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ABSTRACT 

 
Single Amplified Genomes as Source for Novel Extremozymes: 

Annotation, Expression and Functional Assessment 

 
Stefan Wolfgang Grötzinger 

 

Enzymes, as nature’s catalysts, show remarkable abilities that can revolutionize the 

chemical, biotechnological, bioremediation, agricultural and pharmaceutical 

industries. However, the narrow range of stability of the majority of described 

biocatalysts limits their use for many applications.  

To overcome these restrictions, extremozymes derived from microorganisms thriving 

under harsh conditions can be used. Extremophiles living in high salinity are 

especially interesting as they operate at low water activity, which is similar to 

conditions used in standard chemical applications. Because only about 0.1 % of all 

microorganisms can be cultured, the traditional way of culture-based enzyme function 

determination needs to be overcome.  

The rise of high-throughput next-generation-sequencing technologies allows for deep 

insight into nature’s variety. Single amplified genomes (SAGs) specifically allow for 

whole genome assemblies from small sample volumes with low cell yields, as are 

typical for extreme environments. Although these technologies have been available 

for years, the expected boost in biotechnology has held off. One of the main reasons is 

the lack of reliable functional annotation of the genomic data, which is caused by the 

low amount (0.15 %) of experimentally described genes. 

Here, we present a novel annotation algorithm, designed to annotate the enzymatic 

function of genomes from microorganisms with low homologies to described 

microorganisms. The algorithm was established on SAGs from the extreme 

environment of selected hypersaline Red Sea brine pools with 4.3 M salinity and 

temperatures up to 68˚C. Additionally, a novel consensus pattern for the identification 

of γ-carbonic anhydrases was created and applied in the algorithm. 
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To verify the annotation, selected genes were expressed in the hypersaline expression 

system Halobacterium salinarum. This expression system was established and 

optimized in a continuously stirred tank reactor, leading to substantially increased cell 

amounts and protein yields. The resulting gene expression products were assessed for 

function in vivo and/or in vitro.  

Our functional evaluation of the tested genes confirmed our annotation algorithm. Our 

developed strategy offers a general guide for using SAGs as a source of scientific and 

industrial investigations into “microbial dark matter” and may help to develop new 

catalysts, applicable for novel reactions in green chemistry. 
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A. INTRODUCTION 

Parts of this chapter were published in: Grötzinger SW, Alam I, Ba Alawi W, Bajic VB, Stingl 

U and Eppinger J (2014). Front. Microbiol. 5:134. doi: 10.3389/fmicb.2014.00134 

1. Enzymes in industrial applications 
The discovery of novel enzymes, also called biocatalysts, is important because of their 

remarkable abilities that can revolutionize the chemical, biotechnological, bioremediation, 

agricultural and pharmaceutical industries, as well as the large-scale production of biofuels 

from renewable sources (Illanes, Cauerhff et al. 2012). This is because enzymes allow 

reactions to follow the twelve rules of green chemistry (Anastas and Eghbali 2010) (Figure 

1).  

 

 
Figure 1: The twelve rules of green chemistry (rules adapted from (Anastas and Eghbali 2010), structure from PDB: 1HSO). 

Besides a drastic reduction in activation energy, enzymes also allow for the production of 

chemo-, regio- and stereo-selective products that either cannot be produced using current 

chemical techniques or can only be obtained with intensive time and effort (Rasor and Voss 

2001). The following image displays examples of the selectivity of different enzymes. 
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Figure 2: Selectivity of Enzymes. A) Chemo-selectivity – the lipase Bcl from Burkholderia cepacia prefers the alcohol over 

the amine as acyl acceptor by a factor of 100 during the transacylation reaction (adapted from (Yang, Koga et al. 2002)). B) 

Regio-selectivity – lipases can distinguish between several identical functional groups. For the deacylation reaction, position 

C6 is preferred by 80-90 % (adapted from (Perez, Trujillo et al. 2009)). C) Stereo-selectivity – fumarase creates the (S) 

enantiomer of malate only, when converting fumarate (adapted from (Findeis and Whitesides 1987)). 

Reactions that follow the twelve rules of green chemistry (Anastas and Eghbali 2010) allow 

for a multitude of environmental as well as economic benefits: Waste products can be 

reduced completely, or the reactions can be focused to produce biodegradable waste; the 

atoms in the reaction can be used more economically; the introduction and/or production of 

toxic substances during reactions can be avoided (including solvents); energy consumption 

can be reduced, renewable compounds can be used; the total steps of a reaction can be 

reduced, the reaction can be monitored in real-time; and substances can be used in amounts 

and types that avoid harmful reaction intermediates (Anastas and Eghbali 2010). Especially 

today, in a world with 7.5 billion people and expected 9.8 billion in the year 2050 (United 

Nations 2017) it is important to utilize the high potential of enzymes for biotechnological 

applications and green chemistry to reduce humanity’s overconsumption of resources. 
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Different enzymes with significant industrial and scientific potential are explored in this 

work, including glucose- and lactate-dehydrogenases, proteases, γ-carbonic anhydrases and 

β-galactosidases. 

1.1 Glucose dehydrogenase and lactate dehydrogenase 
The eponymous reaction of glucose dehydrogenases [E.C. 1.1.1.47] is the oxidative catalysis 

of ß-D-glucose to ß-D-glucono-1,5-lacton while reducing the cofactor NAD(P)+ to NAD(P)H 

(Weckbecker and Hummel 2005) (Figure 3). 

 

 
Figure 3: Reaction scheme of glucose dehydrogenases. 

This reaction has two major applications. First, a majority of the enzymes used in industry to 

create complex fine chemicals for pharmaceuticals require the use of NAD(P)H. NAD(P)H is 

an expensive cofactor that can be produced for a fraction of its current cost by using glucose 

dehydrogenases (Weckbecker and Hummel 2005). The reduction of cost is due to the vast 

amount of cheap glucose available. Additionally, the product of the main reaction and the 

product of the glucose dehydrogenase reaction can be easily separated because of the strong 

hydrophilic character of glucose. Besides the ability of inexpensive cofactor regeneration by 

glucose dehydrogenases, the enzymatic function itself can also be used. Glucose 

dehydrogenases can be used for the detection of blood glucose levels by being immobilized 

onto biosensors (Clark and Lyons 1962, Yoo and Lee 2010). Taking into consideration that 

estimations expect that the population of the USA alone, will consist of 48.3 million diabetics 

by 2050, this is an important market to address (Narayan, Boyle et al. 2006).  

As a member of the lactate dehydrogenase family, the D-2-hydroxyacid-dehydrogenase [E.C. 

1.1.1.272] catalyzes the conversion of 2-hydroxycarboxylates of different lengths to their 

corresponding 2-oxocarboxylates while using the cofactor NADP+ (Figure 4). 
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Figure 4: Reaction scheme of D-2-hydroxyacid-dehydrogenases. 

As described for the glucose dehydrogenase, the regeneration of the cofactors is an essential 

part of the industrial use of many enzymes. As such, one of the main aspects of use for lactate 

dehydrogenases is the regeneration of cofactor. Estimations expect that in the year 2020 more 

than 1 million tons of lactic acid will be produced per year (Jem, van der Pol et al. 2010), 

making it an easy, accessible, and cheap alternative substrate to glucose for cofactor 

regeneration. 

Based on their alcohol dehydrogenase function, both enzyme classes can additionally be used 

for the asymmetric conversion of ketones into aromatic systems for glucose dehydrogenases 

or the asymmetric conversions of long-chain ketones or carboxylates for the lactate 

dehydrogenases or especially the D-2-hydroxyacid-dehydrogenase. 

1.2 Proteases 
Another group of scientifically and industrially interesting enzymes are proteases. These 

enzymes catalyze the hydrolysis of protein peptide bonds in aqueous media. A subfamily of 

proteases are serine proteases [E.C. 3.4.21.1], which contain the amino acid serine in their 

catalytic triad (Gupta, Beg et al. 2002) (Figure 5). 

 

 
Figure 5: Reaction scheme of serine proteases. 
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The use of protease enzymes is even more pronounced in industry than glucose 

dehydrogenases. For example, proteases are used directly in industry in washing powder, in 

the food-, pharmaceutical-, and leather-industry, as well as for diagnosis, waste processing, 

and silver mining. As of 2002, proteases represent ~ 40 % of all enzymes sold (Gupta, Beg et 

al. 2002). 

Similar to all enzymes, the catalytic equilibrium of proteases can be altered in any direction. 

For example, in water-free media, these enzymes should be able to synthesize peptides 

(Karan, Singh et al. 2011). Using proteases for this process could reduce both costs as well as 

the amount of waste production as compared to methods that are currently used. 

1.3 γ-carbonic anhydrases 
Carbonic anhydrases [E.C. 4.2.1.1] catalyze the cofactor free hydration of CO2 to carbonic 

acid (Alber, Colangelo et al. 1999) (Figure 6). 

 

 
Figure 6: Reaction scheme of carbonic anhydrases. 

In total, the enzymatic class of carbonic anhydrases can be divided into five independently 

evolved classes: the α, β, γ, δ and ζ class. These enzymes can be found in the genomes of 

various species from the three domains of life (Ferry 2010). Most knowledge about carbonic 

anhydrases is based fundamentally on several α and β class enzymes from mammals and 

plants. The other classes, especially the γ class, lack investigation (Ferry 2010). The γ class 

specifically is also broadly distributed between different species across the three domains of 

life (Tripp, Smith et al. 2001). This indicates that the γ class provides a rare example of the 

parallel evolution of an enzyme with exactly the same function. Additionally, these carbonic 

anhydrases are one of the fastest known enzymes (Koenig and Brown 1972) making them 

very interesting targets for science. Furthermore in a world with dangerously rising CO2 

levels (Solomon, Plattner et al. 2009) carbonic anhydrases might be used directly or as part of 

an efficient enzymatic cascade to fix CO2 from, for example, power plant exhausts. 
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1.4 β-galactosidases 
The class of ß-galactosidases [E.C. 3.2.1.23] represents enzymes that catalyze the hydrolysis 

of galactosides. Galactosides are glycosides, meaning that an organic moiety is bound by a 

glycosidic bond to the sugar galactose (via the hydroxyl group of C1). The beta in the name 

represents the orientation of this glycosidic bond, which is above the plane of the galactose 

residue. The following figure shows the scheme of the enzymatic conversion of the most 

common ß-galactoside, lactose by ß-galactosidases. 

 

 
Figure 7: Reaction scheme of ß-galactosidases. 

This reaction makes ß-galactosidases highly interesting for food and dairy processing, 

especially when immobilized (Panesar, Kumari et al. 2010). As mentioned for the previous 

enzymes, the reverse reaction can be achieved in the absence of water. Reversing the 

equilibrium would result in the stereo-selective synthesis of galacto-oligosaccharides, which 

is the stereo-selective attachment of galactose to different organic compounds. This process is 

important to explore for the production of different biologically active compounds and 

potential pharmaceuticals (Panesar, Kumari et al. 2010). 

In addition to the industrial potential of ß-galactosidases, these enzymes are extremely 

important as a reporter system to analyze gene expression and gene regulation (Santillan and 

Mackey 2008), as they are able to convert two color reactions (X-gal and ONPG), as shown 

in the following reaction schemes. 
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Figure 8: Reaction scheme of ß-galactosidase reacting on the colorless X-gal, leading in the first step in galactose and 5-

bromo-4-chloro-3-hydroxyindole. The latter dimerizes subsequently and is oxidized on air to the blue 5,5-dibromo-4,4-

dichloro-indigo. 

 

 
Figure 9: Reaction scheme of ß-galactosidase reacting on the colorless ONPG, leading to galactose and the yellow o-

nitrophenol. 

1.5 Challenges in enzyme stability 
Although enzymes have such a huge potential and can theoretically revolutionize chemistry, 

they are only used in very few and specific reactions. The main reason for this trend is that 

the narrow range of physical and chemical conditions of most described enzymes either limits 

their use for the majority of applications (Elleuche, Schroder et al. 2014) or because they 

require reaction conditions which are far from optimal (Herbert 1992). These narrow ranges 

of enzymatic stability include a majority of parameters that are important for chemical 

reactions such as temperature, pressure, pH, and the use of organic solvents. For example, 

although water is considered as the solvent of life, it is an especially poor solvent for more 

synthetic reactions (Aitken and Brown 1969). Organic solvents are not only used to increase 

the solubility of hydrophobic substrates but also to shift the thermodynamic equilibrium from 

hydrolysis to synthesis, as well as to suppress water dependent side reactions (Carrea and 

Riva 2000). 
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To overcome the restrictions of the usability of enzymes, different genetic (Gatti-Lafranconi, 

Natalello et al. 2010) and chemical (Siddiqui, Parkin et al. 2009) modifications, as well as 

immobilization strategies (Mukhopadhyay, Dasgupta et al. 2015) have been developed 

(Stepankova, Bidmanova et al. 2013). These strategies are either based on an increase in 

stability of the enzyme or a decrease of the denaturing effect of the reaction solution and or 

conditions. 

However, these techniques can result in long and expensive enterprises (Coker 2016) with an 

unknown outcome. There is no single mechanism utilized to increase the stabilities of 

enzymes. Generally, however, a small amount of highly specific mutations, which do not 

often obey any obvious trends or patterns, are necessary (Vieille and Zeikus 2001, Sarmiento, 

Peralta et al. 2015). As such, it is important to identify targets for the alterations in standard 

enzymes in order to achieve stability for extreme physicochemical conditions. It is hard to 

establish as different enzymes show substantial flexibility in their individual adaptions (Reed, 

Lewis et al. 2013). 

1.6 Extremophiles and extremozymes 
As an alternative to modifying reaction conditions and/or enzymes, nature provides a number 

of organisms that do indeed thrive under extreme conditions. These organisms are called 

extremophiles and live in harsh environments of elevated; temperatures (thermophiles), salt 

(halophiles), pressure (barophiles), osmotic compounds (Osmophiles), heavy metals 

(metalophiles), radiation (radiophiles), acidic or basic pH (acido- or alkaliphiles), extreme 

dryness (xerophiles), extreme cold (psychrophiles) or a combination of extremes 

(polyextremophiles) (Figure 10).  

 

 
Figure 10: Selection of different extremophiles. The corresponding image displays the extreme condition(s) in which they 

thrive. 

Enzymes derived from extremophiles, so-called extremozymes, are well adapted to the 

conditions provided by their surroundings. Interestingly, extremophilic environments 
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resemble conditions in standard chemical applications (Antunes, Ngugi et al. 2011) and 

therefore enable extremozymes to catalyze chemical reactions under harsh operational 

conditions found in many industrial processes (Sarmiento, Peralta et al. 2015) (Figure 11). 

 

 
Figure 11: The operational window of classical biocatalysts (white box) in comparison to the potential use of different 

(poly)-extremozymes (green box) under different temperatures, pH and solvent concentrations for the indicated processes 

(modified from (Elleuche, Schroder et al. 2014)). 

The current global market for industrial enzymes with a size of 8.18 billion USD in 2015 is 

expected to grow to 17.5 billion USD by 2024 (2016) and novel extremozymes could not 

only play a significant role in this market but also further expand it. 

1.6.1 Halo-thermophilic enzymes 

An interesting combination of extreme conditions is halo-thermophilic (Elleuche, Schroder et 

al. 2014). Enzymes derived from these polyextremophilic microbes possess particularly 

attractive stabilities for biotechnology because they show strong adaptive characteristics for 

function at high salt concentrations as well as high temperatures (Sarmiento, Peralta et al. 

2015). Elevated temperatures are used to shift equilibriums, distill products, increase the 

reaction speed, liquefy compounds and eliminate microbial contamination. As mentioned 

previously organic solvents are used to increase the solubility of hydrophobic substrates, alter 

the hydrolytic as well as kinetic equilibrium, eliminate microbial contamination and therefore 

have the potential to increase the yield and specificity of the product (Sellek and Chaudhuri 
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1999). In organic solvents, mesophilic enzymes lose their native structure and therefore 

catalytic activity. However, the high stability of halophilic enzymes towards salt goes hand in 

hand with tolerance to low water activity, such as mixtures of aqueous and organic or non-

aqueous media (Sellek and Chaudhuri 1999), and therefore underlines their high potential for 

biocatalysis.  

1.7 Habitats of halo-thermophiles 
Examples for halo-thermophilic environments include the 25 deep-sea anoxic brine pools at 

the bottom of the northern Red Sea (Antunes, Ngugi et al. 2011). These brine pools are 

extreme in different physicochemical parameters and vary drastically between each other 

with temperatures ranging from 22.6 – 68.2˚C and the NaCl concentrations varying from 

2.6 – 5.6 M (Antunes, Ngugi et al. 2011). Additionally, they show a characteristic sharp 

brine-seawater interface with steep gradients of dissolved oxygen, density, pH, salinity and 

temperature (Emery, Hunt et al. 1969, Ross 1972, Anschutz and Blanc 1995). Because of 

this, brine pools offer a multitude of habitats for different kinds of extremophiles.  

The following table shows the environmental conditions of three selected Red Sea brine 

pools that all show hypersaline conditions and partially elevated temperatures: Kebrit deep, 

Atlantis II deep and Discovery deep (Antunes, Ngugi et al. 2011). 

 
Table 1: Physicochemical characteristics of the lower brines of selected Red Sea brine pools. Combined from (Antunes, 

Ngugi et al. 2011) and (Eder, Jahnke et al. 2001). 

 Discovery deep Atlantis II deep Kebrit deep 

Na (M) 5.7 5.1 4.5 

Cl (M) 5.6 5.5 5.1 

Temp. (˚C) 44.8 68.2 23.3 

pH 6.2 5.21 5.5 

Maximum depth (m) 2224 2194 1573 

Thickness of brine layer (m) 209 200 107 
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The following image shows the location of the selected Red Sea brine pools. 

 

 
Figure 12: Location of the three selected hypersaline Red Sea brine pools, Kebrit deep, Atlantis II deep and Discovery deep 

in the Red Seas. GPS locations from (Siam, Mustafa et al. 2012) and (Ehrhardt and Hübscher 2015). Image from Google 

Earth V 7.3.0, image date 31.12.2016, access date 17.10.2017. 

These brine pools were formed by interstitial brine that was expulsed due to tectonic 

movements that allowed for the re-dissolution of evaporitic deposits and/or phase separation 

due to temperature variations (Cita 2006, Hovland, Kuznetsova et al. 2006). The salt-

enriched waters drifted to the seafloor and accumulated in enclosed geographical depressions 

where the brine pools remain stable because of their high density (DasSarma, Kennedy et al. 

2001). The combination of different extreme physicochemical parameters makes the deep-sea 

anoxic brine pools one of the most remote, challenging and extreme environments on Earth 

while remaining one of the least studied (Antunes, Ngugi et al. 2011). Besides the connected 

brine pools Atlantis II, Chain and Discovery deep (Backer and Schoell 1972, Faber, Botz et 

al. 1998), environmental conditions in-between the deep-sea brines vary drastically. 
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Significant differences can be observed throughout the whole spectra of physicochemical 

characteristics. For example, temperatures range from 22.6˚C (Oceanographer) to 68.2˚C 

(Atlantis II), and the NaCl concentrations vary from 2.6 M (Suakin) to 5.6M (Discovery) 

(Antunes, Ngugi et al. 2011). While the brine pools were detected more than 65 years ago by 

the Swedish RV Albatross expedition (1947-1948) (Bruneau 1953), the microbiological 

analysis only just started in the late 1960s. The first sampling led to the assumption that life is 

not possible under the harsh environmental conditions of the brines (Watson and Waterbury 

1969). The search for life in those extreme habitats continuously intensified after the high 

scientific and economic potential of halophilic organisms and their proteins became more and 

more acknowledged, e.g., for food processing, industrial bioconversion and bioremediation 

(Karan, Kumar et al. 2012). Since 2010, several sampling expeditions to the Red Sea brine 

pools have provided a large amount of genomic data. (Content and order of this paragraph 

were adapted from (Grötzinger, Alam et al. 2014)). 
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2. Mining extremophilic habitats 
The challenges in mining the enzymatic potential of extremophilic locations is not only the 

hurdle of mimicking these harsh conditions in the laboratory (Sarmiento, Peralta et al. 2015), 

but also the remote locations and the particularly low cell density, causing a very limited 

amount of biomass yields (Ferrer, Golyshina et al. 2007). As a result, despite the high 

scientific potential and industrial value of extremozymes, sparsely is known about their 

structure and function and the majority of enzymes currently used in industry originates from 

either fungi or mesophilic bacteria (Elleuche, Schroder et al. 2014).  

2.1 Microbial dark matter – the big unknown 
Interestingly, the lack of data regarding microorganisms from extreme environments is not 

only restricted to harsh environments like the Red Sea brine pools. According to recent 

estimations, Earth is home to upward of 1012 (1 trillion) microbial species (Locey and Lennon 

2016) with microorganisms being the most abundant, widespread and taxonomically, 

metabolically and functionally diverse organisms (Locey and Lennon 2016). During the past 

decade, high-throughput sequencing in combination with bioinformatics has allowed for a 

greater insight into the microbial taxa and expanding it by orders of magnitude, including 

projects such as the “Earth Microbiome project” (EMP) that analyzed >200,000 

environmental samples (Gilbert, Jansson et al. 2014).  

Out of the 1012 microbial species, only about 105 have been sequenced, 104 have been 

cultured, and even the EMP has cataloged less than 107 species, of which 29 % were detected 

only twice (Locey and Lennon 2016). As such, it is estimated that about 99.999 % of 

microbial taxa remain undiscovered (Locey and Lennon 2016) (Figure 13). 
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Figure 13: Estimated amount of microbial species on the earth, compared to the amount of cataloged, sequenced and 

cultured species. A) Pie diagram, with normal scale. B) Chart diagram with a logarithmic scale. Values are from (Locey and 

Lennon 2016). 

Focusing on the ~104 of cultivated species and looking at the highest order, the 60 major lines 

of descents (phyla or divisions) that are known within the archaeal and bacterial domain 

(Hugenholtz and Kyrpides 2009), 50 % are uncultured and make up the “microbial dark 

matter” (Marcy, Ouverney et al. 2007). Furthermore, 88 % of all isolated microbes are 

members of only four bacterial phyla the Proteobacteria, Firmicutes, Actinobacteria, and 

Bacteroidetes (Rinke, Schwientek et al. 2013).  

2.1.1 The challenge of cultivation 

This enormous lack of isolates is based on the fact that very few microbes are cultivable, e.g., 

only about 0.001 – 0.1 % of the microbes found in seawater (Amann, Ludwig et al. 1995) can 

be cultivated in the lab. The bottleneck of cultivation is therefore not only altering the view of 

microbial diversity in general (Kunin, Copeland et al. 2008) but also limits the use of these 

organisms as sources for novel enzymes. 

2.2 Single amplified genomes as a gateway to novel species 
Culture-independent methods developed and utilized over the last few years, such as 

metagenomics, have recently gained momentum. The metagenomics technique can be 

separated into two different branches.  

The function-based metagenomics approach is based on the cloning of random environmental 

DNA into expression hosts, such as E. coli to form a library. This library is then screened for 

function by different assay methods (Rashid and Stingl 2015). The main challenges of this 

method are the need for hosts that can create expression libraries as well as sufficient 

screening methods (Rashid and Stingl 2015). 

Due to the rapid developments of the next generation sequencing, the shotgun version of the 

sequence-based metagenomics has become more popular. This method allows for the 

sequencing of environmental DNA (Thomas, Gilbert et al. 2012), by randomly shearing all 

metagenomics DNA from one sample, cloning it into vectors for amplification and 

sequencing the vector DNA followed by assembly algorithms (Rashid and Stingl 2015). 

Despite the many benefits of this method, it also suffers from limitations and challenges. Not 

only does the short read length of the DNA sequencing and the size and complexity of the 

sequence data pose analytic and informatics challenges (Rashid and Stingl 2015), but the 
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ability to assemble independent genomes reduces drastically at both, very low abundances 

and increasing genomic heterogeneity (Albertsen, Hugenholtz et al. 2013). This results in a 

low probability to identify rare populations, occurring in less than 1 % of the total 

metagenomics DNA (Kunin, Copeland et al. 2008). This is mainly due to the fact that cross 

strain assemblies (Rinke, Lee et al. 2014) that originate from either different organisms or 

from the presence of unwanted host DNA or environmental contaminations (Schmieder and 

Edwards 2011) cannot be avoided. Hence, despite the massive expectations, metagenomic 

data have not yet led to the projected boost of biotechnology (Chistoserdova 2010). 

The breakthrough of single-cell genome sequencing has alleviated many bottlenecks in 

metagenomics by physically separating the genomic material of uncultured cells 

(Raghunathan, Ferguson et al. 2005, Kvist, Ahring et al. 2007, Marcy, Ouverney et al. 2007). 

The following figure shows a schematic comparison of the key steps in sequence based 

metagenomics and single cell genome screening, using single amplified genomes. 

 

 
Figure 14: Schematic comparison of sequence-based metagenomics and single amplified genomes. In opposite to the 

multitude of sequences obtained in metagenomics, single amplified genomes allow the correct assignment of one genome to 

one sample. Not illustrated is the fact for metagenomics different amounts of different species result in an uneven 

distribution of DNA fragments, increasing complexity in the assignment of DNA fragments to potential genomes as well as 

their assembly drastically (modified from (Rashid and Stingl 2015)). 
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In recent years, single-cell genome sequencing has become a highly accessible tool (Chi 

2014). In part, this is due to the improvements that have taken place in the protocols for DNA 

or RNA isolation, leading to more simplified procedures. Additionally, several kits from 

industry have become available leading to the amplification of genetic material from single 

cells (Chi 2014).  

Although single amplified genomes reduce data complexity significantly in comparison to the 

metagenomics approach, analysis and management of next-generation whole genome 

sequencing (NGS) data include an impressive number of various software applications. These 

applications are used for sequence reads assembling, mapping to reference genome, 

variants/SNP calling and annotation, transcripts assembling and quantification and 

identification of small RNA (Horner, Pavesi et al. 2010, Garber, Grabherr et al. 2011, 

Pabinger, Dander et al. 2013, Grötzinger, Alam et al. 2014). However, there is a significant 

need for further improvements (Dolled-Filhart, Lee et al. 2013). 

Therefore, the initial challenge of cultivating organisms can be addressed to a huge part by 

using novel culture-independent methods, but this shifts the challenge towards bioinformatics 

based handling and interpretation of the data. 

2.2.1 The challenge of gene function annotation 

Although the accessibility of genomes of uncultured species has increased, not many novel 

extremozymes have been discovered using culture-independent methods because of this 

bioinformatics challenge 

One attempt to tackle both the huge amount of data resulting from sequencing uncultured 

genomes and the information resulting from the data interpretation by different applications 

is the recently developed Integrated Data Warehouse of Microbial Genomes (INDIGO) 

(Alam, Antunes et al. 2013). This data-warehouse is designed to integrate information from 

different sources to ease exploration and the analysis of newly sequenced genomes (Alam, 

Antunes et al. 2013).  

Although data management is addressed, the major challenge in mining the genomic data of 

uncultured organisms is the reliable large-scale annotation of DNA sequences from non-

mesophilic organisms with low sequence homology to experimentally described organisms. 

Annotation by homology faces a major dilemma: annotation reliability is coupled to the 

protein diversity in a reciprocal manner. Because of this, the larger the difference of the gene 

sequence to any described sequence, the lower the overall homology to any described gene. 

The situation is complicated by error propagation (Antunes, Simões et al. 2017). Only for a 
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small and continuously decreasing fraction of gene sequences available from databases, the 

function of the encoded protein is proven experimentally (Antunes, Simões et al. 2017). This 

fraction is currently 0.15 % of the proteins in the UniProt database1 as shown in the following 

figure. 

 

  
Figure 15: Protein sequence entries in UniProt database (2017_09 release). A) Total amount (in millions) of entries and 

amount of proteins annotated using the listed evidence of their function annotation prediction. Only 0.15 % of all entries, 

corresponding to ~135 thousand entries, show any function annotation evidence on the protein level. B) Taxonomic origin of 

the proteins in percent, separated in Kingdoms (data from http://www.ebi.ac.uk/uniprot/TrEMBLstats,	accessed	17.10.2017). 

In addition to the lack of evidence on the protein level for most of the sequences in UniProt, 

more than 93 % of all sequences originate from either eukaryotes or bacteria (Figure 15 B). 

Therefore the challenge of reliable annotation is even more pronounced for genes that 

originate from other organisms like archaea, which include most extremophiles (Rampelotto 

2013).  

Functions of novel genes were originally annotated based on direct comparison to gene 

sequences with an experimentally verified function (Antunes, Simões et al. 2017). Based on 

these novel determined gene function annotations more genes were annotated and so on 

(Antunes, Simões et al. 2017). While in this chain, two proteins are always highly similar, a 

small similarity between the last annotated gene and the experimentally verified source may 

be obtained (Antunes, Simões et al. 2017), as schematically shown in the following figure. 

 

                                                
1 http://www.ebi.ac.uk/uniprot/TrEMBLstats	accessed	17.10.2017 

Annotation evidence 
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Figure 16: Schematic visualization of error propagation. One image is highly similar to another image, but covering the 

complete sequence of 21 images the shape changes from square, via triangle and circle back to square (modified from 

https://codepen.io/noahblon/post/an-intro-to-svg-animation-with-smil, accessed 18.10.2017). 

To obtain a deeper understanding about this problem, the INDIGO data-warehouse allows for 

construction of complex queries and the combination of annotations from multiple sources 

starting from genomic sequence to protein domain, gene ontology and pathway levels (Alam, 

Antunes et al. 2013). It also integrates annotations obtained by matching BLAST against NR 

(Johnson, Zaretskaya et al. 2008), UniProt (UniProt 2013), KEGG (Kanehisa and Goto 

2000), COG (Tatusov, Galperin et al. 2000) and Interproscan (Quevillon, Silventoinen et al. 

2005), which can be compared manually. 

Although these options are very helpful and provide a good starting point, the increase in data 

accessibility without evaluation does not help improve the function annotation reliability. 

From an experimental and protein engineering viewpoint, mistakes in the annotation are a 

fundamental problem. In comparison to genomic sequencing, the experimental 

characterization of each SAG gene product requires gene-synthesis, gene cloning, and gene-

expression, followed by protein purification as well as functional characterization of the gene 

product (Grötzinger, Alam et al. 2014). Because of this, experimental analysis tends to be 

several orders of magnitude more time consuming than bioinformatics. This is especially true 

for extremophilic organisms, which require non-standard and typically slow growing 

expression systems. Hence, when mining genomic data for the desired function, false positive 

results are particularly problematic because of the loss of time they entail. Within the quest 

for commercially interesting extremophilic enzymes, incomplete annotation (false negative) 

is much less problematic than false (positive) annotation. 

2.3 The extreme halophilic expression system Halobacterium salinarum 
Following the reliable annotation of genomic data from distantly related organisms, the next 

challenge is the lack of available extremophilic expression systems. This problem is among 

the main causes for the paucity of novel extremozymes discovered using culture-independent 
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methods, (Sarmiento, Peralta et al. 2015), and for the lack of experimental evidence for the 

annotation of distantly related genes. For example, genes from the previously described 

hypersaline Red Sea brine pools, Kebrit deep, Atlantis II deep and Discovery deep would be 

crucial to increase the reliability of novel annotation methods, as well as to verify their 

results. 

Most saline environments are inhabited by halophilic archaea, but they share these habitats 

with different fungi, bacteria, and algae (Leigh, Albers et al. 2011). Contrary to most non-

archaeal halophilic microorganisms, haloarchaea use the “salt-in” strategy, by accumulating 

equimolar potassium concentrations in the cytoplasm as salts in the respective habitat 

(Christian and Waltho 1962, Oren 2008). On the other hand, halotolerant bacteria use mainly 

the “salt-out” strategy, where salt is excluded from the cytoplasm, and the osmotic balance is 

maintained by organic solutes such as glycerol, glycine or betaine (Leigh, Albers et al. 2011). 

The “salt-in” strategy requires an intense change of the proteome, but little further energy to 

maintain life at halophilic conditions. The “salt-out” strategy needs the constant synthesis of 

organic solutes in combination with active transport of ions out of the cell. Therefore, 

especially at hypersaline conditions, mainly microorganisms using the “salt-in” strategy are 

found (Ventosa, Nieto et al. 1998, Oren 2008, Leigh, Albers et al. 2011). 

Analysis of the genes from the three earlier mentioned Red Sea brine pools shows the need 

for an expression system that thrives under similar salt concentrations and uses the “salt-in” 

strategy, such as the extreme halophilic model organism Halobacterium salinarum (Leigh, 

Albers et al. 2011). This is optimized for gene expression at hypersaline conditions (Holmes, 

Kamekura et al. 2009, Karan, Capes et al. 2013). For historical reasons, different strains of 

Halobacterium have been renamed several times within the past few decades (Falb, Muller et 

al. 2008). The two most prominent expression strains are Halobacterium sp. NRC-1, whose 

genome was sequenced in 2000 (Ng, Kennedy et al. 2000) and Halobacterium salinarum, 

whose genome was sequenced early 2008 (Pfeiffer, Schuster et al. 2008). A comparison of 

the genomes shows that both genomes are virtually identical, except for slight differences in 

copy numbers and small parts of some plasmids (Pfeiffer, Schuster et al. 2008). Therefore, 

both strains will be addressed as they are in literature, but the individual organism 

characteristics and gene expression results can be interchanged and are almost identical for 

both strains. 

Halobacterium sp. NRC-1 is a widely distributed halo-archaeon that can be found in different 

hypersaline environments around the globe, for example, the Great Salt Lake in Utah, USA 
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(Gunde-Cimerman, Oren et al. 2005). The broad spreading of this organism and its belonging 

to the archaeal kingdom of life suggests an early evolutionary occurrence of this organism. Its 

high stability, endurance and partially age are supported by the growth of Halobacterium 

salinarum cells from brine inclusions in salt crystals, so-called halites, which were 97,000 

years old (Mormile, Biesen et al. 2003). Halobacterium sp. NRC-1 builds rod-shaped cells 

with a length of up to about 5µm (Figure 17).  

 

 
Figure 17: Scanning electron micrograph of a rod-shaped Halobacterium sp. NRC-1 cell. Figure modified from (Stan-Lotter 

and Fendrihan 2015). 

The ideal NaCl concentration for the growth of Halobacterium sp. NRC-1 cells is 4.3 M, and 

this haloarchaea can therefore be categorized into the group of extreme halophiles 

(DasSarma, Berquist et al. 2006). As mentioned earlier, Halobacterium salinarum uses the 

“salt-in” strategy resulting in the following three main adaptions of its proteome, similar to 

many other haloarchaea. 

The first and most striking proteome adaption in comparison to mesophilic organisms, is a 

substantial increase in acidic residues (Lanyi 1974, Kennedy, Ng et al. 2001), as shown in the 

following figure, in which the isoelectric point (pI) of all members of the predicted proteome 

of Halobacterium sp. NRC-1 is compared to the predicted proteome of E. coli. 

 

270 nm 
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Figure 18: Distribution of the isoelectric points of all proteins in Halobacterium sp. NRC-1 versus E. coli (modified from 

(Kennedy, Ng et al. 2001)). 

In comparison to E. coli, a clear shift of almost the complete proteome towards lower 

isoelectric points can be seen. On the examples of the different halophilic protein structures, 

it could be shown that most of the acid residues are on the surface and are therefore able to 

coordinate to a network of hydrated cations, preventing the proteins from aggregating (Lanyi 

1974, Britton, Baker et al. 2006, Karan, Capes et al. 2012). 

The second proteome adaption also targets the protein surface and aims for an overall 

reduction in hydrophobicity. This is accomplished by replacing large hydrophobic amino acid 

residues with small hydrophobic ones (Leigh, Albers et al. 2011, Karan, Capes et al. 2012). 

This adaption reduces hydrophobic protein interactions and allows for an increase of the 

exposed acidic residues, increasing protein solubility. 

The third proteome adaptions are additions of protein domains. This adaption is less 

common, but one example can be found with the Halobacterium salinarum ferredoxin. This 

example shows the N-terminal addition of a 30 amino acid stretch with high acidity and is 

responsible for its halophilic character (Marg, Schweimer et al. 2005).  

For an extremophilic expression system Halobacterium sp. NRC-1 shows a comparatively 

simple culturing, with a six hour generation time, heterotrophically in a rich organic broth at 

42˚C (Robb, Place et al. 1995, DasSarma, Berquist et al. 2006). Besides the relative simple 

growth, this microorganism also offers easy genetic manipulation within the laboratory. It 

can be transformed at high-efficiency (Cline, Lam et al. 1989) with different cloning as well 

as expression vectors (Robb, Place et al. 1995). Of special interest are the selectable marker 

for mevinolin resistance (Cabrera, Bolds et al. 1986) (which allows for the selection of 

positive clones in liquid) and for the selectable and counter-selectable ura3 gene (allowing 
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the creation of gene knock-outs (Peck, DasSarma et al. 2000)). Halobacterium sp. NRC-1 

cells are lysed in hypotonic media, allowing for the simple release of both soluble and 

membrane proteins, also allowing for easy access of samples aimed towards studying and 

purifying native and recombinant expressed genes (Robb, Place et al. 1995, DasSarma, 

Berquist et al. 2006). 

2.3.1 Mevinolin as selection marker 

The mevinolin resistance is mainly used to select positive clones after transformation from 

non-transformed cells. Knowing that the membrane lipids of archaea consist primarily of 

mevalonate-derived isoprenoid glycerol ethers rather than the fatty acid esters characteristic 

of bacteria and eukaryotes is important for understanding the function of mevinolin as a 

growth inhibitor (De Rosa, Gambacorta et al. 1986) (Figure 19). 

 
Figure 19: The skeletal formula of archaeal versus bacterial and eukaryotic phospholipids. Besides differences in the 

linkage and stereoisomer of glycerol, the arms of the lipids are either isoprene chains, derived from mevalonate in archaea 

and fatty acids in bacteria as well as eukaryotes. 

Because archaeal and eukaryotic HMG-CoA reductases are closely related (Friesen and 

Rodwell 2004), Mevalonate is expected to be formed as in eukaryotes, by a reductive 

deacylation of the thioester group of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

by the HMG-CoA reductase (EC 1.1.1.34) (Bischoff and Rodwell 1996) (Figure 20).  

 

H2
C O CH

H2C

CH2O
H2
C

O P
O-

O
O R

C O CH2

CHOC
O P
O-

O
O R

O

O H2C

Ether linkage 

Ester linkage 

L-glycerol 

D-glycerol 

Branched isoprene chains 

Unbranched fatty acids 

Archaeal phospholipid  

Bacterial and Eukaryotic phospholipid 



49 
 

 
Figure 20: Reaction scheme of HMG-CoA reductase activity, showing the deacylation of the thioester group of HMG-CoA, 

forming Mevalonate. 

In eukaryotes, this reaction is the rate-limiting step for the biosynthesis of isoprenoids and 

therefore the target for cholesterol-lowering drugs such as mevinolin, which inhibits the 

HMG-CoA reductase (Alberts, Chen et al. 1980, Lam and Doolittle 1992).  

Based on the necessity of isoprenoids for the phospholipid synthesis in archaea, the inhibition 

of the HMG-CoA reductase by mevinolin results in growth inhibition of different archaeal 

strains, including Halobacterium (Lam and Doolittle 1992, Holmes, Kamekura et al. 2009). 

The identification of a mevinolin resistant HMG-CoA mutant (G to T single mutation at 

position 513 of the gene sequence), allows the use of mevinolin in the media and the mutated 

HMG-CoA on a plasmid to be used as selectable markers for successful transformation (Lam 

and Doolittle 1992, Holmes, Kamekura et al. 2009). 

2.3.2 Non-essential gene knock-out in Halobacterium strains 

Information and structure of this chapter is adapted from (Berquist, DasSarma et al. 2007) 

The ura3 gene marker can be used to create knock-outs in Halobacterium strains. In the 

following the different steps, necessary to use this methodology are explained.  

The knock-out of non-essential genes in Halobacterium strains is based on the principle of 

homologous recombination. The aim of this method is to replace the gene of interest with a 

non-coding DNA fragment, by creating a DNA fragment that contains homologous DNA 

sequences on both ends that are identical to the DNA sequences flanking the gene of interest. 

A short non-coding DNA fragment is placed in between this homologous DNA fragments to 

replace the gene of interest.  

To generate a DNA fragment that allows for homologous recombination, the principle of 

crossover PCR is used. The aim of crossover PCR is to generate one DNA construct that 

contains the flanking gene regions before (5’) and after (3’) the gene of interest (Figure 21). 
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Figure 21: Scheme of the performed crossover PCR required for the knock-out of genes in Halobacterium species. 

The first PCR is designed to amplify the 5’ flanking region of the gene of interest, as well as 

a small single strand DNA overhanging on the 3’ region of the amplified fragment. To 

increase the probability of creating single-stranded DNA in the overhangs, the PCRs are 

performed asymmetrically, meaning they contain a larger amount of outer (5’-O and 3’-O) 

than inner primers. The second PCR provides the 3’ flanking region of the gene of interest as 

well as a 5’ small single-strand DNA overhang, that is complementary to the overhang from 

the first PCR. A third PCR, the crossover PCR, combines both fragments. 

The 3’-O and 5’-O primer contain each a recognition site for restriction endonucleases, which 

allow the cloning into a target vector for the generation as well as selection of the gene 

knock-out. 

For Halobacterium species, the suicide vector pBB400 (Berquist, Müller et al. 2006) in 

combination with the ∆ura3 gene knock-out strain Halobacterium sp. SK400/MPK414 

(Peck, DasSarma et al. 2000) can be used. The ∆ura3 strain is unable to grow on media 

without uracil addition. The reason therefor is that the ura3 gene encodes the orotidine-5’-

monophosphate decarboxylase (ODCase), which is an essential part of the pyrimidine 

biosynthesis and therefore crucial for survival in media without uracil. On the other hand, the 

absence of the ura3 gene allows this strain to grow in media containing 5-fluoroorotic acid 

(5-FOA). The wild-type Halobacterium salinarum however, is sensitive to 5-FOA through 

conversion of this non-toxic substrate to the toxic 5-fluorouracil through the native ura3 gene 

product (Figure 22). 
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Figure 22: Conversion of 5-Fluoroorotic acid by the ura3 gene product (orotidine-5’-monophosphate decarboxylase (E.C. 

number 4.1.1.23)) to the toxic fluorouracil. 

The suicide vector pBB400 contains an origin of replication (Ori) for E. coli but does not 

contain any replication origin for Halobacterium strains (Berquist, Müller et al. 2006). The 

vector also contains the native ura3 gene from Halobacterium sp. NRC-1 under the control of 

its native promoter.  

Therefore, the transformation of this vector, carrying the flanking gene region for the targeted 

gene knock-out, in a ∆ura3 Halobacterium strain (such as Halobacterium sp. 

SK400/MPK414) allows the selection of the knock-out strains after three steps. First, the 

transformed strain is plated on a uracil dropout media (HURA+ media). Here, only strains in 

which homologous recombination occurred and that now have the plasmid in their genome 

will be able to grow. In the subsequent second step, the colonies are plated on normal growth 

medium (CM+) containing 5-FOA. This step only allows the strains that lost the integrated 

plasmid to survive and either revert to their normal state or contain the knock-out. As a third 

step, a final screening of the obtained cells using PCR is done, that allows the identification 

of strains which carry the gene knock-out (Figure 23). 
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Figure 23: Gene knock-out strategy for non-essential genes in Halobacterium strains (figure modified from (Berquist, 

DasSarma et al. 2007)). 
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B. OBJECTIVES 

The main objective of this thesis is the investigation of the usage of single amplified genomes 

for the identification of novel extremozymes. Achieving this objective will not only help in 

increasing the understanding of life in general, given that about 99.999 % of all estimated 

species are unknown (Locey and Lennon 2016), but also help to identify and develop novel 

enzymes from extremophilic organisms (extremozymes) that can empower the chemical 

industry (Antunes, Ngugi et al. 2011, Illanes, Cauerhff et al. 2012, Rashid and Stingl 2015, 

Sarmiento, Peralta et al. 2015). 

 

To achieve this objective, the following two main tasks have to be accomplished. 

1. The development of a reliable annotation method for genes from far distant related 

organisms. 

2. Verification of the annotation method by the expression of selected identified genes 

and assessment of their function. 
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3. Development of a reliable annotation method 
The development of the next generation sequencing technologies through circumventing 

culture-based methods allows not only the investigation of the vast amount of unknown 

species, the so-called “microbial dark matter”, but also offers a promising base to identify 

novel enzymes with high scientific and industrial value (Marcy, Ouverney et al. 2007, Rashid 

and Stingl 2015, Locey and Lennon 2016). Single amplified genomes, selected as the method 

of the year in “Nature Methods” 2014, can further enhance these investigations by 

circumventing several challenges of metagenomics (Chi 2014, Rashid and Stingl 2015).  

Nonetheless, these gene sequencing developments have not yet led to the expected boost of 

biotechnology. Additionally, comparatively few enzymes have been discovered using 

sequence-based technologies (Chistoserdova 2010, Rashid and Stingl 2015). Therefore, one 

of the main reasons is the lack of sufficient annotation methods, especially for genes from far 

distant related organisms (Rashid and Stingl 2015, Sarmiento, Peralta et al. 2015). 

Therefore, a novel annotation algorithm shall be developed, that allows for the identification 

of novel extremozymes and minimizes false positive identification of protein function. 

Protein function annotation is inherently coupled to the information known about described 

genes, and only 0.15 % of the genes in the UniProt database2 can be linked to experimental 

data. Furthermore, most of these genes are originating from a few different mesophilic 

organisms; the algorithm shall therefore be designed in a way to be as independent as 

possible of the overall three-dimensional protein structure. 

As a basis for the annotation of previously assembled genomes from the extreme habitats of 

selected hypersaline Red Sea brine pools shall be used, which are one of the most remote 

locations on Earth (Antunes, Ngugi et al. 2011). Microorganisms from these Red Sea brine 

pools are not only to be expected to offer genomes that encode for genes that are distantly 

related to any experimentally proven enzyme. They also might offer enzymes of high 

scientific and industrial value (Antunes, Ngugi et al. 2011, Elleuche, Schroder et al. 2014). 

  

                                                
2 http://www.ebi.ac.uk/uniprot/TrEMBLstats,	accessed	17.10.2017 
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4. Annotation verification 
Following the development of a novel algorithm, it is important to verify its reliability 

experimentally. This step is often lacking because the experimental characterization of gene 

products (including gene synthesis, expression, and function assessment) is by several orders 

of magnitude more time and money consuming than sequencing, genome assembly and 

computational gene function annotation. This is especially true for genes from organisms that 

are far distantly related to described organisms, such as extremophiles. Oftentimes, specific 

expression systems as well as modified purification and/or functional assays are required 

(Elleuche, Schroder et al. 2014, Sarmiento, Peralta et al. 2015). 

One option used to compare functional annotations in bioinformatics is the comparison of the 

novel annotation algorithm to already established annotation pipelines (Alam, Antunes et al. 

2013). However, only laboratory-based function assessment can give certainty, especially for 

difficult annotation targets such as microorganisms from the hypersaline Red Sea brine pools. 

Furthermore, experimental proof of function is crucial to increase the general understanding 

of extremozymes for science and industry as well as to increase the number of proteins with 

experimental evidence, which therefore increases the accuracy and reliability of annotation. 

Therefore, we shall select, express and assess the function of genes predicted by our 

algorithm to have high scientific and industrial value. Using targets with high and low 

probability annotations will help in further evaluating the reliability of the novel annotation. 

The hypersaline expression system Halobacterium sp. NRC-1 (Karan, Capes et al. 2013) 

shall be used for expression, optimized if necessary and its suitability for this target shall be 

evaluated. 

The following figure gives a schematic overview of the objectives of this work. 
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Figure 24: Overview of the steps necessary to fulfill the objective of this thesis, the investigation of the usage of single 

amplified genomes for the identification of novel extremozymes. 
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C. RESULTS AND DISCUSSION 

5. A novel algorithm to improve gene annotation reliability 
The Results and Discussion of this chapter were published in: Grötzinger SW, Alam I, Ba 

Alawi W, Bajic VB, Stingl U and Eppinger J (2014). Front. Microbiol. 5:134. doi: 

10.3389/fmicb.2014.00134 

5.1 PPM: profile & pattern matching for function identification 
To analyze the huge amount of data resulting from next-generation whole genome 

sequencing (NGS), modern bioinformatic tools are crucial. The comprehensive NGS data 

analysis process is complex and includes multiple analysis steps requiring numerous 

programs and databases and involves handling of large amounts of heterogeneous data 

(Pabinger, Dander et al. 2013). State-of-the-art sequence alignment methods, single 

nucleotide variant calling to identify single nucleotide polymorphisms and annotation 

improved the analysis and understanding of organisms dramatically. However, comparisons 

of annotation pipelines reveal a surprising level of uncertainty in gene annotation. The recent 

outbreak of enterohemorrhagic diarrhea-causing Shiga-toxin-producing E. coli O104 (Rohde, 

Qin et al. 2011) in Germany prompted annotation of the same genome (strain TY2482) by 

several groups. This allowed a comparison of the three main annotation pipelines: Broad, 

BG7 and RAST. The BG7 annotation resulted in 5210 coding sequences (CDS) (Broad 

5164), with 163 [3.1 %] false negatives and 271 [5.2 %] false positives compared to the 

Broad annotation. RAST annotation resulted in 5446 CDS, with 116 [2.1 %] false negatives 

and 321 [5.9 %] false positives compared to Broad annotation (Alam, Antunes et al. 2013). 

The AAMG based annotation stored in INDIGO, which is used for this article, gave results 

similar to those of the Broad institute annotation. Annotation of another organism, E. coli 

K12 W3110 by INDIGO resulted in 4340 CDS (NCBI 4337), with 236 [5.4 %] false 

positives and 235 [5.4 %] false negatives in comparison to the NCBI annotation. These 

examples illustrate that state-of-the-art annotation still yields about 5.5 % false positives for 

strains of the standard organisms E. coli. For the tremendously more complex annotation of 

novel organisms, a significantly higher rate of false positives is expected. While this might 

not impact in silico analysis, e.g., for identification of pathways, a substantial amount of false 

positives can lead to costly failures in experimental bioprospecting campaigns.  
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Among the descriptors INDIGO annotation associates with genes, two are particularly suited 

to evaluate the correct assignment of an enzymatic function to a gene: (i) the gene ontology 

term (GO-term) and (ii) the PROSITE ID. The Gene Ontology project describes genes (gene 

products) using terms from three structured vocabularies: biological process, cellular 

component and molecular function. Correspondingly, a list of GO-terms associated with a 

gene can be seen as the gene’s profile. A PROSITE ID relates to a single consensus pattern as 

“amino acid sequence signature” to characterize protein function. Genes from INDIGO with 

matching function description of GO-term and PROSITE ID(s) should represent a subset of 

genes with highly reliable annotation. To extract such genes based on an input list of E.C. 

numbers of interest, we developed a protein profile & pattern matching (PPM) algorithm.  

5.2 From proteins of interest to bioinformatics descriptors 
Initially, we compiled a set of proteins with potential scientific and/or commercial interest. 

Protein classes selected include a variety of hydrolases, ene reductases, dehydrogenases and 

carbonic anhydrases as well as a range of metalloproteins, porines, and potentially new 

aminoacyl tRNA synthetases. The 15 protein families of interest (POI families), which were 

selected for further analysis against the novel extremophiles genomes from the Red Sea brine 

pools are summarized in Table 2.  
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Table 2: List of proteins of interest (POIs), which were selected for this study. 

 POI group  Description Interest 

1 Alcohol DH Interconversion of 

aldehydes/ketones and alcohols 

Biocatalytic synthesis of 

chiral intermediates 

2 Formate DH Conversion of CO2 into format Biological carbon capture 

3 Formaldehyde 

DH 

Interconversion of 

formaldehyde and formate 

Biological carbon capture, 

methanol conversion 

4 Carbon 

monoxide DH 

Interconversion of CO and CO2 Biological carbon capture, 

metalloenzyme structures 

5 Ene reductase Stereo-selective reduction of 

alkenes  

Biocatalytic synthesis of 

chiral intermediates 

6 Protease Hydrolysis of peptide bonds Detergents, food and leather 

processing 

7 Terpene 

synthase 

Synthesis of basic, (multi-) 

cyclic terpene structures 

Biocatalytic synthesis of 

complex intermediates 

8 Nitrogenase Fixation of nitrogen from air metalloenzyme structure and 

function 

9 Lipase Hydrolysis of triglyceride 

esters 

Detergents, biodiesel 

synthesis 

10 Carbonic 

anhydrase 

Interconversion of CO2 and 

Bicarbonate  

Biological carbon capture, 

metalloenzyme structures 

11 Acetylene 

hydratase 

Synthesis of aldehydes from 

acetylene  

Biocatalytic synthesis 

intermediates 

12 Acetyl-CoA 

synthetase 

Activation of acetate for further 

conversion 

Biological carbon capture 

metabolism 

13 pylRS Aminoacyl tRNA synthetase, 

acting on pyrrolysine  

Synthetic biology, expanding 

the genetic code 

14 pyltRNA tRNA coding for pyrrolysine Synthetic biology, expanding 

the genetic code 

15 Aquaporins Integral membrane proteins 

controlling osmotic pressure 

Water desalination 

membranes 
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Bioinformatic matching of all proteins within a protein family of interest (POIs) versus the 

INDIGO database requires expression of the POI list through the selected descriptors, which 

in this case are GO-terms and PROSITE ID. For enzymes, E.C. numbers can be associated 

with the enzyme family name as well as GO-terms and PROSITE ID and can therefore serve 

as a bridge to interconvert these terms. The POI list was translated into the enzyme 

commission (E.C.) numbers using BRENDA [Braunschweig Enzyme Database] (Schomburg, 

Chang et al. 2013). This resulted in 2,577 E.C. numbers (appendix, Table 38) out of which 

434 are non-redundant. Removal of preliminary/transferred and deleted E.C. numbers 

resulted in a final list of 265 E.C. numbers (appendix, Table 40). The list of E.C. numbers 

was converted into profiles (gene ontology (GO) terms) and pattern (consensus pattern, 

PROSITE IDs). For gene expression products without an enzymatic function like aquaporins 

and pyltRNA, the respective GO-terms and PROSITE IDs had to be added manually. The 

resulting protein profile filter consists of 171 non-redundant GO-terms (appendix, Table 41). 

To create an independent pattern filter the E.C. numbers were translated into 52 non-

redundant consensus pattern using PROSITE (Sigrist, De Castro et al. 2013). Based on the 

information available from the PROSITE web page, three consensus patterns (PS00198, 

PS00455, PS00143) were removed because of their known low specificity, resulting in a final 

49 consensus pattern list (appendix, Table 42). 

5.2.1 AutoTECNo: Automated translation of E.C. Numbers 

To automate the conversion of POI classes into bioinformatic descriptors for profile and 

pattern analysis, the AutoTECNo tool was developed. This web-based script allows a user to 

enter one or more distinct or flexible E.C. numbers, which are automatically converted into 

GO-terms and PROSITE IDs, based on an internal database with data retrieved from KEGG 

(Kanehisa and Goto 2000). For flexible E.C. numbers at least the first three digits have to 

have a numeric value (e.g., 1.1.1.4 or 1.1.1.*). AutoTECNo automatically ignores 

preliminary, transferred and deleted E.C. numbers. The AutoTECNo output provides two 

XML scripts, one for each of the independent profile and pattern search, which can be 

imported directly into the INDIGO data warehouse by using the direct links on the output 

page. 

5.3 The PPM (profile & pattern matching) algorithm 
The PPM (profile pattern matching) algorithm identifies those POIs within a genome, which 

are most likely to be annotated correctly. It utilizes protein profile and sequence patterns as 
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two orthogonal identification strategies in combination with a reliability filter and a final 

matching of the outputs of the two orthogonal filters. Hence, the GO-term list (profile) and 

the consensus pattern list (coded by the PROSITE IDs) are matched independently onto the 

database of annotated SAGs of interest. From each of the resulting subsets of genomic data, 

gene fragments commonly present in SAGs are eliminated. The gene fragment filter increases 

reliability by removing (i) genes with less than 300 nucleotides to sustain a minimal length 

required for functionality and (ii) genes that are not annotated as complete, indicating that a 

3’ or 5’ part of the gene is missing. As a last step, both lists of remaining genes are 

transferred to the PPM processor, which arranges hits into sets of genes having the same 

combination of identifiers (GO-terms and/or Prosite IDs). Three classes of sets are listed: (i) 

the profile sets, containing genes with one or more GO-terms describing the respective POI, 

(ii) the pattern sets, containing genes with one or more PROSITE IDs of the respective POI 

and (iii) the profile & pattern set, consisting of genes with at least one GO-term and PROSIT 

ID of the POI. Genes with more associated identifiers are ranked higher. The complete PPM 

algorithm is illustrated in Figure 25. 

 

 
Figure 25: Flowchart illustrating the PPM (profile pattern matching) algorithm, starting from an E.C. number based proteins 

of interest (POI) list and a selected database subset, which may also be uploaded externally. Numbers refer to the example 

published here. Square brackets indicate the number of genes at each step during the example analysis. Specific restriction 

filters are described in normal brackets. The complete PPM algorithm is available at the INDIGO webpage including the 

scripts AutoTECNo and PPM processor. 
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To evaluate the PPM approach, we analyzed novel genomic data from Red Sea brine pools 

extremophiles to identify highly reliably POIs. Brine pool SAGs were selected for further 

analysis based on environmental parameters of sampling locations. The habitats selected 

were set to reflect the upper level of moderate halophilic conditions (5 – 20 % salt) or 

extreme halophilic conditions (20 – 30 % salt) (Ollivier, Caumette et al. 1994) and/or 

thermophilic conditions (45˚C - 80˚C (Madigan, Martinko et al. 2003)). Therefore all SAGs 

in the dataset were pre-filtered for salinity ≥ 14 % and/or a temperature > 44.5˚C. This 

resulted in a subset of 58 SAGs from three different brine pools (Atlantis II deep, Discovery 

deep and Kebrit deep), covering six different environmental conditions. These SAGs contain 

a total of 73,688 ORFs coding for 74,516 genes. The ORFs were assembled out of 21,519 

contigs into genomes of a combined size of 48.2 mega base pairs (Table 3). 

 
Table 3: Bacterial (italic) and archaeal SAGs from thermophilic and hypersaline sampling regions selected for this study. 

SAGs Taxonomy Genome 

[Mbp] 

Contigs ORFs Salinity 

[%(w/v)] 

T 

[˚C] 

Location 

1 Desulfo-

bacterales 

1.2 401 1,658 9.4 47 Atlantis II 

13 MSBL1 8.8 4,262 14,159 16.8 63 

10 MBGE 9.5 4,809 14,809 

3 MSBL1 2.8 1,019 4,114 15.2 54 

3 SA2 cluster 0.9 386 1,367 

1 Candidate 

division 

0.4 176 598 

2 MSBL1 1.2 321 1,716 14 32 Discovery 

17 MSBL1 17.9 7,462 27,110 26.2 44.8 

5 MSBL1 3.2 1,647 4,989 26 23.4 Kebrit 

3 UMSBL6 2.3 1,036 3,168 

58  6 taxon. 

groups 

48.2  21,519  73,688  6 habitats 3 brine 

pools 

 

The POI list described above was used as the basis for the PPM analysis resulting in a protein 

profile filter consisting of 171 non-redundant GO-terms and an independent pattern filter of 

49 PROSITE IDs (Sigrist, De Castro et al. 2013) (Table 4). 
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Table 4: A stepwise overview of the conversion of 15 selected enzyme groups into non-redundant GO terms and PROSITE 

IDs. (T = Total in class, NR = non-redundant ones, S = selected for this study). 

No POI-group 
E.C.-No.  GO-terms PROSITE IDs 

T NR S T NR Hits T NR Hits 

1 Alcohol DH 101 32 25 20 20 0 12 8 2-6 

2 Formate DH 29 6 6 4 4 1 7 6 6 

3 Formaldehyde DH 23 9 4 3 2 0 0 0 0 

4 Carbon monoxide DH 19 4 4 4 4 1 1 0 0 

5 Ene reductases 1,162 107 65 61 61 4 9 1 1-5 

6 Protease 741 217 111 39 39 0 45 20 8 

7 Terpene synthase 35 023 17 9 9 0 0 0 0 

8 Nitrogenase 18 4 2 2 2 0 4 4 4 

9 Lipase 380 26 25 24 24 0 9 6 0 

10 Carbonic anhydrase 58 1 1 1 1 0 3 3 0 

11 Acetylene hydratase 2 1 1 1 1 0 0 0 0 

12 Acetyl-CoA synthetase 8 3 3 3 2 0 1 0 0 

15 Aquaporins 0 0 0 2 2 0 1 1 0 

TOTAL 2,576 433 264 173 171 6 92 49 25 

 

Using the INDIGO data warehouse, profile matching of the 74,516 genes in the 58 SAGs of 

interest with the 171 GO-terms resulted in 520 hits, which were further reduced by the gene 

fragment filter to 352. Reduction of duplicates (genes associated to multiple GO-term or 

PROSITE ID occur multiple times in the output) reduced the number further to 106 non-

redundant hits, which could be grouped into five different profile sets, based on the gene-

associated GO-terms. The five profile sets contain six different GO-terms, four profiles with 

only one GO-term and one profile with two GO-terms (Table 5).  
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Table 5: Enzyme hits identified using the PPM algorithm and the respective PPM descriptors. 

PPM class Profile (GO-term) or  

Pattern (PROSITE IDs) 

Hits PPM 

set 

Enzyme hit 

5 Profiles GO:0008839 3 -  

GO:0009326 25 -  

GO:0018492 17 -  

GO:0043115 31 -  

GO:0004665 GO:0008977 16 Pro 1 Prephenate DH [1.3.1.13] 

17 Patterns PS00059  15 -  

PS00061  3 -  

PS00136  3 -  

PS00137  1 -  

PS00138  2 -  

PS00141  11 -  

PS00501  6 -  

PS00060 PS00913 4 Pat 1 Fe - ADH [1.1.1.1] 

PS00062 PS00063 PS00798 19 Pat 2 dkgA [1.1.1.274] 

PS00065 PS00670 PS00671 27 Pat 3 Glyoxylate red. [1.1.1.26] 

PS00381 PS00382 2 Pat 4 Clp protease [3.4.21.92] 

PS00490 PS00551 PS00932 11 Pat 5 Molybdopt. OR [e.g. 

1.2.2.1] 

PS00090 PS00699 10 Pat 6 
Nitrogenase [1.18.6.1] 

PS00692 PS00746 7 Pat 7 

PS00136 PS00137 2 Pat 8 

Subtilisin [3.4.21.*] PS00136 PS00138 4 Pat 9 

PS00137 PS00138 1 Pat 10 

1 Profile &  

Pattern 

GO:0008839 PS01298 14 PP 1 DHDPR [1.3.1.26] 

 

Categorizing the 106 genes in five profile sets gives the first indication what functions might 

be available and how much functional diversity can be expected from the hits.  
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The independent pattern filter was applied according to the same scheme, by categorizing all 

hits into corresponding pattern sets. This means that screening all 58 SAGs against the 49 

PROSITE IDs resulted in 1,617 hits. Applying the gene reliability filter reduced this number 

to 1,078 hits, which could be further condensed to 142 non-redundant hits. These 142 genes 

fall into 17 pattern sets, consisting each of 1 to 3 different patterns and contain 25 different 

PROSITE IDs. The 17 different sets represent between 1 to 27 hits each. 

Since the presence of several GO terms, PROSITE IDs or a combination of both indicates a 

more reliable gene annotation, we used the PPM processor to identify genes which are 

associated with multiple descriptors. In the output list (Table 5) genes fall into three different 

sets: (i) the profile sets (one set of 16 hits), (ii) the pattern sets (10 sets containing 87 hits) 

and (iii) the profile & pattern sets (one set of 14 hits). The profile & pattern set contains the 

genes, which were found independently by both, profile and pattern matching. In other 

words, when the database subset of 74,516 genes is screened for 434 non-redundant E.C. 

numbers, only 14 genes have a matching GO-term and PROSITE ID. Naturally, all 14 hits 

belong to the same E.C. number (1.3.1.26, dihydrodipicolinate reductase, DHDPR). Since 

some profile or pattern sets stand for the same enzyme type, the total amount of 117 most 

reliably annotated genes that were identified by the PPM algorithm fall under only nine 

different enzyme families: prephenate DH (1.3.1.13), iron-containing ADH (1.1.1.1), dkgA 

(1.1.1.274), glyoxylate reductase (1.1.1.26), Clp protease (3.4.21.92), molybdopterin 

oxidoreductase (e.g. 1.2.2.1), nitrogenase (1.18.6.1), subtilisin (3.4.21.*) and DHDPR 

(1.3.1.26). The relatively small number of identified hits is manageable for an experimental 

scientist, who is aiming to characterize novel gene expression products. The reduction of 

potentially novel proteins from 111,444 to 117 provides a focus for experimental work (see 

below). 

5.3.1 Semi-automatic, XML based PPM algorithm 

The profile & pattern matching (PPM) algorithm was integrated into the INDIGO web page 

via an XML script. The semi-automated workflow requires three steps: (i) conversion of the 

POI list into GO-terms and PROSITE IDS with AutoTECNo, (ii) individual profile as well as 

pattern matching via a query in INDIGO and (iii) extraction and ranking of the most reliable 

result in pattern, profile and profile & pattern using the PPM processor. This process requires 

two input files: (i) an assembled genome, which can be annotated using the Automatic 

Annotation of Microbial Genomes (AAMG) pipeline and (ii) an E.C. number based POI list. 

The POI list can directly be copied into the AutoTECNo input mask. After submitting the 
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E.C. number list, AutoTECNo will generate a list of all E.C. numbers and the associated GO-

terms and PROSITE IDs. At the bottom of the output mask, three links are provided: “GO 

xml”, “Prosite xml” and “INDIGO datawarehouse”. Clicking either of the first two links will 

open a window, which provides XML-formatted files (for either GO-terms or PROSITE 

IDs). These files can be edited and used separately to build INDIGO queries. In such a query, 

INDIGO is used to match each of the two XML lists against the selected genomes. Clicking 

on the “INDIGO datawarehouse” link opens the INDIGO XML input mask, which can be 

used to initiate a query by pasting the XML script from AutoTECNo and hitting ‘submit’. A 

graphical overview of the query will be shown, and further customization can be done (the 

pre-set columns should not be deleted). At this stage, both, profile (GO-term) and pattern 

(Prosite ID) filters can be applied individually in connection with the optional gene fragment 

filter. Clicking the “show results” button will initiate analysis. Hits will be organized in a 

table summarizing all available information for each of the genes found. Here too, further 

customization is possible. The table may still contain duplicates because one gene can be 

found under several GO-terms and/or PROSITE IDs. The results-table can be downloaded as 

"Spreadsheet (tab separated values)" (tsv file) for import into the PPM processor. 

The tsv spreadsheet of the independent profile analysis (via GO-terms) and/or pattern 

analysis (via PROSITE IDs) can be pasted or uploaded into the PPM processor, accessible 

under the address given in the methods section. As described above, the PPM processor 

output provides a list of non-redundant genes, grouped into subsets of the three classes of hits 

(profile sets, pattern sets, and profile & pattern sets) as well as ranked based on the number of 

associated patterns and profiles. Highly reliable annotation is expected for genes associated 

with at least two descriptors. The PPM processor integrates a link back to INDIGO that 

allows listing of the obtained hits for in detail analysis.  

5.4 Manual hit selection from the PPM processor output 

The PPM processor groups genes into PPM sets and highlights expected functional 

similarities of gene expression products. This pre-grouping of PPM sets of patterns and/or 

profiles, which are characteristic for the same protein, can be manually condensed further 

into one meta-set. For example, pattern sets with combinations of PS00136 and PS00137 

(one PPM set), PS00136 and PS00138 (another PPM set) or PS00137 and PS00138 (another 

PPM set) are all indicative of subtilase type serine proteases and these pattern sets were 
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condensed into one metaset. In total nine functionally distinct PPM sets remained after 

manual condensing (Table 5). 

For experimental characterization, synthesis and expression of 117 genes from halophilic 

extremophiles still represent an enormous challenge, which mandates identification of those 

extremophilic proteins as expression target, which are most typical for each functionality-set. 

For five of the nine functionally different PPM sets, we were able to pinpoint nine genes 

representing all three PPM classes (profile, pattern, profile & pattern) (Table 5). Amino acid 

based phylogenetic analysis within each PPM set revealed phylogenetic relations and 

sequence clusters. The sequence representing most of the set members was selected, e.g., the 

PP1 dihydrodipicolinate reductase (DHDPR) PPM set contains 14 different hit sequences 

(isoenzymes). The phylogenetic analysis resulted in four clusters of phylogenetic closely 

related groups (Figure 26).  

 

 
Figure 26: Phylogenetic tree of the DHDPR hits. To identify isoenzyme classes, every PPM set of hits was clustered into 

phylogenetic groups. For the 14 Dihydrodipicolinate reductases (DHDPR) four closely related phylogenetic clusters were 

found. Scale bare: 0.1 amino acid substitutions per site. 

Out of those four clusters, the sequence representing most of the members was selected, 

which was straightforward for three DHDPR clusters (Figure 26, cluster 1-3), since in each 

cluster one sequence was so long that it contained all parts of the other members. For the 

fourth cluster (Figure 26, cluster 4) the selection was more complicated because phylogenetic 

sequence analysis showed either an equal distribution of mutations in each sequence of one 

cluster or unequal lengths of the sequences in a cluster. To address this problem, an 

additional protein BLAST (BLASTp) (Johnson, Zaretskaya et al. 2008) was performed for all 
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sequences in a cluster individually. The sequence with the highest similarity to a functional 

protein was chosen. This was done for the fourth DHDPR (Figure 26, cluster 4) and the 

subtilisin cluster. In case of no difference in similarity according to BLASTp, the gene 

product providing a longer overall sequence was chosen (e.g., for halolysin) since additional 

amino acids, resulting in additional chemical functionality may indicate more diverse enzyme 

characteristics (e.g., hydrogen bonding, allosteric pockets, metal complexation, etc.). Amino 

acid sequences typically differed in less than 10 positions, except for halolysin where the 

isoenzyme with a C-terminal domain containing 23 amino acids, compared to the second 

longest isoenzyme and 64 amino acids compared to the shortest isoenzyme was selected 

(corresponding to a ~ 4 to 12 % increase in total protein length, respectively). 

5.5 Annotation of proteins without existing GO-terms or PROSITE IDs 
The search for carbonic anhydrases (CAs) using the PPM algorithm yielded in no reliable hits 

because the translation of the corresponding E.C. number resulted in no GO-terms and only 

three unspecific consensus patterns (Table 5). Hence, a manual search for gamma carbonic 

anhydrases was developed, based on consensus pattern. As starting point for a pattern 

development, the sequence of a distinct, 180 amino acid long motif (residues 34 – 214) of 

gamma carbonic anhydrase chain A from Methanosarcina thermophila (NCBI Reference 

Sequence: WP_052721819.1) (appendix Figure 60) was investigated. The available X-ray 

structure of this enzyme (PDB 3OW5 and 3OTM (Domsic, Robbins et al. 2011)) reveals the 

relevance of this motif for function. An INDIGO internal BLAST of this motif against all 58 

Red Sea brine pool single amplified genomes originating from Atlantis II-, Discovery-, and 

Kebrit deep yielded 17 potential gamma CAs. Applying the gene fragment filter reduced the 

candidate pool to six. An additional pattern matching increased the reliability of the profile-

based protein identification. A structural analysis of the archetype of gamma CAs 

“CdehydraseG” (Cam) (Ferry 2010) revealed nine amino acids in two peptide sequences of 

26 and 6 amino acids as most relevant for enzyme function, as shown in the following figure.  
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Figure 27: Cartoon representation of the crystal structure of Cam from Methanosarcina thermophila (PDB: 3OTM). For 

catalysis, important residues are represented in sticks and color-coded. Yellow = metal binding residues, green = residues 

directly involved in catalysis, cyan = structurally important residues, orange = potential CO2 polarizing residue, expected to 

increases protein activity but not essential (Ferry 2010). A) View along the three-fold axis of the Cam trimer showing three 

active sites and the typical left-handed parallel β-helix fold, connected to an α-helix in each monomer. The metal 

coordination takes places at each interface of the trimer. B) Zoom into one active site representing all residues essential for 

activity and N202. C) Side view. D) Top view of one monomer, showing the necessity of the trimer formation to build up 

the active center after the involved residues are located on two different ends of the protein. The amino acid stretch between 

E62 to N73 is shown in magenta. 

The resulting two initial consensus pattern (shown below) are marked with the following 

color code: yellow = metal binding motifs (H81, H117, H122); green = residues directly 

involved in catalysis (E62, N73, Q75, E84); cyan = structurally important residues (R59, D61); 

not highlighted = residues of no specific function as they appear in the gamma CA sequence. 

 

59 - R59SD61E62GMPIFVGDRSN73VQ75DGVVLH81ALE84 - 84  and  

117 - H117QSQVH122 - 122 
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A strict pattern matching of the six potential gamma CA identified did not provide any hits. 

This is not surprising since it is common for consensus patterns that some functional 

important amino acids can be altered within a certain threshold. Alignment of the initial 

gamma CA, consensus pattern with the six gamma CA candidate sequences, revealed that the 

11 amino acid long stretch from E62 to N73 was shortened by one amino acid in all six 

candidates. The resulting structural alteration will most probably not affect function after 

especially the N-terminal part shows a long unstructured curve before entering the typical 

left-handed parallel β-helix fold (Figure 27 C). The residue N202 was left out for the creation 

the consensus pattern, because first it is neither highly conserved between homologs to Cam 

(Ferry 2010) and second because this amino acid is too far C-terminal located from the other 

pattern to be included in any of the potential consensus patterns. Further, the two structurally 

important residues R59 and D61 were conserved as well as two out of the three metal binding 

histidines (H81 and H117) (Table 6).  

 
Table 6: Alignment of functionally important residues the gamma CA chain A from Methanosarcina thermophila with 

gamma CA candidates. Underlined residues will most likely affect function. Sampling conditions: Atlantis II: 63˚C, 16.8 % 

salinity; Discovery: 44.8˚C, 26.2 % salinity; Kebrit: 23.4˚C, 26.0 % salinity. 

# Annotation Organism 

& habitat 

R59 D61 E62 N73 Q75 H81 E84 H117 H122 

1 Carbonic 

anhydrase 

acetyltransferase 

MSBL1, 

Atlantis II  

co
ns

er
ve

d 

F C Q 

co
ns

er
ve

d 

D 
co

ns
er

ve
d 

co
ns

er
ve

d 

2 Ferripyochelin 

binding protein 01 

MSBL1, 

Atlantis II  

F C Q D 

3 Predicted 

acetyltransferase 

MSBL1, 

Discovery  

I C K D 

4 Ferripyochelin 

binding protein 02 

MSBL1, 

Kebrit  

F C G D 

5 Ferripyochelin 

binding protein 03 

MBGE, 

Atlantis II  

K N Q K 

6 Ferripyochelin 

binding protein 04 

MSBL1, 

Discovery  

F V E K N 
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The third metal binding amino acid H122 was replaced by an asparagine (N) in hit number six. 

The replacement of the positively charged histidine residue with the polar uncharged 

asparagine residue will potentially affect the function of this residue and pose problems for 

the required metal coordination. Further sequence variations involve the replacement of 

catalytic E84 by either D (four cases, potentially not influencing function), or K (two cases, 

potentially affecting function). The remaining catalytically important residues E62, N73 and 

E75, which are involved in a hydrogen-bonding network in the M. thermophila protein, are 

highly variable among the six candidates sequences. Under the assumption that some of these 

candidates are carbonic anhydrases due to profile and pattern similarity to the M. thermophila 

archetype enzyme one has to conclude that E62 is not generally important for the function of 

this enzyme type and that N73 and Q75 can be replaced by the hydrogen bonding amino acids 

C or K, respectively. The following two consensus patterns follow from this sequence 

analysis: 

 

R-x-D-[EFI]-x(10,11)-[NC]-x-[QK]-x(5)-H-x(2)-[ED]   and  

H-x(3)-H 

 

Application of the PPM algorithm using the 180 amino acid profile stretch identified from 

PDB 3OW5 and the new consensus patterns delivered three gamma CAs candidates. Because 

of high sequence similarity in two out of the three sequences, the sequences of gene 2 

(annotated as ferripyochelin binding protein 01) from Atlantis II deep and gene 3 (annotated 

as predicted acetyltransferase) from Discovery deep (Table 6) were selected as best 

candidates for experimental studies of gamma CAs (CA_A (Atlantis II deep) and CA_D 

(Discovery deep) in Table 7). 
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Table 7: Hits identified as reliable using the PPM algorithm. The first letter of the gene name indicates enzyme name (e.g. A 

= alcohol dehydrogenase), the second either the function or metal (F = ferrous, D = dehydrogenase, P = protease, R = 

reductase, A = anhydrase) and the last letter the habitat: D = Discovery, A = Atlantis II, K = Kebrit. 

Gene Enzyme [Organism] PPM 

ident. 

Closest related protein (sequence 

identity) [organism] 

AF_D ADH [MSBL1] Pat 1  
ADH, iron-containing (60 %) 

[Thermotoga neapolitana DSM 4359] 

HD_K 
2-Hydroxyacid DH 

[USMBL6] 
Pat 3  

NAD-binding 2-hydroxyacid DH (63 %) 

[Petrotoga mobilis SJ95]  

HP_D Halolysin [MSBL1] 

Pat 8-10 

Peptidase S8 (53 %) 

[Haladaptatus paucihalophilus] 

SP_A Subtilisin [MBGE] 
Peptidase S8 (50 %) 

[Bacillus sp. SG-1] 

PD_A Prephenate DH [MBGE] Pro 1  
Prephenate dehydrogenase (48 %) 

[Methanobacterium formicicum] 

DR_A1 DHDPR [MSBL1] 

PP 1  

DHDPR (56 %) 

[Methanobacterium sp. SWAN-1] 

DR_A2 DHDPR [MBGE] 
DHDPR (57 %) 

[Methanocaldococcus vulcanius M7] 

DR_D DHDPR [MSBL1] 
DHDPR (54 %) 

[Methanobacterium sp. SWAN-1] 

DR_K DHDPR [MSBL1] 
DHDPR (53 %) 

[Methanobacterium sp. SWAN-1] 

CA_A Gamma CA [MSBL1] 
Manual 

PPM 

Ferripyochelin binding protein (fbp, 

43 %) 

[Thermosediminibacter oceani DSM 

16646] 

CA_D Gamma CA [MSBL1] 
Hypothetical protein (53 %) 

[Corynebacterium pyruviciproducens] 
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5.6 Discussion 
Proteins, which are suitable for the harsh conditions of many biotechnological applications, 

can be obtained through protein engineering, discovery, and mining of novel extremophilic 

genomes or a combination of both. The major challenge in mining genomic data from 

extreme environments is that with increasing extremeness of the habitat the possibility of 

culturing the organism thriving under these conditions shrinks substantially. Genomic data 

from SAGs circumvent the culturing problem, and we believe that improving the quality of 

single amplified genome assemblies (higher sequence coverage, longer contigs, and advanced 

annotation programs) should enable us to utilize SAGs as a rich source for discovery of 

extremophilic enzymes of scientific interest and commercial value. However, annotation 

reliability is lowered for both, extremophilic genomes (for which commonly no close relative 

is known) and SAGs (which may suffer from gaps, incomplete genes or generally sequencing 

data of lower quality) and therefore a highly reliable algorithm for identification of genes of 

interest from extremophilic SAG databases is mandatory before entering labor-intensive 

expression and characterization of these genes. These considerations prompted us to develop 

the PPM algorithm described above to extract the most reliably annotated genes of interest 

from assembled SAGs or genomes. 

5.6.1 Problems of single profile or pattern analysis and the PPM algorithm  

In general consensus patterns are assumed to be reliable, yet a considerable amount of hits 

identified via PROSITE ID are false positives (has the motif but not the function), false 

negatives (has the function but not the motif), unknown (has the motif but no verified 

function) or partial hits (has the function but only parts of the motif) (Sigrist, Cerutti et al. 

2002). Table 8 combines examples illustrating the reliability of consensus pattern based 

annotation of enzyme function.  
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Table 8: Reliability of consensus patterns found in chosen hits as well as for carbonic anhydrases. TP = True positive, FP = 

False positive, FN = False negative (Sigrist, Cerutti et al. 2002). 

PROSITE 

ID 

Description Hits TP 

[%] 

FP 

[%] 

FN FN 

[%] 

PS00059 Zinc-containing AD signature 491 97.4 2.6 40 8.1 

PS00061 Short-chain DHR family signature 720 82.5 17.5 192 26.7 

PS00065 NAD-binding 2-hydroxyacid DH 

signature 

235 77.4 22.6 210 89.4 

PS00136 subtilase family, aspartic acid active site 328 45.1 54.9 90 27.4 

PS00137 subtilase family, histidine active site 200 92.5 7.5 56 28.0 

PS00138 subtilase family, serine active site 261 88.1 11.9 29 11.1 

PS00671 NAD-binding 2-hydroxyacid DH 

signature 3 

319 99.7 0.3 66 20.7 

PS00913 Iron-containing ADH signature 1 42 81.0 19.0 26 61.9 

PS01298 DHDPR signature 541 100.0 0.0 19 3.5 

PS00162 Alpha-CA signature 64 100.0 0.0 32 50.0 

PS00704 Prokaryotic-type CA signature 1 22 95.5 4.5 10 45.5 

PS00705 Prokaryotic-type CA signature 2 25 100.0 0.0 5 20.0 

 

Reliability may be as low as 55 % false positives (PS00136) or 90 % false negatives 

(PS00065). A further problem of pattern-based annotation is the low flexibility because of the 

short pattern lengths (about 10 – 20 amino acids (Sigrist, Cerutti et al. 2002)), typically 

covering only 1.9 - 7.9 % of the total protein length. Due to the short length the consensus 

pattern, a higher reliability requires reducing the flexibility allowed. In the carbonic 

anhydrases example above, three consensus patterns were available with high reliability 

(Table 8). Hence we expected to identify several CAs through pattern matching. Yet, no 

carbonic anhydrase was found in the entire database since the rigidity of consensus patterns 

prevents identification of novel enzymes with the same function in this case. Finally, a 

consensus pattern may not be specific for a specific protein, e.g., NADH or ATP binding 

motifs typically are associated with consensus patterns, which occur in several enzyme 

families. Table 7 illustrates this issue. Four PROSITE IDs are related to both, either alcohol 

dehydrogenase or ene reductase function. Identifying combinations of pattern as for the 

pattern set of the PPM algorithm can circumvent these problems and increase reliability. 
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According to the PROSITE web page, one of the strongest pattern combinations is PS00136 

to PS00138. If a protein includes at least two of the three active site signatures, the 

probability of it showing a protease activity is 100 %. 

GO-terms are considered the gold standard for annotation of protein function (Friedberg, 

Jambon et al. 2006). The source for GO-terms in the UniProt Gene Ontology Annotation 

database falls into three categories: (i) the smallest but most reliable category, experimental 

annotations, (ii) curated non-experimental annotations and (iii) electronic annotations, both 

with least reliability. Over 98 % of the repository of the UniProt Gene Ontology Annotation 

database is inferred in silico without curator oversight (Škunca, Altenhoff et al. 2012). GO-

terms are highly flexible, which is reflected in the gene’s sequence length associated with it, 

e.g., annotation of GO-terms in this study covered 1.9 – 100 % of the total gene. The 

particular sources used for GO-term identification leads to this large range. GO-terms based 

on consensus pattern naturally are reflected by a short associated sequence length (e.g., the 

lower 1.9 % limit of protein sequence lengths in this study). GO-terms determined by 

different methods such as Hamap (Pedruzzi, Rivoire et al. 2015), TIGRFAM (Haft, Selengut 

et al. 2003), Pfam (Finn, Coggill et al. 2016), and especially PIRSF (Wu, Nikolskaya et al. 

2004) can take up to 100 % of the sequence into consideration. PIRSF hereby conducts an 

evolutionary hierarchy comparison in which not domains but the whole protein is taken into 

consideration. Although a majority of the residues are analyzed PIRSF allows a high 

flexibility within the amino residues of the protein. 

 In this analysis, GO-terms association to ORFs was on average based on about 65 % of the 

total sequence length. Recent studies could show that electronic annotations are more reliable 

than generally believed and that the overall reliability of electronically determined GO-

annotations is increasing, but still very low. The mean value of reliability was ≈ 30 % in 2006 

and increase to 50 % in 2011 (Škunca, Altenhoff et al. 2012). The variations are significant 

among different inference methods, types of annotations, and organisms. A benefit of using 

INDIGO is that it associates InterProScan derived GO-terms to genes, whether they are 

emerging from domains such as PFAM, PIRSF, TIGRFAM, which associate function to a 

long stretch of amino acid sequence or PROSITE, which uses short consensus patterns. It is 

common that GO-terms are not directly associated to the short amino acid sequence 

connected to a PROSITE ID. But quite often a longer domain in the neighborhood or around 

a PROSITE pattern yields a GO-term.  
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As an example of the residues taken into consideration for annotation, the following figure 

shows the location of the minimal amount of residues taken into consideration by PFAM to 

annotate the GO-term GO:008839 and PROSITE ID PS01298 for the identified profile and 

pattern hit dihydrodipiculinate reductase on the crystal structure of the dihydrodipicolinate 

reductase from E. coli (PDB: 1ARZ) (Scapin, Reddy et al. 1997), which shows a 

comparatively similar sequence length of ~275 to 273 amino acid residues, respectively (for 

the sequence alignment and profile and pattern related residues, see appendix Figure 61).  

 

 
Figure 28: Overview of a minimal amount of residues taken into consideration for the PPM-algorithm, for the detection of 

the profile and pattern hit dihydrodipicolinate reductase. These residues are marked on the example of the crystal structure of 

the dihydrodipicolinate reductase from E. coli (PDB: 1ARZ), with the substrate dipicolinic acid (green sticks) and the 

cofactor NADH (cyan sticks). Location of all residues connected to the identified PROSITE-ID (PS01298) are displayed in 

orange, and the minimal amount of residues connected to the identified GO-term (GO:008839) are displayed in magenta. 

As shown in the figure, the residues taken into consideration for a consensus pattern, 

represent a very short sequence, and although this part might be reliable and perform the 

targeted reaction, the enzyme might still be inactive after, such as here, where consensus 

pattern does not cover the essential cofactor binding site. Combining profile and pattern 

increases the amount of residues that are taken into consideration (for this example 45 %) but 

on the one hand there are many fully flexible residues and domains (marked in gray) left (55 

%), and on the other hand the GO-term residues are substantially more flexible than the 

consensus pattern sequences. For example, the residues taken into consideration also contain 

a significant amount of unstructured loops, which do not contribute to the annotation. 
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Currently, 11,910 ORFs (10.6 %) annotated in INDIGO are associated with a GO-term and a 

PROSITE ID, which both describe the same function.  

In conclusion, both, consensus patterns and GO-terms are standard tools to identify the 

function of a gene, yet they have their individual weaknesses. The key to increase reliability 

is therefore the combination of descriptors. Since GO-terms (profiles) and PROSITE IDS 

(patterns) provide orthogonal information of protein function (with the exception of GO-

terms based on consensus patterns), selecting a combination of both descriptors is a powerful 

tool to identify the function of a gene product with high reliability, particularly for novel and 

distantly related organisms. The PPM algorithm combines those advantages and is able to 

select for all three combinations of descriptors: the profile sets, the pattern sets, and the 

profile & pattern sets. The strict PPM algorithm extracts and ranks, in our case, the top 1 % 

of most reliably annotated genes. Since genomic data are growing at a much faster pace than 

experimental verification can proceed, this focus on quality rather than quantity is essential. 

Thus, the PPM algorithm can guide experimentalists to select the most promising genes for 

successful expression, characterization, and verification. 

5.6.2 Distantly related sequences from novel organisms 

Phylogenetic analysis of gene sequences identified as candidates for expression tests revealed 

a high evolutionary distance to any known sequence (Figure 29).  
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Figure 29: Analysis of the phylogenetic relationships of genes, which were identified by PPM analysis as highly reliably 

annotated (underlined in red). PPM profile & pattern hits Dihydrodipicolinate reductases DR_A1, DR_A2, DR_D and 

DR_K (A), PPM profile hit prephenate dehydrogenase PD_A (B), PPM pattern hit subtilisin SD_A (C) and manual PPM hits 

gamma carbonic anhydrase CA_A and CA_D (D). Scale bars 0.1 (A-C) or 0.2 (D) amino acid substitutions per site. 

In case of the PPM profile & pattern set hits for DHDPRs, the phylogenetic tree with the 

closest related organisms includes both, the archaeal and bacterial domains of life (Figure 29 

A). The four identified hits are all in the archaeal branch. The three hits from the organism 

MSBL1 (DR_A1, DR_D and DR_K) are clustering together in a separate branch, connected 

to Acheoglobales and Methanomicroba. The hit from the organism MBGE (DR_A2) is in a 

separate branch and closer related to Methanobacteria and Methanococci. As indicated by the 

long branches the junction to the closest previously known sequences occurs at 0.3 – 0.35 

amino acid substitutions per site. The PPM multi-profile hit prephenate dehydrogenase from 

MBGE (Figure 29 B) shows phylogenetic relations similar to DHDPR. The closest related 

enzymes found are from archaea, and the closest related sequences are from Methanococci 

and Methanobacteria. The junction to the closest previously known sequences occurs at 0.33 

amino acid substitutions per site. The subtilase type sequence from the PPM multi-pattern hit 

has a different phylogenetic footprint (Figure 29 C). Based on the amino acid sequence the 

novel subtilisin shows equal evolutionary relations to archaea and bacteria, which indicates 

comparatively low sequence mutations in the two different domains compared to their 

common ancestor. For the gamma carbonic anhydrases hits, which are based on a 
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combination of a new profile and pattern, the phylogenetic tree includes all three known 

classes of carbonic anhydrase (Figure 29 D). The tree reveals clearly that the identified 

sequences fall into the gamma class of carbonic anhydrases with very distant relations to the 

alpha and beta class. Similar distant phylogenetic relationships are found for all other hits, 

underlining the novelty of the SAGs analyzed (appendix Figure 62, Figure 63, and Figure 64) 

and correspondingly the necessity to introduce the PPM algorithms for reliable identification 

of genes of interest. 

5.6.3 Current limitations of the PPM approach 

The PPM approach intrinsically leads to a high number of false negatives, because not all 

POI groups can be translated into GO-terms and PROSITE IDs. During conversion from E.C. 

numbers to profiles (GO-terms) or pattern (PROSITE ID) about 35 % or 81 % of the POIs are 

lost, respectively. This limitation will be overcome through the exponential growth of 

biological data, which will increase the number and precision of GO-terms and PROSITE 

IDS. The combination of self-derived profiles and pattern can also enhance/enable PPM 

analysis, even with comparatively flexible sequences that show individually low reliability, 

as shown for the gamma carbonic anhydrase example. Reducing the rigidity of consensus 

pattern with a high false negative rate may further help reducing false negatives. However, as 

discussed above, from an experimentalist point of view false positives are of much higher 

concern and these can be eliminated very effectively by the PPM approach. 
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6. Annotation verification 
To verify the annotation of the PPM algorithm and to underline the use of SAGs as an origin 

of novel genes, selected potentially industrial and scientific valuable genes from different 

hypersaline Red Sea brine pools were expressed, purified and their functions were 

investigated in vivo and/or in vitro. 

6.1 Halobacterium sp. NRC-1 as expression host 
Environmental conditions of the three Red Sea brine pools of interest, Atlantis II deep, 

Discovery deep and Kebrit deep are considerably different to the habitats where most 

organisms used for gene expression originate.  

These main differences between the environmental conditions of the Red Sea brine pools and 

the growth conditions of the standard gene expression host, E. coli, were visible not only in 

the ideal growth temperature but even more (by a factor of about 20) in the ideal salt 

concentration. Hence an alternative expression host was required which is adapted to similar 

habitat conditions. 

Among the available expression systems, the Halobacterium expression system shows high 

similarities in its growth and cytosolic conditions to the ones found in the Red Sea brine 

pools, as illustrated in the following figure and table. 

 

 
Figure 30: Ideal growth conditions of Escherichia coli and Halobacterium salinarum, compared to the environmental 

conditions of the lower connectivity layer of the Red Sea brine pools, Atlantis II, Discovery, and Kebrit. 
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The following table shows a more detailed picture of the comparison of the commonly used 

expression system E. coli and Halobacterium sp. NRC-1. 

 
Table 9: General characteristics of the halophilic expression host Halobacterium sp. NRC-1 compared to E. coli. The 

temperature range is from the inflection point to the maximum after lower temperatures (above freezing) slow down growth 

but not stop it.  

 E. coli Halobacterium sp. NRC-1 

Ideal growth 

temp 

37˚C (Doyle and Schoeni 1984) 42˚C (Coker, DasSarma et al. 2007) 

Temp. range 19 - 41˚C (Raghubeer and 

Matches 1990) 

31 - 50˚C (Robinson, Pyzyna et al. 

2005) 

pI pI peaks: 5.0 & 10.3 (Kennedy, 

Ng et al. 2001) 

pI peak: 4.2 (Kennedy, Ng et al. 2001) 

Ideal NaCl 

conc. 

9 - 170 mM (0.5 - 10 g/l) 

(Sezonov, Joseleau-Petit et al. 

2007) 

4.3 M (250 g/l) (Coker, DasSarma et al. 

2007) 

NaCl range 0.00 - 0.85 M (Hrenovic and 

Ivankovic 2009) 

2.5 - 5.3M (saturation) (Coker, 

DasSarma et al. 2007) 

Light 

influence 

- Energy production (purple membrane) 

(Ng, Kennedy et al. 2000) 

Generation 

time 

~ 30 min (Doyle and Schoeni 

1984) 

~ 3.5 h (Robinson, Pyzyna et al. 2005) 

Genome 4.6 Mbp (Blattner, Plunkett et al. 

1997) 

2.6 Mbp, chromosome + 2 plasmids 

(pNRC 100 & 200) (Ng, Kennedy et al. 

2000) 

Genetic 

stability 

good low (insert. seq. & transposons) 

(Brügger, Redder et al. 2002) 

Sterile 

handling 

important not necessary 

Codon usage GC content 50.8 % (Riley, Abe 

et al. 2006), ∆ to Halobacterium 

67.9 % (Kennedy, Ng et al. 2001), ∆ to 

E. coli 

Expression 

plasmid 

e.g. pET series pMC2 (Karan, Capes et al. 2013) 
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Selection Ampicillin (Sutcliffe 1978) Mevinolin (HMG-CoA) (Karan, Capes 

et al. 2013) 

Induction IPTG (T7) 0.5 mM (Tabor 2001) Cold shock (P-cspD2) at ~ 15˚C (Karan, 

Capes et al. 2013) 

 

Based on the close homology of the cytosolic conditions of Halobacterium sp. NRC-1 to the 

environmental conditions of the Red Sea brine pools selected Red Sea brine pool genes were 

expressed in this system to verify the annotation of the profile pattern matching algorithm 

and the use of single amplified genomes as a source of novel enzymes. 

6.2 Selected thermo-halophilic genes for expression in Halobacterium 
To verify the annotation of the profile pattern-matching algorithm and to prove the value of 

the suggested consensus pattern for γ-carbonic anhydrases, the following potentially 

industrial and or scientific valuable enzymes were selected as targets for expression, based on 

the PPMA results (Table 7). 

 

1. Both γ-carbonic anhydrases, based on the suggested new consensus pattern 

a. CA_A 

b. CA_D 

2. A lactate dehydrogenase (E.C. 1.1.1.272) for cofactor regeneration 

a. HD_K 

3. The peptidase with the increased amino acid chain length for potential halophilic 

adaption 

a. HP_D 

 

The potential glucose dehydrogenase GD_K (E.C. 1.1.1.47) was selected as a fifth gene for 

expression, because of its scientific value, and to analyze the suitability of the strict selection 

criteria of the profile pattern matching algorithm, which showed uncertain profile and pattern 

signatures for this enzyme.  
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The following list shows the allowed profile and pattern signatures for this E.C. number by 

the AutoTECNo script: 

• The single prosite consensus pattern (pattern): 

o PS00069 (Glucose-6-phosphate dehydrogenase active site) 

• In combination with two gene ontology (profile) hits 

o GO:0017057 (6-phosphogluconolactonase activity) and  

o GO:0047936 (glucose 1-dehydrogenase [NAD(P)] activity) 

 

The potential glucose dehydrogenase showed the following, less specific, signatures: 

• The single prosite consensus pattern (pattern) hit: 

o PS00061 (ADH_SHORT, short-chain dehydrogenase/reductase family 

signature)  

• In combination with two gene ontology (profile) hits 

o GO:0016491 (oxidoreductase activity) and  

o GO:0008152 (metabolic process) 

 

The PS00061 consensus pattern would be allowed for hits of the group of alcohol 

dehydrogenases, which includes glucose dehydrogenases, but given that this consensus 

pattern is only intermediately reliable, additional reliable signatures are required by the PPM 

algorithm, and the identified GO-terms do not belong to the set of GO-terms, which are 

associated to the E.C. number of glucose dehydrogenases, by AutoTECNo. 

Both GD_K and HD_K might further be able to convert ketones to alcohols in a stereo-

selective manner, increasing their potential industrial value. 

As a positive gene expression control and as a tool to analyze gene expression in general, the 

beta-galactosidase from Halorubrum lacusprofundi was also added to the list of genes of 

interest.  

As a positive control (rescue) for a potential phenotype of the knock-out of the same gene, 

the carbonic anhydrase gene, icfA from Halobacterium sp. NRC-1 was added. 

The following table shows the basic information about the selected genes for expression.  
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Table 10: Enzyme nomenclature. The bold indicated letters are the origin of the abbreviation. Enzymes above the dashed 

line are from one of the Red Sea brine pools, enzymes below the dashed line are from Halobacterium strains. CA = carbonic 

anhydrase. ADH = alcohol dehydrogenase. 

Name Enzyme Origin  

[Sampling conditions] 

Enzyme 

Type 

CA_A γ-carbonic anhydrase Atlantis II  

[63˚C, 2036 m, 16.8 % (w/v) salinity] 

CA 

CA_D γ-carbonic anhydrase Discovery  

[44.8˚C, 2141 m, 26.2 % (w/v) salinity] 

CA 

GD_K Glucose-dehydrogenase Kebrit 

[23.4˚C, 1490 m, 26 % (w/v) salinity] 

ADH 

HD_K 2-Hydroxyacid-

dehydrogenase 

Kebrit 

[23.4˚C, 1490 m, 26 % (w/v) salinity] 

ADH 

HP_D Halolysin-protease Discovery 

[44.8˚C, 2141 m, 26.2 % (w/v) salinity] 

Protease 

bgaHL beta-galactosidase Halorubrum lacusprofundi (Franzmann, 

Stackebrandt et al. 1988) [Deep lake 

Antarctica, -1 – -20˚C, 27 % (w/v) salinity] 

Reporter 

icfA native carbonic 

anhydrase 

Halobacterium sp. NRC-1 (Gunde-

Cimerman, Oren et al. 2005) [Great Salt 

Lake Uta, 0 – 27˚C, 27 % (w/v) salinity] 

Positive 

control 

 

The following figure shows the isoelectric points of the five selected Red Sea brine pool 

genes, with and without his6-tag. The average isoelectric points of the selected five genes are 

5.6 and 6.0 without and with his6-tag addition, respectively. 

 



85 
 

 
Figure 31: Distribution of isoelectric points of the selected five Red Sea brine pool genes, with (black triangles) and without 

(grey squares) his6-tag. The majority of the Red Sea brine pool genes show a pI < 7.0. 

More detailed information about the final versions for the targeted expression products is 

listed in Table 43 in the appendix. This list also provides the 35 % increased molecular mass 

observed on SDS-PAGE based on the assumption that negatively charged proteins migrate 

slower on SDS-PAGE (Halladay, Jones et al. 1993, Karan, Capes et al. 2012). 

The Red Sea brine pool based genes were codon optimized for Halobacterium sp. NRC-1 and 

synthesized by a supplier (GeneArt). The icfA and bgaHL gene was amplified from their 

respective host DNA, Halobacterium sp. NRC-1 and Halorubrum lacusprofundi respectively. 

All genes were cloned into the expression vector pMC2 and transformed into the expression 

strain Halobacterium sp. NRC-1, or, for the carbonic anhydrase genes Halobacterium sp. 

SK400/MPK414 ∆icfA (see below). The protease HP_D did not yield any transformants. 

6.3 Modification of the Halobacterium expression system 

6.3.1 Creation of the Halobacterium icfA knock-out strain and its rescue 

Before expression of the carbonic anhydrase genes, the natural occurring carbonic anhydrase 

icfA gene (GenBank: AAG19294.1) was knocked-out in Halobacterium because of the 

following three reasons: i) to study any potential phenotype, ii) to provide a carbonic 

anhydrase free strain, which allows studying the function of the CA_A and CA_D expression 

product in cells without protein purification and iii) to reduce co-purification of unwanted 

carbonic anhydrases, given that these are the fastest known enzymes, and already minor 

contaminations can affect activity measurements.  
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The knock-out was done using the homologous recombination method, which inserts the 

knocked-out gene fragment obtained from crossover PCR (see introduction). The following 

agarose gel image shows the results of the two initial PCRs, creating the 5’ and 3’ flanking 

regions of the icfA gene as well as the successful crossover PCR. 

 

 
Figure 32: Agarose gel image of the PCR amplification of the 3’ and 5’ flanking region as well as the crossover PCR 

product. 

The crossover PCR product was cloned into the pBB400 vector and transferred in 

Halobacterium sp. SK400/MPK414. In collaboration with Priya DasSarma and Prof. 

Shiladitya DasSarma (both: University of Maryland, School of Medicine, USA), the selection 

of cells after the first homologous recombination event that resulted in a vector insertion was 

done using HURA+ plates, followed by selecting clones that had the second homologous 

recombination and therefore lost the genomic integrated vector, by 5-FOA plates. The final 

clones were analyzed by using PCR for clones that carry the knock-out in comparison to 

clones that reverted back to the wild-type. 

This icfA knock-out confirmation could be done using the 5’-O and 3’-O primer. In case of a 

successful knock-out, this would result in a short band at 1177 bp and in the case of the wild 

type in a longer fragment with 1798 bp. The problem is that these long primers would make 

the PCR extremely complicated. Therefore, the primers for the amplification of the genomic 

icfA fragment were used, resulting in a very short fragment in the case of the gene knock-out 

that cannot be detected on the agarose gel and in case of wild-type the amplification of the 
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icfA gene resulted in a band of 660 bp. The agarose gel electrophoresis showed two 

successful icfA knock-out strains, compared to two wild-type strains (Figure 33). 

 

 
Figure 33: PCR based analysis of the icfA knock-out in Halobacterium sp. SK400/MPK414. Bands at the relevant height for 

icfA detection are indicated by a white box. 

6.3.1.1 Positive control: icfA 

The native carbonic anhydrase gene from Halobacterium sp. NRC-1, icfA, was amplified 

from its genomic DNA, as shown in the following agarose gel image. 

 

 
Figure 34: Genomic amplification of the Halobacterium sp. NRC-1 native carbonic anhydrase gene icfA. 

After successful amplification, the native icfA gene was cloned into the pMC2 expression 

vector as a positive control and confirmed by sequencing. 
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6.3.2 The ∆icfA phenotype analysis and rescue 

After the successful creation of the Halobacterium sp. SK400/MPK414 ∆icfA strain, the 

occurrence of a potential phenotype was investigated. The challenge in this analysis was the 

strong growth-reducing phenotype of the deletion of the ura3 gene displayed by the 

Halobacterium sp. SK400/MPK414 strain, which is the basis of the ∆icfA strain. Hence the 

combination of ∆ura3 and ∆icfA led to a significant reduction in growth, as shown in the 

following figure. 

 

 
Figure 35: Reduced maximal cell density of the Halobacterium sp. SK400/MPK414 ∆icfA strain, caused by the ∆ura3 

genotype of the Halobacterium sp. SK400/MPK414 host strain and eventually increased by the ∆icfA mutation. OD650 

measurement after 60 h of incubation in baffled flasks. 

Since no other phenotype could be detected, the hypothesis was that the lack of icfA enhances 

the ura3 effect of total cell mass reduction. Therefore, different tests for the rescue of this 

effect were carried out by using the pMC2 vector to express either one of the brine pool 

carbonic anhydrases or the native icfA in the Halobacterium sp. SK400/MPK414 ∆icfA 

strain. 

First, the maximal cell density of the wild-type Halobacterium sp. NRC-1 strain was 

compared to the knock-out (Halobacterium sp. SK400/MPK414 ∆icfA, hereafter referred to 

as ∆icfA) and to the ∆icfA strain transformed with the pMC2-icfA construct. Because cell 

growth and the expression induction of the vector pMC2-icfA are temperature dependent, 

growth was monitored at 31˚C, 35˚C, 40˚C, 42˚C, 44˚C, and 48˚C as shown in the following 

figure. 

 



89 
 

  

  

  
Figure 36: Analysis of growth of Halobacterium sp. NRC-1 (Wild Type) in comparison to the ∆icfA Halobacterium strain 

(dicfA) and its rescue using icfA on the pMC2 plasmid (dicfA-pMC2-icfA) at different temperature and non-baffled shaking 

flasks. A) 31˚C, B) 35˚C, C) 40˚C, D) 42˚C, E) 44˚C, F) 48˚C. 

The data showed that the knock-out of icfA reduced the total cell density. This effect can be 

rescued by expressing icfA using the pMC2 vector. The cell density of the icfA rescue fails 

however to reach the density of the Halobacterium wild-type strain, based on the ∆ura3 

phenotype of the ∆icfA host strain. Interestingly, the rescue is ineffective at the low and high 

end of the tested temperature range and shows the best effect at 40˚C and 42˚C. 
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6.4 Halobacterium salinarum in the continuous stirred-tank reactor 
As noted in the introduction, Halobacterium sp. NRC-1 and Halobacterium salinarum 

originated from the same natural isolate. The main chromosomes of both strains are virtually 

identical, but there are slight differences in the plasmids (Pfeiffer, Schuster et al. 2008). 

Although protein expression using the pMC2 vector was done in Halobacterium sp. NRC-1 

and initial growth experiments of Halobacterium sp. NRC-1 strain in the continuous stirred 

tank reactor were successful, it was decided to use the Halobacterium salinarum strain for the 

continuous stirred-tank reactor experiments, because it is i) the native strain, and it is 

suggested that the NRC-1 strain acquired mutations during re-growing in the laboratory 

(Pfeiffer, Schuster et al. 2008), ii) the more commonly used strain, and iii) no differences in 

growth, protein expression or any other kind could be identified in the laboratory.  

The Halobacterium salinarum expression system showed comparatively low expression 

yields compared to E. coli and had not yet been characterized in the continuous stirred-tank 

reactor. Therefore, as the first step of the verification part of this project, the yield increase of 

gene expression products were assessed by using the Halobacterium salinarum expression 

system in the continuous stirred-tank reactor. 

6.4.1 Mevinolin or lovastatin as selection marker 

The pMC2 expression system is based on a mevinolin resistance, which makes it a very 

costly system. Indeed, mevinolin is extremely expensive; for example 25 mg of M2147 

mevinolin from Aspergillus sp. ≥98 % (HPLC) (Sigma Aldrich, St. Louis, MO, USA) cost 

150 USD. The same substance is also known as lovastatin, but also here 25 mg of 438185 

lovastatin, ≥95 % by HPLC (Merck Millipore, Billerica MA, USA) cost 119 USD. 

Interestingly, the less pure PHR 1285 lovastatin pharmaceutical secondary standard (Fluka, 

Sigma Aldrich, St. Louis, MO, USA) cost only 50 USD per gram (1.25 USD per 25 mg). The 

following figure shows the price per liter of the different selection markers. 
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Figure 37: Cost of selection marker per liter of Halobacterium salinarum culture in USD. 

To analyze the effectiveness of the PHR 1285 lovastatin selection marker on cell growth, 

both Halobacterium sp. SK400/MPK414 ∆icfA as well as Halobacterium sp. 

SK400/MPK414 ∆icfA transformed with the pMC2-icfA plasmid were plated on CM+ media 

plates, an inoculated into CM+ liquid media, containing either no selection marker or 20 mg/l 

of the secondary standard lovastatin. The secondary standard lovastatin showed a full 

suppression of growth of wild-type cells, as well as the same final cell density of 

Halobacterium sp. SK400/MPK414 transformed with pMC2, as shown in the following 

figure. 

 

 
Figure 38: Lovastatin secondary standard as a selection marker. A) CM+ agar plates (left) and CM+ agar plates with 

lovastatin secondary standard (right). The Halobacterium sp. SK400/MPK414 ∆icfA strain grows normally on CM+ plates 

but not on the plate with secondary standard lovastatin. Whereas the Halobacterium sp. SK400/MPK414 ∆icfA transformed 

with pMC2-icfA grows on both plates. B) Identical setup in CM+ liquid media, with (right) and without (left) secondary 

standard lovastatin addition. 
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Based on the positive results of using lovastatin secondary standard, all further experiments 

that needed a selection marker were performed using PHR 1285 lovastatin selection marker. 

6.4.2 Initial growth analysis in shaking flask 

To obtain a general understanding of different factors on the growth of Halobacterium 

salinarum the effect of multiple parameters on the growth of Halobacterium salinarum were 

analyzed in sequential order in shaking flasks (Figure 39).  
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Figure 39: Influence of multiple parameters on the growth of Halobacterium salinarum during culturing in shaking flasks. 

A) Effect of Temperature, with 42˚C showing the best effect. B) Effect of pH, with 7.0, 7.2 and 7.5 showing the best results, 

pH 7.2 was taken for further experiments. C) Effect of salinity, with 4.3 M NaCl showing the best effect. D) Effect of media 

alterations in percent (w/v) addition, such as yeast extract (YE), casamino acids (CA) and peptone (P), with 0.5 % YE and 

0.5 % P showing the best effect. E) More detailed analysis of YE and P additions in %, with 1.0 % YE and 0.5 % P, as well 

as 0.5 % YE and 1.0 % P showing the best effect, 0.5 % YE and 1.0 % P was taken for further experiments F) Change of pH 

of the culturing media over time, a clear alkalization is visible. G) Influence of different carbon sources (addition of 0.5 %, 

(v/v or w/v)), with glycerol showing the best effect. H) Influence of inoculum in % on cell growth, with 4 % (v/v) as ideal 

amount.  

During the sequential analysis of alterations of the media components, always the best 

condition from the previous experiment was used as starting conditions for the next. The only 

exception was the detailed analysis of the media components (Figure 39, E), where the 

conditions from Figure 39 C were used. 

Analysis of the temperature optimum between 37˚C and 45˚C (Figure 39 A) showed that the 

highest cell density was achieved at 42˚C. The higher temperature of 45˚C promoted the 

same cell growth rate as 42˚C but resulted in a substantially lower cell density, probably 

based on a shorter overall lifetime per cell in combination with an increased amount of toxic 

side reactions. Although 37˚C and 40˚C showed the same final cell density, growth was 

slower at 37˚C. Analyzing the ideal growth pH (Figure 39 B) revealed that both, the lowest 

tested pH of 6.5 and the highest tested pH of 8.0 showed a reduced final cell density and a 

slower growth rate. Although at pH 7.5 the growth rate was slightly slower than at pH 7.0 

and 7.2 the final cell density for all three pH values were similar. For further analysis pH 7.2 

was chosen, as a value in between. Altering the NaCl concentrations (Figure 39 C) showed 

strong effects on both the growth rate and maximal cell density. A NaCl concentration of 4.3 

M showed the best results in both. Altering the media components (Figure 39 D) showed that 

out of the three altered components, yeast extract (YE), casamino acids (CA) and peptone (P) 
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a combined increase in yeast extract and peptone (each of 0.5 % (w/v)) showed the best 

results. Interestingly, the individual increase of 1.0 % (w/v) of either peptone or yeast extract 

had a negative effect on the total cell density. To analyze this observation further, different 

combinations of yeast extract and peptone alternations were tested (Figure 39 E), revealing 

that the concentration of yeast extract or peptone can be increased to 1.0 % (w/v), but only in 

the presence of 0.5 % (w/v) of the other compound. Both combinations yielded in the highest 

tested cell yield. The combination of 0.5 % (w/v) yeast extract and 1.0 % (w/v) peptone was 

taken for further experiments. Altering the media components (Figure 39 D) and E) enhanced 

growth most. To analyze the effect of the media alterations on the cell metabolism the change 

of pH during cultivation in the final media was conducted (Figure 39 F), revealing a strong 

alkalization of the media during growth, most likely due to the production of ammonia (NH3) 

from excess protein source, which might be counterbalanced by increasing the carbon source. 

Analyzing the effect of increasing the carbon source by 0.5 % (w/v or v/v) (Figure 39 G) 

showed that acetic acid had a strong growth-suppressing step and lactose and pyruvate 

showed both a slight growth suppression. But starch, overtrumped by glucose or sucrose, 

overtrumped by glycerol enhanced both the growth rate as well as the cell density. As a final 

step, the minimal amount of inoculum (pre-grown to its logarithmic phase in modified media) 

was analyzed (Figure 39 H) as the basis for continuous stirred-tank reactor runs, after they 

are performed in larger volumes. Our analysis showed that 4 % (v/v) inoculum was required 

for good cell growth. 

In summary, the optimized media and culturing conditions for Halobacterium salinarum, 

resulted in almost a doubling of cell density from initial OD650 = 2.64, by using the published 

cultivation method, to OD650 = 4.75 by using the optimized conditions, as listed: 

• Media: CM+ media with 0.5 % (w/v) increase in yeast extract and 1.0 % (w/v) 

increase in peptone, a pH of 7.2 and the addition of 0.5 % (v/v) glycerol. 

• Culturing conditions: Temperature of 42˚C and 4.0 % (v/v) inoculum. 

6.4.3 Growth analysis in the continuous stirred-tank reactor 

Based on the results of the cultivation of Halobacterium salinarum in shaking flasks, the 

more controlled conditions in the continuous stirred-tank reactor were used to analyze and 

modify growth further. The following figure shows the performed experiments and their 

effect on the cell growth. 
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Figure 40: Influence of multiple parameters on the growth of Halobacterium salinarum in the continuous stirred-tank 

reactor. A) Effect of the dissolved oxygen, with 60 – 80 % showing the best result. For further analysis, 70 % was used. B) 

Effect of the continuous stirred tank reactor by shortening the lag phase, resulting in a faster reaching of the exponential 

growth phase. C) Effect of pH, with pH 7.0 to 7.8 showing the best result. For further analysis pH 7.6 was selected. D) 

Effect of addition of carbon sources (0.5 % (v/v) or (w/v) each, compared to the optimized media without carbon source 

addition), with glycerol and lactate showing the best effect. E) Effect of medium additions (compared to the optimized media 

without carbon source addition), G = glycerol, in % (v/v), P = peptone, in % (w/v), YE = yeast extract, in % (w/v). The 

combination of adding 0.5 % glycerol, 1.5 % peptone and 0.75 % yeast extract showed the best result. 



96 
 

First, the oxygen dependence of Halobacterium salinarum in the continuous stirred-tank 

reactor was analyzed (Figure 40 A). Although Halobacterium salinarum originated from an 

environment with comparatively low oxygen content, the cells preferred relatively high 

dissolved oxygen (DO) concentrations of 60 – 80 %. For further experiments, the average, 70 

% of DO was used. Surprisingly, using the modified media obtained from the shaking flask 

experiments this initial cultivation of Halobacterium salinarum in the continuous stirred-tank 

reactor did only result in a slightly increased final cell density. However, the direct 

comparison to the shaking flask growth curve (Figure 40) showed that in the continuous 

stirred-tank reactor the lag phase was shorter, resulting in an earlier exponential growth phase 

of Halobacterium salinarum and a shorter generation time. Given that previous experiments 

showed that the media pH is strongly altered during cultivation (Figure 39 F), we analyzed 

the impact of keeping a constant pH during cultivation (Figure 40 C). We observed the fastest 

generation time and the highest final cell densities (already after 48 hours of incubation) for 

pH values between 7.4 and 7.8. Hence, for further experiments pH 7.6 was selected. Also, the 

addition of carbon sources was re-evaluated in the continuous stirred-tank reactor (0.5 % 

(v/v) or (w/v) each, compared to the optimized media without carbon source addition) 

(Figure 40 D). Conversely, to shaking flasks, all tested carbon sources showed a positive 

effect on growth in the continuous stirred-tank reactor, except glucose. Similar to the shaking 

flask experiments, glycerol showed the strongest effect in both, generation time and final cell 

density. To investigate this effect further, the glycerol, peptone, and yeast extract 

concentrations were further increased compared to the CM+ media (the optimized media 

already contained additional 1.0 % peptone and 0.5 % yeast extract. Hence analysis was done 

based on these values) (Figure 40 E). The fastest generation time was obtained with 0.5 % 

(v/v) glycerol, 2.0 % (w/v) peptone and 1.0 % (w/v) yeast extract addition, as well as with 0.5 

% (v/v) glycerol, 1.5 % (w/v) peptone and 1.0 % (w/v) yeast extract addition, but the second 

combination showed a higher final cell density. Surprisingly, at a peptone concentration of 

2.0 % (w/v) in combination with 1.0 % (w/v) yeast extract, no cell-growth was visible, even 

after re-inoculation after 35 h of incubation with 5 % dense inoculum from another reactor.  

Based on these experiments, the optimized media and culturing conditions for Halobacterium 

salinarum resulted in almost another doubling of cell density from OD650 = 4.75 in shaking 

flasks, using the optimized conditions to OD650 = 8.6, by using the optimized conditions in 

the stirred tank reactor as listed: 
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• Media: CM+ media with 0.75 % (w/v) increase in yeast extract and 1.5 % (w/v) 

increase in peptone, a pH of 7.6 and the addition of 0.5 % (v/v) glycerol. 

• Culturing conditions: Temperature of 42˚C, 70 % DO and 4.0 % (v/v) inoculum. 

The following figure shows the growth curve using the published expression conditions of 

Halobacterium salinarum in shaking flasks, compared to the optimized conditions in the 

continuous stirred-tank reactor. 

 

 
Figure 41: Growth curve of Halobacterium salinarum in shaking flasks, using the published protocol in comparison to the 

optimized protocol in the stirred-tank reactor. 

Comparison of both growth curves showed not only an increase in total cell density of 3.2 

fold in the continuous stirred-tank reactor, but also a shortened lag phase, and an earlier entry 

in the exponential phase. 

6.4.4 The bgaHL reporter construct 

To monitor protein expression in Halobacterium salinarum, the beta-galactosidase bgaHL 

from Halorubrum lacusprofundi was used as a reporter gene. The bgaHL gene was PCR 

amplified from its host, cloned into the pMC2 expression vector and transformed into 

Halobacterium salinarum. The positive clones were selected by plating on CM+-lovastatin 

plates containing X-gal, resulting in blue colored colonies, as shown in the following figure. 

The positive cloning of bgaHL was also confirmed by sequencing. 
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Figure 42: Selection of positive Halobacterium salinarum clones containing pMC2-bgaHL, using CM+ X-Gal plates. 

6.4.4.1 Expression optimization 

Expression of the reporter gene β-galactosidase was tested in Halobacterium salinarum under 

standard conditions in shaking flasks and compared with different expression profiles using 

the optimized media and growth conditions in the continuous stirred-tank reactor. In total, six 

different expression conditions and the standard conditions in shaking flasks were tested, as 

shown in the following figure. 

 

  
Figure 43: Expression analysis of the bgaHL reporter construct in Halobacterium salinarum at the indicated time points, 

using different expression conditions. “42˚C” or “30˚C” = continuous cultivation at the indicated temperature, “15˚C,ODX” 

= initial growth at 42˚C, followed by changing the temperature to 15˚C at OD650 of X. “SF” = control experiment in shaking 

flasks, using the standard CM+ medium. A) The relative total activity of bgaHL per ml of cell culture, indicating how much 

protein of interest can be obtained from the whole expression setup. B) The relative activity per cell, indicating how much 

protein of interest can be found per cell. 

As expected, the overall yield in the continuous stirred-tank reactor is larger than the amount 

of protein in shaking flasks (Figure 43 A). Interestingly the highest amount of total protein 

could be obtained by keeping a constant expression temperature of 30˚C; second best were a 

temperature at 42˚C or an induction at an OD650 of 5.0, even though using 42˚C or inducing 

at an OD650 of 5.0 allowed earlier cell harvesting. Surprisingly, the amount of protein per cell 

bgaHL 
CM+ 

bgaHL 
CM+ X-Gal 
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was higher in shaking flasks (Figure 43 B). The most likely reason for this observation is the 

occurrence of a population of cells that were either resistant to lovastatin in the continuous 

stirred-tank reactor, or that the amount of lovastatin was insufficient to inhibit all cells, based 

on the substantially larger amount of cells in the continuous stirred-tank reactor (appendix 

Figure 67). 

6.4.5 IMAC based protein purification in Halobacterium sp. NRC-1 

Before purification of the targeted Red Sea brine pool proteins, the background of proteins 

during purification using Ni2+-IMAC (Immobilized Metal Affinity Chromatography) 

originating from the native Halobacterium sp. NRC-1 were investigated. Therefore, the non-

transformed host strain was lysed, and its cell lysate was purified using IMAC. The standard 

elution gradient from 40 mM to 200 mM imidazole showed a small protein signal on the UV 

absorbance (280 nm) during the entire elution process, which was analyzed via SDS-PAGE 

as shown in the following figure. 

 

 
Figure 44: SDS-PAGE of Halobacterium sp. NRC-1 background after Ni2+= based IMAC. CL = cell-free lysate, FT = flow 

through, numbers = concentration of imidazole in mM. 

The Halobacterium expression system showed a co-eluting band over a wide imidazole 

spectrum with a molecular mass running at about 70 kDa, which translates to a real protein 

mass of about 50 kDa. Tryptic digest of the protein band revealed that the co-eluting protein 

is vng2021, which identifies as a hypothetical protein (NCBI Reference Sequence 

WP_010903487.1). The protein vng2021 is highly conserved amongst different haloarchaeal 

species. The amino acid sequence analysis showed a stretch of eight histidine residues in 

close proximity (see appendix Figure 68). This hypothetical protein has a theoretical mass of 

55 kDa with an isoelectric point of 4.04. All the proteins targeted for expression, except 
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HP_D, have a mass that is at least 15 kDa less than this co-eluting hypothetical protein. 

Therefore, the contaminant’s impact on protein identification should be tolerable. 

6.5 Expression, purification and functional assessment of extremozymes 
If not mentioned otherwise, expression of the targeted proteins from selected Red Sea brine 

pools was carried out using the Halobacterium sp. NRC-1 or Halobacterium salinarum 

expression system, as indicated. The strains were transformed with the pMC2 vector as 

described earlier (Karan, Capes et al. 2013). In shaking flasks, cells were grown to an OD650 

of 0.8 to 1.0 before reducing the expression temperature to 15˚C and further incubation for 

three days (72 hours). For expression in the continuous stirred-tank reactor, the previously 

described expression method was used. 

6.5.1 Initial analysis of gene expression 

Initially, the expression of all brine-pool genes (except the protease HP_D which lysed the 

cells after transformation) was analyzed in Halobacterium sp. NRC-1. Additionally, 

expression of the icfA gene and CA_D was tested in the ∆icfA strain and as control the 

background gene expression in the non-transformed Halobacterium sp. NRC-1 strain, as well 

as the ∆icfA strain, was analyzed.  

Therefore, both the cell-free lysate of the mentioned samples and the pellet were loaded on an 

SDS-PAGE. Given that no overexpression or inclusion body band was visible on any SDS-

PAGE, a Western Blot based analysis, targeting the N-terminal his6-tag was done. The SDS-

PAGE and the Western Blot of the cell-free lysates are shown in the following figure. 
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Figure 45: Expression analysis. A) SDS-PAGE of selected Red Sea brine pool genes expressed in Halobacterium sp. NRC-

1, indicated by GD_K (glucose dehydrogenase from Kebrit deep), HD_K (2-hydroxyacid dehydrogenase from Kebrit deep) 

and CA_D (γ-carbonic anhydrase from Discovery deep). Additionally the Halobacterium sp. NRC-1 background (WT) and 

the Halobacterium sp. SK400/MPK414 ∆icfA (∆icfA) backgrounds are shown. The expression of the non his6-tagged icfA 

gene (icfA∆) and the his6-tagged CA_D gene (CAD∆) in the ∆icfA strain are also displayed. B) Western Blot analysis against 

N-terminal his6-tag of the same proteins. 

All tested his6-tagged genes showed expression in the corresponding Halobacterium strain. 

This expression was not visible on the SDS-PAGE, and even in Western Blots, only low 

expression bands were visible. Analysis of the cell pellet using SDS-PAGE or Western Blot 
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did not show any overexpressed protein. Hence no protein expressed as inclusion bodies. The 

carbonic anhydrase from Discovery deep (CA_D) showed a stronger expression in the 

Halobacterium sp. SK400/MPK414 ∆icfA strain, then the Halobacterium sp. NRC-1 strain. 

6.5.2 The on sugar acting enzymes GD_K and HD_K – in vivo 

Both GD_K and HD_K were selected as targets in multi-enzyme assays to produce 

NAD(P)/H by converting simple and cheap substrates. After protein expression, initial 

activity tests were performed using cell-free lysate. Analysis at different temperatures (20˚C, 

30˚C, and 40˚C), a pH of 7.0 or 8.0 and different amounts of sodium chloride (200 mM, 1 M, 

2 M and 4 M) revealed that both enzymes show higher activity than the native glucose 

dehydrogenase of Halobacterium sp. NRC-1 (ywfD, GenBank: AAG19825.1), at 40˚C, pH 

8.0 and 2.0 M NaCl. The following figure shows the NAD(P)+ conversion of the cell-free 

lysates of Halobacterium sp. NRC-1 that natively expresses ywfD, as well as the cell-free 

lysate of the same strain expressing either HD_K or GD_K additionally. 

 

 
Figure 46: Glucose dehydrogenase activity measurement (oxidative step) of the cell-free lysate of Halobacterium sp. NRC-

1, containing the native glucose dehydrogenase gene ywfD as well as the same strain transformed with the pMC2 plasmid 

containing HD_K and GD_K, which all potentially act on glucose. At 40˚C, 2.0 M NaCl and a pH of 8.0 the HD_K and 

GD_K expressing cells shows a higher conversion rate than the native ywfD gene, but only for NAD+ and not NADP+. 

The figure shows, that both GD_K and HD_K show a faster reduction of NAD+ to NADH 

than the native ywfD-protein, indicating an enzymatic function in the presence of NAD+, but 

not for NADP+ as a cofactor. As a negative control, the Halobacterium sp. NRC-1 cell-free 

lysate was incubated for 30 min at 95˚C, resulting in no activity. 
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To investigate the function of GD_K, HD_K and ywfD towards the reduction of NAD+, the 

cell-free lysate was tested on the conversion of pyruvate as a substrate, at 40˚C and pH 7.0, as 

shown in the following figure. 

 

 
Figure 47: Glucose dehydrogenase activity measurement (reductive step) of the cell-free lysate of Halobacterium sp. NRC-

1, containing the native glucose dehydrogenase gene ywfD as well as the same strain transformed with the pMC2 plasmid 

containing HD_K and GD_K, which all potentially act on pyruvate. At 40˚C, 1.0 M NaCl and a pH of 7.0 the HD_K and 

GD_K expressing cells shows a faster conversion than the native ywfD. 

The reduction in signal, based on the oxidation of NADH to NAD+, indicated activity for the 

two tested Red Sea brine pool enzymes as well as the native ywfD. At the tested conditions a 

stronger reduction (negative slope) in absorbance was visible for the two Red Sea brine pool 

enzymes GD_K and HD_K, although slightly. Also here the data suggested that GD_K and 

HD_K are active. Based on the autocatalytic oxidation of NADH in the presence of high salt 

buffer at pH values lower than 7.0, this was the lowest pH that could be analyzed without the 

occurrence of background activity.  

6.5.3 Purification of GD_K and HD_K 

Based on the promising results of the in vivo activity tests of GD_K and HD_K, genes were 

expressed and purified using a single step Ni-NTA approach. Initial purification of GD_K 

and HD_K was tested using the standard expression conditions, followed by the standard 

purification protocol resulting in three unsymmetrical peaks for GD_K on the UV signal and 

two for HD_K. Analysis of these peaks showed a very low expression of the targeted genes, 

as shown in the following figure.  
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Figure 48: SDS-PAGE (A)) and Western Blot analysis (B)) of the three main peaks resulting from the Ni2+-IMAC of GD_K 

and the two main peaks for HD_K. The most likely bands on the gels for the genes of interest are marked with white boxes. 

Based on the signal on the Western Blot and the molecular mass of the bands, the bands most 

likely corresponding to HD_K and GD_K where cut out (white boxes, Figure 48) and 

analyzed using tryptic digest. 

Tryptic analysis of GD_K revealed comparatively low sequence coverage of 36 % but 

showed identified peptide fragments along the whole protein length (appendix Figure 69). 

Tryptic analysis of HD_K revealed sequence coverage of 62 %, containing, besides others the 

start codon after the his6-tag and C-terminus until the last nine amino acids (appendix Figure 

70).  

To increase purification efficiency different modifications of NaCl, glycerol and imidazole 

concentrations in the protein binding buffer (buffer A), as well as the elution buffer (buffer 

B), were done, without any positive effect on the protein purification. In case of 10 % (v/v) 

glycerol addition we increased the purification slightly by changing the elution profile to a 

two-step protocol, with an initial step-wise increase of imidazole to 30 mM, while keeping 

the concentration until the first peak of unbound proteins eluted, followed by a gradient to 

100 % buffer B. Nonetheless, the amount of protein remained low and other impurities were 

visible. The following figure shows a scheme of the two-step elution profile. 
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Figure 49: Optimized 2-step elution profile for protein purification in Halobacterium species. 

Hence, to allow better folding of the proteins, given that both are from the relatively cold 

Kebrit deep, the expression conditions for Halobacterium sp. NRC-1 was altered towards 

reduced maximal temperatures. Instead of using the published expression profile, which 

consists of growing the cells at 42˚C, followed by gene expression at 15˚C for three days 

(Karan, Capes et al. 2013), the Halobacterium sp. NRC-1 cells were kept at constant 30˚C for 

four days, allowing leaky expression. As shown during expression analysis, at this 

temperature high protein yields can be obtained and after the cells do not experience 

temperatures above 30˚C the formation of unfolded protein and/or protein aggregates due to 

leaky expression at 42˚C should be avoided. Purification was then done using the standard 

buffer system, including 10 % (v/v) glycerol and using the optimized two-step elution 

protocol. For both expressions (GD_K and HD_K), after the unbound protein peak at 30 mM 

imidazole, the UV-signal showed, a single peak, starting at about 100 mM for GD_K 

(maximum turning point at about 180 mM) and 50 mM imidazole for HD_K (maximum 

turning point at about 100 mM).  

The following figure shows the proteins on an SDS_PAGE from the single peak after 

purification in the case of GD_K and HD_K. 
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Figure 50: SDS-PAGE of the main elution peak of GD_K (A)) and HD_K (B)) after optimized expression (at 30˚C), two-

step elution and 10 % (v/v) glycerol in the buffer system. For GD_K fractions of the unbound protein peak (12-18) as well as 

the main peak (36-46) are shown. 

The SDS-PAGE of the GD_K shows a single pure band in the main peak, which is too high 

for the expected mass of GD_K, and most likely stems from the vng2021 impurity in the 
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Halobacterium sp. NRC-1 expression system. For HD_K two bands are visible, vng2021 at 

higher masses and the target protein at lower masses. The vng2021 impurity is less prominent 

in later fractions and therefore higher imidazole concentrations. Tryptic analysis of these two 

bands showed 51 % sequence coverage for vng2021 (appendix Figure 71) and 93 % coverage 

for HD_K (appendix Figure 72). Since purification of GD_K did not result in purified 

protein, no function assessment in vitro was carried out. 

6.5.4 Assessment of function for purified HD_K – in vitro 

Based on the relatively pure HD_K protein obtained, the industrial relevant conversion of 

ketones in an enantioselective manner to secondary alcohols was studied. Therefore, the 

activity of the reductive step of purified HD_K was tested using 2-ketoisocaproate, 2-

ketobutyrate, and pyruvate as substrates as well as the glucose dehydrogenase activity buffer 

with following conditions: 

• NaCl: 4.0 M, 3.0 M, 2.0 M, 1.0 M, 0.2 M 

• Temperatures: 50˚C, 40˚C, 30˚C, 25˚C 

• pH: 10.0, 8.0, 7.0 

• Metal salt addition: 0.1 mM of Zn2+, Mn2+, Mg2+, Fe3+, Co2+ 

None of the tested conditions showed activity, indicating that either the sensitivity of the 

assay was too low, or the enzyme is missing specific compounds required for activity, which 

were provided by the cell-lysate but not in the in vitro assay. 

6.5.5 Activity assessment of CA_A and CA_D – in vivo 

To determine the activity of CA_A and CA_D in vivo, the novel Halobacterium sp. 

SK400/MPK414 ∆icfA knock-out strain was used. The aim was to reproduce or increase the 

previously described rescue effect when the ∆icfA strain was transformed with pMC2-icfA, 

and an increase in cell density was observed. Using the same experimental conditions as for 

the analysis of the icfA rescue, at 42˚C but testing different pH values showed that the growth 

reducing phenotype rescue is more visible at a slightly more basic pH of 8.0. Therefore, the 

rescue effect of the icfA gene, as well as the genes of the potential carbonic anhydrases CA_A 

and CA_D on the ∆icfA strain, were investigated at 42˚C and pH 8.0 as well as pH 8.3, as 

shown in the following figure. 

 



108 
 

  
Figure 51: Growth analysis of Halobacterium sp. NRC-1 (WT) compared to the ∆icfA strain as well as the rescue using the 

knocked-out gene (icfA) on the pMC2 vector and the two potential carbonic anhydrases from the Red Sea brine pools 

(CA_A and CA_D), at 42˚C and a pH of 8.0 (A)) and 8.3 (B)), in non baffled shaking flasks. 

At a pH of 8.0, a clear separation between the ∆icfA strain, the wild-type strain and the three 

rescue strains was visible, indicating activity of all three carbonic anhydrases. At an increased 

pH of 8.3, the icfA rescue lost its effect, whereas the effect of the CA_D rescue became more 

pronounced. This result might be explained by the occurrence of biofilm formed by the 

Halobacterium expression strains. At pH values of 8.5 or higher, no cell growth could be 

obtained. 

6.5.6 Purification of CA_A and CA_D 

Following the standard expression and purification procedure for CA_A resulted in a 

prominent peak in the UV detection after purification but the SDS-PAGE of the peak 

revealed high amounts of impurities, as shown in the following figure. 
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Figure 52: SDS-PAGE of single elution peak after CA_A purification. 

The elution of multiple proteins at the same time indicated binding of these proteins to the 

protein of interest. To identify the protein of interest, the bands marked with boxes in Figure 

52 were analyzed using tryptic digestion, followed by mass spectrometry. No peptide 

sequences corresponding to the CA_A amino acid sequence could be identified.  

Using the same expression, but employing the two-step purification procedure (with glycerol) 

for CA_D, resulted in two overlapping peaks in the UV detection, at higher imidazole 

concentrations. The SDS_PAGE revealed a comparatively contaminated fraction for the 

eluted proteins in the first part of the second peak but a quite clean single protein for the latter 

part of the second peak. The main protein of the first part of the second peak, migrated at a 

height typical for vng2021, whereas the quite pure protein of the second part of the second 

peak migrated at a lower height, corresponding to the mass expected for CA_D (Figure 53).  
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Figure 53: SDS-PAGE of the second elution peak after CA_D purification using the two-step purification method with 

glycerol. 

A tryptic digest, followed by mass spectrometry analysis of the lower band showed 71 % 

sequence identity to CA_D (appendix Figure 73).  

Because CA_D showed similar rescue effects as CA_A in the in vivo analysis and 

purification was explicitly better, we focused on CA_D. 

Given that several carbonic anhydrase types contain, structural Zn2+ ion described for, we 

increased the growth media from the usual 2 µM Zn2+ (from the trace metal solution) to 3 

µM. Furthermore, the buffers used for cell disruption (buffer A) and protein purification were 

modified using 10 µM Zn2+. The purification resulted again in two main peaks, but the 

second peak showed two maximum turning points. The better separation of the second main 

peak into two overlapping sub-peaks resulted in a purer yield of CA_D (Figure 54). 
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Figure 54: SDS-PAGE of the two-headed second main elution peak after CA_D purification, using modified expression and 

purification conditions. 

6.5.7 Function assessment of CA_A 

Because purification of CA_A was unsuccessful, except for the successful icfA knock-out 

rescue, we carried out a further in vivo test, using the modified assay of carbonic anhydrase 

activity described earlier (Warrier, Lalitha et al. 2014). The following figure shows the 

activity of cell-free lysate of the ∆icfA strain and the CA_D expressing ∆icfA strain. 

 

 
Figure 55: In vivo activity test of CA_A. 

The results of the activity test as well as the knock-out rescue both suggest activity of CA_A. 
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6.5.8 Function assessment of CA_D 

Based on the knock-out rescue analysis described above, the function of CA_D was first 

analyzed using the modified assay of carbonic anhydrase activity described earlier (Warrier, 

Lalitha et al. 2014). This assay failed to reveal detectable activity.  

To get a better understanding of CA_D, and based on the highly pure CA_D protein obtained, 

the protein was crystallized to a resolution of 2.6 Å, by Malvina Vogler and Prof. Michael 

Groll (both TUM, Technische Universität München). The obtained structure is highly similar 

to the archetype of gamma CAs, the “CdehydraseG” (Cam) (Ferry 2010) from 

Methanosarcina thermophila (PDB: 3OW5 or 3OTM). Therefore, it was surprising that no 

function could be detected in our hands. 

Using a more sensitive spectrophotometric pH-based phenol red stopped-flow assay, Malvina 

Vogler could show activity for CA_D. Interestingly, by mutating the essential residues for 

activity (I46E, K58Q, H166N), as described in the PPM algorithm part, Malvina Vogler could 

increase the catalytic activity by ~25 times (unpublished). 
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6.6 Discussion 

6.6.1 Halobacterium species as expression host  

The Halobacterium species expression system was selected as a suitable host as a first step 

aimed towards investigating the reliability of the PPM algorithm–based gene constructs. The 

most common protein adaptation used towards increased amounts of salt in extreme 

environments displays an acidification of the protein surface to attract hydrated ions 

(Kennedy, Ng et al. 2001, Britton, Baker et al. 2006). Because these negative surface charges 

require positive counter ions, the expression of halophilic enzymes in E. coli quite often 

result in inclusion bodies or inactive proteins (Karan, Capes et al. 2013). On the other hand, 

Halobacterium species use the “salt-in” strategy, therefore showing higher salinity in the 

cytosol (Christian and Waltho 1962). It should be noted that these species are also optimized 

for the expression of genes that are adapted to high salt concentrations (Leigh, Albers et al. 

2011). Although most of the thermophilic proteins tend to have a good expression in E. coli 

(Maeda, Hidaka et al. 1994), the increased cultivation temperatures of the Halobacterium 

species (in comparison to E. coli) also increase the probability of the functional folding of 

thermophilic proteins.  

Regardless of the advantages found in the Halobacterium species, there are several 

drawbacks to using this comparatively scarcely investigated expression system. Some of the 

main drawbacks are i) low cell yields, ii) low protein yields, iii) very slow generation times 

and iv) cost intensive media. These drawbacks were addressed during this work. The cost 

issue of 120 USD / l of cultivation media for the selection marker mevinolin could be 

reduced to 1 USD / l by proving pharmaceutical secondary grade lovastatin that can be used 

as a marker without disadvantages. This improvement allows laboratories with a tight budget 

to use this system. The three remaining drawbacks were addressed through media, cultivation 

and expression optimizations in shaking flasks as well as a continuous stirred-tank reactor. 

6.6.1.1 Halobacterium species in shaking flasks 

Determination of the cell dry mass is the preferred method used for measuring the amounts of 

cells. Based on the osmotic lysis of Halobacterium cells at low salt concentrations 

(DasSarma, Berquist et al. 2006), cell dry mass could not be obtained. This is due to the large 

amounts of salts (found in the media) that can interfere strongly with the measurements and 

could not be washed off. Because the Halobacterium cells produce a red colored 

bacteriorhodopsin (Oesterhelt and Stoeckenius 1971), that interferes with the common 
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spectrophotometric determination of cell growth at a wavelength of 600 nm (OD600), this 

value could not be used. But at a wavelength of 650 nm (OD650), the interference is 

substantially smaller. However, in the later stationary phase where the concentrations of 

bacteriorhodopsin are high, the influence of the red color of bacteriorhodopsin on OD650 

reading becomes more pronounced. As such, OD650 values were taken at the early stationary 

phase to determine cell growth and the later increase in OD650 was neglected.  

The order of experiments conducted to increase the cell yields were selected in a way to 

minimize cross-effects. Therefore conditions, which can either not at all or only slightly be 

altered by the organism, were analyzed first, followed by the influence of nutrients. Given 

that the availability of nutrients might cross-influence results, also mixtures of nutrients were 

used. 

The analysis of the growth temperature, pH, and NaCl concentration showed the same optima 

at 42˚C, pH 7.2 and 4.3 M as described in the literature (Robb, Place et al. 1995). 

Interestingly, changing the concentrations of the already established complex media (addition 

of 0.5 % (w/v) yeast extract and 1.0 % (w/v) peptone) resulted in a significant increase in the 

final cell density (from an OD650 of 2.6 to 4.2 after 72 hours). Because different peptones 

contain different amounts of bile acids, which can inhibit growth completely and even lyse 

cells (Kamekura, Oesterhelt et al. 1988), we used neutralized bacteriological peptone (Oxoid 

LTD, Basingstoke, England). Neutralized bacteriological peptone is made up of animal 

proteins digested by pancreatin and papain and has a wide spectrum of polypeptides; this 

eases its handling by the microorganisms. The complex compound peptone is mainly used to 

increase the nitrogen source in microbiological culture media. Interestingly, the single 

addition of peptone or yeast extract did not yield in an increased cell mass. However, their 

combination resulted in an increased cell density. Yeast extract provides several vitamins 

(especially those belonging to the B complex) and other nutritive values such as free amino 

acids. Hence, it seems that the growth of Halobacterium species in shaking flasks did suffer 

from a lack of sufficient nitrogen source in combination with other nutritive values, 

especially vitamins. However, the increase of the yeast extract and casamino acids resulted in 

increased growth, but not to the extent of the addition of yeast extract and peptone (Figure 39 

D). Casamino acid is the end product of acidic hydrolysis of casein, which is found in milk 

products. Casamino acid is quite similar to peptone, and supplies peptides and a mixture of 

amino acids. However, the methods for its preparation that use acids such as sulphuric or 

hydrochloric acid destroy most of the tryptophan (Mueller and Johnson 1941). The increase 
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of the media pH during cultivation by one pH unit suggests an accumulation of ammonia due 

to the metabolization of excess peptides and amino acids (Vince and Burridge 1980). 

Because it is known that an increased cell metabolism caused by different carbon sources can 

reduce the balance of the production of ammonia caused by an excess of peptides (Vince and 

Burridge 1980), the effect of the seven different carbon sources on cell growth could be 

determined.  

The results revealed that the direct addition of acetic acid reduces growth substantially. 

Lactose and pyruvate show no effect. However, starch, glucose, sucrose, and especially 

glycerol promote growth. These effects can be explained by the following figure, showing the 

metabolism of Halobacterium salinarum, based on bioinformatics analysis (modified from 

(Falb, Muller et al. 2008)). 
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Figure 56: Central intermediary metabolism of Halobacterium salinarum. The in this study tested carbon sources are 

marked by a black box. Experimentally verified reactions in literature are displayed in bold arrows (green: proven, red: 

absent). Experimental reactions where no genomic information could be found are displayed in green arrows with a red 

border. The opposite, where experiments did not show any reaction, but the genomic evidence is present, are displayed in 

red arrows with a green border. Beside the four-labeled metabolisms, at the bottom of the graph, the tricarboxylic acid 

(TCA) cycle is displayed. Identified compounds using labeling studies are indicated by an apteryx. Essential amino acids are 

labeled with a superscript E. 90 % of pyruvate is channeled into the TCA cycle via AcCoA and 10 % via OA. Compounds: 

AraHex: D-arabino-3-hexulose-6P, Ery4P: erythrose-4P, Frc: fructose, GAP: glyceraldehyde-3P, Glc: glucose, Gluc: 

gluconate, Glyn: glycerone, Glyc: glycerol, Glyox: glyoxylate, Icit: isocitrate, KDPG: 2-dehydro-3-deoxy-6-

phosphogluconate, Mal: malate, OA: oxalacetate, 2-OG: 2-oxoglutarate, PEP: phosphoenolpyruvate, PGA: 3-

phosphoglycerate, Pyr: pyruvate, Rib5P: ribose-5P, Ribul5P: ribulose-5P, Suc: succinate, Xyl5P: xylulose-5P, Sed7P: 

sedoheptulose 7-phosphate, AcCoA: acetyl-CoA (figure and caption modified from (Falb, Muller et al. 2008)). 
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To discuss the slight increase observed in cell growth when using glucose, the following 

observations have to be taken into consideration. In theory, halophilic archaea like 

Halobacterium salinarum utilize glucose in two different pathways: the Entner-Douderoff 

(ED) pathway and the Embden-Mayerhof (EM) pathway. 

Reported experimental data shows that Halobacterium salinarum cannot utilize glucose as 

the only carbon source (Rawal, Kelkar et al. 1988). Although it can convert glucose into 

gluconate (Sonawat, Srivastava et al. 1990), subsequent reactions could not be identified 

(Rawal, Kelkar et al. 1988). These observations contradict bioinformatics-based reports that 

show that Halobacterium salinarum contains all the necessary genes for the enzymes 

required for the Entner-Douderoff (ED) pathway including the key enzyme, the KDPG (2-

dihydro-3-deoxy-6-phosphogluconate) aldolase (Verhees, Kengen et al. 2003, Falb, Muller et 

al. 2008). 

The alternative Embden-Mayerhof (EM) pathway also cannot be used by Halobacterium 

salinarum. This is because the key enzyme of this pathway, 6-phosphofructokinase, is 

missing (Rawal, Kelkar et al. 1988, Falb, Muller et al. 2008). Interestingly, complete gene 

sets for the reverse EM pathway (gluconeogenesis) in Halobacterium salinarum have been 

identified using labeling experiments (Falb, Muller et al. 2008).  

The observed slight increase in growth with glucose suggests that Halobacterium salinarum 

was able to utilize glucose but not to its full energetic potential. This most likely happened by 

converting the intermediate gluconate further.  

Fructose was not tested because Halobacterium salinarum does not have the necessary genes 

for conversion of fructose through the extended Embden-Mayerhof (EM) pathway (Falb, 

Muller et al. 2008). 

Sucrose showed a growth enhancing effect that was comparatively weaker to glucose, which 

is not surprising because the disaccharide sucrose consists of the monosaccharides glucose 

and fructose. 

Utilization of the disaccharide lactose, which consists of galactose and glucose, requires a β-

D-galactosidase that is absent in Halobacterium salinarum (Karan, Capes et al. 2013). As 

such, the absence of growth enhancement due to lactose addition was expected. 

The quite complex polymeric carbohydrate starch, which mainly consists of glucose 

molecules joint by glycosidic bonds, also had no effect on growth, suggesting that 

Halobacterium salinarum does not contain the enzyme necessary to cleave the combinations 

of α-1,4, α-1,6 and β-1,4 glycosidic bonds. 



118 
 

Although the enzymes included in the triose part of the EM pathway have been identified 

bioinformatically and experimentally (Falb, Muller et al. 2008), the addition of pyruvate did 

not show any enhancement in growth. Labeling experiments have proved that the uptake of 

pyruvate by Halobacterium salinarum under aerobic conditions primarily results in lactic 

acid, which is then converted to alanine (Bhaumik and Sonawat 1994, Ghosh and Sonawat 

1998). Because alanine is not necessary for cell growth in complex media, it is not surprising 

that no enhancement in cell density was noticeable. 

The addition of acetic acid did not increase growth. It should be noted that other haloarchaea 

have been reported to utilize acetate by a glyoxylate bypass of the TCA cycle, using an 

isocitrate lyase and a malate synthetase (Serrano and Bonete 2001). Homologs of these 

enzymes do not exist in Halobacterium salinarum (Falb, Muller et al. 2008). Conversely 

experimental investigations have demonstrated activity for both genes (Aitken and Brown 

1969). This might result from the investigation of different strains of Halobacterium that 

have been renamed several times within the past few decades (Falb, Muller et al. 2008). An 

alternative explanation is that the synthesis of additional enzymes to utilize the glyoxylate 

bypass might also result in an energetically stronger negative effect on the cells than the 

additional acetic acid in the media.  

Glycerol is a highly abundant carbon source in hypersaline environments. For example, the 

green halotolerant algae Dunaliella produce glycerol to protect itself from osmotic pressure 

(Phadwal and Singh 2003). Therefore, it is not surprising that the addition of glycerol showed 

the strongest enhancement of Halobacterium salinarum cell growth. Additionally, the genes 

required for glycerol metabolization were verified experimentally and genetically (Falb, 

Muller et al. 2008). 

The following table summarizes the discussed carbon source metabolization of 

Halobacterium salinarum. 
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Table 11: Overview of the mechanisms for the metabolization of the tested carbon sources by Halobacterium salinarum. 

The order of the carbon sources is from best effect to lowest in shaking flasks. Glycerol, glucose and starch showed an 

enhancement in cell growth. Acetic acid reduced the final cell density. The others showed no effect. Metabolism 

summarized according to (Falb, Muller et al. 2008) and (Karan, Capes et al. 2013). 

C-source Metabolism 

Glycerol channeled in glycerol metabolism 

Glucose used but not to full potential, unclear  

Starch glycosidically linked glucose molecules 

Sucrose glucose-fructose disaccharide 

Lactose glucose-galactose disaccharide (no β-Gal) 

Pyruvate to alanine (aerobic) 

Acetic acid glyoxylate bypass of TCA 

 

6.6.1.2 Halobacterium species in the continuous stirred-tank reactor 

The influence of dissolved oxygen (DO) on the growth of Halobacterium salinarum was 

initially investigated and resulted in three unexpected observations. First, the cell density did 

not increase substantially, when comparing to shaking flasks (Figure 40 A). Second, although 

the final cell density was low, the growth rate was increased substantially (Figure 40 A, B). 

Third, the highest tested DO values (80 %) showed the highest enhancement in cell growth 

(Figure 40 A). 

The insignificant increments in cell growth found in the continuous stirred-tank reactor 

(when compared to shaking flask) clearly indicated a lack of nutrients in growth media. This 

was proved to be true later by the addition of carbon and nitrogen sources. The increased 

growth rate can be explained by the controlled conditions in the reactor, which reduced the 

amount of stress on the cells.  

Because a high dissolved oxygen concentration is directly related to an increased amount of 

harmful reactive oxygen species (ROS) (Baez and Shiloach 2014), the observed preference of 

the high dissolved oxygen concentrations seems atypical for microbial cells. To explain this 

effect, the influence of salinity and temperature on oxygen solubility has to be taken into 

consideration. Oxygen solubility decreases with increasing salinity, resulting in 50 % less 

solubility at 10 % (w/v) salinity (= 1.7 M NaCl) and more than 80 % less at 30 % (w/v) 

salinity (5.1 M) (Schneegurt 2012). Additionally, oxygen solubility decreases drastically with 

increased media temperature (Wetzel 2001). Therefore, the 100 % DO, which were defined 
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as the concentration of dissolved oxygen in the media at given parameters is only about 20 -

30 % of the DO in the low salt media and lower temperatures used for mesophilic organisms 

(such as E. coli). Furthermore, Halobacterium salinarum creates gas vesicles that allow it to 

float towards more oxygen-rich areas in its native water column. Because of this, the 

observed preference of Halobacterium salinarum towards a DO of 80 % was not surprising. 

Analysis of the constant pH values showed that Halobacterium salinarum preferred a slightly 

higher pH (of pH 7.6) in the reactor (Figure 40 C) than in shaking flasks (pH 7.2) (Figure 39 

A). This can be explained by the observed increase in pH during cultivation in shaking flasks 

(Figure 39 F). As such, a pH value below 7.6 in shaking flasks was beneficial because it 

allowed the buffering of the alkaline ammonia produced during the growth of Halobacterium 

salinarum. However, in the controlled reactor environment, a higher pH of 7.6 promoted 

better growth.  

The addition of different carbon sources resulted in the strongest effect in both the increase in 

total cell density and in the reduction of the generation time for glycerol. Based on the overall 

higher cell density, the effects were less prominent than in shaking flasks; this might be 

caused by the lack of other nutrients in the growth media. The addition of the acetic acid 

showed better results in the reactor as compared to the shaking flasks. This can be explained 

by the reduced proteomic stress on the cells because of constant growth conditions, which 

allow for an easier production of the necessary proteins for acetic acid conversion. The low 

performance of glucose might be over-evaluated due to statistic variations. However, as 

discussed before, glucose is not expected to increase growth substantially. 

Increasing the concentration of yeast extract, peptone, and glycerol further led to a significant 

increase in cell density, to an OD650 of 8.6 (almost double). Results revealed that a 

combination of 0.5 % (v/v) glycerol, 1.5 % (w/v) peptone and 0.75 % (w/v) yeast extract led 

to the best combination tested.  

Interestingly, increasing both the peptone to 2.0 % (w/v) and yeast extract to 1.0 % (w/v) 

resulted in a sterile media, which did not show any growth, even after re-inoculation with 

dense cells. Increasing of glycerol from 1.0 – 2.0 % (v/v) showed a decrease in growth for 2.0 

% (v/v) glycerol. Based on these findings the maximal media additions that might still 

increase growth seem to be < 2.0 % (w/v) peptone, < 1.0 % (w/v) yeast extract, ≤ 1.5 % (w/v) 

glycerol, and eventually ≤ 0.5 % (w/v) casamino acids (based on shaking flask experiments). 

If the suggested media does not promote growth further, the effect of quorum sensing could 

be investigated by exchanging the media during cultivation. 
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6.6.1.3 Optimizing protein expression using bgaHL 

Based on the positive results in total cell mass, the halophilic beta-galactosidase from 

Halorubrum lacusprofundi was used to monitor and optimize the gene expression in 

Halobacterium salinarum. As expected, the total amount of expressed protein was higher in 

the continuous stirred-tank reactor than in shaking flasks. However, the effect was less 

distinct than expected. Analyzing the amount of protein produced per cell showed that more 

protein per cell was produced in shaking flasks. This result strongly hints towards the 

existence of a second population of cells that do not express the protein of interest in the 

continuous stirred-tank reactor. There are two possible reasons for the generation of this 

population.  

The first is based on the reported occurrence of infrequently arising spontaneous mevinolin 

resistant mutants of Halobacterium salinarum (Lam and Doolittle 1992). Although this 

option is possible, it would not be expected to affect all tested reactor runs based on the low 

frequency of spontaneous mutations that led to mevinolin resistance.  

The second reason is an insufficient amount of mevinolin in the media. The usual 

concentration of mevinolin is 20 mg/l (49.44 nM). One mole has ~ 6.022 x1023 molecules 

(Mohr and Taylor 1999), 49.44 nano-mole correspond to 2.98 x1016 molecules. For E. coli, 

an OD600 of 0.7 correlates to 7 x1011 cells per liter (Wang, Isaacs et al. 2009). Therefore, the 

used concentration only allows for 42,571 molecules per cell at an OD of 0.7. This correlates 

to 3,506 molecules at an OD of 8.5 (the obtained OD in the continuous stirred-tank reactor). 

This number seems large because the compound is equally distributed throughout the media 

and for an OD600 of 1.0, the wet cell weight of E. coli is 1.7 g/l (Glazyrina, Materne et al. 

2010). This means that at this OD, only ~ 1/600 of the media volume are cells. Based on this 

calculation, ~ 1/70 of the media volume are cells at an OD of 8.5, resulting in about 50 

molecules of mevinolin per cell. Given that the HMG-CoA reductase is an essential protein in 

Halobacterium salinarum, and is directly involved in the phospholipid synthesis in archaea 

(Lam and Doolittle 1992), high copy-numbers easy exceeding 50 can be expected of this 

enzyme. Furthermore, the complex structure of mevinolin allows for different chemical 

alterations that might lead to inactivity; its lactone group provides and a good example (Won 

1994). Because of this, a substantial increase in mevinolin could help to suppress an arising 

of non-transformed Halobacterium cells and therefore substantially increase the total protein 

yield. 
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6.6.1.4 Protein purification in Halobacterium strains using IMAC 

Halobacterium salinarum is described as an effective system to purify proteins using Ni2+-

IMAC in combination with a his6-tag (Krebs, Spudich et al. 1995). Results here showed the 

co-purification of the hypothetical protein vng2021 for a wide range of imidazole 

concentrations. The most likely reason for this is the stretch of eight histidine residues in its 

amino acid chain. To analyze a potential surface exposure of these amino acids the modeling 

server I-TASSER was used (Roy, Kucukural et al. 2010). This resulted in a structure, 

showing the histidine residues exposed in a loop, (Figure 57). 

 

 
Figure 57: I-TASSER based model of vng2021. A) Cartoon representation of the overall structure and its surface. The 

histidine residues potentially responsible for the interaction with the Ni2+-IMAC (H274-276, H281+282, H289-292) are colored 

purple. B) Magnification of the histidine residues containing unstructured loop region. C) Estimated deviation of the residue 

on the model from the native structure of the protein. After no native structure is known the estimation is based on the 

method published earlier (Yang, Wang et al. 2016). 

The histidine stretch is located after residue 260. Although the structure showed a low 

reliability beyond this point, it supports the hypothesis of an exposed domain. A low 

A) B) 

C) 
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reliability in modeling correlates to an unstructured area and is therefore most likely easy 

accessible. 

Another indication for the easily accessible loop is the strong signal of the vng2021 band 

observed after the long exposure of the Western Blot (e.g., Figure 48 B). Because vng2021 

elutes over a wide concentration of imidazole, it is hard to be removed from the proteins of 

interest. But using the described two-step purification protocol and resulted in a shift of 

vng2021 elution towards lower imidazole concentrations, allowing some proteins to be fully 

purified. This was especially true when 10 % (v/v) glycerol is used during purification. 

Options to reduce or avoid the vng2021 impurities using Ni2+-IMAC include i) the creation 

of a vng2021 knock-out, ii) in case vng2021 is essential its histidine residues could be 

mutated, or the gene could be replaced by a homolog having fewer histidines, iii) an increase 

in histidine residues on the his6-tag of the target genes to increase their specific binding on 

the column, and iv) a protein mass based second purification step (like size exclusion 

chromatography). 

6.6.1.5 The Halobacterium ∆icfA strain for expression and function verification 

To allow for the verification of γ-carbonic anhydrase function in vivo, and to avoid co-

purification of a potentially highly active carbonic anhydrase from Halobacterium salinarum, 

its native carbonic anhydrase gene icfA was knocked-out. This led to the creation of 

Halobacterium sp. SK400/MPK414 ∆icfA strain (named ∆icfA). 

The available knock-out system for Halobacterium species is based on an ura3 gene knock-

out in the host strain which results in a significantly reduced cell density of the ∆ura3 strain 

compared to the wild-type Halobacterium strain. Examinations of the novel ∆icfA strain (that 

also carries the ∆ura3 of its host strain) revealed a further reduction in the total cell mass. 

This phenotypical response was verified by restoring the icfA-protein, which resulted in a 

substantially higher total cell mass as the double mutant (∆ura3, ∆icfA). The observed cell 

mass of the rescue was lower as the Halobacterium wild type, which is based on the lack of 

the ura3 gene. The cell growth of Halobacterium and the expression of recombinant genes 

using the pMC2 vector are temperature dependent (Coker, DasSarma et al. 2007, Karan, 

Capes et al. 2013). A temperature of 42˚C was determined to be ideal to visualize the rescue 

effect. It is worth mentioning that using non-baffled shaking flasks, where more CO2 can 

accumulate within the media, substantially increased this effect. Increasing CO2 

concentrations and increase the pH towards more basic values in the stirred-tank reactor 

could lead to an increased rescue effect. 
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6.6.2 Gene expression in Halobacterium strains and protein purification 

6.6.2.1 The halolysin like protease from Discovery deep HP_D 

Transformation of Halobacterium expression strains with the corresponding pMC2 

expression plasmid containing the gene of interest yielded viable transformants, except for 

the potential halolysin protease HP_D. This protease showed no transformants at all, even 

under different growth conditions. However, this negative cultivation result of the 

Halobacterium pMC2-HP_D construct constituted, however a positive result for HP_D 

activity, which most likely is toxic to cell function. 

The toxicity of HP_D is based on several factors. First, it belongs to the class of halolysin 

proteases, which belong to the group of extracellular serine proteases (De Castro, Maupin-

Furlow et al. 2006). Enzymes of this class are rather unspecific because they are usually 

segregated and are used for defense or for the growth on proteinaceous substrates (Siezen and 

Leunissen 1997). This classification could strongly be supported by the investigation of the 

amino acid sequence of HP_D using the transmembrane topology and signal peptide 

predictor Phobius (Kall, Krogh et al. 2007). This analysis showed an N-terminal signal 

peptide (from amino acid 1 – 31) followed by a non-cytoplasmic region from amino acid 32 

to the end. Although Halobacterium salinarum has subtilisin-like serine proteases (De 

Castro, Maupin-Furlow et al. 2006), the expression of another member of this protease class, 

which is either overexpressed or could not be properly segregated, might have led to cell 

death. Using serine specific protease inhibitors might have helped to express this protein, but 

it could have also led to cell death because of inhibiting native essential proteases. Also, the 

obtained protein might have been inactive. Additionally, the N-terminal his6-tag could have 

influenced the N-terminal signal peptide, therefore blocking export from the cell. 

6.6.2.2 Initial Western Blot based expression analysis 

SDS-PAGE analysis of Halobacterium salinarum cell lysate did not show any indication of 

overexpression of any tested gene product. This was expected since expression levels in this 

system are substantially lower as compared to E. coli. Highly sensitive Western Blot 

detection has allowed for the visualization of all tested proteins of interest that contained a 

his6-tag. Furthermore, all tested genes expressed in the soluble fraction after cell lysis, 

showing that, except for the low gene expression levels, Halobacterium salinarum is a well-

suited expression system for genes from the Red Sea brine pools. 
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6.6.2.3 The sugar converting enzymes GD_K and HD_K 

Given that both enzymes, GD_K and HD_K showed expression in the Western Blot analysis, 

purification was done using standard his6-tag based Ni2+-IMAC purification methods with 

increased NaCl concentrations. The elution diagram showed two unsymmetrical elution 

peaks with highly impure protein bands for both cases. Western Blot analysis showed protein 

bands at the expected height as well as a strong occurrence of vng2021. The tryptic analysis 

confirmed the expression and partial purification of both enzymes. Testing different 

expression conditions led to the two-step purification method with glycerol that enhanced 

purification, especially because it led to an earlier elution of the vng2021 impurity. This is 

particularly evident in the case of HD_K. Regardless, protein production was still very low 

for both proteins, and SDS-PAGE analysis revealed a significant amount of other impurities. 

The temperature at Kebrit deep, the origin of both enzymes, is 23.3˚C (Antunes, Ngugi et al. 

2011). During the growth of Halobacterium at 42˚C genes are already expressed. This is 

because of the leaky expression of the pMC2 promoter (cspD2) (Karan, Capes et al. 2013). 

This can lead to a partially unfolded protein that binds to other proteins and might cause 

impurities. Additionally, gene expression at 15˚C might result in unspecific protein folding, 

because of reduced Brownian motion. As such, decreasing the temperature during the growth 

phase and increasing the temperature during expression (which resulted in keeping the 

temperature at constant 30˚C) did not only led to a substantial increase in protein but also 

substantially reduced the number of impurities, at least for HD_K.  

However, GD_K was not obtained under these conditions, underlining the differences in 

expression and purification of different proteins. The reasons for the low purification result of 

GD_K might be the position, length, and nature of the his6-tag. If this tag is buried or bound 

to the surface (which might happen especially for halophilic proteins because of their 

negative surface charge (Graziano and Merlino 2014)) purification fails and the detection 

using Western Blot is low. Because of this, positioning the his6-tag on the C-terminal end, 

using a longer linker between protein and tag, or using other tags might increase the 

purification results. 

6.6.2.4 The potential γ-carbonic anhydrases CA_A and CA_D 

Using the same initial expression and purification procedure as for GD_K and HD_K, the 

Ni2+-IMAC elution profile of CA_A resulted in a single deformed elution peak, and the SDS-

PAGE of CA_A showed an extremely high amount of impurities. Tryptic analysis of bands at 

the expected height for CA_A did not show any fitting fragment. These results suggest partial 
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unfolding of the protein, allowing other proteins to bind to the partially accessible 

hydrophobic core of CA_A. Because CA_A originated from Atlantis II deep with a 

temperature of 68.2˚C (Antunes, Ngugi et al. 2011), one possible reason for the partial 

unfolding is a low expression temperature, which can result in unspecific protein folding. 

Another possibility is a strong interference of the his6-tag with protein folding. Both potential 

reasons are hard to address, and further focus was set on CA_D. 

Using standard expression conditions in combination with the two-step purification method 

for CA_D resulted in a quite pure protein that eluted at high imidazole concentrations. 

Modifying the expression and purification buffers further by adding Zn2+ (to increase 

carbonic anhydrase expression and purification (Ferry 2010)) resulted in a very pure protein 

that was mostly free of the vng2021 impurity. The substantially improved purification result 

of CA_D as compared to CA_A might be based on their different origins; after all 

temperatures at Discovery deep, the origin of CA_D with 44.8˚C (Antunes, Ngugi et al. 

2011) are considerably lower than in Atlantis II deep. This difference would result in 

enzymes optimized to fold at reduced Brownian motion. The high imidazole concentration 

necessary for elution of CA_D also shows that the his6-tag binding N-terminus of CA_D was 

very exposed, potentially resulting in less interference with the protein structure as compared 

to CA_A. 

6.6.3 Functional assessment of the tested genes 

As discussed earlier, HP_D indirectly proved its activity in vivo by being cytotoxic. 

6.6.3.1 The sugar converting enzymes GD_K and HD_K 

Initial activity analysis for GD_K and HD_K was carried out in vivo using cell-free lysate 

after gene expression in Halobacterium. Because the expression strain already contains a 

native glucose dehydrogenase gene (ywfD), assay optimization was performed to clearly 

distinguish the activity of the Red Sea brine pool originating enzymes from the native 

glucose dehydrogenase activity. Using the resulting conditions, higher activity could be 

measured for GD_K and HD_K than the wild-type strain containing ywfD. This is especially 

true for the oxidative step using NAD+ as cofactor and glucose as substrate. The reductive 

step using NADH and pyruvate also showed activity, but it was less prominent. One of the 

reasons for the observed difference in activity was that under the high salt concentration used, 

an autocatalytic oxidation of NAD(P)+ to NAD(P)H occurs at pH values below 7.0, hindering 
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the use of lower pH values that promote enzymatic activity, by shifting the reaction 

equilibrium and providing more protons (H+-ions). 

Proving activity for the oxidative step in vivo lays with the foundation for the use of either of 

these enzymes as a cheap method for cofactor regeneration within a whole cell or within 

multi-enzyme assays.  

The conversion of ketones to enantioselective secondary alcohols was planned using the 

purified protein to address the industrial relevance. However, because purification of GD_K 

was not successful, no activity test of purified proteins could be performed for this enzyme. 

For HD_K, higher amounts of purified protein were available however testing the reductive 

step under a variety of conditions did not result in activity. Here, the challenge might have 

been, as discussed previously the inability to use the preferred lower pH values, especially 

because the reductive step only allows for a small amount of cofactor to not exceed the 

absorbance determined detection limit for spectrophotometric analysis. Using a direct product 

analysis (such as labeled products for NMR, or GC-MS analysis) of the educts in 

combination with higher protein and especially cofactor concentrations, might result in 

positive activity.  

6.6.3.2 The potential γ-carbonic anhydrases CA_A and CA_D 

The Halobacterium sp. SK400/MPK414 ∆icfA strain was used for the initial testing of 

carbonic anhydrase function. Based on i) the identified growth reducing phenotype of the 

icfA knock-out and ii) its rescue using the pMC2-icfA construct. The maximal cell density of 

the ∆icfA strain that was transformed with either pMC2-CA_A or pMC2-CA_D was 

analyzed. Both clones showed a rescue effect. Optimizations were performed to enhance the 

effect, showing that at pH 8.0 the rescue effect was most prominent. The rescue effect of both 

Red Sea brine pool genes was similar to the effect of restituting icfA and therefore validated 

the suggested consensus pattern for gamma carbonic anhydrases. The more basic pH 

increased the rescue effect, given that carbonic anhydrases interconvert CO2 and carbonic 

acid (H2CO3) and can therefore be used to balance the pH. At pH values higher than 8.0 the 

cells started to aggregate and form biofilms, resulting in unreliable data. 

After the purification of CA_A was unsuccessful, an additional in vivo activity test was 

performed that showed function, but comparatively less. This can be explained by the lower 

catalytic efficiency of the γ class of carbonic anhydrases as compared to α- or β-CAs for 

example (Capasso and Supuran 2015). It also displayed non-optimized assay conditions. 

Nevertheless, this assay allowed for the second confirmation of activity for CA_A. 
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Based on the successful purification of CA_D a first in vitro activity measurement did not 

show activity, which might be based on the low sensitivity of the assay used. To further 

investigate the CA_D activity, the crystal structure of CA_D was solved Malvina Vogler and 

Prof. Michael Groll (both, TUM) based on the very pure protein obtained. The trimeric 

structure showed typical carbonic anhydrase features as well as a high structural similarity to 

the originating sequence of the developed consensus pattern to identify CA_A and CA_D 

(the archetype of gamma CAs “CdehydraseG” (Cam) (Ferry 2010)). Interestingly, by using 

the more sophisticated stopped-flow activity assay for determining CA_D and CA_D-mutant 

activity, for both enzymes activity could be shown by Malvina Vogler. The most likely 

reason for the inability to obtain CA_D activity using the same activity assay as performed in 

vivo might be the combination of: i) general low enzymatic activity of γ-carbonic anhydrases; 

ii) the lack of activity promoting compounds which are present in the cell lysate but not in the 

pure activity buffer; and iii) the general low activity of CA_D with non-ideal residues 

involved in catalysis, as the 25 fold increase in activity by CA_D* could show. 

6.6.4 Overview of gene expression, purification and function assessment 

The genes selected for the verification of the PPM algorithm were chosen based on their 

scientific and industrial value. In the case of the γ-carbonic anhydrases, they additionally 

cover the new consensus pattern developed. 

The following table gives an overview of the expression, purification, and activity of the 

different genes analyzed. 

 
Table 12: Overview of expression, purification, and activity assessment of all tested genes. WB = Western Blot. 

Name Expression Purification Activity 

CA_A ✓ (WB) X (impurities) ✓ (in vivo) 

CA_D ✓ ✓ ✓ (in vivo, CA_D* in vitro) 

GD_K ✓ (✓) (low and impure) ✓ (in vivo) 

HD_K ✓ ✓ ✓ (in vivo) 

HP_D (✓) (cell lysis) not applicable (✓) (cell lysis) 

bgaHL ✓ (reporter) not tested ✓ (reporter) 

icfA ✓ (∆icfA rescue) not tested ✓ (∆icfA rescue) 
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All tested genes expressed in Halobacterium and for all genes activity could be shown in 

vivo. This confirms the high annotation reliability of the PPM-algorithm.  

Although GD_K did not fulfill the selection criteria of the PPM-algorithm, it showed activity. 

As mentioned previously, the aim of the PPM-algorithm was an increase in annotation 

reliability. This translates to the avoidance of false positives and, as observed for GD_K, an 

increase in the number of false negatives. In general, the path of verifying the annotation 

results of the PPM-algorithm on extremophilic enzymes of different Red Sea brine pools 

showed that functional verification in vivo or in vitro is substantially more time consuming 

than annotation in silico (discussed in chapter 5.6).  

Halobacterium as expression host showed that its value for the expression of functional 

halophilic proteins, especially given the substantially increased amount of both, cells, and 

expression product per liter, by using this expression system in the continuous stirred tank 

reactor. However, this expression system, still being in its infancy, suffers from partially 

developed purification methods. The here used Ni2+-IMAC method showed very good results 

for CA_D, and partially HD_K (except the vng2021 impurity), especially after optimization, 

but at the same time low purification yields for GD_K and CA_A.  

Based on the lack of activity tests for halophilic proteins, the interference of elevated salt 

concentrations in standard assays, and the partially challenging protein purification, activity 

tests in vitro were only successfully for CA_D and CA_D*. On the contrary activity tests in 

vivo were successful for all expressed genes. 

In summary, the annotation of the PPM-algorithm was verified by proving function for all 

tested genes and the Halobacterium salinarum expression system was modified in regards of 

total cell mass and total protein yields in the continuous stirred-tank reactor.  
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D. CONCLUSION 

Parts of this chapter were published in: Grötzinger SW, Alam I, Ba Alawi W, Bajic VB, Stingl 

U and Eppinger J (2014). Front. Microbiol. 5:134. doi: 10.3389/fmicb.2014.00134 

 

This work describes the first example of single amplified genomes (SAGs) used to identify 

extremophilic proteins for biotechnological applications. The eleven different genes, which 

were extracted from the INDIGO database during this study as candidates for expression, 

give a glimpse of the potential the Red Sea brine pools extremophiles and their potential in 

the discovery of novel enzymes. The great phylogenetic distance to any described organism, 

as well as the extreme anoxic, high temperature and hypersaline environment make the 

enzymes of those organisms highly valuable. 

The developed profile pattern matching (PPM) algorithm is a powerful tool that can be used 

to analyze functions of proteins that are encoded in genes of extreme organisms that are only 

distantly related to organisms described so far. The unique design of the PPM algorithm, with 

focus on two specific identifiers for reliable annotation results in both, a minimization of 

false positive annotation, and the allowance of overall protein sequence flexibility that is 

crucial to identify structurally different novel proteins. The PPM algorithm is no competitor 

for standard annotation, but a tool for experimentalists to extract proteins and enzymes with 

high confidence in their function from databases with only limited annotation reliability; for 

example, when SAGs of extremophiles are used. The publicly available scripts developed 

during this study (AutoTECNo and PPM processor) can be easily imported into the INDIGO 

data warehouse (Alam, Antunes et al. 2013) and allow by their minimalistic character a 

simple handling of extremely large datasets. (Content and order of the two previous 

paragraphs were adapted from (Grötzinger, Alam et al. 2014)). 

The establishment and improvement of the Halobacterium salinarum expression system for 

the expression of halophilic genes from hypersaline Red Sea brine pools mark another 

milestone in bringing halophilic proteins towards industrial applications. The optimization in 

total cell mass for growth in shaking flasks is especially helpful for the use of this system in 

most laboratories. On the other hand, the establishment and optimization of Halobacterium 

salinarum in the continuously stirred-tank reactor (with a substantially higher cell mass and 

increased protein yield) allows the use of this expression system in a controlled environment, 
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which benefits both biotechnologically oriented laboratories and industry. Furthermore, the 

validation of lovastatin secondary standard as selection marker could reduce expression costs 

drastically. 

The successful expression and functional assessment of five selected genes from different 

hypersaline Red Sea brine pool environments validated the reliability of the PPM algorithm 

for the functional annotation of genes from far distant related organisms such as 

extremophiles. The reported second case that a his6-tag purification was performed in 

Halobacterium salinarum, in combination with the improved elution protocol and buffer 

underlined, the potential of this expression system for the production of proteins from 

hypersaline environments. The newly designed consensus pattern for the identification of γ-

carbonic anhydrases (γ-CA) was verified and led to the identification of the molecular 

structure of a novel γ-CA from the Red Sea. Also, the established Halobacterium sp. 

SK400/MPK414 ∆icfA strain helped to avoid background activity of the Halobacterium 

native icfA carbonic anhydrase and proved to be a useful strain for in vivo phenotype 

analysis. 

Moreover, the identified novel halophilic Red Sea brine pools genes can be used to increase 

annotation reliability in general and for the design of novel catalysts for green chemistry. 

 



132 
 

 
Figure 58: Overview of the workflow of this thesis. A) The three selected hypersaline Red-Sea brine pools, whose 

microorganisms were used as the basis of this work. B) The run-up single amplified genome preparation for this work, 

including cell separation and lysis, genome amplification, and sequencing, and whole genome assembly. C) Scheme of the 

profile pattern matching algorithm developed during this work for reliable functional gene annotation. D) Establishment and 

optimization of the hypersaline Halobacterium salinarum expression system in the continuous stirred-tank reactor to 

increase both cell mass and total protein yields. E) Example of protein purification of CA_D, using the modified purification 

method. F) Overview of the successful functional assessment of all genes in this study, including the bgaHL reporter 

construct to analyze gene expression and icfA as a positive control for the here developed Halobacterium icfA knock-out 

strain. CA_A/D = γ carbonic anhydrases from Atlantis or Discovery deep. GD_K and HD_K = glucose dehydrogenase and 

2-hydroxyacid dehydrogenase from Kebrit deep. HP_D = halolysin protease from Discovery deep. 
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7. Contributions 
 

During the course of this work, the following publication and book chapter was created. 

 

Grötzinger, S. W., I. Alam, W. B. Alawi, V. B. Bajic, U. Stingl and J. Eppinger (2014). 

"Mining a database of single amplified genomes from Red Sea brine pool extremophiles—

improving reliability of gene function prediction using a profile and pattern matching 

algorithm (PPMA)." Extreme Microbiology 5: 134. 

 

Antunes, A., M. F. Simões, S. W. Grötzinger, J. Eppinger, J. Bragança and V. B. Bajic 

(2017). Bioprospecting Archaea: Focus on Extreme Halophiles. Bioprospecting: Success, 

Potential and Constraints. R. Paterson and N. Lima. Cham, Springer International Publishing: 

81-112. 
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E. OUTLOOK 

The here presented and verified reliable PPM annotation algorithm of protein function from 

organisms that are far distant related to described organisms, will facilitate experimental 

characterization of extremophilic proteins. This in turn will help to increase the general 

understanding of life under extreme conditions and to exploit its biotechnological potential 

(Grötzinger, Alam et al. 2014).  

Single Amplified Genomes (SAGs) specifically, offer the possibility of studying many 

enzymes from the same species, allowing for the reconstruction of multi-protein complexes 

or metabolic pathways. 

For the discovery and usability of highly interesting industrial halophilic extremozymes, the 

establishment and optimization of the culturing conditions for Halobacterium salinarum 

marks a milestone; this is especially true for the continuously stirred-tank reactor, expressing 

genes and purifying proteins. Furthermore, the development of the Halobacterium sp. 

SK400/MPK414 ∆icfA strain allows the identification of further carbonic anhydrases from 

hypersaline environments. 

The expression and functional assessment of different Red Sea brine pool genes are the first 

steps in the establishment of multi-enzyme reactions from this habitat and for the 

combination of cheap cofactor regeneration using the identified sugar acting enzymes. In 

combination with enzymes catalyzing highly valuable stereo-selective reactions, this might 

create industrially valuable in vivo and/or in vitro applications. 

More generally, the roadmap and proof-of-concept showed in this study, combined with the 

advances of SAGs, bioinformatics and the Halobacterium salinarum expression system, may 

change the way how enzymes are obtained, leading away from the old-fashioned culture-

based methods and towards novel culture-independent methods. 

The enzymes identified in this study will be the first of many on this path and will lead to 

further scientific or biotechnological investigations of the fascinating richness and 

adaptations found in the unexplored areas of our planet.  
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F. MATERIALS AND METHODS 

The parts indicated with an asterisk (*) in this chapter were published in: Grötzinger SW, 

Alam I, Ba Alawi W, Bajic VB, Stingl U and Eppinger J (2014). Front. Microbiol. 5:134. doi: 

10.3389/fmicb.2014.00134 

8. PPM algorithm* 

8.1 Sample collection 
All samples were collected during leg 2 of the 3 of the RV Aegaeo WHOI, AUC – KAUST 

Red Sea Cruise in October/November 2011. Samples were taken at different depths and 

locations in the Red Sea, in and outside the brine pools, as well as from sediments. For all 

brine pools, samples were taken in the brine itself, the sediment and at different depths of the 

brine seawater interphase (Eder, Jahnke et al. 2001). In total 46 casts were done containing 

7030 liters of water, as well as seven sediment samples. The collected liquid samples were 

immediately filtered using a TFF (tangential flow filtration) system. After concentrating the 

samples were stored at -80˚ C. During the sampling, different chemical parameters including 

salinity (conductivity) and temperature were measured. The five brine pools sampled were 

Kebrit Deep, Nereus Deep, Atlantis II Deep, Discovery Deep and Erba Deep (Backer and 

Schoell 1972, Searle and Ross 1975, Karbe 1987, Hartmann, Scholten et al. 1998). 

8.2 Single amplified genome generation* 
For the production of Single Amplified Genomes (SAG) from single cells, the “SCGC SAG 

generation service” (cat. no. S-101) at the “BIGELOW Laboratory single cell genomics 

center”, which is part of the Bigelow Laboratory for Ocean Sciences in Boothbay Harbor, 

Lincoln County, Maine, United States, was used. The service includes initial sample 

evaluation for FACS suitability, individual cell separation into wells of a 384-well plate, cell 

lysis, and single cell multiple displacement amplification (MDA).  

8.3 Whole genome sequencing and assembly* 
The whole genome sequencing was also performed at the “BIGELOW Laboratory single cell 

genomics center” using the “Prokaryote SAG whole genome sequencing” service (cat. no. S-

014). The service includes sequencing library preparation, genomic sequencing, de novo 
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assembly, and assembly quality control. Service products include contig FASTA files and 

assembly statistics. 

Assemblies of the single-cell amplified genomes (SAGs) were generated using a pipeline that 

employs a choice of assemblers designed for single-cell sequencing data including VelvetSC 

(Chitsaz, Yee-Greenbaum et al. 2011), SPAdes (Bankevich, Nurk et al. 2012), and IDBA-UD 

(Peng, Leung et al. 2012), along with several pre- and post-assembly data quality checks 

using Trimmomatic (Lohse, Bolger et al. 2012). IDBA-UD was benchmarked as the overall 

best assembler for our SAGs as is it did reconstruct longer contigs with higher accuracy to 

the reference genome of Nitrosopumilus maritimus SCM1 (Könneke, Bernhard et al. 2005). 

8.4 Dataset* 
The data used in this work consisted of 87 SAGs covering 16 different taxonomic groups, 

sampled in 11 different environments. As total 26,626 contigs containing 79.8Mbp genomic 

information, covering 111,269 ORFs (Table 38, appendix) were analyzed. 

8.4.1 Annotation of the dataset* 

The assembled contig sequences, which are a set of overlapping DNA segments that together 

represent the calculated order of most frequent residuesa or the consensus region of DNA, 

were integrated into the INDIGO (Integrated Data Warehouse of Microbial Genomes) data 

warehouse (Alam, Antunes et al. 2013). INDIGO is a dynamic system built using the 

InterMine framework (Smith, Aleksic et al. 2012), one of the highest benchmarked data 

warehouses in a recent study (Triplet and Butler 2013). Beside others, INDIGO allows 

Automatic Annotation of Microbial Genomes (AAMG), extensive query building for 

annotation integration, customized feature/attribute/entity list creation and enrichment 

analysis for Gene Ontology (GO) concepts, which are crucial steps of the following analysis. 

Using INDIGO the assembled contig sequences were i) annotated, ii) converted into an XML 

schema and iii) implemented into the data warehouse. Figure 59 in the appendix gives an 

overview of the workflow of the annotation process and data warehousing; the detailed 

description is published (Alam, Antunes et al. 2013). As an important point for further 

analysis is to mention that GO-terms are mainly independent of PROSITE IDs. GO-terms 

emerge from domain associations provided by InterPro (Quevillon, Silventoinen et al. 2005) 

and one of the several domain resources can be PROSITE. PROSITE consensus patterns are 

predicted by the PS_Scan (De Castro, Sigrist et al. 2006) tool and therefore not connected to 

GO-terms.  
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8.4.2 Automatic Annotation of Microbial Genomes (AAMG) pipeline* 

Users are able to annotation any archaeal or bacterial genome using the Automatic 

Annotation of Microbial Genomes (AAMG) pipeline available through MyMine at INDIGO 

website (http://www.cbrc.kaust.edu.sa/indigo/mymine.do?subtab=aamg). Once genome 

annotations are complete, INDIGO database can be populated with the final annotations per 

user request. This allows the users to utilize capabilities explained in this work focusing on 

user's annotation data in the INDIGO data warehouse. 

8.5 Phylogenetic analysis* 
The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei 

1987). All illustrated trees are drawn to scale, with branch lengths in the same units as those 

of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances 

were computed using the Poisson correction method (Zuckerkandl and Pauling 1965) and are 

in the units of the number of amino acid substitutions per site. All positions containing gaps 

and missing data were eliminated. Evolutionary analyses were conducted in MEGA6 

(Tamura, Stecher et al. 2013). 

8.6 PPM methodology* 
The profile & pattern matching algorithm was automated by including two new scripts into 

INDIGO, which are publically available from the homepage. 

8.6.1 AutoTECNo: Automated translation of E.C. Numbers* 

The E.C. No. translator (AutoTECNo) automatically converts a list of given E.C. numbers 

into GO-terms (Kanehisa and Goto 2000)) as well as PROSITE IDs, using open source 

PROSITE files (Sigrist, Cerutti et al. 2002). Preliminary, transferred and deleted E.C. 

numbers are ignored. The AutoTECNo provides two XML scripts for the independent profile 

and pattern search via INDIGO. AutoTECNo is available at the following website: 

http://www.cbrc.kaust.edu.sa/ppma/ec2gops.html. 

8.6.2 PPM Processor: Automated extraction and ranking of hits* 

The PPM Processor requires one or more tab-separated spreadsheets (.tsv) of the independent 

profile analysis (via GO-terms) and/or pattern analysis (via PROSITE IDs) as input file. The 

processor generates sets of genes according to their profile and pattern distribution. The 

resulting list is ranked regarding to the amount of profile and pattern combinations. The PPM 
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processor is available at the following website: 

http://www.cbrc.kaust.edu.sa/ppma/indigoTbl2PSgoSets.html 

8.6.3 The PPM workflow, starting from a non annotated genome* 

First, an assembled genome is annotated using the Automatic Annotation of Microbial 

Genomes (AAMG) pipeline as part of the INDIGO data warehouse. Second, the E.C. number 

based list of proteins of interest (POI list) is translated into profile and pattern values (GO-

terms and PROSITE IDs) by using AutoTECNo. The resulting XML lists (of pattern and 

profile values) are separately imported into the INDIGO data warehouse to analyze any listed 

genome at the following URL: 

http://www.cbrc.kaust.edu.sa/indigo/importQueries.do?query_builder=yes. The two resulting 

tab separated spreadsheets can be uploaded into the PPM processor to generate three PPM 

sets of genes: i) profile set, ii) pattern set and iii) profile & pattern set. 
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9. Annotation verification 

9.1 Chemicals, commercial enzymes, DNA and general procedures 
Chemicals reagents, unless stated otherwise, were purchased as analytical grade from Sigma-

Aldrich, (St. Louis, MO, USA). All critical solutions were sterilized either via autoclaving for 

20 min at 120˚C, or via sterile filtration (through a 0.2 µm membrane from Millipore, Merck 

EMD, Darmstadt, Germany). Surfaces and objects, which could not be autoclaved, were 

sterilized with 70 % (v/v) 2-propanol. Solutions were degassed at 200 mbar pressure over 30 

min while stirring if indicated. Microbial work was done strictly under sterile conditions. 

Experiments were performed at room temperature if not mentioned otherwise. Chemicals 

were stored according to the supplier’s instructions. Media, plates and transformation 

solutions were stored at 4˚C. Purified protein was kept at 4˚C or below for short time storage, 

if not mentioned otherwise. For long-term storage, protein was shock frozen in liquid 

nitrogen and afterwards stored at -80˚C. For thawing, the protein was kept at room 

temperature until it reached 4˚C. Water used was desalted and purified using a milli-Q® 

(Merck, Darmstadt, Germany) system. Restriction enzymes, T4 DNA ligase, and Taq or 

Phusion® high fidelity DNA polymerase were purchased from New England Biolabs 

(Beverly, MA, USA). The restriction enzyme FspAI was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galacto-

pyranoside) and ONPG (o-nitrophenyl-β-D-galactopyranoside) were purchased from IBI 

Scientific (Peosta, Iowa, USA) and USB Corporation (Cleveland, OH, USA), respectively. 

The beta-galactosidase and icfA genes used in this work were amplified from genomic DNA 

from Halorubrum lacusprofundi and Halobacterium sp. NRC-1, respectively. The Red Sea 

brine pool genes were synthesized according to the following scheme: 5’ - NdeI restriction 

site (including the start codon), his6-tag, FspA1 restriction site, gene of interest (from start to 

stop), BamHI restriction site 3’ from Gene Art (Life Technologies, Thermo Fisher Scientific, 

Waltham, MA, USA) and delivered in their standard vector (Table 14). 

9.2 Microorganisms 
For long time storage, microorganisms were shock frozen (with the indicated amount of 

glycerol) using liquid nitrogen and stored at -80˚C. For short time storage, microorganisms 

were kept at 4˚C. 

E. coli One Shot® TOP10 ElectrocompTM cells were purchased from Invitrogen (Karlsbad, 

MA, USA). E. coli strains were cultured, transformed and stored according to the 
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manufacturer’s instructions. DNA isolation was done using the peqGold plasmid Miniprep 

Kit II (peQlab, Erlangen, Germany) according to manufacturer’s instructions. 

Halorubrum lacusprofundi isolated from Deep Lake, Antarctica (Franzmann, Stackebrandt et 

al. 1988) was obtained from the Leibnitz Institute DSMZ-German Collection of 

microorganisms and Cell Cultures (strain 5036). It was grown at 30˚C with shaking in DSMZ 

medium 589. 

Halobacterium salinarum was also obtained from the DSMZ (strain 3754) and initially 

grown according to the DSMZ instructions in medium 97 at 37˚C with shaking. Later CM+ 

medium containing 4.3 M NaCl and trace metals was used at 42˚C with shaking as described 

below. 

Halobacterium sp. NRC-1 was obtained from the ATCC (American Type Culture Collection) 

(ATCC 700922) and initially grown according to the ATCC instructions in ATCC medium 

2185 at 37˚C with shaking. Later CM+ medium containing 4.3 M NaCl and trace metals was 

used at 42˚C with shaking as described below. 

Halobacterium sp. SK400/MPK414 (Peck, DasSarma et al. 2000) and its corresponding 

vector pBB400 (Berquist, Müller et al. 2006), as well as the NdeI and BamHI digested 

version of the expression vector pMC2 (Karan, Capes et al. 2013) for protein expression in 

Halobacterium strains were kindly provided by Prof. Shiladitya DasSarma (University of 

Maryland, Baltimore). Halobacterium sp. NRC-1 is in detail described in (Ng, Kennedy et al. 

2000). Halobacterium sp. SK400 ∆icfA was created during this work. 

The following table gives an overview of the used strains, their purpose, and genotype. 

 
Table 13: Microorganisms used in this study. 

Purpose Strain Genotype 

Cloning E. coli One Shot® TOP10 

ElectrocompTM  

F- mcrA Δ(mrr- hsdRMS-

mcrBC) φ80lacZΔM15 

ΔlacΧ74 recA1 araD139 

Δ(ara-leu) 7697 galU galK 

rpsL (Strr) endA1 nupG λ- 

Expression of halophilic 

proteins 

Halobacterium salinarum Wild-type DSMZ 3754, 

ATCC 33171, JCM 8978 

Expression of halophilic Halobacterium sp. NRC-1 Wild-type ATCC 700922, 
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proteins JCM 11081 

Basis for the icfA knock-out 

strain 

Halobacterium sp. 

SK400/MPK414 

Halobacterium sp. NRC-1 

∆ura3 

Expression and function 

verification for carbonic 

anhydrases 

Halobacterium sp. 

SK400/MPK414 ∆icfA 

Halobacterium sp. NRC-1 

∆ura3, ∆icfA 

 

9.3 Plasmids and primer 
 
Table 14: Plasmids used. 

Name Usage Induction Selection marker Origin 

pMC2 Expression of recombinant 

proteins in Halobacterium 

species (appendix Figure 65)  

Cold shock, 

cspD2 

promoter 

(15˚C) 

Mevinolin (Mev 

HMG-CoA) in 

Halobacterium and 

Ampicillin (AmpR) 

in E. coli. 

(Karan, 

Capes et al. 

2013) 

pBB400 Introduction of the icfA knock-

out in Halobacterium sp. 

SK400/MPK414, (suicide 

plasmid without replication 

origin for Halobacterium, 

integrates into genome and 

confers uracil-autotrophy and 

5-FOA sensitivity) 

- 5-FOA sensitivity 

in Halobacterium 

and Ampicillin 

(AmpR) in E. coli. 

 

(Berquist, 

Müller et al. 

2006) 

pEX-

K4 

Shipping vector for the 

synthesized genes from 

GeneArt (appendix Figure 66) 

- Neomycin and 

Kanamycin 

(NeoR/KanR) in E. 

coli 

GeneArt 

(Thermo 

Fisher 

Scientific, 

Waltham, 

MA, USA) 
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The cold shock induced promoter sequence of the pMC2 vector, including the start codon 

(capital letters), is as follows: 5’ ggc act gca cag ccg atg ctg cga tcc atg cta ccg tga ctc tcg gaa 

gtg tta tcc cgt agt cgg ccc aac ggt tga ttg cat ATG 3’ 

 

The following table shows the primers used in this work. 

 
Table 15: Primers used during this work. Restriction endonuclease recognition sites (if appropriate) are indicated in bold. * 

= Primers were designed at an annealing temperature of ~55˚C and a melting temp of ≤ 72˚C, although the calculated 

melting temperature (Tm) is different. This is based on the fact that different parts of the primer are overlapping with the 

DNA, based on the PCR type (see the chapter about the icfA knock-out generation for more information). ∆ = Primer was 

designed for an annealing temperature of ~50˚C and a melting temp of ≤ 72˚C. 

Name Function Sequence (5’ – 3’) Tm 

pMC2_F Cloning verification (266 nt upstream 

from the start codon, covering the 

promoter region) 

GCT GGA CTG CCT TTT 

CTT CG 

57˚C 

pMC2_R Cloning verification (139 nt downstream 

of the stop codon) 

GTT ACT CCA CCG TCA 

TTC AG 

53˚C 

Hla_F Extraction of the beta-galactosidase 

gene from Halorubrum lacusprofundi 

(with NdeI restriction site) 

GGG AAT TCC ATA TGC 

GTC TCG GAG TCT G 

62˚C 

Hla-

7hisF 

Extraction of the beta-galactosidase 

gene from Halorubrum lacusprofundi 

and introduction of N terminal his7 tag 

(with NdeI restriction site) 

GGG AAT TCCAT ATG 

CAC CAC CAC CAC CAC 

CAC CAC ATG CGT CTC 

GGA GTC TGT TAC 

 

∆ 

(72˚C) 

Hla_R Extraction of the beta-galactosidase 

gene from Halorubrum lacusprofundi 

(with BamHI restriction site) 

CGG GAT CCC TAC GTC 

TGA GCG ATT CT 

 

63˚C 

5’-O 5’-outer primer for crossover PCR 

required fro the icfA knock-out (with 

Hind III restriction site) 

CGC AAG CTT GAC GTC 

GTG CTC TCC AGT TTC 

* 

(66˚C) 

5’-I 5’-inner primer (with XbaI restriction 

site) 

GAT CCG TGA CGC GAT 

TTC GGG TCT AGA CTG 

* 

(73˚C) 
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GTT GCC CGC CAG CAT 

3’-I 3’-inner primer CCC GAA ATC GCG TCA 

CGG ATC ACT CGG CTC 

TGG AGT TAC TAA 

* 

(69˚C) 

3’-O 3’-outer primer (with EcoRI restriction 

site) 

CGC GAA TTC ACT CTC 

AGA TCC GAC GTC ACG 

* 

(65˚C) 

icfA-F Extraction of the natural beta-

galactosidase gene from Halobacterium 

sp. NRC-1 (with NdeI restriction site) 

TTA TAT CAT ATG CTG 

GCG GGC AAC CAG C 

63˚C 

icfA-R Extraction of the natural beta-

galactosidase gene from Halobacterium 

sp. NRC-1 (with BamHI restriction site) 

TCA CTA GGA TCC TTA 

GTA ACT CCA GAG CCG 

A 

62˚C 

 

9.4 Equipment used 
Frequently used equipment is listed below. Other equipment used is mentioned in the text. 

 
Table 16: Frequently used equipment. 

Equipment Manufacturer 

Incubators  

Excella E25 New Brunswick Eppendorf (Eppendorf, 

Germany) 

Innova 42 New Brunswick Eppendorf (Eppendorf, 

Germany) 

Labnet 311 DS Labnet (Edison, NJ, USA) 

Centrifuges  

mini Spin plus Eppendorf (Eppendorf, Germany) 

5430R with F35-6-30 and FA-45-24-11-HS Eppendorf (Eppendorf, Germany) 

Allegra X-15R with SX4750A Beckmann Coulter (Brea, CA, USA) 

Allegra J-26XP with JLA 8.1 and JA 25.50 Beckmann Coulter (Brea, CA, USA) 

Autoclave  

MLS-3781L Panasonic (Kadoma, Japan) 

Freezers  
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MED Plus [-20˚C] Liebherr (Bulle, Switzerland) 

Ultima II [-80˚C] Thermo Fisher Scientific (Waltham, 

MA, USA) 

Spectrophotometer  

Jasco V670 with VWR RC-10 chiller Jasco (Tokyo, Japan), VWR (Radnor, 

PA, USA) 

Agilent Technologies Cary 60 UV-Vis with 18 

cell holder and Julabo EH and F12 water bath 

Agilent Technologies (Santa Clara, CA, 

USA), Julabo (Seelbach, Germany) 

Plate readers  

infinite M200 Tecan (Männedorf, Switzerland) 

infinite M1000 Tecan (Männedorf, Switzerland) 

Scales  

Extend ED4202S Sartorius (Göttingen, Germany) 

CPA324S Sartorius (Göttingen, Germany) 

Further equipment  

Pipettes: Research® Plus (2.5; 10; 20; 100; 200; 

1000; 5000 µl) 

Eppendorf (Eppendorf, Germany) 

Temperature controlled shaker: thermomixer C Eppendorf (Eppendorf, Germany) 

Shaker: New Brunswick Excella E2 Platform 

Shaker 

Eppendorf (Eppendorf, Germany) 

Vortexer: Vortex Mixer Thermo Fisher Scientific (Waltham, 

MA, USA) 

pH-meter: Lab 870 with Blue Line 15pH ID pH 

electrode 

Schott SI Analytics (Xylem, Rye Brook, 

NY, USA) 

Magnetic stirrer: MR Hei-Standard with EKT 

Hei-Con 

Heidolph (Schwabach, Germanz) 

Cold room [4˚C]: Automation direct DL06-AA 

controlled cold room 

Harris Environmental systems 

(Andover, MA, USA) 

Microscope: Micromaster, equipped with a PLAN 

100/1.25 Oil lense (160/0.17) 

Thermo Fisher Scientific (Waltham, 

MA, USA) 
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9.5 Media and storage solutions 
In general solutions and buffer were used as described according to the references mentioned 

in the methods section.  

Since literature is very limited and shows considerable differences for the buffers and 

solutions required for handling of different Halobacterium species, the used solutions and 

buffers are listed below. 

The following stock solutions were used to for media and buffer preparation, to adjust the pH 

of different media and solutions as well as during continuous stirred-tank reactor runs. If 

necessary, solutions were diluted with distilled water (milliQ-H2O) to reach the final, 

indicated concentration. 

 
Table 17: Stock solutions used. 

Component Amount 

1 M NaOH 4.0 g NaOH filled to 100 ml with milliQ-H2O 

10 M NaOH 40 g NaOH filled to 100 ml with milliQ-H2O 

1 M KOH 5.6 g KOH filled to 100 ml with milliQ-H2O 

1 M HCl 8.3 ml 37 % v/v HCl solution filled to 100 ml with milliQ-H2O 

10 M HCl 83 ml 37 % v/v HCl solution filled to 100 ml with milliQ-H2O 

1 M Tris  12.114 g filled to 100 ml with milliQ-H2O (pH adjusted with 

HCl/NaOH to indicated values) 

1 M HEPES 23.831 g filled to 100 ml with milliQ-H2O (pH adjusted with 

HCl/NaOH to indicated values) 

1 M sodium 

phosphate buffer pH 

6.5 

685 ml of 1 M NaH2PO4 (138 g/l NaH2PO4 · 4 H2O in milliQ-H2O) 

mixed with 315 ml of 1 M Na2HPO4 (142 g/l Na2HPO4 in milliQ-

H2O) (Cold Spring Harbor Laboratory. Press.) 

 

9.5.1 General media for Halobacterium strains 

 
Table 18: CM+ medium and plates. 

Component Amount 

NaCl 250 g/l [4.3 M] (wait until completely 
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dissolved) 

MgSO4 9.77 g/l [80 mM] 

Na3C6H5O7 · 2H2O (trisodium citrate) 2.84 g/l [10 mM] 

KCl 2 g/l [27 mM] (wait until completely 

dissolved) 

Peptone (bacterial, neutralized, Oxoid LTD, 

Basingstoke, England) 

10 g/l 

5 M NaOH or conc. HCl pH to 7.2 

Agar (for plates only) 20 g/l 

milliQ-H2O to 1 l 

Autoclave  

Trace metals (when temp. < 60˚C) 100 µl/l trace metal solution (Table 19) 

Selection  

Mevinolin or lovastatin (when temp < 60˚C) 1 ml/l of 20 mg/ml stock (in ethanol) [20 

µg/ml] 

 
Table 19: Halobacterium trace metal solution. 

Component Amount 

ZnSO4 · 7H2O 6.6 g/l [23 mM] 

MnSO4 · H2O 1.7 g/l [10 mM] 

Fe(NH4)2SO4 · 6H2O 3.9 g/l [10 mM] 

CuSO4 · 5H2O 0.75 g/l [3 mM] 

milliQ-H2O to 1 l 

Autoclave  

 

For the detection of beta-galactosidase activity to the CM+ plates (Table 18), 5-bromo-4-

chloro-indolyl-β-D-galactopyranoside (X-Gal) was added to 40 µg/ml. 

For long-term storage of Halobacterium, cryo-stock CM+ media was used. The preparation 

was according to CM+ media (Table 18) but with 25 % v/v of glycerol content. 

9.5.2 Halobacterium sp. SK400/MPK414 specific media 
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Table 20: HURA medium & plates. 

Component Amount 

NaCl 250 g/l [4.3 M] (wait until completely dissolved) 

MgSO4 9.77 g/l [80 mM] 

Na3C6H5O7 · 2H2O (trisodium citrate) 2.84 g/l [10 mM] 

KCl 2 g/l [27 mM] (wait until completely dissolved) 

Yeast nitrogen base without amino acids 10 g/l 

Yeast synthetic dropout medium 

supplement 

1.92 g/l 

5 M NaOH or conc. HCl pH to 7.2 (precipitate forms) 

Agar (for plates only) 20 g/l 

milliQ-H2O to 1 l 

Autoclave  

Trace metals (when temp. < 60˚C) 100 µl/l trace metal solution (Table 19) 

 

To detect the presence of the ura3 gene, CM+ 5-FOA medium & plates were made by adding 

25 ml of a 57 mM 5-FOA (5-fluoroorotic acid) stock (10 g/l, dissolved in 0.2 M Tris-HCl 

(pH 8.0)) to 1 l CM+ medium/plates (prepared according to Table 18), after the solution 

cooled down to < 60˚C. 

9.5.3 Halobacterium transformation solutions 

 
Table 21: Spheroplasting solution (Halobacterium strains). 

Component Amount 

NaCl 116.88 g/l [2 M] 

Tris-HCl (pH 8.75) 50 ml/l of 1 M stock [50 mM] 

KCl 2 g/l [27 mM] 

Sucrose 150 g/l [15 % (w/v)] 

milliQ-H2O to 1 l 

Autoclave  
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Table 22: Spheroplast dilution medium. 

Component Amount 

NaCl 250 g/l [4.3 M] 

MgSO4 9.77 g/l [80 mM] 

CaCl2 0.21 g/l [1.4 mM] 

KCl 2 g/l [27 mM] 

Na-Citrate 2.84 g/l [10 mM] 

Tris-HCl (pH 7.4) 50 ml/l of 1 M stock [50 

mM] 

Sucrose 150 g/l [15 % (w/v)] 

Peptone (bacterial, neutralized, Oxoid LTD, Basingstoke, 

England) 

10 g/l [1 % (w/v)] 

milliQ-H2O to 1 l 

Autoclave  

 

9.5.4 Buffers for protein purification, storage, and activity measurements 

The following buffers were used for protein purification using Ni-NTA. Buffers were sterile 

filtered and degassed. In case of glycerol addition, buffers were filtered before glycerol was 

added. 

 
Table 23: Halophilic protein purification buffer A, binding buffer (0.5 – 2.0 M NaCl). The standard concentrations are 

underlined. 

Component Amount 

NaCl 175.3 g/l [3.0 M], 116.9 g/l [2.0 M], 58.44 g/l [1.0 M], 

29.22 g/l [0.5 M] 

HEPES 4.8 g/l [20 mM] 

Imidazole 1.02 g/l [15 mM], 1.36 g/l [20 mM] 

1 M NaOH to pH 7.5 

Glycerol (if indicated) 100 ml/l [10 % (v/v)] 

milliQ-H2O to  1 l 
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Table 24: Halophilic protein purification buffer B, elution buffer (0.5 – 2.0 M NaCl). The standard concentrations are 

underlined. 

Component Amount 

NaCl 175.3 g/l [3.0 M], 116.9 g/l [2.0 M], 58.44 g/l [1.0 M], 

29.22 g/l [0.5 M] 

HEPES 4.8 g/l [20 mM]  

Imidazole 20.4 g/l [300 mM] 

1 M NaOH to pH 7.5 

Glycerol (if indicated) 100 ml/l [10 % (v/v)] 

milliQ-H2O to  1 l 

 

The following buffer was used to store the purified protein. 

 
Table 25: Storage buffer for halophilic proteins. The standard concentrations are underlined. 

Component Amount 

NaCl 116.9 g/l [2.0 M], 58.44 g/l [1.0 M], 29.22 g/l [0.5 M] 

HEPES 2.4 g/l [10 mM] 

1 M NaOH to pH 7.5 

Glycerol (if indicated) 100 ml/l [10 % (v/v)] 

milliQ-H2O to  1 l 

 

The following buffer was used as SDS-PAGE loading buffer 

 
Table 26: 10x SDS loading buffer. 

Component Amount 

1 M Tris-HCl pH 6.8 6 ml/100 ml [60 mM] 

Glycerin 30 ml/100 ml [30 % (v/v)] 

Saccharose 10g/100 ml [10 % (v/v)] 

SDS (sodiumdodecylsulfate) 5g/100 ml [5 % (v/v)] 

BME (beta-mecaptoethanol) 3 ml/100 ml [3 % (v/v)] 

Bromphenol blue ~20 mg/100 ml [0.02 % (w/v)] 
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The following solutions were used to stain (Table 27) and destain (Table 28) SDS-Gels. 

 
Table 27: Coomassie staining solution. 

Component Amount 

Coomassie blue (R-250) 25 mg/10 ml [0.25 % (w/v)] 

Methanol 4.5 ml/10 ml [45 %] 

Acetic acid (glacial) 0.9 ml/10 ml [9 % (v/v)] 

 
Table 28: Coomassie destaining solution. 

Component Amount 

Methanol 500 ml/l [50 % (v/v)] 

Acetic acid (glacial) 100 ml/l [10 % (v/v)] 

 

The following buffers were used for detection of his6-tagged proteins using the Western Blot 

methodology. 

 
Table 29: Western Blot transfer buffer. 

Component Amount 

TB 100 ml/l of 10x TB (Table 30) [1x] 

Methanol 200 ml/l [20 % (v/v)] 

milliQ-H2O to  1 l 

 
Table 30: 10x TB (transfer buffer). 

Component Amount 

Tris base 30.3 g/l [250 mM] 

Glycine 144 g/l [1.92 M] 

pH is automatically 8.3  

milliQ-H2O to 1 l 

 
Table 31: 10x WB Washing buffer [TBST] (dissolve to 1x in milliQ-H2O before use). 

Component Amount 
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Tris 12.1g/l [100 mM] 

NaCl 90 g/l [1.54 M] 

1 M NaOH or 1 M HCl pH to 7.4 

Tween-20 5 ml/l [0.5 % (v/v)] 

milliQ-H2O to 1 l 

 
Table 32: WB blocking buffer [TBST+]. 

Component Amount 

non-fat milk powder 5 g/l [5 % (w/v)] 

1x TBST to 100 ml/l (1ml 10x TBST  

Table 31) 

 

The following buffer was used to determine the activity of beta-galactosidase. 

 
Table 33: β-galactosidase activity buffer. 

Component Amount 

NaCl 116.9 g/l [2.0 M] 

1 M sodium phosphate 

buffer, pH 6.5 (Table 17) 

30 ml/l [30 mM] 

MgCl2 5 ml of 100 mM stock (20.3 g/l MgCl2 · 6H2O) [0.5 mM] 

KCl (usually 1 mM KCl is added, but in in vivo assays using 

Halobacterium species, this KCl is already originating from the 

used cells) 

milliQ-H2O to 1 l 

 

The following buffers were used to analyze glucose dehydrogenase activity. 

 
Table 34: Glucose dehydrogenase activity buffer, oxidative step, cell lysate and pure protein. Standard conditions are 

underlined. 

Component Amount 

NaCl 1.17 g/100 ml [0.2 M], 5.84 g/100 ml [1 M], 11.69 g/100 ml [2 

M], 17.53 g/100 ml [3.0 M], 23.38 g/100 ml [4 M] 
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Monosodium phosphate 

(anhydrous) 

0.6 g/100 ml [50 mM] 

1 M NaOH pH to 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 

NAD+ or NADP+ NAD+: 26.54 mg/100 ml; NADP+: 29.78 mg/100 ml [0.4 mM] 

D-glucose 0.9 g/100 ml [50 mM] 

milliQ-H2O to 100 ml 

Temperature 25˚C, 30˚C, 40˚C, 50˚C 

 
Table 35: Glucose dehydrogenase activity buffer, reductive step, cell lysate. 

Component Amount 

NaCl 5.84 g/100 ml [1 M] 

Monosodium phosphate (anhydrous) 0.6 g/100 ml [50 mM] 

1 M NaOH/HCl pH to 5.0 or 7.0 

NADH 66.34 mg/100 ml [1 mM] 

Pyruvic acid 17.61 µl/100 ml [2.5 mM] 

milliQ-H2O to 100 ml 

 
Table 36: Glucose dehydrogenase activity buffer, reductive step, purified protein. The standard concentrations are 

underlined. 

Component Amount 

NaCl 1.17 g/100 ml [0.2 M], 5.84 g/100 ml [1 M], 11.69 g/100 ml [2 

M], 17.53 g/100 ml [3 M], 23.38 g/100 ml [4 M] 

Monosodium phosphate 

(anhydrous) 

0.6 g/100 ml [50 mM] 

1 M NaOH/HCl pH to 7.0, 8.0, 9.0, 10.0 

NADH 6.34 mg/100 ml [0.1 mM] 

Pyruvic acid 17.61 µl/100 ml [2.5 mM] 

milliQ-H2O to 100 ml 

Temperature 25˚C, 30˚C, 40˚C, 50˚C 

 

The following buffer was used to measure carbonic anhydrase activity. 
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Table 37: Carbonic anhydrase activity buffer (room temperature) and CO2 saturated water (on ice). 

Component Amount 

Tris-HCl 242.28 mg / 100 ml [20 mM] 

1 M NaOH/HCl to pH 8.3 

milliQ-H2O to 100 ml 

store at room temperature 

milliQ-H2O 100 ml 

store at 0˚C – 4˚C (on ice) 

pressurized CO2 bubble solution for 30 min 

 

9.6 Cloning of haloarchaeal genes 

9.6.1 DNA isolation from haloarchaeal strains 

Isolation of genomic as well as plasmid DNA from haloarchaeal strains was done as 

described earlier (Holmes, Kamekura et al. 2009). In brief, 1.5 ml of grown culture was spun 

down at maximum rpm for 1 min. The supernatant was removed completely, and the pellet 

was resuspended in 400 µl milliQ-H2O (Millipore, Merck EMD, Darmstadt, Germany) to 

lyse the cells. Remaining proteins were inactivated by incubating the solution for 10 min at 

70˚C. 

9.6.2 PCR  

PCR (polymerase chain reaction) was performed using the Phusion® High-Fidelity DNA 

Polymerase (NEB, Ipswich, USA) according to manufacturer’s instructions, using the GC 

buffer. Four percentages of DMSO were added to increase the amplification result for genes 

with high GC content. Annealing was done between 55 and 58˚C, as extension time 90 

seconds per kbp (kilo base pair) were chosen. As melting temperature 72˚C was used. PCR 

was done in either a Bio-Rad C1000TM thermal cycler or a Bio-Rad T100TM thermal cycler 

(Bio-Rad, Hercules, USA). The PCR product was purified using the PCR purification kit 

(Quiagen, Venlo, Netherlands), according to manufacturer’s instructions. 

9.6.3 Spectroscopic determination of the DNA concentration 

The final DNA concentration was determined using a Nanodrop 2000c spectrophotometer 

(Thermo Scientific, Waltham, USA), according to manufacturer’s instructions. 
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9.6.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed using SYBR Green I agent (Sigma Aldrich, St 

Louis, MO, USA) as ethidium bromide replacement, in the loading dye, according to the 

manufacturer’s instructions. Gels were run at max. 140 V for 35 min because of the high salt 

content, using Mini-Sub Cell GT Cell (Bio-Rad, Hercules, MA, USA) coupled to a 

PowerPacTM Universal Power Supply (Bio-Rad, Hercules, CA, USA), according to the 

manufacturer’s instructions. As DNA length reference a peQlab 1kb DNA ladder (peQlab, 

Erlangen, Germany) was used, according to the manufacturer’s instructions. 

For analytical agarose gels, up to 10 µl (small pocket) or 20 µl (large pocket) of DNA-

loading dye mix was loaded per pocket. The final gel was analyzed using the Imaging Versa 

Doc 4000MP (Bio-Rad, Hercules, USA) system.  

For preparative gels, 4 small pockets were combined to one large comb using tape. In this 

large pocket up to 50 µl of DNA were loaded, but not more than 2 µg of total DNA. 

Detection was done according to manufacturer’s instructions using a VersaDoc 5000 MP Gel 

Imaging System with UV transilluminator (Bio-Rad, Hercules, MA, USA). 

9.6.5 Gel-extraction 

Genes of interest, after restriction digestion or PCR amplification from plasmid DNA, were 

separated using preparative agarose gels by avoiding long exposure to UV light. Gels were 

cut, using a scalpel (VWR, Radnor, PA, USA), on a UV-light plate (UVP, Upland, CA, USA) 

at the energetically lowest illumination at the longest wavelength of 365 nm with an exposure 

time of ≤ 3 seconds. Gel-extraction was done using the peqGold Cycle Pure Kit (peQlab, 

Erlangen, Germany), with a melting temperature of 63˚C. Elution was done with 50 µl of 

sterile milliQ-H2O (Millipore, Merck EMD, Darmstadt, Germany), which was preheated to 

60˚C. The final DNA solution was concentrated using a SAVANT SPD 2010 SpeedVac 

concentrator (Thermo Scientific, Waltham, USA).  

9.6.6 Restriction digest 

The restriction digest was performed using 10 U of restriction enzyme per 100 µl assay with 

a maximum of 4 µg DNA according to manufacturer’s instructions, except the incubation 

time, which was overnight. In case of NdeI and BamHI, a double digest was performed. 

Fragments after digest were purified via gel-extraction or, in case of the digest of PCR 

fragments the PCR purification kit (Qiagen, Venlo, Netherlands). 



155 
 

9.6.7 DNA-ligation 

Ligation of DNA was done using 20 U of the T4 DNA ligase from NEB (Ipswich, MA, 

USA). The ratio of vector DNA to insert DNA was 1:3 with 0.075 pmol backbone (about 100 

ng) and 0.025 pmol insert. The reaction volume was 10 µl. The ligation was done at 16˚C for 

16 hours. 

9.6.8 DNA-sequencing 

To verify every PCR product, as well as all vector constructs created, the obtained DNA was 

sequenced at the bioscience core laboratory of the King Abdullah University of Science and 

Technology (KAUST, Thuwal, KSA) according to their instructions. Sequencing primers 

(Table 15) were provided accordingly. 

9.7 Microbial handling of Halobacterium species 

9.7.1 General handling 

Although Halobacterium species do not require sterile handling because of their high salt 

preference, all work was done under sterile conditions, to avoid cross contaminations. 

Halobacterium strains were grown in CM+ medium (Table 18) at 42˚C and 220 rpm shaking 

if not indicated differently. Growth was analyzed spectrophotometrically at a wavelength of 

650 nm to reduce the influence of the red cell color on the measurement. Medium and plates 

were stored at a dark location and 4˚C for up to 6 months without antibiotics and for up to 3 

months with mevinolin or lovastatin addition. Liquid cell cultures or colonies on plates were 

stored at room temperature for up to one month, if antibiotics were added, storage was at a 

dark location. For long time storage cryo stocks were used, by growing Halobacterium cells 

to the logarithmic phase, spinning the cells down at 4,500 xg for 10 min and resuspending the 

cells in 1 ml of 25 % (v/v) glycerol CM+ medium, followed by shock freezing in liquid 

nitrogen and storage at -80˚C. The handling of Halobacterium species in the continuous 

stirred-tank reactor is explained later in detail. 

9.7.2 Transformation 

The following protocol was used for the transformation of all used Halobacterium strains. 

The procedures for day 1 and 2 are universal, whereas the procedure of day 3 is only for 

Halobacterium sp. NRC-1 and the procedure of day 5 is only for Halobacterium sp. 

SK400/MPK414. 
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Day 1 (for all used Halobacterium strains) 

1. Inoculation of cells from a frozen glycerol stock into 5 ml CM+ media (Table 18). 

Growth to mid-log phase at 220 rpm and 42˚C. 

2. Transfer of 1.0 ml culture into 50 mL of CM+ media in a 300 mL flask (50 fold 

dilution) and growth to mid-log phase at 220 rpm, 42˚C until OD600 reaches 0.8-1.0. 

3. Chilling of cultures on ice for 10 min on ice. 

4. In the meantime place PEG600 at 30˚C for melting. 

5. Transfer of the cells to pre-chilled (4˚C) centrifuge bottle. 

6. Centrifugation of the necessary amount of cells (2 ml solution/transformation) at 

7,500 xg for 10 min at 4˚C. 

7. In the meantime preparation of 60 % (v/v) PEG-600/spheroplasting solution (Table 

21) (210 µl/transformation (including 2x control transformations)), store at room 

temperature. 

8. Decanting of the supernatant, removing as much supernatant as possible (turn bottle 

over onto paper towel to allow to drain) and the addition of 1/10 culture volume (5 ml 

if the original culture was 50 ml) of ice-cold spheroplasting solution. 

9. Gentle resuspending of the cell pellet using a 1000 µl pipette. 

10. Transfer of the solution to a 15 ml tube and the addition of a 1 to 20 dilution of 0.5 M 

EDTA (pH 8.0) (250 µl if 5 ml) and swirl gently, followed by incubation at room 

temperature for 10 min. 

11. Examination of cells under a microscope before proceeding. About 90 – 100 % of 

cells should be circular in shape (spheroplasted). If not, addition of another 1 to 20 

dilution of EDTA solution, followed by re-incubation and re-examination of the cells. 

The cells are now much more vulnerable to lysis due to loss of their S-layer. 

12. Preparation of the necessary amount of microfuge tubes: [2x control + X amount of 

transformations] x 2 

13. Preparation of the DNA and control solutions to a final volume of 10 µl each: 

a. Experimental: 1 µg plasmid DNA with spheroplasting solution to a total 

volume of 10 µl  

b. Negative control: 10 µl of spheroplasting solution 

c. Positive control (e.g., pMC2): 1 µg plasmid DNA with spheroplasting solution 

to a total volume of 10 µl 
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14. Transfer of 200 µl of cell suspension into each of the 2 + x microfuge tubes, followed 

by the addition of the 10 µl of DNA and control solutions to each of the microfuge 

tubes. 

15. Mixing of the solution by swirling or very gentle inversion. 

16. Incubation at room temperature for 5 min. 

17. Addition of an equal volume (210 µl) of freshly prepared 60 % (v/v) PEG-

600/spheroplasting solution mix to sides of tubes (NOTE: if the PEG is not melted, 

the experiment will fail, and if the temperature of the PEG is above room temperature, 

the experiment will also fail). 

18. Mixing by rotating the tube briefly and gently until the mixture is homogenous. 

19. Incubation at room temperature for 20 min. 

20. Addition of 1 ml of spheroplast dilution medium (Table 22) to the tube and mixing by 

gentle inversion of the tube. 

21. Centrifugation at 4,500 xg for 4 min. 

22. Gentle decanting of the supernatant, followed by placing the microfuge tube upside 

down on a Kimwipe (Kimberly-Clark Professional, Rosswell, GA, USA) for about 30 

sec. to allow all liquids to drip out. 

23. Gentle resuspension of the cell pellet in 1 ml of dilution media, by cutting the tip of a 

1000 µl pipette, deflashing the cut corners by shortly melting the cut part over a 

flame, followed by resuspension through pumping. Stop after max. 30 pumping 

actions, even if the pellet is not fully resuspended. 

24. Transferring the cultures to test tubes and incubate them at 37˚C with shaking (150 

rpm – no higher, as this may result in cell lysis). 

 

Day 2 (for all used Halobacterium strains) 

1. Addition of 1 ml of CM+ media to the cell solution and returning to the incubator. 

 

Day 3 (for Halobacterium sp. NRC-1) 

1. Examination of cultures and analysis of the regeneration of the S-layer, by 

microscopic analysis of the number of cells that returned to their normal, rod shape. 

When 75 – 100 % of the cells are regenerated, 50, 100 and 200 µl of cells were plated 

on CM+ plates with the selection marker mevinolin or lovastatin (Table 18).  

2. Incubation of the plates at 42˚C for about 3-7 days. 
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Day 5 (for Halobacterium sp. SK400/MPK414) 

1. Examination of cultures and analysis of the regeneration of the S-layer, by 

microscopic analysis of the number of cells that returned to their normal, rod shape. 

When 75 – 100 % of the cells are regenerated, streaking out one plate, and plating out 

50, 100 and 200 µl, on Halobacterium uracil dropout media (HURA) plates (Table 

20). 

2. Incubation at 42˚C for about 7 to 10 days. 

3. Picking off the five largest colonies per reaction (to a total of 20, since there should be 

no colonies on the control plate) and inoculation in 5 ml HURA media. Only the top 

of the colonies should be transferred into the HURA media, to avoid transferring the 

non-growing, but still viable cells that do not have the 1st crossover integration. 

4. Incubation of the cultures at 42˚C with 150 rpm shaking for ~ 4 until the solution 

becomes turbid. The resulting cells have the pBB400 plasmid integrated into their 

genome, indicating the first crossover event worked. 

5. To analyze the cells for the final knock-out and therefore the second crossover event, 

plating a loop full of culture from two positive clones per plasmid onto HURA plates 

for isolation of single colonies, as they may be needed later.  

6. Streaking out the grown positive clones, and plating out 50, 100 and 200 µl each of 

the same culture, all on CM+ 5-FOA plates (0.25 mg 5-FOA/ml). Colonies will appear 

in ~ 5 days at 42˚C. 

7. Isolation of total genomic DNA (about 5 colonies per plasmid) and analysis of 

recombinants by PCR for the absence or presence of the gene of interest. 

9.8 Generation of the carbonic anhydrase Halobacterium knock-out strain 
The native carbonic anhydrase of Halobacterium sp. NRC-1, named icfA was knocked-out, 

using crossover PCR, and the pBB400 vector, as described in (Berquist, DasSarma et al. 

2007). 

To create the vector insert into pBB400 required for a gene knock-out, in total, three PCRs 

were performed. The first two to generate the 3’ and 5’ flanking regions around the gene that 

should be knocked-out, each, followed by the third PCR that joint these parts, the so-called 

crossover PCR. The first two PCRs were asymmetric with 32.3 µM 5’-O primer and 24.7 µM 

5’-I primer for the first and 46.6 µM 3’-O and 13.6 µM 3’-I primer for the second PCR (see 



159 
 

Table 15 and Figure 21). Both PCRs were performed each in a 50 µl scale using 50 ng of 

genomic DNA and the Phusion® High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA), 

according to manufacturer’s instructions, at the 70˚C annealing temperature for the flanking 

regions and 55˚C annealing temperature for the crossover PCR. In all cases 4 % (v/v) DMSO 

were added. The resulting PCR band was purified via Gel-extraction. 

The crossover PCR was performed on a 50 µl scale using 80 ng of each previously amplified 

PCR product, as well as 32.3 µM 5’-O primer and 46.6 µM 3’-O primer. The resulting PCR 

band was purified via gel-extraction. 

The crossover PCR product as well as the pBB400 vector were digested each with the 

restriction enzymes EcoRI and HindIII (NEB, Ipswich, MA, USA) and joint via ligation.  

The pBB400 vector containing the flanking regions of the native icfA gene was then 

transformed into Halobacterium sp. SK400/MPK414. 

9.8.1 Positive control pMC2-icfA 

As a positive control for a potential phenotype of the Halobacterium SK400 ∆icfA strain, the 

native carbonic anhydrase (icfA) was cloned into pMC2 using the PCR product of using the 

icfA-F and icfA-R primer (Table 15) on genomic DNA isolated from Halobacterium sp. 

NRC-1. 

9.9 Gene-expression and cell disruption 

9.9.1 Shaking flasks 

Halobacterium cells were grown to an OD650nm of 1.0 at 42˚C and 220 rpm shaking in the 

CM+ medium. Cooling the solution in the incubator to 15˚C induced gene expression. To 

increase expression yields, cells were incubated for another 3 days (72 hours). 

After gene expressions, cells were spun down at 4500 xg for 30 min at 4˚C, and the 

supernatant was discarded. The cell pellet was then either frozen at -80˚C and stored until 

further use (for which it was unfrozen on ice) or directly used. 

9.9.2 Continuous stirred-tank reactor 

The detailed procedure for protein expression in Halobacterium sp. NRC-1 or Halobacterium 

salinarum is described in the appropriate section of the results part.  

As continuous stirred-tank reactor, an analytical DasGip Reactor (DasGip, Eppendorf, 

Eppendorf, Germany) was used with up to 8x 2.0 l continuous stirred-tank reactors. If not 

mentioned otherwise, growth of Halobacterium salinarum or Halobacterium sp. NRC-1 was 
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performed in 500 ml assays, at 42˚C, pH 7.6 and 70 % dissolved oxygen (DO), with a 1 to 25 

dilution of inoculum (20 ml for 500 ml). The reactor was set up as aerobic batch and to 

control the DO by adopting the stirrer speed between 400 to 1200 rpm with constant gas-flow 

(6 l/h) of pressurized air. In case the aeration was not sufficient to keep the set dissolved 

oxygen level, the amount of oxygen in the gas-mixture was automatically increased using O2 

from a pressurized gas cylinder. The pH value is automatically kept at the set value by 

pumping either 2 M NaOH or 2 M HCl. Gene expression is induced by cold shock. Hence the 

pH value was adjusted accordingly after changing temperature since the pH reading is 

temperature depending. To avoid foam accumulation 0.5 ml of 5 % (v/v) antifoam A solution 

was added after inoculation as well as every 12 hours for the first 48 hours of a run. The 

antifoam addition was doubled after 48 hours to 1.0 ml every 12 hours. The DasGip reactor 

system is able to measure cell growth inside the reactor, but only at an OD of 600 nm. Since 

the bacteriorhodopsin responsible for the red color of the Halobacterium cells (Oesterhelt and 

Stoeckenius 1971) interferes with the typical reading for cell mass at 600 nm, samples were 

taken in regular intervals, and the cell growth was analyzed spectrophotometrically at 650 

nm. The DasGip system was controlled using a computer running with Microsoft Windows 7 

and the DasGip control 4.0 revision 622 software. 

The system consisted of the following modules: two DasGip OD4 (in reactor measurement of 

OD600nm), two DasGip PH4 PO4 RD4 (controlling of pH, redox potential and the filling status 

of the reactors), eight DasGip MX4/4 (controlling the ingas), two DasGip GA4 (offgas 

analyzer), two DasGip MP4 (peristaltic pumps), two DasGip BioBlock (adjusting the 

temperature and holding the reactors), eight DasGip SR1500ODLS overhead stirrer bottles 

(the actual reactor vessels, that can be operated between 500 and 2000 mL), two DasGip 

TC4SC4 (controlling of temperature and stirrer speed). The modules were connected to the 

following sensors: eight DasGip OD sensors (measuring OD600nm), eight DasGip pH 

electrodes, eight DasGip redox electrodes (for anaerobic cultivation), eight DasGip pO2 

electrodes (measurement of dissolved oxygen), eight DasGip level sensors (measurement of 

vessel filling). Each reactor contained two six-blade impellers mounted 4 cm apart from each 

other. 

The DasGip reactor system was used according to manufacturer’s instructions, except the 

autoclaving, because of the high salt content of the medium used for the growth of different 

Halobacterium species, autoclaving can harm the vessels and sensors of the system. 
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Therefore, both, sensors and vessels were sterilized using 70 % v/v isopropanol, followed by 

washing with sterile milliQ-H2O. 

9.9.3 Cell disruption of Halobacterium cells 

The cell pellet was re-suspended in pre-chilled purification buffer A (Table 23) (without 

imidazole) in the ratio of 5 ml buffer per 1 g wet cell pellet. Additionally, 1 mM Pefabloc 

(AEBSF, 4-(2-aminoethyl)-benzensulfonylfluorid) protease inhibitor was added to the 

solution. The cell disruption was done using a Q500 sonication system (QSONICA, 

Netwtown, CT, USA) with a 1.9 cm probe (Thermo Scientific, Waltham, USA) with 30 % 

amplitude and 50 % pulse time and 1 min total time per 1 ml of cell solution. The cell 

solution was kept on ice during the whole process. 

After cell disruption, the solution was centrifuged for 30 min at 4˚C and 45’000 xg. The 

supernatant was stored at -80˚C, or directly loaded on the purification column. 

9.10 Protein purification and analytical methods 

9.10.1 Immobilized metal affinity chromatography (IMAC) 

Genes targeted for purification contained either a his6- or his7-tag, allowing the use of IMAC 

with Ni2+ as an immobilized cation. 

The cell lysate was loaded (1.5 ml/min) onto a 5 ml HisTrapTM HP nickel chelating sepharose 

column (GE Healthcare, Little Chalfont, UK), which was equilibrated with purification 

buffer A (Table 23) using a ÄKTAprime plus system (GE Healthcare, Little Chalfont, UK). 

The column was washed with buffer A. To elute the proteins either a gradient from 0 – 50 % 

(v/v) buffer B (Table 24), with an increase of 1 % per mL, followed by a direct jump to 100 

% (v/v) buffer B, or the two-step purification method described in the results part was used. 

The eluent was collected in fractions of 2 ml if not mentioned otherwise. After purification, 

the system was washed with milliQ-H2O and 20 % (v/v) ethanol. The column was 

regenerated after each purification, against the normal direction of flow according to 

manufacturer’s instructions and recharged. 

9.10.2 Dialysis 

For buffer exchange of solutions ≥ 5 ml a cellulose tube was used (dialysis tubing cellulose 

membrane average flat, Sigma Aldrich, St. Louis, MO, USA) with a molecular weight cut off 

(MWCO) of > 14 kDa, according to manufacturer’s instructions. For smaller volumes, a 
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Slide-A-LyzerTM MINI Dialysis unit (Thermo Fisher Scientific, Waltham, MA, USA) with an 

MWCO of 10 kDa was used according to manufacturer’s instructions.  

9.10.3 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used for the 

visualization of proteins. A 10 % SDS-PAGE was used using a Mini-PROTEAN® Tetra Cell 

System from Bio-Rad (Bio-Rad, Hercules, CA, USA) with a PowerPacTM Universal Power 

Supply (Bio-Rad, Hercules, CA, USA) according to manufacturers instructions. To secure 

complete dissociation and unfolding of proteins, the protein-containing solution was 

incubated for at least 10 min at 95˚C with SDS loading buffer (Table 26). To obtain clear 

bands, the protein sample from the main peak after Ni-NTA was diluted (with milliQ-H2O 

and SDS loading buffer) to a final protein concentration of 3 mg/ml. Ten µl of the diluted 

protein was loaded per gel lane, to reach a final concentration of 30 µg/lane. Molecular 

weight marker, peQlab Protein Marker I (peQlab, Erlangen, Germany) was used according to 

manufacturers instructions. After the run, the gel was stained by incubating for 5 min in 

~50˚C warm Coomassie staining solution (Table 27), followed by 3x 10 min in ~50˚C warm 

destaining solution (Table 28). Gels were scanned using an HP Scanjet 5590 (Hewlett 

Packard, Palo Alto, CA, USA) after destaining. 

9.10.4 Western Blot 

Western Blot (WB) was used to visualize his6-tagged proteins using a MiniTrans-Blot Cell® 

(Bio-Rad, Hercules, Ma, USA). The protein samples were separated using SDS-PAGE with 

either a prestained protein standard (PageRulerTM prestained protein ladder, Thermo Fisher 

Scientific, Waltham, MA, USA) or a protein standard that contains his6-tagged proteins 

(Bench MarkTM, his-tagged Protein Standard, Invitrogen, Waltham, MA, USA). The SDS-

PAGE was not stained before use. To remove excess salt in the protein sample, the SDS-

PAGE-Gel was washed 3 times for 10 min each, with milliQ-H2O at room temperature. 

Afterwards, the gel was incubated for 10 – 15 min in WB transfer buffer (Table 29). The WB 

membrane including the transfer membrane (PVDF) was obtained as Blotting Sandwich 

Immobilon-P (Sigma Aldrich, St. Louis, MO, USA). The PVDF membrane was activated by 

soaking for 15 sec. in methanol, followed by washing for 2 min in milliQ-H2O. Afterwards 

both, the membrane, as well as the transfer paper (of the sandwich), was equilibrated for 2 

min in WB transfer buffer. Then, the blotting sandwich was piled according to 

manufacturer’s instructions and placed in the blotting chamber (cathode, sponge, transfer 



163 
 

paper, SDS-gel, PVDF membrane, transfer paper, sponge, anode). The chamber was filled 

with cold WB transfer buffer, magnetic stirrer and ice block according to manufacturer’s 

instructions and the transfer was done at 4˚C, for 1h 15min at 350 mA for one and 1 h 50 min 

at 350 mA for two gels. The blotting chamber was powered by a PowerPacTM Universal 

Power Supply (Bio-Rad, Hercules, CA, USA). After blotting the SDS-Gel was Coomassie 

stained and the PVDF membrane was washed in milliQ-H2O. 

For the immunological detection was done according to manufacturer’s instructions using 6x-

His Tag Monoclonal Antibody, 4A12E4 (Thermo Fisher Scientific Waltham, CA, USA) as 

primary antibody (1:5,000 dilution) followed by a goat anti-mouse IgG (H+L) antibody, HRP 

(62-6520) (Thermo Fisher Scientific Waltham, CA, USA) as secondary antibody (1:4,000 

dilution). The activity of the horseradish peroxidase of the secondary antibody was done 

according to manufacturer’s instructions using the ClarityTM Western ECL Blotting Substrate 

(Bio-Rad, Hercules, MA, USA) and a VersaDoc 5000 MP Gel Imaging System with UV 

transilluminator (Bio-Rad, Hercules, MA, USA) in the modus chemiluminescent detection 

Ultra. 

9.10.5 Protein concentration determination 

The Lambert-Beer law was used in combination with a Nanodrop 2000c spectrophotometer 

(Thermo Scientific, Waltham, CA, USA) to determine the protein concentration, according to 

manufacturer’s instructions. The extinction coefficient at 280 nm was calculated, based on 

the amino acid sequence, using the software Protparam. 

9.10.6 Concentrating protein solutions 

To increase protein concentration Amicon Ultracel® concentrators (Merck Millipore, 

Billerica, MA, USA with an MWCO of 10 kDa were used according to manufacturer’s 

instructions. 

9.10.7 Tryptic digest and peptide identification by LTQ-Orbitrap 

Protein bands of interest were manually excised from the SDS-PAGE gel before preparing 

them for tryptic digest using 200 ng of trypsin (Worthington Biochemical Corp., Lakewood, 

NJ), as described previously (Thomas, Marondedze et al. 2013). Protein identification was 

performed using an LTQ Orbitrap mass spectrometer (Bruker, Bremen, Germany), as 

described previously (Thomas, Marondedze et al. 2013). 
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9.11 Enzyme activity tests 

9.11.1 β-galactosidase activity 

Activity of the halophilic β-galactosidase bgaHL was performed at room temperature in acryl 

gals (poly(methyl methacrylate), PMMA) cuvettes by dissolving 20 µl of cell solution in 780 

µl of beta-galactosidase activity buffer (Table 33) and adding 100 µl of 2.0 % (v/v) Triton X-

100, followed by short mixing. This solution was incubated for 5 min at room temperature to 

ensure complete cell lysis before 100 µl of ONPG solution (6.0 mg/ml dissolved in beta-

galactosidase activity buffer) were added, and the change in absorption at 420 nm was 

monitored over time. To compare the activity of cultures with different amounts of cells, the 

resulting slope was divided by the OD650nm value. 

9.11.2 Glucose dehydrogenases 

Enzymatic activity of glucose dehydrogenases was done using spectrophotometric based 

assays measuring the interconversion of NAD(P)H to NAD(P)+ at 340 nm using either the 

glucose dehydrogenase activity buffer for the oxidative- (Table 34) or reductive-step (Table 

35 and Table 36). Either 2.5 mM or the indicated amount of substrate was used. In case of the 

activity testing of cell-free lysate, 100 µl cell-free lysate per 1 ml of total reaction volume 

was used. In case of purified protein, about 25 µg protein was used per 100 µl of reaction 

mixture. 

9.11.3 Carbonic anhydrase 

The activity of carbonic anhydrases in vitro was analyzed as described earlier (Warrier, 

Lalitha et al. 2014). In short: To 3.0 ml of activity buffer (Table 37), were 2.0 ml of ice-cold 

CO2 saturated water (Table 37) added while stirring at 300 rpm. Immediately afterward 50 µl 

of either ice-cold milliQ-H2O (negative control) or purified protein / cell extract were added 

while measuring the pH. The time necessary to drop the pH from 8.3 to 6.3 was measured. 

The phenol-red based stopped flow assay was performed in buffer containing 3.0 M KCl at 

40˚C by Malvina Vogler (TUM), and more details can be found in her corresponding Ph.D. 

thesis. 

9.12 Software for microbial, protein-based and crystallographic analysis 
Beside equipment specific programs, the already mentioned software for the profile pattern 

matching algorithm, the operating systems Microsoft Windows (Microsoft, Redmond, WA, 

USA) and Mac OSX (Apple Inc., Cupertino, CA, USA) as well as Microsoft Office and the 
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Adobe Creative cloud 4.2.0.221 (Adobe Systems, San Jose, CA, USA), the following 

programs were used: 

• Genomic information of Halobacterium strains were obtained from 

[https://halo.umbc.edu/] 

• Vector analysis was done using A plasmid Editor ApE v2.0.47 from M. Wayne Davis. 

• Vector maps were done using SnapGene Viewer 3.3.1 from GSL Biotech LLC 

(Chicago, IL, USA). 

• Analysis of primers was done using OligoAnalyzer 3.1 (©2013) from Integrated 

DNA Technologies, Inc (Coralville, IA, USA) 

• To analyze sequences for restriction enzyme recognition sites, NEB Cutter 2.0 from 

NEB (Ipswich, MA, USA) was used [http://nc2.neb.com/NEBcutter2/]. 

• DNA sequences were compared using the alignment tool from UniProt 

[http://www.uniprot.org/align/]. 

• Protease cutting sites were identified using PeptideCutter (ExPASy) 

[http://web.expasy.org/peptide_cutter/] 

• General information about protein sequences were obtained using ProtParam 

(ExPASy) [http://web.expasy.org/protparam/]. 

• Chemical structures were done using ChemBioDraw 14.0 (CamebridgeSoft 

Corporation, PerkinElmer, Inc, Akron, OH, USA). 

• The I-TASSER server (Roy, Kucukural et al. 2010) was used to model structures 

from amino acid sequences. 

• PyMol Molecular Graphics System V1.8 (Schrödinger, LLC, New York, NY, USA) 

was used to create images of crystal structures. 

• Yet Another Scientific Artificial Reality Application YASARA V16.9.23 was used to 

determine different parameters of crystal structures. 

• GraphSketcher 2.0 (v46) was used to create the 2-step protein elution scheme. 

• The combined transmembrane topology and signal peptide predictor Phobius (Kall, 

Krogh et al. 2007) was used to search for potential signal peptides in amino acid 

sequences, as well as to identify if the expression product might be secreted.  
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H. APPENDICES 

The parts indicated with an asterisk (*) in the legends in this chapter were published in: 

Grötzinger SW, Alam I, Ba Alawi W, Bajic VB, Stingl U and Eppinger J (2014). Front. 

Microbiol. 5:134. doi: 10.3389/fmicb.2014.00134 

10. Contributions 
To tackle the complex nature of this study, covering bioinformatics, microbiology and 

protein chemistry, the combination of expertise from multiple academic disciplines was 

required. When necessary, the author (S. Grötzinger) therefore initiated and managed 

collaborations.  

SG wrote the thesis. 

J. Eppinger and S. Arold supervised the Ph.D. project. 

10.1 Annotation 
SG conceived and developed the PPM algorithm, designed the γ-CA consensus pattern and 

developed the selection criteria for the final hits. I. Alam and W. Ba-Alawi did the 

programming of the HTML scripts. SG did the evaluation of the scripts and their versions. 

10.2 Experimental verification 
SG conceived and planned the experiments and analyzed and interpreted the data. SG 

selected the target genes (and variants) and the expression strain, purification method, 

developed the cloning strategy (including N-terminal linker), cloned icfA, CA_D, HD_K and 

HP_D and created the Halobacterium sp. SK400/MPK414 ∆icfA strain. SG tested the icfA 

rescue including CA_A and CA_D and the functional assessment of CA_A. SG established 

the use of Halobacterium salinarum and Halobacterium sp. NRC-1 in the laboratory (media 

components, selection marker, alterations in the molecular tools used, protein purification 

methods, e.g., optimization of the PCR methods, the Western Blot protocol, and the two-step 

purification method). SG and Ram Karan established Halobacterium species in the 

continuous stirred-tank reactor. SG and RK performed the growth analysis of Halobacterium 

salinarum in shaking flasks and the continuous stirred-tank reactor. SG and RK purified 

CA_D. RK performed cloning of GD_K and bgaHL and re-cloned CA_A. RK performed 

expression and purification of CA_A, GD_K and HD_K and the activity assays of GD_K and 

HD_K.   
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11. PPM algorithm associated data 

 
Figure 59: Workflow of data integration into the INDIGO warehouse starting from assembled contig sequences.* 

 
Table 38: Two examples and summary (italic) of the SAG data in INDIGO used for this work.* 
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Table 39: E.C. number coverage oft he 15 protein of interest families.* 

No POI-Group Description E.C. no. 
range 

Total E.C. 
no in class 

Non- 
redun
dant 

se
le

ct
ed

 

1 Alcohol DH Interconversion of alcohols 
and aldehydes/ketones 

1.1.1.1 - 
1.2.99.3 

101 32 25 

2 Formate 
DH 

Conversion of CO2 into 
format 

1.1.5.6 - 
1.2.2.3 

29 6 6 

3 Formaldehy
de DH 

Interconversion of 
formaldehyde and formate 

1.1.1.1 - 
3.1.2.12 

23 9 4 

4 Carbon 
monoxide 
DH 

Interconversion of CO and 
CO2 

1.2.2.4 - 
6.2.1.1 

19 4 4 

5 Ene 
reductases 

Stereo-selective reduction of 
alkenes  

1.1.1.105 - 
1.97.1.8 

1,162 107 65 

6 Protease Hydrolysis of peptide bonds 3.1.1.5 - 
3.4.99.B1 

741 217 111 

7 Terpene 
synthase 

Synthesis of basic, (mulit-) 
cyclic terpene structures 

1.14.13.B1
4 - 5.5.1.8 

35 23 17 

8 Nitrogenase Fixation of nitrogen from air 1.18.6.1 - 
3.2.2.24 

18 4 2 

9 Lipase Hydrolysis of triglyceride 
esters 

3.1.1.1 - 
4.6.1.14 

380 26 25 

10 Carbonic 
anhydrase 

Interconversion of CO2 and 
Bicarbonate  

4.2.1.1 58 1 1 

11 Acetylene 
hydratase 

Synthesis of aldehydes from 
acetylene 

4.2.1.112 2 1 1 

12 Acetyl-CoA 
synthetase 

Activation of acetate for 
further conversion 

6.1.1.X 8 3 3 

13 pylRS Aminoacyl tRNA synthetase, 
acting on pyrrolysin 

6.1.1.26 1 1 1 

14 pyltRNA tRNA coding for pyrrolysine 
(22nd amino acid) 

- 0 0 0 

15 Aquaporins Integral membrane proteins 
controlling osmotic pressure 

- 0 0 0 

Total 2,577 433 264 
 
Table 40: All 265 E.C. numbers selected as input for the PPM algorithm.* 

See supplementary “Data Sheet 3” from (Grötzinger, Alam et al. 2014) 

[https://www.frontiersin.org/articles/10.3389/fmicb.2014.00134/full]. 
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Table 41: The 171 GO terms used for the profile analysis.* 

See supplementary “Data Sheet 4” from (Grötzinger, Alam et al. 2014) 

[https://www.frontiersin.org/articles/10.3389/fmicb.2014.00134/full]. 

 

 
Figure 60: Amino acid sequence of the gamma carbonic anhydrase from Methanosarcina thermophila (NCBI Reference 

Sequence: WP_052721819.1) and the 180 amino acids long motif relevant for carbonic anhydrase function. 

 

 
Figure 61: Sequence alignment of the Red Sea brine pool hit DR_K and its homolog, the dihydrodipicolinate reductase from 

E. coli 1ARZ. In bold are the start and stop residues of the 1ARZ crystal structure marked. Orange represents the residues of 

the consensus pattern PROSITE PS 01298. Cyan represents the residues taken into consideration by PFAM to annotate 

PF01113, which is directly correlated to the GO-term GO:0008839. PFAM also took the consensus pattern into 

consideration. Asterix (*) indicates positions, which have a single, fully conserved residue. Colon (:) indicates conservation 

between groups of strongly similar properties, and period (.) of weak similarity. 

 

Cam     1 MMFNKQIFTILILSLSLALAGSGCISEGAEDNVAQEITVDEFSNIRENPVTPWNPEPSAP  60 
Motif   1 ----------------------------------QEITVDEFSNIRENPVTPWNPEPSAP  26 
                                            ************************** 
Cam    61 VIDPTAYIDPQASVIGEVTIGANVMVSPMASIRSDEGMPIFVGDRSNVQDGVVLHALETI 120 
Motif  27 VIDPTAYIDPQASVIGEVTIGANVMVSPMASIRSDEGMPIFVGDRSNVQDGVVLHALETI  86 
          ************************************************************ 
Cam   121 NEEGEPIEDNIVEVDGKEYAVYIGNNVSLAHQSQVHGPAAVGDDTFIGMQAFVFKSKVGN 180 
Motif  87 NEEGEPIEDNIVEVDGKEYAVYIGNNVSLAHQSQVHGPAAVGDDTFIGMQAFVFKSKVGN 146 
          ************************************************************ 
Cam   181 NCVLEPRSAAIGVTIPDGRYIPAGMVVTSQAEADKLPEVTDDYAYSHTNEAVVYVNVHLA 240 
Motif 147 NCVLEPRSAAIGVTIPDGRYIPAGMVVTSQAEAD-------------------------- 180 
          **********************************                           
Cam   241 EGYKETS 247 
Motif 181 ------- 180 
	

1ARZ   1 MHDANIRVAIAGAGGRMGRQLIQAALALEGVQLGAALEREGSSLLGSDAGELAGAGKTGV  60 
DR_K   1 ----MIKVAVCGACGRMGQRIVKTVSEKEDMEIVAALDEPGTSKAGEDIGNVVGIGKLDV  56 
         *:**:.** ****::::::.   *.::: ***:. *:*  *.* *::.* ** .* 
1ARZ  61 TVQSSLDA----VKDDFDVFIDFTRPEGTLNHLAFCRQHGKGMVIGTTGFDEAGKQAIRD 116 
DR_K  57 KIGEADEIEKVLRESKPEVLADFTVAEAAVQNVNAAAKAKVPVVVGTTGFSDEQRAEMEE 116 
         .: .: :      :.. :*: ***  *.:::::  . :    :*:*****.:  :  :.: 
1ARZ 117 A--AADIAIVFAANFSVGVNVMLKLLEKAAKVMGDYTDIEIIEAHHRHKVDAPSGTALAM 174 
DR_K 117 IIKNSQIPAVIAPNMSVGVNVFFKLVEEAAEKLKEY-DMELVEAHHNKKVDAPSGTALTA 175 
         ::*  *:* *:******::**:*:**: : :* *:*::****.:**********:  
1ARZ 175 GEAIAHALDKDLKDCAVYSR-EGHTGERVPGTIGFATVRAGDIVGEHTAMFADIGERLEI 233 
DR_K 176 AKIAAESSGKDFEKAARFGRPKGNLGERPENEIGVHSIRAGDIAGDHDFIFAGPSERLEI 235 
         .:  *.: .**::..* :.* :*: ***  . **. ::*****.*:*  :**. .***** 
1ARZ 234 THKASSRMTFANGAVRSALWLSGK--ESGLFDMRDVLDLNNL 273 
DR_K 236 VHRAQSRQAFVGGVIKAIRHLAEKGEPGEIQDMQDVLFGEEK 277 
         .*:*.** :*..*.:::   *: *   . : **:***  ::  
 
An * (asterisk) indicates positions which have a single, fully conserved 
residue. 
A : (colon) indicates conservation between groups of strongly similar 
properties - scoring > 0.5 in the Gonnet PAM 250 matrix. 
A . (period) indicates conservation between groups of weakly similar 
properties - scoring =< 0.5 in the Gonnet PAM 250 matrix. 
Bold = start and stop residues of the 1ARZ crystal structure 
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Table 42: The 49 consensus pattern used for the pattern analysis. […] stands for either or, ((…)) stand for any amino acid 

except the listed, x stands for any amino acid and the potential number behind it in brackets x(number) for the amount of any 

amino acid.* 

See supplementary “Data Sheet 5” from (Grötzinger, Alam et al. 2014) 

[https://www.frontiersin.org/articles/10.3389/fmicb.2014.00134/full]. 

 

 
Figure 62: Phylogenetic relationships of the PPMA pattern hit “iron-containing alcohol dehydrogenase” (AF_D). Based on 

the amino acid sequence, only one close related archaeon Thermococcus kodakarensis could be found, indicating a close 

relation of the sequence to the bacterial kingdom. The closest junction occurs at about 0.47 amino acid substitutions per site, 

with Thermosediminibacter oceani. Scale bar: 0.1 amino acid substitutions per site.* 

 

 
Figure 63: Phylogenetic relationship of the PPMA pattern hit “D-isomer specific 2-hydroxyacid dehydrogenase” (HD_K). 

The amino acid sequence shows as expected the bacterial kingdom as closest described relative; the junction with Petrotoga 

mobilis is about 0.29 amino acid substitutions per site. Scale bar: 0.05 amino acid substitutions per site.* 
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Figure 64: Evolutionary relationships of the PPMA pattern hit “halolysin” (HP_D). The closest relatives are from the 

kingdom of archaea. The closest junction, at about 0.33 amino acid substitutions per site branches to Halogeometricum 

borinquense. Scale bar: 0.1 amino acid substitutions per site.* 
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12. Annotation verification associated data 
 

 
Figure 65: pMC2 Expression vector for the expression of recombinant proteins in Halobacterium species.  

 

 
Figure 66: pEX-K shipping vector for synthesized genes from GeneArt. Without BamH1 restriction site and therefore added 

during gene order. 

 
Table 43: Detailed information about mass, amount of amino acids and isoelectric points of the proteins expressed during 

this work. His6 indicates that the expression product contained 6 N terminal histidine residues for purification. The by 35 % 

Unique Cutters Bold
Sequence:  pMC2.dna  (Circular / 7900 bp)
Enzymes:  Unique 6+ Cutters  (32 of 646 total)
Features:  8 visible, 8 total

Printed from SnapGene® Viewer:  26. Mär 2014  11:54 Page 1

MfeI(110)  

AarI(7370)  
SnaBI(7287)  

SbfI(6237)  
XbaI(6221)  
SpeI(6215)  

BamHI(6209)  

AleI(6003)  

BstXI(5291)  

PvuII(4958)  

AgeI(4603)  

SacI(4285)  
Eco53kI(4283)  

PspXI(4230)  
NdeI(4105)  

HindIII  (206)
ZraI  (314)
AatII  (316)

ScaI  (754)
PvuI  (866)

FspI  (1012)
AseI  (1060)

PciI  (2123)

BspQI - SapI  (2240)

AscI  (2671)

SgrDI  (2818)

StyI  (3140)
MscI  (3166)

BstBI  (3315)

EcoRV  (3630)
NsiI  (3694)

pMC2
7900 bp

PacI(2500)		

BmeT110I(2491)		

AvaI	-	BsoBI	-	PaeR7I	-	PspXI	-	XhoI(2490)		

HincII(2486)		

AccI(2485)		

SalI(2484)		

NdeI(2479)		

TatI(2462)		

pEX-For(2380	..	2400)		

PfoI(2341)		

EcoO109I(2284)		

AatII(2230)		

ZraI(2228)		

AgeI(2104)		

RsrII(1953)		

NaeI(1939)		

NgoMIV(1937)		

MslI(1874)		

BtgI	-	NcoI(1869)		

SphI(1842)		

BssHII(1834)		

BanII(1802)		

BsaAI(1741)		

BsrDI(1670)		

NmeAIII(1661)		

PflFI	-	Tth111I(1555)		

FspI(1539)		

MscI(1519)		

PstI(1490)		

BmrI(1386)		

EagI(1343)		

BclI*(1278)		

BglII(1273)		

PacI		(9)

XbaI		(13)

NheI		(19)

BmtI		(23)

ApoI	-	EcoRI		(25)

lac	operator

pEX-Rev		(75	..	100)

BtsαI		(144)

AflIII	-	PciI		(358)

AlwNI		(774)

BspEI		(1170)

XcmI		(1253)

pEX-K
2507	bp
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increased mass is based on observations about the slower migration of negatively charged proteins on SDS-PAGE, described 

earlier (Halladay, Jones et al. 1993). 

Abbreviation Molecular mass 

(Da) 

Molecular mass 

+35 % (kDa) 

Amount of 

amino acids 

Isoelectric 

point 

His6-CA_A 20,163 27.22 177 8.94 

His6-CA_D 21,135 28.53 189 6.26 

His6-GD_K 28,443 38.40 263 5.1 

His6-HD_K 39,512 53.34 356 5.36 

His6-HP_D 57,082 77.06 543 4.13 

bgaHL 78,057 105.38 700 4.4 

icfA 23,635 31.91 220 4.3 

 

 
Figure 67: Growth curve of Halobacterium salinarum in the continuous stirred-tank reactor, using the optimized growth 

conditions, expressing bgaHL. “42˚C” or “30˚C” = continuous cultivation at the indicated temperature, “15˚C,ODX” = 

initial growth at 42˚C, followed by changing the temperature to 15˚C at OD650 of X. “SF” = control experiment in shaking 

flasks, using the standard CM+ medium. 
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Figure 68: Amino acid sequence of the co-eluting vng2021 hypothetical-, but highly conserved, protein. 

 

 
Figure 69: Tryptic digest of GD_K, identified peptide sequences are marked in bold. Total sequence coverage 36 %. 

 
Figure 70: Tryptic digest of HD_K, identified peptide sequences are marked in bold. Total sequence coverage 62 %. 

 

 
Figure 71: Tryptic digest of vng2021, identified peptide sequences are marked in bold. Total sequence coverage 51 %. 

 

  1 MADAPPTDEG WFVLHDCYTV DWDAWRDAPE RDRTAALDDA ASFLADREAL
 51 ADADEGESGV FSITGQKADL LFVHFRESLD ELDRIQRAFE QTAFAEYTER
101 AHSYVSVVEI SGYTAPDYFE DPDSVDDGLR QYFESKLTPE IPDDTYVSFY
151 PMSKRRQPEQ NWYDLPIEER AEMMDVHGDL GKQYAGKVSQ VIASSVGLDD
201 MEWGVTLFAD DLTDIKDIVY EMRFDEVSAK YGAFGDFFVG RRFPPADLPA
251 FMAGERVPAP EGGADAHGEG ERTHHHGDSD HHDGDDGEQH HHSTGDEADD
301 GIRGELADED IYAGQPHGED VYATVLYSEA GADDLFEEVE GLRGNFEHYD
351 THVKTAVYDG HEADRRAVVS IWDTASAADT AAGFLADLPE VVERAGEESG
401 FGTMGMFYET KPEHTAEFVE KFDTVAGVLA DMDGHFDTDL MVNVENDDDM
451 FIASQWRSQE DAMAFFRSDD FGDTVDWGRD VLADRPRHVF LA

  1 MHHHHHHMRM VDGLLEGKVT IVTGASSGIG KATAYRIAEE GGEVVVADVL
 51 VDKGKETVEK IEEDGGSGVF VETDVSDSED VQEMVKKTID KYDKLDCAFN
101 NAGIFGDKKP LLEYDEDDFD RILKINLKGV WLCMKYEIQQ MLKQGAGGSI
151 VNTSSIRGLV GGKDNSAYTA SKHGVVGVTK AASLEYADSK IRINTVCPGF
201 IETPMLKEES GKIPETLIAQ EPIGRAGKPE EIAEAVVWLL SDRASYVTGE
251 THVVDGGTTI SCR

  1 MHHHHHHMRM REINSANDGQ VRTAIVNSST FGENFEDLMR RLRSLGPVKK
 51 FQFDPQVDGE RLAEALEGYH YVIASVTPHF PETFFEKNEK LKLIARHGIG
101 CDNVDLVAAT RAGVFVTRVA HRAERDAVAE LTISLIMTCL RDIIPANRAV
151 EQGKWERRKE FVGSELSGTR VGIIGYGNIG SRVGEIISEG FGAEVSAYDP
201 NIADAVIEKT GVKPGSFEGV LRNSDLLSFN ASLNEDNYHF VGEEEFELMK
251 DGVVIVNTAR GELMEESALI SALESRKVRC AGIDVLEEEP PGEGGKVRKV
301 DNLYVLPHVG SYTEKSLRAM DEKMVEDIEK LIKGEVPEEI VNPEVIRSGN
351 RAGVDK

  1 MADAPPTDEG WFVLHDCYTV DWDAWRDAPE RDRTAALDDA ASFLADREAL
 51 ADADEGESGV FSITGQKADL LFVHFRESLD ELDRIQRAFE QTAFAEYTER
101 AHSYVSVVEI SGYTAPDYFE DPDSVDDGLR QYFESKLTPE IPDDTYVSFY
151 PMSKRRQPEQ NWYDLPIEER AEMMDVHGDL GKQYAGKVSQ VIASSVGLDD
201 MEWGVTLFAD DLTDIKDIVY EMRFDEVSAK YGAFGDFFVG RRFPPADLPA
251 FMAGERVPAP EGGADAHGEG ERTHHHGDSD HHDGDDGEQH HHSTGDEADD
301 GIRGELADED IYAGQPHGED VYATVLYSEA GADDLFEEVE GLRGNFEHYD
351 THVKTAVYDG HEADRRAVVS IWDTASAADT AAGFLADLPE VVERAGEESG
401 FGTMGMFYET KPEHTAEFVE KFDTVAGVLA DMDGHFDTDL MVNVENDDDM
451 FIASQWRSQE DAMAFFRSDD FGDTVDWGRD VLADRPRHVF LA
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Figure 72: Second tryptic digest of HD_K, identified peptide sequences are marked in bold. Total sequence coverage 93 %. 

 

 
Figure 73: Tryptic digest of CA_D, identified peptide sequences are marked in bold. Total sequence coverage 71 %. 

  1 MHHHHHHMRM REINSANDGQ VRTAIVNSST FGENFEDLMR RLRSLGPVKK
 51 FQFDPQVDGE RLAEALEGYH YVIASVTPHF PETFFEKNEK LKLIARHGIG
101 CDNVDLVAAT RAGVFVTRVA HRAERDAVAE LTISLIMTCL RDIIPANRAV
151 EQGKWERRKE FVGSELSGTR VGIIGYGNIG SRVGEIISEG FGAEVSAYDP
201 NIADAVIEKT GVKPGSFEGV LRNSDLLSFN ASLNEDNYHF VGEEEFELMK
251 DGVVIVNTAR GELMEESALI SALESRKVRC AGIDVLEEEP PGEGGKVRKV
301 DNLYVLPHVG SYTEKSLRAM DEKMVEDIEK LIKGEVPEEI VNPEVIRSGN
351 RAGVDK

  1 MHHHHHHMRM IQKFEGKKPE IHETAFVHPR ATIIGDVEIG PKTSVWPGAV
 51 IRADIEKITI GKNTCIKDNA VIHPADVYHE EEIEYVPVKI GDNNIIGHRA
101 LIHGAKINDE SIVGAGSIVF NKAEVKTNSM VGMGAVVLEK QEVPNGKIVV
151 GIPARVLREL EEREIKQIKK QADTHAELAE HYSREIEEP


