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Abstract

Permanently cold environments are populated by a diversity of microorganisms that
possess cold-adapted enzymes with potential biotechnological applications. Advances in
molecular techniques have enabled bioprospecting of novel enzymes from extreme
environments without tedious cultivation efforts. Cloning and sequencing of the
metagenomic DNA from the water column of the meromictic Antarctic lake, Ace Lake,
enabled enzyme identification by sequence-based searches and functional screening for
enzyme activity. The sequence-based search for hydrolases using profile Hidden Markov
Models indicated the presence of uncharacterized subtilases, lipases and glycoside
hydrolases in the metagenomic dataset. Information from the bioinformatic analysis was
utilized to perform targeted functional screening of clones containing the candidate
hydrolase genes. Alongside this targeted approach, ~20000 clones from the Ace Lake
metagenomic library were randomly screened via agar-based assay. As both functional
screening approaches yielded very low positive identifications, the capacity of the
sequence-based screening to detect bona fide hydrolases was further tested by cloning
selected subtilase genes and overexpressing them in Escherichia coli. One of the
overexpressed subtilase genes showed proteolytic activity when tested with N-succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide. Finally, in order to get a bigger picture of the abundance
of subtilase and other peptidase genes in Ace Lake, taxonomic affiliation and relative
abundance of all candidate peptidases were assessed. The Ace Lake peptidases
composition was also compared to peptidases in Organic Lake and Southern Ocean
metagenomic datasets. The analysis indicated an abundance of diverse metallopeptidases
and serine peptidases in all three datasets. Peptidases related to protein and membrane
regulatory control and chaperones with peptidase activity were the most abundant
groups, which are linked to microbial survival as a response to environmental stress. In
conclusion, this study revealed the advantage of cultivation-independent methods for
bioprospecting enzymes from cold environments, and established a foundation for future

functional studies of other enzymes.
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CHAPTER 1

General Introduction

1.1 Life at low temperatures

Extremophiles, organisms that can thrive in the harshest environment on earth, are
widely distributed in nature. Among them, thermophiles and hyperthermophiles are
capable of growing at very high temperatures, and are found in places like hot springs,
volcanic vents under water, and even in industrial chimneys that exhaust hot air.
Psychrophiles, on the other hand, grow at very low temperatures. Psychrophiles, a term
derived from the Greek words ‘psychros’, meaning cold, and ‘philos’ meaning loving, i.e.,
cold-loving, have successfully colonized all permanently cold environments from the deep
sea to mountain and polar regions (D'Amico et al, 2006). In fact, they are even found in
domestic refrigerator and super market freezers, where they are well known for spoiling
foods and drinks (Sgrhaug and Stepaniak, 1997, Ercolini et al, 2009). The term,
‘psychrophiles’ was first proposed by Schmidt-Nielson in 1902 to describe
microorganisms that had ability to grow at 0°C (Ingraham and Stokes, 1959, Russell,
2003, Hoyoux et al, 2004). Another related term commonly used in the food industry,
‘psychrotroph’, means ‘cold-eating’, was introduced by Eddy in 1960, to describe
microorganisms that can spoil or poison refrigerated food. The term, ‘psychrotolerant’ is

used in ecology to describe the thermal ability of this group (Russell, 2003).

The terminology to describe microorganisms able to grow at low temperatures
has been debated and has changed over time. Before the 1960s, there was little consensus
concerning the maximum, minimum, and optimum growth temperatures for
psychrophilic microorganisms and much of the literature dealing with psychrophiles
refer to microorganisms that are cold-tolerant rather than truly “cold-loving” (Morita,
1975, Zhang, 2008). The additional source of difficulty for defining psychrophiles was
introduced by dairy bacteriologists for whom psychrophilic bacteria are those which can
grow relatively rapidly in the range of 1.7 to 10°C, even though the upper part of this
range includes mesophilic bacteria (Ingraham and Stokes, 1959). Ingraham and Stokes,
introduced a definition that was not based on cardinal temperatures, stating that
psychrophiles are microorganisms which grow rapidly enough at 0°C to form
macroscopically visible colonies in about one or two weeks, which equates to a

generation time at 0°C of less than 48 hours (1959). Later, Morita suggested a more



specific definition for psychrophiles as organisms having an optimum growth
temperature of about 15°C or lower, a maximum temperature for growth at 20°C or
below (1975). The term psychrotrophic, previously referred to as facultatively
psychrophilic, is used for cold-tolerant organisms with maximum growth temperature
above 20°C (Morita, 1975). Other proposed terms based on cardinal growth temperatures
are ‘eurypsycrophile’ or ‘eurythermal ‘and ‘stenopsychrophile’ or ‘stenothermal’ (Feller
and Gerday, 2003, Cavicchioli, 2006). The term stenopsychrophile (formerly ‘true
psychrophile’) describes a microorganism with a restricted growth temperature range
that cannot tolerate high temperatures for growth. Eurypsychrophile (formerly
‘psychrotolerant’ or ‘psychrotroph’ describes a microorganism that likes permanently
cold environments, but can tolerate a wide range of temperatures extending into the

mesophilic range (Cavicchioli, 2006).

Nevertheless, because cardinal growth temperatures cannot fully capture the
adaptability of a microorganism to its environment and are unavailable for the vast
majority of microbes in nature that evade cultivation, the term psychrophilic remains
most useful for categorizing cultured microorganisms. Cold-adapted is used very
generally to describe microorganisms, cultured or uncultured, that express a recognisable
adaptation to low temperature, while cold-active is often reserved for enzymes and
viruses with catalytic or infective activity at low temperature (Deming, 2009). In this
thesis, ‘cold-adapted’ term is being used to describe both psychrophilic microorganisms

and enzymes that active at low temperature.

1.2 Microbial diversity in low temperature environments

The earliest known report of microbial life in a cold environment dates back to the fourth
century BC and the writings of the Greek philosopher Aristotle who made observations of
the red algae that turned snow to reddish colour (Deming, 2009). More than two
millennia later (1840), a botanist, Hooker, observed algal growth associated with
coloured sea ice (Russell, 2003). This was followed by Certes in 1884, who reported the
existence of bacteria growing in sediments at low temperatures (Russell, 2003). In 1887,
the German scientist Forster was the first to describe the ability of a bioluminescent

bacterium, derived from fish preserved in the cold, to reproduce at 0°C (Deming, 2009).

Identification of psychrophiles and understanding the mechanisms of cold
adaptation in the past was hampered by limited technologies and facilities to obtain and

preserve samples. Extensive studies of psychrophiles and their habitats in the past three
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decades (Hoover and Pikuta, 2010), has contributed to the understanding that cold
adaptation is not exclusively about temperature but related to other parameters including
pressure, salinity, and nutrient availability (Deming, 2009). Viable bacteria, mainly
dominated by Gram-positive, have been found in the atmosphere as high as the
stratosphere and mesosphere (41-77km) where the temperature may reach as low as-

100°C (Wainwright et al.,, 2003, Griffin, 2008).

For a long time, glacier ice was considered to be devoid of life due to the harsh
environment i.e; subfreezing temperatures ranging from -10 to -56°C, high hydrostatic
pressure, and low nutrient, water and light availability (Price, 2007). However, this view
changed with increasing studies on the microbial ecology and diversity of natural icy
habitats, such as permanently ice-covered lakes (Priscu et al, 1998, Takacs et al, 2001),
subglacial environments (Lanoil et al, 2009) and glacier ice (Price, 2007, Simon et al,
2009b). The total number of bacterial cells in the Antarctic and Greenland ice sheets was
measured to be 9.16x1025, which corresponds to a significant carbon pool of 2.65x10-3Pg
and represents a considerable reservoir of microbial diversity (Priscu and Christener,

2004, Priscu et al,, 2007).

Gilichinsky et al. (2005) have shown evidence of an unsuspected biodiversity in
the sodium-chloride water brines (cryopegs) derived from ancient marine sediments and
sandwiched within permafrost. The water brines have remained liquid for about 100,000
years at -9 to -11°C. Sequence analysis of the 16S rRNA genes showed that the 17
phylotypes were most closely related (>95% sequence similarity) to the following nine
genera: Psychrobacter, Arthrobacter, Frigoribacterium, Subtercola, Microbacterium,
Rhodococcus, Erwinia, Paenibacillus, and Bacillus. Currently, the lowest recorded growth
temperature is of Arctic sea ice bacterium, Psychromonas ingrahamii (Moyer and Morita,

2001, Breezee et al, 2004, Margesin et al, 2007).

Among the psychrophilic bacteria that have been detected, the most commonly
reported are the Gram-negative a-, ff-and y-Proteobacteria, and members of the
Bacteroidetes (formerly known as Cytophaga-Flavobacterium-Bacteriodes phylum) while
Coryneforms, Arthrobacter and Micrococcus are the most frequently found Gram-positive
bacteria (D'Amico et al, 2006). The genera of psychrophilic archaea that are often
reported are Methanogenium, Methanococcoides and Halobium (Feller and Gerday, 2003).
Bacteria generally dominate in number and diversity over archaea, although in some

areas such as deep sea waters, these are found in equivalent numbers, with



Methanogenium and Methanococcus being the most cited genera (D'Amico et al, 2006).
Among identified Cyanobacteria; Oscillatoria, Phormidium and Nostoc were dominant in
most of the investigated Antarctic habitats (Pandey et al, 2004). Psychrophilic yeasts,
such as Candida spp., Leucosporidium spp. and particularly Cryptococcus spp., have been
isolated repeatedly from various sites in Antarctica (Kingston and Brent, 2001). The
increased application of molecular techniques based on 16s rRNA genes to polar and cold
deep sea environments has created substantial databases on the diversity of bacteria and
archaea inhabiting cold waters, sediments and ice (Kimhi and Magasanik, 1970, Brown

and Bowman, 2001, Smith and Magasanik, 1971, Lauro et al, 2011).

1.3 Biotechnological potential of cold-adapted enzymes

Over the last few decades, studies on cold-adapted microbes have increased considerably,
which can be attributed to several factors, such as the awareness of accelerated
environmental changes in polar regions, a strong interest in the habitability of frozen
areas elsewhere in the universe (astrobiology), and a realization of the considerable
biotechnological potential of these organisms (Cavicchioli et al, 2002, Margesin et al,
2002, de Pascale et al, 2012). A number of companies are mining the biological resources
of polar regions for their biotechnological potential and the number of patents in this field

is growing (Hannah, 2008).

Low temperatures and freezing conditions influence the lives of all organisms in
multiple ways. For example low temperatures increase viscosity of the medium, change
membrane fluidity and protein conformation, nutrient availability, ability to successfully
reproduce, and introduces the need for protection against freezing (Margesin et al,
2007). Perhaps the most significant challenge faced by psychrophiles is to maintain
appropriate rates of enzyme-catalysed reactions involved in essential cellular process at
low temperatures. Psychrophiles address this challenge by synthesizing enzymes with
high catalytic efficiency (Kcar /Km) at low and moderate temperatures (0-30°C) at which
homologous enzymes produced by microorganisms from other thermal classes have little
or no activity (Margesin et al, 2007). This characteristic, if harnessed for biotechnological
use, offers potential economic benefits, for example, through substantial energy savings in
large scale processes that would otherwise require expensive heating reactors. A typical
example is the ‘peeling’ of leather by proteases which can be done at tap water
temperature by cold-active enzymes instead of heating to 37°C, for the process to be
performed by mesophilic enzymes (Feller and Gerday, 2003). The use of cold-adapted

hydrolytic enzymes such as protease, lipase, amylase and cellulase in the formulation of
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detergent is a great advantage for cold washing as it not only eliminates the need for

heating but also reduce the wear and tear of textile fibers (Gomes and Steiner, 2004).

Furthermore, cold-adapted enzymes are heat labile and are frequently inactivated
at temperatures that are not detrimental for their mesophilic counterparts and therefore
they can be efficiently inactivated by moderate heat input (Margesin and Feller, 2010).
The use of heat labile alkaline phosphatase in molecular biology, which was
commercialized by New England Biolabs (Cavicchioli et al, 2011), is an excellent
alternative to Escherichia coli (E. coli) and intestinal alkaline phosphatase. Since the heat
labile enzyme is inactivated by moderate heat treatment, the subsequent steps can be
done in the same tube and minimized nucleic acid losses (Margesin and Feller, 2010).
Apart from these uses, cold-adapted enzymes are known for their use in the food
industry. Two examples are, the removal of lactose from milk by psychrophilic -
galactosidase during cold storage, a process which has been patented (Hoyoux et al,
2001), and the use of cold-active pectinases to reduce viscosity and clarify fruit juice at
low temperatures (Feller and Gerday, 2003). In the baking industry, the use of
psychrophilic glycosidase improves the quality of the final products as mesophilic
glycosidase used in the baking process can retain residual activity after cooking that

alters the structure of the final product during storage (Collins et al,, 2006).

More novel enzymes are expected to be found from genetic resources in cold
environments. For example a novel cold-adapted cellulase from an earthworm living in a
cold environment was discovered with the ability to convert cellulose directly into
glucose (Ueda et al, 2010). This might be an important discovery for efficient production
of biofuels from cellulosic waste at low temperatures (de Pascale et al, 2012). In a survey
of patents related to Antarctica, lipases from Candida antarctica by far dominate the
number of process or product-based patents (Lohan and Johnston, 2005), which suggests

the potential of enzymes from cold-adapted microorganisms.

Isolating microorganisms by employing selective media and cultivation conditions
for phylogenetic groups known for producing interesting bioactivities is still the basis for
most microbiological bioprospecting efforts in cold-adapted environments. More
sophisticated media and cultivation conditions (Vartoukian et al, 2010), as well as
physical access to new habitats (e.g. from glacial and permafrost core samples or
underneath sea ice by diving) (Loveland-Curtze et al, 2010), have steadily brought new

phylotypes of cold-adapted microorganisms into the stock culture collections. The



application of molecular, culture-independent methods for assessing microbial diversity
has shown that the diversity of the uncultured majority is huge (Torsvik et al, 1990,
DeLong and Pace, 2001) and offer a great deal of biocatalytic potential. However, most
microorganisms in the environment are not readily cultivated (Pace et al,, 1986, Amann et
al, 1995, Hugenholtz et al, 1998), which limits investigation into this large genetic

resource.

1.4 Unravelling novel cold-adapted enzymes via metagenomics

An extension to the possibilities offered by cultivation has come with the emergence of
metagenomics. Metagenomics is defined as the study of the pooled genetic complement of
a given environmental sample, where analysis can be either sequence driven or function
driven (Handelsman, 2004). The field of metagenomics developed from advances made in
DNA extraction and cloning from environmental samples (Schmidt et al, 1991). The
construction of metagenomic libraries and other DNA-based metagenome projects are
initiated by isolation of high quality DNA that is suitable for cloning and covers the
microbial diversity present in the original habitat (Simon and Daniel, 2011). The
advances in sequencing technologies and developments in high-throughput molecular
biology techniques, such as robotized handling of large numbers of clones and screening
of bioactivity, have paved the way for metagenomics approaches to microbial

bioprospecting.

Most researches use E. coli as a surrogate host for metagenomic library
construction and various types of E. coli strains are available from commercial sources.
The choice of vector depends largely on the length of insert. Plasmids are suitable for
cloning smaller than 10kb DNA fragments; cosmids (23-35kb), fosmids (25-40kb) or
BACs (100-200kb) can be used to clone larger fragments (Uchiyama and Miyazaki, 2009).
Metagenomic libraries of DNA extracted directly from environmental samples provide
genomic sequences with phylogenetic and functional information. In principle, as
illustrated in Figure 1.1, the techniques for recovery of novel biomolecules using
metagenomics can be divided into two main approaches: function-based and sequence-

based screening of metagenomic libraries.



Figure 1.1: Overview of the metagenomic screening process (Igbal et al, 2012). Figure has been
removed due to Copyright restrictions.

1.4.1 Function-based screening

Most of the screening methods for the detection of genes encoding novel biomolecules are
based on the metabolic activities of the metagenomic-library-containing clones. The
power of this approach is that it does not require the genes of interest to be recognisable
by sequence analysis and thus has potential to directly identify entirely new classes of
genes for both known and novel functions (Handelsman, 2004). Recent studies on
function-based screening of metagenomic libraries that resulted in cold-adapted enzymes

are summarised in Table 1.1.
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1.4.1.1 Agar-based assays

One of the approaches in function-based metagenomic screening used to recover novel
enzymes from low temperature habitat is by phenotypical detection of desired activity. As
shown in Table 1.1, the most commonly reported type of functional screen is based on
colony phenotype changes on agar plates. These assays typically rely on the utilization of a
substrate, such as chemical dyes and insoluble or chromophore-bearing derivatives of
enzyme substrates (Ferrer et al, 2009), in the growth medium resulting in the appearance

of zone around positive clones (Kennedy et al, 2010).

Common substrates incorporated into agar to detect lipase or esterase activity
include tributyrin, tricaprylin (Elend et al, 2007, Jeon et al, 2009b) and olive oil with
Rhodamine B (Cieslinski et al, 2009). For detecting proteases, skimmed milk is the most
common substrate being used (Lammle et al, 2007, Jones et al, 2007, Waschkowitz et al,
2009). Colonies that produce a halo on a purple background indicate an ability to use
soluble starch in agar stained with iodine (Sharma et al, 2010), while carboxymethyl
cellulose alone or with addition of a specific dye is used to detect cellulase activity
(Berlemont et al,, 2009). For example, screening of a metagenomic library derived from an
Antarctic soil sample allowed the identification of a cold-adapted protein (RBcell) that
hydrolyses only carboxymethyl cellulose. This new enzyme displayed an endoglucanase
activity, producing cellobiose and cellotriose, using carboxymethyl cellulose added with

trypan blue as a substrate (Berlemont et al,, 2009).

1.4.1.2 Heterologous complementation

Another approach for detection of a desired enzyme is by heterologous complementation
of host strains or mutants. For example by being able to select for activity rather than
screening, the use of E. coli strains that require heterologous complementation for viability
has been found to be an effective means for isolating genes with DNA polymerase 1
activity (Simon et al, 2009a). Nine novel genes encoding complete DNA polymerase I
proteins or domains typical of these proteins were isolated from metagenomic libraries
constructed from glacial ice of the Northern Schneeferner, Germany and have potential

use in molecular biology research (Simon et al, 2009a).
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1.4.1.3 Induced gene expression

In general, function-based detection of novel bioactive molecules is labour intensive,
requiring screening of upwards of tens of thousands of clones. One process that can
increase the throughput of screening metagenome libraries, is substrate-induced gene
expression screening (SIGEX) (Uchiyama et al, 2005). SIGEX is based on the premise that
catabolic gene expression is generally induced by substrates and metabolites of catabolic
enzymes and, in many cases, is controlled by regulatory elements situated in close
proximity to catabolic genes. This approach employs an operon-trap gfp-expression vector
that is suitable for shotgun sequencing and uses fluorescence-activated cell sorting (FACS)

for high-throughput selection of positive clones in liquid cultures (Uchiyama et al, 2005).

Uchiyama et al, introduced a related screening method, termed product-induced
gene expression (PIGEX)(2010). The method is using a similar reporter assay-system,
whereby the expression of the green fluorescent protein (GFP) is triggered by product
formation. In response to benzoate production by the metagenomic clones, the sensor
cells will show fluorescence signal (Uchiyama et al, 2010). Three novel genes encoding
amidases were identified from 96000 metagenomic clones derived from activated sludge
using this method. As yet, no reported cold-adapted enzymes have been obtained by using

this screening approach.

1.4.2 Challenges and improvements of functional screening

Although the attractiveness of functional screening lies in the potential of accessing novel
enzymes and the guarantee to detect only enzymes that are active, it is compromised by
the drawbacks of heterologous gene expression. In most function-based screening studies,
the number of positive clones obtained have been very low (typically less than 0.01%)
(Cowan et al, 2005). Currently, E. coli is still the dominant screening host for functional
metagenomics. Most of the commercially available large insert library production systems
utilize E. coli as a replication host (Taupp et al, 2011). Heterologous gene expression
levels in E. coli are affected by several factors. These include, but are not limited to,
plasmid copy number, mRNA stability, upstream elements, temperature and codon usage
(Baneyx 1999b, Lithwick and Margalit 2003, Gustafsson et al, 2004). This means that if

the desirable bioactive molecules are not properly expressed they may not be detected.
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Many approaches are being developed to mitigate this limitation. Improved
systems for heterologous gene expression have been developed using shuttle vectors that
facilitate screening of the metagenomic libraries in diverse host species. For example,
there are developments of broad range shuttle vectors which can replicate in both Gram-
positive and Gram-negative bacteria (Ono et al, 2007, Troeschel et al, 2012). Apart from
that, low temperature expression systems have been developed by utilizing plasmids
native to psychrophiles, including the Gram-negative Antarctic bacteria, Psychrobacter sp.
(Tutino et al, 2000) and Pseudoalteromonas haloplanktis (Tutino et al, 2001). The origin
of replication from the P. haloplanktis multicopy plasmid, pMtBL, was used to construct an
E. coli shuttle vector utilizing a commercial pGEM plasmid (Tutino et al, 2001). This
shuttle vector was able to be stably maintained in five cold-adapted Gram-negative
bacteria and was used to express a heat labile a-amylase in P. haloplanktis (Tutino et al,
2001). Another low temperature expression system used cold-adapted Shewanella sp.
Strain AC10 as host. Maximum recombinant protein expression was obtained when
promoter for putative alkyl hydroperoxide reductase was used to prepare the construct of

broad-host range vector pJRD215 (Miyake et al.,, 2007).

Protein expression systems that have been constructed for a cold-adapted
microorganism as the host have an advantage, as it is possible to decrease the cultivation
temperature to 0°C. This alleviates the heat denaturation of proteins and is suitable for
the production of thermolabile proteins and reduces the possibility of inclusion bodies

formation (Miyake et al, 2007).

1.5 Sequence-based screening

The application of sequence-based approaches typically involves the design of DNA probes
or primers which are derived from conserved regions of already known genes or protein
families (Simon and Daniel, 2009). As this approach is dependent on established sequence
databases, it is limited in its ability to detect novel gene families. Nevertheless, molecular
diversity is so great that surprisingly novel enzyme sequences have been retrieved using
this approach, such as a novel alkane monooxygenase (Kuhn et al, 2009) and xylanase
(Wang et al, 2011). Unlike function-based methods, sequence-based detection of target
genes is possible, regardless of gene expression and protein folding in the host, and
irrespective of the completeness of the target gene's sequence (Lorenz et al, 2002). The
success of this approach depends on the advances in high-throughput, bioinformatic tools
for metagenomic analysis and sequence databases supported by experimental data, and

the lowering cost of sequencing technologies.
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DNA sequencing technologies can be classified into several categories (Table 1.2)
(Scholz et al, 2012, McGinn and Gut, 2013). Second generation DNA sequencing
technology is the current state of the art and is quickly becoming the standard method for
sequencing. These high-throughput sequencing technologies (e.g. 454 and Illumina) can
potentially generate 106-109 sequences (100-700 bp) per run (Scholz et al, 2012). Such
high read depths yields greatly improved coverage of species within the community
(Metzker, 2010). However, one limitation is that the generally shorter fragment lengths do

not contain the full open reading frame (ORF) for the functions of interest (Li et al,, 2009).

Table 1.2: List of new generation sequencing platforms and their expected throughputs, error types
and error rates. Each platform has distinct advantages owing to cost, error rate, read length and so
on. Adapted from (Scholz et al, 2012). Table has been removed due to Copyright restrictions.

15



There are several publications that describe searching metagenomic sequence
databases directly for genes that encode for potential commercially useful enzymes
(Schliiter et al, 2008, Yergeau et al, 2010, Cavicchioli et al, 2011). Screening can be
performed by searching for primary sequence identity and motifs, and by evaluating
predicted protein structures and putative catalytic sites that match to known enzymes
(Cavicchioli et al, 2011). For example, one analysis of Arctic permafrost metagenome data
identified trehalase, chitinase, B-glucosidase and -galactosidase genes (Yergeau et al,
2010). In another report, a metagenome library of an agricultural biogas fermenter
community sequenced using 454-pyrosequencing technology identified gene regions with
cellulolytic functions matching to a Clostridium genome, which indicates this genus is

important for hydrolysis of cellulosic plant biomass (Schliiter et al, 2008).

The next revolution in sequencing known as the ‘third generation’-PacBio RS by
Pacific Biosciences is already underway offering longer reads and shorter run times
(Logares et al, 2012). New bioinformatics tools are being developed to assist in efficient
data mining, based not only on primary sequence homology but also on protein structure,
catalytic sites, and activity prediction (Roy et al, 2010, Peng et al,, 2011). Improvements in
the speed and cost of de novo gene synthesis have facilitated the complete redesign of
entire gene sequences to maximize the likelihood of high protein expression (Gustafsson
et al, 2004). It is anticipated that with the advancement of DNA sequencing techniques,
soon sequence-based metagenomic databases searches, combined with bioinformatic
tools as well as commercial gene synthesis will have a greater influence on mining novel

biocatalyst genes than function-based methods.
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1.6 Ace Lake: Potential resources of cold-adapted enzymes

The greatest concentration of stratified water bodies in Antarctica, and possibly the world, is
found in the Vestfold Hills, where both meromictic (permanently stratified) lakes and
stratified marine basins occur (Burton, 1981, Burke and Burton, 1988, Gibson, 1999). The
Vestfold Hills is an ice free oasis which lies on the eastern side of Prydz Bay (Gibson, 1999).
The retreat of the continental ice-shelf lead to isostatic uplift of the land and resulted in the
formation of freshwater lakes in the area closer to the ice sheet (Laybourne-Parry and
Marchant, 1992) and saline or hypersaline lakes in the area closer the coastline (Burton,

1981).

Ace lake (68.473°S, 78.189°E) is one of the pristine, meromictic lakes located on the
Long Peninsula in the Vestfold Hills (Figure 1.2) (Rankin et al, 1999). During the early
Holocene (13000-9400 years ago), Ace Lake was an aerobic freshwater system that evolved
to an open marine basin influenced by dynamic mixing of ocean and meltwater inputs.
Marine input into the lake ceased approximately 5500 years ago and Ace Lake became a
meromictic basin which stabilised to become the lake that it is today with little change for
about the past 4000 years (Fulford-Smith and Sikes, 1996). It has an area of 18 h.a, a
maximum depth of 25 m and a salinity range from approximately 20 to 40 gL-! (Lauro et al,
2011). Vestfold Hills experiences below freezing temperatures for most of the year resulting
in Ace Lake having an ice cover for approximately eleven months of the year (Rankin et al,

1999). The temperature of the lake water is in the range 0-3.5°C (Lauro et al, 2011).

The organisms now living in the lake are marine-derived and therefore Ace Lake
represents a unique model system for studying the evolution of marine microbiota (Fulford-
Smith and Sikes, 1996). Microbiota have been sampled from the lake water column at
different zones, each zones differs in temperature, oxygen, salinity and other physico-
chemical parameters (Lauro et al, 2011). Unusual microbial signatures, such as isolates of
novel fermentative “coiled bacterium”, a cell wall-less member of Spirocheteae and
psychrophilic methanogens, Methanogenium frigidum and Methanococcoides burtonii
(Franzmann et al, 1997, Gibson, 1999, Rankin et al, 1999), have already been identified
(Franzmann and Rohde, 1991, Franzmann and Dobson, 1992, Allen et al, 2009).
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Figure 1.2: A map of the Vestfold Hills showing fjords, bays and lakes (numbered). The lakes are: (1)
unnamed lake 2, (2) Organic Lake, (3) Pendant Lake, (4) Glider Lake, (5) Ace Lake, (6) unnamed lake 1,
(7) Williams Lake, (8) Abraxas Lake, (9) Johnstone Lake, (10) Ekho Lake, (11) Lake Farrell, (12) Shield
Lake, (13) Oval Lake, (14) Ephyra Lake, (15) Scale Lake, (16) Lake Anderson, (17) Oblong Lake, (18)
Lake McCallum, (19) Clear Lake, (20) Laternula Lake (21) South Angle Lake, (22) Bayly Bay, (23) Lake
Fletcher, (24) Franzmann Lake, (25) Deprez Basin, (26) ‘Small Meromictic Basin’, Ellis Fjord, (27)
Burton Lake, (28) Burch Lake, (29) Tassie Lake, (30) Club Lake, (31) Lake Jabs, (32) Deep lake, (33)
Lake Stinear, (34) Lake Dingle, (35) Lake Druzhby, (36) Watts Lake, (37) Lebed Lake and (38) Crooked
Lake. Map image is from (Gibson, 1999) with some minor modification. Figure has been removed due
to Copyright restrictions.
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Recent metagenomic analysis confirmed that the cellular microorganisms dominating
Ace Lake are bacteria, with relatively few eucarya present, and few archaea in the anaerobic
zones (Lauro et al, 2011). Large algal viruses (Phycodnaviridae) were also detected in the
lake. The nature of this habitat, its permanently cold environment, alkaline pH, salinity and
its microbial diversity lead itself to the discovery of potentially unique cold-adapted enzymes
(Laybourn-Parry and Pearce, 2007). Enzymes with activity at alkaline pH have many
potential applications such as detergent additives in the detergent industry, hide-dehairing
process in leather industry, alkali-treated wood pulp bleaching process in pulp and paper
industry and industrial production of cyclodextrin for foodstuffs, chemicals, and

pharmaceutical use (Horikoshi, 1999).

1.7 Objectives

Previous studies have provided important information relative to the nature of cultured and
uncultured microbial community and their functional potential in the Ace Lake aquatic
environment. Verification of the functional potential through the expression study should be
a meaningful way of exploitation of the natural resources from this cold-adapted
environment. The overall aim of this study was to use the existing metagenomic resources
from the Antarctica, particularly from the Ace Lake, Organic Lake and Southern Ocean aquatic
environment, to identify and analyse the genes coding for hydrolases, to screen for
enzymatic activity in the metagenomic clones through agar-based assays and to manipulate
the identified genes in the overexpression studies. The specific aims of this study were
described in four chapters (Chapter 2, 3, 4 and 5) and concluded with general discussion and

the future perspectives in Chapter 6.

Chapter 2 describes the sequence-based screening of translated protein sequences in the Ace
Lake metagenomic dataset for hydrolases. The screening was performed using specific
profiles Hidden Markov Model (HMM) for subtilase, lipases and glycosyl hydrolases. The
datasets utilized in the screening processes consisted of Sanger sequencing reads, assemblies
of Sanger and 454 pyrosequencing reads and assemblies of 454 pyrosequencing reads. The
results were analysed according to the E-value cut-off, protein length, and annotation from
the public database including Kyoto Encyclopedia of Genes and Genomes (KEGG), NCBI-nr

and Swiss-Prot databases. Phylogenetic analysis was performed to determine the diversity of
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the genes identified from the sequence-based screening. The possibility of functional novelty

of the Ace Lake derived-sequences was also explored through domain architecture analysis.

In Chapter 3, the screening of the Ace Lake metagenomic clones for protease, lipase, and
amylase on agar-based assays is described. The clones utilized for the screening purposes are
based on two groups. The first group was the targeted clones which contained the specific
subtilase, lipase and glycosyl hydrolase genes that were previously identified through
sequence-based screening in the Chapter 2. These clones were retrieved from the clone
library through barcode identification. The second group consisted of ~20000 randomly-
picked clones. Any activity detected on agar-based assays was subsequently confirmed by

liquid enzymatic assay.

Chapter 4 describes the expression studies of three subtilase genes (Subt9195, Subt8715 and
Subt5372) in pET expression system. These genes were identified by the analysis conducted
in Chapter 2 and isolated from the Ace Lake metagenomic clone library for further
manipulations. At least two approaches were taken to solubilise the protein that was
expressed as inclusion bodies. The first approach was to solubilise the inclusion bodies in a
range of denaturants and solubilising agents and refold the solubilised protein in a range of
refolding buffers. The second approach was to change the expression vector. This new
construct included the sequence for the high molecular weight tag, NusA, which is known to
increase solubility of the recombinant proteins during expression. The vector also included
the sequence of His-tag for His-tag protein purification of the solubilised protein. The identity
of the solubilized protein was identified by fourier transform mass spectrometry (FTMS).
Protease activity was determined using a skimmed milk agar-based assay and a liquid assay
using p-N-succinyl-AAPF-p-nitroanilide as the substrate. Structure modelling of the
expressed proteins was included based on the available bioinformatic data, since the

purification and protein crystallization were beyond the scope of this thesis.

In Chapter 5, the relative abundance of the subtilase and other peptidase genes in the
uncultivated microbial community in the Ace Lake aquatic environment and neighbouring
sites, i.e. Organic Lake and the Southern Ocean was investigated. This was part of a larger
study to understand the roles of diverse microorganisms in cold-adapted environment and

their biotechnological potential. Subtilase and other peptidase sequences were analysed
20



according to Clusters of Orthologous Groups (COGs) categories and subjected to appropriate
statistical test. Through KEGG annotations, the associated taxonomic diversities were
analysed to infer the physiological roles of the peptidases in the three different cold-adapted

environments.

Chapter 6 summarises all the findings that are reported in this thesis. The chapter also
consider the future work for bioprospecting of enzymes from the Antarctic metagenome. It
was concluded that the studies presented in this thesis establish a foundation for future

bioprospecting of enzymes from the Antarctic aquatic environment.
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CHAPTER 2
Sequence-based screening of hydrolases in the Ace Lake
metagenomic datasets using profile Hidden Markov

Models

2.1 Introduction

2.1.1 Metagenomics and microbial life in cold environments

The microorganisms thriving in permanently cold environments, such as in the polar
regions, have adopted a variety of adaptive strategies to maintain activity and metabolic
function to face the conditions considered harsh from an anthropocentric point of view.
These physiological challenges include persistently low temperatures, low abundance of
nutrients, as well as frequent freeze-thaw cycles, salinity fluctuations, desiccation and
varying seasonal light conditions (Deming, 2009, Margesin and Miteva, 2011). Cold
adaptation occurs at both the cellular and molecular levels including alterations in
membrane fluidity, expression of cold-shock and cold acclimation proteins that regulate
transcription and translational processes, antifreeze/ice-nucleating proteins, production
of compatible solutes and exopolysaccharides and enzymes that are capable of catalysing
chemical reactions at low temperature (D'Amico et al, 2006, Siddiqui and Cavicchioli,

2006).

Metagenomics, a direct analysis of genes contained in an environmental sample,
has enabled a culture-independent assessment of microbial communities in their
environment (Simon and Daniel, 2009, Casanueva et al. 2010). This technique offers
insight into the diversity and distribution of cold-adapted microorganisms, prediction of
the functional roles of the organisms detected, as well as being an invaluable resource for
discovery of novel enzymes with unusual properties (Ferrer et al, 2009, Cavicchioli et al,
2011). Metagenomics-based studies in permanently cold environments has revealed that
microorganisms have numerous metabolic adaptations associated with a psychrophilic
lifestyle and a broad range of decomposition and nutrient recycling potentials (Casanueva
et al, 2010, ,Yergeau et al, 2010, Varin et al, 2012). However, the adaptation of
psychrophiles to the extreme conditions of their habitat means they require specialized

temperature controlled equipment (and associated energy costs for operation) to enable
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their growth in the lab (Hoag, 2009; Cavicchioli et al. 2011) which may be difficult to
replicate. This realization has further strengthened the need to employ cultivation-
independent approaches to allow comprehensive access to the genetic diversity of

microbial communities for bioprospecting purposes (de Pascale et al, 2012).

2.1.2 Metagenomics of Ace Lake

The Cavicchioli research group has successfully performed a metagenomic study of a
pristine, marine-derived, stratified lake (Ace Lake) in Antarctica (Lauro, et al. 2011). As
illustrated in Figure 2.1, Ace Lake can be divided into three main zones: an upper-oxic
mixolimnion that extends to 11.5 m, a transition zone corresponding to the halo- and
oxycline centered at approximately 12.7 m depth and a lower anoxic monimolimnion
(Rankin et al, 1999, Lauro et al, 2011). In the study, nine million ORFs were analysed;
representing microbial samples taken from the six depths of the lake (5, 11.5, 12.7, 14, 18
and 23 m) and size fractionated sequentially onto 3.0, 0.8 and 0.1 pum filters. The
sequences were obtained using a combination of Sanger sequencing and 454

pyrosequencing technologies (Lauro et al, 2011).

The phylogenetic analyses of the metagenome indicated that the cellular
microorganisms dominating the lake are bacteria, with relatively few eucarya present
(mainly in the mixolimnion), and few archaea in the monimolimnion. The study inferred
that Flavobacteria and Gammaproteobacteria are the bacterial members in the
mixolimnion, responsible for remineralisation of particulate organic carbon to dissolved
organic carbon (DOC). Free-living, oligotrophic Actinobacteria and members of the SAR11
clade would further perform heterotrophic conversion of DOC. In the monimolimnion, the
combination of fermentative, sulfate-reducing and methanogenic microorganisms would
decompose particulate organic carbon into smaller molecules, ultimately to CO; and CHa4

(Lauro etal, 2011).
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2.1.3 Sequence-based screening of the metagenomic data using profile Hidden

Markov Models

Proteins can be classified into families of related sequences and structures (Henikoff et
al, 1997). Multiple sequence alignments of sequences from similar protein families can
reveal patterns of conservation. Profile Hidden Markov Models (HMM) are statistical
models of multiple sequence alignments. The HMM identifies a set of positions that
described the conserved primary structure from a given family of proteins, or in other

words, the core elements of homologous protein sequences (Krogh et al, 1994).

The advantage of using profile HMM is it has a consistent theory for setting
position-specific gap and insertion scores thus make it highly automatable and fast. This
method has allowed the construction of libraries of hundreds of profile HMMs and the
application on a very large scale to whole genome analysis. One of the profile HMMs-
based protein domain libraries is Pfam database (Finn et al, 2010). This comprehensive
database of over 12000 conserved protein domain families is widely used by biologists to

annotate and classify proteins (Finn et al, 2010).

2.1.4 Classification of hydrolases based on sequence homology

2.1.4.1 Subtilase: The superfamily of subtilisin-like proteases

The Subtilase Family, also called Family S8 in the comprehensive peptidase database
(MEROPS) classification, is the second largest family of serine peptidases, both in terms of
number of sequences and characterized peptidases (Rawlings et al, 2006). The overall
sequence identity of the protease domain throughout the entire family is low except for
the short segments surrounding the Asp-His-Ser catalytic site, and the Asn residue, which
contributes to the oxyanion binding site (Siezen and Leunissen, 1997, Siezen et al,, 2007).
Based on sequence similarity of the catalytic domain, subtilases are divided into six
families: subtilisin, thermitase, proteinase K, lantibiotic peptidase, kexin and pyrolysin

(Siezen and Leunissen 1997).

Subtilases are widely distributed in various organisms including archaea, bacteria,
viruses, fungi, yeast and higher eukaryotes (Siezen and Leunissen, 1997). In bacteria,
archaea and fungi, most of the subtilases are secreted and involved in the degradation of
protein for amino acid uptake. The enzymes have an important role in biotechnology. For
example, proteinase K is used as reagent to make peptides from proteins and subtilisin is

widely used as an active agent in detergent (Rawlings et al,, 2006).
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2.1.4.2 Glycoside Hydrolases

Glycoside hydrolases (GH)s are a widespread group of enzymes that hydrolyse the
glycosidic bond between two or more carbohydrates, or between a carbohydrate and a
non-carbohydrate moiety (Reddy et al, 2004). These enzymes are classified into more
than 100 families based on sequence homology, which is available through the
Carbohydrate Active enZyme database (http://www.cazy.org/)(Cantarel et al, 2009).
Cellulase is grouped in glycoside hydrolase family 5 (GH5) while a-amylase is grouped in
glycoside hydrolase family 13 (GH13). Glycoside hydrolase family 16 includes lichenase
and agarase. Enzymes of glycoside hydrolase family 20 (GH20) cleave 3-1,4-linked N-
acetylglucosamine and (3-1,6-linked N-acetylglucosamine residues, have potential as an

antibiofilm agent (Kerrigan et al, 2008).

Most of the known starch-modifying enzymes can be found in the GH13 group
(MacGregor et al, 2001). Enzymes in this group were also known as the a-amylase family,
which includes a-amylase, a-1,6-glucosidase, branching and debranching enzymes,
maltogenic amylase, neopullulanase, trehalose synthase and cyclodextrinase (CDases)
(Horvathova et al, 2001, MacGregor et al, 2001). GH13 is the largest sequence-based
family of glycoside hydrolases acting on starch, glycogen, and related oligo- and
polysaccharides (Stam et al, 2006). The complexity of this family has driven numerous
analyses attempt to derive relationships between the sequence and the properties of the
enzymes (Jespersen et al, 1993, Janecek et al, 1997, MacGregor et al, 2001). There are
seven conserved regions in the GH13 enzymes which are useful for identification of the
specific enzyme group (Janecek, 2002). For example, the oligo-1,6-glucosidase group has
the template sequence QPDLN in the fifth conserved region compared to a-amylase that

has a conserved LPDLD sequence (Janecek, 2002).

2.1.4.3 Lipases

Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3) are part of the family of hydrolases that
act on carboxylic ester bonds. In addition to this natural function, lipases can catalyse
esterification, inesterification, and transesterification reactions in non-aqueous media
(Houde et al, 2004). Lipases are widely distributed in nature but are known to be
abundant in bacteria, fungi and yeast (Pandey et al, 1999). Microbial lipases display wide
substrate specificity, a property that seems to have evolved to ensure the access of the
microorganisms to diverse carbon sources during the recycling of lipid-containing
nutrients (Gunstone, 1999, Bornscheuer, 2002). Based on conserved sequence motifs and
biological properties, lipases are grouped into eight families (Arpigny and Jaeger, 1999).

Several extensions of the original classification scheme such as the enlargement of family
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6 to 7 subfamilies was proposed to include the more recently discovered lipase types

(Jaeger and Eggert, 2002).

Family I, also known as true lipases is comprised of lipase similar to Pseudomonas
lipases that were probably the first to be studied and have various industrial applications
(Arpigny and Jaeger, 1999). a/p hydrolases notably include lipolytic enzymes contain Ser-
Asp-His as their catalytic site. For true lipases, the serine residue usually appears in the
conserved pentapeptide Gly-Xaa-Ser-Xaa-Gly (Arpigny and Jaeger, 1999). Family II of the
lipolytic enzyme (also known as lipase GDSL), possess a different GDSL sequence motif.
GDSL enzymes have five conserved sequence blocks (I-V) and four invariant important
catalytic residues Ser-Gly-Asn and His in blocks LILIII and V respectively (Akoh et al,
2004). The GDSL family is further classified as SGNH hydrolase because of the strict
conservation of residues Ser-Gly-Asn-His in the conserved blocks I, II, III, and V
(Chepyshko et al, 2012). The other lipase families (III-VIII), which includes hormone

sensitive lipase (HSL) and many esterases, are outside the scope of this work.

This chapter described the use of profile HMM-based sequence search, a sensitive,
statistically sound analysis method capable of identifying remote homologs, to search for
hydrolases sequences in the Ace Lake metagenomic dataset. The search was performed
on the translated ORFs of Sanger reads, assemblies of 454 pyrosequencing reads and

assemblies of combination of Sanger and 454 pyrosequencing reads.

2.2 Materials and methods

2.2.1 Ace Lake samples

The Ace Lake water samples were collected as described in (Lauro et al, 2011) from Ace
Lake (68° 24’S, 78° 11’E), Vestfold Hills, Antarctica on the 21 and 22 December 2006.
Water samples from six depths of the lake, i.e, 5 and 11.5 m (mixolimnion), 12.7 m
(interphase) and 14, 18 and 23 m (monimolimnion) were passed through a 20 pm pore
size pre-filter, and microbial biomass was captured by sequential filtration onto 3.0 pum,
0.8 um and 0.1 pm pore size 293 mm polyethersulfone membrane filters. DNA was
extracted from the filters and samples were sequenced using the Roche GS-FLX titanium
sequencer (454 pyrosequencing). Samples of the 0.1 pm were also sequenced using

Sanger sequencing technology.
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2.2.2 Dataset description

The Ace Lake metagenomic dataset derived from two sequencing technologies, i.e, Sanger
sequencing and 454 pyrosequencing, were analysed in this chapter. There were two data
samples from 0.1 pm. One sample was the combination of Sanger and 454
pyrosequencing reads and designated as the hybrid. Another sample was from Sanger
sequencing reads. Data samples of 0.8 and 3.0 pm were from 454 pyrosequencing reads.
ORFs were predicted using MetaGene (Noguchi et al, 2006) from the reads of Sanger
sequencing, the assembled reads of 454 pyrosequencing and the hybrids before
subsequently translated. The summary of the data used throughout the analysis in this
chapter is provided according to the sample ID, sampling depth (m), filter size applied
(um) and the total number of translated ORFs for both assemblies and reads (Table 2.1).
Ace Lake is a meromictic lake which means that it has layers of water that do not
intermix. As illustrated by Figure 2.1, the range of pH and salinity of each layer is
relatively different. Sequence data from microbial biomass at different depth provide

access to the diversity of microorganism throughout the lake.

Table 2.1: Summaryof the Ace Lake metagenomic dataset used in the sequence-based screening.

Sample ID Water Depth (M) Filter Size (um) Total Number Of Translated ORFs
Assemblies Sanger Reads
232 5 0.1 138208* 484044
232 5 0.8 63959
232 5 3.0 28931
231 11.5 0.1 133948* 487078
231 11.5 0.8 37475
231 11.5 3.0 63746
230 12.7 0.1 27142% 85935
230 12.7 0.8 33933
230 12.7 3.0 36804
229 14 0.1 62436* 16793
229 14 0.8 81695
229 14 3.0 55936
228 18 0.1 71512* 17002
228 18 0.8 111344
228 18 3.0 50077
227 23 0.1 128878* 185761
227 23 0.8 110302
227 23 3.0 48384

*Assemblies prepared from combination of Sanger reads and 454 pyrosequencing reads (hybrid)
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2.2.3 HMMsearch for hydrolases from Ace Lake metagenome dataset

The screening was performed on the translated ORFs from the Ace Lake metagenomic
dataset listed in the Table 2.1. HMMer (Version 2.3.2) (http://hmmer.janelia.org/) was
used to search for the homolog of the desired protein sequences using profile HMM that
were retrieved from the HMM Pfam library. The profile HMM were selected based on the
keyword search for subtilase, lipases and glycoside hydrolases in the Pfam database (Finn
et al, 2008). The initial rounds of the searches were performed using a default E-value
cut-off of 10. All the selected profile HMM (listed in Table 2.2) have the identified set of
positions of conserved sequences for each enzyme. The selected hydrolases that included
peptidase S8-Subtilase Family, lipase 1, lipase 2, lipase 3, lipase GDSL, GH5, GH13, GH16
and GH20 have wide range of biotechnological applications. It is anticipated that the
newly identified sequences encoded for cold-adapted enzymes with unique

characteristics, such as the ability to be active at alkaline pH and saline environment.

Table 2.2: List of the selected profile HMM utilized in the sequence-based screening process.

PFAMID Profile HMM description
PF00082 PeptidaseS8- Subtilase Family
PF00151 Lipase 1

PF01674 Lipase 2

PF01764 Lipase3

PF00657 LipaseGDSL
PF00128 a-amylase(GH13)
PF00150 Cellulase (GH 5)
PF00722 GH16

PF00728 GH20

2.2.4 Selection of the sequences from the HMMsearch

To further test the robustness of the HMMsearch, matches at three E-value thresholds
(1E+01, 1E-5 and 1E-20) were considered. The results at all three thresholds were
identified and divided into two groups based on the sequence length and the catalytic
sites. Sequences that have more than 200 amino acid (aa) residues long and have at least
one catalytic site were grouped together in the ‘lenient’ group. The ‘stringent’ group
consists of the sequences that have more than 200aa (subtilase and lipase) or 300aa
(glycoside hydrolase), have all three catalytic sites and were predicted to be a complete
ORFs by MetaGene (Noguchi et al, 2006). Identification of the catalytic sites were based
on the information obtained in the HMMsearch and multiple sequence alignment of the

matches using MUSCLE (Edgar, 2004) with reference protein sequences (Appendix B).
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2.2.5 Annotation of putative hydrolase sequences and domain architecture

analysis

Annotation of the sequences in the ‘stringent group’ derived from the assemblies were
retrieved from the in-house pipeline described by DeMaere et al. (2011). Sequence
derived from the Sanger reads, were annotated manually by basic local alignment search
tool (BLAST) comparison to NCBI-nr, SwissProt and KEGG-peptide sequence database. All
sequences were further analysed in MEROPS (Rawlings et al,, 2006, Rawlings et al,, 2012)
(peptidase only), Conserved Domain Database (CDD) (Marchler-Bauer et al, 2009) and
Conserved Domain Architecture Retrieval Tool (CDart) (Geer et al,, 2002). The results are

summarized in the annotation table (Appendix C).

2.2.6 Phylogenetic analysis

For phylogenetic analysis, multiple sequence alignments were performed using MUSCLE
(Edgar, 2004) and viewed with GeneDoc (http://www.psc.edu/biomed/genedoc).
Phylogenetic trees were constructed in MEGAS5 (Tamura et al, 2011) using the Neighbor-
Joining method. One thousands bootstrap replicates were used. The evolutionary

distances were computed using the p-distance method.

2.3 Results

2.3.1 Distribution of the HMMsearch result for subtilase, lipases and glycoside

hydrolases

The initial screen using the default E-value cut-off of 10, identified a total of 2683 genes
with hydrolase domains in the Ace Lake metagenome dataset. The HMMsearch of four
lipase groups (lipase 1, lipase 2, lipase 3 and lipase GDSL) from the Ace Lake
metagenomic dataset has resulted with matches only to the two of the lipase groups;
lipase 3 and lipase GDSL. Irrespective of the sampling depth and filter size, the breakdown
of the types of hydrolases matches from the highest to the lowest count was a-amylase
(778), subtilase (764), lipase GDSL (566), lipase 3 (310), cellulase (141), glycosyl
hydrolase 16 (108) and glycosyl hydrolase 20 (96)(Table 2.3). Further analysis of the
distribution of subtilase, lipases and GH13 according to the type of dataset (Sanger reads,
assemblies of 454 pyrosequencing reads, and Sanger-454 pyrosequencing hybrid),
sampling depths and filter size were illustrated in Figure 2.2 and Figure 2.3. The
distributions of the matches in the HMMsearch results were described as the percentage
number of counts relative to the number of translated ORFs in each sample. Further

analysis to cellulase, glycosyl hydrolase 16 and 20 were not included in this chapter due
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to low number of matches and result from MetaGene prediction indicated no complete

ORF sequence.

In general, based on the E-value cut-off of 10, the relative percentage of matches
for amylase and subtilase were higher compared to lipase 3 and lipase GDSL. The most
obvious difference in terms of distribution of amylase and subtilase was at depth 12.7 m
(interphase) where amylase showed the highest relative percentage of matches in at least
three datasets, i.e., assemblies of Sanger-454 hybrid (0.1 um), assemblies of 454 (3.0 pm)
and Sanger sequences (0.1 pm)(Figure 2.2). Lipase GDSL matches was 1.8 fold higher
compared to lipase 3 and showed the highest relative percentage of matches in the 11.5 m
of assemblies of 454 (0.8 um). Lipase 3 that generally showed lower relative percentage
of matches compared to lipase GDSL, was higher in the 12.5 and 14 m sample of
assemblies of Sanger-454 hybrid (0.1 pm), 5 m sample of assemblies of 454 (0.8 um), 5 m
sample of assemblies of 454 (3.0 um) and in the 12.5, 14 and 18 m sample of Sanger
sequences (Figure 2.3). When E-value cut-off of 1E-20 was applied, the matches for
subtilase and amylase reduced to lower than 0.02% except in the 11.5 m of the
assemblies of 454 (0.8 um) and 12.7 m of the Sanger sequences. As for lipase 3 and lipase
GDSL, the matches reduced drastically in E-value cut-off of 1E-20.

Table 2.3: The breakdown of the types of hydrolases identified in the Ace Lake metagenomic
dataset with default E-value cut-off of 10.

Profile HMM description Total number of matches
GH13 778
PeptidaseS8- SubtilaseFamily 764
LipaseGDSL 486
Lipase3 310
Cellulase 141
Glycosyl hydrolase 16 108
Glycosyl hydrolase 20 96
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Figure 2.2: Distribution of subtilase (left) and amylase (right) in percentage number of counts
relative to the number of translated ORFs in the metagenome datasets of (a) Sanger-454 hybrid
(0.1 pm) (b) 454 assemblies (0.8 um), (c) 454 assemblies(3.0 um) and (d) Sanger sequences (0.1

pm).
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2.3.2 Selection of the subtilase sequences from the HMMsearch results

The matches to subtilase were further analysed based on their sequence length and E-
value. Scatter plots of the number of matches in the 0.1 pm sample of Sanger-454 hybrid
and Sanger reads from the three main zones of the Ace Lake (mixolimnion (5 and 11 m),
interphase (12.7 m) and monimolimnion (14, 18, 23 m)) are shown (Figure 2.4). In
comparison to the matches in the Sanger reads, the plots indicated more hydrolase
matches in the Sanger-454 pyrosequencing hybrid consisted of longer translated ORFs
with low E-value. This was apparent in the mixolimnion, where the longest translated
ORF was up to 1200 aa. In contrast, most of the proteins predicted from Sanger reads

were shorter (less than 300 aa). Short reads were all predicted to be partial ORFs.

Following a more stringent hydrolase selection criteria that based on protein
length, the presence of three catalytic sites and predicted ORF completeness, the numbers
of matches dropped to 19 from the entire database (Table 2.4). All sequences that fulfilled
the criteria were derived from HMMsearch threshold value <1E-20, which indicated that
a higher E-value threshold is likely retrieving a higher number of sequences that were
either short, have incomplete catalytic sites or not a complete ORF. 13 of the sequences
were obtained from the mixolimnion zone of Sanger-454 hybrid dataset, 3 from the 454
pyrosequencing assemblies and two matches from the Sanger reads (Table 2.4). Only one
sequence was from the monimolimnion (169958875). Sequences from the 0.1 pm filter
size were of utmost interest since the clone libraries harbouring the predicted genes are
available. Information from the 454 pyrosequencing assemblies that constitutes data
from 0.8 and 3.0 pm complement the data from 0.1 um and revealed the diversity of

microorganisms throughout the lake.
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Figure 2.4: Distribution of the subtilase sequence matches in the 0.1 um data. a) Sanger reads b)
Sanger-454 hybrid in the three main zones of the lake according to the protein length and E-value.
i) mixolimnion ii) interphase and iii) monimolimnion.
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Table 2.4: List of the subtilase matches that passed the high stringency filtering criteria based on E-
value, protein length, presence of catalytic sites and complete ORF prediction.

Sample

Filter size

No D Sequence ID Dataset ID (um) Depth (m)
1 232 167813433 Sanger-454 0.1 5
hybrid
2 232 167774469 Sanger-454 0.1 5
hybrid
3 232 167861678 Sanger-454 0.1 5
hybrid
4 232 167890758 Sanger-454 0.1 5
hybrid
5 232 167865372 Sanger-454 0.1 5
hybrid
6 232 167703364 Sanger-454 0.1 5
hybrid
7 232 167718106 Sanger-454 0.1 5
hybrid
8 231 163343819 Sanger-454 0.1 115
hybrid
9 231 163430931 Sanger-454 0.1 115
hybrid
10 231 163154518 Sanger-454 0.1 115
hybrid
11 231 163539195 Sanger-454 0.1 115
hybrid
12 231 163120751 Sanger-454 0.1 115
hybrid
13 231 163128715 Sanger-454 0.1 11.5
hybrid
14 231 163497393 Sanger-454 0.1 115
hybrid
15 232 232.1113298458479 Sanger 0.1 5
16 232 232.1112308614602 Sanger 0.1 5
17 232 175873336 454 0.8 5
assemblies
454
18 228 169958875 . 0.8 18
assemblies
454
19 231 168645997 _ 3.0 115
assemblies

2.3.2.1 Annotation of the Ace Lake subtilase sequences

All sequences derived from the HMMsearch were confirmed as serine protease, subtilisin
or peptidase S8 through annotation in the KEGG, NCBI-nr and Swiss-Prot database except
for 232_1113298458479, which was annotated as putative zinc metalloprotease in KEGG

and as hypothetical protein in the NCBI-nr database.
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2.3.2.2 Phylogenetic analysis of Ace Lake and commercially available

subtilases

In order to determine the phylogenetic relationships amongst the conserved segments of
the 19 subtilase protein sequences, a consensus Neighbor-Joining tree (Figure 2.5) was
constructed. The bootstrap consensus tree was inferred from 1000 replicates
(Felsenstein, 1985). The major clade that contained eight of the matches from the
mixolimnion clustered together with uncharacterized serine proteases from marine
Actinobacteria and plant pathogen Actinobacteria (Clavibacter michiganensis and Leifsonia
xyli) respectively. The high bootstrap support (72-100%) suggested that the sequences
were likely from Actinobacteria relative to Clavibacter michiganensis and Leifsonia xyli.
Another sequence from the mixolimnion, 232_01|167774469, clustered with serine
protease of the cyanobacterium, Arthrospira sp PCC 8005. 232_1113298458479 showed
to be clustered together with low bootstrap value (40%) to Oscillatoria sp. PCC 6506. The
only sequence from the anoxic monimolimnion, 228_08|169958875, was closely related

to the anaerobic “Candidatus Cloacamonas acidaminovorans”.

There were four sequences that were most closely related to
Gammaproteobacteria-like proteases. 232_01|167890758 and 231_.01|163128715
grouped together with extracellular protease of Xanthomonas sp. while
232_.1112308614602 and 232_01|167703364 clustered with cold-adapted proteinase K-
like protein of Vibrio sp PA44. 231_01|163343819 showed to be closely related to
proteinase K-like protein but with a low bootstrap value. 231_01|163154518 and
232_01]|167718106 made up a cluster with peptidase of a member of the Chloroflexi
phylum, Roseiflexus castenholzii DSM 13941. Finally 231_30|168645997 formed the most
distant group from the other Ace Lake sequences, clustering with subtilisin-like protease
of Polaribacter irgensii 23-P (Flavobacteria). The phylogenetic tree also illustrated that
none of the sequences from the Ace Lake metagenomic dataset, clustered together with
the commercially available subtilase, subtilisin Savinase and subtilisin Calsberg, which

were derived from Bacillus species.

2.3.2.3 Domain architecture analysis of the subtilase sequences

Domain architecture analysis was performed in CDD and CDart on the 13 unique subtilase
sequences from the ‘stringent group’ and compared to the annotation in the MEROPS
database to gain an insight into their physiological functions. Apart from the common
domain for members of the subtilase superfamily which is peptidase_S8_S53 domain,

some of the sequences had other specific domains either at their N-terminal or C-terminal
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regions. The sequences that were most closely related to Actinobacteria (163430931,
163539195, 175873336, and 167865372) had domain architectures similar to T7
mycosin secretion system (T7SS-Mycosin) and were classified as belonging to the
cytotoxin SubAB group in MEROPS. 163128715, which was annotated as proteins that
originated from Xanthomonas, had two specific domains; subtilase uncharacterized
subfamily 13 (peptidase_S8_13) and OmpA_family. 167703364, 232_1112308614602 and
163343819 were linked to diverse taxa but all sequences possessed the peptidase S8
PCSK9; a proteinase K-like proteins domain. 168645997, which was closely related to
Flavobacteria, had the subtilase uncharacterized subfamily 9 (peptidase_S8_9) and Por
secretion system C-terminal sorting domain (Por_secre_tail). The Alphaproteobacteria
linked sequence; 232_1113298458479, contained a subtilase uncharacterized subfamily

4 (peptidase_S8_4) domain. Summary of the analysis were presented in the Table 2.5.

100 232_01]167861678
231_01|163539195
232_08|175873336
231_01]163120751
232_01|167813433
231_01]163430931

serine protease marine actinobacterium PHSC20C1

53 serine peptidase family S8 OSClavibacter michiganensis subsp. michiganensis
Serine protease OSLeifsonia xyli subsp. xyli
232_01]167865372
100 231_01]163497393
— Subtilisin-like serine protease PatA-like Arthrospira sp. PCC 8005
100 — 232_01|167774469

232_1113298458479
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Subtilase family protein Oscillatoria sp. PCC 6506

40
Subtilisin-like serine protease Ignavibacterium album JCM 16511

putative serine peptidase precursor "Candidatus cloacamonas acidaminovorans"
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Figure 2.5: The phylogenetic tree of the subtilase-like protein sequences from Ace Lake as inferred
using the Neighbor-Joining method. The bootstrap consensus tree was inferred from 1000
replicates. The green circles were sequences from the mixolimnion, the red circle was sequence
from the monimolimnion. The details included in the sequence ID ie; 232_01, showed the sample
depth ID and filter size respectively.
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2.3.3 Lipases sequences in the HMM search results

Lipolytic enzymes are very important and attractive research subjects because their
multifunctional properties, such as broad substrate specificities and regiospecificities. The
HMMsearch of four lipase groups (lipase 1, lipase 2, lipase 3 and lipase GDSL) from the Ace
Lake metagenomic dataset has resulted with matches only to the two of the lipase groups;

lipase 3 and lipase GDSL.

2331 Selection of the lipase 3 sequences in the HMMsearch results

After the high stringency filtering criteria based on protein length, identification of the
catalytic sites, predicted ORF completeness and unique sequence, the number of matches
were reduced to only three from the entire database (Table 2.6). All sequences that
fulfilled the criteria were derived from HMM threshold value <le-20 except for

163182232 which was from E-value cut-off 1E-05.

Table 2.6: List of the lipase 3 sequences that passed the high stringency filtering criteria based on
E-value, protein length, presence of catalytic sites and complete ORF prediction.

No Sample  Feature Dataset ID Filter size(um) Depth(m)
ID ID

1 232 167696458 Sanger-454 0.1 5
hybrid

2 231 163436800 Sanger-454 0.1 11.5
hybrid

3 231 163182232 Sanger-454 0.1 11.5
hybrid

2.3.3.1.1 Annotation of the Ace Lake lipase 3 sequences

All sequences from HMMsearch were annotated as lipase through comparison to the KEGG
and NCBI-nr and Swiss-Prot databases except for 163182232, which was annotated as a
hypothetical protein. The annotations for all three sequences indicated homology to
eukaryote lipase. The closest homolog for 167696458 was to the lipase family protein of
Tetrahymena thermophila, a unicellular organism, which is a genetic model for animals
commonly found in fresh water environments (Eisen et al, 2006). The closest homolog for

163436800 was to the tryglycerol lipase of choanoflagellate, Monosiga brevicollis.
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2.3.3.2 Selection of the lipase GDSL sequences in the HMMsearch results

Analysis of the matches to lipase GDSL based protein length and E-value are shown in the
scatter plot (Figure 2.6). The scatter plot of matches in the 0.1 um of Sanger reads and
Sanger-454 hybrid from the three zones of the Ace Lake indicated that the mixolimnion
samples comprised of more sequences with protein length greater than 200 aa. Short

reads were predicted as partial ORFs.

The number of matches decreased to 17 following the high stringency filtering
process (Table 2.7). All sequences that fulfilled the criteria were derived from the 0.1 um

mixolimnion samples.

Table 2.7: List of the lipase GDSL sequences that passed the high stringency filtering criteria based
on E-value, protein length, presence of catalytic sites and complete ORF prediction.

No Sample Sequence ID Dataset ID Filter Size(um) Depth
ID (m)
1 232 167817518 Sanger-454 0.1 5
hybrid
2 232 167780571 Sanger-454 0.1 5
hybrid
3 232 167687840 Sanger-454 0.1 5
hybrid
4 232 167825930 Sanger-454 0.1 5
hybrid
5 232 167882604 Sanger-454 0.1 5
hybrid
6 232 167666764 Sanger-454 0.1 5
hybrid
7 232 232_.1113297879091 Sanger 0.1 5
8 232 232_1113297996613 Sanger 0.1 5
9 232 232.1113316102348 Sanger 0.1 5
10 232 232_.1113316024971 Sanger 0.1 5
11 231 163414796 Sanger-454 0.1 11
hybrid
12 231 163429503 Sanger-454 0.1 11
hybrid
13 231 163235684 Sanger-454 0.1 11
hybrid
14 231 163262734 Sanger-454 0.1 11
hybrid
15 231 231.1113297565557 Sanger 0.1 11
16 231 231.1113297793571 Sanger 0.1 11
17 231 231.1113289401511 Sanger 0.1 11
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Figure 2.6: Distribution of lipase GDSL sequences matches in the 0.1 um data. a) Sanger reads b)
Sanger-454 hybrid in the three main zones of the lake according to the protein length and E-value.
i) mixolimnion ii) interphase and iii) monimolimnion.
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2.3.3.2.1 Annotation of Ace Lake lipase GDSL sequences

Annotation in KEGG, NCBI-nr and Swiss-Prot databases for each of the 17 selected
matches from the HMM search were identified to confirm that the sequences were lipase
GDSL. According to the annotation in the KEGG and NCBI-nr databases, 10 of the selected
matches after high stringency filtering (Table 2.7) were lipase GDSL which were
167817518, 167687840, 167825930, 167882604, 232_1113316102348,
232_1113316024971, 163429503, 231.1113297565557, 231.1113289401511 and
231.1113297793571. Another four sequences, ie., 167780571, 232_1113297879091,
163414796 and 163235684 were annotated as putative acyl coenzyme A
thioesterase/aryl esterase. Two of the sequences, ie, 167666764 and
232_1113297996613, were annotated as lysophospholipase. The remaining sequence,
163262734 was annotated as a hypothetical protein. Annotation by comparison to the
Swiss-Prot database indicated that some of the matches in the search were not lipase but
rather a glutamine-dependent NAD* synthetase (167817518), UDP-N-acetyl-enol-
pyruvoyl glucosamine reductase (167882604) and DNA mismatch repair protein MutS
(231_1113297565557 and 231_1113297793571).

2.3.3.2.2  Phylogenetic analysis of lipase GDSL

Phylogenetic relationships amongst the 17 predicted lipase GDSL sequences were
analysed by constructing a consensus Neighbor-Joining tree. The sequences were
generally divided into two major clades (Figure 2.7). The first clade was further divided
into two subgroups. The first subgroup was represented by five Ace Lake sequences
(231.1113297565557,  232|167825930, 232|167882604, 232_.1113316102348,
232|167666764) that clustered with Gammaproteobacteria such as Alcanivorax sp. DG881
and Pseudoalteromonas atlantica T6c. Another subgroup was formed by
231.1113297793571 and lipase GDSL of Kordia algicida OT-1 (Bacteroidetes), while
231|163262734 and 232|167817518 formed another cluster with lipase GDSL of
Actinobacteria; Saccharopolyspora erythraea NRRL 2338.

The second clade contained two sub-clusters with 100% bootstrap value. These
were: (1) 232_1113297996613 and sialate O-acetylesterase of Bacteroides fragilis YCH46,
(2) 232_1113316024971 and a lipolytic enzyme of Bradyrhizobiaceae bacterium SG-6C
(Alphaproteobacteria). 232_1113297879091 and 231|163414796 have 100% bootstrap
value with aryl esterase of “Candidatus Pelagibacter ubique” HTCC1002. There was

another distant sequence in the same cluster, 231|163235684, which was closer to
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arylesterase of Desulfovibrio alaskensis G20 (Deltaproteobacteria). Another lower
confidence sub-cluster (57% bootstrap value) was apparent within the second clade that
comprised of 232|167687840, 231_1113289401511, 231|163429503, lipase GDSL of
Francisella novicida U112 (Gammaproteobacteria) and Desulfobacula toluolica Tol2
(Deltaproteobacteria). Finally, 232|167780571 formed the most distant related clade with

arylesterase of Rhodobacterales bacterium HTCC2255 and pancreatic lipase.
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232|167666764
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Figure 2.7: Phylogenetic tree of the Ace Lake metagenome-derived lipase GDSL sequences. The
green circles were sequenced from the oxic mixolimnion. The details included in the sequence ID
i.e, 1cl|232_01, showed the sample depth ID.

2.3.3.2.3 Conserved domain architecture analysis

Domain architecture analysis was performed on the 17 selected sequences from the
‘stringent group’ (Table 2.7) to search for the presence of novel domain. All sequences had
the SGNH hydrolase superfamily domain, a common domain for lipase GDSL sequences.
Members of the SGNH hydrolase 1 superfamily domain were found in the sequences

related to Actinobacteria and Alphaproteobacteria SGNH_hydrolase subfamily. FeeA_FeeB-
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like domain was detected in at least four sequences related to Gammaproteobacteria
(167825930, 167882604, 167666764, 231_1113297565557), and two sequences that
were related to Flavobacteria and Betaproteobacteria (231_1113297793571 and
232_1113316102348 respectively). The FeeA and FeeB genes are part of a biosynthetic
gene cluster and may participate in the biosynthesis of long chain N-acyltyrosines by
providing saturated and unsaturated fatty acids, which in turn are loaded onto the acyl
carrier protein FeelL (Brady et al, 2002). Finally, the two sequences associated with
Alphaproteobacteria (232_1113297879091, 163414796) and another sequence associated
with Deltaproteobacteria (163235684) have a lysophospholipase L1-like domain, a
subgroup of SGNH-hydrolases domain.

Table 2.8: Result of analysis of domain architecture for selected lipase GDSL sequences.

ID Closest related Specific Superfamily
taxon domain

167817518 Actinobacteria SGNH_hydrolase_like SGNH_hydrolase
1 superfamily

163262734 Actinobacteria SGNH_hydrolase_like SGNH_hydrolase
1 superfamily

231.1113297793571 Flavobacteria FeeA_FeeB_like SGNH_hydrolase
superfamily

167825930 Gammaproteobacteria FeeA_FeeB_like SGNH_hydrolase
superfamily

167882604 Gammaproteobacteria FeeA_FeeB_like SGNH_hydrolase
superfamily

167666764 Gammaproteobacteria FeeA_FeeB_like SGNH_hydrolase
superfamily

231.1113297565557

232.1113316102348

Gammaproteobacteria

Betaproteobacteria

FeeA_FeeB_like

FeeA_FeeB_like

SGNH_hydrolase
superfamily
SGNH_hydrolase

superfamily

167780571 Deltaproteobacteria - SGNH_hydrolase
superfamily

167687840 Gammaproteobacteria - SGNH_hydrolase
superfamily

231.1113289401511 Deltaproteobacteria - SGNH_hydrolase
superfamily

163429503 Gammaproteobacteria - SGNH_hydrolase
superfamily

232_.1113297996613 Sphingobacteria - SGNH_hydrolase
superfamily

232_.1113316024971 Alphaproteobacteria SGNH_hydrolase SGNH_hydrolase
superfamily

163235684 Deltaproteobacteria Lysophospholipase_. ~ SGNH_hydrolase
L1_like superfamily

232.1113297879091 Alphaproteobacteria Lysophospholipase_. ~ SGNH_hydrolase
L1_like superfamily

163414796 Alphaproteobacteria Lysophospholipase_. ~ SGNH_hydrolase
L1_like superfamily
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2.3.4 Selection of the GH13 sequences in the HMMsearch results

The high number of GH13 matches sequences were further analysed based on their length
and E-value. Scatter plots of the number of matches in the 0.1 pm sample of Sanger-454
hybrid and Sanger reads from the three main zones of the Ace Lake (mixolimnion (5 and
11 m), oxic-anoxic interphase (12.7 m) and monimolimnion (14, 18, 23 m)) are shown
(Figure 2.8).In comparison to the matches in the Sanger reads, the plots indicated some of
the GH13 matches in the Sanger-454 pyrosequencing hybrid consisted of longer
translated ORFS. This was apparent in the mixolimnion and interphase zones, where the
longest translated ORF have more than 1000 aa. In contrast, most of the proteins
predicted from Sanger reads were shorter (less than 300 aa). Results from analysis with

MetagGene indicated that short reads were predicted as partial ORFs.

After applying the high stringency filtering process, 27 GH13 sequences were
obtained from the metagenome dataset (Table 2.9). All sequences were from the
mixolimnion and interphase zones and had E-value < 1E-20, except for 167853847,

167817168,167817172 and 163239763 that had E-value < 1E-5.
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Table 2.9: List of the GH13 sequences that passed the higher stringency filtering criteria based on

E-value, protein length, presence of catalytic sites and complete ORF prediction.

No. Salllll)ple Sequence ID Dataset ID Filter size(um) Sample depth (um)
1 232 167733578 Sanger-454 0.1 5.0
hybrid
2 232 167822374 Sanger-454 0.1 5.0
hybrid
3 232 167733580 Sanger-454 0.1 5.0
hybrid
4 232 167687568 Sanger-454 0.1 5.0
hybrid
5 232 167667080 Sanger-454 0.1 5.0
hybrid
6 232 167715284 Sanger-454 0.1 5.0
hybrid
7 232 167853847 Sanger-454 0.1 5.0
hybrid
8 232 167817168 Sanger-454 0.1 5.0
hybrid
9 232 167817172 Sanger-454 0.1 5.0
hybrid
10 231 163470518 Sanger-454 0.1 115
hybrid
11 231 163360988 Sanger-454 0.1 115
hybrid
12 231 163470516 Sanger-454 0.1 115
hybrid
13 231 163427827 Sanger-454 0.1 115
hybrid
14 231 163488553 Sanger-454 0.1 115
hybrid
15 231 163277673 Sanger-454 0.1 11.5
hybrid
16 231 163277667 Sanger-454 0.1 115
hybrid
17 231 163239763 Sanger-454 0.1 115
hybrid
18 232 175711712 454 assemblies 0.8 5.0
19 232 176222994 454 assemblies 0.8 5.0
20 232 175711710 454 assemblies 0.8 5.0
21 232 175839179 454 assemblies 3.0 5.0
22 231 167541905 454 assemblies 0.8 11.5
23 231 167562621 454 assemblies 0.8 11.5
24 231 167588808 454 assemblies 0.8 11.5
25 231 168627242 454 assemblies 3.0 11.5
26 230 167494038 454 assemblies 0.8 12.7
27 230 178055561 454 assemblies 3.0 12.7
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Figure 2.8: Distribution of GH13 sequence matches in the 0.1 pm data: a) Sanger reads b) Sanger-

454 hybrid in the three main zones of the lake according to the protein length and E-value. i)

mixolimnion ii) interphase and iii) monimolimnion.
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2.34.1 Annotation of the Ace Lake GH13 sequences

Annotation in KEGG, NCBI-nr and Swiss-Prot databases for each of the 27 selected
matches from the HMMsearch were identified to confirm that the sequences were GH13
sequences. Apart from that, the annotation differentiated whether the GH13 sequences
were a-glucosidase, a-amylase, trehalose synthase or glycogen branching/debranching
enzyme. According to the annotation in the KEGG and NCBI-nr databases, 11 of the
sequences were annotated as o-glucosidase (167733578, 167822374, 167733580,
167687568, 167667080, 175711712, 163470518, 163360988, 163470516, 163427827
and 167562621). Another five sequences were annotated as a-amylase (176222994,
175839179, 167541905, 167588808 and 168627242). There were four sequences that
were annotated as trehalose synthase (167715284, 163488553, 167494038 and
178055561). Two sequences from the interphase zone, i.e., 167494038 and 178055561,
were annotated as trehalose synthase related to the green sulfur bacterium, Chlorobium
phaeovibrioides. There were five sequences that were annotated as glycogen branching/
debranching enzymes which were 167817168, 167817172, 163239763, 163277667 and
163277673. The remaining two sequences, i.e, 167853847 and 175711710 were
annotated as a conserved hypothetical lipoprotein and a hypothetical protein,

respectively.

2.3.4.2 Plylogenetic analysis of Ace Lake GH13 sequences

Phylogenetic analysis of GH13 proteins showed the sequences were divided according to
the five members of the a-amylase family, namely a-glucosidase, a-amylase, trehalose
synthase, amylosucrase and glycogen branching/debranching enzyme (Figure2.9).
232_01|167733578, 231_01|163470518, 232_01|167733580, 231_01|163470516 and
232_01|167667080 clustered with a-glucosidase of Clavibacter michiganensis subsp.
michiganensis NCPPB 382 (Actinobacteria) and marine actinobacterium PHSC20C1 and
Thermobifidafusca YX  (Actinobacteria). 232_01]|167822374, 231_01|163360988,
232_01]|167687568 and 231_01]|163427827 formed a separate cluster with no known
homologous proteins. A cluster of sequences (232_08|175711710, 231_08|167562621,
and 232_08|175711712) were related to oligo-1,6-glucosidase of Cyanothece sp. CCY0110,
(Cyanobacteria), all of which originated from 0.8 pm mixolimnion. The high bootstrap
value with cyanobacterial sequences indicated their similarity to Ace Lake Cyanobacteria

that commonly found in the surface.
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There were four Ace Lake GH13 sequences in the trehalose synthase cluster.
231_01]|163488553 clustered with 100% bootstrap value to the trehalose synthase of an
actinobacterium, Leifsoniaxyli CTCBO07. 232_01|167715284 clustered with 100%
bootstrap value to thetrehalose synthase of a green sulfur bacterium, Chlorobium
phaeovibrioides DSM 265. Another two sequences in the cluster, 230_08|167494038, and
230_30]|178055561 which were derived from the 0.8 and 3.0 um filter of the interphase
zone have lower bootstrap value (34%) indicating their distant relationship to Chlorobium

phaeovibrioides DSM 265.

In a different cluster, 231_08|167541905, and 231_30|168627242 grouped with
amylosucrase of Cyanobacteria; Synechococcus sp. WH 5701 and a sulfur-oxidizing
bacterium isolated from deep sea hydrothermal vents of class Gammaproteobacteria;
Thiomicrospiracrunogena  XCL-2. Two  predicted sequences of a-amylase
231_08|167588808 and 230_08|176222994, grouped with a-amylase of a Cyanobacteria;
Acaryoschloris marina. Another two clusters of a-amylase comprised of
232_30|175839179 that grouped with 100% bootstrap value to o-amylase of
Verrucomicrobiae bacterium DG1235 and 232_01|167853847 which grouped together

with a-amylase of a member of the Bacteroidetes, Flavobacteria bacterium BBFL7.

The remaining sequences formed the clusters of glycogen branching/debranching
enzymes. 232_01|167817168 and 231_01|163277673 clustered with glycogen branching
enzyme of Arthrobacteraurescens TC1 (Actinobacteria). Finally, 231_01|163277667,
232_01|167817172 and 232_01|163239763 grouped with glycogen debranching enzyme

of Actinobacteria, Mycobacterium vanbaalenii PYR-1 and Acidothermus cellulolyticus 11B.

2.34.3 Domain architecture analysis of Ace Lake GH13 sequences

Domain architecture analysis was performed on the 18 selected GH13 sequences from the
‘stringent group’ (Table 2.9) as one of the search for functional novelty indicator. Apart of
the common catalytic domain for the a-amylase family which is AmyAc superfamily, each
of the sequence has specific domain from which their function can be inferred. Four types
of specific domains were found in the sequences linked to Actinobacteria: the a-amylase
catalytic domain that was found in the oligo-1,6-glucosidase and trehalose synthase
(AmyAc_OligoGlu_TS); a-amylase catalytic domain that was found in the trehalose
synthase (AmyAc_TreS); the catalytic domains of the glycogen branching enzyme
(AmyAc_Glg BE) and the catalytic domain of the glycogen debranching enzymes
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(AmyAc_Glg_debranch). Both glycogen branching (GBE) and debranching enzymes (GDE)
have specific domain at their N-terminal that was known as early set domain (E-set). The
difference between branching and debranching enzymes was the presence of multidomain
of glycogen branching enzyme (PRK05402) in the former and the presence of the bacterial
isoamylase domain (isoamylase_N) and module of multidomain glycogen debranching

enzyme (GlgX-debranch) in the latter.

AmyAc_OligoGlu_TreS and AmyAc_TreS domains were also detected in the
sequences related to Chlorobium while AmyAc_OligoGlu domain was detected in the
sequences related to Cyanobacteria. Other specific domains found in the sequences related
to Cyanobacteria were the a-amylase catalytic domain, found in the bacterial and fungal a-
amylases (AmyAc_bac_fung AmyA), and the o-amylase catalytic domain found in

amylosucrase (AmyAc_Amylsucrase).

The a-amylase catalytic domain belonging to an uncharacterized protein family
(AmyAc_4) was detected in sequence associated with Bacteroidetes. Finally, a-amylase
catalytic domain found in archaeal and bacterial a-amylases (AmyAc_arch_bac_AmyA)
were detected in the sequence related to Verrumicrobiae. All of the detected domains
confirmed the annotation of each sequence described in the previous sections (Table

2.10).
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Figure 2.9: Phylogenetic tree of GH13 sequences derived from the Ace Lake metagenome. The
phylogenetic tree was inferred using the Neigbor-Joining method. The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown
next to the branches. The green circles were sequences from the oxic mixolimnion and the blue
circles were sequences from the interphase sample. The details included in the sequence ID i.e,
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® 232_01|167733578

® 231_01|163470518

® 232 01[167733580

® 231_01[163470516

® 232 01[167667080

alpha-glucosidase Clavibacter michiganensis subsp. michiganensis
alpha amylase catalytic subdomain marine actinobacterium PHSC20C1
alpha-glucosidase Thermobifida fusca YX

® 232 01[167822374

® 231_01|163360988

® 232 01|167687568

® 231_01|163427827

® 232 08[175711710

® 231_08[167562621

® 232 08[175711712

oligo-16-glucosidase Cyanothece sp. CCY0110
oligo-16-glucosidase Polaribacter sp. MED 152

® 231_01[163488553

trehalose synthase Leifsonia xyli subsp. xyli str. CTCB07

trehalose synthase Chlorobium phaeovibrioides DSM 265

® 232 01[167715284

@ 230_30|178055561

@ 230_08|167494038

Alpha amylase catalytic region Thiomicrospira crunogena XCL-2
alpha-amylase amylosucrase Synechococcus sp. WH 5701

® 231_30[168627242

® 231_08[167541905

® 232 08[176222994

® 231_08|167588808

alpha-amylase Acaryochloris marina MBIC11017

® 232 30[175839179

Alpha amylase catalytic domain subfamily Verrucomicrobiae bacterium
® 232 _01|167817168

® 231_01|163277673

glycogen branching enzyme Arthrobacter aurescens TC1

® 232 01/167853847

alpha amylase Flavobacteria bacterium BBFL7

glycogen debranching protein GlgX Mycobacterium vanbaalenii PYR-1
glycogen debranching protein GlgX Acidothermus cellulolyticus 11B
® 231_01[163277667

® 232 01167817172

® 31_01|163239763

232_01 showed the sample depth ID and the filter size respectively.
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2.4 Discussion

2.4.1 Implication of DNA sequencing and processing techniques towards the number

of matches in the HMMsearch

For sample of 0.1 um, in respect to the selection criteria, more matches of subtilase, lipase
and glycosyl hydrolase were found in the assembled data of mixolimnion compared to the
interphase and deep monimolimnion. This was in line with the decrease of annotation
percentage for predicted genes with depth in the Ace Lake metagenome dataset, dropping to
<3% in the deepest zone at 23 m (Lauro et al, 2011). In comparison of assembled and
unassembled data, more matches were detected in the former than the latter. This result
might be implicated by the difference of sequencing methods and data processing applied to
generate each dataset. Sequences in the 0.1 um of unassembled data were generated by
Sanger sequencing while sequences in the 0.1 pum of assembled data were from combination
of Sanger and 454 pyrosequencing technologies. Even though the HMMsearch in the
unassembled data of 0.1 um primarily showed higher number of matches, they were
removed in the selection process because they were comprised of less than 200 aa (or 300 aa
for glycosyl hydrolase), were partial ORFs, or had incomplete catalytic sites. It was also
worthwhile to mention that the abundance of the matches in both the assembled and
unassembled data cannot be directly compared since the assembly process combined
sequence reads into contiguous stretches of DNA called contigs, based on sequence similarity
between reads (Kunin et al, 2008) and contributed to the reduction of number of translated

ORFs in the assembled datasets.

Lower numbers of matches were detected in the 0.8 and 3.0 um samples which
comprised of only 20.6% of the total complete ORFs identified. Sequence in the assembled
data of 0.8 and 3.0 um were generated by 454 pyrosequencing technology. While the
advantages of 454 pyrosequencing over Sanger sequencing were its lower cost and no
requirement for cloning, its main disadvantage has been its overall read length: ~400bp
(Uchiyama and Miyazaki, 2010). Reads of this length present additional challenges for
assembly and gene calling (Kunin et al, 2008) and posed similar problems for detecting
complete ORFs for hydrolase in this project. Therefore, in this project, it showed that the

combination of Sanger and pyrosequencing had an advantage for the purpose of
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identification of subtilase, lipase and GH13 complete ORFs. This approach produced longer
contigs and increased the probability to obtain complete ORFs. A similar approach
(combination of Sanger and 454 pyrosequencing) has been determined by Goldberg et al
(2006) to be able to produce high quality cost-effective assemblies of small marine microbial

genomes.

2.4.2 The matches of hydrolases were linked to the dominant taxa in the Ace Lake

environment

The degradation and turnover of various materials are a continuous process mediated by the
action of a variety of microorganisms. Consistent with higher representatives of HMMsearch
results from the upper-oxic zones (mixolimnion), the detected subtilase, lipase GDSL and a-
amylase family enzymes matches were mainly linked to Actinobacteria, Proteobacteria,
Cyanobacteria and Bacteroidetes. According to Lauro et al. (2011), in the mixolimnion zones
of the Ace Lake, the bacterial members responsible for remineralisation of particulate
organic carbon to DOC include members of the Flavobacteria and Gammaproteobacteria,
which are likely to be particle-associated copiotrophs. Heterotrophic conversion would be
further performed by free-living, oligotrophic Actinobacteria and members of the SAR11
clade (Lauro et al, 2011). Annotation of the identified hydrolase sequences from
mixolimnion samples as related to Actinobacteria was consistent with over representation of
Actinobacteria that was associated with Luna cluster in the upper-oxic zones of the Ace Lake
(Lauro et al, 2011). This cluster was mainly represented in freshwater ultramicrobacteria
(Hahn et al, 2003) and played a greater role in the bacterial assemblages of the oxygenated
water layers than in the interphase and anoxic aquatic environments (Salcher et al, 2010,
Lauro et al, 2011). The study of spatiotemporal distribution and activity patterns of bacteria
from three phylogenetic groups in an oligomesotrophic alpine lake also indicated that
Actinobacteria was the most active amino acid incorporating bacteria regardless of their

small size (Salcher et al, 2010).

Nevertheless, as expected, a-amylase family enzymes sequences derived from the
interphase zone were linked to the green sulfur bacterium of the genus Chlorobium, that was

found dominated that particular Ace Lake’s zone (Ng et al, 2010, Lauro et al, 2011). Other a-
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amylase family enzymes sequences identified in the 0.8 and 3.0 pm samples were associated
with Cyanobacteria, which dominated the 0.8 and to a lesser extent, the 3.0 pm samples of the
upper-oxic zones of the lake (Lauro et al, 2011). Cyanobacteria of the genus Synechococcus
represent a unique and highly adapted clade in the stable water columns of some saline
Antarctic lakes such as Ace Lake (up to 8 x 10 ¢ cell mL-1), Lake Abraxas (1.5 x 107 cells mL-1)
and Pendant Lake (max. 1.5 x 107 cells mL-1)(Powell et al, 2005).

The only sequence from the anoxic zones (169958875), identified as subtilase, was
linked to WWE; candidate division that deeply branching from the phylum Spirochaetes and
was provisionally classified as “Candidatus Cloacamonas acidaminovorans”(Pelletier et al,
2008). In silico proteome analysis indicated that this bacterium might derive most of its

carbon and energy from the fermentation of amino acids (Pelletier et al,, 2008).

2.4.3 Conserved domain architecture of subtilase inferred probable biological

function of the enzymes

Amongst the three enzymes sequences, the domain architecture analysis of the subtilase
resulted in interesting findings in terms of the enzyme function. In bacteria, subtilisin
functions in diverse processes such as in cellular nutrition uptake and host invasion (Cheng
et al, 2002), facilitating the maturation of diverse polypeptides (Siezen et al, 2007),
bacteriocins like lantibiotics (Siezen et al, 1996), and extracellular adhesions and
germination of spores (Shimamoto et al, 2001). Most of the known subtilisins are
multidomain polypeptides and consists of a protease domain accompanied by one or more
co-existing domains (Geer et al, 2002) which also counts for the diversity of their functions

(Tripathi and Sowdhamini, 2008).

Analysis in CDD (Table 2.5) indicated the presence of a T7SS-Mycosin multidomain
module in only those subtilase sequences that were associated with Actinobacteria. T7SS-
mycosin is a secretion system that functions in transporting Mycobacterium tuberculosis
protein virulence factors that cause tuberculosis in human (Stanley et al, 2003, Abdallah et
al, 2007). 163539195, 163430931 and 175873336 have similar domain architecture with
MycP1, a subtilisin-like protease identified in the T7SS, which involved in the early

replication and full virulence of the pathogen in host cell (Ohol et al, 2010). There was an
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increasing number of observations indicated that planktonic Actinobacteria indigenous to
freshwater systems are less vulnerable to protistan predation and viral lysis than other taxa
of freshwater bacterioplankton (Hornak et al, 2005, Tarao et al, 2009). So far, the Gram-
positive membrane cell structures were known to be responsible for protection (Hornak et
al, 2005, Tarao et al, 2009). While the abundance of Actinobacteria in the mixolimnion of the
Ace Lake has been linked to the protein remineralisation role (Lauro et al, 2011), the
similarity of 163539195, 163430931 and 175873336 domain architecture with MycP1
suggesting there was a possibility that the indigenous Actinobacteria species in Ace Lake
have specific virulence factor involving subtilase that function as a protective measure
against predation. However, there was no experimental data for multifunction subtilase
linked to the Actinobacteria of Luna cluster to support this statement. Nevertheless, there
was a report of a multifunctional subtilase, Streptococcal SCP, which has a specific role in the
inactivation of the human phagocyte chemotaxin C5, as well as playing an important role as

an invasin that assists in epithelial cell invasion (Cheng et al.,, 2002).

Another subtilase sequence that has interesting domain architecture is 163128715.
Even though had high sequence identity to Xanthomonas campesteris (Liu et al, 1990) and
other uncharacterized serine protease of Xanthomonadaceae species, 163128715, has a
peptidoglycan binding domains similar to the C-terminal domain of outer membrane protein
(OmpA_C_like) instead of a common pre-peptidase C-terminal domain (PPC) in its C-terminal
extension. In most subtilases of Xanthomonas, this PPC domain is normally found at the C-
terminal of secreted bacterial peptidases and does not present in the active peptidase due to
C-terminal excision during the maturation process. Further search for the similar domain
architecture of other serine protease of Xanthomonas and Stenotrophomonas species resulted
in only two groups that showed almost similar domain architecture thatwas lacking a PPC
domain. The first group was a serine protease (Lee et al, 2005a), and consisted of an
autotransporter-associated beta strand repeat domain (cI15373) in between
peptidase_S8_S53 and outer membrane (OM) channel domains. Another group, serotype 1
specific antigen has both peptidase_S8_S53 and OM channel domains. Both autotransporters
and OM_channel domain were known as translocator domain that mediate the secretion of

virulence-related protein of Gram-negative bacteria (Oomen et al, 2004).
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The cell envelope of Gram-negative bacteria is composed of two membranes, the
inner and the outer membrane, which are separated by the peptidoglycan-containing
periplasm. A number of proteins interact noncovalently with the cell wall through a
periplasmic peptidoglycan binding domain that is widespread in Gram-negative bacteria
(Parsons et al, 2006). It was found that 163128715 OmpA_C-like domain was homologous to
the C-terminal sequences of the reduction-modifiable protein M (RmpM) in Neisseria
meningitides (Grizot and Buchanan, 2004), outer membrane protein (Rv0899) from
Mycobacterium tuberculosis (Li et al, 2012) and peptidoglycan-associated lipoprotein (Pal) of
Haemophilus influenza (Parsons et al, 2006) that were linked to their role as a peptidoglycan
binding domain. Since 163128715 lacked an autotransporter domain, any role in
pathogenesis can likely be excluded. As it lacks a signal peptide and has a peptidoglycan
binding domain, Subt8715 most likely was an intracellular membrane protein that functions

in the maturation of other proteins or peptides.

In line with the role of Flavobacteria in remineralisation of particulate organic carbon
to DOC in Ace Lake, a sequence associated with Flavobacteria (168645997) has a
Por_secre_tail domain at its C-terminal. This domain was linked to its function of protein
sorting to the outer membrane. Involved in the Por secretion system (PorSS), it was first
identified in the two members of the Bacteroidetes phylum, the gliding bacterium
Flavobacterium johnsoniae and the nonmotile oral pathogen Porphyromonas gingivalis and
has different components compared to those of other well studied bacterial secretion
systems (McBride and Zhu, 2013). In P. gingivalis this secretion system was responsible for
secretion of major extracellular cysteine proteinases, Arg-gingipains (Rgps) and Lys-
gingipain (Shoji et al, 2011). Further comparative analysis of 37 genomes of members of the
phylum Bacteroidetes revealed the widespread occurrence of the PorSS genes (McBride and
Zhu, 2013) suggesting similar secretion system were being used by indigenous Bacteroidetes

members in Ace Lake for secretion of extracellular subtilase.

There were three sequences that had specific proteinase K-like subtilase domain
(232_1112308614602, 232_1112308614602 and 163343819). The study of subtilase of this
group is quite comprehensive especially in term of temperature adaptation (Arndrsdéttir et

al, 2005, Sakaguchi et al, 2007), as mesophilic, thermophilic, and psychrophilic
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representatives have been characterized. The physiological function of this group was not

clear. However, the known proteinase K-like subtilase has broad substrate specificity.

2.4.4 Functional potential of lipase GDSL in the Ace Lake aquatic environment

From analysis of the conserved domain and comparison to the annotation through NCBI-nr,
Swiss-Prot and KEGG database, five lipase GDSL sequence annotated as GDSL lipolytic
enzymes and one sequence annotated as lysophospholipase LI and related esterase-like
protein have FeeA and FeeB-like specific domain (Table 2.8). All of the sequences were
associated with Gram-negative Gammaproteobacteria, Deltaproteobacteria and Bacteroidetes.
These FeeA and FeeB-like proteins were part of a biosynthetic gene cluster and may
participate in the biosynthesis of a long chain N-acyl amino acids by providing saturated and
unsaturated fatty acids (Brady et al, 2002). The long chain of N-acyl amino acids was first
identified by virtue of antibacterial activity from the environmental DNA clones (Brady and
Clardy, 2000). However, recently a new prevailing hypothesis for more plausible alternative
of N-acyl amino acids function in chemical signalling was suggested based on the chemical
similarities between N-acyltyrosines and N-acylhomoserinelactones which play role in
chemical signalling in Gram-negative bacteria (Craig et al, 2011). It has also been suggested
that some environmental DNA-derived N-acyltyrosine synthase genes represent an
expansion of the lipid biosynthetic machinery responsible for the synthesis of the bacterial
type ornithine-containing lipids, which are structural lipids similar to phosphatidic acid

(Geiger et al, 2010).

2.4.5 Trehalose synthase and its role for viability at low temperatures

Grouped together with a-amylase, trehalose synthase was also detected in the metagenome.
Trehalose synthase (TreS) catalyses the reversible interconversion of maltose and trehalose
and has been shown recently to function primarily in the mobilization of trehalose as a
glycogen precursor (Zhang et al, 2011). Trehalose is an ubiquitous molecule that occurs in
lower and higher life forms but not in mammals. It was previously believed to function solely
as a reserve energy and carbon source in a manner similar to that of glycogen and starch

(Elbein et al, 2003). In industry, TreS has value as a simple biocatalyst for trehalose
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production (Yue et al, 2009). TreS was mainly studied in thermophiles and mesophiles, but
seldom in cold-adapted microorganisms. Up to now, a few TreS genes from different bacterial
species have been reported to be cloned, expressed and characterized, including
Pseudomonas stutzeri C]38 (Lee et al, 2005b), Pimelobacter sp. R48 (Tsusaki et al, 1996),
Mycobacterium smegmatis (Pan et al, 2004), Arthrobacter aurescens (Xiuli et al, 2009),
Corynebacterium glutamicum ATCC13032 (Wolf et al, 2003), Enterobacterhormaechei that
was isolated from Tibetan Plateau (Yue et al, 2009) and some thermophilic strains (Koh et

al, 2003, Wei et al., 2004).

The Ace Lake surface remains covered in approximately 2 m of ice for about 10-11
months (February/March-December) and usually (but not always) melts out during summer
(January)(Gibson, 1999, Rankin et al, 1999). Therefore, the cellular membranes of resident
microbes are subject not only to rigidity but also to physical damage from ice-crystal
formation during the freezing process (Deming, 2009). The presence of antifreeze protein
activity in this lake has been demonstrated by Gilbert et al. (2004). In addition to antifreeze
protein, the detection of TreS in this environment also suggested the role of trehalose as a
cryoprotectant. Small molecular weight sugars were commonly used as cryoprotectants in
the deep-freezer (-80°C) storage of microbes (e.g: glycerol), presumably providing a buffer
between cells and ice crystals. The mechanism by which trehalose mediates tolerance to
freezing or desiccation is not clear, but presumably involves a stabilisation of certain cell

proteins and/or lipid membranes.

Another role of trehalose in cell protection against cold temperature was its effect in
reducing oxidative damage. The solubility of gasses increases rapidly at low temperature
especially for a dioxygen, which is a very reactive molecule. The dissolved O concentration
measured at the Ace Lake surface (5-11m) was ~13mg/mL (Lauro et al, 2011). Ng et al.
(2010), indicated that microorganisms in the Ace Lake environment were prone to oxidative
stress and identified several oxidative stress proteins that may fulfil roles in oxidative
defense in the 12.7 m Ace Lake metaproteome. Exposure of cells to H;0; caused oxidative
damage to amino acids in cellular proteins, and trehalose accumulation was found to reduce

such damage presumably by acting as a free radical scavenger (Benaroudj et al, 2001).
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2.5 Conclusion

The analysis of the sequence-based search for hydrolases indicated the presence of the
subtilase, lipases and GH13 genes throughout the lake. However, the matches for complete
hydrolases genes were almost limited to samples of 0.1 um mixolimnion. This result might be
driven by at least two factors. The first is the advantage of the assemblies of combination
Sanger and 454 pyrosequencing reads for 0.1 pm samples. The latter could be that the
mixolimnion samples constitute of novel sequences that were inaccessible by sequence-
based search techniques that was depending on the readily available HMM in Pfam database.
The analysis of domain architecture of the sequences obtained, revealed the novelty of some
of the sequences and inferred their physiological role in the native environment. The
stringent sequence screening process depending on minimum ORF length, complete ORF and
conserved catalytic sites might overlook some relevant sequences from the entire datasets.
However, the functional screening of the library as described in the next chapter was
performed to cover some of these potential gaps. Sequences from the ‘lenient’ group (without
complete catalytic sites), were included in the functional screening process of the

metagenomic library as described in the next chapter.
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CHAPTER 3

Functional screening of hydrolases from the Ace Lake

metagenomic clone library

3.1 Introduction

The increasing demand and value for novel biocatalysts by industries, e.g., pulp and paper,
biofuel production and cosmetic and pharmaceutical products, has stimulated the
exploration of various extreme environments, such as Antarctica, that possibly hold
enormous varieties of cold-adapted enzymes (Lohan and Johnston 2005). The demand is
supported by the advancement in the field of metagenomics that offers unique perspectives
on the unculturable psychrophilic microorganisms and their biosynthetic products (Voget et
al, 2005, Green and Keller, 2006). As introduced previously, the culture-independent
technologies were developed from the improvement made in DNA extraction and cloning
directly from the environmental samples (Schmidt et al, 1991, Handelsman, 2004). One of
the critical steps in the metagenomic analysis is to screen for clones that contain target genes
amongst a large number of clones in the metagenomic library. In general, labour intensive
analyses of individuals or pool of clones within the library is often required for the activity-
based screening procedure. The screening process normally involves analysis of several
hundred thousand clones to detect a few (0.001-0.01%) functionally active clones (Henne et

al. 2000; Heath et al. 2009; Berlemont et al. 2011).

Among the different classes of enzymes, hydrolases are of particular importance in
the industry due to their broad substrate specificities, high stereo- and regioselectivities,
cofactors-free activities, and some even stable in organic solvents (Faber, 2011). Cold-
adapted proteases, amylases and lipases are of great significance in the biotechnology sector
with applications such as in detergent, food and drinks, fermentation, textile, and pulp and
paper industries as reviewed by Cavicchioli and colleagues (Cavicchioli et al, 2011). This
chapter describes the screening of the Ace Lake metagenomic clone library for protease,
lipase, and amylase activity using agar-based assays. The library was previously constructed

for classical shotgun sequencing purposes based on Sanger sequencing method. The clones
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that used in the screening process are based on two groups. The first group was the targeted
clones which contained the specific hydrolase genes identified in the Chapter 2. These clones
were retrieved from the clone library through barcode identification. The second group
consisted of ~20000 randomly-picked clones (not specifically picked based on the
sequencing barcode nor identified as harbouring the gene of interest in the sequence-based
search). Any activity detected on agar-based assays was subsequently confirmed by liquid

enzymatic assay. An overview of the screening process is illustrated Figure 3.1.

seguence |Ds from the sequence-based screening
{Chapter 2)

Identification of clones based on
barcode info

Targeted clones Randomized clones

Manual replication from 384 well microtitre plates (Ace Lake metagenomic library storage}onto
LB agar master plates using 96 pin replicator

Agar-based assays
Replicationof the clones on indicator agar

R i AR

Brotesse Lipase Amylase
Skimmed Tribuyrin Starchagar
milk agar agar

Liquid ffilter paper assay for positive clones

& & &
3 s Methyl | =
g M| umbeliferone | & CECCE
¥ butyrate (MUF- ve ¥
B} assay

Figure 3.1: Flow chart of the enzyme screening process.

3.2 Materials and Methods

3.2.1 Library construction

Ace Lake metagenomic library construction was performed at the ]J. Craig Venter Institute

(JCVD), in Rockville MD, USA (Rusch et al, 2007), using a series of pHOS vectors and E. coli
63



Thunderbolt GC10 (Sigma, USA) as the host. The insert size ranged between 2-6 kb. All the
clones were replicated and stored in 384 well microtitre plates with systematic barcode
labelling that was used to track the clones with their respective sequence information in the

Antarctic metagenome dataset.

3.2.2 Identification of the targeted gene from the sequence-based screening in the

source clone library

The clone libraries in 384 well microtitre plates were stored in a hotel of five columns that
each had a unique HOTEL_BARCODE and HOTEL COLUMN_BARCODE. Read ID that linked the
clones to the assemblies that contained subtilase, lipase and amylase genes were used to
retrieve the FASTA sequence for each clone. The individual sequence FASTA header
contained the library ID (library name e.g ANTRC231), the well ID, which was called
SEQUENCER_PLATE_WELL_COORDINATES (384 wells per plate, rows A to P, columns 1 too
24) and the GROWTH_BARCODE, which linked each sequence to the source clone plate. The
GROWTH_BARCODE could be interchanged with the CONTAINER_BARCODE and was used to
identify HOTEL_BARCODE and HOTEL_COLUMN_BARCODE from the spreadsheet (Appendix
3). Information from the FASTA header was linked to the information on the spreadsheet to

identify each clone in the Ace Lake metagenomic clone library.

3.2.3 Agar-based functional screening of hydrolases from the Ace Lake metagenomic

clone library
3.2.31 Randomised functional screening

~20000 randomly-pick clones (not specifically picked based on the sequencing barcode nor
identified as harbouring the gene of interest in the sequence-based search) from the Ace Lake
metagenomic clone library were replicated manually from the 384 well microtitre plates
onto the Luria Bertani (LB) agar using a 96 pin replicator. After an overnight incubation at
30°C, the clones were replicated onto LB agar plates containing 2% (w/v) skimmed milk, 1%
(w/v) potato starch (Lammle et al, 2007) and 1% tributyrin (v/v) (Torres et al, 2003) to
screen for protease, amylase and lipase activities respectively. All indicator plates, except for

starch agar, were incubated at 30°C overnight to allow the cells to grow before being
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transferred to 30, 25 and 4°C for 2 weeks. Amylase activity was detected by flooding the
starch agar plates with Gram's iodine solution (3.3 mgmL! I3, 2.8 mgmL-! KI)(Lammle et al,
2007) after incubation for a week at 30, 25 and 4 °C. Enzymatic activities were detected by
the formation of a halo surrounding the positive clones on the indicator agar. In the screening
process, recombinant strain harboring cold-adapted subtilisin-like gene of Shewanella sp.
Strain AC10 which was designated as E. coli DH5a-pSapSh3 (Kulakova et al. 1999) was used
as positive control for protease activity. Pseudomonas aeruginosa and Bacillus
amyloliquifaciens from School of Biotechnology and Biomolecular Science (BABS) culture

collection were used as positive control for lipase and amylase activities respectively.

3.2.3.2 Targeted functional screening

All targeted clones were selected from the library as described in section 3.2.2 and subjected

to the screening process such as described in section 3.2.3.1.

3.2.4 Enzymatic assay

Enzymatic assays were performed using both cell-free supernatant and the cell extract of the
cultures containing the clones of interest. The crude extracellular cold-adapted subtilisin
expressed and secreted by of E. coli DH5a-pSapSh3 (Kulakova et al, 1999) was used as
positive control for protease activity. Crude cold-adapted amylase, Palkozyme CL L (Maps
(India) Ltd) and porcine lipase (Sigma) were used as positive controls for amylase and lipase

activities respectively.

3.24.1 Samples preparation
3.2.4.1.1 Cell-free supernatant

Cell cultures containing the positive clones were grown for 8, 16 and 24 hours according to
the experiment requirement in 100 mL LB media. The cultures were centrifuged at 4000 g for
30 mins at 4°C to harvest the cell-free medium. The cell-free medium, referred to as cell-free
supernatant, was used to identify the presence of extracellular enzyme. To concentrate the
cell-free medium, ammonium sulfate precipitation was performed. Ammonium sulfate was
dissolved completely in the 50 mL cell-free supernatant with gentle stirring to 75%
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saturation. This step was done on ice to avoid protein degradation. The solution was then
incubated overnight at 4°C. The amount of ammonium sulfate added was calculated based on
the table in the Appendix D. After overnight incubation, the solution was centrifuged at
10000 g for 30 mins in a precooled rotor to precipitate the insoluble material. The pellet was
resuspended in 4 mL of 50 mM Tris-HCl pH 7.5 buffer to yield a concentrated cell-free
supernatant (25x), and kept at 4°C until further use.

3.2.4.1.2 Crude cell extract

The cell pellet from a 100 mL culture was resuspended in 1 mL of 50 mM Tris-HCI buffer (pH
7.5) and the cells were lysed by sonication. Sonication was performed on ice for 1 mins (0.5 s
pulse on; 0.5 s pulse off; amplitude: 30%) using a digital Branson sonicator followed by
centrifugation at 15000 rpm for 30 mins at 4°C. The supernatant was referred to as the crude

cell extract.

3.2.4.2 Azocasein assay

The azocasein assay was used to detect protease activity in the cell-free supernatant and
crude extract from the cultures containing the positive clones. The protease activity is
determined by measuring the absorbance (405nm) of the azo-molecules released upon
azocasein hydrolysis. 100 pL of protease sample was added to 0.5 mL of the substrate
solution (50% w/v) urea, 0.6% azocasein powder, 0.2M Tris-HCI (pH 7-8)) and incubated at
25 °C. Reactions were terminated either after 30 mins or after overnight incubation, by
adding 0.5 mL of 10% (w/v) aqueous trichloroacetic acid (TCA). The samples were
centrifuged at 13000 rpm for 20 mins. The absorbance readings of the supernatant at 405nm

were recorded against a reagent blank.

3.2.4.3 3,5-dinitrosalicylic acid assay

An assay based on the 3,5-dinitrosalicylic acid (DNS) assay for reducing sugar (Wood and
Bhat, 1988), was used with modifications to measure amylase activity in the cell-free
supernatant and crude extract of the positive clones. 100 pL of the amylase were added into
500 pL of 2% starch solution (pH 7.5) and incubated at 25°C for up to 15 hours. 500 pL of

DNS reagent was added to the reactions. The assay tubes were incubated for five mins in
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boiling water to stop the reaction and then allowed to cool to room temperature. The
absorbance values at 540nm (after subtraction of the reagent blank) were recorded. The
absorbance values were translated into maltose concentrations using a standard curve of
absorbance of maltose at known concentrations. Reaction mixture without the sample was

used as reagent blank.

3.244 MUF-butyrate assay

The MUF-butyrate filter paper assay was used to detect lipase activity in the crude extract of
the cells containing the positive clones. 5 pL of crude extract was transferred onto a filter
paper. 5 uL. of 25 mM methyl umbelliferone butyrate (MUF-B) stock solution was spotted
onto the crude extract, followed by ultra violet (UV) illumination of the paper (Prim et al.

2003). Samples with the lipolytic activities illuminated when exposed to UV light.

3.2.5 Zymography

Zymography was a second method used to detect lipase activity in the cell-free supernatant
and crude extracts of the cultures containing positive clones. Samples were prepared using
native sample buffer (5x), 10 uL concentrated cell-free supernatant or and 1 pl crude cell
extracts (prepared as described in section 3.2.4.1.1 and 3.2.4.1.2 respectively). The whole
sample was loaded into native polyacrylamide gel (4% stacking and 10% resolving gel). The
gel was electrophoresed at 4°C using 1x electrophoresis running buffer system at 50 V until
the dye reached the resolving gel. The voltage was increased to 100 V and stopped when the
dye front reached the bottom of the gel.

The substrate for the lipase assay was freshly prepared by dissolving 2.5 mg of a-
naphthyl acetate in 1 mL acetone. The volume was adjusted to 10 mL with 50 mM Tris-HCL
(pH 7.5). A pinch of fast blue salt dye (Sigma) was added and the volume was adjusted to 50
mL by using similar buffer. The gel was then immersed in the a-naphthyl acetate solution in

the dark for 10 mins. Porcine lipase (Sigma) was used as positive controls.
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3.2.6 Sequence analysis

The Hawkeye analysis tools (Schatz et al, 2007) were used to identify the read IDs from the
metagenomic assemblies. In-house generated genbank files corresponding to genes of
interest were retrieved to access the annotation of the predicted protein in the respective

scaffold.

3.3 Results

3.3.1 Agar-based assay

Three types of indicator agars for detecting protease, lipase and amylase activities were used
in the agar-based functional screening process. The screening resulted in low hit rates,
1:10000 for both protease and amylase (Table 3.1). The following sections describe the

results obtained from the functional screening for protease, lipase and amylase activities.

Table 3.1: The results for agar-based screening of a metagenomic DNA library for different enzymatic

activities.
No. of .
. . . . . No. of positive )
Enzymatic activity Indicator agar colonies Hits rate
clones

tested
Protease Skimmed milk agar 20140 2 1:10000
Amylase Starch agar 20080 2 1:10000
Lipase/Esterase Trybutyrin agar 20000 - -

3.3.11 Agar-based screening for protease activities

Randomised functional screening of ~20000 clones for protease activity did not yield any
positive clones. However, the screening of the 140 clones identified from the sequence- based
search showed that two clones, N21 and D24, formed a halo on skimmed milk agar after two
weeks incubation at 25°C (Figure 3.2). Only one clone, D24, showed consistent halo

formation on skimmed milk agar when regrown on the media.
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Figure 3.2: Results for agar-based screening for protease activity. A Proteolytic activity of clone N21
and D24 on skimmed milk agar screen. Positive control: E. coli DH5a pSAPSH3; B. Confirmation of the
proteolytic activity of D24, 1 and 3: negative control, 2: D24.

3.3.1.2 Agar-based screening for amylase activities

The screening of the 64 targeted clones from the sequence-based search did not yield any
positive clones. However, the randomised functional screening of ~20000 clones resulted
with 23 clones with amylolytic activity. Of the 23 clones screened, two clones that showed
the biggest halo formation on the starch-iodine media, i.e,, D8 and D38, were chosen for

further test (Figure 3.3).
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Figure 3.3: Results for agar-based screening for amylase activity on the starch agar. a, b & c: Positive
clones from the randomised screening on starch-iodine agar. d: Confirmation of the amylase activities
of clones D38 and D8 on starch-iodine agar.

3.3.1.3 Agar-based screening for lipase activities

After two weeks incubation at 25°C and 30°C, the screening for lipase activities on the
tributyrin agar resulted with uniform halo formation surrounding all colonies (Figure 3.4).
To detect whether this was due to lipase/esterase activity from the host cell, random clones

were picked for further testing for lipase/esterase activities.
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Figure 3.4: Trybutyrin agar assay after 2 weeks incubation at 25°C.

3.3.2 Liquid assay
3.3.21 Azocasein assay

The concentrated supernatant and the crude extracts from the cell containing positive clone,
D24, that showed activity on the skimmed milk agar, were tested for protease activity using
azocasein assay. However, no activity was detected. The absorbance reading at 405nm of the
culture containing D24 clone and E. coli host strain was equivalent when both the
extracellular and intracellular fractions were tested after 8, 16 and 24 hours of growth
(Figure 3.5 (b & c)). There was no colour change of the substrate from red to yellow
indicating the inability of the clone D24 to hydrolyse azocasein.Therefore, the growth profile
of the cell containing D24 clone was established to see the possibility that the halo formation
on the skimmed milk agar was due to cell lysis. The culture was grown in LB media at 25°C
and compared to the growth profile of the E. coli host strain (negative control). Lysis of the
cells containing D24 clone was indicated by the decline in cell density at early stationary

phase as detected by taking optical density (OD) readings at 600nm (Fig 3.5(a)).
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Figure 3.5: Confirmation data of the protease activity of clone D24 in azocasein assay. a: Comparison of
the growth profiles of clone D24 and E. coli host cultures: b: Extracellular protease activity of the cell-
free supernatant. c: Protease activity of the cell extracts.
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3.3.2.2 3,5-dinitrosalicylic acid assay

Cells containing the two positive clones with amylolytic activity (D38 and D8) were grown in
the LB media at 25°C to establish their growth profile and were compared to the negative
control. The cell densities were comparable for both positive clones (D38 and D8) and
negative control. OD readings at 600nm indicated no evidence of cell lysis for up to 28 hours
(Figure 3.6). Intracellular and extracellular amylolytic activity of the clones was tested using
DNS reducing sugars assay and compared to the negative control. The absorbance measured
using a spectrophotometer at 540 nm is directly proportional to the amount of reducing
maltose. Extracellular amylolytic activity of the clones was equivalent to the negative control
suggesting the absence of any secreted amylase. Intracellular amylolytic activity of the clone
D8 cell extract, performed at 30°C, was at least double that of the negative control at all time
points of the enzyme assay (Figure 3.7). This result showed that clone D8 produced

intracellular amylase.
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Figure 3.6: Growth curves (OD 650 nm) for the selected positive clones (D38 &D8) for amylase activity
and the negative control (T).
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Figure 3.7: Enzyme activity assay (a-amylase) for intracellular extracts of the selected clones
compared to the host and negative control using DNS assay (Wood and Bhat, 1988). One unit enzyme
from the reducing sugar value release 1pg of reducing sugar (as maltose) from 2% starch solution in
the respective time at 30°C, 20mM NaCl and pH 7.5 (unit/mL).

3.3.2.3 MUF-butyrate assay

The cell extracts of the selected clones from the initial screen were tested using the
fluorescent indicator methyl umbelliferone butyrate (MUF-B) which detects lipase/esterase
activities. Activities were detected in the host (Figure 3.8(ix)) and other selected clones. As

expected no activity was detected for the negative control MUF-B (Figure 3.8(x)) which

contained no cell extract.

Figure 3.8: Result of the filter paper 4-MUF-butyrate assay. i: D20_M11, ii: D20_17, iii: D20_F2, iv:
4ADNU_E22, v: D14_738_A7, vi: D36_1240_F9, vii: D14_738_A7, viii: D20_D24, ix: E. coli host strain, x:

Negative control (4-MUF-butyrate only).
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3.3.3 Zymography

To discriminate between clone and host generated esterase activity in the 4-MUF-butyrate
assay, samples were subjected to Native PAGE zymography using a-naphtyl acetate as the
substrate (Figure 3.9). Supernatant and whole cell extract from selected positive clones from
the initial screen (L22, D22, F9 and K22) were compared to the host cell. The intensity of the
lipase activity bands of the host was at least as strong as for any of the clones. The equivalent
volume for each concentrated cell-free supernatant (10 pL) and the cell extract samples (1
uL), prepared as in the section 3.2.4.1.1 and 3.2.4.1.2 respectively, were loaded in the gel. The
reduced band intensity for the clones indicates less protein was loaded than for the host

strain. Overall, the zymogram did not reveal any new bands, or an intensity of bands that

might indicate the clones were expressing recombinant active lipase.
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Figure 3.9: Results of Native PAGE zymogram for lipase activity of selected clones, host and lipase

positive control. a-napthyl acetate was used as substrate.
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3.3.4 Sequence analysis

3.3.4.1 Analysis of scaffold-derived information for the clone with protease

activity

The read ID for clone D24 that showed a halo on skimmed milk agar was 1113235614993.
The read was included in a short scaffold of ~2kb, scf7180000121853 (Figure 3.10). The
scaffold comprised of information from four pairs of reads from Sanger sequencing which
were 1113289327225/1113297939409, 1113235614993/1113171833081,
1112328246771/112308938600, and 1112308881563/1112308926491). In-house
annotation of this scaffold included two hypothetical proteins (163261385: 3..773) and
(163261389: 1519...2190), and a 4-hydroxy-2-ketovalerate aldolase (163261387:
773...1507). The read 1113235614993 covered locus 1519...2190 thus indicating that the

clone with protease activity was annotated as a hypothetical protein (Figure 3.11).

Figure 3.11: Schematic overview of the annotation in the scaffold 7180000121853. 3-773: hypothetical
protein, 773-1507: 4-hydroxy-2-ketovalerate aldolase, 1507-1519: hypothetical protein.
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Information from reads 1113235614993, 1112308926491, and 1112308938600
were found in a different long scaffold with a deep coverage, scf7180000134253, at locus
27733-33640 (Figure 3.12). From the in-house annotation, this locus range included ABC-
type spermidine/putrescine transport system, ATPase component
(163154514:27271...28296 forward), uncharacterized membrane-associated protein-like
(28415...29056), hypothetical protein BcaDRAFT_1898 (163154515:29106...30194), UTP-
glucose-1-phosphate uridyltransferase (163154516:30341-31249 reverse), peptidase S8 and
S53 subtilisin kexin sedolisin (163154518: 31306..32616), 4-hydroxy-2-ketovalerate
aldolase (163154520:32629...33363)(Figure 3.13). Specifically, read 1113235614993
sequence information covered locus 27733..32733 thus confirming the annotation as

subtilisin instead of hypothethical protein in the scaffold 7180000121853.

Figure 3.12 : Graphical overview of the reads assembly of part of the scaffold 7180000134253.

e p—p ————

DT 2 DEL B e LIS, L0 TG UL E KO TN 1.1 I L - S 7.3 S 173 B

Figure 3.13: Schematic overview of the annotation in the scaffold 7180000134253 at locus 27271
towards 33363. 27271-28296: ABC-type spermidine/putrescine transport system, ATPase component,
28415-29056: uncharacterized membrane-associated protein-like, 29106-30194: hypothetical protein
BcaDRAFT_1898, 30341-31249: UTP-glucose-1-phosphate uridyltransferase, 31306-32616: peptidase
S8 and S53 subtilisin kexin sedolisin, 32629-33363: 4-hydroxy-2-ketovalerate aldolase.
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3.3.4.2 Analysis of the clone with the amylolytic activity

The clone D8 that showed positive amylase activity in the agar-based screening and DNS
assay was derived from randomised functional screening. The sequencing information of this
clone was retrieved using the container plate ID and the sequencer well coordinate. The
clone was screened from well D8, plate DD0004A4BNU with barcode BB0227127AB from
ANTRC229-G-01-3-4KB Antarctica 2007 Environmental 0.1 um marine filtrate sequencing
library. Using the barcode, the pair of reads 1112075940101/1112079329003 were
retrieved. Further analysis found that both reads were not included in any assembly and
were not annotated. The clone needs to be sequenced to identify the gene that encoded this

starch degrading function.

3.4 Discussion

3.4.1 Functional screening of the metagenomic library

Results from the sequence-based search of the Ace Lake metagenomic dataset previously
described in the Chapter 2, have confirmed the presence of hydrolase gene sequences. The
readily available clone library of the Ace Lake metagenome allowed functional screening of
the library for potentially cold-adapted hydrolases using agar-based assay. Information from
the sequencing data was used to identify the clones that contained the hydrolase genes
(targeted clones). Arguably, the clones were selected on the basis of the similarity of their
catalytic domain to the available sequence in the public databases thus limiting the success of
finding completely novel enzyme. However, the clones still have the potential to exhibit novel
properties since the genes have been isolated from a pristine Antarctic cold-adapted
environment that is already known to be the source of biotechnologically useful enzymes and
compounds (Bowman et al, 2005). In fact, a sequence-based screening approach was able to
retrieve novel enzyme sequence, as demonstrated for polyketide synthase (Seow et al, 1997)

and xylose isomerase (Parachin and Gorwa-Grauslund, 2011).

The functional screening of the metagenomic library was further enhanced by
randomised screening. This approach has proven to successfully reveal novel enzymes that
independently of their similarity to previously known genes (Steele et al, 2009). Clones were
picked randomly from the library and subjected to the agar-based screening process together
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with the ‘targeted clones’. Protease, lipase and amylase activities were assayed on agar plates
supplemented with subtrates, i.e.,, skimmed milk, tributyrin and starch, respectively. The
positive clones were identified through visual screening for the appearance of clear zone
(halo) on the agar plate. This screening method was utilized based on its advantageous such
as low cost (relatively), did not require any special devices and can be performed at high-
throughput (Uchiyama and Miyazaki, 2009). As discussed previously in Chapter 1, this
method has proven successful in identifying novel enzymes from the metagenomics libraries.
However, one of the limitations of this method was the faint positive signals (Uchiyama and

Miyazaki, 2009), which could be the reason for the low hit rates in this study.

3.4.2 Low hitrates of hydrolase activity in the Ace Lake metagenomic library.

The agar-based screening process was performed at temperatures below 37°C, i.e,, 30, 25 and
4°C. Previous studies have shown that, typically, the specific activity of the cold-adapted
enzymes is higher than that of their mesophilic counterparts at temperatures of
approximately 0-30°C (Gerday et al, 2000). In fact, some cold-adapted recombinant enzymes
might not fold properly in the mesophilic host, such as E. coli, or might be partially
inactivated as a result of the high temperature (>30°C) used for their expression (Gerday et
al, 2000). For example cold-adapted triose phosphate isomerase expressed in E. coli at 37°C,
has a specific activity that is four times lower than when the E. coli are grown at 27°C

(Alvarez et al, 1998).

Despite of the effort to screen for hydrolase activity at temperature below than 30°C,
the agar-based functional screening in the Ace Lake metagenomic library resulted with low
hit rates of 1:10000 for both protease and amylase activity (Table 3.1). A clone positive for
lipase activity was not detected. The low detection rate of positive clones has been previously
reported in the metagenomic screening studies of samples from the cold environments. For
example, Heath et al. (2009) screened an Antarctic desert soil metagenomic library and found
three clones with esterase activity out of 100,000 clones, Sharma and colleagues detected one
amylase clone in the library of 350,000 Northwestern Himalayas soil clones (Eisen et al,
2006) and only one xylanase clone was detected from 5,000,000 clones from a dairy farm

wastewater metagenomic library (Lee et al,, 2006).
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According to Uchiyama and Miyazaki (2009), the probability (hit rate) of certain genes
depends on multiple factors that are inextricably linked to each other such as the host-vector
system, the size of the target gene, its abundance in the source metagenome, the assay
method, and the efficiency of heterologous gene expression in a surrogate host. The low
detection of hydrolase active clones from both randomised and targeted screening approach
is indicative of the difficulties of successfully expressing environmental DNA in a
heterologous host. Some of the contributing factors to this problem are the inability of the E.
coli transcriptional system to recognize promoter regions of environmental DNA (Gabor et
al, 2004), codon bias (Kane, 1995) and incorrect protein folding and transport (Baneyx and
Mujacic, 2004).

While the hit rate of clones with hydrolase activity was low, the positive clones turned
out to exhibit low enzymatic activity. This condition might be explained by the type of vectors
being used in the construction of this library. Undeniably, the main purpose of the Ace Lake
metagenomic library construction for shotgun sequencing reflected the type of vector and
host chosen for the library. The library was constructed using a low copy number (~20
copies per cell) plasmid (pHOS-derivative of pBR194c) and the strong promoters oriented
towards the cloning site of the vector were eliminated to ensure the construction of high

quality random plasmid library (Rusch et al, 2007).

With this inherent factor of the clone library, it was reasoned that if the screening
proved successful, those genes could eventually be expressed in another expression system.
In fact, irrespective of the low copy number and elimination of the strong promoter, the
clones should be able to express any of the genes that were cloned together with their own

promoter if recognised by the E. coli gene expression system.

3.4.3 The pitfalls of using skimmed milk and tributyrin agar-based assay to detect

proteolytic and lipolytic activity in the metagenomic clone library.

In this project, one of the clones showed a halo formation on skimmed milk agar during the
functional screening. However, this clone did not show activity in the azocasein assay. From

the growth profile of the clone, it was likely that the halo formation was due to the release of

80



cell content following cell lysis. None of the annotations in the bioinformatic analysis of the
clone were related to toxicity. Apart of annotation as subtilase, other annotation includes 4-
hydroxy-2-ketovalerate aldolase, ABC-type spermidine/putrescine transport system, ATPase
component, uncharacterized membrane-associated protein-like, glucose-1-phosphate

uridyltransferase and hypothethical proteins.

The use of skimmed milk agar to screen for protease activity is common (Jones et al,
2007). However, there was a report by Jones and colleagues (2007) that skimmed milk agar
was not suitable for the screening of gut microbiome metagenomic library for protease
activities. They found that the halo formation on skimmed milk agar was due to acid
production from glycoside hydrolase activity instead of protease activity. However, using a
similar screening approach, Waschkowitz and colleagues (2009) were able to isolate two
positive clones with strong proteolytic activity from the metagenomic library of mixed
sediment and soil samples. These findings, suggested that skimmed milk agar is still a
versatile selection medium for protease producing clones in metagenomic studies.
Nevertheless, in order to resolve the issues of possible false positives using skimmed milk
agar, Morris and colleagues studied the used of Valio™ lactose-free milk agar, and found that
it is an effective and robust agar for correctly identifying proteases by way of distinct zones
of clearing around a bacterial colony (Morris et al, 2012). The study had confirmed the
inability of glycoside hydrolase positive metagenomic clone to clear the lactose-free milk
agar. Morris and collegues (2012) suggested the use of lactose and fat free milk agar instead
of skimmed milk agar as a more reliable and efficient for future screening of metagenomic

libraries for protease activity

Even though tributyrin is commonly used to screen for lipase/esterase producing
clones, this project faced multiple occurrences of false positive results when tributyrin media
was used. All clones grown on tributyrin agar showed halo formation after 2 weeks
incubation at 25°C. A similar issue was previously reported by (Litthauer et al, 2010).
However in contrast to skimmed milk agar, the reason for the presence of false positives on
tributyrin agar was unclear (Litthauer et al, 2010). In the context of false positive results
during the screening of Ace Lake metagenomic library, it was expected that the halo
formation on tributyrin agar was due to the esterase activity of the host. This argument was

supported by the detection of esterase activity in the host using the 4-MUF-B filter paper
81



assay and zymography using a-naphthyl acetate as the substrate. Previously, there were
genomic sequencing efforts that revealed E. coli has at least 13 genes encoding
acetyltransferase or esterase-like activity (Blattner et al, 1997). E. coli also had significant
cytoplasmic esterase activity towards 1,1-O-isopropylideneglycerol (IPG) esters encoded by

the YbfF gene (Godinho et al, 2011).

Since tributyrin had been successfully used to screen for lipase in various metagenomic
studies (Elend et al, 2007, Kim et al,, 2009, Wei et al, 2009), the duration of experiments and
the level of expression of recombinant lipase must be considered as possible explanations for
the formation of halo on the tributyrin agar. It appears that a tributyrin agar-based assay is a
feasible method for detection of lipolytic activity in recombinant clones that are able to
express a high level of lipase/esterase after incubation of less than 2 weeks. Notably, there
are no reports about this specific limitation regarding incubation time for using tributyrin in

the functional screening of the metagenomic libraries.

3.5 Conclusion

In conclusion, the targeted functional screening of the Ace Lake metagenomic library using
information from sequence-based screening did not isolate any clones with hydrolase
activity. However, the randomised functional screening was able to detect at least one clone
with starch degrading activity. The clone that showed relatively high amylase activity
compared to other clones in the reducing sugar test would be a potential candidate for
further cloning and expression in a better expression system. However, since the clones lack
any sequence annotation for a-amylase or glycosyl hydrolase, the gene responsible for the
starch degrading activity needs to be identified, for example by primer walking prior to the

cloning process.

Despite the wealth of different biotechnologically important enzyme activities
derived from numbers of metagenomic studies, this project began with very little available
information on protease. The availability of Ace Lake metagenomic sequences datasets and
the DNA clone library resources allow the selection, amplification and over expression of
subtilase genes (protease) in E. coli. These approaches are discussed specifically in Chapter 4.

In Chapter 5, a comprehensive bioinformatic analysis was performed to explore the relative
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abundance of subtilase and other peptidase genes in the Ace Lake metagenome and
compared to another two potential sources in the neighbouring site, i.e.,, Organic Lake and

Southern Ocean.
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CHAPTER 4
Cloning and expression studies of the selected subtilase

genes from the Ace Lake metagenomic sequencing library

4.1 Introduction

E. coli expression systems remain one of the most attractive choices for overexpression and
protein purification because of the ability of the organism to grow rapidly and to high density
using inexpensive substrates, its well-characterized genetics and the availability of an
increasingly large number of compatible cloning vectors and mutant strains (Baneyx, 1999,
Francis and Page, 2001, Yin et al, 2007). A considerable amount of effort has been directed at
improving the performance and versatility of this microorganism in order to obtain high
expression levels of active recombinant protein (Baneyx 1999; Baneyx and Mujacic 2004).
Despite its many advantages and widespread use, there are also drawbacks for using E. coli
as an expression system. The probability of successfully expressing a soluble protein
decreases considerably as the molecular weight of the protein increases above 60 kDa. Some
proteins do not express in the soluble form which may be due to the fact that the protein is
not modified or folded properly, or some may precipitate to form inclusion bodies
(IB)(Graslund et al, 2008). The likelihood of misfolding is increased by the routine use of
strong promoters and high inducer concentrations that can lead to product yields exceeding
50% of total cellular protein. A second factor contributing to IB formation is the inability of
bacteria to support all post-translational modifications that a protein may require to fold
correctly (Baneyx and Mujacic 2004). The formation of IB can be a significant hindrance in
obtaining soluble, active protein in recombinant protein production. However, in some cases,
IB are advantageous because they are resistant to proteolysis, easy to concentrate by
centrifugation, minimally contaminated with other proteins, and, with some effort, the
protein can be refolded to an active, soluble form (Gonzalez-Montalban et al. 2007; Brondyk

2009).

In order to increase the efficiency of the refolding process, IB need to be washed free

of contaminants (such as cell debris, and degraded DNA) with detergents such as Triton X-
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100, Sarkosyl or lower molar concentrations of denaturants, such as 1 M urea. Generally, to
achieve high protein solubility, the IB are solubilized using high concentration of denaturants
usually 8 M urea and 4-6 M GdnHCI or low concentration of detergent such as SDS and 0.3-2
% Sarkosyl, before being refold in the specific refolding buffer (Rudolph and Lilie 1996;
Tsumoto et al. 2003; Burgess 2009). The components of the refolding buffer vary widely in
pH, ionic strength, redox condition and ligand, depending on the protein of interest with
(Cabrita and Bottomley, 2004). The refolding is achieved via dialysis, dilution or on-column
refolding (Burgess, 2009b). The process of refolding with effective removal of any denaturant
is not a trivial process as it involves a competing reaction of misfolding and aggregation

(Rudolph and Lilie, 1996, Cabrita et al, 2006).

Apart from obtaining active forms of protein from IB via refolding, there is another
method known as fusion protein technology which focus on elimination of IB during the
recombinant protein expression process (Sorensen and Mortensen, 2005). The fusion protein
technology use tags, such as Shistosoma japonicum glutathione S-transferase (GST), E. coli
maltose-binding protein (MBP) and E. coli N utilization substance A (NusA), for overcoming
IB formation and simultaneously for increasing soluble recombinant protein expression
levels (LaVallie et al, 1993, Davis et al, 1999, Kapust and Waugh, 1999). The NusA-fusion
protein system (Davis et al, 1999) that is commercially available from Novagen, was used in
this project. This system fuses the recombinant gene with a high molecular weight NusA
protein (495 aa) for higher level expression of the recombinant protein. The system has
proven to be successful to increase the solubility of recombinant proteins (De Marco et al,
2004). This high molecular weight fusion protein was also used in several high-throughput
expression studies (Shih et al. 2002; Cabrita et al. 2006) and resulted in increased expression

of soluble recombinant protein.

Recombinant subtilase has been successfully expressed as an extracellular enzyme
using the E. coli expression system (Kulakova et al, 1999, Arnérsdéttir et al, 2002). The most
studied subtilisin proteases were subtilisin E, from Bacillus subtilis (Stahl and Ferrari, 1984),
subtilisin BPN’, from Bacillus amyloliquefaciens (Vasantha et al, 1984) and subtilisin
Carlsberg, from Bacillus licheniformis (Jacobs et al, 1985). Extracellular subtilisin proteases
are synthesized in a precursor form called pre-pro-subtilisin, in which a presequence (signal

peptide) and a prosequence (propeptide) are attached to the N-terminal region of the mature
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domain (Siezen and Leunissen, 1997). They are secreted outside the cell as a pro-subtilisin
with assistance of a signal peptide. Upon completion of folding, the propeptides are
autoproteolytically removed because they are not necessary for the activity or stability of
their cognate folded enzymes (Shinde and Inouye, 2000). Furthermore, propeptides function
as a potent competitive inhibitors of the enzymatic activity (Li et al, 1995). The propeptides
were also termed intramolecular chaperones due to their covalent attachment to the proteins
that they help to fold (Inouye, 1990). The mature domains alone are folded into an inactive
form with molten globular structure in the absence of the propeptide (Shinde and Inouye,

1995).

In this chapter the cloning and overexpression of the selected subtilase genes in E.
coli is described. The genes were identified from the sequence-based screening of the Ace
Lake metagenomic datasets discussed in Chapter 2. One of the genes that were identified as
extracellular subtilase from the primary sequence, was expressed in the insoluble fraction.
The attempt to obtain active enzyme by using refolding methods and by fusioning it with high
molecular weight NusA protein is described. The proteolytic activity of one of the subtilase

proteins that expressed in the intracellular soluble fraction is also reported.

4.2 Materials and methods

4.2.1 Physico-chemical analysis

The amino acid sequences of subtilase was submitted to the online tool “ProtParam”,
accessed via the ExPasy proteomics server (http://au.expasy.org/tools/protparam.html) for
calculation of the molecular weight, theoretical pl, the molar extinction coefficient and grand
average of hydropathicity (GRAVY). A hydropathy plot was prepared according to Kyte and
Doolitle at (http://gcat.davidson.edu/DGPB/kd/kyte-doolittle.htm). Signal peptide
prediction was done using SignallP (Bendtsen et al. 2004).

4.2.2 Structural modelling

Three dimensional structures of Subt9195 and Subt8715 were determined computationally

using [-TASSER webserver (Roy et al, 2010, Zhang, 2008)
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(http://zhanglab.ccmb.med.umich.edu/I-TASSER/), which gave the best protein models in
the Critical Assessment of Structure Prediction (CASP7, CASP8, CASP9, and CASP10). CASP, is
a community-wide, worldwide experiment for protein structure prediction that is held

biennially.

4.2.3 Cloning of subtilase genes
4.2.3.1 PCR amplification of subtilase genes from Antarctic clone libraries

Polymerase chain reaction (PCR) was performed in a 50 pL volume with a final concentration
of 0.02 U Taq DNA Polymerase, 1x ThermoPol Taq Reaction buffer, 200 uM deoxynucleotide
solution mix, 0.1 uM each of forward and reverse primers (Table 4.1), 1.5 mM MgCl;and 0.1-1
ng/mL plasmid DNA. The PCR cycling parameters were as follows: initial denaturation phase
at 95°C for 60 s, and followed by 30 cycles of denaturation, annealing, and extension at 95°C
for 30 s, 54°C for 60 and 72°C for 2 mins, respectively. Amplification was finalised with an
extension step at 72°C for 2 mins before being kept at 4°C until further use. Thermal cycling

was performed in the MyCycler thermal cycler (Bio-Rad).

4.2.3.2 Preparation of vectors and insert for cloning process
4.2.3.2.1 Purification of PCR product from agarose gel

PCR products were verified by gel electrophoresis and purified using QIAquick Gel Extraction
Kit (Qiagen), as per manufacturer’s recommendations. In brief, the gels were sliced,
dissolved, and the PCR products were subsequently captured and purified with silica-
membrane based spin columns. Purified PCR products were eluted and stored at 4°C until

further use.

4.2.3.2.2  Restriction digests of vectors and purified PCR product

Digestions of the purified PCR products and vectors for cloning were set up in volumes of 50
uL using restriction enzyme and buffer as recommended by manufacturer; New England
Biolabs (NEB). Restriction digests were performed for 2 hours at 37°C. The digested PCR

products were purified from the reaction mix using a PCR purification kit (Qiagen).
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4.2.3.3 Ligation of vector and insert

The digested, purified PCR products were then ligated into the desired pET vector using T4
DNA ligase (NEB). The ligation was performed overnight at 16°C and stored at 4°C until

further use.

Table 4.1: Primers used in PCR amplification of selected subtilase genes. Restriction sites are shown
in italics and underlined.

. . ) ) Restriction
Primer Id Primer Sequences (5——» 3’) Site Vector

Subt_9195-F GACTACCATGGATATGCTGAAGAAAAACCCG Ncol

Subt 9195-R TAGAGCTAGCCTACCGCGTTCGCC Nhe 1

Subt 8715-F TACTACCATGGATGTGACCGACCTGGTCG Nco 1

Subt 8715-R ATCTGGCTAGCCTAGTTCGCGGTGACGG Nhe 1

Subt_5372-F GACTACCATGGATGTGCAGTTAGCCGCCGGG Nco 1 PET28b
CGTAGAGCTAGCTTACTTTCGTATTTTTCTACCC

Subt_5372-R ececeT Nhe 1

Subt 4518-F (G}ggTACCATGGATTTGACTGACAGCTTTAAGGG Neo 1
CGTAGAGCTAGCCTATTTGGTAACTACCGTTTT

Subt 4518-R oAAAAAGe Nhe 1

Subt 9195 NusA-F g?gGAGCTCGTATGCTGAAGAAAAACCCGATCC Sac 1

pET43a
Subt 9195_HisC-R TAGACTCGAGCCGCGTTCGCC Xhol

4.2.4 Competent cell preparation

A volume 0.5 mL of overnight culture was inoculated into 50 mL of LB broth. The inoculated
broth was cultured at 37°C with shaking at 200 rpm until OD readings at 600nm reached 0.4-
0.6. The culture was subsequently centrifuged at 4000 g for 10 mins at 4°C. The cell pellet
was resuspended in 1 mL, and further with another 24 mL of 0.1 M of cold sterile CaCl.. The
cell suspension was incubated on ice for 30 mins before being centrifuged at 4000 g for 10
mins at 4°C. The cell pellet was then resuspended in 2.5 mL of cold sterile 0.1 M CaCl; 20%
(v/v) sterile glycerol, aliquoted into 50 pL volumes, flash frozen in liquid nitrogen and stored
at -80°C until further use. The competent cell strains of E. coli TOP10, BL21 (DE3) and
Rosetta 2 (DE3) were successfully prepared using this method. Rosetta 2 (DE3) strain

required the addition of the antibiotic chloramphenicol during culturing.
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4.2.5 Cell transformation

1-2 pL of plasmid (10-100 ng) or 2-5 pl of ligation mixture was added to the 50 pL of
competent cells that were already thawed on ice. The cells were mixed by tapping the tube
gently and incubated on ice for 30 mins. The cells were heat shocked at 42°C for 90 sec and
placed immediately on ice for five mins. 950 pl of LB broth was added to the cells before
being incubated at 37°C for 1 hour with shaking at 150 rpm. Subsequently the cells were
centrifuged at 13000 rpm for 1 min and the pelleted cells were resuspended in 100 pL of
sterile LB broth. 50 pL of the cell suspension was plated on LB agar containing appropriate

antibiotics.

4.2.6 Identification of positive clones
4.2.6.1 Colony PCR

Colonies were picked with a sterile pipette tip, which was touched on the interior of a PCR
tube that contained the PCR mix. The same tip was patched onto the LB agar plate containing
the appropriate antibiotic to maintain the clone. A PCR was performed as described in
section 4.2.3.1. After amplification, the PCR product was electrophoresed on 1 % agarose gel

and visualised using ethidium bromide.

4.2.6.2 Restriction digest test

For confirmation of positive clones identified by colony PCR, or to search for positive clones
in cases where the basic screen failed to give reliable results, a restriction digest was
performed on the plasmids isolated from the positive colonies. Plasmids were digested with
restriction enzymes as described in section 4.2.3.1.2 used in the cloning procedure. The
resulting fragments were electrophoresed on 1 % agarose and visualised using ethidium

bromide.

89



4.277 DNA sequencing
4.2.7.1 Preparation of sequencing reaction sample

Samples for DNA sequencing were prepared in 20 pL total volume containing 1 pL of BigDye
terminator V3.1, 3.5 uL of 5x buffer, 100-500 ng plasmid or 100-500 ng plasmid, 3.2 pmol
sequencing primer and nuclease-free water. The sequences of the sequencing primer are
illustrated in Table 4.2. The thermocycling parameters for sequencing reactions were as
follows: 96°C for 10 sec, 50°C for 5 sec, and 60°C for 4 sec. These cycles were repeated for

25x before put on hold at 4°C until ready to be to be purified.

Table 4.2: Primers used for sequencing

. Primer Sequences Recombinant Construct
Primer Id
T7promoter-F TAATACGACTCACTATAGGG pET28b_Subt9195,
pET28b_Subt8715,
T7terminator-R GCTAGTTATTGCTCAGCGG pET28b_Subt5372
S tag 18mer GAACGCCAGCACATGGAC
pETt43a_Subt9195
Colidown R TTCACTTCTGAGTTCGGCATGG

4.2.7.2 Purification of sequencing reaction sample

Ethanol/EDTA precipitation method was used to remove unincorporated dye-labelled
terminators. The entire volume of the sequencing reaction was transferred into 1.5 mL
microtubes and added with 5 pL of 125 mM EDTA and 60 pL of 100% ethanol. The tubes
were vortexed briefly and incubated at room temperature for at least 15 mins. Samples were
then centrifuged at 14000 g for 20 mins and immediately the supernatant was aspirated and
discarded completely. 160 pL freshly prepared 70% ethanol was added to the samples,
vortexed briefly and centrifuged again at 14000 g for 10 mins. After the supernatant was
aspirated and discarded the previous steps were repeated using 80 pl of freshly prepared
70% ethanol. Finally the samples were dried completely in a Speedvac and stored at -20°C in

the light protected tube.
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Samples were sent to the Ramaciotti Centre, University of New South Wales for
sequencing. The chromatogram was assessed visually using sequence scanner software

version 1.0 (Applied Biosystem) to identify any miscalled nucleotides.

4.2.8 Heterologous expression of recombinant proteins

The cloned genes were expressed in E. coli BL21 (DE3) and Rosetta 2 (DE3). The cells were
grown in 50 mL LB medium containing appropriate antibiotics at 37°C with shaking at 200
rpm until OD 600nm reached-between 0.8-1.0. Cultivation temperature was then lowered to
30-16°C, and protein expression was induced with 100 uM to 1 mM of isopropyl-B-D-
thiogalactopyranoside (IPTG). Cultures induced at 16 and 25°C were incubated overnight,

while those induced at 30°C were incubated for 7 hours before harvesting.

4.2.9 Protein sample preparation
4.2.9.1 Preparation of extracellular protein fraction

The extracellular protein fraction was prepared to identify the secreted protein by the cell. 1
mL of bacterial cultures was harvested by centrifugation at 5000g for 20 mins at 4°C. The
supernatant (medium) was collected. Proteins in the medium were precipitated by addition
of 100 pL of 100% TCA after incubation on ice for a minimum of 15 mins. The precipitated
protein was collected by centrifugation at 15000 rpm for 20 mins at 4°C and subsequently
washed twice with 100 pL acetone. The pellets were allowed to dry in the hood for 60 mins
and resuspended in 100 pL of 50 mM Tris-HCI pH 7.5, 0.1 M NaCl (Buffer 1). The suspension
was mixed at ratio of 3:1 (v:v) in 4x LDS sample buffer (Invitrogen), heated at 95°C for 5 mins

and subsequently cooled to room temperature and kept at -20°C until further use.

4.2.9.2 Preparation of total cell protein

Total cell protein sample was prepared to identify proteins that were expressed in both
soluble and insoluble fraction. In this sample preparation, IB in the insoluble fraction were
solubilized in the LDS sample buffer. 1 mL of bacterial culture was harvested by

centrifugation at 5000 g for 20 mins at 4°C. Cell pellets were resuspended in 0.25 mL of ice-
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cold Buffer 1 and sonicated for 20s at 30% amplitude, to lyse the cells. Cells were kept on ice
throughout the process. Sonicated samples were mixed at ratio 3:1 (v:v) in 4x LDS sample
buffer (Invitrogen), heated at 95°C for 5 mins and subsequently cooled to room temperature

and kept at -20°C until further use.

4.2.9.3 Preparation of soluble protein fraction

1 mL of bacterial cultures was harvested by centrifugation at 5000 g for 20 mins at 4°C. Cell
pellets were resuspended in 0.25 mL ice-cold of Buffer 1 and sonicated for 20 sec at 30%
amplitude to lyse the cells. Cells were kept on ice throughout the process. Sonicated samples
were spun at 13000 rpm for 15 mins at 4°C and the supernatant was collected as the soluble
fraction or crude extract. The soluble fraction was mixed at ratio 3:1 (v:v) in 4x LDS sample
buffer (Invitrogen), heated at 95°C for 5 minss and subsequently cooled to room temperature
before kept at -20°C until further use. Crude extract for use in enzymatic assays was stored at

4°C until further use.

4.2.10 Determination of protein concentration

Protein concentration of the samples was determined using the Quick Start Bio-rad protein
assay (Bio-Rad), which is based on the Bradford method (Bradford, 1976). Bovine serum
albumin (BSA) solutions at concentrations from 0 to 2 mg mL! were used to prepare a

standard curve.

4.2.11 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were loaded into 4 % stacking and 12 % resolving SDS-polyacrylamide gel
(Appendix A). BenchMark™Pre-Stained protein ladder was used as protein molecular weight
standard. The gel was run in 1x SDS running buffer system at 70 V until it reached the
resolving gel, when the voltage was increased to 150 V. The electrophoresis was stopped

when the dye front reached the bottom of the gel.

4.2.12 Solubilization of protein that was expressed as inclusion bodies
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Two approaches were used to solubilize the protein that was expressed as IB (Figure 4.1).
The first approach used a range of denaturants and solubilising agent to solubilize the IB. The
solubilized protein was then refolded in numbers of refolding buffers and tested for
enzymatic activity. In the second approach, the same gene was expressed in a different
expression vector (pET43a) that was known to have the properties to solubilize protein that
previously expressed as IB. The gene was cloned with histidine tag at both C and N-terminal

and referred to as Subt9195NusHisC.

Expression studies of subtilase genes from the Ace Lake metagenomic
library. (Expression vector : pET28b)

163128715 (Subt8715)

#163539195 (Subt9195)

*167865372 (Subt5372)

SDS-PAGE
|
Y.
Clone with expected band Clone with expected band
in the soluble fraction in the inclusion bodies
W
Enzyme assays v
¥
Solubilization in denaturant Expression in expression vector (pET43a) with
[solubllizing agent solubilizing characteristic (nusA protein fusion)
W
His tag purification
SDS-PAGE Refolding
" W
SDS-PAGE Enzyme assays
W l’
Protein identification by Enzyme assays Protein identification by
FTMS FTMS

Figure 4.1: Procedures for the attempt to solubilize the protein that was expressed as IB.
4.2.12.1 Preparation of inclusion bodies for solubilization with denaturants

and solubilizing agents

Cell pellets from 50 mL cultures was resuspended in 2.5 ml of ice-cold 50 mM Tris-HCl (pH
7.5)(Buffer 2). Cell suspensions were sonicated for 20 secs at 40% amplitude in five cycles

with one mins rest between each cycle, to lyse the cells. Cells were kept on ice throughout the
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process. Insoluble fractions were separated by centrifugation at 13000 rpm for 30 mins at

4°C.

4.2.12.1.1 Recovery of solubilized protein fraction and refolding

Pellets of insoluble fractions were resuspended in 2.5 mL of Buffer 2 containing 1% Triton X-
100 by gentle mixing. The suspensions were centrifuged for 20 mins at 13000 rpm at 4°C to
remove the remaining soluble proteins. This step was repeated twice. The pellets from the
Triton X-100 washes were then resuspended in 2.5 ml Buffer 2 (without Triton X-100),
separated into ten tubes and centrifuged at 13000 rpm for 20 mins at 4°C. The pellets from
this step were then separately resuspended in Buffer 2 supplemented with denaturants (see
Table 4.3), mixed gently for 5 mins and centrifuged at 13000 rpm for 20 mins at 4°C. This
step was repeated twice. Pellets were then washed in the 0.25 mL of Buffer 2 (without
denaturants). Finally, pellets from each tube were resuspended in Buffer 2 containing
solubilising agent (Table 4.3), and gently mixed for 60 mins at 4°C. Soluble fractions were
separated by centrifugation at 13000 rpm for 20 mins at 4°C. The solubilized protein was
renatured or refolded in vitro by dilution at 4°C overnight in a range refolding buffers (Table

4.3). Proteolytic activity was measured as described in section 4.2.14.2.

Table 4.3: List of denaturants, solubilising agents and refolding buffers used in the protein
solubilization and refolding process.

List of denaturants Solubilising agent Refolding buffers
1M Urea 1M Urea 50mM Tris-HCI (pH 7.5)
2M Urea 2M Urea 50Mm Tris-HCI (pH 7.5), 100mM NaCl
4M Urea 8M Urea 50mM Tris-HCI (pH 8.0), 100mM NaCl
0.01% sarkosyl 0.3% sarkosyl 50mM HEPES NaCl (pH 7.5)
0.05% sarkosyl
0.1% sarkosyl
10mM CHAPS
20mM CHAPS

4.2.12.2 Heterologous expression of recombinant Subt9195NusAHisC protein

for His-tag purification

Overproduction of recombinant Subt9195NusHisC in E. coli Rosetta 2 (DE3) was performed
in 2 L conical flask containing 500 mL of LB medium, 100 pg/mL of ampicilin and 34 pg/mL
chloramphenicol. The culture was incubated at 37°C with shaking at 200 rpm until 0D600
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nm reached between 0.8-1.0 then the cultivation temperature was lowered to 25°C. After 30
mins, the cells were induced with 1 mM final concentration of IPTG overnight at 25°C. Cells
were harvested by centrifugation at 5000 g for 30 mins at 4°C. In the attempt to scale up the
culture volume to produce more protein, 3 L expression cultures were grown in the six 2 L
conical flask containing 500 mL of LB medium, 100 pg/mL of ampicilin and 34 pg/mL

chloramphenicol. .

4.2.12.2.1 Protein sample preparation

The cells containing protein of interest were resuspended in 25 ml of ice-cold 50mM HEPES
(pH 7.5), 0.1 M NaCl (Buffer A). The cell suspension was passed through the French pressure
cell press (Thermo) twice to ensure thorough cell lysis. Tubes containing lysed cells were
kept on ice throughout the process. Insoluble fractions were separated by centrifugation at
13000 rpm for 30 mins at 4°C. The cell lysate was filtered with through a 0.45 pm membrane
before purification of the recombinant protein by immobilised metal ion chromatography
(IMAC). In the scale up experiment, the culture was harvested, freeze-dried using the liquid
nitrogen and kept at -80°C until further use. The purification on the affinity column was later
performed on three different batches of cell lysate that were prepared using french pressure

cell press.

4.2.12.2.2 His-tag-protein fusion purification

The purification steps were performed on a 5 ml HiTrap Chelating Column (GE Healthcare)
charged with Ni*, using the Akta system (Amersham Biosciences, Freiburg, Germany). The
filtered cell lysate was loaded on the column that was pre-equilibrated with buffer A (1 M
HEPES (pH 7.5), 0.1 M NaCl). Elution was achieved across a 25 column volume (CV) gradient
0-1M Imidazole. Eluted fractions were collected and analysed by SDS-PAGE. Fractions
containing protein were dialysed and concentrated using Amicon Filtration Unit (5 kDa cut-

off Millipore) in buffer A, the protein was stored at 4°C for further use.

4.2.13 Protein identification by Mass Spectrometry

NuPAGE® 4-12% Bis-Tris (invitrogen) pre-cast polyacrylamide gels were used for preparing

proteins for mass spectrometry analysis. The gel was run in 1x MOPS buffer (Invitrogen) at
95



150 V for 30 mins. The specific protein band of interest was cut from the gel and sent to

Bioanalytical Mass Spectrometry Facility (BMSF) UNSW for FTMS analysis.

4.2.14 Enzymatic assays

4.2.14.1 Skimmed milk agar assay

LB agar containing 2% skimmed milk (w/v) was spread with 100 pL of 0-2 mM IPTG
Solution. The overnight culture of the recombinant subtilase were patched on the agar and
incubated at 25 and 30°C for 5-7 days. Halos that formed surrounding the colony indicated
proteolytic activity. E. coli containing pET28b without subtilase gene was used as negative
control while E. coli containing a protease gene, pSapSH (Kulakova et al, 1999) was used as

positive control.

4.2.14.2 Proteolytic assay

The enzymatic assays were performed at room temperature as as described in (Tanaka et al,
2008) with modifications. The reaction mixture (100 pL) contained 10 pL of cell crude
extracts, 50 mM HEPES (pH 7.5) or 50 mM Tris-HCI (pH 7.5-8.8), 0.1 M NaCl and 2 mM N-
succinyl-AAPF-p-nitroanilide (AAPF). After at least 30 mins, the amount of p-nitroaniline
released from the substrate at room temperature was determined from the absorption at 410
nm using UV spectrophotometer (Spextra Max 340). Crude extract of the E. coli strain contain
pET28b without subtilase gene was used as negative control. The assays were performed in

triplicate.

4.2.14.3 Optimum temperature

Optimum temperature assays were performed as previously described in 4.2.14.2 using the
following assay temperatures (°C): 5, 10, 20, 30, 35, 40, 45, 50, 55, 60. The reactions mixture
(100 pL) contained 10 pL of enzymes, 50 mM Tris-HCl (pH 8.8), 0.1 M NaCl and 2 mM N-
succinyl-AAPF-p-nitroanilide (AAPF).
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4.2.14.4 Inhibition test of the protease using phenylmethylsulfonyl fluoride

The enzyme sample was treated with 10 pL of 100 mM phenylmethylsulfonyl fluoride
(PMSF) and subjected to the assay as in section 4.2.14.2

4.3 Results

The results section includes the analysis of result from the expression studies of the three
subtilase genes, Subt9195, Subt8715 and Subt5372, that were successfully cloned in pET28b
vector. Following the results of expression studies, solubilization of Subt9195 that expressed
as insoluble fraction is described. Temperature profile analysis was only performed on the
crude Subt8715 that was expressed as soluble active cytoplasmic protease. Bioinformatic
analysis pertaining to physico-chemical properties is also included at the beginning of the
results section for each Subt9195, Subt8715 and Subt5372. For future work purposes,
available bioinformatics data for Subt9195 and Subt8715 were utilized for protein structure
prediction in the recognized public database and the results are included in the result

section.

4.3.1 Analysis 0f 163539195 (Subt9195)

4.3.1.1 Prediction of physico-chemical properties of Subt9195

The ORF of the subtilisin-like gene, Subt9195 (1230bp) encodes a 410 aa protein with a
calculated mass of 41.8 kDa, GRAVY index of 0.259 and pl of 5.19. The instability index (II)
was computed to be 30.33, which classified the protein as stable. Analysis using Signal IP
(Petersen et al, 2011) predicted a signal peptide with a cleavage site most likely between
Ala(30) and Asp(31) (Subt9195 numbering). Kyte Doolitle hydropathy plot indicated the
possibility of a transmembrane region at both the C and N-terminal ends (Figure 4.2). The
transmembrane region identified at the N-terminal (Figure 4.2) is the signal peptide region. It
is a common problem in transmembrane protein topology that the signal peptide is predicted
to be a transmembrane region because of the high similarity between the hydrophobic
regions of a transmembrane helix and the signal peptide (K&ll et al, 2004). The
transmembrane region at the C-terminal was unexpected as Subt9195 was predicted to be

extracellular protease.
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Figure 4.2: Kyte and Dolittle hydropathy plot of Subt9195 protein.

4.3.1.2 Expression studies of Subt9195

The expression studies of Subt9195 were performed at 10, 16, 25 and 30°C. The expression
and solubility of the recombinant proteins were examined by SDS-PAGE. As illustrated in
Figure 4.2 and 4.3, in the expression studies at 25°C and 30°C, a protein band sized ~50kb
was identified in the total cell protein fraction (Figure 4.3, lane 3 and 4; Figure 4.6, lane 4-6).
This expression band was not detected in the extracellular protein fraction (Figure 4.4),
soluble fraction (Figure 4.5) or in any cell fraction of the uninduced culture or the control
culture. The extracellular protein fraction was concentrated 50x to increase the possibility to
detect low extracellular protein expression. The results indicated that recombinant Subt9195
was expressed only as insoluble protein. A similar result was obtained when the E. coli strain
was changed from BL21 (DE3) to Rosetta 2 (DE3) (data not shown) or when the
concentration of the inducer IPTG was adjusted from 0.01 mM-1 mM (Figure 4.3-4.6).
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Figure 4.3: SDS-PAGE of total cell protein in expression studies of Subt9195 at 25°C in E.coli
BL21 (DE3 1: Uninduced pET28b; 2-4: pET28b_Subt9195 (0.01, 0.1 & 1mM IPTG) M: Bench
Mark™Pre-Stained protein ladder. Arrow shows the expressed protein.
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Figure 4.4: SDS-PAGE of the concentrated extracellular protein fraction from expression studies of
Subt9195 at 25°C in E. coli BL21 (DE3); a) Concentrated extracellular protein: lane 1: Uninduced
pET28b, lane 2-4: pET28b (0.01, 0.1 & 1mM IPTG), lane 5: Uninduced pET28b_Subt9195, lane 6-8:
pET28b_Subt9195 (0.01, 0.1, 1mM IPTG).
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Figure 4.5: SDS-PAGE of the soluble fraction from expression studies of Subt9195 at 25°C in E.
coli BL21 (DE3); lane 1: Uninduced pET28b_Subt9195, lane 2-4: pET28b_Subt9195 (0.01, 0.1,
1mM IPTG); lane 5: Uninduced pET28b , lane 6-8 : pET28b (0.01, 0.1, 1ImM IPTG) M: Bench
Mark™Pre-Stained protein ladder.

Figure 4.6: SDS-PAGE of total cell protein from expression studies of Subt9195 at 30°C in E. coli
BL21 (DE3). Lane 1: Uninduced pET28b, lane 2: pET28b (0.01mM IPTG), lane 3: Uninduced
pET28b_Subt9195, lane 4-6: pET28b_Subt9195 (0.01, 0.1 and 1 mM IPTG), M: BenchMark ™Pre-
Stained protein ladder. Arrow showed the expressed protein.
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In the attempt to obtain active and soluble Subt9195 protein, the cultivation
temperature was dropped to 10°C. The expression profile of the clone Subt9195 at 10°C was
recorded for 220 hours after induction with 0.5 mM IPTG and compared to the uninduced
culture. Figure 4.7 illustrates the slow growth increase of the culture containing Subt9195
clone and growth decline at 200 hours after induction which showed OD of 1.38 at 600 nm.
After 40 hrs, the uninduced pET28b and pET28b + Subt9195 reached OD=2. pET28b induced
with 0.5 mM IPTG reached OD=2 after 120 hours. Analysis of protein expression by SDS-
PAGE indicated that Subt9195 was not expressed at 10°C. The expression band was not

detected either in the soluble fraction, the total cell protein or the concentrated extracellular

protein (Figure 4.8).
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Figure 4.7: Growth profiles of pET28b_Subt9195 in the expression studies at 10°C.
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lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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Figure 4.8: SDS-PAGE of expression studies of Subt9195 at 10°C as detected by taking OD readings at
600 nm. a-i) Soluble fraction; lane 1-8: pET28b_Sub9195 (0.5 mM IPTG), a-ii) Soluble fraction; lane 10-
11; Uninduced pET28b, lane 12-15: pET28b (0.5 mM IPTG), lane 16-17: Uninduced pET28b_Subt9195.
b) Total cell protein; lane 1: Uninduced pET28b, lane 2-3: pET28b (0.5 mM IPTG), lane 4: Uninduced
pET28b_Subt9195, lane 5-8: pET28b_Subt9195 (0.5 mM IPTG), M: BenchMark ™Pre-Stained protein
ladder.

4.3.1.3 Skimmed milk agar assay

In order to detect the expression of protease activity, cultures of Subt9195 were grown on LB
skimmed milk agar containing IPTG at concentrations ranging from 0-2mM. The cultures
were incubated at 25 and 30°C to investigate the effect of temperature on the protein
expression. As illustrated in Figure 4.9a, at 25°C, colonies containing Subt9195 clone showed

halo formation around the colony on the plate containing 1 mM IPTG (Figure 4.9a (d)) while

102



at 30°C, halo formation was observed around the culture on plate containing 0-1.5 mM IPTG
after 5 days of incubation (Figure 4.9b (a-d). The formation of halos surrounding Sub9195
culture indicated the expression of active protease. The halo was not identified around

pET28b culture.

ii

Figure 4.9: Skimmed milk agar assay of culture Subt9195 at 25 and 30°C. i: 25°C, ii: 30°C; a-f:
IPTG concentration (mM); a: 0, b: 0.1, c: 0.5, d: 1.0, e: 1.5, f: 2.0. 28b=Culture of pET28b; C1=
Culture of pET28b_Subt9195, +ve= Positive control pSapSH.
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4.3.1.4 Solubilization of Subt9195 protein in urea and Sarkosyl

As shown previously in section 4.3.1.2, Subt9195 was expressed only in the insoluble cell
fraction. However, halo formation in the skimmed milk agar assay indicated that Subt9195
might express active protease. In order to obtain soluble Subt9195 protein, the IB from the
expression of Subt9195 at 25°C was subjected to solubilization in 0.3% sarkosyl, 0.1M, 2M,
and 8M urea. The effect of the prewashing step on the success of solubilization using Triton
X-100, wurea, sodium lauroyl sarcosinate (Sarkosyl) and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) was apparent. As illustrated in Figure 4.10,
after solubilization with 8 M urea, a ~50 kDa sized band was identified in the soluble fraction.
The size of the protein band was a similar size to the predicted Subt9195 (~41.8 kDA)
reported in section 4.3.1.1 Based on the intensities of the protein band following the SDS-
PAGE, the sample that was prewashed with 1 M urea showed the highest solubility (lane 1,
Figure 4.10).
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Figure 4.10: SDS-PAGE of solubilization of Subt9195 protein in 8M urea. The
numbering represents the detergents and denaturants being used before solubilization
with 8M Urea. 1: 1M urea 2: Nil denaturant 3: 2M Urea 4: 4M Urea 5: 0.01% Sarkosyl 6:
0.05% sarkosyl 7: 0.1% Sarkosyl 8: 10mM CHAPS 9:20mM CHAPS M: BenchMark™Pre-
Stained protein ladder. The soluble protein is indicated by an arrow.
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In a further attempt to solubilize the protein in a milder solubilising agent (1 M urea,
2 M urea and 0.3 % sarkosyl), 0.3 % sarkosyl successfully solubilized the protein regardless
of the prewashing step using 1 M Urea or 0.05 % sarkosyl. As shown in Figure 4.11, a protein
~50 kDa band was identified in each of the lanes marked 3 where 0.3 % sarkosyl was used as
the solubilising agent. No band was detected in any of the lanes marked 1 or 2 where 1 M and
2 M urea were used as the solubilising agent. The protein bands with size ~50 kDa were cut
from the gel and sent for FTMS analysis. The identity of the protein was confirmed as soluble
recombinant Subt9195. The analysis identified multiple peptides that matched with high
individual peptide scores as well as an excellent score for the whole Subt9195 deduced
protein sequence. Figure 4.12 summarised the identified peptides fragments that showed

matches to Subt9195 deduce protein sequence.

Prewashing  Triton X-100 Triton X-100 Triton X-100 and
agent and 1M Urea 0.05% Sarkosvl
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Figure 4.11: SDS-PAGE of solubilization of IB of Subt9195 following prewashed with Triton X-100, 1M
urea and 0.05% sarkosyl. The numbering represents the solubilising agent; 1: 1M Urea, 2: 2M Urea and
3: 0.3% sarkosyl. M: BenchMark™Pre-Stained protein ladder. The soluble protein is indicated by an
arrow.
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MLKKNPILVWFLALSLGIAPVFVVSSPAQADQVRDRQYWLQDYGIEQAWAITRGAG
VRIAIIDTGVDGSHQDLEGAVVAGADFSGLGSTNGQTPVGSDRRHGTMVASLAAGR
GNGVQNGVIGSAPEAEIISASISFGGGAVSPDDQIARAVRFAVDAGADVISLSLTRNT
RDWPETWDDAFTYAADRDVVVIAAAGNRGSGTVAVGAPATMPGVLAVGGVTQEG
[ASDAASSQGISLGVMAPSEGLVGAIPGGGYVSWSGTSGAAPIVAGIAALVRAAYPRM
SADNVINRILVSARPVSDQVPDPLYGYGLVNAYEALTREVPSVSANPLGALDAWITL

Figure 4.12: Peptides fragment (underlined) that matched to the deduced amino acid
sequence of Subt9195 in the FTMS analysis.

4.3.1.5 In vitro Protein Refolding

The solubilized protein in 8 M urea was diluted 30x, while solubilized protein in 0.3 %
sarkosyl was diluted to yield 0.01 % sarkosyl solution with refolding buffers to refold the
protein into its native state. The success of in vitro refolding process was determined by
identifying protease activity in the protease assay described in section 4.2.14.2. Assays
conducted with the refolded protein using AAPF as a substrate did not show protease

activity.

4.3.1.6 Solubilization of Subt9195 using NusA-fusion protein system

In the attempt to solubilize Subt9195 protein, the gene was cloned into pET43.1a as a NusA
protein fusion containing a histidine tag at both the N and C-terminal. The recombinant
construct was designated as pET43aSubt9195NusAHisC. The expression study of this new
construct was carried out using E. coli Rosetta 2 (DE3) strain, which was cultured at 37°C,
induced with 1 mM IPTG at 30°C and incubated for 7 hours at 30°C with shaking at 200 rpm.

The expression of recombinant protein was subsequently analysed by SDS-PAGE.

As illustrated in Figure 4.13, three bands were indentified in the soluble fraction of
the induced culture. The bands sized ~100, ~ 70 and ~ 50 kDa were not found in the
uninduced culture (Figure 4.13, lane 1) or the concentrated supernatant of the induced
culture. In order to make certain whether the bands were the desired protein, cultures of
pET43.1a were induced with 1 mM IPTG to see the expression of NusA without any fusion

protein. Following SDS-PAGE, as showed in Figure 4.14, a band sized ~70 kDa was detected
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in the soluble fraction of pET43.1a induced with 1mM IPTG thus confirming the band sized

~70 kDa in Figure 4.13 was NusA protein. This observation also indicated Subt9195 was

expressed as soluble NusA protein fusion sized ~120 kDa. However, the presence of another

two bands suggested intracellular processing of Subt9195 from the fusion protein releasing
peptides sized ~50 kDa (labelled X in Figure 4.13) and ~70 kDa (labelled NusA protein in
Figure 4.13). The soluble fraction was subjected to IMAC purification to isolate the Subt9195

protein.
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Figure 4.13: SDS-PAGE of soluble fraction of pET43aSubt9195NusHisC in the expression studies
at 30°C. Lane 1: uninduced pET43a_Subt9195NusAHisC, lane 2: pET43a_Subt9195NusAHisC
induced with 1 mM IPTG and lane 3: replicate of 2, M BenchMark™Pre-Stained protein ladder, X:

Protein of interest.
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Figure 4.14: SDS-PAGE of soluble fraction of pET43a.1 culture inducted with 1mM IPTG at 30°C;
Lane 1: uninduced pet43.1a, lane 2: pet43.1a induced with 1mM IPTG. M: BenchMark™Pre-
Stained protein ladder

4.3.1.7 Protein Purification
43.1.71 His-tag purification of the Subt9195NusAHisC recombinant protein

Subt9195NusAHisC was designed to have a His-tag at both the N and C-terminal, thus
allowing protein purification by IMAC. Taken into consideration was the possibility of signal
peptide processing which would remove the N-terminal His-tag. As illustrated in Figure 4.15,
the His-tag purification yield was not pure. In addition there were discrepancies in terms of
the size of the expression band from Figure 4.13. SDS-PAGE analysis of the purification
showed the most prominent band sized ~80 kDa in fraction 4 (Figure 4.15, lane 6). The
bands sized 120, 80 and 60 kDa were observed in fraction 3 (Figure 4.15, lane 5). In fraction
4 and 5 (Figure 4.15, lane 6 and 7) there was another ~50 kDa band. Smaller molecular
weight protein, ~30 kDa in size, was observed in fraction 3, 4 and 5 (Figure 4.15, lane 6, 7

and 8).

Fraction 4 from the column elution, as well as the dialysed and concentrated sample
of fraction 2-6 from the His-tag purification were analysed on 4-12% Bis-Tris NuPage gels
(Invitrogen). This was to achieve higher resolution for band excision and protein
identification via mass spectrometry analysis as well as to detect any changes to the band
pattern from the previous preparation. As shown in Figure 4.16, two discrete bands at ~90

and ~70 kDa were observed in the serial dilution of sample 4 from the column elution (lane
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1-4). This protein was previously observed as the prominent ~80 kDa band (Figure 4.15, lane
6). Mass spectrometry analysis indicated that both bands were in fact NusA protein.
Interestingly, the gel showed that, the prominent band was no longer visible after dialysis
and concentration (Figure 4.16, lane 8). In fact, a new band sized ~50 kDa, shown to be NusA
protein by mass spectrometry analysis, was evident. In addition, lower molecular weight
proteins ~15 to ~45 kDa in size were identified by mass spectrometry analysis as Subt9195,

which suggested that a proteolytic processing event had occurred.

The purified Subt9195NusAHisC also seemed to be self digesting when stored at 4°C.
Figure 4.17 shows the SDS-PAGE analysis of fraction 4 (dialysed and concentrated fraction)
after 2 weeks storage at 4°C. Previous higher molecular weight proteins were no longer
evident as prominent bands, replaced by lower molecular weight proteins ~17 kDa in size,

thus confirming the presence of protease activity.
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Figure 4.15: SDS-PAGE of fractions obtained after pET43a_Subt9195NusAHisC His-tag
purification 1: total cell protein of crude cell extract, 2: flow through 3: Fraction 1, 4: fraction 2,
5: Fraction 3, 6: Fraction 4, 7: Fraction 5, 8: Fraction 6. M: Bench Mark™Pre-Stained protein
ladder. Arrow showed the protein mentioned in the result section
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Figure 4.16: Purified fractions of pET43a_Subt9195NusAHisC before and after concentration
and dialysis; on 4-12% Bis-Tris NuPage (Invitrogen) gel. M: BenchMark ™Pre-Stained protein
ladder, 1-4: Serial dilution of fraction 4 before concentration and dialysis. 5-9: Fraction 2-6 after
dialysis and concentration respectively. Solid arrow indicates band of NusA protein. Dashed
arrow indicates band with Subt9195 protein ID.
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Figure 4.17: SDS-PAGE of fraction 4 after 2 weeks storage at 4°C indicate self-digesting activities.
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4.3.1.8 Protease assay of partially purified Subt9195

SDS-PAGE analysis of the dialysed and concentrated Subt9195 showed a difference in the
band pattern compared to undialysed and unconcentrated sample indicating the presence of
protease activity in the fraction 4 (Figure 4.16, lane 6). Three protein fractions of
Subt9195NusAHisC, that were partially purified as described in section 4.3.1.7, were
subjected to protease assay using AAPF as the substrate. The dialysed and concentrated
fractions 3, 4, and 5 (Figure 4.15, lane 6,7 and 8) were checked for protease activity. The
effect of calcium ions on enzyme activity was also tested by supplementing the assay with
100 mM CaCl,. The assay detected proteolytic activity in fraction 4 (Figure 4.18a). The
presence of 100 mM CaCl; in the assay did not increase the enzymatic activity in any fraction
(Figure 4.18b). The activity was inhibited completely with 10 mM PMSF which indicated a

common characteristic of serine protease.
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Figure 4.18: Protease activity of His-tag purified Subt9195NusAHisC at room temperature. Assay was
conducted using a) 50mM HEPES (pH 7.5), 0.1M NacCl; b) 50mM HEPES (pH 7.5), 0.1M NaCl, 10mM
CaCl; at room temperature.
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4.3.2 Analysis 0of 163128715 (Subt8715)
4.3.2.1 Prediction of physico-chemical properties of Subt8715

The ORF of the Subt8715 gene (3171bp) encodes a protein comprising 1057 amino acids
with a calculated mass of 105.2 kDa, GRAVY index of 0.16 and pl of 4.94. The instability index
(II) was computed to be 22.18, which classified that the protein as stable. Kyte Doolitle
hydropathy plot did not indicate any transmembrane region in the protein (Figure 4.18).
Analysis with Signal IP (Petersen et al, 2011) did not predict any signal peptide cleavage site.
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Figure 4.19: Kyte and Dolittle hydropathy plot of Subt8715.

4.3.2.2 Expression studies of Subt8715

Expression studies of the recombinant Subt8715 at 25°C and 30°C in E. coli BL21 (DE3)
showed the expression of recombinant protein in the soluble fraction. As illustrated in Figure
4.20, a prominent ~155 kDa band w