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ABSTRACT

M etagenome sequencing and in silico gene discovery:

From genetic potential to function.

Dominique E Anderson

PhD thesis, Department of Biotechnology,

University of the Western Cape

In a previous study, metagenomic DNA extracted from Antarctic Dry Valley soils was used
to construct a large contig bacterial shotgun fosmid library (Anderson, 2008). In the current
study, clones were selected based on a functional screen for putative lipolytic enzymes,
which incorporated tributyrin in agar screening plates. Clones were subsequently subjected to
next-generation sequencing and bioinformatic analysis, which alowed for further
investigation of a portion of the Antarctic metagenome. Assembly and annotation of the
genetic data encoded on three fosmid clones allowed for the identification of the genes
responsible for tributyrin hydrolysis. Furthermore, hypotheses relating to survival and
adaptation to abiotic conditions prevalent in the extreme Antarctic environment were
developed (Chapter 3). A cold adapted esterase was subsequently characterised and showed
substrate preference for para-nitrophenyl propionate. The optimum temperature and pH for
the enzyme, DEasel was 25 ° C and 8.5, respectively. In addition, results indicated that
DEasel was senditive to thermal inactivation (Chapter 4). Furthermore, in fosmid clone
LD13, one particular ORF annotated as a Water HY persensitity response protein, became the
focus of further study. When sub-cloned into a heterologous host, both ionic and osmotic
stress tolerance was observed in vivo. The protein also exhibited a cryoprotective function in
vitro, preventing cold denaturation of malate dehydrogenase during cycles of freeze-thaw
(Chapter 5). This study demonstrates the value of combinatoria in silico and ‘-omic’ based
techniques for the discovery and functional characterisation of potentially novel genes from
bacteria which inhabit Antarctic Dry Valley soils.

Keywords: Antarctica, metagenomics, next-generation sequencing, bioinformatic anaysis
cold adaptation, lipolytic enzymes, Water HY persensitity response protein.
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Chapter 1: General introduction

1.1 Antarctica
The Antarctic continent harbours unique and diverse terrestrial and aguatic habitats and,

while most of this remote continent is covered by an expansive ice sheet, 0.3 % of the land
mass is ice-free (Balks and Campbell, 2001). These so-called Dry Valleys consist of exposed
soils, glaciers, streams and lakes (both freshwater and saline) and permanently ice-covered
lakes and none of these environments are homogenous (Cowan et al., 2004). Climatic
conditions in this environment vary greatly and directly impact the diversity of life forms that
inhabit the various niches (Wynn-Williams, 1996; Hogg et al., 2006). The atmosphere
contains very low levels of water vapour due to the cold temperatures, which range from — 40
°C in winter to 0 °C in summer. A lack of precipitation in the Dry Valleys ultimately
transforms them into cold deserts (Balks and Campbell, 2001). Dry Valley soils accumulate
salts which, in combination with low buffering capacity, cause high salinity and fluctuations
in soil pH (Balks and Campbell, 2001). Other abiotic conditions which strongly influence the
physical, biological, ecological and chemical properties of the soil and are limiting factors for
microbia populations that inhabit the Valley soils include low organic accumulation of
carbon and nitrogen, low-humidity, excessive solar radiation and strong kabatic winds (Balks
and Campbell, 2001; Aislabieet al., 2006). The remains of immature crabeater seal carcasses
influence the ecosystem dynamics in the Dry Valley soils by contributing a pool of organic
nutrients to microbial communities directly beneath, or in close proximity to them. In
addition, and perhaps more importantly, these carcasses also provide protection to soil
microbes from desiccating winds and ultraviolet exposure (Barwick and Balham, 1967; Dort,
1982; Tiao et al., 2011). Studying the unique biota of this environment may provide clues as

to how these organisms have adapted to survive extreme abiotic conditions.
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Chapter 1: General introduction

1.2 Cold adaptation
The ability of microorganisms to adapt to natural stress factors has made them Earth’s most

successful colonisers. Approximately 80 % of our planets biosphere is permanently cold,
making low temperature the most wide-spread natura stress condition (Hébraud and Poitier,
1999; Rodrigues and Tiedje, 2008; Russell, 1990). Low temperature environments have been
successfully colonised by a number of organisms, making psychrophiles the most abundant
extremophiles in terms of distribution, biomass and diversity (Piette et al., 2011). In addition,
microbes inhabiting these niche environments generally also encounter more than one stress
factor, such as desiccation, high or low pH, high osmotic pressure and low nutrient
availability (Morgan-Kiss et al., 2006; Tehei and Zaccai, 2005). In cold environments, the
physical properties of water changes and, coupled with cold-stress modifies all physico-
chemical parameters of a living cell. It influences cell integrity, solute diffusion rates,
membrane fluidity, enzyme kinetics and macromolecule interactions and therefore, the
capacity of an organism to compete in that environment (Rodrigues and Tiedje, 2008;
Guaerzi et al., 2003). The ability of an organism to survive and grow in cold conditions is
dependent on a number of adaptive strategies and the modification of pre-existing
biosynthetic pathways, in order to maintain vital cellular functions at cold temperatures

(Rodrigues and Tiedje, 2008)

In cold environments, membrane fluidity is essential for the transport of substrates and
nutrients (Deming, 2002). Alteration of lipid content in cellular membranes is a common
strategy employed by organisms (Ray et al., 1998) and the rate at which these changes occur
is of great importance in habitats where thermal fluctuations occur (Hébraud and Poitier,
1999). In general, a decrease in temperature is accompanied by an increased ratio of
polyunsaturated fatty acids which reduces the phospholipid melting point and the rigidity of

membrane structures (Nichols et al., 1993; Ulusa and Tezcan, 2001). Further aterations in
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Chapter 1: General introduction

membrane composition include changes in the size and charge of lipid head groups which
affects glycerophospholipid packing, changes in the isomerisation of straight chain fatty acids
to cyclic and / or branched isomer and conversion of trans- unsaturated fatty acids to cis-
isomers (Chintalapati et al., 2004). Furthermore, the post-biosynthetic transformation of
saturated fatty acids into unsaturated derivatives by acyl lipid desaturase, is a common
mechanism employed by Cyanobacteria for the maintenance of membrane fluidity under cold
conditions (Chintalapati et al., 2004). Other possible modulators of membrane fluidity have
been proposed, particularly carotenoid pigment molecules and sensory proteins that are
associated with cell membranes. The sensory proteins which span the length of the membrane
generdly act as phospo-relay systems for the sensing of temperature changes while
carotenoid pigments may buffer membrane fluidity and maintain homeoviscosity during
temperature fluctuations (Chattopadhyay, 2006; Ray et al., 1998; Rodrigues and Tiedjie,
2008). To combat the low diffusion rates which occur at low temperatures, transport systems
for nutrients, substrates and compatible solutes are required and as such, ABC-type
membrane transporters are found to be upregulated in proteomic studies (Bakermans et al.,

2007; Cacace et al., 2010).

In cold conditions, basic functions such as transcription, translation and ribosome assembly
are hindered by the formation of stable secondary structures in nucleic acids (Gualerzi et al.,
2003). The cold shock response is induced when an organism is subjected to sub-optimal
growth temperatures and involves a number of cold inducible proteins which are
preferentially expressed at low temperatures and can be further characterised into Cold shock
proteins (CSPs) or Cold acclimation proteins (CAPs) (Cacace et al., 2010; Bakermans et al.,
2007). The gene products may either be directly or indirectly involved in protein transcription
and trandation (Horn et al., 2007). CspA and its homol ogs are the major proteinsinvolved in

thisresponse (Ray et al., 1998). Under cold stress the mRNA encoding CspA is stabilised and
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Chapter 1: General introduction

its expression is favoured. CspA can up-regulate its own transcription as well as that of other
CSPs, by binding to the 5° UTR of Csp mRNA’s (Horn et al., 2007). This enhances the half-
life of RNA and reduces the degradation of mMRNA by RNase by decreasing secondary
structure formation in transcribed mRNAs. Other proteins associated with transcription and
post-transcriptional events include NusA and polynucleotide phosphorylase (Ray et al., 1998;

Rodrigues and Tiedje, 2008).

To combat the increased negative supercoiling of DNA which occurs at lower temperatures,
genes encoding nucleoid associating proteins which are involved in maintaining functional
topology of DNA are required for cell survival a low temps (Rodrigues and Tiedje, 2008;
Ray et al., 1998). These include gyrase A, HU-beta, and H-NS. To cope with transcript
stabilisation and degradation, DEAD-box helicase enzymes accumulate in the cell and
assemble into degradosomes, with RNase E. Another essential role for the DeaD proteins is
in 50 S ribosoma subunit assembly (Rodrigues and Tiedje, 2008; Gualerzi et al., 2003).
Additional proteins involved in ribosome biogenesis and function include; ribosome binding
factors, initiation factors, proteins of the cold shock family, and RNA chaperones. Correct
folding of proteins requires the presence of chaperones such as trigger factor and DnaK

(Guaerzi et al., 2003).

Considering that temperature is one of the most important environmental factors governing
biochemical reactions, enzymes need to be suitably adapted in order to perform their catalytic
activity (D’Amico et al., 2002). According to the Arrhenius equation, this reduction in
enzyme reaction rate is correlated to temperature decrease in an exponential fashion
(D’Amico et al., 2002). Psychrophilic enzymes display increased protein plasticity coupled to
weak thermostabilty and higher specific activity at lower temperatures. The structura

flexibility of cold-adapted enzymes alows for efficient substrate interaction and reduces the
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amount of energy required for generation of intermediate products of catalysis which, in turn,
increases substrate turnover (Rodrigues and Tiedje, 2008). A combination of several features
contributes to the flexibility of these cold-adapted enzymes and includes; an increase in
solvent-exposed hydrophobic side chains, a decrease in hydrophobic residues in the enzyme
core, decreased amounts of aromatic-aromatic interactions, increase in glycine (increases
thermal agitation) and lysine, decrease in proline and arginine (which has higher hydrogen
bond potential), decreased arginine: lysine ratios as well as decreased isoleucine content
when compared to mesophilic and thermophilic homologs. In addition, proper solvation at
lower temperatures is ensured by an overall increase in the occurrence of charged residues
and decrease in salt bridges (Rodrigues and Tiedje, 2008; D’Amico et al., 2002; Gerday et
al., 2000; Cavicchioli et al., 2002; Nichols et al., 1999; Ray et al., 1998; Russell, 2000).
Different strategies of structural adaptation may be adopted by different enzyme families and
may be unique to each enzyme (Gerday et al., 2000; Gianese et al., 2001). For example, in a
comparison of structures of 21 psychrophilic enzymes belonging to different families,
significant substitution of proline residues was only observed for the a-amylase family
(Gianese et al., 2001). Considering that other ecological and physico-chemical parameters are
involved with protein structure and modification, it is important that all the characteristics of
an environment be taken into account when assessing adaptive strategies utilised by

microorganisms (D’Amico et al., 2002).

Other mechanisms of adaptation employed by some microorganisms during cold stress
include slower overall growth rates, reduction or inhibition of cell divison and long life
cycles (Peck et al., 2005; Ulusa and Tezcan, 2001). The formation of dormant cell types
which continue to respire and utilise substrates, is a'so a possible survival strategy employed

by bacteria under adverse conditions (Chattopadhyay, 2006). The production of antifreeze
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proteins (AFPs) in Antarctic fish species such as Trematomus bernacchi has been well
documented (De Vries et al., 1970). Antifreeze glycoproteins bind to water molecules and
lower the freezing temperature, thereby preventing the formation of ice-crystals (Ulusa and
Tezcan, 2001). Uptake or production of cryoprotectants such as glycine betaine in bacteriais
thought to prevent protein aggregation that is induced by cold stress (Chattopadhyay, 2006).
Genes for the synthesis and degradation of polyesters and polyamides are evident in the
genome of Colwiella psychrerythaea and may serve as intracellular carbon and nitrogen
reserves (Methé et al., 2005). Prolonged exposure to extreme cold conditions may restrict the
uptake of these molecules and the reserves can therefore ensure a constant supply of carbon
and nitrogen. Similarly, a proteomic study of the psychrotolerant microbial pathogen Listeria
monocytogenes, grown at 37 °C and 4 °C revealed ten proteins which were present only in
the 4 °C 2DE maps. These included not only heat shock proteins DnaK and GrpE, but also
proteins involved in metabolism such as mutase and aldolase as well as a number of
hypothetical proteins (Cacace et al., 2010). Cold shock also affects the process of cell
division as evident in a study by Duplantis et al (2010). In this study, mesophilic bacteria
pathogens were rendered temperature sensitive by the substitution of several genes with
homologs from psychrophilic microorganisms and one of the genes under investigation was
the cell division protein, FtsZ. In three of the most cold-tolerant Shewanella species, an
operon encoding the subunits for a Na'/H™ antiporter, were observed. It is hypothesised that
this pump may be involved in both cold and salt tolerance in this microorganism (Karpinets
et al., 2009). It appears that a lack of common features indicates that diverse strategies are
employed for adaptation to the cold and these mechanisms appear to be constrained by
species specific cellular structure and organisation (Piette et al., 2011). Thistopic is discussed

extensively (asit relates to this study) in Chapter 3, section 3.3.3
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1.3 M etagenomics
Currently, it is estimated that the total number of prokaryotic cells on our planet comprises

over 10° separate genospecies (Singh et al., 2009; Amann et al., 1995). In soils, the presence
of more than 10° bacteria per gram supports an approximate biomass of 3000 kg per hectare
(Ranjard and Richaume, 2001). Population diversity and heterogeneity in soils is integral to
ecosystem function with soils acting as reservoirs for metabolic and phylogenetic biodiversity
(Hunter-Cevera, 1998). However, an estimated 99 % of microbes have remained recalcitrant
to culturing mainly due to strict physicochemica requirements, and interdependence with
other organisms (Lorenz and Schleper, 2002; Amann et al., 1995) In order to study organisms
that cannot be maintained in pure culture, a metagenomic approach can be used.
Metagenomics is a DNA-based, culture independent approach and focusses on the entire
genetic complement of microbes in a habitat or niche (Cowan et al., 2004; Schmeisser et al.,
2007). The two most common strategies for the screening of metagenomic libraries include
homology based screening, which requires sequence data in order to target genes, and
activity-based screening, whereby clones are functionally selected. There are pro’s and con’s
to both strategies, but both have the potential for isolating genes and/ or gene products of
interest (Lorenz and Schleper, 2002; Daniel, 2005; Ferrer et al., 2005). Initially, most
metagenomic research endeavours were driven by bioprospecting of unknown and improved
gene products with the aim of exploitation for biotechnologica and biomedical purposes
(Cowan et al., 2004), and the diversity of characterised, metagenome-derived enzymes have
been extensively reviewed by Steele et al (2009) and Tuffin et al (2009). Recent trendsin this
rapidly developing research area are aimed at investigating microbial communities, and
sequence-based screening methods which employ high-throughput next generation
sequencing technologies are a powerful tool for the analysis of large genomic datasets,

allowing for the identification of gene function and putative assignment of organismal roles
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in communities (Simon and Daniel, 2011). Novel and improved methodologies have driven
demand for the development of new software and bioinformatics tools and have found
applications in comparative genomics, metatranscriptomics, metaproteomics and
metabolomics (Chistoserdova, 2010). In combination, the “-omic’ based approaches provide
powerful insight into the genetic potential of the microbial world and as these technologies
develop and improve, researchers can begin to define complex environmentally dependant

pathways of growth, survival and adaptation.
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Objectives

In order to investigate the capacity of in silico bioprospecting of established large- insert
metagenomic libraries, several clones were selected for next-generation sequencing and
anaysis. Using this approach, it is hypothesised that data mining of cloned DNA fragments
may provide fundamental information relating to microbia survival and adaptation to
extreme abiotic conditions (Chapter 3). Sequencing data also provides a platform to
investigate the functionality of genes encoding for industrially relevant metabolic enzymes
(Chapter 4). Furthermore, the wealth of data also allows for prediction of novel genes, which
may lead to the discovery of new functions (Chapter 5). This study aims to demonstrate the
value of combining computational data mining with experimental strategies to add new

knowledge to the field of metagenomics and microbial adaptation.

Aims (Chapter 3)

1. Assemble and annotate full fosmid sequences using both manual and automated

approaches

2. Describe genetic potential contained within the sequences

3. Discuss key genes possibly linked to adaptation to environmental conditions

experienced in Antarctic Dry Valley soils
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Aims (Chapter 4)

1. ldentify possible lipolytic genes from fully assembled fosmid clones

2. Clone candidate genes, verify their respective enzyme activities and confirm the

accuracy of bioinformatic predictions

3. Overexpress and kinetically characterise lipolytic enzymes

4. Perform comparative genomic study to identify possible sequence and structure

maodifications conferring cold-adaptation

Aims (Chapter 5)

1. Perform bioinformatic analysis on 130RF6 (dWHy1)
2. Sub-clone, express and purify dWHyl for in vivo and in vitro assays in order to

experimentally validate the putative role of dWHy1 in desiccation tolerance.
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Chapter 2. General materials and
methods.
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2.1 Materials

2.1.1 Chemical reagents
All chemical reagents used in this study were of analytical grade and obtained from a range

of suppliers.

2.1.2 Antibiotics

Supplementation with the appropriate filter sterilised antibiotic was performed asepticaly
after the autoclaved media was cooled to ~45 °C. Fina concentrations of antibiotics were:
(unless otherwise stated) chloramphenicol (Cam), 34 ug/ml; carbenicillin (Carb), 50 pg/ml;
ampicillin (Amp), 150 pg/ml; and kanamycin (Kan), 30 pg/ml. In the case where fosmid
containing cells were cultured, the final concentration of chloramphenicol was 12.5 pg/ml.
2.1.3 Enzymes

The various enzymes used for both DNA manipulations as well as enzymatic assay, along

with the supplier are shown in table 2.1.1.

Table2.1.1 Enzymesused in thisstudy

Enzyme Function Supplier
Restriction endonucl eases Restriction enzyme digestion Fermentas
Alkaline phosphatase Dephosphorylation Fermentas
Klenow DNA polymerase Blunt end generation Fermentas
T4 DNA Ligase Ligation Fermentas
High fidelity polymerase PCR Various
DreamTaq™ DNA Polymerase PCR Fermentas
Malate dehydrogenase Enzyme assays Sigma

2.1.4 Strains, vectorsand primers
A list of strains, vectors and primers utilised in this study are shown in table 2.1.2
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2.2 General microbiological techniques

2.2.1 Media
Luria-Bertani (LB) broth consisted of 1 % [w/v] tryptone, 0.5 % [w/v] yeast extract and 1 %

[w/iv] NaCl. Luria-Bertani (LB) agar consisted of LB broth prepared as above with the
addition of 1.3 % [w/v] bacteriological agar. Tributyrin agar consisted of 1 % [w/v] tryptone,
0.5 % [w/v] yeast extract, 1 % [w/v] NaCl, 1.3 % [w/v] bacteriologica agar, 1 % [V/V]
tributyrin, 1 % [w/v] gum arabic. SOB broth consisted of 2 % [w/v] tryptone, 0.5 % [w/V]
yeast extract, 0.05 % [w/v] NaCl, 0.02 % [w/v] KCI. All components were mixed together
with distilled water and the pH was adjusted to 7.0 using 1 M NaOH. Media was autoclaved
at 121 °C for 20 minutes. Sodium chloride agar was prepared from LB agar with the addition
of 3.5 % [w/v] NaCl. Mannitol agar was prepared from LB agar with a reduced NaCl
concentration (0.5 % [w/v]) and 21 % [w/v] D-Mannitol. SOC was prepared from SOB with
the addition of filter sterilised 0.5 % [w/v] 2 M MgCl, and 2 % [w/v] 1 M glucose.

2.2.2 Growth of E. coli strains

Bacteria strains were grown in broth or on solid media supplemented with the appropriate
antibiotic. The native E. coli strains; BL21 and GeneHog were grown on media with no
antibiotic. Strains were inoculated using aseptic technigue. Unless otherwise stated, cultures
were incubated at 37 °C. If strains were grown in broth, incubation was accompanied by

agitation at 150 to 225 rpm.
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Table 2.1.2 Strains, vectorsand primersused in this study.

Bacterial strains
E. coli
EPI-300

GeneHog

Rosetta(DE3)pLysS
BL21(DE3)
Plasmids/vectors
pCCFosl

pUC19

pET21a

pGemT -easy
pRareMod7
pET28a

pCOLD

Primers *
Primer walking

LDACTR
LD4C7F

LD4N187ds
LD4N212ds
LD7C5F
LD7N14us
LD7N118ds
LD7C3F

Characteristics
Genotype

F- mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 DlacX 74
recAl endAl araD139 D(ara, leu)7697 galU galK |- rpsL

nupG trfA tonA dhfr

F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 AlacX 74
recAl araD139 A(ara-leu)7697 galU galK rpsL (StrR)

endA1 nupG fhuA::1S2

F ompT hsdSs(rs’, mg) gal dem (DE3) pLysSRARE (Cam)

F-, ompT, hsdSg (rg—, ms—), dcm, gal, A(DE3)

Chloramphenicol® 12.5 pg/m
Ampicillin® 100 pg/ml
Chloramphenicol® 34 pg/mi
None

Kanamycin® 50 pg/ml
Kanamycin R 50 ug/mi
Ampicillin® 100 pg/ml

CCATACAACAAACTGGTCAACA
GCCATTTAGACAAGTTCATCAC

GATAGCGACTACAACTGGCAAGCCG
CCACGGGACTGGCAAAAGATGCATTGC
GCCGAGCCCGAATTCATCG
CGGCAGCAATCATTCCCAGC
GAGCGGGTCTCATCAGGTCAG
CGATCAAGGACGGTTCAAGCGTG

Transposon mutagenesis

MUKAN-1 FP-1
MUKAN-1 RP-1

General sequencing

T7 forward

T7 reverse
pCC1 reverse

Sub-cloning

CL1-R21
CL1-F21

CTGGTCCACCTACAACAAAGG

AGAGATTTTGAGACAGGATCCG

TAATACGACTCACTATAGGG

GCTAGTTATTGCTCAGCGG
CTCGTATGTTGTGTGGAATTGTGAGC

ACCTCGAGGAATGCCTCGCGCAGCGAC

TGCATATGGGATCAATGCCGCTACGGACACG

Sour ce

Epicentre
Biotechnology
(USA)
Invitrogen (USA)

Novagen (USA)
Invitrogen (USA)

Novagen (USA)
Novagen (USA)
Novagen (USA)
Fermentas (SA)
This study
Novagen (USA)
Takara (Japan)

This study
This study

This study
This study
This study
This study
This study
This study

Epicentre
Biotechnology
Epicentre
Biotechnology

Epicentre
Biotechnology

This study
This study
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CL2-F21 ACCTCGAGCAGGACAGGCTCAGGCTGG This study
CL2-R21 TGCATATGCCTGTCCTACCAATCCCATCCGTG This study
DEA4-R-N TGGCGCATATGTGGTTTTTTATTATTATTAC This study
DEA4-F-X ACCTCGAGTTATTCTGCTTGTTGTAAAG This study
DA5-F21 ACCTCGAGCAAACACTTCTTCAGCATGGC This study
DEA5-R-N TGCATATGCATATTGATGGCAGCAGTG This study
LEA-F21 CGTGAATTCATGAGCTATTTAGCAACTATA This study
LEA-R21 CTACTCGAGCTCGCGAATATAGTCG This study
W17R CTGGAATTCTTACTCGCGAATATAGTCGC This study
W17F GACGCTAGCATGAGCTATTTAGCAACTATAAA This study

*All primer sequences are given in the 5’ to 3’ orientation.

2.3 General molecular biology techniques

2.3.1 Plasmid DNA extraction- Alkalinelysis
Selected colonies were picked from agar plates and inoculated into 10 ml LB broth

supplemented with the appropriate antibiotic. Cultures were incubated overnight at 37°C with
agitation. After incubation, cells were collected in by centrifugation at 10000 x g for 5
minutes at 4 °C. The supernatant was discarded and excess media removed. Cells were re-
suspended in 1 ml ice cold GET buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI)
and 24 ul of RNaseA (10 mg/ml) was added. After incubation at room temperature for 5
minutes, 1 ml of lysis solution (0.2 M NaOH, 1% [w/v] SDS) was added and the tubes were
gently inverted to mix. Following the addition of 1 ml of 3 M KOAc (pH 5.5), the tubes were
inverted again to mix and cells were incubated on ice for 5 minutes. The tubes were inverted
again and incubated on ice for a further 10 minutes. After centrifugation at 10000 x g a 4
°C, the plasmid DNA was precipitated by the addition of 0.7 volumes of isopropanol to the
recovered supernatant in a sterile tube followed by incubation for either 3 hours or overnight
at room temperature. Tubes were centrifuged to collect the plasmid DNA and the resultant
pellets were washed twice in 70 % [v/v] ethanol in order to remove residual salt. After air

drying, the DNA pellets were resuspended in UHQ Millipore water and aliquots were
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analysed by agarose gel electrophoresis (section 2.3.5). The method was scaled up depending
on the amount of plasmid DNA required and adjustments in solution volumes were made
accordingly.

2.3.2 Fosmid DNA extraction

Selected clones were inoculated into 5 ml LB broth supplemented with chloramphenicol and
incubated overnight. One millilitre of the culture was inoculated into a tube containing 9 ml
LB broth and 10 pl of filter sterilised 1 % [w/v] arabinose and grown for 5 hours at 37 °C
with agitation. Tubes were centrifuged at 4000 x g for 30 minutes at 4 °C. Fosmid DNA was
obtained using the akaline lysis protocol for plasmid DNA extraction described in section
231

2.3.3 Sequencing

Fosmids were extracted from 6 selected clones (section 2.3.2). DNA was quantified by
fluorimetry (section 2.3.6). The fosmids were pooled together and sent for Solexa sequencing
a the University of the Western Cape. The fosmids were also sent with the T7-promoter
primer and pCCfosl primer to the University of Stellenbosch sequencing facility for end-
sequencing using the ABI PRISM 377 automated DNA sequencer. In the case where the
orientation and sequence of sub-cloned genes needed to be verified, plasmids were extracted
using akaline lysis and sent to the same sequencing facility along with the T7-promoter and
terminator primers.

2.3.4 Restriction enzyme digestion

Restriction enzyme digestions were performed in sterile eppendorf tubes in small reaction
volumes (10-50 pl). The reactions contained the appropriate volume of 1 x or 2 x buffer
(supplied by the manufacturer for the specific enzyme) and 5-10 U of enzyme per ug of

plasmid or genomic DNA. Reactions were incubated for either a 2 hour period, or overnight
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at 37 °C. The digestion products were analysed by gel eectrophoresis on 0.7 % or 1 % [w/V]
agarose gels (section 2.3.5).

2.3.5 Agar ose gel electrophoresis

Zero-point seven percent or one percent [w/v] agarose was dissolved in 1 x TAE buffer (0.2
% [wiv] Tris base, 0.5 % [v/v] glacial acetic acid, 1 % [v/v] 5 M EDTA [pH 8]). Cast gels
were electrophoresed at 30 to 100 V in 1 x TAE buffer. To alow visualisation of the DNA on
a UV transilluminator, the gels were supplemented with 0.5 pg/ml ethidium bromide.
Samples were mixed with standard loading dye (60 % [v/v] glyceral, 0.25 % [w/v] Orange G)
and loaded into the wells of the cast gels. DNA was sized according to its migration in the gel
as compared to that of DNA molecular markers used (Lambda DNA restricted with HindllI;
Lambda DNA restricted with Pstl; 1 kb DNA marker and 100 bp DNA marker).

2.3.6 DNA quantification

Quantification was performed using the Nanodrop ND-1000. The instrument was blanked
using 2 ul of the UHQ Millipore water as used for DNA resuspension, or elution. A volume
of 1 pl of resuspended or eluted DNA was added to the cleaned reading platform and the
DNA concentration recorded. For more accurate DNA quantification, the concentration was
measured by fluorometery using the Quanti-iT ™ ds DNA BR assay kit and the Qubit™
system (Invitrogen, Oregon, USA) according to the manufacturers’ specifications.

2.3.7 DNA purification

The NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Germany) was used to purify

DNA from solution or agarose, according the manufacturers specifications.

2.3.8 Preparation of competent E. coli cells

a. Electrocompetent E. coli cells
All glassware was thoroughly washed with 2 % [v/v] SDS, followed by an additional wash

with 70 % ethanol, rinsed and autoclaved prior to use A single colony of an E. coli strain,
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streaked from a glycerol stock onto LB agar and grown overnight, was used to inoculate 10
ml SOB. This starter culture was grown overnight at 37 °C with shaking (225 rpm). One litre
of SOB media was inoculated with the starter culture and grown at 37 °C until an ODgg Of
0.5-0.7 was reached. The cells were kept on ice and 250 ml aliquots were made in chilled

Corning pointed bottles.

Bottles were centrifuged at 5000 x g for 25 minutes at 4 °C, the supernatant was poured off
and the pellet was gently resuspended in 200 ml ice-cold demineralised water (dH2O)
[Millipore] before another round of centrifugation at 5000 x g for 25 minutes at 4 °C. Once
the supernatant was removed, the cells were resuspended in 100 ml ice-cold dH,O and
centrifuged at 5000 x g for 25 minutes a 4 °C. Bottles were placed on ice, the supernatant
was removed and the cell pellet was resuspended in 20 ml ice-cold 10 % [v/v] glycerol and
centrifuged at 5000 % g for 25 minutes at 4 °C. After the supernatant was removed, each cell
pellet was very gently resuspended in 1 ml 15 % [v/v] glycerol and 2 % [w/v] sorbitol. The
cell suspension was kept on ice, aliquoted into 1.5 ml eppendorf tubes and stored at -80 °C.
One microliter of pUC19 vector DNA (100 ng/ul) was used to test the electro-competency of

the cdlls.

b. Chemically competent E. coli cells
All glassware was thoroughly washed with 2 % [v/v] SDS, followed by an additional wash

with 70 % ethanol, rinsed and autoclaved prior to use A single colony of an E. coli strain,
streaked from a glycerol stock onto LB agar and grown overnight, was used to inoculate 10
ml LB broth. This starter culture was grown overnight at 37 °C with shaking (225 rpm). One
litre of LB broth was inoculated with the starter culture and grown at 37 °C until an ODgqg Of
0.3- 0.6 was reached. The cells were kept on ice and 250 ml aliquots were made in chilled

Corning pointed bottles.
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Bottles were centrifuged at 5000 x g for 25 minutes at 4 °C, the supernatant was poured off
and the pellet was gently resuspended in 200 ml ice-cold demineralised water (dH,O)
[Millipore] before another round of centrifugation at 5000 x g for 25 minutes at 4 °C. Once
the supernatant was removed, the cells were resuspended in 100 ml ice-cold MgCl, and kept
on ice for 5 minutes before another round of centrifugation at 5000 x g for 25 minutes at 4
°C. Bottles were placed on ice, the supernatant was removed and the cell pellet was
resuspended in 100 ml ice-cold CaCl,, held on ice for afurther 20 minutes and centrifuged at
5000 x g for 25 minutes at 4 °C. After the supernatant was removed, each cell pellet was very
gently resuspended in 3 ml 85 % [v/v] CaCl, and 15 % [v/v] glycerol. The cell suspension
was kept on ice, aliquoted into 0.6 ml eppendorf tubes and stored at -80 °C. Two microliters

of pUC19 vector DNA (100 ng/ul) was used to test the el ectro-competency of the cells.

2.3.9 Transformation of E. coli cells

a. Electroporation
Aliquots of 50 ul of electrocompetent cells were thawed on ice. DNA was added directly to

cells and incubated on ice for 5 minutes. The mixture was pipetted into pre-cooled
electroporation cuvettes (Bio-Rad Laboratories, CA, USA). Electroporation was performed
using the following conditions; 1.8 kV, 25 uF, 200 Q. Nine hundred and fifty microliters of
SOC was immediately added to the cuvette and once mixed, transferred to sterile tubes. The
mixture was incubated for a maximum of 3 hours at 37 °C with agitation and aliquots were
plated on LB-Agar plates supplemented with the appropriate antibiotic and grown overnight

at 37 °C.

b. Heat shock
Plasmid DNA was added directly to 50 pl of competent cells, incubated on ice for 5 minutes

and heat-shocked at 45 °C for 30 seconds. Cells were incubated on ice for a further 5

minutes, 250 pl of SOC was added and the cells were incubated for a maximum of 3 hours at
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37 °C. The transformation mix was plated on media supplemented with appropriate antibiotic
and incubated overnight at 37 °C.

2.3.10 Polymer ase Chain reaction using gene specific primes

PCR reactions (20-50ul) typically contained ~ 10 ng of template DNA, 1 x PCR buffer, 0.2
mM of each dNTP, 0.5 pmol of each primer (Table 2.1) and 0.25- 0.5 U of high fidelity Taq
DNA polymerase. For control purposes, forward primer, reverse primer and a negative
control (a reaction mixture containing al reagents except template) was routinely included.
Following PCR, an aliquot of each reaction mixture was analysed using gel electrophoresis as
described.

2.3.11 Ligation

The PCR products were purified using the Nucleospin ® gel and PCR purification kit
(section ) and digested with the restriction endonucleases that were included in the primer
design (section ) One microgram of vector DNA was digested with the same restriction
enzymes and the gene and vector were ligated, using a ratio of 1:2 vector to insert. The
following reagents were used for the ligation reaction which was performed overnight at
18°C, 1 U of T4 DNA ligasein appropriate ligation buffer. The amount of insert required was
calculated by the following equation assuming that 50 ng of vector DNA was used in the

ligation reaction.

ng vector x kb insert
ng insert required= kb vector X2
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Three microliters of the ligation mixture was dialysed on a 0.02 nm nitrocellulose filter
(Millipore). One and a haf microliters of this mixture was electroporated into competent
GeneHog E. coli cells. These cells were grown on LB-Agar supplemented with the
appropriate antibiotic, overnight at 37 °C. A negative control of circular, uncut plasmid DNA

was routinegly included.

2.4 General Protein techniques

2.4.1 Protein expression
A single culture of the expression host transformed with a construct was inoculated into 5 ml

LB broth supplemented with appropriate antibiotic and grown overnight at 37 °C. The culture
was transferred to 50 ml LB broth and grown at 37 °C until an ODgy of 0.6 was obtained. To
this, 0.4 - 2 mM IPTG was added and cells were incubated according to the optimised
temperature as determined for each individual protein. The cultures were centrifuged at 6000
x g for 5 minutes at 4 °C and the supernatant was either discarded or precipitated with 20 %
[wiv] trichloroacetic acid. Cell pellets were resuspended in lysis buffer (50 mM Tris pH 7.5,
0.3 M NaCl, 5 % glyceral [v/v]) and subjected to 6 cycles of sonication (20 seconds each).
Following centrifugation, the resulting cell pellet and cell free lysate fractions were collected.
The supernatant was sterilised through a 0.22 um filter and used for His-tag purification. All
fractions collected were analysed by electrophoresis on 12-15 % SDS-PAGE. Protein
expressions with the parental vector as a control were routinely included. Expressions were
scaled up to 2 L volumes and adjustments were made accordingly.

2.4.2 SDS-PAGE

Vertical SDS-PAGE gels were cast with a10 - 15 % separating gel (1.5 M Tris-HCI [pH 8.8],
20 % [w/v] SDS, 30 % [w/v] acrylamide, 0.8 % [w/v] bis-acrylamide, 10 % [w/v] ammonium

persulphate [Sigma], 0.1 % [v/v] TEMED [Fluka]) and a 4 % stacking gel (0.5 M Tris-HCI
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[pH 6.8], 20 % [w/v] SDS, 30 % [w/v] acrylamide, 0.8 % [w/v] bis-acrylamide, 10 % [w/V]

ammonium persulphate, 0.1 % [v/v] TEMED).

Samples were mixed with an equal volume of 2 x loading dye (80 mM Tris-HCI [pH 6.8], 10
% [v/v] mercaptoethanol, 2 % [v/v] SDS, 10 % [v/v] glycerine, bromophenol blue), vortexed
and heated to 95 °C for 5-10 minutes. Samples were loaded on gels and electrophoresed at 60
V in 1 x running buffer (0.25 mM Tris-HCI, 2 M glycine, 1 % [w/v] SDS) for 30 minutes
through the stacking gel. Electrophoresis continued through the separating gel at 120 V for ~
2 hours. The gel was stained with coomassie stain (0,125 % [w/v] Coomassie blue R250, 50
% [v/v] methanol, 10 % [v/v] acetic acid) for 45 minutes and de-stained overnight with SDS
destain (50 % [v/v] methanol, 10 % [v/v] acetic acid). The sizes of the proteins were
determined according to their migration in the gel as compared to that of the protein
molecular ladder used.

2.4.3 TCA precipitation of proteins

One third the volume of ice-cold 20 % [w/v] TCA was added to the culture supernatant,
incubated overnight at 4 °C and centrifuged at 8000 x g for 25 minutes. The pellet was
resuspended in sterile demineralised water and analysed by SDS-PAGE.

2.4.4 Histidine-tag chromatogr aphy

His-Bind resin was completely resuspended by gentle inversion. Two millilitres of the slurry
was transferred to a purification column and packed by gravitational flow to a fina bed
volume of 1 ml. To charge and equilibrate the column the following sequence of washes was

used;
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2 ml sterile demineralised water

2.5 ml of 1 x charge buffer (8 x =400 mM NiSO4)

3 ml of 1 x binding buffer (8 x =4 M NaCl, 160 mM Tris-HCI, 40 mM imidazole [pH

7.9])

After draining of the binding buffer, prepared extract was added to the column. The column
was washed with 10 ml of 1 x binding buffer, 6 ml of 1 x wash buffer (0.5 M NaCl, 60 mM
imidazole, 20 mM Tris-HCI [pH 7.9]), 6 ml 1 x elute buffer (0.5 M NaCl, 1 M imidazole, 20
mM Tris-HCI [pH 7.9]) and finally 6 ml of 1 x strip buffer (0.5 M NaCl, 100 mM EDTA, 20
mM Tris-HCI [pH 7.9]). For optimisation of purification, the imidazole concentration in each
buffer was changed for each protein. The column was washed with sterile demineralised

water and stored in 1 ml 20 % ethanol at 4°C.

The fractions in which the protein was eluted was transferred to a dialysis cassette and
dialysed for amaximum of 2 days against 3 L of diaysis buffer (50 mM Tris-HCI [pH 7.5], 1
% [v/v] glycerol) at 4 °C. 50 ml of the buffer was retained for control purposes. Recovered
fractions were stored at 4°C and used in a subsequent enzyme assays or for further FPLC
anaysis.

2.4.5 Bradford determination of protein concentration

Ten microliters of sample was mixed with 200 pl of Bradford’s reagent and 790 ul of sterile
dialysis buffer and incubated at room temperature for 20 minutes. Optical density
measurements were performed at 595 nm and plotted against a 1-20 ug BSA standard curve

(Bradford, 1976).
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2.4.6 Enzyme assays using p-nitrophenyl esters
Nine hundred and seventy microliters of buffer (0.1 M NaCl, 0.1 M NaH,PO,4, 1% [v/V]

acetonitrile), 10 pl of 50 mM substrate (dissolved in acetonitrile) and 10 pl of 1 % [v/v]
Triton-X 100 was pipetted into a 1 ml cuvette, mixed thoroughly by inversion and the
absorbance at 405 nm over a period of 3 minutes was measured. This mixture was used as the
blank and a new cuvette was used for each blank measurement. After addition of enzyme, the
change in absorbance units per minute was measured for each substrate and enzyme tested
and substrate specificity was determined. The volume of buffer was adjusted accordingly
when increased volumes of enzyme or substrate were used and AU/min was measured. The
Bradford assay was used to calculate enzyme concentration and the rate was calculated from
the data obtained. The enzymes were also tested for optimal temperature, pH and thermal

sensitivity.
Enzyme activity was calculated using the following equation;

A=e C.L

Where, e is the extinction co-efficient of p-nitrophenol, A is the rate of the enzyme reaction
based on Vmax and the volume of enzyme used in the 1 ml assay, L is the path length of

light through the cuvette and has a value of 1.
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3.1 Introduction

3.1.1 First generation sequencing

Dideoxynucleotide sequencing of DNA was first published in 1975 by Sanger et al. For over
three decades, the Sanger chain termination method remained conceptually unchanged and
the most commonly used DNA sequencing technique (Mardis, 2007; Morozova and Marra,
2008). The Sanger method relies on the synthesis of a complementary strand of DNA by
DNA polymerase in the presence of dNTP’s and ddNTP’s. When the non-reversible synthesis
terminators are incorporated into the growing oligonucleotide chain, synthesis terminates
resulting in truncated products of various lengths (Sanger et al., 1977). Polyacrylamide gel
electrophoresis is used to resolve products based on size, and the 3’ ddNTP’s reveal the DNA
sequence (Hutchinson, 2007; Morozova and Marra, 2008). Initialy, four separate reactions
were required for synthesis of each template, until methods in fluorescence detection
advanced, allowing for labelling of each of the ddNPT’s with a different colour fluorescent
dye (Smith et al., 1986). In 1986, the first report of an automated sequencing method using
four different dyes coupled to dNTP’s was used (Prober et al., 1987; Morozova and Marra,
2008). Improvements continued with the replacement of gel dlabs with capillary
electrophoresis arrays (Huang et al., 1992) and research in polymer chemistry led to the
development of polydimethylacrylamide, allowing the re-use of capillaries for multiple runs,
thereby increasing the efficiency of sequencing (Madabhushi, 1998). Finally, in 1998, Sanger

sequencing was fully automated with the introduction of the ABI Prism 3700 machine.

From humble beginnings, the Sanger and Coulson “plus and minus’ sequencing method has
generated a wealth of sequence data starting with the first genetic barcode for the 48.5 kb
phage, Lambda (Sanger et al., 1982). The first highly ambitious sequencing project was

discussed in 1985 and the human genome sequencing project was started in 1990. In 1995,

27|Page



Chapter 3: M etagenome sequencing and in silico gene discovery.

the first complete sequenced bacterial genome of H. influenza not only provided the first
genetic blueprint for a living organism but also introduced the concept of the whole genome
shot-gun sequencing (WGS) method (Fleischmann et al., 1995; Hutchinson, 2007). The shot-
gun sequencing process starts with random shearing of genomic DNA, cloning of the
resulting fragments and subsequent transformation into E. coli. Sequencing of clones is at
random and results in a collection of reads which are assembled into a complete genome by
computational matching of sequence alignments (Hutchinson, 2007; Pop, 2009). The genome
of Mycobacterium genitalium was sequenced shortly after (Fraser et al., 1995), followed by a
rapid increase in the number of bacterial genomes being sequenced and thus, the era of
genomics was born (Mardis, 2007; Koonin and Wolf, 2008). The WGS method was used by a
number of collaborative groups and the draft of the human genome was obtained in 2001
(Venter et al.,, 2001; Lander et al., 2001; Hutchinson, 2007). Other sequencing goals
accomplished during this period included genomes of the model organisms, Escherichia coli
(Blattner et al., 1997), Methanococcus jannaschii (Bult et al., 1996), Bacillus subtilis (Kunst

et al.,1997), Mus domesticus and Drosphilia melanogaster (Adams et al., 2000).

3.1.2 Next generation sequencing (NGS) technologies

The advances in sequencing technology have greatly impacted genomics and genetic
experimentation (Mardis, 2007; Metzker, 2010). NGS methodologies are currently being
applied in a number of novel applications, previously unexplored by Sanger sequencing,
primarily due to the ability of these new techniques to generate and process millions of
sequence reads (Mardis, 2007; Morozova and Marra, 2008). These new techniques have been
used mainly for standard sequencing and re-sequencing of genomes. Not only do these
methods provide a substantial increase in cost effectiveness, but also generate large numbers
of sequence reads in a short period of time while reducing the bias associated with

conventional vector based cloning and amplification required to produce the large amounts of
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DNA needed for first generation technology (Mardis, 2007; Morozova and Marra, 2008;
Metzker, 2010). Some available instruments commonly used include the 454 Pyrosequencing
instrument (Roche), the Solexa 1G anayser (Illumina, Inc) and the SOLiID system (Applied
Biosystems). All three systems may utilise genomic fragments or mate-pair libraries as
templates. A comparison of the three technologies is provided in Table 1 (Mardis, 2007,
Morozova and Marra, 2008; Metzker, 2010). In this review, these technologies will be

discussed briefly with afocus on the Solexa technology.

Table3.1.1: Comparison of commonly used next gener ation sequencing systems (2010)

[Hlumina 454 Pyrosequencing SOLID
Chemistry Sequence by synthesis Pyro-sequencing Sequence by ligation
Application Solid phase bridge Emulsion PCR Emulsion PCR
amplification
Read length (bp) 30-100 200-300 35-50
Basepairsper run 1 Gbp 100- 450 Mbp 1-3Gbp
Run time 4-9 days 3-7 hours 5-14 days
Biological Re-sequencing and De novo assembly of Re-sequencing and
application variant discovery. bacterial and insect genomes.  variant discovery.
Gene discovery in 16S rRNA metagenomics. Genediscovery in
metagenomics. Medium exon capture. metagenomics.
Whole exon capture. Whole exon capture.

3.1.2.1 Support oligonucleotide ligation detection (SOLiD)
This sequencing technology was released in 2007 and utilises a sequencing process catalysed

by DNA ligase. DNA fragments are oligo adaptor- linked and coupled with magnetic beads
which are decorated with complementary oligonucleotides. Each bead is subsequently
amplified by emulsion PCR followed by covalent attachment of the beads to a glass dide
(Mardis, 2007). Sequencing results from sequential rounds of hybridisation and ligation, with

a mixture of fluorescently labelled probes and sequencing primers, followed by imaging and

29|Page



Chapter 3: M etagenome sequencing and in silico gene discovery.

probe cleavage (Morozova and Marra, 2008). Analysis of the colour resulting from two
successive ligations provides the identity of the nucleotide, and each position is effectively
probed twice, thereby improving accuracy (Hutchinson, 2007). Sequencing errors and
polymorphisms are readily identified by the two-base encoding scheme (Harismendy et al.,
2009). A disadvantage of this system is the long run times required for sequence generation

(Petterson et al., 2009).

3.1.2.2 454 Pyr osequencing
This bioluminescense based method measures the order and intensity of light peaks created

by the release of inorganic pyrophosphate and its subsequent enzymatic conversion to visible
light, when complementary dNTP’s are successfully incorporated into the growing chain by

DNA polymerase (Metzker, 2010).

The system depends on emulsion PCR whereby DNA fragments, primer coated beads and
other important components required for clonal amplification, are isolated in water micro
reactors. Beads amplified in the oil-agueous emulsion are distributed on PicoTitre plates with
one bead per well (Margulies et al., 2005). It is important to note that some wells may not
contain a bead and even if they do, usable sequence may not be provided (Petterson et al.,
2009). Ligation of randomly sheared DNA fragments to linker sequences permits capture of
individual molecules onto each bead, thereby permitting shot-gun sequencing of whole

genomes without prior mate-pair library construction (Hutchinson, 2007).

Read lengths of over 400 bp may be obtained in short time periods using this ‘sequence by
synthesis’ technology, however, the reagent costs for Pyrosequencing is high and increasing
levels of noise can occur due to positive and/or negative frameshift events. Additionally,
increased errors occur at DNA stretches with single nucleotide repeats (Metzker, 2010; Pop,

2009; Petterson et al., 2009).
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3.1.2.3 Illumina, Solexa
In 2006, the “sequence by synthesis’ concept allowed for the generation of 32-40 bp sequence

reads using the Illumina Genome Anayser (Bennet et al., 2005; Mardis, 2007). A
microfluidic cluster station is used to add single-stranded adaptor-ligated DNA fragments to
the surface of a glass flow cell, each with eight separate lanes to allow for simultaneous runs
of independent samples (Mardis, 2007; Metzker, 2010). Hybridisation between the adaptors
on the template DNA and complementary adaptors covaently attached to the flow cell
surface occurs by a series of heating and cooling steps. Following incubation with reagents,
an isotherma polymerase amplifies the fragments in discrete clusters (Mardis, 2007). Solid
surface bridge amplification occurs, whereby single molecules attached to the surface bend
over and hybridise to complementary adaptors, and clone-free DNA amplification ensues
(Morozova and Marra, 2008). Approximately 1000 clonal copies of a single template are
contained in each cluster. Reverse terminator nucleotides with chemically inactivated 3° OH
ends are incorporated into the growing chain. A single base is incorporated per cycle, the
unbound nucleotides are removed, imaging is performed and a subsequent cleavage step
removes the fluorescent label thereby restoring activity at the 3> OH and allowing the
incorporation of the next base (Mardis, 2007; Morozova and Marra, 2008). Figure 3.1.1
provides an overview of the sequence-by-synthesis technique employed in Illumina Solexa

technology.

Following sequencing using this ‘cyclic reversible terminator’ (CRT) method, clusters are
subjected to quality filtering to eliminate low quality reads (Metzker, 2010). One typical four
day run can generate 40 — 50 million sequence reads and permits massive parallel sequencing
of templates (Mardis, 2007). The Illumina systems tend to be more effective at reading
homopolymer stretches than the 454 technology. Due to the generation of very short reads

sequence repeats of short length cannot always be resolved. Additionally, substitution errors
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have been noted as the most common error type, particularly when a ‘G’ base is previously
incorporated (Dohm et al., 2008; Hutchinson, 2007; Metzker, 2010; Harismendy et al.,
2009). Although limited by read length, quality and accuracy of sequence data is obtained by

the high levels of redundancy and coverage (Morozova and Marra, 2008; Metzker, 2010).

Despite these issues, the Solexa genome anayser is said to produce a raw read accuracy of
98.5 % and currently dominates the market due to its extremely high throughput (Metzker,

2010, Petterson et al., 2009).
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Figure 3.1.1: Overview of the sequence-by-synthesis technique employed in Illumina

Solexa technology (Taken from www.illumina.com).
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Next generation sequencing technol ogies have revolutionised many of the biological sciences
disciplines by providing a cost effective means to obtain masses of sequence data. No single
technology is without some disadvantage and the combination of short read methods with
longer read length techniques may provide increased accuracy to aid in assembly of sequence
data while remaining cost effective (Hutchinson, 2007). Ultimately, the objectives of each

study must be clearly defined in order to employ a particular method of sequencing.

3.1.3 Sequence assembly

Once sequence reads have been generated, the next critical stage in genomic sequencing is
the assembly of multiple overlapping segments into contigs (Zerbino and Birney, 2008). This
is by no means a trivia task and is complicated by the existence of near identical repeats as
well as the number and length of reads (Pop, 2009, Morozova and Marra, 2008). Assemblies
are computationally obtained by two methods; de novo assembly or comparative assembly

(Metzker, 2010).

De novo assembly approaches are used to reconstruct genomes that are dissimilar to known
sequences of organisms and may be essential for characterisation of biological diversity,
while comparative approaches assemble sequence data by mapping it to that of a closaly
related reference organism (Pop, 2009). This approach is essentially used for re-sequencing
applications or for assembly of closely related organisms, such as strains of the same species
(Pop, 2009). The reference sequence effectively acts as a guide to infer genomic structure,
similar to the modelling of a protein sequence in order to obtain possible tertiary structure.
Alignments of multiple reads may identify regions where possible insertion or deletions
(InDels) may have occurred. In addition to read alignment, sequence quality data can be used
to identify single nucleotide polymorphisms (SNPs). A major obstacle in this alignment

approach occurs when reads do not exist in the reference (Metzker, 2010). Some examples of
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comparative assemblers are ABBA and AMOScmp (Pop, 2009). The following methods

which will be discussed are the three main strategies for de novo sequence assembly.

3.1.3.1 The ‘Greedy’ algorithm
These agorithms represent the simplest solution to computation of overlaps [pairwise

alignments between sets of reads|] (Bansal, 2005). During this process, contigs are
constructed from individual reads in an iterative fashion, starting with reads that produce the
best overlap whereby one read prefix shares very high sequence similarity to the suffix of
another read (Raes et al., 2007; Pop, 2009). Overlap quality is localy optimised and the
processing in this manner may cause misassembly of repeats. Some software programs that
utilise some form of the ‘greedy’ approach includes CAP3 and TIGR Assembler [for Sanger

data], and SSAKE and VCAKE [for short read sequence data] (Pop, 2009).

3.1.3.2 Overlap-layout-consensus (OL C)
The overlap-layout-consensus approach uses three distinct steps to allow for global analysis

of read relationship. Firstly, reads are compared to produce pairwise overlaps, as with the
‘greedy’ approach. Secondly, an overlap graph is constructed whereby each read is
considered as a node and if an overlap is detected, an edge connects the nodes (Zerbino and
Birney, 2008). Hamiltonian paths are identified during this layout stage (Pop, 2009). These
paths correspond to segments of the assembled genome, and ultimately, a single path that
traverses each node once, using all reads, is provided as the input for the last step. Finaly,
consensus computation weighted by sequence quality is used to reconstruct the sequence
(Churchill and Waterman, 1992). Some examples of software which rely on this approach
include Newbler, Arachne, Celera Assembler and Edena (Pop, 2009; Zerbino and Birney,
2008). Edena has been used for sequence assembly of genomes by shotgun sequencing and is
supplied with the 454 Pyrosequencer, and has also been successfully applied for short read

dataassembly (Hernandez et al., 2008).
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3.1.3.3 Eulerian path
This computational method breaks down and lists all reads into a defined length, k, which are

always odd to ensure that each generated k-mer is not its own reverse compliment (Zerbino
and Birney, 2008). This k-mer spectrum is a particularly valuable output for shotgun
experiments where al reads have equal length. With short reads, and therefore small values
of k, the sequence is easier to interrogate (Pop, 2009; Zerbino and Birney, 2008). De Bruijn
graphs contain the k-1 length prefixes and suffixes and renames them “‘nodes’ (Pop, 2009). If
an adjacent k-1 mer has an exact overlap match of length k-2, then nodes are joined by an
edge. The Eulerian path is constructed through the graph using every edge, which are
themselves constructed from each k-mer within a set of reads (Pop, 2009; Zerbino and
Birney, 2008). Although the Eulerian strategy is better suited to NGS technologies that
generate short reads, the assembly process may be particularly sensitive to sequence errors
subsequently creating false k-mers which increase both complexity and size of resulting
graphs (Pevzner et al., 2001). However, short read sequencing technologies produce high
coverage rates which alows for more valid assembly data (Morozova and Marra, 2008;
Zerbino and Birney, 2008). In cases where sequences are generated using a combination of
sequencing technologies, Eulerian based strategies may be the best solution. Velvet and
Allpaths are two programs that effectively utilise the Eulerian strategy for assembly of short
read sequences (Pop, 2009; Zerbino and Birney, 2008).

3.1.4 ORF calling

Genes are the basic hereditary units and provide regulation, structure and function to
biological systems (Rouchka and Cha, 2009). Following genomic sequence reconstruction,
the basis of further research is to predict ORFs, provide annotation and ultimately decipher
probable function (Skolnick and Fetrow, 2000, Angelova et al., 2010). A prokaryotic geneis

generdly defined as the longest ORF for a given region of DNA and contains a start codon,
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followed by a variable number of in-frame codons and a termination site (Angelova et al.,
2010; Koonin and Galperin, 2003). The prediction of these coding regions is performed via
computational gene caling. Tools for computational gene calling are divided into two
categories and due to their complementary nature, both prediction approaches are commonly
used in a study (Angelova et al., 2010). Those that rely on the intrinsic parameters of the
individual DNA sequences, such as coding potential start and stop codons and promoter
elements, are referred to as ab initio tools (Windsor and Mitchell-Olds, 2006; Guigo et al.,
2000). Extrinsic tools for gene prediction are based on sequence similarity to genes within
databases and are generally restricted to the collection of known genes (Hoff et al., 2008;
Raes et al., 2007; Besemer and Borodovsky, 2005). Prokaryotic gene finding tools generaly
employ algorithms which require large numbers of experimentaly determined gene

sequences for training (Noguchi et al., 2006).

Intrinsic methods for gene calling in prokaryotes may present some challenges due to the
small intergenic regions, overlapping of genes and the high frequency of occurrence of
tranglation start codons (Angelova et al., 2010; Mathé et al., 2002). With respect to sequences
derived from metagenomic projects, low sequence quality can produce contigs which contain
frame shifts, thereby coding for an in-frame stop codon, which are not present in the true
genomic sequence (Krause et al., 2006). In addition, sequences may contain a collection of
sequence reads of varying length from unidentified organisms. Differences in contig length
may negatively impact the quality of gene calling and ultimately functional prediction (Raes
et al., 2007, Wooley et al., 2010). Sequence properties upon which intrinsic methods are
based, may not be present in short contig stretches and in these cases, heuristically derived
models with non-supervised training are well suited for gene calling in these fragmented

anonymous sequences (Noguchi et al., 2006; Hoff et al., 2008).
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3.1.4.1 Abinitio genefinders
Intrinsic methods for ORF prediction tend to display high sensitivity, but low specificity, and

are generally not comparative tools (Windsor and Mitchell-Olds, 2006). FgenesB, GeneMark
and GLIMMER are classical prokaryotic gene prediction tools which are used to predict
ORFs which have no current database homologues (Raes et al., 2007; Besemer and
Borodovsky, 2005). The coding potential of uncharacterised ORFs are estimated by building
statistical Markov models to known coding regions (Koonin and Galperin, 2003). Hidden
Markov Model (HMM) based techniques, such as those employed by GeneMark and
GLIMMER, predict each base in a sequence with maximum probability using a state
transition and proceeds to match a current nucleotide character with the predicted one
(Salzberg et al., 1998). The state transition is derived for statistical training using known
sample sequences (Bansal, 2005). Horizontaly transferred DNA sequences which may
otherwise affect the statistical model, due to differences in codon usage can be differentiated
by Markov models (Angelova et al., 2010). The probable existence of an ORF is predicted in
all six frames by utilising a Bayesian method to search for characteristic genetic features such
as ribosome binding sites, gene overlaps, start and stop codons, as well as uninterrupted
genes (Besemer and Borodovsky, 2005). Mono- and di- codon frequencies (to discriminate
between coding and non- coding ORFs), GC content, codon usage and intergenic distance
between ORFs are additional measures which can be utilised to increase prediction accuracy
and are generaly integrated into many existing ORF finding programs (Angelova et al.,
2010; Noguchi et al., 2006). Extracted ORFs are then scored based on statistical model
estimates of annotated genomes (Hoff et al., 2008). Dynamic programming computes the
fina ORFs from the different scores and the output generated by ORF prediction tools
includes the gene boundaries, length, coding strand and the translated sequence (Besemer and

Borodovsky, 2005; Hoff et al., 2008).
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GLIMMER

This ab initio tool uses Interpolated Markov Models (IMM) which are generalised Markov
chains with variable order (Salzberg et al., 1998; Angelova et al., 2010). The number of
probabilities that must be estimated increases exponentially as higher order models are used,
ultimately requiring more training which is not always available for new sequences.
GLIMMER may calculate the probability for all Markov chains from the 0O-th to the 8-th
order and the lower order models are used when highest order statistics do not provide
sufficient data (Angelova et al., 2010, Koonin and Galperin, 2003). By using long ORFs as a
training set, GLIMMER generally lengthens predicted ORFs. This can, however, be
detrimental to accurate gene caling in AT rich organisms as the frequency of AT-rich stop

codonsis high.

FgenesB

This software is available from SoftBerry. This tool is also a Markov chain based agorithm
but unlike Genemark and GLIMMER, is able to predict tRNA and rRNA genes in the
sequence. An automated version of FgenesB is available and not only predicts putative ORFs
but also annotates them using homology based searches, accompanied by operon, promoter
and terminator predictions (Angelova et al., 2010). When tested on the Pseudomonas
aeruginosa genome, FgenesB performed better than GLIMMER and GeneMarkS by

prediciting the largest number of correct genes.

However, no tool is able to find ORFs in a given DNA sequence with 100 % accuracy and it
istherefore critical to improve current methodol ogies. Currently, the best approach isto use a

combination of prediction tools (Angelova et al., 2010).
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3.1.4.2 Homology based tools
Coding regions generally have lower evolution rates and this can be used to identify them by

comparison to existing genes. Two methods based on similarity searches are local and global
alignments. The BLAST family of programs are local alignment tools which are most
commonly used for homology based searches. The most significant limitation to gene
prediction using these tools is the lack of sequence similarity between organisms in the
existing database (Angelova et al., 2010). These computationally expensive tools require
massive amounts of extrinsic data and tend to be inadequate for the identification of novel
genes (Hoff et al., 2008).

3.1.5 Functional annotation

Following the prediction of protein coding regions, functional annotation of proteins is
required (Raes et al., 2007; Bansal, 2005). BLAST and its variations are the most commonly
used agorithms for sequence similarity searches and pairwise alignments to identify
homologues in a variety of databases and therefore possible gene function (Bansal, 2005;
Sleator and Walsh, 2010). Amino acid comparisons tend to be more sensitive than nucleotide
alignments as the nucleotide databases are large and error prone (Koonin and Galperin,
2003). Ultimately, analysis is only as good as the reference database used for functiona
annotation. Theoretically, if significant homology is shared between sequences, common
ancestral evolution may be inferred. This ‘guilt by association’ approach then suggests
functional transfer (Sleator and Walsh, 2010). However, fewer protein queries register to
known homol ogous superfamilies and annotations are becoming increasingly limited (Raes et
al., 2007; Sleator and Walsh, 2010). Another question remains unresolved in terms of
defining homology. Sequences that are 99 % similar are definitely close relatives, but what is

the threshold percentage at which they are not (Koonin and Galperin, 2003)?
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There are several universal databases which contain sequences from al species and may
either be ssimple archives, or expertly curated collections (Mulder et al., 2008). Archive
databases add very little additional annotation information to the sequence records but do
provide users access to sequences as quickly as possible. Curated databases greatly increase
the value of sequence data by enrichment with additional information from validated sources,
making them highly reliable. One of the most comprehensive databases which utilises manual
intervention to create non-redundant records is the universa protein resource (UniProt)
(Mulder et al., 2008). Specialised databases also exist and are devoted to particular proteins
or protein families and vary both in scope and size of the curated data. The protein databank
(PDB) is just one example of such a database and harbours the collection of resolved protein
tertiary structures. Databases such as InterPro rely on integration of database resources,
which each use various methods for annotation and curation. To predict inferred protein
function, the classification of proteins into families is a valuable starting point. Protein
signature methods are the best approach for this task as these signatures, generally a unique
folding pattern of a-helices and B-sheets, are diagnostic conserved domains belonging to
various protein families (Bansal, 2005; Mulder et al., 2008). Domain related databases
include Pfam PROSITE, TIGRfam and SMART. InterproScan may be used to calculate
protein matches from al integrated protein signature databases and provides a powerful tool
for annotation and functional prediction. An entry not only contains high quality information
on protein families but aso links to Gene Ontology (GO) terms (Mulder et al., 2008). Best
match techniques are not however capable of identifying al possible functions in
multidomain proteins and may fail to provide annotation if the function is localised to
specific regions, such as hydrophobic domains, or if the function is dependent on the
presence of specific amino acid patterns (Bansal, 2005). Another method elucidating function

from annotation is by clustering genes into Clusters of Orthologous Groups (COG’s) which
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are orthologous groups of paralogs from three or more phylogenetic lineages. Ultimately, two
proteins from different lineages that are clustered in the same COG, are orthologs which have
evolved from a common ancestor and may therefore retain the same function (Tatusov et al.,
1997). Furthermore, genome synteny (the order of genes on a genome) may also be utilised
as a method to infer function. This method is mainly used for comparisons between highly
related organisms. While this method is successful for operons which are strongly conserved
during evolutionary events, the order of homologous groups, particularly those which may
function even if a subunit is lost, are generally not the same in two organisms as InDels and
HGT events are not uncommon in microbial communities (Bansal, 2005; Koonin and Waolf,
2008). Reconstruction of metabolic pathways requires four steps; firstly, enzymes and
functions in a newly sequenced genome must be identified by ortholog analysis. Secondly,
anaysis of promoter regions alows for the identification of gene groups which share a
common promoter. Pairwise comparisons with multiple genomes then allows for derivation
of gene groups in the genome and lastly, these gene groups may be connected using existing

knowledge of biochemical pathways (Bansal, 2005).

The remainder of ORFs for which function cannot be predicted are categorised as ‘conserved
hypothetical’ or ‘hypothetical’ genes. The former have homology to genes of unknown
function while the latter have no known homologs (Sivashankari and Shanmughavel, 2006).
Genomic studies highlight the need for functional characterisation of the pool of hypothetical
proteins. Most notably, in the Sargasso sea metagenome, more than half the total number of
genes were classified as hypothetical proteins (Rusch et al., 2007). In newly sequenced
genomes, approximately 30-40 % of coding sequences fal into one of the two above
mentioned categories, a phenomenon known at the ‘70 % hurdle’(Koonin and Wolf, 2008,
Bork, 2000). Clearly, a bottleneck now exists which not only affects all downstream

annotation of both existing and future genome sequences, but may also impair our ‘complete’
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understanding of biological systems. Most technologies in bioinformatics have been
developed based on knowledge gained from experimental validation. A mgor threat to
genomic based studies is the lack of experimental evidence for gene functions hampering the
required improvements in bioinformatic strategies (Bansal, 2005). The implications of this
knowledge gap are wide ranging, for instance, in model organisms, our understanding of
metabolic processes remains incomplete (Bertin et al., 2008), and only once experimenta
determination of function is obtained, will the impact of hypothetica proteins during
experimental manipulation or industrial utilization be reveal ed.

3.1.6 Compar ative genomics and metagenomics

Prokaryotes, viruses and microeukaryotes dominate all of the earth’s ecological niches and
are vital for ecosystem functioning. These organisms are the primary source of nutrients and
are a ubiquitous biomass essential to life (Wooley et al., 2010). Most ecological cycles that
shape environments are due to the complex microbial communities that inhabit them.
Furthermore, microbial communities tend to maintain genetic elements which may ensure
efficient structure and functioning of bacteria assemblages in a particular ecological niche
(Raes et al., 2007). The complex physiology of interacting organisms holds clues to detailed
understanding of the vital roles that microbial communities play in environmental systems
and is rapidly gaining interest in various fields of research (Bertin et al., 2008). 16S rRNA
analysis for any given environment indicates that less than 1 % of microbes have been
cultured using standard techniques (Bertin et al., 2008; Snyder et al., 2009). Metagenomicsis
defined as the culture independent, sequence-based or function-based analysis of the
collective environmental DNA in a given habitat (Simon and Daniel, 2009). Metagenomic-
based approaches are powerful tools for the analysis of the identity, genetic and functional
potential of the ‘yet to be cultured” microbial world, and may provide a different perspective

of ecosystem functioning (Noguchi et al., 2006; Raes et al., 2007). Large scale environmental
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sequencing projects produce massive amounts of DNA data and the analysis of these datasets
provides a platform for discovery of functional novelty and biological diversity (Huson et al.,
2009; Raes et al., 2007). For example, the globa oceanic sampling (GOS) study, an
extension of the Sargasso Sea project, liberated 6.3 Gb of sequence, allowing for the
prediction of over six million proteins (Hutchinson, 2007). Aside from the discovery of
products which may be used in a variety of industria applications, these studies also provide
an understanding of ecosystem function and the specific genetic traits which alows
organisms to thrive in diverse habitats (Bertin et al., 2008). Shotgun sequencing of
metagenomic DNA has been applied to a number of environmental studies, most notably, the
acid mine drainage biofilm and the Sargasso Sea (Noguchi et al., 2006). GC content
variations allowed for accurate genomic reconstruction of the acid mine drainage community
and the near complete genomes of two chemolithic microbes, Leptospirillium species and
Ferroplasma acidarmanus, were obtained and the ecological roles of these organisms were
elucidated (Tyson et al., 2004). While Ferroplasma species clearly exhibited a heterotrophic
lifestyle, the Leptospirillium genome indicated that this species was a keystone organism for
nitrogen fixation in the community (Riesenfeld et al., 2004). Furthermore, as expected, genes
associated with the removal of toxic elements were present in al the acid mine drainage

genomes (Handelsman, 2004).

A large and diverse pool of proteo-rhodopsin genes were discovered in the Sargasso sea study
(Rusch et al., 2007) which increased the number of sequenced representatives of this protein
family tenfold (Handelsman, 2004). Furthermore, uptake genes for a variety of phosphorous
compounds were readily identified among the 1.2 million genes (Riesenfeld et al., 2004).
Analysis of the Sargasso Sea data also provided evidence of 10 plasmids and multiple
double-stranded DNA bacteriophages which not only act as vehicles of gene transfer but also

genetic reservoirs (Venter et al., 2004). While genes involved in role categories such as
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amino acid biosynthesis, energy metabolism, and transport and binding proteins were readily
identified (Venter et al., 2004), the most astounding discovery was that over 700 000 genesin
the dataset were conserved hypothetical proteins and the combined number of functionaly
categorised genes were less than the number of hypothetical proteins, again illustrating one
limitation of current functional annotation in sequencing projects. However, these results also

demonstrate the potential to discover vast quantities of novel bacterial functions.

Due to next generation sequencing technologies, current research is shifting focus from single
genes to whole genomes and ‘top down’ exploratory investigations are becoming
increasingly valuable (Mulder et al., 2008). Comparative genomics allows researchers to
develop general conclusions on how an ecosystem may imprint on genome sequences. For
example, GC content has been shown to vary greatly in the genomes of microorganisms from
different environments. Higher G + C values are found in soils when compared to open sea
water. This may possibly be due to the existence of fast evolving AT- rich organisms with
small genomes in aquatic environments (Raes et al., 2007). In addition, it has been observed
that parasites and intracellular symbionts tend to exhibit smaller genomes, enriched in AT
frequency and which contain a large fraction of genes encoding for transcription, translation
and replication machinery when compared to their free living prokaryotic counterparts
(Koonin and Wolf, 2008). In addition, genome comparisons have shown the rich diversity
even in closely related strains, lending strength to the concept of the pangenome; the core
genomic elements present in al strains, with the remaining genetic complement being unique
to an individua (Bertin et al., 2008). Comparative analysis of similar and /or diverse habitats
provides researchers with the opportunity to discover genera tends that may link community
profiles to a set of conditions in an environment (Raes et al., 2007; Sivashankari and
Shanmughavel, 2006). Additional information pertaining to protein families and cellular

processes which are conserved for specific environmental adaptations may also be obtained
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by comparative genomic studies (Raes et al., 2007). Some other applications of NGS
technology includes variant discovery in re-sequenced genomes, direct RNA sequencing to
catalogue transcriptomes, genome wide profiling and metagenomic based species

classification and gene discovery (Metzker, 2010).

Aims and objectives

4. Assemble and annotate full fosmid sequences using both manual and automated

approaches
5. Describe genetic potential contained within the sequences

6. Discuss key genes possibly linked to adaptation to environmental conditions

experienced in Antarctic Dry Valley soils
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3.2 Materials and methods

3.2.1 Sample preparation and sequencing

A large contig shotgun fosmid library was obtained in a previous study and functionally
screened for lipolytic activity on tributyrin agar (Anderson, 2008). Fosmid DNA was
extracted from clones LD1, LD2, LD3, LD4, LD6, LD7, LD9 and LD13. DNA concentration
was measured by fluorimetery using the Quanti-iT ™ ds DNA BR assay kit and the Qubit ™
system (Invitrogen, USA) according to the manufacturer’s specifications. Equal
concentrations of each fosmid were pooled to atotal of 5 g and sequenced using the Solexa
system (University of the Western Cape 2008). Each individual fosmid was aso end-
sequenced (University of Stellenbosch) using the primers provided in Table 2.1.2, in order to
generate mate-pair data. Additionally, extracted fosmid DNA was subjected to Hindl11/EcoRl

restriction digestion and agarose gel electrophoresisin order to estimate insert size.

3.2.2 Contig assembly

Over 3 million short read sequences of 36 bp were assembled into larger contigs using de
novo assembly in CLC genomics workbench and VELVET. Default assembly parameters
were used in the CLC assisted assembly and three independent k-mer lengths (23-, 25- and
27- k-mer) were chosen for VELVET assembly. Contigs which resulted from both
assemblies, were larger than 2 kb and matched fosmid end-sequences, were used to construct
the draft insert sequences for four of the fosmids (LD4, LD6, LD7 and LD13). LD6 was
removed from further analysis in this study and became the subject of a separate study (Dean
Booysen, MSc). Regions which were not assembled into contigs constitute gaps in the draft
genomic fragments and were finished by subsequent primer walking steps. Overlap
assemblies were produced using Sequencher, version 4.10.1 (Gene Codes Corporation, USA)

and background vector sequence was removed.
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3.2.3ORF calling
Two ab initio tools, GLIMMER (www.nchi.nim.nih.gov) and FgenesB (www.softberry.com),

were used to predict ORFs in the assembled sequences. Results from gene calling through
FgenesB using the archaeal/bacteria genetic code were used for manual annotations
(whereby, predicted ORFs were individually submitted for BLASTp and InterProScan
anaylsis). The three fully assembled fosmid sequences were aso submitted to the 1GS
annotation engine for gene caling, annotation and curation in the MANATEE database

(www.ae.igs.umaryland.edu).

3.2.4 Annotation

Predicted ORFs were automatically translated into protein sequencesin all six reading frames
using FgenesB. All predicted proteins were manually searched for homologs in the UniProt
database (www.uniprot.com) and assigned COG categories using the NCBI COGnitor
program (www.nchi.nlm.gov). ORFs were automatically annotated and characterised into
TIGRfam functional groups using the IGS pipeline. Overall GC content and sequence maps
were obtained by DNAMAN. General functiona data related to homology was obtained
using curated databases such as InterPro, Pfam and extensive literature surveys. A summary

of methods used in this study is provided in Figure 3.2.1.
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Figure3.2.1: Summary of methods used in this study represented as a flow diagram. Blue blocksindicate
the process of generating the full length fosmid sequences. Blocksin purpleillustrate manual analysis,
whilethose in green illustrate the automated pipeline methodology.
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3.3 Results and discussion

3.3.1 Sequence assembly
Solexa sequencing of the fosmid clones generated 3.1 million reads of 36 bp per read. De

novo contig assembly using the CLC Genomics workbench generated 66 contigs by matching
over one million reads (Table 3.3.1.1). The largest contig obtained was 22 500 bp in length.
Assembly generated from VELVET, using 23 k-mer lengths generated 166 contigs with the
largest node 26 500 bp in length. One possible way to explain why all fosmid fragments were
not assembled in their entirety, and why a large number of reads were not assembled into
contigs, is based on the assembly programs themselves. Generally, due to the various ways
that a sequence may be constructed, an exponential number of distinct paths can be found in
an Eulerian assembly and just one of the possible paths would correspond to the correct
sequence assembly. Additionally, breaking of reads into k-mers used to construct the de
Bruijn graphs may result in a loss of information (Pop, 2009). Contigs assembled from both
programs were used together with the end-sequences generated for each fosmid for draft
assembly by aligning sequences in Sequencher using a minimum overlap of 20 bp and
minimum sequence match of 95 %. The largest contigs from both assemblies aligned with

each other as well as with the end sequences of clone LD13 (Figure 3.3.1.1)
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Figure 3.3.1.1: Fosmid assembly diagram of clone LD13. Nodes represent contigs
generated from VELVET assembly and ‘Consensusofcontig’ represent CLC genomics
wor kbench generated contigs. End sequences are shown in red with reverse sequencein
small letters and forward sequence in caps. For clone LD13, Node 15 and
Consensusofcontig2 matched to the forward and reverse end sequences with 100 %

sequence identity.

In order to generate the complete insert sequences of clone LD4 and LD7, multiple primer
walking steps were required to align various contig fragments (Figure 3.3.1.2 and Figure
3.3.1.3). Fortunately, in the draft assembly, mate-pair information allowed the identification
of at least one contig matching to the forward and reverse end sequences of each clone. This
facilitated primer walking in both directions on each clone. The three fosmid inserts were
successfully assembled and the fina length correlated well to the estimates determined by
agarose gel electrophoresis. The sequences were subjected to nucleotide BLAST against the
Refseq_genome database in an attempt to identify possible homologs. All clones showed less
than 20 % coverage to any sequenced genome, low levels of homology were detected in
clone LD4 (Psychrobacter spp) and LD7 (Aeromicrobium spp) and none could be detected
for clone LD13. This may indicate that the three fosmids contain high levels of sequence

novelty. Fosmid insert sizes and overall GC content are provided in Table 3.3.1.2.
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Table 3.3.1.1: De novo assembly report generated by CL C genomicsworkbench

Count Average length (bp)
Reads 3132 350 36
Matches 1093 688 36
Not Matched 2 038 622 36
Contigs 33 3104

Table 3.3.1.2: Insert size estimated by agarose gel electrophoresis and true size of assembled

fragmentsaswell as GC content of the threefosmid clones evaluated in this study.

Fosmid name Estimated size (bp) Truesize (bp) Overall GC content

LD4 38 400 37425 42 %
LD7 32 000 32 536 62 %
LD13 26 500 26 420 47 %
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3.3.2 Prediction of ORFs
Manua ORF calling in the fosmid sequences predicted 31, 37 and 30 coding sequences for

clone LD4, LD7 and LD13 respectively. The automated pipeline predicted more coding
sequences in LD4 and LD13 (37 ORFs and 33 ORFs respectively) but the same number in
clone LD7. There are two possible explanations for these differences; firstly, the automated
pipeline predicts ORFs using GLIMMER, while the manual prediction was performed using
FgenesB. Although both tools are based on Markov models for prediction, training sets for
the algorithms are different, which could result in a difference in the numbers of predicted
ORFs. Secondly, the training set for GLIMMER is based on long coding regions and, due to
the low GC content in clones LD4 and LD13, a higher proportion of AT- rich stop codons
would occur thereby increasing the number of putative ORFs in these sequences. In addition,
many of the ORFs predicted using GLIMMER showed increased gene length. This was
expected and has previously been observed for this tool due to long ORF training data
(Angelovaet al., 2010). Based on the abovementioned results, and a comparison of these two
programs showing a higher level of performance in FgenesB (Mavromatis et al., 2007), al
further analysis and experimental validation was performed using FgenesB. The predicted
ORFs, basic gene descriptors, homologs and possible function as well as COG categories for

all fosmid sequencesis summarised in Table 3.3.1.3 [A-D].

To discern species composition, each fosmid sequence was searched for genes which could
provide some phylogenetic grouping in order to link possible genetic function to community
members. None of the fosmid sequences in this study contained 16S rRNA sequences, but
other phylogenetic descriptors such as the Elongation factor Tu, RecA/RadA , GreA/GreB,
HSP70 and Nif genes (Simon and Daniel, 2009) were predicted in fosmid clones LD4 and
LD13. Clone LD13 contained a putative GreA/GreB coding sequence (130RF22) which

allowed for phylogenetic grouping to the genus Pseudomonas. Clone LD4 contained an
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HSP70 coding sequence (40RF7) which shared 93 % homology to DnaK from
Psychrobacter spp. Although phylogenetic clustering is purely speculative, based on overall
sequence homology across the magjority of predicted ORFs, a possible candidate genus can be
assigned for the final fosmid sequence. Bacteria isolated and identified in Dry Valley soils
tend to belong to a wide range of genera, including Arthrobacter, Bacillus, Bacteroidetes,
Corynebacterium, Cytophaga, Flavobacterium, Micrococcus, Planococcus, Pseudomonas,
Psychrobacter and Streptomyces (Adams et al., 2006; Cowan et al., 2004; Shravage et al.,
2007; Smith et al., 2006). The presumptive phylogenetic affiliations made in this study are
consistent with a recent study of bacterial diversity of soils beneath seal carcasses in the

Antarctic Dry Valleys, which showed similar dominant microbial classes (Tiao et al., 2011).
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Table 3.3.1.3: Completelist of ORFs, the gene length and orientation, the percentage amino acid
sequence identity as well as cellular roles for fosmid sequences in this study. A] Clone L D4, B]

Clone LD7, C] Clone LD13 and D] Description of COG domainsand their function.

A
Feature Common name Gene Coding Homolog (e Sequence TIGRfam role COG
name boundary strand value) identity (%) (Sub category role) Category
A0RF1 RimN/SUA5/YrdC 1132-1767 + Q4FPS7 69 Transport and binding J
(1X107°) proteins and cellular processes
40RF2 NAD epimerase 2057-3061 + QlQ?Vl\éEg) 69 Energy metabolism (sugars) R
(1X10°
40RF3 Phosphoesterase 3265-4311 + Q1Q7W6 63 Enzymes of unknown R
(1X10%%) specificity
40RF4 Phosphoesterase 4431-5576 + Q1Q7W7 69 Enzymes of unknown R
(1X10%%?) specificity
A0RF5 Lipase 5551-6945 - Q1Q7wW8 53 Enzymes of unknown |
(1X104%) specificity
40RF6 GrpE 7432-8037 + QILS16 80 Protein fate (folding and @]
(2X10%) stabilisation)
40RF7 DnaK 8305-10245 + Q4FPS9 93 Protein fate (folding and (@)
(0) stabilisation)
40RF8 OmpA-like 10682-11215 + Q1Q7X3 73 Cell envelope M
(1X107Y (other)
A0RF9 OmpA-like 11455-12003 + Q1Q7X3 60 Cell envelope M
(2X10°%) (other)
40RF10 NfeD-like 12249-12860  + QlQ?XG;I) 68 Unknown function (general) NO
(6X10
40RF11 Band7 protein 13051-13932  + Q1Q7>§ g 92 Unknown function (general) (@)
(1X107)
40RF12 Conserved 14244-14763 + Q1Q7X6 75 Enzymes of unknown H
hypothetical (3X10™) specificity
A0RF13 Conserved 14887-15660 + Q1Q7X6 69 Conserved hypothetical
hypothetical (2X10°%)
AORF14 Oxidase 15729-17267 - Q1Q7X7 85 Biosynthesis of cofactors, and H
) carriers
(heme, porphyrin and
cobalamin)
40RF15 Acetyltransferase 17527-18471 - F2KEL7 39 Protein fate (degradation on Q
(6X10™°) proteins and peptides)
40RF16 Hypothetical 18517-18840  + Hypothetical
AORF17 Conserved 19345-21066 + D6KZV8 22 Conserved hypothetical
hypothetical (4X10%9)
40RF18 Mg chelatase 21351-22943  + Q1Q7X9 85 Unknown function (general) @]
0)
40RF19 Formate 22956-24713 - A5W104 80 Unclassified F
tetrahydrofolate 0)
ligase
40RF20 Phosphoglycolate 24697-25401 - Q1Q7YO0 80 Not predicted by IGS R
phosphatase (1X101%) annotation engine
A0RF21 Conserved 25577-26077 - Q1Q7Y1 92 Conserved hypothetical
hypothetical (2X10%)
40RF22  Hypothetical 26373-26723  + Hypothetical
A0RF23 Conserved 27068-27490 Q1Q7Y2 82 Conserved hypothetical
hypothetical (6X10%)
40RF24 Imidazole glycerol 27820-28464 + QIQ7Y3 91 Amino acid biosynthesis E
phosphate dehyratase (1X10™3) (Histidine family)
40RF25 Imidazole glycerol 28633-29268  + Q1Q7Y4 89 Amino acid biosynthesis E
phosphate synthase (1X101%) (Histidine family)
AORF26 Conserved 29459-29878 + Q1Q7Y5 56 Conserved hypothetical
hypothetical (2X10°%
AORF27 Aminotransferase 29909-31267 - Q1Q7Y6 91 Transport and binding KE

)

proteins T
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40RF28 Phosphoglycerate 31552-32499  + F5SQG6 84 Enzymes of unknown E
dehydrogenase (1X10™%) specificity
40RF29 Hypothetical 33296-33433 - Hypothetical
40RF30 Reversetranscriptase  33583-35052  + F5SQA1 63 DNA metabolism and mobile L
0) element
AORF31 FisX-like 35264-37096 - Q1Q7Z0 81 Transport and binding S
(0) proteins
B
Feature = Common name Gene Coding Homolog (e Sequence TIGRfam role COG function
name boundary  strand  value) identity (%) (Sub category role)
70RF1 PspA 129-632 - E2SE62 76 Regulatory I
(6X10°%) (protein interaction)
70RF2 MgtC 730-1425 - AOQHD5 54 Unknown function S
(4X10°%)
70RF3 Conserved 1600-2190 + AOK1G5 33 Hypothetical
hypothetical (4X10®)
70RF4 CpaF 2392-3639 + E2SE76 74 Unclassified N
(1X101%7
70RF5 Typell/TypelV 3777-4466 + E2SE75 67 Protein fate S
Secretion protein (2X10%) (secretion and trafficking)
70RF6 Typell sectretion 4739-5365 + E2SE74 62 Protein fate S
protein (7X10°%%) (secretion and trafficking)
70RF7 Conserved 5387-5554 + E2SE73 84 Conserved hypothetical
hypothetical (2x10™)
70RF8 TadE 5623-5943 + E2SE72 58 Cell envelope (surface
(5X10%) structures)
70RF9 Conserved 5940-6380 + E2SE71 60 Conserved hypothetical
hypothetical (1X10%)
70RF10 Conserved 6377-6793 + E2SE70 38 Hypothetical
hypothetical (2X10%)
70RF11 Peptidechainreleasse 6861-7967 + E2SE81 80 Protein synthesis J
factorl| (1X1017) ( Tranglation factor)
70RF12 FHsE 8044-8733 + E2SE84 84 Cellular processes (Cell D
(1X101%) division)
70RF13 FtsX 8742-9662 + E2SE85 76 Transport and binding DR
(1X10'%8)
70RF14  Peptidase 9777-11108 + E2SE86 52 Protein fate M
(1X101%) (degradation)
70RF15 SsrA 11142-11621 3 E2SE87 76 Protein synthesis (@)
(3X10%) (other)
70RF16 Amidohydrolase 11622-12494  + E2SE88 68 Enzymes of unknown R
(1X10™ specificity
70RF17 UspA 12532-13056  + E2SD75 59 Céllular processes
(3X10%®) (adaptation to atypical
conditions)
7ORF18  Hypothetical 13587-13742 -
70RF19 Gammaglutamyl 13675-15594 + E1VS92 63 Biosynthesis of co-factors E
transferase ©) and carriers (glutathione)
70RF20 Pterin-4-a 14613-15903 + AORWH7 49 Cellular processes (other)
carbinolamine (6X10?%
Dehydratase
70RF21 Conserved 16082-16978  + E2SDR3 49 Conserved hypothetical
hypothetical (2X1078
7ORF22 TeR 16989-17693 - E2SDR4 63 Regulatory (DNA K
(5X10°%) interactions)
70RF23 Conserved 17831-18337 + A1SG67 33 Hypothetical
hypothetical (1X10%)
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70RF24 MeR 18408-19229 - E2SDR5 50 Transcription factor K
(4X10%)
70RF25 UPF 0301 19187-19735 s E2SD F\;Eg 58 Conserved hypothetical
(1X10°°%)
70RF26  Conserved 19800-20114  + E2SDR7 68 Conserved hypothetical
hypothetical (3X10%)
70RF27  Typell restriction 20104-21807 3 E2SDRS8 74 Enzymes of unknown JKL
subunit /SrmB ©) specificity
7ORF28  Carboxyl-esterase 21810-22757  + (4X107) 52 Protein fate [
(degradation)
70RF29 Aspartate oxidase 22760-23641  + E2SD R;g 60 Conserved hypothetical
(8X10%?)
70RF30 Acetyltransferase 23625-24209  + D3FAY9 60 Enzymes of unknown R
(7X10°%) specificity
70RF31 Exosortase 24266-27118 1 E2SCES8 48 Protein fate
©) (degradation)
70RF32 YeeE/YeeD 27384-28430 + C5C7Q5 61 R
(1X101
7O0RF33  YeeE/YeeD-like 28456-28680 + E2MVY 6 71
(2X10%)
70RF34 Luciferase 28805-29851 + D5PGAS8 72 Enzymes of unknown C
(1X10%) specificity
70RF35 Membrane protein 29879-30367 - 29 Hypothetical
70RF36 Pyrazinamidase 30550-31101 - F5X Q75% 65 Transport and binding Q
(9X10°%)
70RF37 Nicotinate 31104-32438 - A3TF24 68 Biosynthesis of co-factors H
phosphoribosy! (1X 10264 and carriers
transferase (pyridine nt’s)
C
Feature Common name Gene Coding Homolog (e Sequence TIGRfamrole COG function
name boundary strand  value) _identity (%) (Sub category role)
130RF1 DEAD helicase/ 327-1826 + A4XU88 75 Transcription/ Enzymes JKL
DbpA ©) of unknown specificity
130RF2  Glutamine 2014-2793 + AAXVH7 57 Enzymes of unknown F
amidotransferase (1X107™) specificity
130RF3 RmuC 2781-4334 + F7/NWG1 51 Unknown function S
(1X10'%)
130RF4  Conserved 4331-4777 - F8H760 44 Conserved hypothetical
hypothetical (4X10%)
130RF5 Hypothetical 4772-4975 + 51 Hypothetical
130RF6  WHYy 4988-5485 - A4X566 54 Unclassified
(1X10™
130RF7  UPF 0225 5728-6294 - F6ABQO 53 Transport and binding S
(3X10™%) protein (unknown
substrate)
130RF8 DinG 6293-8437 + F2MXB3 78 Enzymes of unknown L
©) specificity
130RF9  B- lactamase 8466-9611 + FADX91 56 Cellular processes (toxin M
(1X101%) production and resistance)
130RF10 FolD 9702-10571 - F2NOD9 80 Transport and binding H
(1X1012%) protein (unknown
substrate)
130RF11 Hypothetical 11305-11526  + Hypothetical
130RF12 SirB 11610-12008  + ELVLD4 39 Regulatory function
(9X10*)
130RF13 CcmA 12426-13064  + A4XW30 73 Protein fate (secretion and QPR
(3X10%) trafficking)
130RF14 CcmB 13061-13732  + QO2IV8 83 Protein fate (secretion and (@]
(1X101%) trafficking)
130RF15 CcmC 13834-14589  + A6V819 85 Protein fate (secretion and (0]
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(1X10"°) trafficking)
130RF16 CcmE 14759-15226 QO2IW1 74 Energy metabolism (0]
(2X10™) (electron transport)
130RF17 CcmF 15223-17226 F8H2X5 77 Energy metabolism (0]
©) (electron transport)
130RF18 CcmG/DsbE 17219-17758 F8H2X4 66 Enzymes of unknown ocC
(2X10%) specificity
130RF19 CcmH 17755-18228 F8H2X3 61 Transport and binding (0]
(4X10) protein (unknown
substrate)
130RF20 CycL 18243-19478 F8H2X 2 51 Energy metabolism R
(1X1072%) (electron transport)
130RF21 Hypothetical 19608-19790 Hypothetical
130RF22 GreA/GreB 19801-20148 Transcription factor K
130RF23 Conserved 20581-21333 CIQKI1 95 Conserved hypothetical
hypothetical (1X20™%8)
130RF24 YkkBl/invasiongene  21444-21968 A6F2M 1 73 Enzymes of unknown J
up-regulator (1X10°%) specificity
130RF25 Membrane protein 22035-22460 Q47ZD9 65 Cell envelope
(1X10)
130RF26 Hypothetical 22548-23243 Hypothetical
130RF27 Conserved 23324-24646 Q79RQ7 97 Mobile element L
hypothetical/Reverse 0)
transcriptase
130RF28 Conserved 25468-25857 F7RRT1 33 Hypothetical
hypothetical (1X10™)
130RF29 Transposase 26022-26417 QOAT7P5 46 Mobile element
(1X10%)
130RF30 Conserved 27147-27626
hypothetical
D
Code COGs Domains Description
nfor mation storage and processing
J 245 10,572 | Trandation, ribosomal structure and biogenesis
K 231 11,271 | Transcription
L 238 10,338 | Replication, recombination and repair
Cellular processes and signaling
D 72 1,678 | Cell cycle control, cell division, chromosome partitioning
M 188 7,858 | Cell wall/membrane/envelope biogenesis
N 96 2,747 | Cell motility
o 203 6,206 | Posttrandational modification, protein turnover, chaperones
M etabolism
@ 258 9,830 | Energy production and conversion
E 270 14,939 | Amino acid transport and metabolism
E 95 3,922 | Nucleotide transport and metabolism
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6,582
5,201
9,232

4,055

22,721

13,883

Coenzyme transport and metabolism

Lipid transport and metabolism

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis, transport and catabolism
Poorly characterized

General function prediction only

Function unknown
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Figure 3.3.1.4: Linear ORF maps of the three fosmid sequencesin this study; A] Clone LD4, B] Clone LD7, C] CloneLD13. Mapsare
generated in DNAMAN and ORF’s are colour coded according to main COG categories. — > Information storage and processing ==
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3.3.3 Functional annotation
Approximately 70 % of the predicted ORFs could be assigned putative function by

homology-based protein sequence searches against the UniProt database. The remaining
genes were classified as hypothetical or conserved hypothetical proteins with no sequence
homology to proteins of known function. While several genes (pspA [7ORF1], mgtC
[7TORF2], uspA [7ORF17], hutD [7ORF3]) were subunits of defined operons, only one
complete operon was observed in clone LD13, encoding for the cytochrome C biogenesis

pathway (130RF13-130RF20).

Abiotic factors which may affect organisms from the Antarctic Dry Valley soilsinclude low
water potential, low temperatures, increased levels of UV irradiation in summer months,
akaline pH due to the low buffering capacity of the soils and poor nutrient availability. In
addition, microorganisms inhabiting this environment experience daily and seasond
fluctuations in environmental conditions. The sample used for this study was soil beneath a
seal carcass, which provides a nutrient pool rich in lipids and proteins. Low temperatures
increase the solubility of gases, which in turn resultsin increased reactive oxygen species and
ultimately oxidative stress, which would adversely affect most cellular processes. In addition,
the stability of toxic metabolites is increased while molecular diffusion rates, fluidity of
membranes, and chemical reaction rates decrease with decreasing temperature (Piette et al.,
2011). All cellular processes are affected by these conditions including protein synthesis,

DNA metabolism, transcriptional regulation, and energy metabolism (Figure 3.3.3.1).

It was therefore not surprising to identified proteins involved in nutrient utilisation, cold,
desiccation and oxidative stress responses in the fosmid sequences. In theory, al proteins on
the three fosmid sequences could possibly be linked to adaptation in the hostile Antarctic

environment. Genes encoding genera cellular functions may be linked to adaptation by virtue
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of the fact that they provide the fundamental requirements to cells inhabiting any
environment. For example, the mgtC (7ORF2) protein on clone LD7 has been linked to
magnesium transport into and out of cells, even though its precise role is not known.
Magnesium is required by cells for a variety of reactions including the stabilisation of the
rRNA tertiary structure (Kaczanowska and Rudén-Aulin, 2007). Therefore, if this cation is
not transported in sufficient amounts into cells, these processes would not occur in an
efficient manner, irrespective of the environmental conditions. It may therefore be
hypothesised that al proteins would alow for some level of adaptation to the cold, if they
functioned with high efficiency at lower temperatures. These parameters can only be
investigated and verified by experimental analysis and this may not be possible, mainly due
to problems encountered when expressing proteins in a heterologous host. Furthermore, the
complete analysis of adaptation mechanisms cannot occur due to the high frequency of
conserved hypothetical and hypothetical proteins. Proteomic studies conducted under various
conditions have shown that a sizable portion of up-regulated genes have no functiond
homologs (Bakermans et al., 2007; Saunders et al., 2005; Guina et al., 2003; Goodchild et
al.,, 2005; Qui et al., 2006). These studies clearly demonstrate that potential novel
mechanisms may be employed by microorganisms to survive extreme conditions. For the
purpose of this study, those implicated in confirmed adaptation-based functional roles will be

discussed in more detail.
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Figure 3.3.3.1: Summary of cellular processes affected by low temperatures (taken from

Cavicchiali, 2006).

3.3.3.1 Proteinsin COG categoriesfor information storage and processing (Table 3.3.1.4)
Replication, transcription and translation processes may be severely affected in cold

environments due to complex inhibitory structures which occur in nucleic acids under these

conditions. Protein synthesis, folding and stabilization are additional cellular processes which

are cold-sensitive and may restrict microbia growth if disturbed due to cold conditions

(Piette et al., 2011). Psychrophiles have clearly adapted coupled mechanisms to optimise

replication, transcription and translation under extreme conditions.

Enzymes such as the DEAD box helicase (130RF1, 7ORF27) and the dinG (130RF38)

helicase are members of the very large protein superfamily known as the *‘ATPases associated

with various celular activitiess or AAA+ proteins. This particular group of proteins is
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commonly implicated in cold adaptation and those with ATPase activity can melt short DNA
duplexes (Hébraud and Poitier, 1999; Rodrigues and Tiedje, 2008). Enzymes in this
superfamily typically contain the characteristic Walker A and Waker B motifs which are
essential for nucleotide-Magnesium interactions in P-loop NTPases (Snider and Houry,
2008). The DEXH/D family of proteins are ATP dependent remodelling helicases which are
involved in all known aspects of RNA metabolism (Kawaoka and Pyle, 2005). Additionally,
studies of psychrotrophic microbes such as Psychrobacter arcticus, Methanococcoides
burtoni and Pseudoalteromonas haloplanktis have shown that RNA helicases are induced to
high levels at low temperatures and that these proteins are required for high capacity
translation of structured mRNA’s at low temperatures. The dinG helicase is involved in
nucleic acid metabolism and is both SOS regulated and damage inducible. In E. coli, mutants
of dinG show decreased survival following UV irradiation damage; however, dinG is not the
sole protein used for repair of disrupted DNA (Voloshin et al., 2003). DNA binding proteins
are also required for fine tuning bacterial expression in order to deal with frequently changing
environmental conditions (Kaczanowska and Rudén-Aulin, 2007). rimN (40RF1) and dnaK
(40RF7) are proteins which are important for ribosome assembly. rimN plays a role in 30S
subunit assembly even though it does not possess any known helicase characteristics.
Mutants deficient in rimN show accumulation of 17S rRNA leading to inefficient 30S
ribosomal subunit assembly, and the mRNA for rimN is mainly expressed at low
temperatures and may function as a chaperone to facilitate rRNA folding (Kaczanowska and
Rudén-Aulin, 2007). This protein can bind double stranded RNA but its function is as yet
unknown. Other proteins associated with ribosome assembly include DEAD box helicases,
srmB and dbpA (130RF1) and mutations in DEAD clearly affect ribosome assembly, due to
defects in rRNA processing (Rodrigues and Tiedje, 2008). Assembly of the 50S subunit

requires at least three modifications which occur during maturation. The methyltransferase
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encoded by rrmJ modifies U2552 and when this gene is mutated, severe growth defects
occur. This phenotype can, however, be rescued by two different GTPase enzymes
(Kaczanowska and Rudén-Aulin, 2007). It can be hypothesised that the GTPases (7ORF11)

in the fosmids may act in asimilar way, thereby assisting in ribosome assembly.

Both reverse transcriptase (RT) genes and transposons were identified in the sequenced
fosmids (4ORF30, 130RF27, 130RF29). RT’s are RNA-dependent DNA polymerases and
are considered to be rare, yet diverse elements within bacterial genomes. They can be
classified into three groups; retrons, group Il introns and diversity generating retroelements
[DGR] (Inouye and Inouye, 1996). These enzymes are responsible for the production of
cDNA which, in bacteria, corresponds to a small region of the retron genome (Inouye and

Inouye, 1996).

Group Il introns are selfish retroelements which appear to provide no advantage to the host
organism but are able to persist in environments due to autonomous mobility (Simon and
Zimmerly, 2008). DGR’s on the hand are not mobile and may instead function to diversify
DNA sequences (Medhekar and Miller, 2007). Genome analysis of the cold-adapted
bacterium Methanococcoides burtonii showed large numbers of mobile genetic elements,
which have been further implicated as a possible strategy for cold-adaptation (Karpinets et

al., 2010; Casanuevaet al., 2010).

How could the presence of these elements contribute to adaptation in the Dry Valley soils? If
an RT element is a DGR, it may mediate a trophism switch which is the case in the microbe
Bordetella pertussis, where cells aternate between pathogenic and free-living stages (Simon
and Zimmerly, 2008). Antarctic organisms, when confronted by nutrient limitations, may use
a similar strategy to parasitize other community members for survival. Even a selfish

element may assist communities in extreme environments by increasing the amount of HGT
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events, possibly transferring adaptive genes in the process (Konstatinidis et al., 2009).
Additionally, the fusion of C-terminal extensions to RT domains may contribute to diverse
and novel biochemical activities (Simon and Zimmerly, 2008). Clustered regularly
interspaced short palindromic repeats (CRISPR), which are associated with RT’s, have been
shown to provide phage resistance to bacteria cells. For example, in the bacterium
Lactococcus lactis, two systems which encode RT related genes are implicated in defence
against phage infection (Simon and Zimmerly, 2008). In an environment where cellular
processes are aready under strain, phage infection would inflict massive metabolic load on
the microbial community. Mechanisms to overcome any additional burden would contribute
greatly to the overal fitness of a population. By coupling RT activity with DNA

recombination and repair events, genome integrity may aso be maintained.

Table 3.3.1.4: Proteins involved in information storage and processing identified in fosmid

fragments.
Featurename Common name Functional role Inter pro domain
40RF1 RimN/YrdC/SUAS5  Predicted rRNA maturation factor, RNA chaperone  IPR006070
40RF30 Reverse RNA-directed DNA polymerase, recombination, 1PR000477
transcriptase mobile element
70RF11 Peptide chain GTP-binding protein, mediates UAA and UGA |IPR020853
release factor |1 protein termination
70RF22 TetR Transcriptional  regulation, helix-turn-helix DNA  1PR001647
binding motif, control level of susceptibility to
antibiotics and detergents
70ORF24 MerR Transcriptional regulation, helix-turn-helix DNA  1PR0O00551
binding motif
70RF27 SrmB/DEAD-like  RNA metabolism, gene expression, ribosome |PR014001
helicase biogenesis
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130RF1 DEAD/ DbpA RNA helicase, ATP dependant nucleic acid [PR000629
unwinding

130RF 3 RmuC DNA recombination and repair, function unknown  1PR003798

130RF8 DinG DNA /RNA helicase, DNA repair and replication IPR014013

130RF22 GreA/GreB RNA polymerase transcription elongation IPR018151

130RF24 YkkB/invasion Function unknown IPRO16181

gene upregulator

SirA
130RF27 Reverse RNA-directed DNA polymerase, recombination, 1PR000477
transcriptase mobile element

3.3.3.2Proteinsin COG categoriesfor cell processing and signalling (Table 3.3.1.5)
Following trandation events, protein folding and stabilisation are required to achieve a

biologically active conformation. Some determinants of protein folding include buria of
hydrophobic regions and interactions, such as H-bonding, van der Waals forces, salt bridges,
disulphide bonds and aromatic interactions between residues in the protein (Piette et al.,
2011). The rate of folding of polypeptides is reduced at lower temperatures making this
process susceptible to errors. To combat misfolding and aggregation of proteins, chaperones
are generally up-regulated and have a significant contribution to cold adaptation (Piette et al.,
2011). The first chaperone that interacts with approximately 70 % of nascent polypeptides is
the trigger factor (TF). DnaK (4ORF7) and its co-chaperones interact with longer chain
polypeptides to assist folding, by cycles of ATP-binding and release (Piette et al., 2011;
Rodrigues and Tiedje, 2008). In cases where proteins cannot be ‘saved’, amino acid salvage
pathways exist and should be efficient processes both in cold and nutrient-poor conditions.
The same theory can be applied to nucleic acid salvage when secondary structures in mMRNA

cannot be resolved and are targeted for degradation.
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Chaperone interactions tend to vary among organisms in cold environments. In P.
haloplanktis, cold-shock TF is overexpressed while most other heat shock protein (HSP)
chaperones are suppressed (Piette et al., 2011). Similar observations have been made in E.
coli and the induction of HSP’s reduces the viability of cells grown at low temperatures. In
contrast, growth of P. arcticus at low temperatures shows up-regulation of the GroEL/GroES
chaperones and suppression of TF. In S alaskensis, two DnaK-Dnal-GrpE clusters are
suggested to function independently at both low and high temperatures. Considering that
diverse and distinct strategies are utilised by microbes in extreme environments, it is not
surprising that these mechanisms may be species specific. In the fosmid sequences,
chaperone encoded genes were identified. These chaperones are interesting for further study
to determine, for example, whether they assist in protein folding at cold temperatures or if
they provide protection from temperature fluctuations and heat denaturation events

particularly in the summer months.

Post translational maturation of proteins by insertion of prosthetic groups may be required for
the conversion of primary gene products into the mature active form. Co-factor incorporation
is linked to the folding and ultimately, stability of polypeptides (Thony-Meyer, 1997).
Cytochromes function as electron transfer proteins in both aerobic and anaerobic respiration.
They not only contribute to post trandational modification events but aso to energy
production processes; avaluable function in cold survival. A proton gradient is created by the
transport of protons and electrons through the cytoplasmic membrane which when coupled to
oxidation of reduced substrates, drives ATP formation (Thony-Meyer, 1997). CcmE, CcmH,
CcmG, and Ccml are considered to be periplasmic Cytochrome C chaperones which may also
be involved in pathways relating to pilus assembly, protein secretion and outer membrane

protein assembly (Thony-Meyer, 1997). This operon is well conserved in clone LD13 with
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the ccmABC and ccmEFG clusters typically observed in the y-proteobacteria (Thény-Meyer,

1997).

sstA (7ORF15) and smpB (7ORF27) are two proteins that function together to rescue
ribosomes stalled on defective mRNA by terminating translation and recycling ribosomal
subunits (Nonin-Lecomte et al., 2009). SsrA enters the ribosome only when the A-site is
empty and contains a stop codon tag. SmpB is an RNA binding protein which binds to SsrA
with a high degree of affinity and allows for stable association with the 70S ribosomes
(Karzai et al., 1999). This trans- trandation system allows for survival of bacterial species
under adverse conditions, such as growth limitations due to protein synthesis inhibitors
(Synechocystis spp), increased ethanol concentrations and high temperatures [Bacillus
subtilis] (Withley and Friedman, 2003). Temperature sensitivity and reduced mobility are
phenotypes commonly observed in mutants defective in ssrA (Karza et al., 1999). These
elements have been identified in the fosmid sequences in this study and may function in a
similar manner, to provide another mechanism of adaptation related to post-transcriptional
modification. Other proteins for cold adaptation include those for cell division, identified in
clone LD7 (7ORF4 — 70ORF6). In E. coli cells, mutations of these proteins have been

implicated in cold-sensitive phenotypes (Sturgeon and Ingram, 1987).

Horizontal gene transfer and conjugation events are both valuable contributors to genome
plasticity and may provide bacteria with fitness in the face of changing environmental
conditions (Cascales and Christie, 2003). Type Il secretion coupled with Type 1V pili
(7ORF5 and 70ORF6) is associated with motility and adhesion as well as conjugation. Motility
is an important mechanism for adaptation, allowing microorganisms to move to an area
which may be more suited to survival. Bacteria may utilise this system to inject proteins or

nucleoproteins into other cells or into the extracellular medium (Hazes and Frost, 2008).
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Growth of the bacterium Legionella pneumophila at low temperatures is promoted by Type |
protein secretion, and is most likely due to enhanced protein and/or substrate diffusion across
membranes (Soderberg et al., 2004). In addition to this system, proteins such as DsbA
(130RF18) and OmpA (40RF8 and 40RF9) can be implicated in cold adaptation. Firstly,
OmpA provides junction stabilisation between mating cells. Furthermore, this protein may
facilitate uptake of nutrients by counteracting low diffusion rates of solutes which occurs at
low temperatures. A proteomic study of Shewanella livingstonensis showed that OmpA was
indeed induced by cold- stress in this organism (Kawamoto et al., 2007). The disulphide
oxidoreductase, DsbA, functions in mate pair and protein stabilisation by promoting

disulphide bond formation where required (Hazes and Frost, 2008).

Another link with the Type 11-Type IV secretion system can be made to the phage shock
protein A (7ORF1). These two secretion systems have been shown to induce expression of
the Psp operon (Lloyd et al., 2004). This operon was originaly identified in E. coli and
provided cells with protection against phage infections. The cell envelope controls the influx
and efflux of various molecules and provides an ion permeable barrier for the establishment
of the proton motive force. Conditions which alter this force include extremes of temperature
and osmolarity, altered cytoplasmic membrane properties and biofilm formation (Darwin,
2005). pspA is the effector protein for this operon and is known to be involved in membrane
functioning and reduction in proton motive force dissipation during a variety of stress
conditions, including cold (Lloyd et al., 2004). This may assist organisms in Antarctica to

adapt to the cold conditions.
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Table 3.3.1.5: Proteinsinvolved in cell processing and signalling identified in fosmid fragments.

Feature name Common name  Functional role Inter pro domain
40RF6 GrpE Protein protection for aggregation during stress, |PR000740
co-chaperone for DnaK, nucleotide exchange
factor
40RF7 DnaK Molecular chaperone, protein protection for [PR012725
aggregation during stress
40RF8-40RF9 OmpA outer Multi-functional role, can act as a porin for solute |PR0O00498
membrane and small molecule exchange, stabilisation of
protein mating cells during conjugation
40RF18 Mg chelatase AAA+ protein superfamily, catalyses insertion of  1PR004482
Mg? into protoporphyrin 1X for synthesis of
(bacterio) chlorophyll
70RF4 CpaF ATPase Involved in general secretory pathway for protein  1PR001482
domain/ Typell export
secretion
70RF12 FtsE ATP ABC transporter, localises to cell division site 1PR005286
binding domain along with the permease partner
70RF13 FtsX permease Localises to cell division site along with the ABC  IPR0O03838
transporter partner, may transport lipids across
the inner membrane
70RF14 Peptidase M23 Amino acid utilisation, proteolytic activity, zinc 1PR016047
metallopeptidase
70RF15 SrmB SsrA binding protein, ribosome rescue, accuracy |PR023620
and fidelity of protein synthesis
130RF9 B- lactamase/ Hydrolysis of B-lactam ring in penicillin and [|PR001466
esterase cephal osporins, serine hydrolases
130RF13-130RF20 Cytochrome C Transport, assembly and post translational 1PR0O05895
IPRO03544
biogenesis units modification of Cytochrome C. Haem linked to 1PR003557
IPR004329
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aerobic respiration, anerobic respiration with |PR003568
IPR005746 (DsbA)

nitrate as electron acceptor. DSbA is athioredoxin  1PR0O05616
IPRO17560

for disulphide bonds in proteins. Periplasmic

chaperone activity in some sub units

3.3.3.3 Proteinsin COG categoriesfor metabolism (Table 3.3.1.6)
In many natural environments, substrates required for energy, growth and biochemical

reactions may be limiting. Survival under these conditions therefore depends on efficient
scavenging for scarce resources (Rodrigues and Tiedje, 2008). Even in nutrient rich niches,

the ability to utilise a particular resource is vitally important for colonisation and growth.

Slow diffusion rates coupled with an increase in water viscosity in cold environments may
hinder the adequate acquisition of nutrients (Rodrigues and Tiedje, 2008). In addition, species
occupying the same niche are in competition with each other for the same nutrient pool. A
primary strategy to overcome these issues is the production of enzymes with improved
enzyme-substrate interaction and reduced activation energy requirements (Rodrigues and
Tiedje, 2008). The genetically encoded features of enzyme adaptation have been well
documented and will not be discussed in detail here. The key to this long term adaptation
strategy is high specific activity at low temperatures, mainly due to conformational flexibity
at the active site (D’Amico et al., 2006; Caviccioli et al., 2002; Gianese et al., 2001;

Georlette et al., 2004).

Lipolytic genes (4ORF5; 70RF28; 130RF9) identified in the three fosmid sequences
analysed in this study have two possible roles in cold adaptation. Firstly, maintenance of
membrane fluidity is essentia at low temperatures and the involvement of esterases and
lipases in lipid metabolism would contribute to the modification of fatty acid composition in

membrane lipids (Morgan-Kiss et al., 2006). Secondly, in relation to nutrient acquisition, seal
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derived substances constitute a valuable nutrient pool and are the main source of carbon and
nitrogen. Microbes which adequately utilise this rich resource would have a competitive
advantage to become highly active and successful in the environment. Clearly, the lipolytic
genes would play an essentia role in this process. Based on this, these proteins are split

between two role categories; cell processing and signalling, and metabolism.

An additional role for adaptation can be speculated for the [-lactamase of clone LD13
(130RF9). This protein is annotated either as an antibiotic resistance gene, or an esterase.
The clone is known to have esterolytic activity (See chapter 4) but may be promiscuous and
exhibit additional activities. Mineral soils in the Dry Valleys contain both cosmopolitan and
indigenous fungi (e.g. Aspergillus, Penicillium, Alternaria) and yeasts (e.g. Candida) (Adams
et al., 2006; Cowan et al., 2004). These organisms have the potential to produce antibiotic
secondary metabolites, such as B-lactam containing compounds, which would provide a
competitive advantage. The ability to counteract the deleterious effects of these bactericidal
agents would be highly beneficial to bacterial community members. Another adaptive
mechanism found in natural environments is enzyme promiscuity itself. The presence of
genes encoding multifunctional proteins allows organisms to utilise enzymes for a variety of
processes, thereby possibly reducing the energetic cost of multiple enzyme production with a
single function. Another example of multifunctional activity in the fosmid LD13 is the FolD

protein (130RF10), which catalyses C-N bonds of various substrates.
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Table 3.3.1.6: Proteinsinvolved in metabolism identified in fosmid fragments.

Featurename Common name Functional role Inter pro domain
40RF5 Lipase Lipid metabolism IPR002168
40RF10 NfeD Function unknown. Part of peptidase superfamily IPR002810
$49 as non-peptidase members
40RF11 Band 7 protein/ HfIC Integral membrane protein. Possible rolein cation  1PR001107
conductance, function not described
40RF14 Coprophorphyrinogen Replaces HemF function under anaerobic [PR004558
Il Oxidase /HemN conditions, tranformations during porphyrin
biosynthesis, linked to (bacterio) chlorophyll
40RF15 N-acetyl transferase/ Facilitates transfer of acetyl group from acetyl- 1PR001447
transglutamase COA to arange of arylamines and hydrazines
40RF19 Formate Multifunctional protein, transfer of one carbon [PR000559
tetrahydrofolate ligase units essential in many biosynthetic pathways
40RF24 Imidazoleglycerol- Catalyses seventh step in histidine biosynthesis | PRO00807
phosphate dehydratase
40RF25 Imidazoleglycerol - Fifth step in hisidine biosynthesis provides [PR010139
phosphate substrate for de novo purine biosynthesis. Links
synthase amino acid and nucleic acid synthesis pathways
40RF28 D-isomer specific 2- Oxidation and reduction processes. Specific for |PR006140
hydroxyacid D-isomer of substrate
dehydrogenase
40RF27 Aminotransferase Pyridoxal -phosphate dependent enzyme. |PR004839
Important in carbon and nitrogen metabolism
70RF1 Phage shock protein A Negative regulator of Psp operon, maintains |PR007157
proton motive force. Interacts directly with PspF
transcriptional activator
70RF19 Gamma-glutamyl Transfer of glutamyl moiety of glutathione [1PR000101

transpeptidase

forming glutamate. Drug and xenobiotic
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degradation. Autolytic peptidase of MEROPS

family
70RF28 Lipase/esterase of a/f3 Lipid metabolism IPR013094
hydrolase fold
70RF34 Luciferase Flavin monooxygenase. Oxidises long-chain 1PR011251
aldehydes and releases energy in the form of
visible light
7ORF36 | sochorismatase-like Conversion of isochorismate to pyruvate |PRO00868
70ORF37 Nicotinate Catalysesfirst step in NAD salvage pathway IPRO15977
phosphoribosyl
transferase
130RF2 Glutamine GATase enzymes catalyse the formation of GMP  IPR017926

amidotranferase/ GMP from Xanthosine 5’-phosphate and glutamine for

synthase pyrimidine synthesis.
130RF10 Tetrahydrofolate Multifunctional enzyme, acting on carbon and 1PR000672
dehydrogenase nitrogen bonds in substrates other than peptides

3.3.3.4 Proteins not assigned COG categories
In carbon starved bacteria, de novo production of macromolecules must occur in order to

maintain endogenous metabolism (Nystrom and Gustavsson, 1998). In growth arrested cells,
oxidised proteins and macromolecules may increase oxidative stress within cells. The
universal stress protein is induced under conditions of nutrient starvation, antibiotic and
oxidant exposure, while being repressed under temperature extremes (Kvint et al., 2003). In
E. coli, 6 Usp paralogs exist (A,C,D,E,F,G), and cold shock represses UspA (7ORF17)
expression due to a reduction in the levels of the alarmone ppGpp (Kvint et al., 2003).
Although this particular protein does not show a clear role in cold adaptation, it may mark
proteins for degradation and is important to oxidative stress protection, a severe abiotic stress

in Antarctic Dry Valey soils.
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HutD (7ORF3) is part of the histidine uptake and utilisation operon. Thisis a typical system
dedicated to amino acid metabolism (Zang and Rainey, 2007). HutD is required for efficient
utilization of histidine as a sole carbon and nitrogen source and is suggested to play a
regulatory role, possibly as governor to Hut transcription. HutD controls the intracellular
levels of the Hut inducer, urocanate, thereby preventing excessive ammonia concentrations
which may be potentially harmful to cells (Zang and Rainey, 2007). This protein may have an
adaptive function by not only detoxifying harmful chemicals but also by allowing cells to
metabolise the seal-derived amino acids for energy and protein synthesis which are in turn
derived from further degradation of glutamate (Zang and Rainey, 2007). The latter function
connects this pathway with two other genes in clone LD7, the gamma glutamyl transferase
(7ORF19) and helicase/ SrmB (7ORF27). Transfer of the gamma-glutamyl subunit of
glutathione to an acceptor molecule produces glutamate. Glutamate is a known
osmoprotectant and compatible solute. In addition, the gamma-glutamyl cycle for synthesis
and degradation of glutathione also functions in drug and xenobiotic degradation (Siest,
1992). A further indirect effect of this protein is linked to the helicase proteins, which

contain higher levels of histidine residues, important for function.

Another protein found on clone LD13 shows potentia in both cold adaptation and desiccation
resistance. The WHYy protein (130RF®6) is part of the hydrophilin/ dehydrin group of proteins
which have been found to be up-regulated during both of these conditions. However, the

function of these proteins remains largely unknown. WHYy is discussed in detail in Chapter 5.
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3.4 Conclusion
Sequence assembly of four fosmid clones together with gene calling and annotation was

successfully accomplished, and has been described in this chapter. Furthermore, key
functions possibly related to adaptation were identified. This study provides a number of
testable hypotheses to link genetic and metabolic potential to environmental functioning. The
success of this particular section of work relied on determining strengths and weaknesses of
freely available bioinformatic tools, and using a combination of approaches in order to
elucidate gene functions for given fragments. As sequencing technologies advance and
become less expensive, researchers can expect an explosion in novel sequence space, and
ultimately the discovery of currently unknown functions, activities and adaptation
mechanisms. Results obtained in this study show consistency with other —omic based studies
which regularly assign genes associated with low temperature survival to three mgjor cellular
processes; transcription, translation and ribosome maintenance, maintenance of membrane
integrity and fluidity, as well as energy metabolism (Reva et al., 2006; Methé et al., 2005;
Piette et al., 2011; Allen et al., 2009; Cacace et al., 2010). In addition, this study also
highlights the need to assess the potential contained in the vast amount of ‘hypothetical’

proteins identified from such research.
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Chapter 4. From genetic potential to
function — Lipolytic genes.
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4.1 Introduction

4.1.1 Lipolytic enzymes
Lipid macromolecules play significant physiological roles in all living systems by

participating in energy storage and cell signalling processes (Gilham and Lehner, 2005;
Hasan et al., 2006, Sangeetha et al., 2011), and are essential structural components of the
cellular membranes of prokaryotes and eukaryotes. The turnover of lipid biomass within
cells and in the extracellular milieu is mediated by lipolytic enzymes (Hasan et al., 2006).
Lipolytic enzymes are ubiquitous in nature being widely distributed in plants, animals and
microbes, and include lipases (E.C 3.1.1.3) and esterases (E.C 3.1.1.1). Lipases exhibit a
broad substrate range with preference for longer chain fatty acid molecules > C10. They
can hydrolyse triglycerides to diglycerides, monoglycerides, glycerol and fatty acids.
Esterases preferentially catalyse the hydrolysis of short chain esters (< C10) which are
partly soluble in water (Arpigny and Jaeger, 1999; Jaeger et al., 1999; Fojan et al., 2000;
Gilham and Lehner, 2005; Sangeetha et al., 2011). In addition to the valuable biological
role that these enzymes play in the synthesis and hydrolysis of lipid biomolecules, they are
also recognised as important biocatalysts with applications in a variety of industrial and

biotechnol ogical processes (Rosenau and Jaeger, 2000; Sangeetha et al., 2011).

Three dimensional structures of both enzyme classes have been solved, demonstrating a
definite order of a- helices and p-sheets, known as the a/p3 hydrolase fold (Figure 4.1.1).
The a/p hydrolase fold is the stable scaffold for numerous hydrolase enzymes, including the
serine carboxypeptidases (E.C 3.4.16.X), dehalogenases (E.C 3.8.1.X) and acetyl
cholinesterases (E.C 3.1.1.7) (Jaeger et al., 1999; Angkawidjga and Kanaya, 2006).
Enzymes classes of the a/f hydrolase fold family are expected to contain novel structural
features which surround the central core thereby imparting a range of differing substrate

specificities (Nardini and Dijkstra, 1999). This structural fold consists of 8 -sheets, with
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B3 and 38 connected by a- helices packed on either side of the central parallel B-sheet
(Figure 4.1.1) (Jaeger et al, 1999; Bornscheuer, 2002). In addition to the common folding
pattern, lipolytic enzymes also exhibit a triad of catalytic residues composed of Ser-Asp-
His that congtitute the active site. The serine nucleophile is positioned in the nucleophilic
elbow, generally located in a conserved pentapeptide sequence, GXSXG, located in the
middle of the gene (Nardini and Dijkstra, 1999; Arpigny and Jaeger, 1999). It has, however,
been shown (Upton and Buckley, 1995; Arpigny and Jaeger, 1999) that not al lipolytic
enzymes contain this GXSXG consensus motif. For instance, the family Il GDSL
esterases/lipases contain a GDS(L) motif located closer to the N-terminal of the protein and
represent examples of a catalytic diad, where the third residue is not readily identified
(Upton and Buckley, 1995; Jaeger et al., 1999). The geometry of this region contributes to
the formation of the oxyanion binding site which is required for stabilisation of negatively

charged transition states formed during hydrolysis (Nardini and Dijkstra, 1999).

Asp

Figure 4.1.1: The canonical structure of the a/p hydrolase fold. a-Helices (A-F) are
shown as red cylinders and p-sheets (1-8) as blue arrows. Solid orange circles indicate
thetopological position of active siteresidues (Catalytic serine after -5, Asp/Glu after
B-7 and the histidine residue in the loop region between B-8 and a-F). Taken from

Bor nscheuer, 2002.
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Lipases and esterases are generally distinguished from each other on the basis of substrate
specificity and interfacial activation; the observed phenomenon of increased enzymatic
activity in the presence of lipid: water interfaces (Jaeger et al., 1999; Verger, 1998). In the
case of most lipases, amovable lid may exist with at least one of the oxyanion residues. In
these cases, the correct orientation of the binding site is only attained when the proteinisin
an open conformation, during which time the active site becomes available for substrate

binding (Nardini and Dijkstra, 1999).

The process of interfacial activation occurs due to the presence of a lid, consisting of a
single or double helix, or a loop region, which covers the active site in the absence of a
lipid: water interface. The presence of hydrophobic substrates initiates conformational
rearrangement of the active site, making catalytic residues more accessible and thereby
increasing activity of the lipase (Jaeger et al., 1994; Verger, 1998). However, a number of
exceptions exist and these lipases display neither the “lid” nor interfacial activation, thereby
making this criteria for distinction untenable (Verger, 1998). Esterases follow classical
Michaelis-Menten kinetics, where activity is a function of substrate concentration and the
maximal rate is achieved at substrate saturation (Jaeger et al., 1994; Bornscheuer, 2002).
Lipases (with some exceptions) exhibit increased enzymatic activity on emulsions
(insoluble substrates) when compared to monomeric (soluble) solutions of the same
substrate (Jaeger et al., 1994; Verger, 1998).

4.1.2 Bacterial lipolytic families

Arpigny and Jaeger (1999) were the first to classify 53 bacterial lipolytic enzymes into 8
families based on their fundamental biochemical properties, characteristic signatures in

amino acid sequence and X-ray crystallography data.
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4.1.2.1 Family |
Enzyme members in this family are generally defined as ‘true’ lipases and are further

divided into several sub-families comprising mostly Pseudomonas, Bacillus and
Saphylococcus lipases (Sangeetha et al., 2011). Subfamilies 1.1 and 1.2 contain the
previously described Pseudomonad group | and Il lipases which are encoded together with
their respective chaperones (Lipase dependent foldase) in an operon unit (Jaeger et al.,
1994; Rosenau and Jaeger, 2000). Enzymes in the subfamily 1.2 are generally larger than
those in subfamily 1.1 due to an additional sequence insertion, resulting in a double anti-
parallel B-strand at the molecule surface (Arpigny and Jaeger, 1999). Both subfamily
enzymes are secreted via the bacteria type Il pathway. Thisis a secretion (sec) dependant
terminal branch of the genera secretory pathway and is closely related to the biogenesis
pathway for type IV pili (Henderson et al., 2004; Thanass and Hultgreen, 2000). Another

distinguishing feature of subfamilies 1.1 and 1.2 is the presence of two aspartic residues

involved in a Ca2+-binding site. Additionally, two disulphide bridge-forming cysteine
residues are conserved and, together with the aspartate residues, are believed to assist in

active site stabilization (Kim et al., 1997).

Lipases belonging to subfamily 1.3 have a large molecular mass, no disulphide bridge-
forming cysteine residues, and the notable absence of an N-terminal signal peptide. These
proteins do, however, have a C-terminal secretion signal and are translocated viathe Type |

protein secretion pathway (Henderson et al., 2004; Thanassi and Hultgreen, 2000).

Subfamily 1.4 comprises the Bacillus lipases. Enzymes from B. subtilis and B. pumillus are
considered to be the smallest lipases and share very little sequence identity to other true
lipases. Additionally, an alanine residue replaces the first glycine amino acid in the
GXSXG motif (Arpigny and Jaeger, 1999). Geobacillus lipases dominate subfamily 1.5,

while a group of large enzymes with alkaline pH optima and thermotolerant characteristics
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occur in the subfamily 1.6 lipases. Those members that originate from Saphylococcus
species, are secreted as pro-peptides and, only once translocated across the cellular
membrane, are processed into mature protein by specific proteases (Arpigny and Jaeger,

1999).

4.1.2.2 Family 11
Enzymes belonging to this family are characterised by the signature GDSL conserved

motif, which houses the catalytic serine residue. Furthermore, these enzymes have four
strictly conserved residues, Ser-Gly-Asn-His, in four conserved blocks; I, 11, Il and 1V,
respectively. Each block plays an essential role in the catalytic function of these enzymes
(Akoh et al., 2004). Due to the absence of the nucleophile elbow and a different tertiary
fold structure, these enzymes are not members of the a/f3 hydrolase-fold superfamily but
rather belong to the SGNH hydrolase superfamily (Akoh et al., 2004; Jaeger et al., 1999;
Verger, 1998). These enzymes also share very little sequence homology to true lipases and
some members exhibit protease, arylesterase and thioesterase activity (Arpigny and Jaeger,
1999; Bornscheuer, 2002; Akoh et al., 2004). Another characteristic feature of these
enzymes is a covalently bound C-terminal trandocator unit, which consist of 250-300
amino acid residues. This autotransporter domain forms a p-barrel pore in the outer
membrane of Gram negative bacteria and alows for translocation of the linked passenger
domain viathe Type V secretion pathway (Jacob-Dubuisson et al., 2004). Proteins secreted
via autotransporter systems typically contain N-terminal signal peptides allowing for their
targeting and transport across the inner membrane via the GSP system (Henderson et al.,
2004; Jacob-Dubuisson et al., 2004). Once transported across the inner membrane, the pro-
protein exists as a periplasmic intermediate, where partia folding of the autotransporter
may occur. This intermediate protein is also accessible to periplasmic enzymes (Henderson

et al., 2004).
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4.1.2.3 Family 111
Enzymes from family Ill display the typical canonical fold of o/B-hydrolases. These

extracellular enzymes contain the conserved catalytic triad and share approximately 20 %
amino acid homology with mammalian platel et-activating factor acetylhydrolase (PAF-AH)
(Arpigny and Jaeger, 1999). PAF-AH’s are intracellular phospholipases which generally

contain sequence insertions, suggesting the presence of a movable loop.

4.1.2.4 Family IV
Bacterial lipolytic enzymes in this family share high levels of sequence similarity to

mammalian Hormone Sensitive Lipases (HSL). A signature HGGG motif comprising part
of the oxyanion hole is strictly conserved and occurs at the N-terminus. This motif is
involved in stabilisation of the oxyanion hole via hydrogen bond interactions and is
believed to assist in the hydrolysis of ester bonds in tertiary alcohols due to a larger active
site which accommodates the a cohol moiety (Virk et al., 2011; Hencke et al., 2003; Atomi,
2004). HSL family esterases have been utilised in industry for plant cell wall degradation as
well as a variety of esterification reactions, particularly in the resolution of racemic
mixtures (Panda, 2005). Enzymes from thermophiles, mesophiles and psychrophiles are

represented in this family (Arpigny and Jaeger, 1999; Sangeethaet al., 2011).

4.1.2.5Family V
These enzymes share high sequence homology to a variety of bacterial non-lipolytic

proteins, such as dehalogenases and haloperoxidases. These enzymes contain both the
catalytic triad and signature o/f-hydrolase fold as well as a PTX4GX,A motif which

precedes the active site aspartate residue (Arpigny and Jaeger, 1999).

4.1.2.6 Family VI
This family represents the smallest known esterases with a molecular mass ranging from 22

— 26 kDa. Dimerised forms of these enzymes are the active biocatal ysts and these enzymes

do show ahigh level of homology to eukaryotic calcium independent phospholipases.
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4.1.2.7 Family VII
This group of esterases have high molecular mass, usually in excess of 55 kDa and share

amino acid identity with acetylcholine esterases. One member of this family is a plasmid
encoded esterase from Arthrobacter oxydans and has been shown to be active against

phenylcarbamate containing herbicides (Sangeetha et al., 2011).

4.1.2.8 Family VIII

The enzymes represented in this family contain an N-terminal consensus motif that differs
from al other lipolytic enzymes. This SXXL motif is shared with members of the bacterial
B-lactam antibiotic resistance proteins. Interestingly, some studies on these enzymes have
shown promiscuous activity on both lipid substrates as well as B-lactam antibiotics
(Rashamuse et al., 2009). Other reports, however, demonstrate esterolytic activity but not
cleavage of the -lactam ring of compounds such as loracarbef and cefamandole (Eland et
al., 2006).

4.1.3 Biotechnological application of lipolytic enzymes

According to a global strategic business report, the worldwide market for industrial
enzymes is set to exceed $ 2.9 billion within the next two years (Sangeetha et al., 2011).
This market is dominated by carbohydratases, proteases and lipases. In industrial processes,
ahigh level of control over the products being manufactured can be achieved by exploiting
the specificity exhibited by enzymes. In addition, increased global awareness of
environmental and economic issues have become key drivers for the use of enzymes over
chemical catalysts in industry due to the fact they are biodegradable, contribute minimal
biological oxygen demand (BOD) in waste streams and reduce unwanted side reactions in
manufacturing procedures. Enzymes of microbia origin are useful in many industria
processes due to their stability, higher product yield and sustainable supply (Hasan et al.,

2006; Joseph et al., 2008). Furthermore, microorganisms adapted to extreme environmental
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conditions potentially produce enzymes which may exhibit the unique desired

characteristics required for harsh industrial processes (Hasan et al., 2006).

Lipolytic enzymes exhibit unique regio- and enantio- selectivity properties and are able to
catalyse a variety of reactions such as esterification, acidolysis, aminolysis and trans-
esterification (Figure 4.1.3.1) (Sangeetha et al., 2011; Joseph, 2008). In addition, these
enzymes display a broad substrate range, are stable in organic solvents, show no co-factor
dependence for catalytic hydrolysis and may be purified in large quantities (Hasan et al.,
2006). They are valuable catalysts with a wide range of applications in the food, detergent,
pharmaceutical and organic chemistry industries. For the purposes of this review, some
applications will be discussed. For further reading, a number of key papers extensively
review this topic (Hasan 2006, Jaeger and Eggert, 2002, Gandhi 1997, Vileneuve et al.,

2000, Jaeger et al., 1997, Joseph et al., 2007).

HYDROLYSIS

RI-C-0-R2 + H,O R (=) + R2- OH
ESTER SYNTHESIS

R1=-C~0H == R2= O RI=C=-0=R2 + H,O
TRANSESTERIFICATION

Alcoholysis

i i

R,-C-0-R, + R;-CH,~OH | Ri=C-0-R; + Ro—CH,-OH

Interesterification

i fi i i

Rl- C-0- R: 4 R3- C= O=- R4 R1— C-0- R4 + Rg— =0 RZ

Acidolysis
f fi f f
R,-C-0-R, + R;=C-0OH R=C-0-R, + R;-C-0OH

Figure4.1.3.1: General reactions catalysed by lipases and ester ases.
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4.1.3.1Lipolyss
Lipolysis is the catabolism of fats or esters into the constituent acid and alcohol/glycerol in

the presence of water. Microbia carbohydrate esterases are employed in the hydrolysis of
pectin or xylan in plant cell wallsto liberate ferulic acid and increase the potentia yield of Cs
and Cg sugars from lignocellulose feed stocks (Aurilia et al., 2008; Bornscheuer, 2002). In
the leather industry, residual fats and protein debris associated with hair and hides are
removed through the action of lipases (Hasan et al., 2006). In activated sludge and aerobic
waste treatment, thin layers of fat must be removed to permit oxygen transport. Lipases are

used to degrade the lipid-rich liquid that is skimmed from these systems (Gandhi, 1997).

Lipases are also utilized extensively in the food industry. Conventional chemical processing
of fats and oils requires harsh temperature and pressure conditions which result in undesirable
side reactions such as decolourisation, odour and oxidation of fatty acids (Jaeger et al., 1994;
Gandhi, 1997; Jaeger and Eggert, 2002). Accelerated flavour development occurs when free
fatty acids, soluble peptides and amino acids are formed in the maturation stages of a dairy
product (Hasan et al., 2006). As such, hydrolysis of milk fat in dairy products results in
flavour enhancement in certain cheeses, particularly soft cheese. Lipases impart rich creamy
flavours to coffee whiteners, caramels and toffees, and chocolate (Gandhi, 1997). One of the
most important applications of lipasesin industry is the resolution of racemic mixtures for the
synthesis of chiral building blocks for pharmaceuticals and agrochemicals (Jaeger et al.,
1994; Gandhi, 1997; Hasan et al., 2006). In the pharmaceutical industry, enantiomeric forms
of particular drug intermediates are key factors for efficacy. For example; ketoprofen is a
non-steroidal anti-inflammatory drug known to inhibit production of prostaglandins. It is the
(S) enantiomer which is responsible for the desired effects and, as such, lipases can be tested

for the production of the correct enantiomer (Kang et al., 2011). Other applications that
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utilise the hydrolytic power of lipases and esterases include bioremediation of petroleum

based hydrocarbons and biodiesel production (Hasan et al., 2006; Gandhi, 1997).

4.1.3.2 Ester synthesis
Lipolytic enzymes can catalyse the reverse reaction and in the process, liberate water. In low

water activity systems, the normal hydrolytic equilibrium can be reversed in favour of
esterification reactions (Jaeger et al., 1994; Sharma et al., 2001). Acidolysis,
interesterification and alcoholysis reactions give rise to acids, esters or alcohols instead of

water (Gandhi, 1997).

This ability of lipases is important in oleochemical processes where less useful fats may be
converted to more nutritionally valuable ones (Hasan et al., 2006). Interesterification
reactions have been applied for the conversion of palm oil into cocoa butter, a high value
product used in food, confection, pharmaceuticals and the cosmetic industry (Gandhi, 1997,
Sharmaet al., 2001; Hasan et al., 2006).

4.1.4 Cold-active lipolytic enzymes

Permanently cold habitats exert high selective pressure on the resident microbia population.
Organisms colonising these environments have developed adaptative strategies facilitating
survival under extreme physiochemical conditions. In the cell membrane, for example,
tailoring acyl chains and increasing the ratio of polyunsaturated fatty acids reduces the
phospholipid melting point. This increases membrane fluidity of cells, allowing for
appropriate exchange of solutes between cells and the external medium (Nichols et al., 1993;
Gerday et al., 1997). Since low temperatures can slow down or even inhibit biochemical
reactions, enzymes are under strong selective pressure for adaptation under conditions of

extreme cold (D’Amico et al., 2002; Gerday et al., 2000).
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Lipolytic enzymes produced by cold-adapted microbes have evolved structural features
which confer a high degree of flexibility around the active site. Thisresultsin low activation
enthalpy and high specific activity at low temperatures. This flexibility is often a result of

multiple sequence and structural changes, outlined in Figure 4.1.4.1.

Reduction in core

hydrophobicity Decr eased
Decr eased interdomain
aromatic and sub-unit
e interactions
Increased activity at low Additional
to moder ate temperatures
Decreased ion surface loops
and electrostatic Decr eased stability at
interactions elevated temperatures
Increased
Srencsaey charged surface
arginine/lysine  prolineto residues
residues glycine surface
residue
substitutions

Figure 4.1.4.1: Structural modification for increased enzyme flexibility include

modifications such as a lower number of arginine residues compared with lysine, low
proline content, particularly in loop regions, increased clustering of glycine residues, a
small number of salt bridges and aromatic-aromatic interactions, a decrease in the
number of ionic interactions and hydrogen bonds as well as weakening of hydrophobic

clusters (Joseph et al., 2007; Joseph et al., 2008; Rodrigues and Tiedje, 2008; Russell,

2000; Feller and Gerday, 2003).
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4.1.4.1 Applications of cold-active lipolytic enzymes
Cold-adapted enzymes generally exhibit high catalytic activity at low temperatures when

compared to their mesophilic homologs (Feller, 2003). The use of cold-adapted enzymes in
certain processes may eliminate unwanted side reactions, and reduces energy consumption
and environmental impact (Joseph et al., 2008). For example, rapid inactivation of heat liable
enzymes increases mechanical resistance of fabrics, while cold washing reduces wear and
tear (Hasan, 2006). The use of cold adapted lipases is particularly important in processes
where products are highly susceptible to heat degradation (Kumar et al., 2011). In
bioremediation schemes, seasonal fluctuations influence the effectiveness of the enzyme
preparation for pollutant degradation, but a preparation of both mesophilic and psychrophilic
enzymes may enhance the process due to combined activity over a wider temperature range

(Joseph et al., 2007).

4.1.5 Aims and objectives

5. ldentify possible lipolytic genes from fully assembled fosmid clones

6. Clone candidate genes, verify their respective enzyme activities and confirm the

accuracy of bioinformatic predictions
7. Overexpress and kinetically characterise lipolytic enzymes

8. Perform comparative genomic study to identify possible sequence and structure

modifications for cold-adaptation
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4.2 Materials and methods

4.2.1 Bioinfor matic analysis

Open Reading Frame prediction software (SoftBerry and Glimmer) was used in combination
with BLASTp (Altschul et al., 1997) and UniProt searches to annotate fosmid sequences.
Putative lipolytic genes were subsequently identified in the sequenced fosmid clones.
Preceding the cloning of these genes, ORFs were analysed for restriction sites (DNAMAN),
the presence of N-terminal signal peptides (SignalP 3.0) (Emanuelsson et al., 2007), and rare
codon content (RareCodon Caltor). Protein sequences were searched against the UniProt
database for homologous relatives. Multiple sequence alignments using ClustalW (Larkin et
al., 2007) were used to determine conserved catalytic regions in the genes. InterproScan was

used to find matches to the predicted protein based family domains (Finn et al., 2008).

The trandated nucleotide sequences were used for homology modeling using the Swiss-
protein modeler program (Schwede et al., 2003) PDB-sum was used to assess the accuracy of
the models by generating individual Ramachandran plots (Lovell et al., 2002). Models were

superimposed into the defined templates using the PyMol program.

For phylogenetic analysis, sequences representing 8 lipolytic families were retrieved from the
NCBI database and aligned together with lipolytic gene sequences from the fosmid clones,
using ClustalW. A neighbour joining tree was constructed using the CLC genomics

workbench with 1000 replicates.

For comparative genomic studies, several homologous mesophilic or psychrophilic
homologous sequences were retrieved from the UniProt database. Genera protein

characteristics such as amino acid content, Grand Average Hydropathy (GRAVY) and

9 |Page



Chapter 4: From genetic potential to function — Lipolytic genes.

aliphatic index were predicted using the ProtParam tool (Expasy). The percentage of amino
acid residues believed to contribute to psychrophilicity, were compared manually.

4.2.2 Transposon mutagenesis

Transposon mutagenesis was performed using the HyperMu™ <KAN-1> Insertion kit
(Epicentre Biotechnology, USA) according to the manufacturer’s specifications. Briefly, 600
ng of fosmid DNA was added to a reaction containing 1 x HyperMu reaction buffer, 12.5 ng
HyperMu <KAN-1> transposon, and 0.5 U of HyperMu MUA transposase. The mixture was
incubated for 2 hours at 37 °C and stopped by adding 1 x HyperMu stop solution, followed
by heating at 70 °C for ten minutes. Two microliters of the mixture was electroporated into
competent GeneHog E. coli cells and, following recovery at 37 °C for an hour, transformants
were plated onto tributyrin agar supplemented with kanamycin and chloramphenicol. Plates
were incubated at 37 °C overnight and transferred to 4 °C for a further 5 days. Plates were
monitored daily for tributyrin hydrolysis. Clones which did not produce clearance zones were

selected, fosmid DNA was extracted and were sequenced using the HyperMu primer pair.

4.2.3 Sub-cloning lipolytic genes
Putative lipolytic genes were amplified from the corresponding fosmid template using 30

cycles of PCR with specific primer pairs (Chapter 2, Table 2.1.2) in the Applied Biosystems

Thermocycler Gene Amp® 2700. PCR conditions, as well as the expected molecular mass of
the four amplicons are provided in Table 4.2.1. All primers contained Ndel and Xhol
recognition sites. Purified PCR products were digested with both restriction enzymes and a
small aliquot was visualised on a1 % [w/v] agarose gel. Digested products were purified and
the concentration of DNA determined. Amplified gene products were subsequently ligated

into pET21a, pET28a or pCold plasmid vectors digested with the same restriction enzymes.
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Recombinant DNA was used to transform el ectrocompetent GeneHog E. coali cells. Following
a two hour incubation at 37 °C, the mixture was plated onto tributyrin agar supplemented
with the appropriate antibiotic. Plates were incubated at 37 °C overnight, moved to 4 °C and
monitored for severa days for the formation of hydrolysis zones. Randomly selected clones

were also screened via colony PCR, followed by agarose gel electrophoresis.

Clones with tributyrin hydrolysing activity were selected and plasmids extracted. Plasmid
DNA was subjected to restriction enzyme anaysis with Ndel and Xhol and sequenced with
T7- promoter and terminator primers to verify gene orientation and sequence. All constructs

were stored as 20 % [v/v] glycerol stocks at -80 °C.

Table4.2.1: PCR conditionsfor amplification of predicted lipolytic genes.

Gene Annealing temperature (°C) Taq polymer ase utilised Expected size (bp)

DEasel 69 °C PrimeStar™ Taq (Takara) 948

DEasell 67°C PrimeStar™ Taq (Takara) 1395
DEaselV 58 °C Phusion™ Taq (Finnzymes) 1074
DEasevV  67°C PrimeStar™ Taq (Takara) 1146

# A standard protocol was used for amplification with the following conditions; Initial denaturation 98 °C for 2
minutes, followed by 30 cycles of denaturation at 98 °C for 10 seconds, annealing at defined temperature for 30

seconds, and extension at 72 °C for 30 seconds. The final elongation step was performed at 72 °C for 2 minutes.
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Plasmids from sequence-verified clones were used to transform chemically competent E. coli
Rosetta (DE3) pLysS cells. Transformation mixtures were incubated in SOC broth for 2
hours at 37 °C and plated onto tributyrin agar supplemented with the appropriate antibiotic.
Following an overnight incubation at 37 °C, clones were monitored for hydrolysing activity

a 4 °C. Hydrolysis positive clones were used in subsequent small scale expression trials.

4.2.4 Protein expression

In order to determine the expression profile of the proteins, overnight cultures were used to
seed 50 ml LB broth supplemented with chloramphenicol and carbenicillin. Growth of these
cultures at 37 °C was monitored until an ODgy ~0.4 — 0.6 was obtained. Each culture was
then split into two equal volumes, one was treated as an uninduced control and the other
induced with 0.4 — 1 mM IPTG. Both cultures were grown at 16 °C for 2 days. Cultures were
centrifuged at 6000 x g for 10 minutes and the culture supernatant precipitated with 20 %
[wiv] TCA at 4 °C for 24 hours. The extracellular fraction was obtained by another round of
centrifugation at 8000 x g for 10 minutes and stored at 4 °C. Cell pellet fractions were
resuspended in sonication buffer (30 mM Tris-HCI [pH 8.5], 300 mM NaCl, and 10 % [v/V]
glycerol) and sonicated for 6 cycles of 30 seconds each. The soluble and insoluble fractions
were separated by centrifugation at 6000 x g for 10 minutes. Aliquots of the extracellular- ,
insoluble- and soluble- fractions were mixed with an equal volume of 2 x SDS loading buffer
and analysed by SDS-PAGE. Controls of parental vector in the E. coli strain were included.
Soluble cell free extract containing the protein of interest was purified via metal affinity

chromatography (Chapter 2).
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425HPLC analysis

Fifty millilitres of DEasel and DEasell overnight culturesin the Rosetta expression host were
centrifuged at 6000 x g for 10 minutes. Cell pellets were resuspended in 4 ml of buffer (50
mM NaHPO,) and subjected to six x 30 second cycles of sonication on ice. The cell
suspension was incubated with 5 mM methyl ferulate in water, for two hours. Samples were
centrifuged at 13 000 x g and decanted into HPL C tubes. Samples were maintained at 40 °C
to prevent substrate precipitation and run on a C;g column at a flow rate of 0.8 ml/min with
the mobile phase (35 % [v/v] methanol, 0.1 % [v/v] trifluoroacetic acid). The appearance of

product and disappearance of substrate was observed and the AU/min measured.

4.2.6 Histidine- tag chromatogr aphy

Following charging and equilibration of His-Bind columns, the prepared extract was added.
Buffer conditions required optimisation for the binding of both DEasel and DEasell proteins.
DEasel was purified to homogeneity after the addition of 6 ml elution buffer (20 mM Tris-

HCI [pH 7.9], 500 mM NaCl, 250 mM imidazole).

Purified protein was dialysed against 3 L of buffer (50 mM Tris-HCI [pH8.5], 1 % [v/v]
glyceral) for 2 days at 4 °C. Fifty millilitres of dialysis buffer was stored at 4 °C and used as
acontrol in assays. Proteins were quantified according to the Bradford assay using BSA as a

standard.

4.2.7 Enzyme assays

Substrate preference towards p-Nitrophenyl esters of varying chain length was determined
enzymatically by measuring the release of p-nitrophenol due to hydrolysis. Absorbance at
405 nm was measured continuously for 1-3 minutes using the Cary 50 UV-Vis
spectrophotometer (Agilent Technology, USA). One unit of enzyme activity is defined as the

amount of enzyme required for hydrolysis of 1 umol p-nitrophenyl substrate per minute at 25
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°C. In order to determine the temperature optimum of the enzyme, standard assays were
performed using p-nitrophenyl propionate (C3) as substrate over a range of temperatures (5 —
45 °C). The pH optima was determined by measuring activity on p-nitrophenyl octanoate
(C8) in the following buffers [mM]; sodium acetate (pH 5.5), MES (pH 5.5 and 6.5), MOPS
(pH 6.5 and 7.5), sodium phosphate (pH 7.5 and 8.5), Tris-HCI (pH 7.5, 8.5 and 9.5) and

CAPS (pH 9.5 and 10).

Therma liability of enzyme was determined by measuring the residual enzyme activity
following incubation of the enzyme at 25, 35 and 45 °C for time intervals of 5, 10, 30 and 60
minutes. The effect of NaCl concentration was determined by measuring enzyme activity in
sodium phosphate buffer (pH 7.5) with increasing amounts of sodium chloride, from 1 M to 4
M. Blank reactions were included with each measurement. All assays were performed in

triplicate.

4.2.8 FPLC analysis

Purified fractions of enzyme were subjected to size exclusion chromatography analysis using
FPLC (Akta, Amersham Biosciences, USA). Samples were loaded onto the HiLoad ™
Sephadex 75 HR 10/30 column (GE Healthcare) and fractionated with buffer (50 mM Tris-
HCI [pH 7.5]) at aflow rate of 0.5 ml/min. All protein standards were used at a concentration
of 1 mg/ml and included Cytochrome C (12 kDa), carbonic anhydrase (29 kDa) and BSA (66
kDa). Retention times were recorded and a standard curve was used to predict the size of the

enzyme.
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4.3 Results and Discussion

4.3.1 Bioinfor matic analysis
In a previous study, severa clones were obtained from a metagenomic library from Antarctic

Dry Valey soils with tributyrin hydrolysing activity (Anderson, 2008). Fosmids were
successfully extracted from these clones and sequenced at the University of the Western Cape
Solexa sequencing platform. Full sequence assembly and annotation of three fosmid clones
(LD4, LD7 and LD13) allowed for the prediction of putative lipolytic genes in each of the
fosmids. Clones LD7 and LD13 each contained one ORF corresponding to possible lipolytic
activity (DEasel and DEaseV respectively). DEaselll, from fosmid LD4, was the subject of
another study and is therefore not included here. Interestingly, three adjacent ORFs with
probable activity linked to the hydrolysis of ester containing substrates were detected in clone
LD4. The architecture of the three ORFs, designated DEasell, DEaselV and DEaseVl, as
they are found on clone LD4, is indicated in Figure 4.3.1.1. ORF size and GC content were
predicted and are provided in Table 4.3.1.1. The annotated sequences were subjected to a
range of bioinformatic analyses. Translated nucleotide sequences were searched against the
NCBI, InterproScan (Figure 4.3.1.2) and Uniprot databases, and the closest homologue as
well as family motifs were identified (Table 4.3.1.2). The predicted molecular mass for the
proteins DEasel, DEasell, DEaselV, DEaseV and DEaseVI were 34-, 52-, 40-, 45-, and 43-
kDa respectively. All putative sequences were analysed for the presence of N-terminal signal
peptides (Figure 4.3.1.3) as well as the occurrence and frequency of rare codons (Table
4.3.1.3). Interestingly, all putative genes contained a significant number of rare codons as
well as codon sequence repeats. For the genes DEasel, DEaselV and DEaseV|1, the average
percentage of rare codons was in excess of 11 %, while values of 6.9 and 6.8 were observed
for DEasell and DEaseV respectively. Similarly, an increased number of repeats of these rare

codons was also observed for the former three genes. Of the three lipolytic genes situated
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adjacent to each other on fosmid LD4, the two Metallophosphoesterase genes (DEaselV and

DEaseVI) shared a similar percentage of rare codons (11 %) with a high frequency of

isoleucine and leucine codons in particular. When compared to the neighbouring gene,

DEasell, the predominant rare codons were leucine, proline and arginine. This observation

demonstrates the differences in codon frequency and usage among genes in the same genome

even when the genes are in close proximity. Considering that DEaselV and DEaseVI were

annotated as Metallophosphoesterase enzymes,

bioinformatic analysisin this study.

M etallophosphoesterase A

(DEaselV)

\

——

(DEaseVI)

t

they were excluded from further

M etallophosphoesterase B Lipase A

(DEasell)

_'_

Figure 4.3.1.1: Diagrammatic representation of the architecture of the putative lipolytic

operon from clone L D4.

Table4.3.1.1: Thefull length gene size and the GC content of predicted lipolytic genes

Gene name

DEasel
DEasel |
DEaselV
DEaseV

DEaseVI

Genelength (bp)

GC content (%)

948

1395

1074

1146

1146

65
47
43
52

43
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Table4.3.1.2: Amino acid identity to the closest match using BLASTp (November, 2011)

aswell as predicted molecular weight (MW) of predicted lipolytic genes.

Genename Fosmid clone % aaidentity Closest match Protein MW
DEasel LD7 52 Actinobacterium 33.5kDa
DEasdl | LD4 57 Psychrobacter spp 52 kDa
DEasel V LD4 64 Psychrobacter spp 40 kDa
DEaseV LD13 55 Pseudomonas spp 41.5kDa
DEaseVI LD4 69 Psychrobacter spp 43 kDa

Table 4.3.1.3: Rare codon analysis of lipolytic genes. Numbers indicate the frequency

with which each rare codon occursin the gene sequence.

Amino Rare Frequency Freguency Freguency Frequency Freguency
acid codon # DEasel DEasel | DEasel V DEaseV DEaseVI
Arginine CGA 2 1 3 0 1

CGG 8 2 3 5 1

AGG 0 0 0 1 0

AGA 1 3 3 0 4
Glycine GGA 5 3 3 2 3

GGG 3 3 4 8 4
Isoleucine  AUA 2 2 13 2 8
Leucine CUA 1 6 3 5 13
Proline CCC 7 6 2 3 2
Threonine ACG 8 6 5 2 3

Repeated and/ or
consecutive rarecodons* CUA-CGG CUA-CGG ACG-AUA AUA-CCC AUA-CCC

CGG- CCC GGG- AGA CCC-GGA AGA-AUA-AUA

CGG- AUA AUA-ACG CUA- AGA

CCC- GGA CCC- AUA CUA- GGG- CGG
CUA- CUA

# Rare codons occurring in E. coli.

* Repeated and/ or consecutive rare codons occur once in each of the five gene sequences.
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Query Sequence

Inter Pro Match [
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Figure4.3.1.2: InterproScan results showing protein domain hitsfor predicted lipolytic ORFs. A; DEasel, B; DEasel| and C; DEaseV
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SignalP-HMM prediction <gram— modelsi: DEasel
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SighalP-HMM prediction Cgram— modelsl: DEa=eS
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Sgnal peptide probability: 0.567
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Figure 4.3.1.3: SignalP results for putative lipolytic clones. Numbers highlighted in green
indicate the probability that an N-terminal signal cleavage site occurs. Low scores indicate

low probability of asignal peptide site. A; DEasel, B; DEasell and C; DEaseV.

The top hits identified by BLASTp analysis were used to construct individua multiple
sequence alignments. Conserved residues were identified in all genes (Figures 4.3.1.4 —

4.3.1.6).
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Figure 4.3.1.4: Multiple sequence alignment of DEasel with thefive top hitsidentified by
BLASTp analysis against the NCBI non-redundant database. Conserved residues are
indicated by *. Accession numbers in the figure denote the following, AAS77247:
lipaselesterase  [uncultured  bacterium], YP_299651: Alpha/beta hydrolase
[Mycobacterium gilvum], YP_001134995: LipH [Janibacter sp.], ZP_00995302: Putative

lipase [ Streptomyces ghanaensis|, ZP_04690892: Lipase [Streptomyces ghanaensis].
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Figure 4.3.1.5: Multiple sequence alignment of DEasel | with the four top hits identified
by BLASTp analysis against the NCBI non-redundant database. Conserved residues are
indicated by *. Accession numbers in the figure denote the following; ABR12515:
Lipase [Psychrobacter sp. 2-17], NP_070544. Carboxylester ase [Archaeoglobus fulgidus],
Y P_882985: Alpha/beta hydrolase [Mycobacterium avium], P24484: L1P2 [Moraxella sp.

(strain TA144)]
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Figure 4.3.1.6: Multiple sequence alignment of DEaseV with the five top hits identified
by BLASTp analysis against the NCBI non-redundant database. Conserved residuesare
indicated by *. Accession numbers denote the following; AEA67347: Esterase ||
[Pseudomonas brassicacearum], ABR82339: Probable esterase [Pseudomonas
aeruginosal, AEF23301: Beta-lactamase [Pseudomonas fulva], ABP84199. Beta-
lactamase [Pseudomonas mendocina ymp], AEB57520: Beta-lactamase [Pseudomonas

mendocina).
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Additionally, phylogenetic analysis of genes DEasel, DEasell and DEaseV, together with
other representative sequences of the 8 lipolytic families, revealed that DEasel and DEasel|
clustered within the HSL family (family 1V) of lipases and esterases while DEaseV clustered
in Family VIII. This anaysis corresponds well to the conserved motifs identified in

individual multiple sequence alignments (Figure 4.3.1.7).

100 AM050327
—wn}—‘_—.< AM050330 New
100 + AM050334 Family B
« EUBT4395
= + ABE69172
1u_+ «CAG19796 } New
1 *ZP_00551941
= ZP 01041937
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Figure 4.3.1.7: Neighbour joining tree showing phylogenetic positions of DEasel,

DEasell and DEaseV within selected lipase/esterase families based on conserved
sequence motifs of bacterial lipolytic enzymes. The phylogenetic tree was constructed

using the CLC genomics workbench software. Bar, 1 substitution per amino acid site.

110|Page



Chapter 4: From genetic potential to function — Lipolytic genes.

Bootstrap values lower than 50% are also shown. Accession humbers in the figure
denote the following; AMO050327: Acetyl xylan esterase [phagemid clone pBKR.17],
AMO050330: Subtilisin-like serine protease [phagemid clone pBKR.35], AM050334:
Acetlyxylan esterase [phagemid clone pBKR.44], EU874395: CHA3 esterase gene
[Uncultured bacterium cloneg], ABE69172: Probable lipase [uncultured bacterium
pFosLip], CAG19796: Hypothetical protein/ probable esterase [Photobacterium
profundum], ZP_00551941: Lipase, class 3 [Desulfuromonas acetoxidans], ZP_01041937:
Lipase family protein [Idiomarina baltica], AAC67727: Predicted Lysophospholipase
esterase [Chlamydia trachomatis], AAB30793: Serine esterase [Arthrospira platensig],
AM050333: [phagemid clone pBKR.43], EU195805: pBSAT1 esterase gene [Uncultured
bacterium clone], AY 726780: estE1 carboxylester ase gene [Uncultured archaeon clong],
AABB89533: Carboxylesterase (estA) [Archaeoglobus fulgidus], Q01470: Serine esterase
[Arthrobacter oxydans], CAA22794: Putative car boxylesterase [ Streptomyces codlicolor],
M86351: triacylglycerol acylhydrolase (lipA) [Streptomyces sp], X53053: lipase 1
[Moraxella sp], AAA99492: Carboxylic ester hydrolase [Arthrobacter globiformisg],
CAAT78842: Esterase A [Streptomyces anulatus], P40601: Lipase 1 [Photorhabdus
luminescens], AAC38796: Outer membrane esterase [Salmonella enterica], AF005091:
esterase (estA) [Pseudomonas aeruginosal, U33845: Alkaline lipase [Proteus vulgarig],
X14033: Lipase [Pseudomonas fragi], AF031226: Lipase (lipA) [Pseudomonas
fluorescens], X70354: lipA [Burkholderia glumae], M58494: LipA lipase [Burkholderia
cepacia], AF050153: Triacylglyceral lipase [Pseudomonas luteola], X67712: Lipase

[Psychrobacter immobilis], X53869: Lipase 3 [Moraxella sp.].
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Threading the query sequence onto a template with a known crystal structure allowed the
prediction of tertiary structural models. The protein sequences of DEasel and DEasell
modelled to templates from thermophilic organisms, namely pEStE from Pyrobaculum
calidifontis [2wir] (40 % sequence identity) and EStEl, a carboxylic esterase from an
uncultured thermophilic archeon [2c7b] (24 % sequence identity), respectively (Figure
4.3.1.8). In the case of DEasell, a second model was constructed using sequence residues 144
— 450 with 29 % sequence identity to the monomer protein, AFEST, from Archeoglobus
fulgidus [1jji] (Figure 4.3.1.9). Residues 8 — 379 of DEaseV modelled to EstB, a novel
esterase containing the B-lactamase fold, from Burkholderia gladioli [1ci9] with 19.2 %
sequence identity (Figure 4.3.1.10). Analysis of Ramachandran plots indicated that
constructed models for DEasel, DEasell and DEaseV were relatively accurate, with 1.5 %,
1.8 % and 2.2 % of residues in disallowed regions, respectively. This could be expected as
templates for modelling are known crystal structures deposited in the protein data bank
(PDB) and relative to the number of protein sequences available, the number of tertiary
structures is limited. Folds or smaller domains which are novel cannot be modelled with high
levels of certainty without the correct reference crystal structure. Templates for modelling in
this study originated from thermotolerant or thermophilic microorganisms because there are
more of these templates than from cold-adapted representatives. This can be explained by the
substantial attention to various enzymes from these sources due to biotechnological and

industrial interest (Gomes and Steiner, 2004).

Upon further analysis of the homology models, an unusual extension made up of two
antiparallel p-sheets appeared to extend over the active site of DEasell. The initia
speculation, that this structure may be alipolytic lid, is unlikely for two reasons. Firstly, the
known lid-like structures of lipases consist of a series of a-helices and not -sheets as was

observed in DEasell. Secondly, the lid structure generaly originates from the N-terminus
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but, in DEasell, the structure extends from the centre of the gene. This modification is not
surprising, considering that the a/f hydrolase fold enzymes offen depict unique
differentiation within a common fold and therefore, a striking ability for evolution and
adaptation (Nardini and Dijkstra, 1999). Catalytic mechanisms are generally maintained even
with insertions or deletions of amino acid residues and/ or extra domains. These insertions or
deletions are not exclusively located at C- or N- terminal regions of the protein but may aso
occur at the C edge of [ strands (Nardini and Dijkstra, 1999). Some interesting observations
with respect to sequence and protein structure have been made in recent years. In 2005,
Rusnak and co-workers characterised the enzyme AFL from Archeoglobus fulgidus and,
based on enzymatic assays, this protein displayed typical esterase substrate specificities.
However, in 2009, the crystal structure of the protein was resolved and the authors noted the
presence of the N-terminal lipase lid as well as a unique C-terminal extension composed of a
series of B-sheets. This prompted further enzymatic analysis and mutation studies which
confirmed that AFL exhibited classical interfacial activation and that the C- terminal domain
was responsible for the binding of long chain triacylglycerols. AFL wasre-classified asatrue
lipase based on these observations, even though the sequence-based analysis did not cluster it
in family | (Chen et al, 2009). The opposite may also occur; the gene sequence for the protein
Est53 from Thermotoga maritima was shown to cluster in family 1.2 with homology to the
Burkholderia lipase. Additionaly, following purification of the recombinant protein and
characterisation using p-Nitrophenyl substrates, it was found that enzymatic activity was
dependent on the presence of Ca?* ions, a typical biochemical feature of this subfamily.
However, Est53 demonstrated no activity toward long chain fatty acid molecules and was

eventually classified as a carboxyl esterase (Kagugawa et al, 2007).
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Figure4.3.1.8: Homology model of DEasel built by the Swiss model server (Red) and

superimposed (PyMol) onto the template 2C7B (Green).

Figure 4.3.1.9: Homology model of DEasell built by the Swiss model server (Red) and
superimposed (PyMol) onto the template 1JJI (Green). Within the black box is the

protein region of the B-sheet extension which doesnot occur in the template.
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Figure4.3.1.10: Homology model of DEaseV built by the Swiss modd server (Red) and

superimposed (PyMoal) onto the template 1CI9 (Green).

4.3.1.1 Comparative genomics
No single set of parameters can distinguish psychrophilic, mesophilic or thermophilic

proteins. However, comparative genomic studies have revealed some trends in amino acid
composition, protein sequence and structure, GRAVY and disorder which may be used to
assess probable psychrophilicity of a protein (Metpally and Reddy, 2009; Grzymski et al.,
2006). These analyses must be used with caution as not all proteins utilise the same strategies
to attain the increased level of flexibility required for cold-adaptation (Smals et al., 2000;

Gianese et al., 2002; Casanuevaet al., 2010).

In this study, the lipolytic enzymes identified, as well as selected psychrophilic or mesophilic
homologs, were assessed for amino acid composition, GRAVY and Aliphatic index (Table
4.3.1.4 - 4.3.1.6). The sequence and structural properties were investigated by examining the

frequency of occurrence of amino acids believed to be general indicators of cold-adaptation.
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For example; an increase in glycine residues may contribute to increase in protein flexibility
and stability (Goldstein, 2007). Similarly, an increased proportion of threonine residues may
also be advantageous for cold-adaptation, due to increased interaction of this residue with

polar solvent such as water (Jahandideh et al., 2008).

Features which may be involved in temperature adaptation that are investigated here, and
would indicate psychrophilicity include; decreased hydrophobic character, decreased
percentage of arginine, glutamic acid, proline, leucine, lysine, phenylalanine, asparagine and
tyrosine, increase in the amino acid residues glutamine, aanine, aspartic acid, serine,
cysteine, threonine, isoleucine, glycine and valine, al of which may be common to cold-
adapted proteins (Casanueva et al., 2010; Jahandideh et al., 2007; Metpally and Reddy, 2009;
Ayaaded-Rio et al., 2010; Gianese et al., 2002; Grzymski et al., 2006; Goldstein, 2007 as

well as references therein).

In the case of DEasel, changes of this nature were not observed when compared to the
mesophilic homologs. Differences which may point to cold-adaptation in this protein include
adecrease in proline and arginine and an increase in serine residues. However, based on this
comparative anaysis alone, the sequence composition of DEasel closely resembles that of
mesophilic proteins and includes an increase in lysine and leucine residues coupled to a
decrease in aanine, glycine and valine, and a positive GRAVY value (0.104) which indicates

overal hydrophobicity (Table 4.3.1.4).

For DEasell, similar amino acid profiles to psychrophilic homologs were detected,
particularly for phenylalanine, isoleucine, asparagine, and serine. In addition, these residues
followed a similar trend to averages cal culated for mesophiles and psychrophiles by Metpally
and Reddy (2009). For example, a decrease in the number of asparagine residues was

observed for DEasell (3.17 %) and the psychrophilic homologs, which were al lower than
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the average calculated for mesophilic organisms (4.7 %). In addition, an increase in alanine,
glycine, proline, arginine and valine was observed and these values exceeded the average
predicted for psychrophilic organisms (Table 4.3.1.5). The percentages of lysine, tyrosine and
leucine decreased in DEasell when compared to the psychrophilic homologs and mesophilic
averages. All the above mentioned factors, including a hydrophilic GRAVY value (-0.216),
would be expected for a cold-adapted protein and it may therefore be hypothesised that

DEasell could, in fact, function as a psychrophilic protein.

Table 4.3.1.4: Amino acid composition calculated in ProtParam (Expasy) for DEasel and four
mesophilic  homologs. E6TCC6: Esterasellipase (Mycobacterium) sp.; D52NTO:
Esterase/lipase/thioesterase (Streptomyces ghanaensis); A3TL42: Probable lipase LipH

(Janibacter sp); EQUY 50: Car boxylesterase (Nocar dioidaceae).

DEasel EGTCC6 D52NTO A3TL 42 EQUY 50
Ala 9.05 16.23 15.06 15.22 15.03
Cys 172 0.32 0 0.62 0.33
Asp 6.47 8.77 8.01 6.83 4.25
Glu 4.09 3.9 4.17 311 5.88
Phe 2.37 2.27 3.53 1.86 3.59
Gly 4.74 9.42 9.62 7.45 9.15
His 4.53 2.60 16 4.35 2.94
lle 474 2.6 3.53 4.66 3.92
Lys 4.09 0.32 0.96 0.62 131
Leu 12.07 10.06 9.62 6.83 8.17
Met 1.94 0.65 1.28 1.86 261
Asn 4.74 0.97 2.56 1.55 1.96
Pro 5.60 8.44 8.01 7.14 8.17
GIn 6.03 2.6 2.88 3.73 1.96
Arg 3.45 6.82 7.05 7.45 6.21
Ser 6.9 4.22 5.13 5.28 5.88
Thr 6.47 5.52 5.45 5.9 5.56
Val 6.47 9.42 7.69 9.94 8.17
Trp 1.29 1.62 1.28 1.55 1.63
Tyr 3.23 3.25 2.56 4.04 3.27
GRAVY 0.104 -0.002 -0.072 -0.062 0.032
Ai 98.54 92.92 88.62 88.85 85.88

117|Page



Chapter 4: From genetic potential to function — Lipolytic genes.

Table 4.3.1.5: Amino acid composition calculated in ProtParam (Expasy) for DEasel | and three
psychrophilic homologs. Averages determined by a comparative genomic study are included
(Metpallay and Reddy, 2009). Q796C8: Cold-active esterase (Psychrobacter sp. Ant300 );
Q1Q7WS8: Alpha/beta hydrolase fold-3 (Psychrobacter cryohalolentis strain K5); P24484: Lipase

2 (Moraxella sp. strain TA144).

DEasel | 0Q769C8 0l107W8 P24484 Averagefor Averagefor
psychrophiles®& mesophiles %

Ala 13.65 9.75 8.70 11.55 9.2 8.1
Cys 0 2.50 2.07 1.85 1.0 1.0
Asp 4.44 7 6.83 6 ) 5.1
Glu 5.4 4 5.59 4.39 5.8 6.3
Phe 3.17 2.75 3.73 2.08 4.1 4.4
Gly 8.57 7.50 6 6 7.1 6.7
His 1.90 2.25 4.35 3.93 2.1 21
lle 5.08 5.50 6.42 4.39 6.6 6.8
Lys 1L 4.75 4.76 4.85 5.2 6.2
Leu 0.84 11.50 11.39 12.01 10.3 10.7
M et 1.90 1.75 2.48 1.39 2.5 2.5
Asn 3.17 3 3.93 4.85 4.3 4.7
Pro 7.3 5.25 4.97 5.77 4 4
GIn 3.17 4.25 5.18 5.77 4.3 4.5
Arg 6.35 2.75 311 3 4.6 4.6
Ser 6.67 6.0 6.63 6 6.8 6.1
Thr 4.76 5.75 5.59 5.77 ) 5.2
Val 9.21 6 4.55 5.77 6.9 6.6
Trp 1L 1.25 1.24 1.39 12 12
Tyr 2.2 3.5 2.48 3.23 29 3.3
GRAVY -0.216 -0.090 -0.185 -0.210 N/D N/D
Ai 93.36 93.45 91.35 92.24 N/D N/D

N/D - not determined in the study.

# Indicates average amino acid usage determined by Metpallay and Reddy (2009).

Amino acid variations that may indicate cold-adaptation of DEaseV includes a decrease in
phenylalanine, tyrosine and arginine as well as a GRAVY value indicative of hydrophilicity.
In addition, the percentage of valine and serine residues increased when compared to the
mesophilic homologs. Amino acid changes which would indicate the propensity for function

at higher temperatures includes a decrease in aanine, aspartic acid, glycine and threonine,
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and an increased, or similar percentage of, lysine, leucine, glutamic acid, proline and

asparagine residues, when compared to mesophilic homologs (Table 4.3.1.6).

Table 4.3.1.6: Amino acid composition calculated in ProtParam (Expasy) for DEaseV and four
mesophilic homologs. FADX91: Beta-lactamase (Pseudomonas mendocina); F6ABP2: Beta-
lactamase (Pseudomonas fulva); Q5K6J9: Esterase (Pseudomonas fluorescens); F2K8N1:

Esterase |11 (Pseudomonas brassicacearum).

DEaseV F4DX91 F6ABP2 Q5K 6J9 F2K8N1
Ala 10.24 13.39 13.39 13.39 13.65
Cys 131 157 157 131 131
Asp 4.99 7.87 551 5.25 5.25
Glu 6.56 4.2 6.3 6.56 577
Phe 2.89 4.46 4.72 3.94 4.2
Gly 9.19 10.76 10.76 10.24 10.5
His 2.36 2.36 2.36 2.89 3.15
lle 3.15 3.67 2.89 2.10 2.62
Lys 2.89 3.15 3.15 2.36 2.36
Leu 12.07 10.76 10.24 12.07 11.55
M et 472 3.15 3.15 2.1 2.36
Asn 2.36 2.62 2.89 2.1 2.62
Pro 5.25 4.72 551 551 551
Gln 5.25 3.94 3.67 3.94 4.99
Arg 5.25 6.04 5.77 6.3 577
Ser 6.3 4.72 2.89 341 2.89
Thr 4.72 3.94 6.3 7.35 6.56
Val 6.82 4.72 5.25 4.99 4.72
Trp 21 21 21 21 21
Tyr 157 1.84 157 21 2.1
GRAVY -0.064 -0.111 -0.127 -0.160 -0.154
Al 89.40 83.39 79.79 83.12 82.62

The aiphatic index (Ai) of a protein is defined as the relative volume occupied by aliphatic
side chains (alanine, valine, isoleucine, and leucine) (Sleator and Walsh, 2010). Thisvalueis
generally correlated to protein thermostability (lkai, 1980). High Ai vaues (>80) may
indicate that the proteins are active over a wide range of temperatures. All three lipolytic

enzymes investigated in this study show Ai values >85. This may indicate an adaptive feature
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for survival in environments where temperature fluctuations are prevalent, such as the

Antarctic Dry Valley soils.

While comparative analysis may generate interesting trends, the data may not always be
indicative of psychrophilicity. In this study, comparative analysis based on sequence shows
that both DEasel and DEaseV would most likely be classified as psychro-tolerant proteins,
while DEasell is most likely to be atruly psychrophilic enzyme. Clearly, this property should
be validated by functional characterisation of individual enzymes. However, results from this
analysis must be interpreted with caution as these trends are general observations and it is
highly likely that even closely related protein families will not exhibit the same sequence

modifications, nor will psychrophilic proteins exhibit all of the characteristics described.

4.3.2 Cloning of lipolytic genes
In order to confirm retention of the hydrolytic activity initially observed, fosmids were

individually transformed into the Epi300 E. coli host and screened for tributyrin hydrolysing
activity at 4 °C. All sequenced clones retained the lipolytic activity thereby confirming that
activity was linked to the fosmid and each cloned insert rather than an artifactual activity of

the E. coli heterologous host.

Three ORF’s with homology to lipolytic genes occurred in fosmid LD4, two of which
(DEaselV and DEaseV 1) were annotated as metallophosphoesterases (MPE’s) while the third
ORF showed homology to Lip2 from Moraxella TA144. Metalophosphoesterases (E.C.
3.6.1.53) belong to the calcineurin-like phosphoesterase superfamily (Pfam 00149), which
contain two well characterised enzyme groups (monophosphoesterases and
diphosphoesterases) which are involved in a wide variety of cellular functions including
metabolic and regulatory pathways (Aravind and Koonin, 1998; Koonin, 1994). Members of

this superfamily display a conserved GD/GNH signature in a structural B-a-f-o-p fold and
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therefore may retain some similarity in their reaction mechanism (Koonin, 1994). Substrate
targets for these enzymes include phosphorylated serine and threonine residues in proteins,
polynucleotides, various phosphoesters and phospholipids (Koonin, 1994). Although many
MPE’s have been biochemically characterised, no natural biological substrates have been
identified for many of these enzymes (Tyagi et al., 2009). Although no reports of tributyrin
hydrolysis catalysed by MPE’s currently exist in literature, the possibility of novel functions
conferred by this large and diverse group of proteins cannot be overlooked. The possibility
that either DEaselV or DEaseVI| may form zones of hydrolysis on lipid containing agar plates
in this study required further investigation. Transposon mutagenesis was utilised to identify
the ORF linked to hydrolytic activity (Figure 4.3.2.1). All knock out mutants selected for
sequencing showed that transposon insertion in the gene sequence for DEasell was
responsible for the loss of activity hence demonstration that in this study, both DEaselV and
DEaseV1 accorded with the conventional characteristics of MPE’s i.e. they did not possess
tributyrin hydrolysing activity. However, in order to support the results obtained from

random mutagenesis studies, DEaselV was included in further sub cloning experiments.

Knock-out mutant

Colony retaining function

Figure 4.3.2.1: Functional screening of knock-out clones generated by transposon
mutagenesis of clone LD4. Zones of clearing around colonies indicate retention of
function while colonies with no zones are most likely mutated in the gene (s) responsible

for tributyrin hydrolysis.
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Figure 4.3.2.2: PCR amplification of the 950 bp DEasel gene product from clone LD7
using specific primer pairs. Lane 1) GeneRuler 1 kb plus™ DNA molecular mass
marker (Fermentas). Lane 2 - 4) Amplicons of DEasel. Lane 5) Negative control. Lane
6) Reverse primer control. Lane 7) Forward primer control. Lane 8) Control reaction

using E. coli genomic DNA.

1.5kb

1.2 kb
1 kb

Figure 4.3.2.3: PCR amplification of the 1.3 kb DEasell gene product from clone LD4
using specific primer pairs. Lane 1) GeneRuler 1 kb plus™ DNA molecular mass
marker (Fermentas). Lane 3) Amplicon of DEasell . Lane 4) Negative control. Lane 5)
Reverse primer control. Lane 6) Forward primer control. Lane 7) Control reaction

using E. coli genomic DNA.

122 |Page



Chapter 4: From genetic potential to function — Lipolytic genes.

Figure 4.3.2.4: PCR amplification of the 1.07 kb DEasel V gene product from clone LD4
using specific primer pairs. Lane 1) 1 kb DNA molecular mass marker (NEB). Lane 2 -
4) Positive reactions. Lane 5) Negative control. Lane 6) Reverse primer control. Lane 7)

Forward primer control. Lane 8) Control reaction using E. coli genomic DNA.

1.5kb

1.2 kb
1 kb

0.5kb

Figure 4.3.2.5. PCR amplification of the 1.15 kb DEaseV gene product from clone LD13
using specific primer pairs. Lane 1) GeneRuler 1 kb plus™ DNA molecular mass
marker (Fermentas). Lane 2 - 5) Amplicons of DEaseV. Lane 6) Negative control. Lane
7) Reverse primer control. Lane 8) Forward primer control. Lane 9) Control reaction

using E. coli genomic DNA.
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1kb

Figure 4.3.2.6. Colony PCR of randomly selected DEasel V-pET28a clones and pET28a
parental vector containing clones. Lanes 1 and 13) GeneRuler 1 kb plus™ DNA
molecular mass marker (Fermentas). Lane 2 — 12) Randomly selected DEasel V-pET 28a
clones with amplified gene product of interest from clone 8. Lane 14 and 15) pET28a
parental vector containing clone. Lane 16) Negative control. Lane 17) Reverse primer

control. Lane 18) Forward primer control.

Putative N-terminal signal peptide scores were only significant in DEasel, an enzyme which
most likely originated from a Gram negative organism. The lower SignalP score for DEasel |
indicated that a signal sequence was unlikely to occur on the N-terminus of this gene.
However, DEasell was cloned into the same vector system as DEasel (pET21a) in order to
prevent possible difficulties in purification due to an N-terminal cleavage event. No signal
peptides were detected in genes DEaselV or DEaseV, and these were cloned into the pET28a
and pCold vectors systems, respectively. In the case of DEasel, DEasell and DEaseV,
successful ligation into the vector systems was observed by subsequent transformation of
GeneHog E. coli strains and hydrolytic activity of transformants on tributyrin agar.
Successful cloning of DEaselV was confirmed by alkaline lysis plasmid extraction of random
transformants followed by restriction digest analysis. The inability of insert containing clones
to hydrolyse tributyrin further confirmed the transposon mutagenesis studies and eliminated a
possible novel function for this enzyme. Both gene orientation and sequence were confirmed

by sequencing plasmids extracted from the positive clones. In addition, the retention of
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hydrolytic activity in subclones also indicated that the ORF predictions were accurate in
terms of gene size, orientation and sequence (Figure 4.3.2.7). Based on the rare codon

anaysis, plasmids extracted from the verified clones (excluding DEaselV) were used

separately to transform the Rosetta (DE3) pLYysS E. coli expression host.

Figure 4.3.2.7 Zones of hydrolysis surrounding colonies following the screening of
transformants on tributyrin agar. DEasel .21S is shown on the left while DEasel 1.21S is

on theright.

4.3.3 Protein expression and purification
Two enzymes were the focus of further study; DEasel and DEasell. Although DEaseV

showed tributyrin hydrolysing activity, both DEasel and DEasell showed greater sequence
novelty. Furthermore, the two genes occurred on different fosmid clones and clustered in the
same HSL lipolytic family, but appeared to be distinct from each other in terms of structure
and host organism. DEasel most likely originates from a Gram + psychrotrophic
microorganism (Actinobacterium) while the likely origin of DEasell is a Gram — microbe

considered to be atrue psychrophile (Psychrobacter) [ See Chapter 3].

DEasel.21S, DEasell.21S and the pET21a parental vector were transformed into the Rosetta
(DE3) pLysS expression host. Small scale expression studies performed at 16 °C and

analysed by SDS-PAGE showed that DEasel was overexpressed in the soluble fraction after
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induction with 0.4 mM IPTG (Figure 4.3.3.1). Attempts to optimise expression of DEasell
using a variety of IPTG concentrations (0.4 mM, 0.8 mM, 1.0 mM, 1.2 mM and 2 mM) did
not result in overexpression of the expected 52 kDa band of interest, prompting the use of a
different approach. During functional screening, DEasell transformants formed zones of
clearance around the colonies after a three day incubation at 4 °C in comparison to the
overnight incubation of DEasel at this temperature. If DEasell was indeed a truly
psychrophilic enzyme, the temperature and time of incubation may play a critical role in
protein overexpression. To test this, DEasell cultures were induced with 0.8 mM IPTG and
grown at 16 °C for two days followed by further 2 day incubation at 4 °C. Analysis of the
resultant protein fractions revealed the presence of a dlightly overexpressed protein band of
the expected size in the soluble fraction of clarified preparations. This experimental
procedure was repeated and the parental vector control was included. SDS-PAGE analysis

again revealed the protein band of interest (Figure 4.3.3.2).

75 kDa
55 kDa

Putative DEasel
35 kDa €— ~ 34 kDa

Figure 4.3.3.1: SDS-PAGE analysis of the protein expression profile of DEasel -pET21a
vs. pET21a parental vector, both in Rosetta (DE3) pLysS. An over expressed band in the
expected size range calculated for DEasel isindicated. Lane 1) PageRuler™ Prestained

protein marker. Lane 2) Induced insoluble fraction (0.4 mM IPTG) of pET21a vector
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control. Lane 3) Induced soluble fraction (0.4 mM IPTG) of pET?2la vector control.
Lane 4) Extracellular TCA precipitated fraction from DEasel. Lane 5) Induced
insoluble fraction (0.4 mM IPTG) of DEasel. Lane 6) Induced soluble fraction (0.4 mM

IPTG) of DEasel.
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Figure4.3.3.2. SDS-PAGE analysis of the protein expression profile of DEasel |-pET21a
vs. pET21a parental vector, both in Rosetta (DE3) pLysS. An overexpressed band in the
expected sizerange calculated for DEasell isindicated. Lane 1) PageRuler™ prestained
protein marker. Lane 2) Extracellular TCA precipitated fraction from DEasell. Lane 3)
Induced soluble fraction (0.8 mM IPTG) of DEasell. Lane 4) Induced insoluble fraction

(0.8 MM IPTG) of DEasell.

Purification strategies for lipolytic proteins are generally multi-step processes. No standard
protocol exists and strategies must be designed for each individual protein target.
Additionally, attempts to purify lipases from cold adapted microorganisms tend to be

unsuccessful due to a strong association of enzymes with lipopolysaccharides produced by
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the microorganisms. Some strategies have involved pre-purification steps whereby proteins
are precipitated using ammonium sulphate or ethanol followed by further purification using
chromatography techniques. lon exchange chromatography is the most commonly used
method and has been successfully employed for purification of the lipases from Pyrobaculum
calidifontis, Pichia burtoni and Proteus vulgaris (Sharma et al., 2002). Histidine affinity
purification is also utilised for the one-step purification of lipolytic enzymes such as Lipol
(Roh and Villatte, 2008), EStMY (JunGang et al., 2010), EstPS2 (Bunterngsock et al., 2010),

EStA (Soror et al., 2009) and EStEL (Rhee et al., 2005).

The prepared soluble extracts from DEasel and DEasell were subjected to metal affinity
purification. In the case of DEasel, construction of the appropriate His-tagged fusion protein
allowed for one-step purification of the enzyme following protein overexpression. DEasel
was eluted with 250 mM imidazole and analysis by SDS-PAGE reveaed a single band of
~34 kDa, the expected size of the enzyme monomer (Figure 4.3.3.3). Experiments were
repeated in triplicate with successful recovery of the protein in all cases. Dialysed fractions of
DEasel were quantified and the protein concentrations for the first and second expression and

purification experiments were 0.17 mg/ml and 0.07 mg/ml respectively.

Attempts to purify DEasell, however, were not as simple. Although imidazole concentrations
of the various buffers were changed, DEasell continuously appeared in the wash fractions of
His-affinity purification. This indicated that DEasell bound to the column with very low
affinity. Production of lipases is highly influenced by physicochemica factors such as pH,
N- and C- sources, temperature and nutritional factors (Joseph et al., 2008; Gupta et al,
2004). As previously mentioned, the homology model of DEasell (Figure 4.3.1.9) reveded a
unique B-sheet extension originating from residues 289-315, approximately 10 residues from
the catalytic serine (towards the C-terminal). Domain insertions may shape the substrate

binding sites and may even be large enough to sea off the catalytic cavity (Nardini and
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Dijkstra, 1999). Although the hexahistidine residues on the C-terminus of the protein do not
appear to be buried within the molecule, possible movement of the central extension may
mimic a movable lid and perhaps limit exposure of the tag to the column. If the use of lipid
based carbon sources could induce lipase production, perhaps something similar could be
utilised in this study to induce a conformational change in DEasell structure, thereby creating
an ‘open’ conformation, greater access of the tag and therefore higher binding capacity to the
affinity column. For example, co-crystalisation of the P. aeruginosa PAOL lipase (PAL)
with the covaently bound substrate analog showed the cap domain (residues 109 — 163,
forming 4 a-helices) in an open conformation providing substrate and solvent access to the
active site (Nardini, 2000). In order to test this hypothesis, a liquid emulsion of tributyrin and
gum arabic was prepared and added to the soluble extracts obtained for DEasell. Following a
half hour incubation at 4 °C, the extract was loaded onto the affinity column. Protein was
eluted in buffer containing 500 mM imidazole and SDS-PAGE analysis reveadled a single
protein band of ~52 kDa, which corresponds to the size expected for DEasell (Figure
4.3.3.4). The dialysed fraction was quantified and protein concentration determined to be 0.4

mg/ml. Proteins were stored at 4 °C until further analysis.
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DEasel
~34 kDa

Figure 4.3.3.3: SDS-PAGE analysis of affinity purification for DEasel. Lane 1)

PageRuler™ Prestained protein marker (Fermentas). Lane 2) DEasel flow through

fraction. Lane 3) DEasel binding fraction. Lane 4) DEasel wash fraction. Lane 5 and 6)

DEasel €utefractions.
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DEasell
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Figure 4.3.3.4. SDS-PAGE analysis of affinity purification for DEasell. Lane 1)

PageRuler™ Prestained protein marker (Fermentas). Lane 2) DEasell flow through
fraction. Lane 3) DEasell binding fraction. Lane 4) DEasell wash fraction. Lane 5)

DEasel | dutefraction.
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4.3.4 Characterisation using p-Nitrophenyl Ester substrates

The most commonly used enzymatic method for the characterisation of lipolytic enzymes
involves monitoring the hydrolysis of para-Nitrophenyl ester substrates of varying chain
lengths at 405 nm (Winkler and Stuckman, 1979; Gupta et al, 2002). Esterases tend to follow
Michaelis Menton kinetics, where activity is afunction of the substrate concentration and the

maximal rateis achieved at substrate saturation.

In the case of DEasell, kinetic characterisation using these substrates could not be achieved
as the reaction rates were too slow for accurate analysis. Visual comparisons using p-NP
decanoate, to control reactions containing no enzyme could be made only after an incubation
periods of 12 hours. Additionally, these observations had to be made with long chain fatty
acid substrates which do not undergo spontaneous non-enzymatic hydrolysis. Although
DEasell does show activity on the long chain molecules, lipase-like activity could not be
confirmed. It is therefore apparent that the p-NP ester substrates are not the natural substrates

for this enzyme and are not suitable for characterisation.

DEasel was successfully characterised with regards to substrate preference, temperature and
pH optima, thermal liability and tolerance to sodium chloride, using the p-NP esters. DEasel
showed a preference for short- to medium- chain fatty acid esters. No activity was detected
on substrates with chain length longer than C10, clearly indicating that DEasel is a carboxyl
esterase. The substrate preference is comparable to other members of the HSL family which
show specificity towards C2, C4, C6 and C8 substrates (Virk et al., 2011; Bunterngsock et

al., 2010; Roh and Villatte, 2008; JunGang et al., 2010; Kim et al., 2005).
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Figure4.3.4.1: Activity of DEasel towards p-nitrophenyl esters of varying chain lengths.
Activity against pNP- propionate was taken as 100 %. All substrates were tested at 25

°C in sodium phosphate buffer (pH7.5).

For all the substrates tested, the rate of formation of p-Nitrophenol was directly proportiona
to the amount of enzyme used in the assays. Additionally, there was a hyperbolic dependence
of the rate on substrate concentration. Controls showed no appreciable activity towards any
substrates tested. Data from the assays were analysed using the Graphpad Prism software and
the Ky of DEasel was determined to be 0.1245 mM for p-NP propionate, while the specific
activity was 85.3 pmol.min.mg™. The ke of DEasel was 48 s™. Lipolytic enzymes from the
HSL family demonstrate a wide range of substrate specificities, generally on short to medium
chain fatty acid esters. The substrate preference of DEasel compares well to other enzymes of
this family; EstPc showed the highest activity on C6 and was also able to hydrolyse tert-butyl
acetate (Hotta et al, 2002), SshEStI catalysed C4 with greatest efficiency (Ejimaet al., 2001),

as did EstPS2 (Bunterngsock et al., 2010), Lipol (Roh and Villatte, 2008), the homotrimer

132|Page



Chapter 4: From genetic potential to function — Lipolytic genes.

REst1 (Virk et al., 2011) and crude extracts of Lip2 from Moraxellaspp TA144 (Choo et al.,
1998). LipP, a cold adapted enzyme from the psychrophilic Pseudomonas catalysed C6 with
high affinity. Other enzymes such as EStMY (JanGang et al., 2010) showed greatest activity
on C8. Furthermore, the specific activity of DEasel also compares well with other family IV
esterase and lipase members such as Est25 [63.7 U/mg] (Kim et al., 2005), Lipol [150

U/mg] (Roh and Villatte, 2008), EstPS2 [128 U/mg] (Bunterngsock et al., 2010) and

EStAT11[59.8 U/mg] (Jeon et al., 2009).

0.25=

=
e
=
o)
=
[
k]
= Best-fit values
2 Vmax 0.2509
2 Km 0.1245
& Std. Error
Vmax 0.01097
Km 0.01771
95% Confidence Intervals
Vmax 0.2279 to 0.2738
Km 0.08745 to 0.1616
0.00 T T T T L) 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Substr ate concentr ation (mM)

133|Page



Reaction rate (AU/min)

Reaction rate (AU/min)

Chapter 4: From genetic potential to function — Lipolytic genes.

0.059
Best-fit values
Vmax 0.05301
Km 0.1648
Std. Error
Vmax 0.004664
Km 0.04753
95% Confidence Intervals
Vmax 0.04325 to 0.06278
Km 0.06534 to 0.2643

OO L L L] L] L L

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Substr ate concentration (mM)
0.089

Best-fit values

Vmax 0.07137
Km 0.07486
Std. Error

Vmax 0.001123
Km 0.004338

95% Confidence Intervals

Vmax

0.06905 to 0.07368

Km

0.06592 to 0.08379

0.0 T
0.00

L) L] L]
0.50 0.75 1.00
Substr ate concentr ation (mM)

1.25 1.50

Figure4.3.4.2 : MichaelisMenten non-linear regression curve analysisfor DEasel on A]
C3 (p-nitrophenyl propionate) B] C2 (p-nitrophenyl acetate) and C] C8 (p-nitrophenyl

octanoate). Graphswer e constructed using the Graphpad prism software.
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Table 4.3.4.1: Kinetic parameters determined for DEasel on 0.5 mM substrate at 25 °C in

sodium phosphate buffer (pH 7.5).

Substrate K, (mM) Vis(Uma) ke (5D KealKp(mM7sY
C2 0.168 + 0.048 22.4 13 77.2

C3 0.125+ 0.018 85.3 48 385.5

C8 0.075 + 0.001 31.44 18 240

The pH optimum for DEasel was determined using p-nitrophenyl octanoate as substrate due
to non-enzymatic hydrolysis of short chain ester substrates at acidic and alkaline pH values.
A pH optima of 8.5 and a temperature optimum of 25 °C was observed for DEasel (Figures
4.3.4.3 and 4.3.4.4). Abiotic conditions experienced by microbes inhabiting the Dry Valley
soils of Antarctica include high sat, low temperature and an akaline pH (Baks and
Campbell, 2001). As such, the results obtained for temperature optima, pH optima and the
effect of varying salt concentrations on enzyme activity were expected. Thermal stability
assays were conducted at 16, 25, 35 and 45 °C, and indicated a short half-life of 15 minutes
for DEasel at 25 °C (Figure 4.3.4.5). No enzymatic activity was observed following
incubation of the enzyme for 15 minutes at 45 °C, indicating that DEasel is sensitive to
thermal inactivation. The results for DEasel are in agreement with those obtained for other
cold-adapted HSL enzymes. Lipolytic enzymes such as HI1Lipl and PsyEst are also
extremely temperature sensitive. The temperature optimum for H1Lipl was 35 °C but the
enzyme was unstable at 25 °C and rapidly inactivated at 5 °C above the optimum (Hardeman
and §j6ling, 2007). PsyEst from Psychrobacter ANT300 also had a temperature optimum of

35 °C and a half-life of 15 minutes at 5 °C above the optimum (Kulakovaa et al., 2004).
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Figure 4.3.4.3. The pH optima for DEasel. The use of different buffers made no
difference to the activity measured at an overlapping pH. Activity is expressed as a

per centage relative to the standard assay conditions at 25 °C using p-NP propionate as

substrate.
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Figure 4.3.4.4. The temperature optima of DEasel. The activity is expressed as a

per centage relative to the standar d assay conditionsin sodium phosphate buffer (pH7.5)

using p-NP propionate as substrate.
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Figure 4.3.4.5: The thermal inactivation profile of DEasel at 16 °C (¢), 25 °C (m), 35 °C
(A) and 45 °C (X). Activity is expressed as a percentage relative to time zero in the

standard assay at 25 °C, towar ds pNP-propionate.

In order to determine possible effects of high solute concentrations, varying concentrations of
NaCl were added to buffers and the effect on enzyme activity was examined (Figure 4.3.4.6).
DEasel retained 50 % of activity at 1 M NaCl with only 20 % residual activity at 4 M NaCl.
To the author’s knowledge, there are no reports which demonstrate the effect of sodium
chloride on lipolytic enzyme activity. Table 4.3.5.1 summarises the experimental procedure

followed for each enzyme in this study.
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Figure 4.3.4.6. The effect of varying concentrations of NaCl in the used in the sodium
phosphate assay buffer towards DEasel. The activity is expressed as a percentage

relative to the standard assay conditionsat 25 °C using p-NP propionate as substr ate.

4.3.5FPLC analysis

Following size exclusion chromatography of the protein standards, the retention time
obtained for DEasel indicated that the enzyme formed a dimer in solution (Figure 4.3.5.1).
There are severa reports of multimeric proteins in the HSL family. Protein subunits of the
lipolytic enzyme, AFEST, interact via salt bridges, hydrogen bonds and van der Waals forces
to form dimers, but it is reported to be active as a monomer (De Simone et al., 2001; Manco
et al., 2002). Similarly, SshEstl from Qulfolobus shibatae forms both dimers and trimers in
solution (Ejima et al., 2001) and EstPc from P. calidifontis is active as a trimer (Hotta et al,
2002). It must, however, be noted that all the above mentioned enzymes are from

hyperthermophilic sources. In the case of DEasel, it was interesting to observe possible
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dimerization for a cold-adapted enzyme. However, dimerization may be not functionaly
significant if both active sites are fully accessible to substrate, as is the case with BFAE, the
Brefeldin A esterase from B. subtilis (Wel et al., 1999). Dimer formation may therefore be
expected to decrease the structural plasticity, and exposure to cold temperatures tends to give
rise to dissociation of multimeric proteins (Gerday et al., 1997; Privalov and Makhatadze,
1990). However, salt bridges do not need to be completely absent in order for cold adaptation
to occur in proteins. When the cold adapted lipase of P. glumae was compared to a
mesophilic enzyme from Xanthobacter autotrophicus, it was observed that two of the four
salt bridges were no longer present in the psychrophilic enzyme, thereby increasing the
flexibility of the active site (Gerday et al., 1997). In addition, cold denaturation may not
occur in some proteins; for instance, denaturation was not observed in the psychrophilic

lactate dehydrogenase, as well as some other proteins (Privalov, 1990).
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Figure 4.3.5.1: Graph of size exclusion FPLC of IMAC purified fractions of DEasel in
50 mM TrisHCI (pH 7.5) and 400 mM NaCl. The blue line indicates the UV peak. X-
Axis measurementsarein ml (with fractions collected every 1 ml volume). Theretention

times and corresponding molecular mass estimates ar e indicated.
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Table 4.3.5.1: Summary of experimental work performed on putative lipolytic enzymesin this

study. Brackets highlight the main reason for discontinuing further study on a particular

enzyme.
DEasel DEasel| DEaselV DEaseV DEaseVI
Fosmid clone LD7 LD4 LD4 LD13 LD4
ORF designation 70RF28 40RF5 40RF3 130RF9 40RF4
Sub-cloning MES YES YES YES NO
successful
Tributyrin hydrolysis YES YES NO YES NO
following sub-cloning (MPE (MPE
enzymes do enzymes do
not hydrolyse not hydrolyse
tributyrin) tributyrin)
Protein expression YES YES NO NO NO
(No
comparison to
additional
family VIII
esterasein
this study)
Kinetic YES NO NO NO NO
characterisation (p-NP esters
not the
natural
substrate)
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4.4 Conclusion and future consider ations

This study shows the value of metagenomics coupled to next generation sequencing
technology for the identification of novel enzymes with functiona characteristics.
Bioinformatic analysis allowed for the accurate prediction of putative lipolytic genes in three
sequenced fosmids. Predictions were verified by sub-cloning the respective genes and
observing retention of functional lipolytic activity. In DEasell, homology modelling revealed
an interesting structural modification consisting of two anti-parallel B- sheets. In the case of
AFL (Archeoglobus fulgidus lipase), it was noted that the C-terminal - barrel domain was
essential for binding long chain fatty acid substrates. This domain interacted with the N-
terminal lid and assisted in protein stability at high temperatures (90 °C) and alkaline pH (pH
10-11) as well as influencing the enzymes catalytic efficiency (Rusnak et al., 2005). As is
often the case for an enzyme from a psychrophilic environment, heat inactivation occurs
rapidly; perhaps the unusual extension of DEasell offers protection from such temperature
fluctuations that take place in the summer months on the Antarctic continent. The inserted
domain in DEasell may aso be responsible for its substrate specificity, as is the case for

PAF-AH’s of Family 111 (Arpigny and Jaeger, 1999).

DEasel was purified to homogeneity using one-step affinity chromatography. The enzyme
was successfully characterised using the p-nitrophenyl ester substrates. Enrichment of the
esterase/lipase enzyme pool could possibly be an immediate source of genetically modified
enzymes which may be optimised for industrial application by directed evolution studies.
This enzyme could therefore also be accessed for possible industrial application, particularly
for resolution of heat-labile racemic mixtures or in bioremediation schemes. For example;
Jeon et al (2009) characterised two cold-adapted metagenome derived esterases and the

ability to hydrolyse racemic ofloxacin esters was investigated. Both EstAtl and EstAtll
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belonged to the HSL family of lipases and esterases and EstAtll hydrolysed the (S)-
ofloxacin butyl ester with enantiomeric excess of 70.3 % (Jeon et al., 2009). Similarly, the
family 1V esterase Est25 was capable of hydrolysing racemic (R, S) - ketoprofen ethyl ester

with a preference toward the (R) — ketoprofen enantiomer (Kim et al., 2005).

A solved crystal structure of DEasell could highlight interesting modifications for this group
of proteins, particularly with respect to the unique -sheet extension observed in this enzyme.
Furthermore, both enzymes may be excellent candidates for structural comparison studies to

corresponding mesophilic and thermophilic homol ogs.

In addition, future studies should include the expression, purification and characterisation of
DEaselV and DEaseV. One candidate artificia substrate to determine possible
phosphodiesterase activity of DEaselV would be bis-nitrophenylphosphate. DEaseV could
exhibit promiscuous activity and should be analysed for esterase activity using p-nitrophenyl

esters and - lactamase activity using B-lactam drugs.
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5.1 Introduction
Organisms living in natural environments are subject to multiple simultaneous abiotic stress

conditions. Organisms experiencing the influence of abiotic stress on natural selection and
fitness to the greatest degree live in environments where the conditions exceed the ranges
required for normal growth and development (Roelofs et al., 2008). The Antarctic Dry Valley
soils are considered to be the most extreme xerophytic environments on Earth and the
microbial communities inhabiting these soils have adapted diverse mechanisms to cope with
extremely low temperatures, low nutrient availability and elevated levels of oxidative stress.
In these sandy gravel sediments, the water potential is decreased even further due to high
levels of mineral salts, which result when the effects of evaporation exceeds that of leaching

(Potts, 1994; Mahagjan and Tutegja, 2005).

5.1.1 Desiccation stress
Water molecules are critical components of living systems. Accordingly, low water potential

is considered to be the most life threatening abiotic stress as it negatively affects al
biological functions (Krisko et al., 2010). Water potential is required to confer structural
order to cells, stabilise proteins, lipids and nucleic acids, as well as for the establishment of a
cellular microenvironment in which vital metabolic systems and chemical reactions are
maintained (Billi and Potts, 2002; Potts, 1994). The scarcity of free water is, however, not the
only danger associated with arid conditions. Hypo-osmotic shock, which is caused by sudden
rehydration events, results in cell bursting or plasmolysis (Csonka, 1989). In addition, cold
and desiccation are invariably linked. A droplet of water entering the gaseous phase from the
liquid state is accompanied by a decrease in enthalpy, whereby bacterial cells that are

exposed to air-drying conditions will also experience rapid cooling (Potts, 1994).
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There are several changes associated with hyper-osmotic shock and the instant efflux of
water out of cells, including cell shrinkage, changes in cell shape, colour and texture, an
increase in intracellular salt concentration and cellular viscosity, and macromolecular
crowding (Potts et al., 2005; Krisko et al., 2010; Csonka, 1989). An increase in the phase
transition temperature occurs upon dehydration of phospholipid membranes due to increased
van der Waals interactions between adjacent lipids. This results in decreased flexibility of
cellular membranes, which is particularly unfavourable in cold environments where
membrane plasticity is essentia for growth (Potts, 1994). In addition, Maillard reactions
occur in sugars and amino acid-containing molecules and therefore cause modification of
proteins and nucleic acids. Haber-Weiss and Fenton reactions cause an accumulation of
reactive oxygen species and free radicals, resulting in the oxidation and de-esterification of
lipids (Mahgjan and Tutga, 2005). In addition, changes in enzyme conformation and/ or
electron transport chains caused by protein dehydration also leads to the accumulation of
reactive oxygen species. Thisin turn causes further peroxidation of lipids and proteins as well
as DNA damage (Potts, 1994). Extensive DNA mutations by chemical modification such as
acylation and depurination, and protein denaturation eventually lead to cell death (Potts et al.,

2005).

Desiccation can influence the structure of proteins, and consequently affects function. For
example; proteins subjected to low water concentrations undergo re-ordering of disulphides
and side chains, thereby preventing changes in the protein backbone which ultimately leads to
rigid conformations (Potts, 1994). The effects of desiccation are clearly as detrimental to
cellular functions as extreme low temperatures. In combination, low relative humidity and
low temperature are possibly the most unfavourable conditions for life in any given

environment.
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5.1.2 Desiccation survival strategies
Drought tolerance is an important element of the survival of organisms in environments with

low water availability while maintaining high internal water concentrations (Berjak, 2006). A
drought tolerant organism must therefore also be desiccation tolerant in order to survive the
loss of intracellular water. In addition, desiccation tolerance is not simply the ability to
survive extreme water loss, but implies continued survival for an extended period of time
with the capacity for rehydration, i.e. dormancy (Berjak, 2006). This property allows for
increased fitness and the ability to proliferate in ecological niches, and has evolved in a
diverse number of taxa including nematodes, yeast cells and fungi, higher and lower plants
and tardigrades, bdelloid rotifers, bacteria and archaea (Krisko et al., 2010). Interestingly,
emerging evidence shows similar mechanisms of desiccation tolerance irrespective of

taxonomic classification (Berjak, 2006).

Under low water conditions desiccation tolerant organisms may enter a dormant state known
as anhydrobiosis. They do not grow, as residual water is so low (approximately 0.02 grams of
water per gram of cell weight) that a monolayer around macromolecules cannot be
maintained. However, anhydrobiotic cells may rapidly regain metabolic activity as soon as
water becomes available (Billi and Potts, 2002; Potts et al., 2005). Generally, water
deficiency experienced by anydrobiotic cells is considerably higher than that imposed on

vegetative cells, even for extreme halophiles (Billi and Potts, 2002).

In prokaryotes, desiccation tolerance is generally attributed to the ability of the
microorganisms to efficiently repair DNA damage, scavenge free radicals and accumulate
high levels of compatible solutes (Krisko et al., 2010). There are two types of proteins which
may be upregulated in response to drought stress, including those involved in a direct

pathway for combatting stress, such as Heat Shock Proteins, transporters and
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osmoprotectants, and those involved in regulatory processes, such as transcription factors,

signalling proteins and kinases (Roelofs et al., 2008).

5.1.2.1 Compatible solutes
In general, cells maintain a higher internal solute level than that found in the surrounding

environment (Kempf and Bremer, 1998). Maintaining positive turgor pressure across the
semi-permeable membrane is a vital mechanism for coping with fluctuating osmolarity and
water availability in the external milieu. In microorganisms, turgor pressure is adjusted
accordingly by controlling the amount of osmotically active solutes in the cytoplasm (Kempf
and Bremer, 1998). Another mechanism employed by some bacteria to tolerate hypo- and
hyper- osmotic shock is the production of various extracellular polysaccharides (Potts, 1994;
Billi and Potts, 2002). For example; in Nostoc commune, glycan is produced in large
guantities. This is believed to provide a matrix which may maintain proteins related to water
stress in an active state. Chroococcidiopsis, an Antarctic cyanobacterium, has aso been
shown to produce thick, multi-layered cell envelopes, and in Deinococcus radiodurans genes
encoding surface structure proteins are overexpressed in response to desiccation (Billi and

Potts, 2002).

Compatible solute accumulation decreases the water potentia within cells, thereby
preventing water loss into the environment, which would otherwise disrupt membrane
structure, protein activity and nucleic acid stability (Mahajan and Tutgja, 2005; Potts, 1994).
For example, potassium ions (K*) serve as amajor intracellular osmolyte for the maintenance
of turgor and accumulate to high levels in halophilic microorganisms in order to cope with
extreme extracellular salt concentration and osmotic pressure (Billi and Potts, 2002; Csonka,
1989). Similarly, intracellular levels of Mn (1) were shown to increase during radiation and
desiccation stress in D. radiodurans and, while insufficient to provide complete radiation and

desiccation tolerance, clearly contribute to the organisms survival by scavenging toxic

147 |Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

oxygen species (Potts et al., 2005). Accumulation of kosmotropes is a common adaptive
strategy to maintain osmotic balance, and is evident in a number of eukaryotes, as well as
prokaryotes (Billi and Potts, 2002; Kempf and Bremer, 1998). Further evidence for the
existence of common adaptive strategies across multiple taxa is the nature of the

osmoprotectants.

Osmoprotectants are water structure builders which are either synthesised de novo, or
imported into the cell from the environment (Kempf and Bremer, 1998; Potts, 1994). These
organic solvents, or their precursor molecules, enhance growth in hypertonic conditions by
counteracting the flow of water out of cells. These solutes may be sugars (trehalose and
sucrose), free amino acids (proline and glutamine), polyols (glycerol), quaternary amines
(Glycine betaine) and sulphate esters, and are generally highly soluble in water (Kempf and
Bremer, 1998; Potts, 1994; Csonka, 1989). Most do not carry a net charge at neutral pH and
can therefore accumulate to high levels as metabolically inactive compounds which do not
have a negative impact on cellular functions such as DNA replication and enzymatic
metabolism (Kempf and Bremer, 1998, Csonka, 1989). These solutes accumulate to molar
concentrations and lower osmotic potential, thereby restoring and maintaining cell turgor. In
addition, disaccharides, such as sucrose and trehalose, are believed to ‘hydrogen-bond’
membrane phospholipids and proteins which prevent changes in transition phases (Billi and

Potts, 2002).

The supply of compatible solutes in natural environments tends to be both variable and low.
These molecules cannot diffuse passively across cellular membranes; transporters are
required which exhibit high affinity for the substrates (Kempf and Bremer, 1998). In order to
take advantage of the range of solutesin any given environment, micro-organisms may utilise
several osmoprotectant transport systems, and the uptake and/ or synthesis of these

substances is a tightly regulated and controlled process. For instance; the presence of
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osmoprotectant molecules in growth medium will reduce the transcription of genes for the de
novo synthesis of the particular compound. Some examples of bacterial solute transporters
are provided in Table 5.1.3.1. The physiological and genetic responses of bacteria to
desiccation in terms of osmoprotectants and compatible solutes are extensively reviewed in

Csonka (1989) and Kempf and Bremer (1998).

Extensive studies relating to desiccation stress tolerance and / or adaptation in plant systems
have been conducted; however, literature on the bacterial mechanisms is sparse and focuses
mainly on the existence of compatible solutes in anhydrobiotic models (Potts, 1994; Roelofs
et al., 2008). Studies of stress adaptation mechanisms in D. radiodurans have shown that
mutations in genes for oxygen scavenging and DNA repair resulted in both radiation- and
desiccation- sensitive phenotypes, suggesting an overlap in the cellular response to both

ionising radiation and dehydration (Billi and Potts, 2002).

The recovery of vegetative prokaryotic cells from water deficit is clearly a multifunctiona
process, but very little is known regarding the molecular mechanisms employed. Due to the
varied affects that water deficit has on cellular processes, it is reasonable to assume that no
singular gene, or protein could offer complete protection from this stress, and that a number

of synergistic mechanisms could be employed.
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Table5.1.3.1: Examplesof transportersfor compatible solutesin bacteria

Organism Transporter Specificity
Salmonella typhimurium and ProP and ProU High affinity for glycine
E. cali betaine and proline betaine

Porins OmpC (Hypertonic stress)  Non-specific
and OmpF (Hypotonic stress)
Corynebacterium glutamicum BetP Glycine betaine

Bacillus subtilis Opu ABC Proline

5.1.2.2 Late embryogenesis abundant proteins
The accumulation of compatible solutes is not solely responsible for desiccation tolerance.

Studies in D. radiodurans have shown that 33 of the 72 genes upregulated during radiation
stress were also induced in cultures recovering from desiccation stress (Tanaka et al., 2004).
One particular group of proteins which are consistently upregulated during salt- and osmotic-
stress, and suggested to play a valuable role in desiccation tolerance in a variety of
organisms, are the Late Embryogenesis Abundant (LEA) proteins (Krisko et al., 2011;
Tolleter et al., 2010). LEA proteins were first described 30 years ago, associated with the late
stages of cotton seed development (Hundertmark et al., 2010) and are classified as

Intrinsically Disordered Proteins (IDP’s).

Intrinsically disordered proteins (IDP’s) defy the classical paradigm of structure- function in
proteins, as the functional state has no well-defined 3D structure. However, many IDP’s are
believed to ater secondary structure from a disordered state to a more structured one, upon
binding to target molecules (Hara, 2010). For example; in some cases, particularly for group
3 and 6 LEA proteins, secondary structure prediction programs do calculate a high degree of

folding, primarily into a-helices. Group 1 and 2 LEA proteins are predicted to contain a

150|Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

significantly higher proportion of unstructured loop regions compared to a- helices or (-

sheets (Wise and Tunnacliffe, 2004).

Disordered proteins are rich in polar and charged amino acid residues. They aso frequently
possess (30-40 amino acid) regions of low complexity (LC), regions with low Shannon
entropy, general structural disorder and do not form globular structures (Livernois et al.,
2009; Krisko et al., 2010). The advantages associated with structural disorder include
alternate conformations which rapidly interconvert allowing for multi-functionality and high
specificity with weak and reversible interaction (Tompa and Kovacs, 2010). IDP’s have been
implicated in a number of major biological roles including transcriptional regulation, fatty
acid synthesis, signal transduction and some molecular functions include roles as chaperones,
oxygen scavengers and effectors (Tompa and Kovacs, 2010; Livernois et al., 2009; Hara,
2010). These proteins have the unique ability to bind numerous target molecules such as
DNA, RNA and globular proteins (Hundertmark et al., 2010). The proteins of sporulating
bacteria, host associated microbes and halophillic bacteria and archaea, generally show an
abundance of unstructured, hydrophilic, low complexity regions (Krisko et al., 2010).
Deinnococcus radiodurans is the most radiation and desiccation tolerant microorganism
currently known and is considered the model organism for the study of resistance
mechanisms to these stresses. This microorganism contains a large proportion of proteins
containing long, hydrophilic, low complexity regions and these LC proteins, whose specific

function is known, are thought to be involved in desiccation tolerance (Krisko et al., 2010).

5.1.2.2.1 Sequence and classification of LEA proteins
LEA proteins are primarily found in seeds, pollens and anhydrobiotic plants, but are not

exclusive to them (Wise, 2002; Singh et al., 2005). Homologous genes have been found in
nematodes (C. elegans, Aphelenchus avenae) and bacteria (E.coli, B. subtilis, D. radiodurans

and H. influenzae). Although many of these proteins have no known function, those that have
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been characterised are generally associated with cellular recovery processes (Krisko et al.,
2010). LEA proteins are characterised by unusual amino acid compositions. They are
generdly rich in glycine (> 6 %) and small and/ or charged amino acid residues, and exhibit a
high overall hydrophobicity index (Garay-Arroyo et al., 2000; Wise and Tunnacliffe, 2004).
Flexibility is promoted by these residues and, with the exception of atypica hydrophobic
representatives, LEA proteins exist as random coils in solution (Olvera-Carillo et al., 2010).
These proteins tend to have a high content of amino acid which interacts with water, allowing
for scavenging of polar molecules, which in turn provides hydration potential in periods of

desiccation.

LEA proteins generally contain three signature motifs (Livernois et al., 2009; Tunnacliffe and

Wise, 2007);

1. The lysine rich K segment is approximately 15 amino acids in length and forms
amphipathic o-helices. This segment is thought to bind proteins and membranes
during stress.

2. The S-segment is serine rich and may possibly be a site for phosphorylation.

3. The Y-segment shares homology to plant and bacterial nucleic acid binding sites of

chaperones.

The organisation of LEA proteins into groups is generally based on sequence similarity to the
prototypical Gossypium hirsutum LEA (Wise, 2003). Two main criteria are used for grouping
LEA proteins. The first is based on conserved motifs and amino acid similarities, while the
second is based on the protein or oligonucleotide probability profile (POPP) which clusters
proteins based on over- or under- represented amino acid residues in the sequences (Shih et
al., 2008). In al LEA protein sequences, phenylaanine, tryptophan, cysteine, isoleucine,

leucine and asparagine are under-represented according to POPP classification (Wise, 2003).
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A number of different LEA clusters have been reported (Table 5.1.3.2), but a consensus only
exists for three; group 1 (D19), group 2 (D11) and group 3 (D7). The system used by Bray et
al (1993) also distinguishes three additional groups; group 4 (D113), group 5 (D29) and
group 6 (D34). There are two groups that do not feature in the Bray scheme but are
represented by Pfam families, Leab (D73, PF03242 LEA 3) and Leald (D95, PF03168
LEA_2).

Group 1

LEA proteinsin group 1 are highly hydrophilic and contain proteins from superfamily 4 and
6. Those clustered in superfamily 4 contain an increased percentage of charged amino acids.
POPP classification of Group 1 proteins shows an overrepresentation of arginine, glutamate
and glycine residues (Wise, 2003).

Group 2

Group 2 LEA proteins are split into two subgroups, subgroup 2a members are not
upregulated by cold and contain decreased helix content (Battaglia et al., 2008). Members of
subgroup 2b contain an increased proportion of loop regions and are induced by low
temperatures. Both subgroups are highly hydrophilic; containing a polyserine stutter and an
overrepresentation of histidine residues (Wise, 2003; Battaglia et al., 2008). Group 2 proteins

also contain both the Y -segment (DEY GNP) and the EEKK motif.

Group 3
LEA proteins in Group 3 are characterised by an overall under-representation of glycine

residues and over-representation of lysine and glutamate residues, as well as containing an
11-mer repeat. These proteins have a high helical content and, like subgroup 2b, are
upregulated by cold stress and aso contain a polyserine stutter (Wise, 2003; Battaglia et al.,

2008).
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Wise, Super -family Bies-Ethéveetal., Battaglia et al., Dure (1993) Bray, 1994 | Pfam Keywords*
2003 Cluster 2008 2008 (Number)
Group 1 4 1 1 D19 I LEA 5 Histone H4, nuclear binding protein
6 (PFO0477) RNA binding, gyrase
Group 2 1 2 2 D11 I Dehydrin ATP binding, repair, topoisomerase
(PF00257)
3 Coiled-coil, histone H1, chaperone
8 Topoisomerase, coiled-coil
9 Transcription inhibition, glycosyl hydrolase
10 nuclear binding protein, DNA binding, chaperone
Group 3 2 3 3A D7 11 LEA 4 Chaperone, filament, phosphorylation
(PF02987)
5 Coiled-coil, Histone H1, Hsp70
Group42?2 |1 4 4B D113 A LEA 1 ATP binding, repair, topoisomerase
(PF03760)
2 Chaperone, filament, phosphorylation
9 Transcription inhibition, glycosyl hydrolase
Group52 | 2 3 3B D29 V LEA 4 Chaperone, filament, phosphorylation
(PF02987)
Group 6 7 5 5A D34 VI SMP GroEL, histone H1, DNA binding
(PF04927)
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5B

5C

4A

6

D73

D95

*Keywords and phrases associated with POPP classification system

LEA_3
(PF03242)
LEA_2
(PF03168)
LEA_1
(PF03760)
LEA_6
(PF10714)

DNA binding, transcription regulation

Esterase, glycoprotein, chaperone

2 Group 4 proteins are redistributed into groups 2 and 3, while group 5 proteins are placed within group 3 according to Wise (2003)

- Groups not identified
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5.1.2.2.2 Atypical LEA proteins and the Water HYpersensitivity domain
Leald, Leab and group 6 LEA proteins al have average hydrophobicity scores and a lower

percentage of polar residues, and are therefore considered atypical. There are some
differences between these three groups but insufficient representative examples exist for
adequate classification rules to be established (Wise, 2003). The atypica LEA proteins are
unlike any other LEA proteins, not only in sequence but also in their biochemical properties;
in particular, they are more heat sensitive and appear to have a more defined tertiary structure

than LEA proteins belonging to other groups (Shih et al., 2008).

According to the POPP classification, Leald proteins contain an over-representation of
residues D, K, | and IP, whereas R, Q and F are under-represented. In another scheme, LEA
proteins from group 6 and Leald are clustered together into group 5, while Leab is not
represented in any group. Alternatively, group 4 proteins of the Bray system are re-classified
asgroup 5 and Leal4 isthen clustered in group 4 (Wise, 2003). Although very little is known
about the atypica LEA proteins, their transcripts have been shown to accumulate during a

variety of stress conditions (Shih et al., 2008).

The most familiar typical LEA protein, and also the first LEA protein to be crystallised, is
At1901470, a Leal4 protein [PF03168 (LEA_2)] from Arabidopsis thaliana. Interestingly,
expression ratios for At1g01470 under drought, cold and high salinity stress were five-fold
higher than under non-stress conditions (Shih et al., 2008). In addition, Dunaeva and
Adamska (2001) demonstrated that At1g01470 mMRNA levels in the leaves of A. thaliana,
increased significantly in response to light stress. These separate research findings have
served to connect desiccation, high salt, high light, plant wounding and low temperature

stress adaptation to an increased expression of At1g01470.
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In 2005, Ciccarelli and Bork reported a novel domain known as the Water HY persensitity
domain (WHy), which provides a link to Hinl genes (induced in plants in response to
bacterial infection and part of the genera stress response pathway) to the plant Leald
proteins (expressed during a number of stress conditions) and a number of uncharacterised
bacterial and archaeal proteins (Ciccarelli and Bork, 2005). The presence of this domain in
plant proteins expressed in response to externa stresses and prokaryotic proteins with
unknown function, may suggest a similar molecular pathway for abiotic stress responses,
most likely acquired by horizontal transfer (Ciccarelli and Bork, 2005). This domain is
approximately 100 amino acids in length with an NPN motif at the N-terminus and
aternating hydrophilic and hydrophobic residues. The secondary structure is predicted to

contain mostly B-strands with a single C-terminal a-helix (Ciccarelli and Bork, 2005).

Interestingly, the WHy domain is absent in fungi, insects and mammals, but widespread in
plants. In addition, the Hin and Leal4 genes, which contain this domain, share very low

sequence similarity with other members of the LEA family (Maitra and Cushman, 1994).

5.1.2.2.3 Functions of the LEA proteins
Severa functions have been proposed for the dehydrin proteins, including anti-freeze

activity, space-filling molecular shielding and chaperone activity (Livernois et al., 2009).
LEA proteins may act as hydration buffers as they bind large amounts of water, effectively
sequester ions, and offer direct protection to proteins and membranes (Wise and Tunnacliffe,
2004). Although the mechanism of action of LEA proteins is still unknown, studies have
shown diverse functions. It cannot be disputed that LEA proteins participate in adaptive
responses for a variety of stresses. In E.coli, for example, 5 genes encode hydrophilin
homologs and the deletion of the RMF gene results in an osmo-sensitive phenotype (Garay-

Arroyo et al., 2000).
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Functional screening of a cDNA library of C.W80 in cyanobacteria cells (Synechococcus
spp.) alowed for the successful isolation of a 108 amino acid polypeptide with sequence
homology to a group 3 LEA anti-stress protein. By introducing anti-stress genes of the
halotolerant marine algae, Chlamydomonas spp., into higher plants, salt and oxidative stress
tolerance was enhanced (Tanaka et al., 2004). The soybean LEA proteins from group 1 and
group 2 confer salt and cold stress tolerance in bacterial systems, whereas the Arabidopsis
group 2 and 4 LEA proteins negatively affected E. coli under normal growth conditions. The
hot pepper group 5 LEA protein has been shown to enhance dehydration and salt tolerance in
transgenic tobacco. In addition, antioxidant properties have been described for agroup 5 LEA

protein from Arabidopsis (Mowlaet al., 2006).

One functional property observed for a number of LEA proteins is their propensity for
binding to phospholipid membranes, maintaining topology and the phase transition
temperature during stress (Mouillon et al., 2008). The membrane is a physical barrier which
separates cells from their external environment and is the first structure to be negatively
affected by stress (Mahgjan and Tutga, 2005). Celular responses are initiated by the
interaction of membrane-bound proteins with externa stimuli. Clearly, for any organism to
elicit the appropriate response to any given condition, the membranes and imbedded

molecular subunits must be functioning correctly.

The extraction of LEA proteins from membrane fractions clearly demonstrates binding events
between the dehydrin and lipid containing membranes. The first direct evidence of this was
provided by Koag et al., (2003) when maize dehydrin DHN1 was observed bound to vesicles
containing anionic phospholipids. Similarly, Arabidopsis dehydrins ERD10 and ERD14 aso
bind acidic phospholipid vesicles, suggesting an interaction between specific membrane

regions and LEA proteins (Hara, 2010; Kovacs et al, 2008).
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Further evidence for membrane protection activity of LEA proteins was provided in a study
by Tolleter et al (2010). The mitochondrial LEA protein of Pisum sativum was shown to
interact with negatively charged phosphate groups in lipid bilayers in the dry state. The
interaction is thought to increase the lipid spacing which results in increased fatty acid chain
mobility and subsequent decreases in lipid melting temperatures (Tolleter et al., 2010).
Liposomes used in this study exhibited increased stability after drying and re-hydration as
well as freeze-thaw cycles. In addition, enhanced protective effects were observed in
membranes containing the cardiolipin (CL) phospholipid, which is exclusively found in
bacterial and mitochondrial membranes, thereby possibly indicating substrate specificity for

these proteins, related to their sub-cellular location (Tolleter et al., 2010).

In another study, LEA18, an uncharacterised protein from the Pfam LEA_1 domain, was
found to bind to negatively charged membranes, inducing partial folding of the protein
(Hundertmark et al., 2010). Subsequent vesicle aggregation and cellular leakage occurred
which indicated destabilisation of membranes and membrane proteins. Although it seems that
this study is in disagreement with the classical cellular stabilisation activity observed with
other LEA proteins (ERD10, ERD14 and AavLEA1), the authors state that liposomes used in
the study were in a hydrated state, whereas expression of LEA18 occurs maximally during
late seed maturation, under water deficit conditions (Hundertmark et al., 2010). It may be
possible that the authors have established another function for LEA proteins. Under
rehydration stress, anhydrobiotic cells which have accumulated high levels of compatible
solutes must be able to efficiently remove them. By binding membranes under hydrated
conditions and causing leakage of the soluble cellular content, these compounds can be

removed from cells.

159 |Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

Dehydrins, typically acidic dehydrins such as ERD10, ERD14, COR47 and VcaB45, are also
capable of binding small molecules, most notably calcium. This binding alows for
phosphorylation events to occur in LEA proteins (Hara, 2010). A major phosphorylation site
in dehydrins is the S-segment, which has a calcium binding site upstream. These sites may
indicate a functional role of LEA proteins as sensory proteins, in cell signalling events which
are produced or atered as a result of signal transduction from receptors to secondary
messengers, and which may interact with partners and initiate phosphorylation cascades.
These, in turn, target major stress response genes and/or transcription factors which control
the genes (Mahgan and Tutga, 2005). Furthermore, dehydrins may aso bind a variety of
divalent metal ions which could point to their involvement in metal buffering and/or metal
sensing (Hara, 2010). For example, the citrus dehydrin, CuCOR15, exhibits an atered
structure when bound to zinc ions which, in turn, promotes its binding to nucleic acids. The Y
segment (DEY GNP), which occurs at the N-terminus of the protein, is believed to be a
putative nucleotide binding domain. However, there are no reports of DNA binding of this
segment in CUCOR15. Rather, zinc dependant nucleic acid binding in this protein is linked to

H-rich or polyK containing segments (Hara, 2010).

It appearsthat LEA proteins may bind to molecules that are susceptible to the effects of stress
and could aleviate the damage caused by specifically targeting these macromolecules (Hara,
2010). The K segment is believed to form amphipathic helix structures which alow for
binding to various macromolecules (Hara, 2010). Cycles of freeze-thaw produce irreversible
inactivation of a variety of enzymes, including alcohol dehydrogenase, malate dehydrogenase
and lactate dehydrogenase. Providing protection to enzymes under these conditions may point
to a cryoprotective function of LEA proteins. This was demonstrated in a study using the
nematode LEA protein (AavLEAL), protective efficacy was greater than known

cryoprotectants, BSA and sucrose (Goyal et al., 2005).
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Dehydrins have been shown to function as chaperones in dehydration-rehydration and heat-
induced aggregation assays but, unlike classical chaperones, are not dependent on ATP for
function (Hara, 2010). Chaperones can be classified into two broad classes; those that bind to
proteins and facilitate correct folding, or those that bind nucleic acids, which perform a
similar protective function and prevent misfolding of RNA into complex secondary structures
(Tompa and Kovacs, 2010). In a bioinformatic based survey of protein disorder in these two
classes of chaperones, the authors observed a very high proportion of disordered regions in
RNA chaperones (54.2 %) when compared to protein chaperones (36.7 %) (Tompa and
Kovacs, 2010), indicating that these flexible regions allow for binding to the high number of

variable secondary structures that can be formed by any number of RNA molecules.

Group 2 LEA proteins ERD10 and ERD14 from Arabidopsis confer desiccation tolerance to
the plant and are overexpressed under conditions of low temperature, high salinity and
increased light (Kovacs et al., 2008). ERD10 and ERD 14 both protect various substrates from
heat induced protein aggregation, which also exceeds the protection conferred by BSA under
the same conditions. Plant, bacterial (E.coli) and yeast (S. cereviseae) dehydrins have been
shown to protect enzymatic activity of malate dehydrogenase (MDH) and lactate
dehydrogenase (LDH) from desiccation in vitro (Reyes et al., 2005). These hydrophillins
were also tested for the ability to confer freeze-thaw protection to the enzymes (Reyes et al.,
2008). The molar ratio of dehydrin to enzyme in many studiesis 1:1 and protective activity is
presumably not only due to the formation of a hydration shell, but also due to direct protein-
protein interaction. Similarly, desiccation and freezing induced protein aggregation of citrate
synthase and lactate dehydrogenase were prevented by the protective actions of the nematode
group 3 LEA protein (AavLEA1) and the wheat group 1 LEA protein (Em). The protection

conferred by AavLEA1 only occurred in a trehalose dependant manner which indicates that
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this protein may function as a molecular shield, rather than a true chaperone (Tompa and

Kovacs, 2010).

Aims and objectives

3. Perform biocinformatic analysis on 130RF6 (dWHy1)
4. Sub-clone dWHy1 and utilise in vivo assays to assess possible desiccation tolerance

5. Expressand purify dWHy1 for further in vitro assays to identify possible functions
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5.2 Materialsand methods

5.2.1 Bioinformatic analysis of dWHy1

The trandated nucleotide sequence for 130ORF6 was used for BLASTp searches in the
Uniprot and NCBI protein databases and subsequently designated the name dWHyl. SignalP
was used to determine signal peptides and targeting signatures. Rare codon content was
predicted using the Rare Codon Caltor. General protein characteristics such as amino acid
content, isoelectric point (pl), molecular weight and protein Grand Average Hydropathy
(GRAVY) were predicted using the ProtParam tool (Expasy). Regions of protein disorder
were predicted by using the [Upred program and Kyte and Doolittle hydrophilicity plots were

generated (http://iupred.enzim.hu/;www.vivo.colostate.edu/molkit). Phosphorylation sites

were predicted using NetPhosBac 1.0 (Miller et al., 2008).

Multiple sequence alignments using ClustalW (Larkin et al., 2007) were used to determine
conserved catalytic regions in the genes. InterproScan was used to find matches to the
predicted protein based protein family domains (Finn et al., 2008). PSIPRED was used to
predict the secondary structure of the protein (McGuffin et al., 2000). The translated
nucleotide sequences were used for homology modeling using the Swiss-protein modeler
program (Schwede et al., 2003). PDB-sum was used to assess the accuracy of the models by
generating individua Ramachandran plots (Lovell et al., 2002). Models were superimposed

into the defined templates using the PyMoal program.

Additional amino acid sequences were downloaded from NCBI or UniProt databases and
used to construct neighbour joining phylogenetic trees in Mega. The stability of the

rel ationships was assessed by performing bootstrap analysis based on 1000 resamplings.
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5.2.2 Sub-cloning of dWHy1

5.2.2.1 Sub-cloning into pET21a

The 500 bp nucleotide sequence was amplified from extracted fosmid DNA using the LEA-
F21/LEA-R21 primer pair. Primers contained EcoRI and Xhol restriction sites respectively.
PCR amplification was performed using DreamTag® in a standard PCR cycle (Table 4.2.1)
with an annealing temperature of 59 °C. The purified products were ligated into the pGEM-T
easy cloning system according to manufacturer’s instructions. Resulting ligation mixtures
were transformed into electrocompetent GeneHog E. coli cells and transformants were
selected on LB agar supplemented with carbenicillin and X-Gal. Randomly selected white
colonies were selected and screened for inserts by akaline lysis plasmid preparation,
restriction digestion with EcoRI and Xhol, followed by agarose gel electrophoresis. Several
clones containing the 500 bp insert were sent for sequence analysis at the University of

Stellenbosch sequencing facility.

Plasmids were extracted from clones containing sequence-verified inserts. DNA was digested
with Xhol and, following gel electrophoresis, linearized DNA fragments were excised and
purified using the Nucleospin kit. The resulting DNA was then digested with EcoRlI, analysed

by agarose gel electrophoresis and the 500 bp fragment was excised, purified and quantified.

The fragment was ligated into pET21a vector, previously digested with EcoRI and Xhol, and
the resulting mixture was used to transform GeneHog E. coli cells. Random clones selected
after growth on LB-agar plates supplemented with carbenicillin were screened for
recombinant plasmids by restriction digestion and agarose gel electrophoresis. Resulting
positive clones were sent for sequence analysis at the University of Stellenbosch sequencing
facility. Plasmids from sequence-verified clones were used to transform both Rosetta (DE3)

pLysS and BL21 (DES3) E. coli strains.
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5.2.2.2 Sub-cloning into pET17b

The 500 bp nucleotide sequence was amplified from extracted fosmid DNA using the primer
pair W17R/W17F. Primers contained Nhel and EcoRI restriction sites respectively. PCR
amplification was performed using PrimeStar Tagq polymerase in a standard PCR cycle (Table
4.2.14) with an annealing temperature of 61 °C. The purified products were ligated into the
PET17b plasmid vector, previously digested with Nhel and EcoRI. Resulting ligation
mixtures were used to transform electrocompetent GeneHog E. coli cells and transformants
were selected on LB agar supplemented with carbenicillin. Randomly selected colonies were
screened for insert by akaline lysis plasmid preparation, restriction digestion with Nhel and
EcoRl, followed by agarose gel electrophoresis. Several clones containing the 500 bp insert
were sent for sequence analysis at the University of Stellenbosch sequencing facility.
Plasmids from these sequence-verified clones were used to transform the Rosetta (DES3)

pLYysS E. coli strain.

5.2.3Invivo assaysfor desiccation tolerance

Mannitol agar was prepared from LB agar with the addition of 22 % [w/v] D-mannitol. Salt
agar consisted of 1 % [w/v] tryptone, 0.5 % [w/v] yeast extract, 1.3 % [w/v] agar and 3.5 %
[w/iv] NaCl. To test for an osmotolerant phenotype, cultures were grown in liquid salt-
reduced LB broth (1 % [wi/v] tryptone, 0.5 % [w/v] yeast extract and 0.5% [w/v] NaCl)
supplemented with the appropriate antibiotic. Cultures were grown at 37 °C until an ODgyo Of
approximately 0.5 was obtained. Cultures were then induced with 0.4 — 0.8 mM IPTG and
grown overnight at 30 °C. The ODgy Of each culture was measured spectrophotometrically
and corrected with salt-reduced LB broth to 0.6. Finally, serial dilutions up to 10° were made
in quarter strength Ringer’s solution. For the initial tests, 5 pl of each dilution was spot plated
onto each stress agar plate and incubated at 37 °C overnight. For survival rate tests, the same

procedure was followed except that 100 ul of each dilution was spread-plated onto each
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stress plate and a corresponding LB agar plate. CFU’s were recorded following an overnight

incubation at 37 °C and the percentage survival rate was calculated as follows;

CFU/ml on stress plate
% Survival rate = X 100

CFU/ml on LB agar plate

All assays were performed twice, in triplicate, and control cultures containing parental vector
in the expression host were routinely included. Statistical significance was calculated using

ANOVA analysis.

5.2.4 Protein expression and purification

Recombinant clones containing either parental vector or vector containing dWHyl were
grown in LB broth supplemented with the appropriate antibiotic(s) at 37 °C until an ODgyo Of
0.4-0.5 was obtained. Cultures were then induced with either 0.4 or 0.8 mM IPTG and then
grown for 24 or 48 hours, at 30 °C. Cultures were centrifuged at 6000 x g for 10 minutes and
the culture supernatant was precipitated with 20 % TCA at 4 °C for 24 hours. Pellet fractions
were resuspended in sonication buffer (30 mM Tris-HCI [pH 8.5], 300 mM NaCl, and 10 %
[v/v] glycerol) and sonicated for 6 cycles of 30 seconds each. The soluble and insoluble
fractions were separated by another round of centrifugation at 6000 x g for 10 minutes.
Aliquots of al fractions were mixed with an equal volume of 2 x SDS loading buffer and
anaysed by SDS-PAGE. Soluble cell free extract containing the protein of interest was
subjected to purification via metal affinity chromatography. Samples were dialysed against 3
L of buffer (50 mM Tris-HCI [pH8.5]) for 2 days at 4 °C. Fifty millilitres of dialysis buffer
was stored at 4 °C and used as a control in assays. Recovered fractions were purified further
by FPLC. Following SDS-PAGE, protein spots excised from 12 % [w/v] polyacrylamide gels

were sent to the Proteomics department at the University of the Western Cape for MALDI-

166 |Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

TOF analysis. Resulting peptide mass abundance profiles were searched against the Mascot

database.

5.2.5In vitro freeze-thaw assays
All proteins were quantified according to the Bradford assay using BSA as standard. Malate

dehydrogenase was purchased from Sigma and a stock solution of 1 mg/ml was prepared in
25 mM Tris-HCI buffer (pH 7.5). The final concentration of enzyme used in each assay was
250 nM. Purified dWHy1 was diluted to the same concentration and the appropriate volume
was added to the MDH preparations in a molar ratio (MDH: dWHy1) of 1:5. Subsequently,
100 pl aiquots of MDH or MDH-dWHy1 mixtures in thin-walled 0.5 ml eppendorf tubes
were frozen at -80 °C for 20 minutes and then transferred to a 25 °C water bath for 20
minutes. This constituted one freeze-thaw cycle and was repeated up to five times with
activity measurements taken after 1 cycle, 3 cycles and 5 cycles. MDH enzymatic activities
were determined using 8 ul aliquots in a fina volume of 600 ul of reaction buffer (150 mM
potassium phosphate buffer [pH 7.5], 0.2 mM oxaloacetate, 0.2 mM NADH). The volume of
sample added to the reaction buffer was adjusted accordingly to compensate for dilution of
MDH when dWHy1 was added. MDH activity was determined by a decrease in absorbance
at 340 nm for 1 minute at 25 °C, due to conversion of NADH to NAD". Untreated samples
were kept on ice and the activity was measured before each treatment was determined. The
rate obtained for the untreated samples was taken as 100 %. Enzymatic assays were repeated
in triplicate with activity buffer as the blank measurement. Controls used included 500 nM

BSA, 25 uM trehalose and 0.1 % [v/v] glycerol.
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5.2.6 Construction of vector pRareM od7

The plasmid pRareLysS was extracted from Rosetta (DE3) pLysS cells by akaline lysis.
DNA was digested with either EcoRI or Ncol and analysed by agarose gel electrophoresis.
Linearized plasmid DNA obtained by Ncol restriction digestion was excised from the agarose
gel and purified using the Nucleospin kit. The plasmid pET28a was subjected to restriction
enzyme digestion with both AlwNI and Dralll. The resulting 1.5 kb band, which corresponds
to the kanamycin aminoglycoside phosphotransferase (KAT) gene, was excised from the gel,
purified and quantified. Purified DNA fragments were blunt-end repaired using Klenow DNA
polymerase and the pRareLysS fragment was dephosphorylated using FastAP ™, according
to the manufacturer’s instructions. Following this, the 1.5 kb fragment was ligated to the 7.4
kb pRareLysS and the mixture was used to transform GeneHog E.coli cells. Transformants
were selected on LB agar supplemented with kanamycin and assessed for chloramphenicol
sengitivity. Plasmids were extracted from kanamycin resistant-chloramphenicol sensitive
clones and subjected to restriction digest anaysis, followed by agarose gel eectrophoresisin
order to verify any size shifts and patterns for known sequence regions. Once a positive
recombinant plasmid was obtained, the DNA was transferred into BL21 (DE3) E. coli cells
and transformants were selected by overnight incubation at 37 °C on LB agar supplemented

with kanamycin.

5.2.7 Invitro transcription and trandation

Cell-free protein expression was performed using the PUREXpress® in vitro transcription and
translation kit (New England Biolabs) according to the manufacturer’s instructions. Briefly,
extracted pET17b-dWHyl DNA was purified by phenol: chloroform extraction and
guantified by fluorimetry. Ten microliters of solution A was added to a sterile 0.5 ml
eppendorf tube followed by 7.5 ul of solution B. DNA template was added to the reaction,

and incubated at 37 °C for 4 hours. Three microliters of each sample was analysed by SDS-
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PAGE. Samples were centrifuged using the Amicon®Ultra- 0.5 filter device (Millipore) and
reverse Histag purified using charged nickel ion resin (Invitrogen). All fractions were

analysed by SDS-PAGE.

5.3 Results and discussion

5.3.1 Bioinformatic analysis of dWHy1
The 498 bp gene encoded by 130RF6 on clone LD13 trandated to a 165 amino acid protein.

The translated protein is predicted to have a molecular mass of 18.6 kDa and a theoretical pl
of 8.99. Interestingly, low molecular weight proteins of less than 25 kDa are generally
involved in magor biological and biochemical processes such as ribosome functioning,
transcriptional regulation and stress responses and/or adaptation (Mdller et al., 2010).
BLASTp analysis of the amino acid sequence revealed that 130RF6 showed homology to a
Water Hypersensitivity protein from Pseudomonas mendocina (51 %, E-value 3x10*) or a
putative uncharacterised protein from Azotobacter vindandii (55 %, E-value 6x10™). It
seems plausible to find a desiccation tolerance protein in Pseudomonas spp. as these non-
spore forming bacteria have been shown to represent up to 7 % of the bacterial biomass of
viable microorganisms isolated from ice cores of sediments at Vostok station (Potts, 1994).
There is a clear indication, therefore, that these microbes have the potential to exhibit unique

molecular mechanisms for survival in extreme conditions.

InterproScan analysis showed that 130RF6 exhibits classica signatures of the Water
Hypersensitivity domain and the atypical LEA- 14 protein family [PFO3168]; Figure 5.3.1.1).
While the sequence of 130RF6 did not indicate the presence of a signal peptide at the N-
terminus, the LipoP 1.0 server (Junker et al., 2003) showed a possible lipoprotein signal
peptide (signal peptidase 1) which would cleave between amino acid residues 25 and 26
(Figure 5.3.1.2). Bacterial lipoproteins are involved in a number of cellular functions such as

cell wall biogenesis and maintenance, as well as substrate transport. In addition, functionally
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important lipoproteinsin E. coli, such as LolB and LptE, are periplasmic chaperones (Okuda
and Tokuda, 2011). Membrane specificity of lipoproteins has been investigated and the
amino acid residues located at +2 and +3 at the N-terminus of the protein determine whether
the protein is retained in the outer- or inner membrane (Okuda and Tokuda, 2011).
Accordingly, 130RF6 would be translocated across the inner membrane and would be

retained in the outer-membrane.

A total of 5 % rare codons were detected in the 130RF6 sequence, as well as the presence of
one cluster of repeated rare codons (Table 5.3.1.1). This prompted the use of the Rosetta

(DES3) pLysS expression strain, which is designed to supply rare codons.

InterProScan (version: 4.8) Launched Tue, Jan 17, 2012 at 09:56:09
Sequence: Sequence_1 Finished Tue, Jan 17, 2012 at 0%:57:46
Length: 165

CRCE4: A7S4508F1D25 9579

InterPro Match [ Query e 1 Description
1 165
| IPROD4ER4 | Late embryogenesis abundant protein, LEA-14
PFO3 168 W LEAZ
[ IPROI3783 | Immunoglobulin-like fold

G305A:2.60.40.10r — CGEEEEEEESSEESSSSSSSSSSSSSEsE————— 0 o description

| IPRO13990 | Water stress and hypersensitive response domain

SMO0 768y —————— e —— W Water Stress and Hypersensitive response

[ nolPR | unintegrated
SignalP-NN{euk)» E signal-peptide
trnhim me M transmembrane_regions
S5F117070w M LEAL4-like
E FRODOM EFRINTS (=1 W FFAM W SMART ETICRFAMs E FROFILE
O HAMAFR O PROSITE MSUPERFAMILY ESIGNALP ETMHMM [ PANTHER W CEMEZD

Figure 5.3.1.1: InterproScan results for 130RF6 indicating the protein signature

matches.
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LipoP predictions for Sequence
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Figure 5.3.1.2: LipoP 1.0 server results for 130RF6 indicating the predicted signal
peptidase |l cleavage site. Signal peptidase | cleavage sites (Spl) were predicted, but

with very low scores, indicating that these sitesare less likely to be cleaved.

Table 5.3.1.1: Rare codons occurring in the sequence of 130RF6 and their frequency of

Occurrence.

Aminoacid Rarecodon Freguency

Arginine CGA 0
CGG 1
AGG 0
AGA 1
Glycine GGA 0
GGG 0
| soleucine AUA 3
L eucine CUA 2
Proline CCC 2
Threonine ACG 0
Repeated and/ or AUA-CCC

consecutive rarecodons

Using the NetPhosBac 1.0 server (Miller et al., 2008), putative phosphorylation sites were
predicted, with high probability scores, in the 130RF6 sequence (Figure 5.3.1.3).
Phosphorylation is a reversible, post-trandational modification important for regulating
cellular function with phosphoproteins being involved in various aspects of cdlular
metabolism. Bacterial pathogens extensively use phosphorylation cascades to overcome host-

defences. Phosphoproteins include enzymes required for protein and DNA metabolism as
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well as stress response and, in B. subtilis, many of the proteins with phosphorylation potential
have unknown functions (Soufi et al., 2008). A large number of bacterial proteins are

phosphorylated on serine/ threonine/ tyrosine residues (Macek et al., 2007).

MetPhosBac 1.8a! predicted phosphorglation sites in Sequence

Serine
Threonine

Fhozphorylation potential

‘I‘

—0.5

T
5] za

| ,\‘
2a 168

128 148 1e8

h“ T
48

Figure 5.3.1.3: Prediction of phosphorylation sites in the protein sequence of 130RF6.

1]

Segquence position

Residues with scores above 0.5 indicate a predicted phosphorylation site.

The GRAVY value for a peptide or protein is calculated as the sum of hydropathy values of
the entire amino acid residues, divided by the number of residues in the sequence (Kyte and
Dooalittle, 1982). A positive value indicates that the protein has a hydrophobic nature, which
has also been correlated to membrane associated proteins (Kyte and Doolittle, 1982), while
negative values indicate a favourable interaction with water. The GRAVY value for 130RF6
was predicted to be -0.087, indicating that this protein is slightly hydrophilic and may interact
with polar solvents. As shown in Figure 5.3.1.4, the majority of amino acid residues in
130RF6 are hydrophilic, indicating that these residues most likely interact with, and bind to,

water molecules. Furthermore, both GRAVY and Kyte-Doolittle plots are in disagreement
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with the BLASTp analysis, which indicates homology of 130RF6 to the LEA 2 family.
Atypical LEA proteins represented by PFO3168 are known to exhibit overall hydrophobicity,

whereas 130RF6 is clearly hydrophilic.

Kyte-Doolitile Scale (hydrophobicity)

ln[y‘ )
L l iq_ AN \u‘l" 1 Jfll Al

i

Figure 5.3.1.4: The Kyte-Doolittle scale was used to assess the hydrophobic character of
130RF6 with a window size of 9 for finding hydrophilic regions across the entire

sequence. In thisplot, regionswith values above 0 are hydrophobic in character.

[Upred was used to determine the overall short regions of disorder in dWHyl. Figure 5.3.1.5
indicates that only the extreme N- and C-terminal regions of 130RF6 are disordered. Using
these results, 130RF6 does resemble atypical LEA proteins which also show lower levels of
disorder and exhibit defined structures. In addition, the 32-160 residues of the protein could
be modelled to the template 1x08; the LEA14 protein from Arabidopsis thaliana
(At1g01470) (20 % sequence identity). Model accuracy was assessed by generating

Ramachandran plots which showed 85 % of residues in the favoured region and none in the
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disallowed regions. The model of the protein in this study was therefore considered to be
reasonably accurate (Figure 5.1.3.6 A and B). Another motivation for 130RF6 classification
as an atypical LEA protein is based on protein mobility in SDS-PAGE. Typical disordered
proteins generally exhibit low electrophoretic mobility, most likely due to the hydrophilic
nature of the proteins (Kovacs et al., 2008; Hundertmark et al., 2010). For instance, the
molecular mass of ERD10 is 29 kDa but migrates to an approximate molecular mass of 45
kDa (Kovacs et al., 2008). This was not the case for 130RF6 and the protein migration was
similar to the predicted molecular mass (Section 5.3.6). Clearly, 130RF6 cannot be classified
into a particular LEA group, based on the general characteristics used to define them. Based
on the above analysis and multiple sequence alignments (Figure 5.3.1.7), 130RF®6 is rather
classified as a bacterial Water Hypersensitivity protein and is designated as dWHy1 in this
study. As increased numbers of ‘unusual’ sequences emerge, particularly from non-plant
species, it may be beneficial to develop a different classification system for prokaryotic LEA -
like proteins. However, due to the limited data available, any new system would require some
link to current schemes in order to develop testable hypothesis to elucidate possible

functional similarities.

1.0
0.8

0.6

\\MWW

I 1 I 1 I I 1
Ak 21 41 &1 a1 101 121 141 161

Disorder tendency

Residue position

Figure 5.3.1.5: 1Upred prediction of short regions of disorder. The line indicates the
threshold at which residues (indicated on X-axis) are either disordered or ordered.

Scores above 0.5 indicate disorder .
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Psi (degrees)
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. Phi (degrees)
Plot statistics
Residues in most favoured region (A,B,L) 85 %
Residuesin additional allowed regions (a, b, I, p) 15%
Residues in disallowed regions 0.0%

Figure 5.3.1.6: A] Constructed model of dWHy1 (Red) superimposed onto the template,

1x08, the LEA14 protein from Arabidopsis thaliana (Green). B] Ramachandran plot

analysis of the accuracy of the model.
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As previoudly indicated, Ciccarelli and Bork (2005) reported a novel domain known as the

Water HY persensitity domain (WHYy), and provided a link between Hinl genes, plant Leal4

proteins and a number of uncharacterised bacterial and archaeal proteins, believed to have

been acquired by horizontal transfer (Ciccarelli and Bork, 2005). This domain is

approximately 100 amino acids in length with an NPN motif at the N-terminus and

aternating hydrophilic and hydrophobic residues. The secondary structure is predicted to

contain mostly B-strands with a single C-terminal a-helix (Ciccarelli and Bork, 2005), and its

presence in the sequence of dWHyl may suggest an abiotic stress response similar to

pathways observed in plants (Figure 5.3.1.8).

AWHy1
AAVREBE
A4XSE
FeABQZ
Q9IaAT9
C1DEG2
BOEOCL

AWHy1
ALAVEBE
ALXSE
F6ABQ2
QeI4ATS
C1DEG2
BORUCL

dWHy1
AAVEBE
AAMSE
F6ABQ2
QoIaTS
CiDEG2
BORUCL

MESCORHTIRILET VWV

MLSQROMIRIISLLME
MEFSRAOMIRTI.SL.MWVELGMGC

MY OMIRIISLIMANGEVIL.SHL T [}
————————————————————————————— MTEE
—————— HMIDRARLILLLGTLMAT. LTS SWEEDI

K= T B o 1.7 B E I =
a W

7 TH.L'F'IEHHZ{
'-THIL'F']RI:I“.-‘ -

2T LW B E
i § THI LN EHME S
. '-TEI'I LIWOHL |

Figure 5.3.1.7: Multiple sequence alignment of dWHy1 with the top BLASTp hitsfrom

the UniProt database. Shading threshold of 90 % is used. Conserved WHy domain is

indicated by *. Accesson numbers in the figure denote the following; A4VKBG6:

Putative lipoprotein [P. stutzeri], A4XS6: WHYy protein [P. mendocina], FGABQ2: WHy

protein [P. fulva], Q914T9: Putative uncharacterised protein [P. aeruginosa], CADEG2:

Putative uncharacterised protein [A. vinelandii], BOKUC1: WHYy protein [P. putida].
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cont : inaENnERENENRENEEREEEnn-nnnRERRRREREN RN

Pred: —€) )

Pred: CCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCEEE
AA: MSYLATIKK?SAYLIFITL%SGVGGCASS%SSGFKDPDV?

10 20 30 40
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- +
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= ieadd AR: target sequence

Figure 5.3.1.8: Secondary structure prediction of dWwHy1. According to Ciccarélli and
Bork (2005), the secondary structure of WHy domain proteins is composed mainly of -
strands and a C-terminal o-helix. Secondary structure predicted for dWHy1 shows

predominant - strands and C- and N-terminal a-helix structures.
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One mechanism employed by bacterial pathogens to overcome host defences is the
acquisition of genes responsible for defence mechanisms. This supports the hypothesis that
proteins containing the WHy module were transferred from plants to bacteria (Ciccarelli and
Bork, 2005). In addition, the Hinl homologue is found in the ancient green algae,
Chlamydomonas reinhardtii, and the WHy domain distribution seems to be restricted to plant
pathogens or plant symbionts (Ciccarelli and Bork, 2005). If thisisindeed the case, then the
Antarctic organism from which dWHy1 originates, must have had some interaction with a
plant host, and it is well known that the Dry Valleys have been devoid of plant life for along
period of time. In addition, water deficit and rehydration are among the predominant forces
which influence the distribution and activity of microbial communities. Desiccation is
therefore of great ecologica significance and was most likely imposed on prokaryotes at an
early evolutionary stage (Potts, 1994). It is therefore not unreasonable to assume that dWHy1
may be an ancient gene, yet it is difficult to explain why this gene is not more widespread,
given the time for horizontal gene transfer events and the clear competitive advantage
afforded to organisms that acquire it. In an effort to gain some insight into the phylogenetic
relationship of dWHYy1 to other WHy domain- containing sequences from plants, archaea and
bacteria, a phylogenetic tree was constructed using the minimum evolution algorithm. As
shown in Figure 5.3.1.9, sequences group into distinct clusters and can be grouped by taxa,
i.e. plant, bacterial or archaeal. dWHy1 clearly clusters with the bacteria proteins, al of
which contain the WHy domain motif, therefore indicating that dWwHYy1 is a bacterial water

hypersensitivity response protein.
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40[ Q9XERS5 Seed maturation protein(Glycine max)

45 Q8W227 Putative desiccation protectant protein (Pyrus communis)
52| L 082355 Desiccation-related protein At2g46140 (Arabidopsis thaliana)
94 P22241Desiccation-related protein (Craterostigma plantagineum) -
e P93220 Ethylene-responsive LEA-like (Solanum lycopersicum)
43 Q9RUL2 Putative uncharacterized protein (Deinococcus radiodurans)

081366 LEA-like protein (Prunus armeniaca)
86 Q8LCWE6 Similar to LEA protein (Arabidopsis thaliana)
49 Q75LD9 0Os03g0843300 (Oryza sativa subsp. japonica)

91 029803 Putative uncharacterized protein (Archaeoglobus fulgidus)
{ 029802 Putative uncharacterized protein (Archaeoglobus fulgidus)
43 —— QB8U4F7 Putative uncharacterized protein (Pyrococcus furiosus)
® % Q9V273 Putative uncharacterized protein (Pyrococcus abyssi)
5£ 057955 Putative uncharacterized protein (Pyrococcus horikoshii)
Q6MP99 Desiccation-related protein (Bdellovibrio) =
ZP_00316553.1 hypothetical protein (Microbulbifer degradans)
14 85 — NP_249726.1 hypothetical protein (Pseudomonas aeruginosa PAO1)
50‘|_£ ZP_00090573.1 Consenved secreted protein (Azotobacter vinelandii)
24 98 NP_743276.1 Lipoprotein putative (Pseudomonas putida)
25 ——— ZP_00208520.1 Conserved secreted protein (Magnetospirillum magnetotacticum) L
—— Q880J2 Lipoprotein putative (Pseudomonas syringae pv. tomato)
5 he NP_862498.1 hypothetical protein (Pseudomonas sp. ADP)
99 ZP_00140541.1 hypothetical protein (Pseudomonas aeruginosa)
36 ZP_00280292.1 hypothetical protein (Burkholderia fungorum)
46 CAH37099.1 conserved hypothetical protein (Burkholderia pseudomallei)
58 L— EAIB2994.1 unknown environmental sequence
Q9C573 Putative uncharacterized protein At5g22150 (Arabidopsis thaliana) :
Q9M287 LEA hydroxyproline-rich glycoprotein (Arabidopsis thaliana)
83— P93353 Hinl protein (Nicotiana tabacum)
I QILKQ3 NDR1/HIN1-Like protein (Arabidopsis thaliana) -
56 Q9C615 Putative syntaxin-24 (Arabidopsis thaliana)
7' Q6T3R2 NDR1-like protein (Nicotiana benthamiana)
ITI

Figure 5.3.1.9: Phylogenetic analysis of dWHyl to plant and bacterial sequences

containing the WHy domain. Sequences included in the Ciccardli and Bork (2005)
analysis were obtained from the UniProt and NCBI databases and aligned using
ClustalW. The Minimum Evolution tree was constructed in Mega4 (Kumar, et al., 2008),
using the JTT substitution model with uniform rates among sites. The bootstrap test was
set to 1000 replicates and the initial tree was calculated with the Neighbor-Joining

algorithm (Jones et al., 1992).
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5.3.2 Sub-cloning of dWHy1
PCR amplification of the gene encoding dWHy1 was successful and, although no classical

signa peptides were detected on the N-terminus of the gene, bioinformatic analysis revealed
the presence of a lipo-protein signal peptide. The pET2la vector system contains a C-
termina signal peptide and was therefore the most suitable choice for cloning dWHyl.
Cloning the gene into pET17b for in vitro protein synthesis was aso successful. Sequencing
was routinely used due to the frequent observation of concatamers, which led to variable

restriction profiles.

1 kb
0.5kb

Figure 5.3.2.1: PCR amplification of dWHy from fosmid clone LD13 using DreamTaq

(Fermentas). Lane 1 - 3) Amplicons of dWHy1l. Lane 4) Forward primer control. Lane
5) Reverse primer control. Lane 6) Negative control. Lane 7) Control reaction using E.
coli genomic DNA. Lane 8) GeneRuler 1 kb™ plus DNA molecular mass marker

(Fermentas).
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1.7 kb

0.5kb

Figure 5.3.2.2: PCR amplification of dWHy from fosmid clone LD13 using PrimeStar
polymerase (Takara). Lane 1) Phage lambda-Pstl DNA molecular mass marker. Lane 2)

Amplicon of dWHy1. Lane 3) Negative control.

1kb
0.5kb

Figure 5.3.2.3: Restriction enzyme digestion of dWHy1-pET21a clones clearly indicating
the formation of chimera sequences, with or without intact restriction sites. Lane 1)
GeneRuler 1 kb™ DNA molecular mass marker (Fermentas). Lane 2) dWHyl-pET21a
clone 15, chimera without second restriction site. Lane 3) dWHyl-pET21a clone 11
single gene sequence. Lane 4) dWHy1-pET21a clone 6, chimera with second restriction

site. Lane 5) pET21a parental vector control.

181 |Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

5.3.3 In vivo phenotype assays
Following cloning of dWHy1, protein overexpression required verification before in vivo

assays could be performed, as the expression of dWHy1 in a heterologous host was uncertain.
Following small scale protein expression, a 22 kDa overexpressed band was observed by
SDS-PAGE. Following purification by metal-ion and size-exclusion chromatography, the
protein band was sent for MALDI-TOF analysis. Mascot database results indicated that this
band was most likely Chloramphenicol acyltransferase (CAT), the selection marker on the
pRareLysS plasmid in Rosetta (DE3) pLysS cells. This was a completely unexpected result as
SDS-PAGE analysis revealed a highly overexpressed band which was smaller than 26 kDa,
the molecular mass of CAT. In order to verify that dWHy1 was indeed being expressed in the
host strain, one of the chimeric clones (dWHy1 C15), with two copies of the gene ligated
together, was used for expression analysis. This allowed for visualisation of dWHy1 protein
overexpression as the predicted molecular mass of the protein was approximately 43 kDa.
SDS-PAGE did allow visualisation of two overexpressed proteins bands, one approximately
22 kDain size and the other approximately 43 kDain size corresponding to CAT and dWHy1
C11 respectively (Figure 5.3.3.1). In order to confirm observations of a desiccation tolerant
phenotype, this clone, along with any other modified recombinant clones were tested in the

same manner using stress plate assays (Section 5.5.4).
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75 kDa

45kDa dWHy1 Concatamer ~43 kDa

25 kDa Possible CAT ~ 25 kDa

Figure 5.3.3.1: Protein overexpression analysis of dWHyl C11 cultures. Lane 1)

PageRuler™ Prestained protein marker (Fermentas). Lane 2) Soluble fraction of
dWHyl C11 induced with 0.4 mM IPTG. Lane 3) Soluble fraction of dWHyl C11
uninduced. Lane 4) Soluble fraction of dWHy1 C11 induced with 0.8 mM IPTG. Lane
5) Insoluble fraction of dWHyl1 C11 induced with 0.4 mM IPTG. Lane 6) Insoluble

fraction of dWHy1 C11 induced with 0.8 mM IPTG.

Since homologs of dWHyl are associated with desiccation stress tolerance, high
concentrations of D-mannitol and NaCl were used to test for respective tolerance to osmotic
and ionic stress. The concentration of NaCl was chosen based on reports that the salinity of
sea water is ~3 % with 460 mM Na' (Mahajan and Tuteja, 2005). The common net effect of
elevated levels of salinity and osmolarity is decreased water activity of cells, which resultsin
disruption of ionic and osmotic equilibrium (Mahajan and Tuteja, 2005; Krisko et al., 2010).
This tends to induce genes responsible for adaptation and/ or tolerance to adverse conditions.

For example; Group 2 LEA proteins ERD10 and ERD14 from Arabidopsis are highly
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overexpressed under conditions of low temperature, high salinity and increased light (Kovacs

et al., 2008).

The percentage survival rates for both stress conditions were significantly higher for Rosetta

(DE3) pLysS clones expressing dWHy1 than for clones containing parental vector, even

when chimera recombinant plasmids were used. Colony growth on LB agar plates with no

stress showed similar results for both dWHy1 containing cells and parental vector containing

cells in al cases. Additionally, ANOVA anayses showed that stress survival rates were

statistically significant (Table 5.3.3.1).

Table 5.3.3.1: Statistical significance determined by ANOVA analysis (single factor) for

per centage survival rates of cells expressing dWHy1 on either D-Mannitol or Salt agar plates.

E. coli host

Rosetta (DE3) pLysS

Rosetta (DE3) pLysS

Rosetta (DE3) pLysS
Rosetta (DE3) pLYysS

BL21 (DE3)

BL21 (DE3)

BL21 (DE3) pRareMod7

BL21 (DE3) pRareMod7

Stress condition

Concatamer p-value

NaCl

D-Mannitol

NaCl

D-Mannitol

NaCl

D-Mannitol

NaCl

D-Mannitol

Y/N

Yes, two copiesof < 0.005
the gene

Yes, two copiesof < 0.005

the gene

No <0.05

No <0.05

No Not
significant

No Not
significant

No < 0.005

No < 0.005
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These results are strongly suggestive that the in vivo function of dWHyLl is related to
desiccation stress tolerance. However, exceptions to this were observed. When dWHy1-
PET21 recombinant plasmids were transformed into the BL21 (DE3) E. coli expression host
and GeneHog E. coli and tested for the in vivo phenotype, dWHy1- containing cells showed
only marginally improved surviva rates to the parental vector control. This could be
explained for the GeneHog culture as this strain is a cloning host and may not express
dWHYy1 protein to required levels. If expression levels were indeed the case for this
observation, then BL21 (DE3) cultures should have shown similar phenotype survival ratesto
the Rosetta (DE3) pLysS cultures. The rational explanation for this observation, which may
apply to both GeneHog and BL 21 hosts, is that the rare codons supplied by the Rosetta strain
are vital for dWHy1 expression and subsequent function in vivo. While the requirement for
rare codons in heterologous gene expression is well-documented, the general consensus for
the use of an expression strain with such capabilities is determined bioinformatically, with a
rare codon cut-off value of approximately 8 % total codon content. In addition, codon bias
problems are increased when transcripts contain rare AGA and AGG codons and/or rare
codon clusters (Segrensen and Mortensen, 2005, Kane, 1995). While dWHy1 only contains 5
% rare codons, none of which are the arginine codons AGA or AGG, it does contain one
doublet cluster of Isoleucine (AUA) followed directly by Proline (CCC). It is not
unprecedented that a single rare codon may negatively affect efficient trandation of a
heterologous gene (Kane et al., 1993). As seen in Figures 5.3.3.2- 5.3.3.5, the expression host
was able to grow on the stress plates, abeit to a lesser extent. This is due to the inherent
capabilities of E. coli to tolerate moderate desiccation conditions by mechanisms such as the

synthesis of compatible solutes.
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dWHy1 -pET21a

Figure 5.3.3.2: Growth of BL21 (DE3) E. coli on mannitol agar plates. Cultures were
prepared as described and 5 pl of each dilution spot-plated onto LB agar containing 22

% D-mannitol.

pET21a

dWHy1l -pET21a

Figure 5.3.3.3: Growth of BL21 (DE3) E. coli on NaCl agar plates. Cultures were
prepared as described and 5 pl of each dilution spot-plated onto LB agar containing 3.5

% NaCl.
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pET21a

dWHyl -pET21a 7

Figure 5.3.3.4: Growth of Rosetta (DE3) pLysS E. coli on mannitol agar plates. Cultures
were prepared as described and 5 pl of each dilution spot-plated onto LB agar

containing 22 % D-mannitol.

pET21a

dWHy1 -pET21a

Figure 5.3.3.5: Growth of Rosetta (DE3) pLysS E. coli on NaCl agar plates. Cultures
were prepared as described and 5 pl of each dilution spot-plated onto LB agar

containing 3.5 % NacCl.
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B dWHy1 (BL21)

B pET21a (BL21 pRareMod7)

B dWHy1 (BL21 pRareMod7)

Mannitol NacCl

Figure 5.3.3.6: Graphical representation of the percentage survival rates calculated for
desiccation tolerance conferred to E. coli strains expressng dWHyl. All cloned

fragments wer e single copy genes.

5.3.4 Construction of pRareMod7
Results indicated that the presence of the chloramphenicol acyltransferase gene would be a

major barrier to expression and purification of dwHyl. However, rare codons, which
appeared to be important for dWHy1 function in vivo, are only supplied by E. coli strains
which possess the pRare plasmid, al of which contain the CAT marker. pRareMod7 was
developed to overcome limitations of rare codons and the presence of the CAT gene.

pRareLysS is the native plasmid of the Rosetta (DE3) pLysS strain and can be extracted from
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the host by alkaline lysis. A possible approach was to replace the CAT gene of this plasmid
with the kanamycin aminoglycoside phosphotransferase (KAT) gene from pET28a, while
maintaining rare codon supply. Unfortunately, the 7.4 kb sequence of pRarelLysS is not
available for public use. There was, however, sequence data for the CAT gene, which is
derived from the vector pACYC. Two restriction sites, EcoRI and Ncol, would disrupt the
CAT gene sequence, allowing for the insertion of KAT. The enzymes were initially used
individually to digest pRareLys plasmid DNA, but when EcoRI was used, two fragments
were visualised by gel electrophoresis (Figure 5.3.4.1 B), indicating a second EcoRI
restriction site elsewhere in the vector. Digestion with Ncol liberated a single, linearized 7.4
kb fragment which was subsequently purified from the gel, blunt ends repaired and
dephosphorylated to prevent self-ligation (Figure 5.3.4.1 A). The 1.3 kb KAT fragment
(Figure 5.3.4.1 A) was successfully obtained from pET28a plasmid DNA and included the
upstream promoter elements to ensure transcription in the new plasmid system. Recombinant
clones were resistant to kanamycin and sensitive to chloramphenicol. However, this was not
the only verification used to ensure pRareMod7 was functioning correctly. The plasmid DNA
was restriction enzyme digested and expected profiles were compared to original pRareLysS
digests. For instance; digestion of pRareLysS with EcoRI liberated two fragments. If
construction of pRareMod7 was successful, digestion would again liberate two fragments, but
one would increase in size by 1.3 kb (the KAT fragment contains no EcoRI restriction sites).
Asseenin Figure 5.3.4.1 B, expected digest patterns were observed and it was concluded that

construction of pRareMod7 was successful.
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10 kb

3kb
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Figure 5.3.4.1: A] Agarose gel electrophoresis of pET28a and pRarelLysS restriction
enzyme digest. Lane 1) GeneRuler™ 1 kb DNA marker (Fermentas). Lane 2) Double
digest of pET28a with AlwNI and Dralll liberating 1.3 kb KAT gene. Lane 4) Single
digest of pRareLysS with Ncol generating a linear 7.4 kb vector fragment. B] Agarose
gel dectrophoresis of pRareLysS and pRareMod7 digested with EcoRI. Lane 1)
pRareMod7 digest showing a size shift of approximately 1.3 kb for one of the fragments.

Lane 2) pRareLysS digest. Lane 3) Phage Lambda-Pstl DNA marker.]

In order to test whether pRareMod7 would still encode the rare codons, it was used to
transform BL21 (DE3) cells. Rosetta cells could not be used as the original plasmid and the
new construct have the same replication origin, and one would not be maintained in the
system. Following verification procedures described previously, the dWHyl-pET21
construct, as well as pET21a parental vector, were transformed into the BL21 cells and in

vivo phenotype assays were performed. Theoretically, a desiccation tolerant phenotype,
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similar to that observed for the Rosetta (DE3) pLysS cells, would be observed. This was
indeed the case (Section 5.3.3; Figure 5.3.3.5) and the newly constructed plasmid system was

used for further expression studies. This strain is subsequently referred to as BL21pRM?7.

5.3.5 Protein expression and purification
As previously mentioned, protein overexpression was required for in vivo phenotype assays.

In the Rosetta (DE3) pLYysS expression host transformed with dWHYy1, different expression
strategies consistently yielded an overexpressed band of 22 kDa (Figure 5.3.5.1 B).
Expression studies under the same conditions did not show this protein band in cultures
containing parental vector. In BL21pRM7 cultures, a faint protein band of the molecular
mass expected for dWHy1 was observed and in order to produce enough protein for metal ion
chromatography and subsequent size exclusion chromatography, culture volumes exceeding 2
L were used. One possible reason for the low protein expression is the metabolic burden
imposed on the cells by the addition of two plasmid vector systems. Additionaly, the
pRareMod7 plasmid had increased in size from 7.4 kb to approximately 9 kb. Soluble
fractions from both expression systems were subjected to metal ion chromatography but in
the case of Rosetta (DE3) pLysS expression, the protein of interest consistently appeared in
the wash fractions, irrespective of variations in salt and imidazole concentrations in the
buffers (Figure 5.3.5.2 A). Analysis of BL21pRM expressions indicated the presence of two
protein bands in fractions eluted with 500 mM imidazole, one approximately 22 kDain size
and corresponding to dWHy1, and the second of approximately 30 kDa (Figure 5.3.5.2 B). It
was speculated that the second protein may be KAT, due to the high percentage of histidine
residues in this protein, making it susceptible to co-purification. In addition, Bolanas-Garcia
and Davies (2006) classify three groups of contaminating E. coli proteins which bind to
IMAC columns. Class | proteins (Fur, Argg, SlyD, YodA and others) and class Il (CAT,

YadF, G6-PD, GIgA) show strong binding affinity, requiring > 80 mM and 55- 80 mM

191 |Page



Chapter 5: From genetic potential to function -Water HY persensitivity response gene.

imidazole for elution, respectively. Aside from some exceptions, these proteins have pl
values < 6 and more than 4 histidine residues. In addition, most of these proteins are stress-
responsive enzymes which may be produced in high quantity due to cellular responses caused

by heterologous gene expression (Bolanas-Garcia and Davies, 2006).
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Figure 5.3.5.1: A] Protein expression of Rosetta (DE3) pLysS transformed with parental

vector control pET21a. Lane 1) PageRuler™ Prestained protein marker (Fermentas).
Lane 2 and 3) Uninduced insoluble fraction. Lane 4) Uninduced soluble fraction. Lane
5) Induced insoluble fraction (0.8 MM IPTG). Lane 6) Induced soluble fraction (0.8 mM
IPTG) B] Protein expression of Rosetta (DE3) pLysS transformed with dWHy1-pET 21a.
Lane 1) WideRange™ protein marker (Sigma) Lane 2) Induced insoluble fraction (0.8

mM IPTG). Lane 3) Induced solublefraction (0.8 mM IPTG).
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Figure 5.35.2. SDSPAGE analysis of metal ion affinity chromatography. A]

Purification of proteins from the Rosetta (DE3) pLysS expressions. Lane 1) PageRuler™
Prestained protein marker (Fermentas). Lane 2) Flow-through fraction. Lane3)
Binding fraction. Lane 4) Wash Fraction. Lane 5) Elute fraction. B] Purification of
proteins from BL21pRareMod7 expressions. Lane 1) WideRange™ protein marker
(Sigma). Lane 2) induced insoluble fraction (0.8 mM IPTG). Lane3) Induced soluble
fraction (0.8 mM IPTG). Lane 4) Flow-through fraction. Lane5) Binding fraction. Lane

6) Wash Fraction. Lane 7) Elutefraction.
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The wash and elute fractions from these experiments were dialysed and subjected to other
chromatographic techniques. Size exclusion chromatography yielded two protein peaks for
both BL21pRM7 and Rosetta expressions. In order to calculate the molecular mass of the
proteins in the sample, retention times observed were related to those of the protein standards
used. For Rosetta, the protein correlating to peak 1 was approximately 80 kDa in size and
peak 2 was approximately 60 kDa in size. For BL21pRM?7, the first peak correlated to 115
kDa and the second peak to 63 kDa. No additional peaks at the expected size range of 20 -25
kDa could be visualised (Figure 5.3.5.3 A and B). In these size exclusion chromatography
studies, the observation of two common peaks from both expression strains which show
similar retention times, and therefore a similar molecular weight, indicates the likely presence
of dWHy1, although perhaps co-purified with a contaminating protein. It was hypothesised
that dWHyl1 may form a trimer in solution. For At1g01470, a crystallised homolog of
dWHYy1, protein structures which are related are known to form dimers and tetramers in
solution (Shih et al., 2008) and it is therefore conceivable that dWHy1 could form multimers.
In addition, fractions analysed by SDS-PAGE showed dissociation into monomer units of the
expected 22 kDa size (Figure 5.3.5.3 C). Protein spots excised from the acrylamide gels were
sent for Madi-tof MS. Fractions were collected and stored at 4 °C and used in a subsequent

MDH freeze-thaw cryoprotection assay (Section 5.3.6).
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75 kDa
55 kDa

35kDa

25 kDa
22 kDa

Figure 5.3.5.3: Graph of size excluson FPLC of IMAC purified fractions from Rosetta
[A] and BL21 [B] in 50 mM TrisHCI (pH 7.5) and 400 mM NaCl. The blue line
indicates the UV peak and the brown line shows conductance. X-Axis measurements are
in ml (with fractions collected every 1 ml volume). The retention times and
corresponding molecular mass estimates are indicated. C] SDS-PAGE of individual
fractions collected from FPLC analysis (Rosetta). Lane 1) PageRuler™ Prestained

protein marker. Lane 2 and 3) Fractions 5 -6 (Peak 1). Lane 4- 6) Fractions 7-9 (Peak 2).

As indicated previously, MALDI-TOF analysis revealed a completely unexpected result.
Protein spots from the Rosetta (DE3) pLysS expressions clearly contained a mixture of
proteins, with a major fraction being chloramphenicol acyltransferase (E.C. 2.3.1.28); Figure
5.3.5.4). This gene is the antibiotic marker of the pRareLysS plasmid in Rosetta. It trandates
to a 26 kDa protein with a pl of 5.4 and forms trimers in solution. Mascot results for the
second peak protein spot from the BL21pRM7 experiments showed a likely match to a
hypothetical protein homolog, but the match was not significant enough to provide complete
verification. The other contaminating protein which appeared could possibly have been the

KAT, similar to CAT, has a pl of 5.2 and also forms multimers in solution, explaining the
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high molecular mass estimate from FPLC retention time analysis. Although it is known that
contaminating proteins from an expression host may co-purify when IMAC columns are
used, the levels of contaminant are generally low (Bolanos-Garcia and Davies, 2006). There

are three main reasons why CAT contamination was unexpected in this case:

1. Inexpression trials with parental vector as control, an overexpressed 25 kDa band was
not observed (Figure 5.3.4.1 A). In addition, this protein band was not observed in
expressions with recombinant vector containing DEasel or DEasell (Chapter 4).

2. CAT isa26 kDa protein and migration on polyacrylamide gels consistently showed a
smaller molecular mass, approximately 22 kDa (Figure 5.3.4.1 B).

3. Although size exclusion profiles did show an 80 kDa protein peak, which would
correlate to the CAT trimer, an additional peak at 60 kDa was observed. While
dissociation of CAT into smaller subunits was possible, there is no evidence of the

monomer unit which would ultimately be the largest peak, if this had occurred (Figure

5.3.5.2 A and B).
o 104
= |
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Protein Score
1. CAT ACI AN Mass: 25646 Score: 69 Expect: 0.037 Matches: 7

Chl or anpheni col acetyltransferase OS=Aci net obacter cal coaceticus
subsp. anitratus G\=cat PE=3 Sv=1

Figure 5.3.5.4: M Sanalysis of overexpressed protein band observed in the Rosetta (DE3)
pLysS host. Mascot searches showed a top score of 69, which is statistically significant,

tothe CAT gene.
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Despite the reasons given, it is clear from expressions with chimeric forms of dWHy1 in
Rosetta (DE3) pLysS cells that overexpression of a contaminating protein does occur (Figure
5.3.3.1). However, it was confirmed in this study by testing strain BL21pRM7 that although a
contaminating E. coli protein was present, it did not contribute to the desiccation tolerant

phenotype observed.

For the further purification of dWHyl, an aternative method, not reliant on protein size
alone, would be necessary. The theoretical pl of dWHy1 was estimated to be 8.99, while the
pl of CAT is 5.4. Anion and cation exchange was therefore used in an attempt to purify
dWHYy1 from the co-purified contaminant. In both cases, the elution profiles of the IMAC
wash fractions were typical of CAT, rather than dWHy1 (Figure 5.3.5.5 A and Figure 5.3.5.5

B).

A possible explanation for the continual co-purification of dWHy1 could be related to one of
its proposed functions. Multiple studies on LEA proteins, relatives of the WHy domain
proteins, indicate alternative ‘moonlighting’ capabilities. One of the reported activities of
these proteins includes chaperone-like function, but unlike classical chaperones, they do not
require energy generated from ATP hydrolysis (Hara, 2010; Kovacs et al., 2009).
Interestingly, this ATP- independent chaperone function is aso reported for some ribosomal
proteins. These proteins which exhibit chaperone activities are critical for normal cell
functioning, ribosome assembly function, and ultimately transcription processes (Kovacs et
al., 2009). If dWHy1 exhibits strong chaperone activity, it would remain associated with the

contaminating protein (W. D. Schubert personal communication).
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Figure 5.3.5.5: Graph of ion exchange FPLC of IMAC purified fractions from Rosetta
[A] Cation exchange profilein 50 mM CAPS (pH 9.0) [B] Anion exchange profile in 50
mM MES (pH 5.5). The blue line indicates the UV peak, the brown line shows
conductance while the green line indicates the NaCl gradient profilefrom 0 to 1 M. X-

AXiS measurements arein minutes.
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A review of current literature indicated that a high level of CAT expression is not an
uncommon phenomenon. Co-purification of CAT encoded on pACY C184 derived plasmids
with the target recombinant protein has been reported (Hengen, 1996). Additionaly, the 26
kDa protein contaminant generally cannot be removed either by addition of Triton X-100 to
the elution buffer, an increased imidazole concentration in the binding buffer or increased
NaCl concentrations in both the binding and elute buffers (Oswald and Rinas, 1996). Oswald
and Rinas (1996) went so far as to recommend complete avoidance of this antibiotic marker
in expression strains. Co-purification of CAT is most likely due to the histidine content of the
protein, but one question which remains unanswered is why this protein is a problem in some
recombinant protein expressions and not in others. For instance, for protein expression and
purification of DEasel and DEasell from the Rosetta (DE3) pLysS strain (Chapter 4), CAT
was neither overexpressed, nor co-purified. It is highly likely that co-purification of this

protein becomes a greater issue when it is overexpressed alongside the target molecule.

Literature searches retrieved some experimental evidence which may explain the over-
expression of CAT and subsequent purification issues. In addition, this may be applied to
explain observations with dWHyl in this study. Vemulapali et al (2000) report
overexpression of the CAT protein encoded on the plasmid pBBR1IMCS. In this case, the
authors were attempting to overexpress the recombinant protein Cu/Zn superoxide dismutase
[Cu/Zzn SOD] (E.C. 1.15.1.1) from Brucella abortus (Vemulapali et al., 2000). This
metalloenzyme protects cells from oxidative toxicity of superoxide molecules (Bolanas-
Garcia and Davies, 2006). The authors were able purify the target protein by anion exchange
(Vemulapali et al., 2000). Similarly, Haslam et al (2002) indicated that CAT overexpression
and co-purification occurred while attempting to characterise an S-formylglutathione
hydrolase from Arabidopsis thaliana. This enzyme is required for formaldehyde

detoxification and subsequent glutathione recycling, leaving formate as a carbon source via
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the C1 pathway (Haslam et al., 2002). In another study, Kim et al (2009) report that a 1.5
fold increase in CAT expression was observed when RelA together with mutant ribosomes
pPRNA122-U791 was overexpressed compared to pRNA122-U791 aone. RelA synthesises
the alarmone ppGpp, which interacts with ribosomes and triggers a bacterial adaptation
response known as the stringent response (Kim et al., 2009). Furthermore, the authors report
that RelA most likely complimented mutated ribosomes by direct or indirect association of
the protein with the mutant 790 loop region, thereby changing the non-functional structure to
afunctional one (Kim et al., 2009). While the parameters for RelA-ribosome binding are not
well characterised, RelA has been shown to bind to the 50 S ribosomal subunit (Ramagopal
and Davis, 1974), and the ribosomal protein L11 regulates RelA activity by acting like a
molecular switch which regulates accessibility of RNA in the GTPase- associated site during
protein elongation (Yang and Ishiguro, 2001; Wimberly et al., 1999; Kim et al., 2009).
Interestingly, a study by Gill et al (2000) demonstrated that the levels of proteases can also be
increased during the stringent response and, by increased levels of CAT expression (Gill et
al., 2000). This is due to the rapid depletion in phenylalanine resulting in the stringent
response, and the authors clearly show that the OmpT protease levels increased with the

concomitant increase in CAT expression.

In the first three studies, CAT overexpression appears to be linked to the expression of
another target protein and, as in this study, all targets were involved in a stress response
mechanism. In the study by Gill et al (2000), CAT overexpression actually increased target
protein levels. Again, the target protein is related to a stress response and it is known that
both molecular chaperones and proteases are overexpressed in response to heat stress (Gill et
al., 2000). It is aso known that molecular responses to stress may overlap, due to the
upregulation of genes in response to multiple independent stimuli (Gill et al., 2000). In

addition, studies in plants have demonstrated a genera response to injury which includes
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changes in the expression levels of chaperones, proteinases and other detoxification proteins,
LEA proteins appear to bind molecules that are susceptible to the effects of stress and may
reduce the damage caused by specifically targeting those macromolecules (Hara, 2010).
Stress tolerance therefore results from the control and repair of damage incurred by the stress

(Mahagjan and Tuteja, 2005).

Since dWHyl is involved in the desiccation stress response, it may cause CAT
overexpression by an as-yet-unknown mechanism. It can be speculated that dWHy1l may
function in a similar manner to L11. Ribosomal proteins (RP) are partially disordered (30 %)
and demonstrate promiscuous behaviour, with the capacity to bind both RNA and proteins
(Tompa and Kovacs, 2010). Furthermore, extra-ribosomal functions relating to RNA, DNA
and protein interactions have been demonstrated for RP chaperones and, even at low levels of
protein, are able to perform functions which may be critical for normal cell functioning,

ribosome assembly function and, ultimately, transcription (Kovacs et al., 2009).

One possible target protein, in the case of dWHy1, could be antibiotic resistance genes, CAT
and KAT. If this is the case, then one question arises as to why dWHy1 does not associate
with the pET21a marker, the B-lactamase protein. One explanation may be the particular
antibiotic targets. When translation mechanisms are stopped abruptly under a given stress
condition, available energy and resources can be directed to only those stress proteins that are
deemed essential (Henderson and Pockley, 2010). Ampicillin inhibits bacterial cell wall
synthesis, ultimately causing lysis, whereas kanamycin and chloramphenicol inhibit bacterial
growth by damaging ribosomes and preventing transation. dWHy1 may be involved in the
up-regulation of proteins to counteract the effects of unfavourable ribosome functioning,
effectively acting like a molecular switch. Furthermore, dWHy1 may exhibit another function
as a chaperone, in the protection of protein targets required for counteracting a particular

stress from denaturation events, until complete ribosome function is restored and protein
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synthesis is no longer affected. In addition, co-expression of interacting partners may be
required for the correct folding of certain proteins and the target protein may be protected

from proteolytic cleavage during co-expression (Sgrensen and Mortensen, 2005).

Considering that bacterial proteins which perform multiple functions are generally stress
related proteins (Henderson and Pockley, 2010), and due to predicted phosphorylation sites, it
can be hypothesised that dWHYy1 is part of a general stress response cascade, leading to the
induction of genes which repair stress damage. This would indicate that the protective
function of dWHYy1 function is not limited to desiccation stress tolerance but also coverstoxic

stress caused by antimicrobial compounds.

5.3.6 In vitro freeze thaw assays
In order to determine if dWHyl had a cryoprotective function, freeze-thaw assays were

performed in vitro. Osmotic stress and freeze-thaw stress both negatively affect systemsin a
similar manner. At sub-zero temperatures, ice formation alters solute concentration and
causes fluctuations in intracellular pH (Potts, 1994). Both malate dehydrogenase and lactate
dehydrogenase are sensitive to the effects of freeze-thaw and Reyes et al (2008)
demonstrated that MDH appears more sensitive to this treatment. It is for this reason that
MDH was used in this study. Fractions obtained by FPLC, which correlated to the 60 kDa
protein from both Rosetta (DE3) pLysS and BL21pRM7, were used for these assays.
Although the purity of these fractions was not known, the molar ratio of dwHy1 to enzyme
was cal culated based on the monomer molecular mass of dWHy1. The molar ratio of dWHy1
to MDH used in these assays was 5:1; in this case, if there was an equal mixture of two
proteins with similar molecular mass, such as CAT or KAT, the ratio of dWHy1 would be

close to that used by Reyes et al (2005).

As seen in Figure 5.3.6.1, dWHYy1 protected MDH from cycles of freeze-thaw damage to a

greater extent than either BSA or trehalose, two known cryoprotectants. In this study,
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glycerol proved to be an excellent protectant of MDH up to 3 cycles of freeze-thaw. In the
case of dWHy1 [BL21pRM7], enough protein could not be obtained to assay al three freeze-
thaw cycles and it was therefore decided that triplicate measures of 3-, and 5- freeze-thaw
cycles would provide comparative information. dWHyl [BL21pRM7] protein fractions
clearly provided greater protection than Rosetta (DE3) pLysS fractions used in this study.
This may be due to the presence of a higher concentration of dWHyl protein in the
BL21pRM7 fractions, while those from the Rosetta strain may contain higher concentrations
of CAT thereby reducing the concentration of dWHy1. Nonetheless, in this study we show
that dWHy1 has a protective function against desiccation caused by freezing. These results
were similar to in vitro lactate dehydrogenase- hydrophilin freeze-thaw assay data obtained

by Reyes et al (2008) and Goyal et al (2005).
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Figure 5.3.6.1: In vitro freeze-thaw assay of MDH with and without protectant. Activity
was assayed in 150 mM potassum phosphate buffer and measured by a decrease in
absorbance at 340 nm for 1 minute at 25 °C, from the conversion of NADH to NAD".
The rate obtained for the untreated MDH samples was taken as 100 %. All assayswere

performed in triplicate.
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How dWHYy1 and similar proteins perform this cryoprotective function is still unknown. One
hypothesis regarding the mechanism of action of dehydrins is based on the preferential

exclusion hypothesis, which states

*“...a dtabilizing solute is excluded from the immediate vicinity of a protein. The
protein is, in effect, preferentially hydrated as preferential exclusion is entropically
unfavourable, it is a driving force to establish equilibrium between the native and

unfolded state, towards protein stabilisation’ (Potts, 1994).

In this case, hydrophilins would act in a manner similar to osmoprotectant molecules such as
trehalose. Experiments by Reyes et al, confirm that hydrophilins protect enzymes from
adverse effects of water loss, which occur during freeze-thaw and dehydration events (Reyes
et al., 2005; Reyes et al., 2008). However, the authors state that, due to massive differences
in the molar concentrations required for trehalose-based protection versus dehydrin-based
protection of LDH, that these two compounds probably confer protection by different

mechanisms (Reyes et al., 2008).

LEA proteins are generaly characterised by a high proportion of low complexity (LC),
highly hydrophobic sequence features (Krisko et al., 2010). Regions of LC provide proteins
with increased flexibility, alowing for promiscuous activity (also known as protein
moonlighting). In eukaryotes, LC sequences mediate protein-protein, protein-DNA and
protein-ligand interactions in various cellular processes (Krisko et al., 2010). It is believed
that a number of rare prokaryotic proteins which exhibit similar characteristics may function
in a similar manner. These LC regions give rise to increased solvent accessibility thereby
providing multiple sites for interactions with polar solvents, such as water. It is believed that
this particular property alows for the interaction of LC protein polar side chains with protein

surfaces in the absence of water, effectively mimicking water molecules (Krisko et al., 2010).
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In addition, antifreeze proteins are produced in cells and prevent damage by preventing the
formation of ice crystals. In a cold and desiccated environment, such as the Antarctic Dry
Valley soils, ice crystal formation requires a minimum of 200 mol ecules of water to associate
in a4 nm domain, at — 40 degrees Celsius. Therefore, the lower water availability becomes,

the lower the temperature required for ice crystal formation (Potts, 1994).

It may be hypothesised that dWHy1 prevents enzyme inactivation from dehydration events
by binding excess available water. In addition, dWHyl may bind to a protein partner,
effectively creating a hydration shell around the protein and, by lowering available water in

the immediate vicinity, thus decreasing the probability of ice crystal formation.

5.3.7 In vitro protein synthesis
In astudy by Livernois et al (2009), the authors exploited the heat stability property observed

for LEA proteins to develop a purification strategy. Pure protein was obtained following
boiling (to lyse cells and remove contaminating proteins) and a single reverse phase HPLC
step. Unfortunately, this was not an option for dWHYy1 purification as the protein is a member
of the atypical LEA proteins, known for their heat instability. In order to obtain pure protein
free of contaminating E. coli proteins, an in vitro transcription and tranglation kit was used.
dWHYy1 was successfully amplified and cloned into the pET17b vector system and used for in
vitro protein synthesis. The expected size of dWHyl protein was 18 kDa. For the
PUREXxpress™ system, the target protein is purified from the reaction mixture by reverse
metal ion chromatography, using the batch method. As seen in Figure 5.3.7.1, dWHy1 was
successfully translated and increasing amounts of protein was obtained with an increase in
plasmid DNA concentration. The optimum DNA concentration was 300 ng. Following
expression, protein concentration columns were used to separate proteins using a molecular
weight cut-off of 50 kDa. Smaller proteins were subjected to IMAC chromatography and, as

shown in Figure 5.3.7.2, this method allowed for successful purification of dWHyL1.
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75 kDa
55 kDa
35kDa
25 kDa
18 kDa dWHy1
15 kDa protein

Figure 5.3.7.1: In vitro protein synthesis of dWHyl1-pET17b recombinant. The 18 kDa
protein is clearly visible without any existance of it in the control reactions. Lane 1)
PageRuler™ Prestained protein marker. Lane 2) Reaction containing no DNA. Lane3)
Reaction containing 200 ng of pET17b parental vector DNA as control. Lane 4)
Reaction containing 60 ng of dWHy1-pET17b recombinant DNA. Lane 5) reaction
containing 120 ng of dWHy1-pET17b recombinant DNA. Lane 6) reaction containing

300 ng of dWHy1-pET17b recombinant DNA.
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18 kDa dWHy1
protein

Figure 5.3.7.2: Purification of dWHy1 from in vitro transcription and trandation. Lane
1) Flow-through fraction from centrifugation in Amicon® Ultra-0.5 filter devices
(Millipore). Lane 2) PageRuler™ Prestained protein marker. Lane 3) Retentate from
centrifugation in Amicon® Ultra-0.5 filter devices (Millipore). Lane 4) Flow-through
fraction from metal ion chromatography. Lane 5) Protein synthesis reaction containing

no DNA.

Due to the significant time investment in developing the purification of dWHYy1, it was not
possible to comprehensively investigate the functions of this unique protein using enzyme

assays. However, some considerations are laid out in Section 5.4.
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5.4 Conclusions and future considerations

In this study, a putative water hypersensitive response protein was successfully cloned,
expressed and purified. In addition, this protein has been shown to be functional, and actively
confers ionic and osmotic tolerance to the heterologous E. coli host in vivo. It was concluded
that rare codons are essential to dwHYy1 function in vivo, as this phenotype was not observed
in hosts which do not encode rare codon tRNA’s. A number of problems associated with the
purification of dWHy1 led to an interesting observation; overexpression of dWHy1 leads to
the overexpression of the CAT protein, transcribed and trandated from the pRareLysS
plasmid of the Rosetta (DE3) pLysS expression strain. Literature surveys indicated that
studies reporting similar observations all generally involve avariety of stressrelated proteins.
All such studies, and the current study, do not provide an explanation for this observation, but
it is evident that this aspect of bacteria physiology should be investigated further.
Complications in purification and expression also led to the development of a modified
vector system, whereby CAT was replaced with KAT. While it appeared that this new vector
system was effective in providing rare tRNA’s, as demonstrated by successful in vivo and in
vitro studies, it would be of great value to obtain the vector sequence of the pRareLysS vector
in order to employ possible novel improvements, which would ultimately lead to fewer

limitations in fundamental biology research.

In this study, it was shown that dWHy1 can protect enzymes from freeze-thaw damage in
vitro. Furthermore, dWHy1 was successfully expressed and purified using a cell-free protein
synthesis kit and the preparation appeared to be free of contaminating proteins. Using the
system described, further research into the functions of dWHyl can be performed. The
ultimate goal of future work would include X-ray crystallography studies and elucidation of

the mechanism of function of dWHy1. To the authors knowledge, this is the first report of a
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WHYy protein occurring in an Antarctic Dry Valley metagenome, and the first attempt at in
vivo and in vitro characterisation of a bacterial WHy protein. This study allows for the
development of testable hypothesis to elucidate mechanisms employed by bacteria in these

Dry Valley soilsto cope with the extreme desiccation conditions.

Future considerations
In this study, disordered proteins such as LEA were used as a genera guide to develop

further hypotheses and experimental procedures for testing. These proteins have been
implicated in a number of functions and, while most do not exhibit al of the functions, it may
be valuable to test dAWHYy1 for a variety of activities. Firstly, phosphorylation sites occur with
high frequency in disordered regions of proteins and this post-transational modification is
important for regulating cellular function (Mouillon et al., 2008). Considering that putative
phosphorylation sites have been detected by bioinformatic analysis, it would be interesting to
determine if the putative phosphorylation sites in dWHy1 can be phosphorylated. This may
indicate that dWHy1 plays a key role as a regulatory factor for the interaction with protein
targets. For example, experiments with a-synuclein demonstrated that the protein could be
phosphorylated by casein kinase Il which increased the disorder character of the protein and
o-synuclein self-association (Sasakawa et al., 2007). In addition, the binding of bivalent

metal ions may also indicate a possible role for dWHy1 in metal ion scavenging processes.

Secondly, dehydrin proteins ERD10 and ERD14 have been shown to protect various
substrates from heat induced protein aggregation, exceeding the protection conferred by BSA
under the same conditions (Kovacs et al., 2008). In addition, the disordered protein a-
synuclein exhibits chaperone-like activity and has been evaluated for the ability to protect
microbia esterases from high temperatures, low pH and organic solvents. Other disordered

proteins such as o-casein and microtubule associated protein 2 (MAP2) have been used to
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prevent heat and chemical induced aggregation of a variety of unrelated proteins and
enzymes (Tompa and Kovacs, 2010). dWHy1 should therefore be tested for its ability to

protect avariety of enzymes from potentially damaging conditions.

Thirdly, LEA proteins such as LEA18, ERD10 and ERD14 have been shown to bind acidic
phospholipid vesicles, possibly indicating some function in maintaining bacterial or plant cell
membranes under adverse conditions. dWHy1 should also be evaluated for this ability as it
would implicate involvement in stress response systems at the onset of the condition. As
with the group V LEA protein from Arabidopsis, dWHyl should also be tested for
involvement in other stress conditions, such as oxidative stress, where it may function
directly as a free radical scavenger, or indirectly, by controlling transcription and translation
of other proteins involved in the oxidative stress response, or by protecting enzymes from

oxidative damage.

Finally, assessing dWHy1 for RNA, DNA and protein interactions would be valuable in

elucidating the mechanism of action of this multi-functional desiccation tolerance protein:

“Understanding the mechanisms of desiccation tolerance holds promise not only
because it may solve important problems in cell biology but also because it may find
biotechnological applications in conferring desiccation tolerance on otherwise

desiccation-sensitive microorganisms” (Billi and Potts, 2002).
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General conclusions and considerations

Metagenomics allows researchers to investigate the ‘yet-to-be-cultured’ microbial world, and
the full potential of this approach has been realised by recent vast improvements in
sequencing technology. Culture-independent techniques are used to examine the genetic
complement of micro-organisms and any conclusions drawn, are therefore subject to the
strengths, and weaknesses, of bioinformatic analysis of the metadata obtained. Furthermore,
annotation of this data is affected by curations in extant databases, where uncorrected errors
will be carried over to current and future studies of this nature. As such, it is important to
experimentally verify the inferred function of predicted genes and to investigate possible new
functions. While DNA-based techniques allow for the discovery of novel sequences, they do
not permit the study of the organisms themselves and as such, the mechanism by which
genetic elements, and their often complex regulatory systems, influence phenotype in a
particular organism cannot be investigated. Nonetheless, the sequencing of large insert
metagenomic clones can allow the linkage of genesto organisms (if phylogenetic markers are
present in the sequence), and therefore the linking of organisms to function. Selection based
on phylogenetic lineage provides evolutionarily relevant data while a function-based

approach may provide datawhich is ecologically relevant.

In this study, severa clones were selected from a large insert metagenomic library using a
function-based approach, and sequenced using Illumina technology. The motivation for this
was twofold; first, the generation of sequence data would provide a platform for in silico
anaysis leading to the development of hypotheses regarding microbia adaptation to the
extreme Antarctic environment and, secondly, this data could be used to investigate the
function of individual genes which may be valuable in industrial applications or which may

contribute to a greater understanding of fundamental biology.

213|Page



Chapter 6: General conclusions and considerations.

Bioinformatic analysis of the sequence data revealed diverse strategies for adaptation to the
abiotic factors in the Antarctic environment. The observation of similar genes within three
individual fosmid clones may reflect common strategies in a variety of microbes and could
also indicate that these genes would be part of the pan-genome of organisms which inhabit
cold environments. Although a number of interesting hypotheses can be drawn with respect
to functional capacity, sequence data aone cannot be used to determine gene function and, as
with many sequence-based projects, the presence of hypothetical proteins hinders progress

toward elucidating complex genetic and metabolic interactions.

Aside from investigating the biocatalytic potential of novel lipolytic genes (Chapter 4), the
complete fosmid sequences alowed for the identification of a Water HY persensitivity stress
response protein. While there are a number of reports on the existence of low complexity
desiccation tolerance proteins, these proteins have low sequence homology to dwHy1, and
al functionally characterised members are from higher eukaryotes. The first in vivo and in
vitro characterisation of a bacterial WHYy protein is presented in this study (Chapter 5). The
analysis of the functional protein may point to a novel mechanism for desiccation survival
employed by microbes inhabiting Antarctic desert soil environments. In addition, protein
expression studies yielded an unexpected result; the overexpression of the CAT gene. Thisis
not the first report of CAT overexpression and co-purification and in all cases where this

phenomenon is observed, proteins under investigation were involved in some stress response.

This observation in itself warrants further investigation. Successful expression of this protein
was obtained by use of a cell-free transcription and translation system, allowing for further

research in an attempt to elucidate the mechanism of action of WHy proteins.

This study utilises a combination of techniques to evaluate a portion of the Antarctic

metagenome for genes which may be used in industry. For example, the characterised
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lipolytic enzymes may be used for the resolution of racemic mixtures or in bioremediation
schemes. In addition, and with reference to DEasell, novel structura changes were observed
which may have evolved to increase catalytic efficiency and substrate specificity of this
protein. The WHYy protein may be considered for use in the agricultural industry, as genetic
engineering with this gene may impart desiccation tolerance in valuable food crops.
Furthermore, examination of cloned sequences correlated well with current knowledge of the
physiological adaptations of microbial consortia in cold environments and may provide clues
as to the mechanisms by which they sustain essential biogeochemical cycles in the Antarctic
Dry Valley soils. This thesis comprises a full portfolio of techniques required to carry out a
culture-independent study on environmental samples from one of the harshest environments
on the planet. From DNA extraction, to cloning, protein expression, sequencing, in vitro
assays and bioinformatic anaysis, this work demonstrates the synergy achieved when

complementary technigues such as these are employed.

This study is the first sequence-based investigation of the Dry Valley soil metagenome and
provides a platform to enable large-scale comparative ecogenomics. Therefore, future studies
should include further sequencing of the Antarctic metagenome, which would most definitely
reveal novel molecular pathways employed by microorganisms which have colonised this
extreme environment. Inferring ecosystem function by interpretation of genomic data should,
however, be performed with caution. In environments where temperatures are constantly low,
degradation of bacterial DNA may occur at slower rates and as such, these genetic elements
can persist (Willerdev et al., 2010). Therefore, to truly understand the physicochemical
contributions of functional, complex microbial consortia, metatranscriptomic and
metaproteomic methods should be used in conjunction with metagenomic studies. In
addition, a global understanding of microbia metabolism may aso provide the basis for

development of new culture-based methodologies for the enrichment of culture collections.
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Appendix I

Supplied on disk

1. Raw data of Solexa sequence reads (r7_s 8)
End-sequences of fosmid clones

De novo contig assembly (CLC genomics workbench)
De novo contig assembly (Velvet)

El

Appendix II

ORF predictions by SoftBerry for fosmid clones LD4, LD7 and LD13.
CLONELD 4

>GENE 1 1132 - 1767 316 211 aa, chain +
VHI SASLI TDSVVQAANW. QKGQLLAYPTESVWGE GCNAYDKEAVQRI LDI KQRPPAKGM
| VWTDSAARI APL L ERL NDQQRHTVL ESWSHSPQAL AQQAHTW._L PI NAPLKI Pl PSW/T
GAHDSI AVRVI AHPLI RQLCAQWTATNPYGFI VSTSCNPSGLPPARSL KEAQAYFAESE
FAEQVGYLQGATLGYQLPSQ HDALTGQVI R

>GENE 2 2057 - 3061 667 334 aa, chain +
MNI LI SGGSGFLGSAFSTEL MNRYRAQDKEI HI TW.TRDSSQQHPDG NLMIYDELATFD
GSDSSNSSNKGFDVI LNLAGAG ADSRWSDERKETLLASRVKPTESLLAFI ARTSHKPTL
LVSGSAI GAYGTQGDKPL TESSAYETDFSHRL CDDWEQL AL KATEYGVPVAI VRTGWI H
PDGGVL GKL L L PFKL GVGGEQL GDGKQ MBVWSRDDW/GAAI FI | ERHL ADKVNAQQDSSS
TTDDYTLQTASDTSVVWYNLTSPNPVTNHTFTKTLGSW. HRPTFFTLPSPL LKL MFGEMS
TLLI DGQKVLPQALLDAGYTFKQPTLKQALEQQS

>GENE 3 3265 - 4311 503 348 aa, chain +
M_LALTTSI | LLWFI QPKRRSGAI ATI Al VFI | NNI FLAYGA.TEFW.DRFHI YLVI G LQG
FMVYAALI Tl Al ALLYCRLLKQPRRPKLI RG G | TYVA VSFAVFNAYSPVWHRLTVTT
DKPMKQPWNI ALVSDTHL GRWFGNRQLDKLVTLI DEQNADM VIVAGDI MNDTTI AYDKTN
VHEHL SKL SAPL GVYAVL GNHDYL GYEKRI AAAVTKAG TVL DNONVRLNESVSLVGRSD
DNDPTRL SASKL LAKVDTDKPVI FLEHRPTAI DEI KA_PI DLHLSGHTHGEQ FPLTTLM
KWFKPLVHGTKNI EDTHFLVTSGYGFGPVPFRL GTRSElI WWTLQQAE

>GENE 4 4431 - 5576 582 381 aa, chain +
MRYMFFI TI | ALLQLFSLGAALSLQWALQPWSVSI PLLPRI | FGVI FVI SNGLLLLSVSK
LLANSYRWSGAL FVHFMVLTALLTSLLYGGYW.l TMLTGVSLI DTDWAVGLRALAL L
I FVAMFI YALYSAY! PVWWRKQT! SI NKPMQGQLRI AVASDL HL GRLFGNRAI DRLRHLW
QSQADI LLMPGDI MDDNTKAFNDYDVENNLAQLCASLPYG YATL GNHDL YGHEKPI SHS
LRRAGVHL LNDEVL HL LHKEQSI W.VGRFDNHKRQRAATTDL LAQVDTAEPI | LLDHRPS
DI VEHSQVPI DLQVSGHTHNGQ FPANFI VQAI NRLGYGYEAI NESHFVWSSGYGFWE P
FRLGSRSEVWL| TLTGQAQAG

>GENE 5 5551 - 6945 693 464 aa, chain -

MPVLPI PSVNALVSKTANTI KNLRSRASTSSSELNLLSTSPLNHRSASKNI DRTTARYKK
HTLHYVLKALGYLPTPFLEKFNSTLHGPNTKQYLHADAHLRLI LALSNKLKQPLDI EKLP
| LRQKFAADTVAMQAPAVWDQSDSTSVRWODKAI MNADDGEMIVRCYQHYLQNEADLDI N
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KQTTNQQTVNQKNTDKTVM._FI HGGGFCI GDI DTHHEFCHAVCTQTGWSVVSVDYRLAPE
HPAPTAL RDCL SAYAWAEHCHTLGALPSRI VL AGDSAGGCLAI SVAQQVSAPDASQALN
L GLDNDKI TQLLQSLPRPLAQLPLYPVTDI EAEHPSWAL YGQG. L L DHNDVEVFDAAYMY
QSAI AQSHPLVSPMYGDNTQMCPSY! VWAEL DI LRDEAL VYAEEL QNKG KVETHTVLGA
PHGFI HLVBVHQGLGDETDY! | NEFGSFVRQL L TRDFNQPEPVL

>GENE 6 7432 - 8037 681 201 aa, chain +
MSEQVPNQEFDVKNPKAAQSNI DREESVL EETMNEFDPENNSGANVTI ENEI DI DAFHAR
| AEL EGEVKQAKEGTARANAETYNAQKRVEQEADKSKKFAL QKFAKEL LEI VDNLERAI E
SADANDPVTEGVKL THKAL L DV NKNGVQVVEPQGEKFNADL HEAVG DAEAEADI VGTV
L QKGYSLNGRLLRPAMWRVGEQ

>GENE 7 8305 - 10245 1683 646 aa, chain +
M3KVI G DLGTTNSCVAVMEGDSVKI | ENAEGTRTTPSI VAYKDDETLVGQSAKRQAVTN
PNNTL FAI KRLI GRRFDDKVVQKDI GWPYKI AKADNGDAWEVNGKKLAPPQVSAEI LK
KMKKTAEDYL GESVTEAVI TVPAYFNDSQRQATKDAGKI AG_DVKRI | NEPTAAALAYGM
DKKQGDSTVAVYDLGGGTFDVSI | EIl ADVDGEQQFEVLATNGDTFLGGEDFDSAL| EYLV
AEFKKDQDVNL KGDSL AMORLKEAAEKAKI ELSSAQSTEVNLPYI TADSNGPKHLVI TI' S
RSKLESL TEEL VKRTMGPCKI ALEDAG_KASDI DDVI LVGGQTRMPL VQKQVQDFFGQEP
RKDVNPDEAVAAGAAI QGAVL SGEKTDVLLLDVTPLTLGE ETMEGVYMIPVI EKNTM PTK
KSQVFSTAEDNQPAVTI QVYQGERKI ANONKQLGRFDLTDI PPAPRGLPQ EVSFDI NAD
G MNI SATDKGTGKAQSI Q KADSGL TDEEVEQWRDAEANAEEDEKFANL AQVRNEADG
Rl HAVQKAL KEAEDKVTDEEKSAVETAI SEL ETAAKEDDHDDI KAKL EAL DNAFL PVSQK
| YADAGAGAEGVDPGQFQQETESADGT QT DDDVVDAEFTEVNEDKK

>GENE 8 10682 - 11215 700 177 aa, chain +
MKTLQKTLLALAVGSL VSVGAQAAVTYGSGYTGTPYVGVKVGKFDL DTNGASDPTAYGVY
GGYNFDPNFGVEAEYVGSDDANYYNGDVDAKSYGVYGT YRYAFADTPVYAKGKLG ARTK
| EGDSRLPYASVSDSDTRI AGE GLGYSVNPNFGVEAEYD! LSSDANL MTVGAHL KF
>GENE 9 11455 - 12003 719 182 aa, chain +
MNTLQKALI AL SVGSL L SVSAQAAVNYAGQPYVGVKAGKFMVDVDG. DDPTAYGVYAGYN
FDSNFGAEVEYVGSSDTDI DTSTRLVESEYDLKTYGAYGTYRYQFPNTGL YAKGKLGFAK
AEVDVSASNYL GYSNSVSDSDSGLAGG VL GYDFNPNVSI EAEYDYVAEDI TLLTLGANL
KF

>GENE 10 12249 - 12860 373 203 aa, chain +
M ETI VM EPWAW.VLGFLLM AEMFI PTFASLWFGAAAVI VAALSW LPI PDWQ LI W
LTLSVLFMFAW/KY! KPLSI NRTKAGLGGSVI | GETGM VLKPPVGGLGLVRFNVPI VGA
DEWSCRTLDETVEVGDRVVWWTGLSGNEL | VAPTKRLTAPSVNGQPNI TPTI ENQPVTTKAK
ASRLNLNKPDL DRARLKKKFI DK

>GENE 11 13051 - 13932 800 293 aa, chain +
IMNSI | SSMNSLTI VMLVLVALI AFTVFKGVRI VPQGYKW/VQRLGKYNQTLEPG.TLI | P
FI DRVAYKVTTKDI VLDI PSQEVI TRDNVVI | ANAVAY!I NI VRPDKAVYG EDYEYA RN
LVQTSLRSI | GEMDLDSAL SSRDEI KALLKHAI SEDI ADWG TLKTVEI QDI NPSDTMQM
AVEEQAAAERQRRATVTRADGOKQAAI LEADGRL EASRRDAEAQVVLAKGSEESI RLI TG
AMGKEEMPI VYLLGEQY! KAl RQLAESDNSKMVVL PADI LSTVKGWGDKLKY

>GENE 12 14224 - 14763 467 179 aa, chain +
MIKONVTTKLI DI SAFVQGTPLPFSVLDNKHI NAAYPEEKL EI RGGGYGSDAAAHPTNAN
QF YAL TDRGPNADFEGSAGSGKQFLLPDYTPRI GLFELQADSQ | KI KDI LLKDTQGNSI
SGLPNPKALGGTNEI PYDI AGEVMIVHPHLPFDENTNPI RTDI NGLDPEGLAALTDGSF
>GENE 13 14887 - 15660 421 257 aa, chain +
LPTEFAKRRANRGVESLTI TPDQT TLVGVMESSL DNPDKSGRGSNLARI VTI NLSSGQ A
QYLYRLDKAQHVTSA VALSKHEFY! | EHDRKFPLQDKSTQKVI YKI NI AQATDI ERLAD
GNPASKVDI KQDNAFGLT! NEQTL EQFVASDDNSWOTFEKIVNI KPVI KTLVVDVNATLDY
PHDKL EGLW.RQDGSL GL L NDDDFSMTDSAI TDLVKTDFSL TASSATKLKSHVEQKYLDS
QKTLEDANRL YLVNMPNT

>GENE 14 15729 - 17267 863 512 aa, chain -
MPEHNDI RQQPASSDTEQPT TVRPLVQPDNPYASTRGS| MTKQLPAFDEAL | NKYNRSGP
RYTSYPTALEFLPI PDGLETKI LONREARAPLSLYFHI PFCRHLCYYCACNKI | TKKNSD
SGDYLQYLI AElI KHKRRL L SSPESDRNPL VKQLHL GGGTPTFLRDEEMVQLVWEFLQTQFD
FLPENEGDYSI El DPRELSGETLKTLRNLGFNRVSLGVQDLDETVQ AVNRI HSAELI EN
VLTEARELGFHSI NI DLI YG_PHQTPATFDKTVQRI | EMSPDRL SVFNYAHL PERFKAQR
Q KDEDLPGPSAKLTM_GNTI NTLTEAGYQY! G DHFAKPDDEL AVAQREGHL HRNFQGY
TI MGDCDLLGFGVSSI SQ ANANTRY! LQNDTDLQVYQDTI DAAKNNLAI MPAVKVI KTS
| KDRLREYVI MNLLCHDY! DFRDVNQKFG DAl TYFI DEl QQLGAMQADKLI DVMDAAG R

235|Page



Appendices

VL PKGRL L GRNVAMVFDEYL DKKHQNRFSKVI

>GENE 15 17527 - 18471 454 314 aa, chain -
MTDI NYPHYL QQLGFTKSESDKPI TPDLETLARLQLAHLTQYPFQSLTTI LDRPVDLEDS
S| YDKLVKRRAGGYCYELNGLFLSLLRHLGYEAKI | TG VI | DNQLERQNARTHWI MVT
| DGONYLVDVGFGGLVPSAPL L FAYNNQESSNQETDDKNASQ QT TPHGRYRI | KDDSFE
NQSENPI LLNAKVNYERY! LCCEl KSEWOM_YVFDLLPQ KI DM VGSWCI STYPKSPFK
SRLMASRLDEQG RHTLLNNQYRRHQL GKPSQSRALADI DELLTLLKQVFFNDI ACELTP
SERQKLTI FLENNG

>GENE 16 18517 - 18840 115 107 aa, chain +
LRI GTNSLFVLWKTSVVSSQLLDMLSSFLI SI | LYI PPTTYNVKCKEKDDDDI | KNYPDT
CALKVVI DRKLLQSLKEDELNNFTTVI HFLKNLRAMVLLSAETGSER

>GENE 17 19345 - 21066 937 573 aa, chain +
MNI YDL SEYQL YKL KSVDPNL SPDMREVI QHI LPKLDLESQNSLYKNI LEPMA SFNTNE
ELI YKHPATLKET! RDI QTHNNDLLAI VSNMYKI | DSRVDYYDAI QLADEI EAI FGYLDN
LNl RHLLYEHKNRKRI RI AFLYDLARW DTVELKVSPGLRKLDSRI VI SYLKEVFI KQXKI
QGQDFRKWDSSDL SFQEFTHL PFFI RSEGEKRNFFVWVEGREYWFLI GNTDEPKKNPYSLR
RFLHEECSEKYVYLTHVVI NKDEMRNSQYL SRASHANMSRFYTLDLGTPDTLLSFVKEAQS
FRKRYLKPLLKERLEQTGGSTEAI | KERM TYEKQVSVLI LQKI PRVQAI L YSKKDQDYL
FYHLDKLI KKM ENVQDFRLQPLVVHSTSSEI LLI KLMALRKLI NRSYDFTFYQDLSI EE
RSEAMS| PLFMVKEKL SETKAS| KELKDLKEKI DNYFLI KENGSFWKRI VWGKRPSYTLE
DVTKEKLM_EKEVFNMFI VRMAKSQNKGM Yl EFEFDEI | NKNYRHYALADGQLG SRLPR
VLRLPEEKREFN!I EYI SQVWNHNI FEANQLWHM

>GENE 18 21351 - 22943 561 530 aa, chain +
MSFAQVSTRSVWGE. HAPQVI | EVHL SQGLPALTI VGLPEAAVRESKDRVRSAI LNSGFQF
PNRRLTI NLAPADLPKDGARLDLPI Al G LAASDQLDPDVL SGFEFI GELALNGNLRQVT
GSLAVARAI KAETLVLKVSKASDTSKDAGQEPDQSQRLSPSTTPQLI VPI DNGAEASRVA
G El LGAQSL KAVCDHL QSLADPSAKDGRL EVVTPSPVQQHAGYQVDL ADVKGOHHARRA
LElI AAAGGHSLLFTGPPGSGKTLMASRLPTI LPDLSAEDALEVASTYSVADSDYDYGTRP
FRQVHHTI SAVAL VGGGSRPKPGEI TLANKGVL FLDEL PEFDRAVL EALRQPLEAKQ TI
SRANSQMVTFPANFQL VAAMNPCPCGYDGDTSVRCRCRPEQ KRYQDKLSGPLLDRI DLHI
TVPALPI ADLQNSRTGESSEQVRARVSAAHKHQL TROKKVNNEL SPSEI DEHVPL GEGEQ
QLLQLAQQRLNLSARGYHRVLRVART! ADLADSI DVTSAHVSEAL SYRSK

>GENE 19 22956 - 24713 1121 585 aa, chain -
MKETFDMTAPI | TVPI | TVPSDI Al AQNTI LRPI NAI AEQLGLSAKDI EPYGHYKAKI DP
AAVFANMPAKAKRSKLI LVTAI NPTPAGEGKTTVTI GLADAL NRLHTQONNGKKTVVAI RE
PSL GPVFGVKGGAAGGGYAQVLPVEDI NLHFTGDFHAI GAANNL LAALLDNHI YQGNELN
| DPKQ FWRRAVDIVNDRQLRNI VSA.GKRTDGWREDGFDI TVASEVVAI FCLAADL PDL
KQRLGNI L VAYNKDKQPVYARDL HAQGANMAAL L KEAI KPNLVQTI EGTPAI VHGGPFANI
AHGCNSVI ATRVANVHL SDYTL TEAGFGADL GAQKFCDI KCRLSGL_TPDAAVI VATI RALK
YNGGVAKDSL TDENL SAL KQGLPNL FKHI ENMQEVYGLPVVWAI NHFVSDTDAEVDI VRQ
ACREKGVEVAL TQYWEKGGDGGEALANTLLTLL DSHDSQPSQFRLAYDSNTSMVANKI RTV
AQRI YGANDI El SSLAQTKI ERLEALNLDRMPI CI AKTQYSL SDNAKLLGRPI NFDI HVR
DI SI SSGAGFI WI CGPI MKMPGLPKRPSAERI DVDDAGHI TGLF

>GENE 20 24697 - 25401 556 234 aa, chain -
MBKHFKEQKQLLI FDFDGTLI DSVPDLADATNTMLTTLGKSTYPI DTI RNVWGNGSRLLYV
ERALVGKVEVAEGEL TQEQADHAEQVFFDAYSNI SDSKTVAYPDVNI GLNKLHKAGFTLA
LVTNKPI QFVPKI LQTFGAQDL FAEVL GGDSL SVKKPNPAPL LHVCTAL GVTPDKAVM G
DSKNDI LAGQNANVDTL G SYGYNYGQDI RDFHPTQTFDDFASLI EYLLDERDL

>GENE 21 25577 - 26077 379 166 aa, chain -
MREFDYDL DYKHL DL RAQPEL YRVGRGEQGVL LVEPYKSE! LPHWRFATPDI ATESSETI
YQVFLDYLAADDFVGADMARKFI QVIGYTRARRYANHKGGKKYKGPVPDDKKGQSGAHGRE
ELPRQEEDPI KAESARI FKQKWDL CRENKTYL TIVKAAHRKRYQEVE

>GENE 22 26373 - 26723 243 116 aa, chain +
VDKI DI EKPVWSL PHSKALVTI LGALLI GM_SI NSAHSAWFERL | PONGTFTVSDVDRDV
AFVI DDFI YDARKFCYMSVGDRVVFFEGRHG DYRSTVYNLNSRERCEL LLRDRVE
>GENE 23 27068 - 27490 375 140 aa, chain -
MPLEAI Al NNLNTPLI KKPTRKHEL AERL QAL YDADDNQPDGKEVLNI | EQGFKRGQI LY
VGVIFNDKPI AAVGCFDDGQTDAKRL QYL TVHPENRKRAI DAKFI KLVYDAEVKKGVRQFV
PVDSDI HQ MSEYDLLQVKG

>GENE 24 27820 - 28464 465 214 aa, chain +
MI'VNLATI SDANONLHGRPARI ATVERNTAETQVTCTVNL DGTGQGTVDTGVPFLDHM D
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Q KRHGLFDLDI KCTGDTFI DDHHSVEDTG TVGQAFAKAL GDKKG RRYGHFYAPLDEA
LTRAVVDL SGRPGA.HVDI PFTRSHVGT FDVDL FSEFFYGFVNHSWMTVHL DNL KGKNSHH
Q ESTFKAFARAL RVACEYDERALNTLPSTKEAF

>CENE 25 28633 - 29268 294 211 aa, chain +
MTKI ALL DYGVIGNL HSASKAL SAVGAEVSI TNDPKVVAAADKI FFPGYGAMRDCI AGVNE
AG DDVI RHAI FNKPVNVAI CVGVQAL FEQSAENGGTKCL SI L DGTVEAFDPTWKDERGAT
I KVPHMGWNT NGVDL NHPLWKGVENNAHF YFVHSYYCAPTDSSQVAAVCDYGQPFCASI

| KDNLFATQFHPEKSHTAGL QL LKNFVEWDI

>CENE 26 29459 - 29878 169 139 aa, chain +
VPSQ VWKTPVDFTAFKI DI | ETTGLAKDALHI YVGE GVYLLCLLVLRPI | KKQSI RSFMVA
LI FVTG ALLGEYLDNRHI | RPRGFFALG VDI KASLHDLI NTCLLPYGFHALNKWITI F
HPTNKI TPl TKRHKKTDYS

>CENE 27 29909 - 31267 993 452 aa, chain -

MKFSKFGKFTQPTGE SQLMDDL GDAL KSDKPVNM. GGGNPAKI DAVNEL FLETYKALGT
DNDTGEANSSAI | SMANYSNPQGDAVFI DALVSFFNRHYDWNL TSENI AL TNGSQNAFFY
L FNL FGGAF SDNKL DEQSQDKENQSI DKSI LLPLAPEY! GYSDVHI EGQHFAAVLPHI DE
VTHDCGEEGFFKYRVDFEAL ENL PALKEGRI GAI CCSRPTNPTGNVL TDEEMAHLAEI AKR
YDI PLI | DNAYGVPFPNI | YSDAHLSWDNNTI LCFSLSKI GLPGVRTG | VADAKVI EAV
SAMNAVVNLAPTRFGAAI ATPLVENDRI KQLSDNDI KPFYQQQAKLAVRLLKEALGDYPL
M HKPEGAI FFW.WFKDLPI TTLELYERLKEKGTLI VPSQYFFPGVDTSHYQHAHECI RM
SI AADEQTLKDG AVI GEVVREL YDEAKSKNA

>CGENE 28 31552 - 32499 641 315 aa, chain +
MKAVL L DEKRFVADLARPTPEKI TDYVTFEETPCQDNKTI | ERCQDADI M NGSLRI EREV
| EALPNLKLI QLLSVGSNHI DKQACEDNDVKVL NAPDFASATVAEHTMMLLLSAMRASI H
YHNKVKSGEVWKEKCGRADI | DAEAI DLEGLTI GM @ GDI GKRI TKLAKAYDVNVLWAERQ
GRKPRNDDYTDFETVLSNSDVI TI HCPLTEETKHLI NQDTL SKMSKKPLLVNVARGKI VD
SEALASAVKQEQ LGYATDVFENEPADEDDPI VQLANEGHPRI | LTPHMGAGSRASQVKL
VKKI | TRQ NEFI ENN

>CENE 29 33296 - 33433 87 45 aa, chain -
MLNLLALI NI LI VYLTNDYGAAQ SI LTLEWSFGALNHNFTYSST
>CGENE 30 33583 - 35052 508 489 aa, chain +

MTLI NESFFQNKQKKRNYLHFDKKYSPSFLYSY! | NPSNI | QHSFYPFVSYNLHDRKI KK
GYI RI AKAKHCPI KGYI PTTPI FKPPI SSPNI | QHSHYPFI SYKKAKKYAVKSNKVRLI N
YASHLDSAI YAYYTELLSPSYEESLI RNNLENTVLAYRKI ERTVDCKTVSKCNI HFSKDV
FSI VSQKKDC! VLCFDI SKFFDNLDHQ L KDNWCSL L NVKHL PEDHYKVYKSL TKFASVD
KELLYKELG.SLNSRTLHKRHKTLCETKDFRSRVRCGKGLI STNYTSRG PQGSALSGFLS
NVYMVIQFDKNI KKYLENI NSVYFRYSDDM FI VDDI NELQLVEFI KCEI GKLKLAI NDNK
TORVVFENG ANVDVNNL SYNNPSKLQYLGLLYDGKQVFLRDTA SRYNHKL RKAVRVRS
AHYRKLKONNNONGTTI YRRTLYSRFTYI GKRNYI SYVFRVSEVHNSKNVKRQVKGHFKL
FKEYLNERV

>CGENE 31 35264 - 37096 1035 610 aa, chain -

MI'M TPSYLGETI EYSSLHACRSTLEDPTVAMYGVI TAFVTKQQANNAI RVAMGEPVKQ

KVSYYRLLLATSI | ASI AAWLSLG.LTVGOPYLAAI LPADI GLAI NPI SI | KTLVI Al |

LTLLI TORG-SPLSTTKPATLLNQSANQQL GKQPWYQRLPLLWYGLM.I GLYLFFAYEVG
SW LSAQLLI GLI AFVAVFWALARAW. WL TKLAMNT DI SWWKRI' Al HNL ARKGNQSAL F
FVTLSLSVAVLTLI TTLNHSI NAQFI NAYPEDAPNLFLLDVQSDQHEDI DALI GAPVSYY
PVI RARVWWTANDVPAQDI EPADGFDEPTRVFNLSYADTVVDTEFI TDAVEDNEL YSPI KT
| KADGQARDONSQ APLSI LDTAASMLNVGMGEDQVRFNI QG El VG TSI RSRYERGPSP
YFYFLFEPSVLSAAPQ QFATAHVAEDAI PEL QGKLVRQFPAVTTI DGTAI AEQVQEL WV
QVBRLVYVFTLLALLTGVMWVLI SSLLSTSQDRMQESASFRLLGVIKRDLYM.NI LELGVL
G SAATFAVI | ASVGAWAAI TQWFNLRFSVPWISLA GGVALVALLFG Al | YVRLVI GR
G VARVRAM

237|Page



Appendices

CLONE LD7

>GENE 1 129 - 632 330 167 aa, chain -
MAQKQSI LGRVTQVITRANI NAAL DRAEDPEKM.DQLVRDYTDS| AEAEDAVAQTI GNLRL
AEADHADDI AASHEWGHKAL TASKKADSL RSSGNTEDAQKL WDPRVPSSNSPYSESYYNS
LAVVL QRRDVENPGVT QL NRL AAHPPFASWRNSEEART DRPSQQLRS

>GENE 2 730 - 1425 662 231 aa, chain -
VDGQGW.Q SELLLAFTLSSLVG.ERQLRGKAAGLRTQALVGTTSALLM_VSKYG-NDVL
LAGHVWLDPSRVAAQ VTGVGFLGAGL| LTRQGNVKGL TTAAAVWETAAI GVAAGAGLW.
LALWTFLHFVTVYAFTALTRRLPGAAVTSVRI ELTYVEQHG. LRTLLGRVTELDVWKLTG
L SPHETPDGDAAVTSVYL DL SGNGNPADI VRTLAI TDGVRRAGVI SEEELS

>GENE 3 1600 - 2190 167 196 aa, chain +
MVTHVLKFARASTSRWRNNGGVTHEI ARRKNKI DTNAFDWRI SVADVTAPGPFSPFPGE D
RVRVFCEGQEMSVTVDG. THDL SRWAPFHFSGDADVSGAVPRGATRDLNVMINRALFRTT
ADVDEFAGSHTVWAPERT DVWWWWVWWEGSMKLPGKESCECGDLG YDAFTMSGPGTVWVKG
SARLVTVQFHLI DDTP

>GENE 4 2392 - 3639 702 415 aa, chain +
MTAEASPL VDTLADRVRHEVRL QRI DPKSNAAAVESI AVRVI QDHEGRSL TGAVQAL EDP
DMLVSRLVADVAGFG. L QQYFDDPDVEEI W NEPSRI FVARDGKHEL TASI LSVEQVREL
VERM_GSSGRRL DVSNPFVDAM.PGGHRLHVVLDG SRNFTAVNI RKFVAKAHSL DDLVWW
LGTLTQPAADFLNAAVI AGLNI VWSGGTQAGKTTLLNCLAAAI PGGQRLVSCEEVFELQC
GHPDW/AMJTRQAGL EGNGEI ALRSLVKEAVRVRPSRI | VGEVRAEECLDLLLALNAGLP
GVASI HANSARQAL VKL CTLPLLAGENI GSRFVWPTVGSSVDLVWHTG DASGHRAVQEI
VAVTGRVENDI | ESEM FCI RGGQLVRGSGVPARRDRFEQVG DL DDL MGAPW/P
>GENE 5 3777 - 4466 364 229 aa, chain +
MSLAVLLATFLAMWI SGSLI VAAVFGVLAAGGPAAVI RGNAQRRQREFAEL WPDAVDNL
ASAVRAGL SL PEAL QQL GERGPEPL RPPFAAFGRDY QSSGRFHEAL DL L KDRLADPVGDR
VVEALRI AREVGGGDL GRML.RTL SGFL RDDL RTRGEL ESRQSWI'VNGARI AVAAPW._VL L
LMSFDRDVI GRFSSGPGLLVLG GAVTClI CAYRLMMWY GRLPVERRI LA

>GENE 6 4739 - 5365 356 208 aa, chain +
MOQVMAGL SGFAL AAVL SAL VYATRSTSVMAL LI MCCAGFL GGVL ARDQKL SSEVKHYEE
RLSEEFPTVADL LALAVAAGEGPAASL ERVI RVCHGDLAVEL GRVLAVI RTGTPLVRAFD
QLAARTGVATI ARFAEGLAI AVERGTPLVDVLHAQAADVRESTRREL| ETGGRKEVAVM
PWFLI LPI TVLFAFFPGFI GLHLTSGF

>GENE 7 5387 - 5554 76 55 aa, chain +
VRSI FNRYL DRGDRGDVPGW/M TVMIAGLVAM. TAVAGPQL RSM.SQAL SSVGG
>GENE 8 5623 - 5943 195 106 aa, chain +

MPLVLG LQVGA.VLHVRNTMWAAASEGARYGAAVDATAADGATRAQHL| RTSI ADRYARN
VSAVEVWRSGRQQVVVSAHT SVPAL GL GGPGFAL VWRGHATKEVAR

>GENE 9 5940 - 6380 236 146 aa, chain +
MSTRAHTDHGSAL| EFVW.AI VLLLPMWYI LI AVFDVQRAAYGVSAASKSAARAFL LAPD
EVSARHRAEEAASL AL ADQDVRAGAVT! VCTPSQSSCLTPGSSVRVWRVTKLPLTPSF
LGDQ AAFTVDSTHVEPYSRYRVARQ

>GENE 10 6377 - 6793 148 138 aa, chain +
MSQRPETGQVAVM VGFFWI GLLAVVWVI NASAAYL QHQQL ANAADGAAL TAAQTVAEDS
| YRKGVEVGDL PLNSQSASAAVGAYL RGATG RWOVVL QQRQVNVQLARRL RL PLVPPGW
VDNTLVTARASAVLRVHQ

>GENE 11 6861 - 7967 966 368 aa, chain +
VAATDFPEELDSI KATLTSI EKVLDLDSMRAEI ADL QQQVGAPDLWDDQENAQRVTGRLS
LLQSELERTTNLRQRI EDLEVLVQLGQEEDDADSLAEAETELKRI HKTI DALEI RTLLSG
EYDERDAL| SI RSGAGGVDAADFAEM.MRMYTRWAERHHYSI EVYDTSYAEEAG KSATF
Al KAPYAYGTLSVEAGTHRLVRI SPFDNQGRRQTSFAAI EVVPVLEQTDEI ELPEDEVRV
DVYRSSGPGGQSVNTTDSAVRLTHI PTGTVVWSCONEKSQL QNKASAMWVI LKAKL LALKKA
EERATL DEMRGDVQASWGEDQVRNYVLNPYQWKDL RTEYETGNTQAVL DGEl DDFI EAG
RWRRSHAV

>GENE 12 8044 - 8733 637 229 aa, chain +
VI RFDKVTKTYPGQKRPALDSL DL ElI QKGEFVFLVGASGSGKSTFLRLVLKETTPTQGRV
YVAGKEI NKL SSVKVPKLRRQVGTVFQDFRL LPNKTVTENVAFAL QVI GKSRAEI NRLVP
ETL EMVNL EGKGHRMPDEL SGGEQQORVAI ARAFVNRPM LI ADEPTGNLDPTTSVGAE MKL
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LDRI NRTDTTVI MATHDST! VDQVRKRVI ELVDGKI | RDEARG YGYQS

>GENE 13 8742 - 9662 675 306 aa, chain +
MSFRHTLAEL GAGLRRNKSMTT SLVWTMSVSLLLASLGE LI QGSQADRTERYFGDRLQLA
NL CTKNSPGPNCL GGVATNEQKL AVKAAL SENPEVKDFETRTPADNYDQARAL LGJTDTG
RKQLATLGPEAFPESYFVTL ONPREFDGVVSQVSGVDGVGNVNSL RKL L GPLFEM_DKMR
WAALGTSLLLI VAAI LQVSNTI RMTAYARRREI G MRLVGASSWHI QLPFI LESMVAAVI
SAl VAGGALVAFMYFVWYGYLRDTLGQ TTWRWODAI AVMGYTTI LALVLALI PTLVMT
RKYLDV

>GENE 14 9777 - 11108 875 443 aa, chain +
MHFTGNPSVRNTM_AAAI SCALVTALVSPATADSKSDL EKQRRGVSGDI GNAQKSYDQSS
KQYAGAVNAL KKAQGRL DSAQTHL GETRGQL AAAAAKDAQVORQL EASQAAL EKALAELK
SGEKSLAASEVQVKQFTL ESL QEGDRGLRAFGDL L RGSSPSAFSERMSLNSSVGDAQLAT
VEHL AASKVM_GL KRDKVGQL RDKVAL KRKEAAANL AQKEVL EAAAQEQTVQVGELVGKR
SSAKKSANKI LAGDAVKL REL ERDKDRL SSQL RAL AAAEAAKAAKAARRKAQGKPTNNGG
GGGEEEANSSGEEEGETLSRPVYGPTTSPYGVRTHPVTGVYYKLHDGTDFGVYGCGT Pl HAAAS
GTVI SRYFNAGYGNRLI | NHGWRGANVVTAYNHATRY!I VGQGQRVSRGQTI GYVGSTGY
STGCHVHFMVLVNGSTTNPMGWL

>GENE 15 11142 - 11621 464 159 aa, chain +
MBKETGRKLI AQONRKARHDYT! EDTYEAG. VL TGTEVKSL RAGRASL VDGFADI EDSEI W
LLNVHI PEYTQGTWANHATRRKRKLLLNRTEI EKI EHRVTQRG.TI VPL SL YFKDGRAKYV
El ALAKGKKTYDKRHSLAEKQATREVQREI GRRAKGVDR

>GENE 16 11622 - 12494 559 290 aa, chain +
VVSLRDEDVPAVARSLG.PGE FDVHVHFMPEPI LKKVWAYFDAAGPLLGRPWPI TYRLSD
DERVARLRAMG KHFSALSYAHKPGE APYMNDWI RDFAAATPEALWSGTFYPEPEAATYV
PDLI AQGVQ FKAHL QVGNFAADDPL L DPVWASL ADSL TPVVL HAGSGPAPGAHT GPDGV
AAVLQRHPDLSLI| | AHLGAPEFEEFFGLAEKYVNVRL DT TMAFVDFFDAPFPPHL MPQVL
DLQPKI LLGTDFPNI PYHYAHQ EVLQQLG. GDDWVRDVLWANAAGL FHL

>GENE 17 12532 - 13056 260 174 aa, chain +
MNI AKEVDL SGGVL VGHDGSRFANKAL SWAL EYAGAFGHDVTVWRAWMI TAPRPKTWES
GYVPPLADFAAATLETLESDI APLRGEFADI AVSCQAVHGSAAKLLLEASARADLLVWGA
RGRGGFL AL SLGSVSEKLARFAPSTVWVVWVRGDDDDPTPAADI EYDGSVDFDRSA

>GENE 18 13587 - 13742 89 51 aa, chain -
M_ATSAVAAAANVAAG.KERETDMVASPMI GTL PDPSTL CAAWENVNSTCQEST
>GENE 19 13675 - 15549 1136 624 aa, chain +

MBVSRSFKPAAI AAAATAL VASM.LAL GTPSSASQPPQAQT THKGHQGPQPQAVARGAGG
AVSSVDANASKI GVEVL RKGGNATDAAVAMASAL GVSEPYSAG GGGGYFVHFDAKSGSV
ETI DGRETAPAG THDAFI DPDTGKPYPFTPELVTSGVSVGVPGTLATWDEAL DRWGSTS
LRKALKPSI QLARKGFTVDETFRNGQTL DNAERFAAFPSTAKI YL PGGDAPKVGSRLRNRD
LAKTLHLI GKRGPKAFYRGRLAEE! AQTVQRPPKSEDT DL PVPPGSMIVRDLAKYKVWDR
APTKVDYRGFNVYGVPPSSSGGTTVGEALNI VENFQL DKGDVAQAL HL YFEASAL AFADR
GAYVGDPDYVDVPTKRL L SQSFADSRACNI DPDQAAVKPVQAGAL SGSDCT TQNHDEAAD
TENVSTTHL SVWWDRRGNAVAYTL TNEQTGGSG VVPGRGFLLNNEL TDFTAVYDAKDPNR
| EPGKRPRSSMAPTI VTKDGDVRLVI GSPGGSTI | TTVLQ LI NRI DLDVSLPAAI AAPR
ASQRNTEAVTAEPEFI EQYRDVLEPYGHI LKPSGDAFTSLAEI GAAAGVEVDRRGNMIAA
AEPVRRGGGTAAVWCTAARRHSCR

>GENE 20 15613 - 15903 257 96 aa, chain +
MSAL SEQE! NERL EKHRDWI'VEDGAL HREF TFEGFPAAMAFMVQASRQI DAMNHHPEWSN
VYNKVDVRL TSHDEGG TDQDFTLAG FDELGSPPA

SGENE 21 16082 - 16987 431 301 aa, chain +
MSPLTGLTMSEGRPDRP! VWTKI DNTASANPQHGVNKADL VWEEL VEGGL TRLAAFYYSN
TPTHVGPVRSARATDI G ASPVNAEL VASGGAPKTNKRI KAAG KFHSEDAGAKGFSSDP
AKSRPYNRAI NVQTLLKGRNATKI PGPYFTWASKKSTDKKSDSSAAPSAKASTTPKKATS
AAVRFSPSSTTQWGFKGGKWSRTNG SEKEFKADTMVL FSKVGDAGYRDPAGNKVPET]I
FDGSGSMFL FHGDTVTEGTVEKKGLGSTI TMKDKSGAPVGVEPGNVW ELVPKGDGAVSV
N

>GENE 22 16989 - 17693 429 234 aa, chain -
MRPAQKVL RTARKT TRRQDYSSSTKRAL VKHAT AL FTDHGYAGT SL DEVVAAARVTKGAL
YHHFPSKL AL FEAVFMRCQDDATAQ DKAL KSSRDPWERAQ GLRTFLNTCQQPNYRRI C
L QEAPVAL GHERWQEAERESSYGLVER! VSDLLDEL GSEKELAETFGVI FYGAMRTAGEF
VADAADPVQASANVEMYI GSL L GGL RL TPPFGEGENGDDT GQAGVSTDAAENQK
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>GENE 23 17831 - 18337 474 168 aa, chain +
MIMDAYNRRKEAL REVLAVADSRRDTTAHQL | ADNDSAREAFGSASEL M. DVQWWNWYQRL
SGQL DRAL TDGADDL EEL VI TAWSDAAAQAPGARVL | DAGEYMPEL QRAL TNEAVL LART
AG RSSEHDQAEAGAQL RSMAKAAVVEI PEI PDTPAGLFTRI RSALAA

>GENE 24 18408 - 19229 505 273 aa, chain -

L PEVWPQATVRAGFPW. YDAHVAEDAASGREFTVDEL AARAGMTVRNVRAYASRGL | AAPR
LEGRTGYYSNQHLQRLHLI RVLMDRGFTLASI EKNLLNTSSAI GDHAL DL VDVLHSPAQE
EEPEVNMSRDAL AAL AGVPRDDAL | ESLAQLGLAEW NVDEVTLLRPAI VRAGASAVRMGL
SPATVLAM_PLLQTPLRSI ADEFVRSVRDEVWOPFADRGVPPDQWPAVLEVI ESLLPVAA
QAVLALFREQLAQSVEQAMGEQ ALASNNAI PQ

>GENE 25 19187 - 19735 283 182 aa, chain +
MENL RGRLLVATPAI DAGL FRRAVVL M. DHDRDGAL GVVI NRPL DSGVGEVL PQNADCVN
EPGCLFAGGPVAADSAL AVGVL GSDDVPVGARPMCGRL GL VDL EGPVEVSLALAGVRVFA
GYAGNEPHQL EEEL AEGSWWVPARDDDL MSAAPEDL WRRVL ARQPGEL RI WASYPDDPS
LN

>GENE 26 19800 - 20114 127 104 aa, chain +
VANAVKSQQTESQPSPI RPSGGSQT VL DERTKSVPEAGDHERFSHYVNKNEL TEAMVMGT
SVI ALCGKAW/PSRDPKRFPVCPECKEI WKTVKPGDDGDSSSDS

>GENE 27 20104 - 21807 885 567 aa, chain +
VTPSPARAL RAWQSDAFAQYCQRAQPRDFLAVATPGSCGKTTFALTI AADLLHRRVVDRVW
VAPTDHL KNQWAHAATRVG SL DPQVAGRGAL SADFKGFAVTYAGLAANPTAFRI Rl ERS
RTFVI L DEVHHAGDAL AWGDAVL EACEPATRRLCL TGTPFRSDDNPI PFVRYEPGFDA S
RSVADYAYGYGT AL RDGVVRPVL FVAYSGDVHWRT RAGDEVAARL GEPL TKDVTAQALRT
ALDPEGSW PTVLVAADRRL QEVRRHVPDAGGL VI ASDQEQARAYAAI LTA.TA KPTLV
L SDQVGASKRI DEFATGNSTWWAVRWSEGVDI PRLAVGVYATTTSTPLYFAQAVGRFV
RTRRRGETASI FLPSVPFLLALASDLEl ERDHVL GRPVKDEDDL MAAEI ELL RAQESESA
SDAL GDFKAL GSDASFDRVL YDGGEFGHEG VAAGSDEELDFLGE PA.LEPAQVADLLRH
ARSRRATKTAAKNAVI DDAATFERQSDL RREL NGL VGAWHHRT GQPHGVTHSQLRSTSGG
PPSAQATSVQLQARI DLLRTWALKESS

>GENE 28 21810 - 22757 641 315 aa, chain +
MGSMPLRTRI FSLLMNLI SKPI EDVPDDQ PALRAGRI KL QDTRAGRFLFGAEDPGVSI A
TQTI SPEGHEI VLRI YRPSAGT L PVVVNFHGGG/WQGNNGQSGAL ASRVAAQAGVWWWSY
EYRL APESPFPAAVEDSWAAL RW/HDNAQSL DVDAERI AVMGDSAGGNL AAVVAL L ARDA
GGPALRLQVLI YPSVEMYEKWPSEL RNAEAPVL TSKNVRAFSRI YLAGADGTVFTASPI R
AESHLGLPPAL| QTAEFDPLLDNGVKYAEVLTAAGVPVTQTTYPGAI HGFVSLPGATTAA
PHALNE! VRSLREAF

>GENE 29 22760 - 23641 464 293 aa, chain +
VRRNYWORRI AAL DPEVDYEEI VRI VAHHEFPWDI QQAL SFALFRTYAVPSI GRLLFETG
QFTTDTQRRHDDTVLI LDAI ASDGVESPGGRAAVRRVMNDVHGSYAI SNDDVRYVLSTFWV
MPSRW ElI YGARAGTDGEQLADVRYYRRLGALMG KDI PATFAEFADL MDSYERDHFGQD
AGGKAVAEATL DLFGSFYPW.PRRLVRVFSLSI MEPHLRAAFGFRSPPI AVVNASRAAL K
L RAKVVRW. PARSTPKHGRDL REVKSYVGGFRVEDL GTFPAACPVAPADEPRA

>GENE 30 23625 - 24209 369 194 aa, chain +
MSPVL DHYVEWANRKDRRHRRL L RPI NRIVRL NRAL AQHGAYARG VHGEALDMLI DGRLQ

GKDAFLEPQVWL.TGGETGRI | | GSGSFLNLGVM AALDLVEI GDHCM ANGCVI TDANHR
FDDL TRPVTWQGFDSKGPTRI GANCW.GANVVWTSGVTI GERCVI GANSWTGEVPPFSV
VAGNPARVVRRAET

>GENE 31 24266 - 27118 1622 950 aa, chain +
MQTPKQSGSMRRAHRKRL LWSVGL_AAGAVI MASVAL PTLAEKAAYDKVL RGGDPL MNPEA
L KMAADGHNHDHSDPRTKNL VSRSL ATGVKDPT TPAQAAASHEAVAKQRAEADPKI VPGD
APAARRDVPEDI YAMAQGCYAVQDAASGKWNRAGSGYQAAASSIMNEAEPFHFQATAL GK
YLLFDSAKDFVARTSGDPTGAI FSDSVGQAAKASPEADWIVSKGGDL FQFSL GDPDSGVA
VDGGGTVGE.GVATGFRLHTI EGCQEWPEAQTNVTGQPHKGE SDMQEVRGYL DAHTHGVAY
EFL GGRLHCGKPWDAYGVEVAL SDCPDHT AT GGNGAL VDAAMGGGVSHDPVGAPTFKDWP
APNSL THEGTYYKWERAWRGGORL FVNL L VENGQL CKVYPL KKNSCDDVDSI RLQAKRM
HEFENY! DAQSGGPGEGWRI VTDPYEARKVI NDGKVAVWMGE ETSVLFGCTAKADVPSC
SKQQ DDQL DAVYDMGVRQVEL VNKFDNAL SGVAGDAGT TGAAI NGANFL ETGSFWKVEK
CDDNGEGVEDREQVAAPSSGPQQDAL FGSI KGVLDRLPI AVPVYGSGPHCNQRGLTDLGD
HT1 RRMVDKKM. FDPDHVBVKGRVSSL DL LEELNYSGVI SSHSWSTPDAYPRI YRLGGVWW
TPYAGDSNGFVKKVWKKHL DWADGRYYFG-GFGADI NGL GAQGNPRGADVPDPVTYPFQE

GGVTI DKQVSGQRVYDI NKDGVSHYGL YPDWVQDL RKI DGNT! VDDVERGPEAYLQWAER
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ADGVSNDACRDDRAL KPVSAI TSI KDGSSVQTVLEQAGOPHSRL GSTFSYCAKTDTGKSS
TVEVDFAANKVSAI KATATADDEPSAEPSGSAGPAKPDAPANANAAAPAAAAAGT DDT GE
AVSATGDETKSAADNGAWPGTGGPALGVI LMALGM AAGTTVM RQRKRR

>GENE 32 27384 - 28430 826 348 aa, chain +
MVFTGLLVGAAL GYAMORGRFCVTGAFRDL WNKNSRWFSAFM_VWAI QSVGVFALDSLG
VI TLADKPFPW.ATI VGG FGYSI VYAGGCATGTYYRSGEGLI GSW ALTGYAVFAAI T
KTGALAPLNDAI HKPVLETTTI HGALAE SPWLVVALVI GVAVWRYHRSKPALVVATLP
PKHSGLRHI VAERPWITAYGSAWI Al | Al | AWPLSSATGRNDGLG TTPSANLVNFLVSG
DTTLVDWGVYLWWG LI GSFI AAKASGEFRL RVPDAKTVWRSI FGGAGMAE GASLAGGCT
| GNAMVKTATFSI QGWALAFMVLGTGAAAYQT| LKKQPASERTLI DA

>GENE 33 28456 - 28680 273 74 aa, chain +
MAVI LETAGQVCPFPLVEAKDAI GDLPVGEELVI NFDCTQATDAI PRAWAAENGYPVTNYE
RVGDAAWT T TVRKA

>GENE 34 28805 - 29851 619 348 aa, chain +
MANL KL SVL DL VPVRTDQT TGDAL AASVKL AQSADTL GFTRYWAEHHNML. AVAASSPPV
LI AHLAAHTQRI RLGSGGVM_PNHAPLAVAEQFALL EAAHPGRI DLG GRAPGSDPVTSM
ALRGPAGRGDADI QNFPQYL DDVWAL MGTAGAKI ALRGQDYVLRATPHAVSEPALW.LGS
SPYSAHL AAAKG. PYVFAHHFSGQGTEEAL QWRSEFKPSDQAAQPRTFLTVNAVWAETT
KEAQAL AL PNMOHVARL RTGAPL GAMDL VEDAL DADMIPQQEAMVDAGL RRSVI GSPAEA
ARQ TELATQFGVDEVM HPVASVRRGAAADQAL GRERTI ELLAAELL

>GENE 35 29879 - 30367 343 162 aa, chain -

LFAQLLLW.SI SSAVAWAG AATRLVYTDM.RDRRANG QRTALARSYGAMFAERARDN
SAFVSAI NGRLADRDRTI RELDGVI RLADKRAEVAI | RANDSAERL TVATARVGDLEEQL
El RNSEL L DEL APWHGAEL ETVI DLLGWEERG VAAARSKQA

>GENE 36 30550 - 31101 473 183 aa, chain -

MAKTLI | VDVOQNDFCEGGSL GVAGGAAVATNVAEL | ASGAYDI VWATKDHHI DPGAHFSD
HPDFVDSWPPHCVVGT DGEHLHTPLSADL FTETFLKGEYEAAYSGFEGKSVSGVALADW.
REREVTAFDVCA ATDFCVRATAVDGARL GFDVTVLMDL TVAVSSDNL L SVROVFTEVGY
TTG

>GENE 37 31104 - 32438 984 444 aa, chain -

LFYAVGVTYETSTTAPSTALLTDRYELTM.QATLADGTAERQSVFEL FARRLPEGRRYGV
VAG GRLLDALENFRFGDAEL EFL RSAGVVDEQTL EW.SNFRFSGDI WGYPEGEVYFPGS
PVLI VESSFAEGVI LETLFLSI LNHDSAI ASAAARM SAAGGRPClI EMGSRRTHESAAVA
CARAAYVAGFASTSNLQAGRDYG PTVGTSAHSFTLVHDNERDAFAAQN KSLGKDTTLLYV
DTYDVAEAVRI GVELAGADL GAVRL DSGDL VQVARTVRDQLDALGATGTRI TVTSDLDEY
Al QALAVAPVDGYGVGT SLVTGSGHPTCGAGW YKL VARAGADGAMI SVAKKSKDKL SI GGR
KFAL RKRNGRNVAQTEVLG GAPSVSDGNDRSL L L QFVDGGTRVHHDTL DEARERL RRAL
KEL PMQAMQL SKGFPAI ETTYEGE
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CLONE LD13

>GENE 1 327 - 1826 1022 499 aa, chain +
VLAPTRELAL QVATAFESFAAQVPSVNWAI YGGAPMGPQL KAl RNGAQVI VATPGRLVD
HLSRNGGLLST! KFLVLDEADEM_KLG-MDDLEVI FNAMPDERQTALFSATLPASI RA A
EKHL RNPQQVKI ASKTQTVARI DQAHL MVHADQKVNAI LRLLEVEDFDAM GFVRTKQAT
LDl AAAL EAKGYKVAALNGDI AQNQRERVI DSLKDGRLNI VI ATDVAARG.DVPRI THVF
NI DMPYDPESYVHRI GRTGRAGRDGRAL LLVTPRERRM_QVI ERVTGQKVAEI QLPDAKYV
| LQARI RRLTQDLAPRVKDKEKQNVEL LAHLTTELNCSAEDLALALLAKTTEGQAFTLDG
VEREQPVL APRGRDSRDRDDRGGRGRDDRGGRSEGGRGDRGEGRGGEGGRERRAPLAL SE
GKVRCRTALG RDGVAARNL L GAI LNEGAE_SREAI GRI Q) RESFSLVELPEEG ENLLGK
LKDTRVAGKALKLRRYRED

>GENE 2 2014 - 2793 320 259 aa, chain +
MTLHI Cl LEADDLHPAL QESFI GFGQVIFKQL FNTQDVAVDCQVFNVVRGEYPDSNQQFDA
YLVTGSKADSFASDPW ANL RTYLHQRFVQGEVLLG CFGHQVLAL VL GGDTQRSNKGWG
LGVHRYRL EHKPTW.PSVTDEFQLLI SHRDQVTAL PKGAAL L ASSEFCENAAFM_GQQVL
CFQGHPEFTHDFSRSLLDI RQSI YCPDEYQAACQSL EHOHDGQAVAQWWL CFI KAAKEGR
NAI SSEPNPATQRDSLCLA

>GENE 3 2781 - 4334 1149 517 aa, chain +
M_SLTVQELSQYTVALLLG | VLA ALQQFI RAQKL QQQSADNQTAL RDAQQQLHEQDTD
L QVLGSQQDQL SAQL QL READYQQL KTEHSAVQQQL LQGRA AEAAQAGYRELKEQQQVR
EQALARQQTVYL EL QDEHQRL QQEYASL RGL SAQKECQHL LEQQQLLRDSREQLKLEFEQL
ATQ FDARGQAL TQTSQQSL QAMLKPFREQ DGFRQKVEDI HHKDVQQQASLQQQLLQLK
ELNQQ TQEAHEL STAL RGOKKAQGNWGEL | LENVLERAGL QL GVDFAREVSFTTSEGRK
RPDAI VYLPONKHLI | DAKVSLNAYL RYVNAEDEAL RAQAL REHVSAFSARVREL AERDY
AALPG NAPDMVWMFVPI ESAFADAVRADEGL L QRAI EQNI LI ATPSTLLASLTI VRQLW
RFEEQSRSTAEL AERASKVYDKLRI FLGSMDGA GNSL DRAQEAYRKACDQLVSGRGNLI K
QASDFQQL GVSVKTEI AQQWODRARL EL THAEQDSAD

>GENE 4 4331 - 4777 204 148 aa, chain -

M FSSPW.I VAVWCL L GLATYAAL LVWRRVGL. AEQORQOORAQOKAQRHDDLI | LSEGFL
SEQVPWAEGCI RI KVI LDHYDYEL GMQPDYQVLHTVFSATENI PTHDAWRAL SSAEKQPF
TQLLSEL EL QHKQESMRAVQQL L SHLKG

>GENE 5 4772 - 4975 88 67 aa, chain +
LHI KLRDTFYTFSGCRMGVGHCDQFL SAGYAQAHGEHDCNAGRVHEVL L L EHGRGDHAGS
QGRERVL

>GENE 6 4988 - 5485 217 165 aa, chain -

MSYLATI KKTSAYLI FI TLLSGVGGCASSGSSGFKDPDVQL VDVEL I HAKL L EQQFM_HF
RVDNPNSKSL PMRGVDYRI LLNNTPLATGSNSQA.TVPAHDYAYFKI PVHTNLWRHVKVV
LRM_ENPDQPI HYALHAEVKTGLMFSKKI NI LRHGDI | PGDYI RE

>GENE 7 5728 - 6294 114 188 aa, chain -

M_HPLYRTVCLFSTCLKTYNSLFKRFLLYG_PMTAI SSCPCNPNI AYQDCCGRYHAGATA
STAQALMRARYSAYVTHNI EFI KSTSLPAQQEQL DMQAI AEWBKNSKW.GLEVL SETVAQ
DQRHATVEFI AHWHDAQGRQQHQETSL FI KPAEHRYFYDPNVPL KAERNTPCPCGSRLKF
KKCCASYF

>GENE 8 6293 - 8437 1496 714 aa, chain +
M_SDELKKTI QGAYTRFLDSKGLKARYGQRLM AEVAKVLGNI AVDEEGKRSGDPAVVAI

EAGTGTGKTVAYSLAAI PVARAAGKRLYVI ATATVALQEQ VDKDLPDI | KNSGLHFTYAL
AKGRGRYL CL SKL DAL SQHGEAEQATAQL FAEDGFHI EVDSDSEKL FSEM TKLASNRWD
GDRDSWPQVL EDVTWSRVT TDHT QCTGRHCANFQQCSFYKAREGMTKVDVI VTNHDWLA
DLAL GGGAVLPDPRET! YVFDEGHHL PDKAI NHFAHFTRLRSTADW.GQVEKNLTRLLAQ
NPL PGEFGRL L EPVPEMAKSL RTOMOFMFNFCEQL AEFRPNTDPDSYEKPRYRFI GGVWP
KEL SELGVELKKEFI KLTDI FSRVAEL L KKANDDEPGL GVPSHQAEEWYPLFGSLLARAQ
NNQEL WI AFTAEDPEKSPPMVARW._SL SDAGGAFDI DVNASPI LAAETL RRHLWNVAHGAL
VTSATLTAL GKFDRFNVRAGL PFESKKEVVPSPFKYAEAGVL RVPDL RADPRDSEAHT QA
| I RELPAI LEGAQGSL VL FSSRRQVKDVFEGVDHDWRKRVL | QGGLSRQETLAKHKSQ D
KGEASVLFA.ASFAEG DLPGAYCQHVVI AKI PFAVPDDPVEAAL AEW EARGGNPFIVEI

AVPDASLRLI QACGRLLRNEQDTGSVTLLDRRLVTQRYGKAI LNSLPPFRREI D
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>GENE 9 8466 - 9611 730 381 aa, chain +
VHI DGSSDSAFSTVLDVFTQLL EDPEQRGASL CVQVAGETVI DVYWWGEGVI DRHAEQLWORD
TLVNI FSSGKPVAAVWL L QWAEGRL QL DTPLAEYWPEFAVQGKRQ TLRHI LSHQSGLS
AVLEPLAPEALFDWERM AAVENTPPWA PGDAHGYAPMTYGWWGEL I RRVDGCEPGEA
| AKRI AQPLQLDL YL GLTEREL PL VGDVNMRMKGVFADAASL RL MKAMGNEPQGVITAKAFA
NPSSMVBESTNKL EWRQVIQQPAANAHSTARGLAGFYTGAL L QGQLL DGEM_NEM_REHSSGM
DLTLHTKTRFGA. GCM.EQVDEL PASYSL GARSFGHPGAGGT L GCADPEREVSVAFVTNSL
GASVLVDPRACQKI NAM_KKCL

>GENE 10 9702 - 10571 523 289 aa, chain -
MANNL MTAQLI DGKQ AADI RKNI AQQVQDRL SQE.RVPGLAVI LVGNDPASEVYVAHKR
KDCEQVGFQSQAYDLPATTTQDELLNLI DTLNTDDSVDG LVQLPLPAHLDSSLLLERI N
PYKDVDGFHPYNVGRLAQRMPLLRSCTPKG | TLLEHTGVDLHGLDAVI VGASNI VGRPM
ALELLLAGCTTTI THRFTTNLEEHVRRADL VWAVG PNLVKGEW KPGAI VI DVE NRQ
ADGKL| GDVGFDEAI KRAAW TPVPGGVGPMIRACL L ENTLQACEHNEK

>GENE 11 11305 - 11526 96 73 aa, chain +
VHVL LAVFNWCASGQVRL FMCML GYLLVAVGESL LEI AWYHSAPYKTRI YAGFCLNTRL
FNSYGFNQVCCGV

>GENE 12 11610 - 12008 259 132 aa, chain +

MFAEHYLLVKNI HI TLVLLSGSLFVLRGLWLLAGSGSVLQKKVNRLSYVI DTGLLLAAF
ALLM LNYAPLSAAW. QAKLLLLVL YVWLGALAFRAKYSL SNRW.AYCAALL CFAGWYYS
ARLHQPFAGLLS

>GENE 13 12426 - 13064 391 212 aa, chain +
VTDAYL ETVDL ACERDWRL L FEHL QVSVRPKDM. QVSGPNGSGKTSLLRLMSGLMVRPTAG
EVLI QGVSI QQKRNELASNLLW.GHAAG KGLL TAEENL TV SAL HHGASREQ QAL AA
VGLAGFEDVPCHTL SAGQORRVALARL YL ENVPALW L DEPFTAL DKQAVTQLEL HLAEH
CNNGGWVL TTHHPL QNVPDTFREL DLGQVWV

>GENE 14 13061 - 13732 443 223 aa, chain +
MSNVFALM.LRETRI MFRRPAELVNPLVFFAI VI ALFPLAVGPESQLLQTI SPGLLWAA
LLAVLL SLDGL FRSDFEDGSL EQW/V/SPHPL WL VLAKVLAHW. YCGLAL VM. SPLLALM
LGVPGDKI PTLLLSLLLGTPVLSLLGAVGAALTVGLKRGG LLALLI LPLYI PVLI LGSG
VI QAALQGLPTAGYLLWVATL TMLTLTLAPFAI AAGLRI SVGE

>GENE 15 13834 - 14589 456 251 aa, chain +
MNWIMWEHKL GSPKWEYE! SGRW.PW.SVSAAL LI AVGLVMGLAYAPADYQQGNSFRI | Y
HVPAAFLAQSTY! SLAVAG VGLVWKNVKVADVAL QQAAPI GAWMTVI ALVTGAVWGKPTW
GAWAVMDARLTAMLI LLFLYFG | ALGHAI TNRDSAAKACAI LAl VGVWNI Pl | KYSVDW
WNTL HQPATFTL TEKPAMPNVEMAL PLLI M| GFYCFFAAVL LVRVRTEVLRRESRTRWAQ
AEVARQ GRRV

>GENE 16 14759 - 15226 468 155 aa, chain +
MNPl RKKRLI | | GAI LLGVWATVALGLTALQONI NLFYTPTQ ANGEAPQDARI RAGGLV
KKGSL TRSEDSLTVDFI VTDGDADTG QYRG! LPDLFREGQG VALGRLNEKGVL| ADEI
L AKHDENYMPPEVSSAL EKTGM. KHYEDGQKESKK

>GENE 17 15223 - 17226 1281 667 aa, chain +
VBNAAL YL PELGHLAL| LAL CFAVWQSFFPLVGAWRGDHKWEL GOPAAVWGQFVFTLI AF
ACLTWAFM DDFSVAYVASNSNSAL PWYYKFSAVWGAHEGSL LLWAI LAGMFAVAVFS
RQLPEEMLARVLSI MGLI S| GFLLFLI MTSNPFERLLPQVPVDGRDLNPLLQDFGLI | HP
PMLYMGYVGFSVAFAFAI AAL L GGKL DAAWARWSRPWILVAWAFLG Gl ALGSVWAAYYEL
GANCGWNFWDPVENASFVPW. L GTAL | HSLAVTEKRGVFKNWIVLLAI AAFSLSLLGAFLV
RSGVL TSVHAFAADPERG FLLVFLLVWVGASL TLFVVRAPAVKSKVGFGFWSKETLLLI
NNI | LVWATAMVLLGTL YPLVLDSLTGAKL SVGPPYFNAL FVPLMGLLMFAMAVGM TRW
KNTPGKWLI KMLAPVLI LSAVLSVI GSVL YRDFNAAVLAL L FVCAW/LLASARDI LDKTR
NKGLWRGVRSL TRSYWGMQ GHL GWFMAI GVWLVSQYSDERDL KMAPGDSL EMAGYHFV
FEGAEHYEGPNY! SDKGSVRI FEGERE! ALLHPEKRLY!I VQQVPMIEAAI DPGFTRDL YV
AMGEPLENGAWAI RVHI KPFI RW WL GAFL TAFGGVL SATDRRYRVKVTKKVKDTLGLSA
QGKTTHV

>GENE 18 17219 - 17758 450 179 aa, chain +
MBKTRLVAVFAVLLGWLFAAMAMFG KNDPSEL PSAL VGKPFPEFSTHSVDDLGAVI TR
EDLLGRPALVNVWATWE! SCKI EHPVLNEL SKQGVWI HG NYKDENPAAL RW.EDFLNPY
QLNI SDPKGTLGVDLGVYGAPETFM DKKG | RHKFVGVWDKRVWREKL APL YQEL L DE
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>GENE 19 17755 - 18228 402 157 aa, chain +
MKRFI YALGLTLACFGTAQASI DTYDFATQAERERYRVLVEEL RCPKCQONQNI ADSDAPI

AVDVRDQ FKKLEKGETNEE! VGFL VDRYGDFVRYKPPVNSSTM/L\WGPAAL L VFGFAM
VAI | VFRRRRATRTEQNDKQL SGDEQSRL SDI LKQHK

>GENE 20 18243 - 19478 890 411 aa, chain +
MIQFW YAVLLLLLALLLLLVPVLRGRKDQTEEDRTALNI ALYEEH AELEAQYVGGAMT
AEQLAEGRI EADREL L DDTDI GRPKQSANL GSALPLI AALLVPWGLGLYFVWGSSDKVA
LTMSLSEQPKTAQEM ERLEETVRLQPESVDAWYFLGRTYMSEQRPKEAARAYERTI ELV
GRQPDL L GQLAQASYFANGNRWNAEL QGL VDEAL AQDPNEATSLGLVG AAFEDSRFQDA
VDAWIQLLKG DPQDQSYQAI QAGH ERARAAI GTSSPQPQVSSTAPAQTPATDAAAAGDY
KI TVEI Al SDELAAQVAASDTVFVFARAAGGAPMPLAAKRFTVAEL PAR! VL TDADSLMP
NLKLSSVDSI ELKASI SSGEDAMAQNKSEPL AVDAADTEAKNTLLI NQKN

>GENE 21 19608 - 19790 140 60 aa, chain +
M RKLLTAEGYEKLKDEFTYLVRKHRPEI TElI VSWAASL GDRSENADDNSM_SGGVI | SI
>GENE 22 19801 - 20148 270 115 aa, chain +

LRE!l DRRI RHL TKLFDVAQAVSYDPVQEGKVYFGAWCEL ENDDGETLRFRI VGDEEVYGR
QY| SLKSPVAKACL GKSVDDEVTVQTPNGEMHWYI | KI EYNVEGDVESSAEPSE
>GENE 23 20581 - 21333 259 250 aa, chain +
MVENYHESFKKYESAL L ECTKLSQECAG PSPTSSHFYASL L FTKLCNCAHSI GRLAPKPD
Q GKDAHWDYSSVASLTRDLI ECYLTFYYLCl DKCSSEEVWNARWOL MNL HDHL SRVKMFN
AL GVDYEEKEEAKNVKNDVI EKL KSNKWFRKL SDKQQTHFL KGKNAFFKSQDEI LTASGG
NVSDFRFKY! FASNHTHTFPMGFYRVADGNRGRGVESQVE! QYTGLCLEWSEYLLKAKA
EFGGKFENQK

>GENE 24 21444 - 21968 324 174 aa, chain +
MWI TKTPRLVLREFTSNDVGAL VE! L SDPEVMEFSTNGPCTEDDTRKFVDWCL DSYQEHG
FGQWAI VDSSSEAI | GFCA.SQVDLNGVQEVEI AYRLARTAWSKGLASEAAAAVLAYGFT
ECHI DSVI Al VADRHWSARVAEKVGLKI DTLTKYRDWDVRI YRKSLALNSKI T

>GENE 25 22035 - 22460 204 141 aa, chain +
MSTNVLLSI AAVLNAI VALLHI GCl YYGATWYRFMGAGEGVAAL AERGSI QPTI | TSFI V
LVFSI WTAYAL SGAGVI SQLPLLRW/LSAI TAVYLLRG.AGFFFYSNPLGRTPEFW.W\5S
Al CLTLEALVHLFGLKQW\AQ

>GENE 26 22548 - 23243 269 231 aa, chain +
M_HHKLPVRQ GASLADLAHSYI | KCPALLNDVRSLI SQSSTDNRFSL SAI SSSI SAMVEV
FLNEI TQLGNGYKAHNHGVNNPL VQVATAL ENAEKQRKATFVKLQ AYKSL AGKGVKCGED
LTPFQKLKI Al DVRSELAHPKSSTLTI SPNG HLPQKEQKL | NKLKSNGFNI SNDPL DVE
RVVNTKEFSLW/YQAVI STM_LVFDAWPYANSI ESFKEL YSLKLFKPEDWE

>GENE 27 23324 - 24646 404 440 aa, chain -
LNTRTPSGDDVTQRSDIVKPAFSNDL FEHVL QEDNL SAAWKRVRANKGAAG DGMT|I DEFP
AWRSG\WKAL KQQLVTGCYQPSPVRRVEI AKPDGGTRQLG PTVTDRVI QQAI AQVLTP
| FDPDFSEHSFG-FRPSRNGQQAVKQVQSI | KEGRRFAVDVDL SKFFDRVNHDLLMIRLGD
KVKDKRLLKLI KRYLRAGFI DNQLL GESRVGVPQGGPLSPLLANI M_DSLDKEL EKRGHK
FARYADDFTI VWKSQRAGERVLRSI SQYLQNRLKLVVNTDKSRVVKTNESQFLGFTFKAN
Rl HWHPKTL L KFKQNVRKL TNRNWGVSMKYQL FKVSQYLRGW NYFG ASGYQHCVELDH
W RRRVRVAYWROARKPRTKVGNL MRL GVHVQAAVACA TSKGPWRSSKTPG NQAL SNA
YLKSQGLYELRDGW KLHHS

>GENE 28 25468 - 25857 169 129 aa, chain +
L VDMKQRQRSAKAANTDL VFTHSEI KDCQAAVSSALTRI FLKLNPGDKNI NI KALI KHLD
El KSCSQSAKWDE!I NKKI DFVREDSQKL L KQOEWDRVKKGEPAFI WAKRI AL SVFFGAFSL
GGYI LWBFI

>GENE 29 26022 - 26417 128 131 aa, chain +
MBSRAI QNLFACYSEQLKNI KQPLKNLKGE DAL THCRTRAL GASYYRCKLNHAEI EQLHS
CRHRSCYVCAHKQRLEW EKQKARL LNVPHFHVVFTLPHEYLPLWRYNEALFARI LFKAS
ETLLQLLAXK

>GENE 30 27147 - 27626 275 159 aa, chain -
DI LARL MNAHPEFRVAMKDGEL VI WDSVHPCYTVFHEQTETFSSLWSEYHDDFRQFLHI Y
SQDVACYGENLAYFPKGFI ENMFFVSANPW/SFTSFDL NVANVDNFFAPVFTMEKYYTQG
DKVLMPLAI QVHHAVCDGFHVGRM. NEL QQYCDEWQGGA
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Appendix III

Nucleotide and amino acid sequences of lipolytic genes; DEasel, DEasell and DEaseV and
dWHy1

DEasel

1 ATGGGATCAATGCCGCTACGGACACGAATCTTCAGCCTGCTGATGAACCTCATCTCGAAA
1 M GS MPULIRTIRI F SL L MNULII S K
61 CCAATCGAAGACGT CCCTGACGACCAGATACCGGCAT TGCGCGCGGEEGECGCATCAAATTG
21 P11 E DV PDUDO OQOI P ALRAGRI KL
121 CAAGATACCCGAGCCGGCCGGT TCCTCT T TGECGCCGAGGACCCCGGECGT CAGCATCGCC
41 Q DTRAGRTFLUFGAET DUZPGVSI A
181 ACGCAGACGAT CAGCCCCGAAGGCCACGAGAT CGTGCT GCGCATCTATCGGCCCTCCGCG
61 T Q TI S PEGMHTEI VLRI Y RPSA
241 GGCACGT TGCCGGT CGTGGT CAACT TCCACGGCGECGGAT GEGT GCAGGGCAACAACGEC
81 G TLPVVVNTFHG GGG GWYVYQGNNG
301 CAATCAGGATGGT TGECGAGCCGCGT CECGECCCAAGCCGGTGIGGTGGT TGTTTCGGTC
101 Q S GWLASRVAAQQAGVVYVVYVSYV
361 GAATACCGGT TGECTCCTGAAAGT CCCTTTCCGGECT GCT GT GGAGGATAGCT GGECCGECC
121 E YRL A PESZPFWPAAVYETUDSWAA
421 CTTCGI TGGGT GCAT GACAACGCCCAAAGCCT GGACGT CGATGCCGAACGGATAGCCGTC
141 L RWVHUDNAIOQSLUDVUDATEIRI AV
481 ATGGGCGACAGCGCCGGECGEECAAT CTGECCECTGTGGT GGCCCT GCTGRCCAGAGATGCC
161 M G D SAGUGNLAAVV AL L ARTUDA
541 GGECGEEECCEECGT TGCGCCTCCAGGTGTTGATCTACCCGT CGGT CGAAAT GTATGAGAAG
181 GGPALRLOQVLI Y P SV EMYE K
601 TGGCCCTCGGAGT TGCGCAACGCCGAAGCCCCCGT CCTCACCT CCAAGAACATGCGCGCC
201 WP S ELRNAEAPVLTSI KNMMRA
661 TTTTCGCGGATCTATCT TGCCGGRCGCTGACGGTACGGT GT TCACCGCTTCTCCGATCCGG
221 F S RI YL AGADGTVZFTASUPI R
721 GCCGAGT CGCACCTCGGACT GCCGCCGGECTCTCATTCAGACCGCTGAATTCGATCCGCTG
241 A E S HL GLPWPALI QTAETFDUZPL
781 CTCGACAACGGCGT CAAATAT GCCGAGGT GCTGACGGECCGCGGEECGT GCCGGTCACGCAA
261 L D NGV KYAEVLTAAGVUPVTDOQ
841 ACGACCTACCCCGGAGCCATCCACGGT TTTGT CAGCCT GCCGGEEEECGACCACGECEECG
281 T T YPGAI HGFVSLUPGATTAA
901 CCGCATGCGCTCAACGAAATCGT CCGGTCGCTGCGCGAGRCATTCTGA

301 P HAL NI EI VRSLREATF *
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DEasell

1 ATGCCTGICCTACCAATCCCAT CCGTGAAT GCGCTGGTAAGCAAAACAGCTAACACTATA
1 M P VL PI PSVNALVSKTANTI
61 AAAAATTTGCGCAGCCGAGCAAGCACAAGCT CATCAGAGCTTAACCTCTTATCAACCAGC
21 K NL RSRASTS S S EULNWLIUL ST S
121 CCGTTAAATCATCGCAGCGCTTCTAAGAATATTGATAGAACCACCGCGCGT TATAAGAAG
41 P L NHRSASI KNI DRTTARY K K
181 CACACACTGCATTATGTACTAAAAGCT CTAGGCTATCTGCCCACACCTTTCCTTGAAAAG
61 HTULHY VL KAL GYLPTUPFL E K
241 TTTAATAGCACGT TGCACGGT CCCAATACTAAGCAATAT CTCCATGCGGATGCGCACCTA
81 FNSTULMHGPNTIKOQYLHADAMHIL
301 CGGCTGATTTTGGCATTGAGTAATAAGCT TAAACAGCCGCTAGATATCGAAAAACT GCCT
101 R LI L AL SNIKILIKWOQPLIDI EKILP
361 ATTCTGCGCCAAAAGT TTGCAGCCGATACGGT CGCTATGCAAGCACCAGCGGTATGGGAT
121 Il L R QK FAADTVAMOQAUPA AV WD
421 CAGTCAGATAGCACTAGCGT ACGCTGGCAAGATAAGGCCATAAT GAATGCCGATGACGGT
141 Q S bDSTSVRWOQDIKAI MNAUDDG
481 GAGATGACGGTACGT TGCTATCAGCATTATTTACAAAATGAGGCTGATTTAGATATTAAT
161 E MTV RCY QHY L QNEAUDULDTI N
541 AAACAAACCACTAATCAACAAACCGT TAACCAGAAAAATACT GATAAAACAGTGATGCTG
181 K QT T NOQOQOTVNOQIKNTWDI KTVML
601 TTCATTCATGGGEGGTGGGT TTTGTATTGGAGATATCGACACTCATCATGAGT TTTGT CAT
201 F 1 HGGGTFT CI GDI DTHHTEF CH
661 GCGGT GTGTACGCAGACAGGCTGGT CAGT GGT CAGT GT CGACTATCGCTTGGCACCAGAA
221 AV CTQT GWSVV SV DY RLAUPE
721 CATCCGGCACCAACGGCGCTTAGAGATTGTCTGAGCGCTTATGCTTGGGT GGCTGAGCAT
241 HPAPTA AL RUDT CLSAYA AWV A E H
781 TGCCATACTTTGGGT GCATTGCCATCACGTATTGT AT TGGCAGGT GACAGT GCTGGCGGT
261 C HTLGALUPSIRI VL A GDSAGG
841 TGCTTGGCCATTTCGGT CGCGCAGCAAGT GTCCGCGCCCGATGCGTCGCAGT GGCTGAAC
281 CLAI SV AQOQVSAPUDASI QWL N
901 TTGGGATTGGATAAT GACAAAATTACT CAGT TGCTACAAAGT TTACCGCGT CCATTAGCG
301 L GL DNDIJKI T QLULOQSULPRUPL A
961 CAGTTGCCCTTGTATCCGGT GACCGATATCGAAGCT GAACATCCGAGCTGGGCATTATAT
321 QL PLYPVTDI EAEMHZPSWAILY
1021 GGTCAAGGGTTACTGCTGGATCATAATGATGT CGAGGTATTTGACGCCGCTTATATGCAG
341 G QGLLL DHNWDVEVFDAAYMDOQ
1081 CAAAGCGCTATCGCTCAGTCGCATCCACT GGT CTCGCCCAT GTATGGT GACAATACGCAA
361 Q S Al AQSHWPLV SPMYGDNTOQ
1141 ATGTGTCCCAGTTATATCGT TGTAGCT GAACTGGATATTCTGCGGGAT GAGGCGCTGGTC
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381 M CP SY I VVAELT DI L RDEA ALV
1201 TATGCTGAGGAAT TACAAAATAAAGGCATCAAAGT TGAGACTCATACCGT CCTTGGTGCC
401 Y A EEL QNIKUGI KV ETHTUVL GA
1261 CCACATGGCTTTATCCATTTGATGAGT GT CCATCAAGGACT TGGTGACGAGACAGATTAC
421 P HGFI HL MSVHOQGL GDTETDY
1321 ATTATTAATGAGT TTGGCAGCT TTGTACGCCAACTGCTTACCAGAGATTTTAACCAGCCT
441 I I N E F GS FVROQLULTRUDTEFNO QFP
1381 GAGCCTGTCCTGTGA

461 E P V L *

DEaseV

1 ATGCATATTGATGGCAGCAGT GACAGCGCATTTAGCACTGTTCTTGATGT GT TCACGCAA
1 M HI DGSSDSAFSTVULIDVEFTDOQ
61 CTACTTGAAGACCCT GAGCAGCGCGGT GCATCTTTGT GCGTACAAGT CGCAGGGGAGACA
21 L L EDVPE QRS GASLTCVYVYOQVAGET
121 GTCATTGATGT CTGGGGT GGGGTGATTGACCGCCAT GCCGAGCAACT GTGBCAGCGCGAT
41 VI DVWGGVI DRHAEI QL WOQRD
181 ACCTTGGTGAATATCTTTTCCAGT GGTAAGCCAGT TGCGGECAGT GGTCTTACTGCAGATG
61 T LV NI FSSGKWPVAAV VL L QWM
241 GT GGCAGAAGGGECGT TTGCAGCTGGATACACCGCT GGCAGAATATTGGCCAGAATTTGCT
81 V AEGRL QL DTWPLATEY WPEFA
301 GTGCAGGGTAAGCGGCAGATTACTTTGCGCCATATTCTTAGTCATCAGTCAGGT TTGTCT
101 V Q G KR QI TLRHI L S HOQSGIL S
361 GCAGT GCT GGAGCCGCTAGCGCCGGAAGCGCTTTTTGACT GGGAGCGGATGATTGCTGCC
121 AV L EPL A PEALFDWEWRMI A A
421 GTAGAAAAT ACCCCGCCGT GGTGGATACCCGGT GATGCGCACGGT TATGCGCCGATGACT
141 V ENTPUP WWI P GDAMHGYAPMT
481 TACGGGTGGATGGT TGECGAGT TGATTCGT CGTGT TGAT GGCT GT GAGCCAGGECGAAGCG
161 Y GWMV GELI RRVYDSGT CEUZPGTE A
541 ATTGCCAAGCGTATAGCTCAACCGT TGCAGT TAGATTTGTATTTAGGGCTGACTGAGCGT
181 I A K RI A QPLOQLIDLY L GL TTER
601 GAATTGCCGCTAGT GGGCGATGT GATGCGGATGAAGGGTGTCTTTGCTGATGCGGECCTCT
201 E L PLV GDVMRMIKTGVTFADAAS
661 TTGCGCTTAATGAAAGCCAT GGGTAAT GAGCCGCAAGGT ATGACGGECCAAAGCTTTTGCT
221 L RL MKAMGNEWPQGMTAIKATFA
721 AATCCATCATCGATGATGAGCAGTACTAATAAGCT TGAAT GGCGT CAGAT GCAGCAGCCA
241 NP SSMMSSTNIKLIEWROQOMOQOQZP
781 GCTGCGAATGCGCACAGT ACCGCACGEGGT TTGECAGEGT TTTATACCGGT TTACTACAA
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AAANAHSTARGLAGFY TG GL L Q

GGGCAATTGCTTGATGGT GAAAT GCTGAACGAGAT GCTGAGGGAGCATAGT TCTGGTATG
G QL L DGEMLNEMLREMHSSGWM

GATTTAACTCTGCATACTAAAACCCGT TTCGGT TTAGGT TGCATGCTAGAGCAGGT TGAT
bL TLHTIKTWRFOGLGCMLEQVD

GAGT TGCCCGCCAGT TATAGCT TAGGCGCGCGCAGT TTTGGEGCAT CCCGGAGCTGGAGEC
E L PASY SL GARSFGHUPGAG GG

ACATTAGGT TGTGCTGATCCTGAGCGT GAGGTGAGT GTGGCGT TTGTGACCAATAGT TTA
T L GCADWPIEREV SV AFVTNSIL

GGTGCCAGCGTAT TAGT GGACCCACGGEECGCAAAAAAT TAATGCCATGCTGAAGAAGT GT
GA SVL VDPRAQKI NAML KKZC

TTGTAG
L *

ATGAGCTATTTAGCAACTATAAAAAAAACATCGCCATATTTGATTTTTATCACATTGITA
MSY L ATI KKTSAYULI F I TUL L

AGTGGTGTTGGTGECTGT GCATCGT CTGGTAGCAGCGECTTTAAAGACCCT GACGT CCAG
S GV GGCASSGSSGFKDPDVQ

CTCGTTGATGT TGAACTGATACACGCTAAGT TCCTTGAGCAACAATTTATGCTGCACTTT
L vDbVvVELI HAKILULIEUQQFML HF

CGTGTCGATAACCCTAATTCAAAAAGT TTGCCAATGCGCGGTATGGACTACCGTATTCTG
RV DNPNSIKSLPMRGMDYRI L

CTAAATAACACACCT TTGGECCACAGGT AGCAATAGCCAATGGCTGACAGT TCCTGCACAC
L NNTWPLATGSNSOQWL TV P AH

GACTACGCCTACTTTAAAATACCCGT GCATACCAATTTATGGCGGCATATGAAGGTTGT T

DYAYFKI PVHTNLWRHMKV YV
CTGCGCATGCTAGAAAACCCT GACCAGCCGATTCAT TACGCGCT GCATGCAGAGGT AAAA
L R ML ENWPUDIOQQPI HYALHATEVK
ACTGGCCTTATGT TCAGCAAAAAAATCAATATCCT TCGT CACGGTGATATCATTCCCGEC
T 6L MF S KK I NI L RHGDI I P G
GACTATATTCGCGAGTAA

DY I R E *
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1. Anderson, D. E., Meiring, T., Taylor, M., Tuffin, M. I., Cowan, D. A. Gene discovery
in Antarctic Dry Valley soils. MERCK Young Scientist Award, Johannesburg.
August 2009.

2. Anderson, D. E., Meiring, T., Taylor, M., Tuffin, M. I., Cowan, D. A. Metagenome
sequencing and gene discovery. Cape Biotech Forum, Somerset west. March 2010.

3. Casanueva, A, Anderson, D, Tuffin, IM, Cowan, DA. Molecular adaptations to
psychrophily: the impact of ‘'omic' technologies. Extremophiles-2010, Ponta Delgada,
September 12-16.

Poster Presentations
1. Dominique Anderson, Mark Taylor, Marla Tuffin, Craig Cary and Don A. Cowan.
M etagenome sequencing and gene discovery. SASM, Durban. September 2009.

2. Dominique Anderson, Mark Taylor, Marla Tuffin and Don A. Cowan. Metagenomic
sequencing and in silico gene discovery. SASM, Cape Town. November 2011.

International travel
1. University of Bergen, Norway. 4™ October -31% October 2009.
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