obtained in this study might help to accelerate these studies and
validate the cis-acting regulatory elements obtained by in-silico analysis. The alcohol
dehydrogenase and lactate dehydrogenase found in red algae still need to be analysed by several
molecular and biochemical techniques to have a better understanding of the roles in algae and
their ability to be used for commercial purposes. The lack of fully sequenced genomes in South
Africa makes the task of studying genes and experimentally validate because of the absence of
sample materials to extract proteins and other important compounds. Further studies using PCR,
cloning, expression and characterization methods are required to investigate more about these
important industrial enzymes. Inhibition studies are also needed to test the type of inhibition on

these proteins and also to test their roles in medicinal and cancer research.
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MEGA 6 - https://www.megasoftware.net/

NCBI — www.ncbi.nlm.nih.gov
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PSORT - https://www.genscript.com/wolf-psort.html
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APPENDICES

Appendix A: Detailed summary of proteins from different organisms that showed significant blast hits with C.

crispus hypothetical protein (accession number: XP_005715286)

Max E-value | Percent
Organism Protein Accession Query identity
name name number score | cover
Chondrus crispus Unnamed protein XP_005714861 271 95% 6e-89 43%
Galdieria sulphuraria D-lactate dehydrogenase XP_005704707 312 99% 3e-105 | 48%
Porphyra umbilicalis Hypothetical protein BU14 0167s0014 0OSX76939 130 85% le-34 31%
Cyanidioschyzon merolae Phosphoglycerate dehydrogenase t‘k @ XP_005535359 127 68% 4e-32 35%

. . i . ] 5l 0 i 0
Nodularia spumigena 2-hydroxyacid dehydrog{gnﬁ(-i\.{.,I.R itv of Fort Hare WP_063874034 | 360 100% | 6e-121 | 54%
Nodularia sp.NIES-3585 2-hydroxyacid dehydrogenase WP_089094046 | 360 | 100% | 1e-120 | 54%
Nodularia sp.NIES-3585 D-isomer specific 2-hydroxyacid dehydrogenase GAX37728 359 100% | 3e-120 | 54%
Nostoc punctiforme 2-hydroxyacid dehydrogenase WP_012409068 | 355 100% | 4e-119 | 54%
Nostoc sp. 2-hydroxyacid dehydrogenase WP_094345102 | 353 100% | 4e-118 | 53%
Cylindrospermum stagnale 2-hydroxyacid dehydrogenase WP_015205697 | 353 100% | 4e-118 | 53%
Chrysosporum ovalisporum D-lactate dehydrogenase CEJ46885 351 96% 2e-117 | 54%
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Pseudanabaena sp.ABRG5-3 D-lactate dehydrogenase BBC24375 347 99% le-115 | 53%
Chryseobacterium zeae D-lactate dehydrogenase S1036271 346 97% 2e-115 | 53%
Saprolegnia diclina VS20 D-lactate dehydrogenase XP_008606990 345 98% 8e-115 | 52%
Quercus suber D-lactate dehydrogenase POF13829 290 96% 2e-94 46%
Arabidopsis thaliana D-3-phosphoglycerate dehydrogenase NP_564034 127 71% 2e-30 32%
Zea mays D-3-phosphoglycerate dehydrogenase ONMO04417 130 69% 2e-32 34%
Triticum aestivum NAD-dependent formate dehydrogenase ANW82830 103 78% le-23 29%
Zostera marina Formate dehydrogenase KMZ5638 106 75% le-24 30%
I |
Pantholops hodgsonii PREDICTED:2-hydroxyacid dehydrog“’agiasahff?;og 1-like XP_005976601 331 96% le-114 | 50%
Bos taurus D-3-phosphoglycerate defiydiogenase; {1 Of o1t [1arg NP_001030189 | 120 | 66% | 8e-30 | 30%
Chlamydomonas reinhardtii Putative-D-lactate dehydrogenase 9 ¢/ in Excellence ABY77748 292 | 98% | 996 | 48%
Micromonas commoda D-lactate dehydrogenase XP_002499419 276 90% 2e-90 48%
Ectocarpus siliculosus 2-hydroxyacid dehydrogenase CBJ30257 245 99% 2e-77 41%
Bombus impatiens PREDICTED: 2-hydroxyacid dehydrogenase XP_003494186 308 96% 7e-102 | 48%
Apis florea PREDICTED: 2-hydroxyacid dehydrogenase homolog 1-like XP_012349800 210 96% 6e-62 36%
Magnaporthe oryzae 70-50 D-lactate dehydrogenase XP_003719259 336 94% 3e-112 | 51%
Tolypocladium paradoxium 2-hydroxyacid dehydrogenase POR35853 334 96% le-111 | 52%
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Acremonium chrysogenum Putative D-hydroxyacid dehydrogenase CAD32177 326 98% 3e-108 | 52%
i 0, - 0,

Thermoplasmatales archaeon Hydroxyacid dehydrogenase KYK34550 278 90% 2e-90 48%
SG8-52-3

. . D-lactate dehydrogenase 0OLS21419 198 98% 3e-59 32%
Candidatus ~ Heimdallarchaeota
archaeon LC_3
Methanolobus psychrophilus Glycerate dehydrogenase WP_015052722 | 170 78% 2e-48 38%
Homo sapiens D-3-phosphoglycerate dehydrogenase AAD51415 121 67% le-29 30%
Escherichia coli 2-hydroxy dehydrogenase WP_097518114 | 305 97% 4e-101 | 47%
Escherichia coli ISC11 D-lactate dehydrogenase CDL40406 302 97% 6e-100 | 47%

University of Fort Hare
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Appendix B: Phylogenetic tree of 2-hydroxyacid dehydrogenase protein family
members

g9 | WP _089094046_Nodularia sp. NIES-3585
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Appendix C: InterPro results for alcohol and lactate dehydrogenase classification

and conserved domain and functional sites
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p— CHONDRUS CRISPUS

Length 377 amino acids

Filter view on Protein family membership

Entry type @ Akohol detydiopenase class I (IPRO14183)

¥ [QHomciogous supertamily -

¢ @rawy Homologous superfamilies

¥ @oomans R HOTO00 S0bAmYy
i Domains and repeats

] B o

Detailed signature matches

@ IPRO11032  GroES-like superfamily

» SSF50129 (GroEs-like

@ IPR036291 NAD(P)-binding domain superfamily

» SSF51735 (NAD(P)-bi...)

@ IPR0O14183  Alcohol dehydrogenase class I

» cd08300 (siconol_DH...)
» TIGR02818

@ 1PR020843 Polyketide synthase, enoylreductase domain

» SM00829 (PKS_ER_nam...)

@ IPRO13154 Alcohol dehydrogenase, N-terminal

» PF08240 (ADH_N)

[ IPRO13149 Alcohol dehydrogenase, C-terminal

» PF00107 (ADH_zinc_N)

IPR002328  Alcohol dehydrogenase, zinc-type, conserved site
-— » PS00059 (ADH_ZINC)
no IPR Unintegrated signatures
» G3DSA3.40.50.

Residue annotation

' [] ' » catalytic Zn bindi...
noae [} ' ' ' » substrate binding ...
1] " (] " " . . + - »NAD binding site c...
b » structural Zn bind...
(LT Ll e e » dimer interface cd...

GO term prediction

Biological Process

& GO:0006069 ethanol oxidation
oxidation-reduction process

Molecular Function

#G0:0008270 zinc ion binding
#G0:0016491 oxidoreductase activity
y y i y activity

Cellular Component

None predicted.
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CAD1_CHONDRUS CRISPUS

Length 377 amino acids

Protein family membership
None predicted.

Homologous superfamilies

Domains and repeats

» Homologous superfamily
» Homologous superfamily

c

2 » Domain

@ 1PR0O36291 NAD(P)-binding domain superfamily

[ IPR020843 Polyketide synthase, enoylreductase domain

» Domain

» SSF501289 (GroES-iike)

» SSF51735 (NAD(P)-bi...)

» SMO0328 (PKS_ER_nam..)

[ IPRO13154 Alcohol dehydrogenase, N-terminal

) IPR0O13149 Alcohol dehydrogenase, C-terminal

no IPR Unintegrated signatures

» PF08240 (aDH_N)

» PFD0107 (ADH_zinc_N)

» G3DSA:3.40.50...

e== » G3DSA:3.90.18...

» PTHR42683 (FAMILY N...)

Residue annotation

GO term prediction

Biological Process

oxidation-reduction process

Molecular Function

& G0:0016491 oxidoreductase activity

Cellular Component

None predicted.
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» cd05233 (caD1)
» mobidb-lite (diserd...)

» catalytic Zn bindi...

» putative NAD(P) bi...
» putative substrate...
» structural Zn bind...
» dimer interface cd...



Filter view on
Entry type
@ [ Homologous superfamily
@ ramiy
¥ [ Domains

v @sie

Status
¥ @ Unintegratea

| Per-residue features

D-LDH LIKE CHONDRUS CRISPUS

Length 347 amino acids

Protein family membership
None predicted

Homologous superfamilies

Domains and repeats

» Homologous supertamity

» Domain

Detailed signature matches

@ 1PRO36291  NAD(P)-binding domain superfamily

@ 1PRO06139 D-isomer specific 2-hydroxyacid dehydrogenase, catalytic domain

[ IPRO06140 D-isomer specific 2-hydroxyacid dehydrogenase, NAD-binding domain

IPR029753  D-isomer specific 2-hydroxyacid dehydrogenase, NAD-binding domain conserved site

@ noIPR

Unintegrated signatures

‘ TUo | LM ey I’

GO term prediction

Biological Process

2 metabolic process
| oxidation-reduction process

Molecular Function

& GO:

Cellular Component

None predicted.
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»Domain

» SSFE1T35 Ao

» PFO0389 (2-Hacid_dn)

» PF02326 (2-Hacid_dn_C)

» PS00671 (0_2_HYDROX..)
» PS00670 (D_2_HYDROX..}

» G3DSA3.40.50...

» PTHR43026 (FAMILY N...)
» PTHR43026:SF1 (D-LA...)
» S8F52283 (Formaterg...)

6616 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor
&' G0O:0051287 NAD binding



Overview

Fiiter view on

Entry type
# () Homologous superfamily
G-
“ () oomains

< Este

Status

¥ @ unntegratec

Per-residue features

D-LDH CHONDRUS CRISPUS

Length

338 amino acids

Protein family membership

None predicted

Homologous superfamilies

» Homoiogeus superamity

Domains and repeats

» Domain
» Domain

Detailed signature matches

@ IPRO36291  NAD(P)-DndIng GOmain superfamily
+ SSFE735 puoPr )

[ IPRO06139 D-isomer specific 2-hydroxyacid dehydrogenase, catalytic domain
» PF00389 (2-Hacid_dh)
[ IPRO06140 D-isomer specific 2-hydroxyacid dehydrogenase, NAD-binding domain
» PF02826 (2-Hacid_dh_C)
8 IPR029753 D-isomer specific 2-hydroxyacid dehydrogenase, NAD-binding domain conserved site
-—— » PS00671 (D_2_HYDROX..)
- » PS00670 (0_2_HYDROX...)
no IPR Unintegrated signatures
» G3DSA3.40.50...
» PTHR43026 (FAMILY N...)
» PTHR43026:SF1 (D-LA...)
» SSF52283 (Formatelg...)
» 0412183 (LDH_like_2)
Residue annotation
[} ] 1 " » putative ligand bi..
[N (] [ ] -l a [} " » putative NAD bindi...

» catalytic site cd1...

GO term prediction

Biological Process

&' G0:0008152 metabolic process

1 oxidation-reduction process

Molecular Function

6 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor
7 NAD binding

Cellular Component

None predicted.

Appendix D: Comparison of C. crispus ADH3 proteins with proteins from other

species

Species name

Accession
number

Amino acid

Identity (%)
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Danio rerio NP_571924 376 aa 66
Homo sapiens NP_000662 374 aa 65
Mus musculus NP_031436 374 aa 64
Drosophila melanogaster NP_524310 379 aa 64
Caenorhabditis elegans NP_001024016 386 aa 62
Schizosaccharomyces pombe 972h- NP_588247 380 aa 60
Saccharomyces cerevisiae S288C NP_010113 386 aa 59
Dictyostelium discoideum AX4 XP_640467 379 aa 62
Arabidopsis thaliana NP_199207 379 aa 66
Glycine max NP_001341703 379 aa 61
Shewanella oneidensis MR-1 NP_717657 379 aa 64
Pseudomonas aeruginosa PAO1 NP_252319 370 aa 64
Synechocystis sp. PCC 6803 Uiiivas IY‘!F.;@O?W%% 369 aa 63
Microcystis aeruginosa - WP;012265350 369 aa 61
Escherichia coli str. K-12 substr. MG1655 | NP_414890 369 aa 62
Neisseria meningitides MC58 NP_274323 378 aa 60
Zea mays NP_001105485 381 aa 62
Pogona vitticeps XP_020658586 374 aa 66
Thamnophis sirtalis XP_013930436 374 aa 64
Taeniopygia guttata NP_001232570 374 aa 66
Sturnus vulgaris XP_ 014730744 374 aa 67
Gallus gallus NP_001026323 374 aa 64
Solanum lycopersicum NP_001238796 379 aa 64
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Solanum tuberosum NP_001274960 379 aa 64
Rhincodon typus XP_020376859 377 aa 66
Callorhinchus milii NP_001279055 377 aa 65
Auxenochlorella protothecoides XP_011399595 381 aa 57
Cyanidioschyzon merolae strain 10D XP_005538792 382 aa 65
Galdieria sulphuraria XP_005705275 375 aa 64
Porphyra umbilicalis 0OSX74245 379 aa 64
Sus scrofa NP_001231762 385 aa 65
Oryza sativa japonica group XP_015627169 381 aa 62
Pseudospirillum japonicum WP_093309558 | 376 aa 67
Dickeya zeae WP1028639876 | 373 aa 67
Xenopus tropicalis ‘N%ieglOllSOZ 376 aa 65

L‘Hi\'n,,‘l'\iu)( Of FOTt riare
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Appendix E: Summary of the cis-acting regulatory elements identified in the 1500bp 5’upstream promoter region of

the Chondrus crispus class 111 ADH gene family

Motif name Motif sequence Position Motif function
A-box CCGTCC 73 Cis-acting regulatory element
ABRE CCTACGTGGC 323; 661; 487 Cis-acting element involved in the abscisic acid responsiveness
TACGTG
CACGTG
AC-I CCCACCTACC 146; 544
ACE ACGTGGA 591; 1310 Cls—aptlng element involved in light responsiveness
AAAACGTTTA
University of Fort Hare o
ARE TGGTTT 1356 . “| Cis-acting element regulatory element for the anaerobic induction
AuxRR-core GGTCCAT 287 Cis-acting regulatory element involved in auxin responsiveness
Box-W1 TTGACC 53 Fungal elicitor responsive element
CAAT-box CAAAT 41; 51;  270; | Common cis-acting element in promoter and enhancer regions
CAATT 271:362; 413;
597;637; 657;
CCAAT 689;720;  800;
CAAT 938;1316; 346
1350; 1403;
1491
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CAG-motif GAAAGGCAGAC 1074 Part of a light response element
CATT-motif GCATTC 500; 1083 Part of a light response element
CCGTCC-box CCGTCC 73 Cis-acting regulatory element related to meristem specific activation
CGTCA-motif CGTCA 97:358:283" Cis-acting regulatory element involved in the MeJA-responsiveness
491,244,313
G-Box CACGTG:CACGTT: 487:785:601: Cis-acting regulatory element involved in light responsiveness
CACGTA 997;590;661
G-box CACGAC:CACGTT 380; 785; 601‘[;, CIS-aCtIl‘T‘lP regulatory element involved in light responsiveness
1103;487;997; L =
CACGTG:TACGTG .
' 661,486,590 . S
University of Fort Hare
CACGTGG ERNN R
GAG-motif AGAGAGT 131; 1258; 1053 Part of a light responsive element
AGAGATG
GARE-motif TCTGTTG 812 Gibberellin-responsive element
GC-motif CCCCCG 122 Enhancer-like element involved in anoxic specific inducibility
GC-repeat GGCCTCGCCACG 317
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GCC box AGCCGCC 1066
I-box TATTATCTAGA 1139 Part of a light responsive element
LTR CCGAAA 1061 Cis-acting element involved in low-temperature responsiveness
MBS CAACTG 628; 699 MY B binding site involved in drought-inducibility
Skin-1_motif GTCAT 20;359;284;464 Cis-acting regulatory element required for endosperm expression
Spl CC(G/A)CCC 119:914:150: Light responsive element
GGECEE 1421;141;1065; | i
544 CaJ
.
TATA-box TAATATTTTA; 349] 1306:753:5] u_\,Cond promotér élémantaround -30 of transcription start
1307; 605; 1139j¢t/jer in Excell
TTTAAAAA
TACAAAA
TACATAAA
TATAAAATATAT
TGACG-motif TGACG 97:358:283: Cis-acting regulatory element involved in the MeJA-responsiveness
491;244;313
W box TTGACC 53
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Circadian CAANNNNATC 433; 800 Cis-acting regulatory element involved in circadian control

Summary of the predicted cis-acting regulatory elements that have been found in the 1500bp 5’ upstream region of C .crispus cinnamyl
ADH gene

Motif name Position Sequence Function
A-box 113: 1452: CCGTCC C|_act|ng re_g‘;ulatory element
1253 S
University of Fort Hare

ABRE 907 CACGTG .| cis-acting element involved in the abscisic acid responsiveness
ACI 1480 (CIM)T(TIC)CITYA

C)

(AJC)C(AIC)A(A/IC)C

(C/IA)

(C/IA)C
AE-box 676 AGAAACTT part of a module for light response
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ARE 774 TGGTT cis-acting regulatory element essential for the anaerobic induction
T
Box 4 1368; 1372 ATTAAT part of a conserved DNA module involved in light responsiveness
CAAT-box 188 1322:1092:1415: CAATT; CAAT common cis-acting element in promoter and enhancer regions
643;1381;1143;1366;51
5; 1414;1115;1058;
1195
CATT-motif 633 GCATTC part of a light responsive element
CCGTCC-box 113; 1453; 1253 CCGTCC cis=acting regulatory element related to meristem specific activation
[l I |
CGTCA-motif 69; 91 CGTCA cis acti 10 regulatory element involved in the MeJA-responsiveness
University of Fort Hare | o _
G-Box 907 CACGTG | cis-acting regulatory element involved in light responsiveness
G-box 550; 946; 906; 902; 907 CACATGG: Cis-acting regulatory element involved in light responsiveness
CACGAC;
ACACGTGT;ACAC
GTGTCACC
GAG-motif 1001 AGAGAGT Part of light responsive element
GARE-motif 386; 681 AAACAGA: Gibberellin-responsive element
TCTGTTG
GC-motif 376; 1424; 819; 1438 GCCCCGG; CCCCG | Enhancer-like element involved in anoxic specific inducibility
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MBS 235; 252 TAACTG MY B binding site involved in drought-inducibility
MNF1 1212 GTGCCC (A/T) (AIT) | Light responsive element
02-site 1291 GATGACATGA Cis-acting regulatory element involved in zein metabolism regulation
Skn-1_motif 47;92; 70; 336 GTCAT Cis-acting regulatory element required for endosperm expression
Spl 372:1257:820:1449: CC (G/A) CCC Light responsive element

792;1437;1249
TATA-box 358:1395:1048:1409:39 TAATA; TATA Core promoter element around -30 of transcription start

6;1276
TATCCAT/C. | 1282 TATCCAT
motif
TCA-element 1216; 1300 CCATCTTTTT W&i ulatory element involved in salicylic acid responsiveness
TCT-motif 762 TCTTAC  Univer pattofdightresiohsive alerient
TGACG-motif 69; 91 TGACG | Clsactlng regulatory element involved in the MeJA- responsiveness
circadian 531; 724 CAANNNNATC Cis-acting regulatory element involved in circadian
motif I1b 1438 CCGCCGCGCT Abscisic acid responsive element

Summary of putative cis-acting regulatory elements found in the 1500bp 5' upstream region of translational start site of Chondrus crispus

hypothetical gene (D-LDH) using PlantCARE database

Motif name

Motive sequences

Positions

Motif function

ACE

AAAACGTTTA

1275

Cis-acting element involved in light responsiveness
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ARE TGGTTT 21 Cis-acting regulatory element important for anaerobic induction
Box-W1 TTGACC 275 Fungal elicitor responsive element
CAAT-box CCAAT, CAAT|69, 70, 124, 230, Common cis-acting element in promoter enhancer
CAAT, CCAT, CAATT, 376, 377, 389,
CAAT, CAAT, CAAT, 401, 479, 584,
CAAT, CAAT, CAAT, 613, 731, 765,
CAATT, CCAAT, 766, 893, 1025,
CAAT, CAAT, CCAAT,1057, 1111,
gGCAAT, CAAT, 1113, 1312,
CAAAT, CAAT 1408
CATT-motif GCATTC 301 Pa{ﬁt» of jal_ikghf‘_;‘responsive element
CCAAT-box CAACGG 159 [ IniverMyBvhbindingsitel | 410
CGTCA-motif CGTCA, CGTCA| 332, 1062, 394,' Cis-acting element involved in the MejA-responsiveness
CGTCA, CGTCA 1468
G-Box CACGTT 1237 Cis-acting regulatory element involved in light responsiveness
G-box CACGAC, CACGTC, 735 Cis-acting regulatory element involved in light responsiveness
CACGTT
1466,
1237
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GARE-motif TCTGTTG 271 Gibberellin-responsive element
GC-motif CCCCCG 1377 Enhancer-like element involved in anoxic specific inducibility
GT1-motif GGTTAA 1433 Light responsive element
I-box GATATGG 1344 Part of a light responsive element
LTR CCGAAA, CCGAAA Cis-acting element involved in low-temperature responsiveness
24,1244
MBS CAACTG 574 MY B binding site involved in drought inducibility
02-site GATGATGTGG, 844 Cistacting regulatory involved in zein metabolism
GATGATATGG
1344 _ -
: Vars Of For are. . ;
Skn-1_motif GTCAT, GTCAT, 393, 14&9, l7“5"0 , Ckiégétlrﬁé L’eé;yi&t]o}ylallah%én“t required for endosperm expression
GTCAT
Spl CC (G/A) CCc, cC 197 Light responsive elements
(G/A) CCC
1376
TATA-box TTTTA, TATA, 246, 1398, 595, | Core promoter element around -30 of transcription start site
TAATA, TAATA, 592, 1194
TACAAAA
TCA-element GAGAAGAATA 708 Cis-acting element involved in salicylic acid responsiveness
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TCCC-motif TCTCCCT 680 Part of a light responsiveness
TGA-element AACGAC 1301 Auxin-responsive element
TGACG-motif TGACG, TGACG. | 332, 1062, 394, Cis-acting regulatory element involved in the MejA-responsiveness
TGACG, TGACG 1468
Unnamed_1 CGTGG, CGTGG, | 135, 907, 505,
CGTGG, CGTGG, | 1236, 259, 701
CGTGG, CGTGG
Unnamed_3
Unnamed_4 12, 1327, 682,
CTCC, CTCC, CTCC,
1489, 617,
CTCC, CTCC, CTCC, |’ |
1387, 818, WL e o |
CTCC, CTCC, CTCC, e
1374, 552, | -
CTCC, 1447, 7(!77 @g]d_‘&’\ I'S1] i:\, 01 l* ort l E are
CTCC,CTCC,CTCC O o Ia WO, | S
847 o
W-box TTGACC 275
box-S AGCCACC 779
Circadian CAANNNNATC, 1065 Cis-acting regulatory element involved in circadian control
CAANNNNATC
1312
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Appendix F: Transmembrane topology region in the secondary structures of C.

crispus Alcohol dehydrogenases

N-Terminal Class 111 ADH
////,f—C—Terminal
Extracellular
168 210
S1 52
. 183 195 Membrane
Cytoplasmic
N-Terminal Cinnamyl ADH
C-Terminal
{///’_‘ are
Extracellular

176 219

204 Membrane

Cytoplasmic \\\\Nh*‘#//)/
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Appendix G: Overall-fold of class 11 ADH protein structures in red algae predicted
proteins using Homo sapiens templates (PDB code: 1MC5, 2FZW, 1TEH, and 3QJ5)

Figure 1:3D-structure model of Figure 2:3D-structure model of
ADH from C. crispus ADH_3 from C. merolae

Figure 3:3D-structure model of Figure 4:3D-structure model of
ADH (zinc-containing) from G. hypothetical protein BU14 from P.
sulphuraria umbilicalis
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