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ABSTRACT

Nucleases are widely used in various areas including the study of nucleic acids

biochemistry, therapeutics and industrial applications. They are used in detecting

polymorphisms and disease-causing mutations in nucleic acid sequences, and also

used as antiviral agents or other therapeutics. More than 30 different single-strand-

specific nucleases have been isolated from various sources including bacteria,

fungi, plants and animals.  However, only a few of them are suitable for use in

research and diagnostic work.  In addition, little sequence information is known

about many plant enzymes that possess nuclease I characteristics. In particular,

the biological role of this kind of nucleases is unclear and there are very few studies

reporting the efficiencies of DNA cleavage by such nucleases. In this study, a novel

single-strand-specific nuclease was isolated and functionally characterised.

Eleven different plants were screened in this study. Seven out of eleven samples

were found to possess the target nuclease gene that was homologous to S1

nuclease. Four novel nuclease sequences were identified from Radermachera

sinica, Brassica chinesis, Brassica parachinesis and Apium graveolens var.dulce.

Sequence identities, homology studies and domain/motif predictions of these

sequences were characterised and determined in this study.

A full-length complementary DNA (882 bp) was isolated from a potted plant,

Radermachera sinica (China doll), and its protein product named as CDENDO1.

Recombinant CDENDO1 protein (277 amino acid residues) was successfully

cloned and purified in E. coli, and functionally characterised in this study.

Recombinant CDENDO1 protein carried the S1/P1 nuclease domain characteristic

of endonuclease activity and nucleic acid binding, and was classified as a member

of the S1/P1 nuclease family.

Recombinant CDENDO1 protein was found to behave as a single-strand-specific

nuclease that was capable of hydrolysing both of single-stranded RNA and double-

stranded DNA endonucleolytically.  Its activity was triggered by both Ca2+/Mg2+ and

inhibited by Zn2+ /Mn2+. Recombinant CDENDO1 nuclease could sustain in reaction

mixtures containing low concentration of beta-mercaptoethanol and dithiothreitol.

The nuclease activity was totally inactivated by either heating at 80°C or 85°C for

20 minutes, or in the presence of 20 mM EDTA. Modifications or removal of the
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signal peptide of CDENDO1 nuclease did not affect the catalytic activity of

CDENDO nuclease.  Removal of the last twelve amino acids, i.e. G D S Q D D S L

V A A T, at the C-terminal of the mature protein was found to enhance the protein

expression.

In this study, CDENDO1 nuclease and endonuclease V (Endo V) were first reported

to be capable of cleaving the linker regions between nucleosome cores on

chromatin in vitro. They might be involved in the programmed cell death pathway.

Recombinant CDENDO1 nuclease were different from CEL I nuclease and S1

nuclease although they belonged to the same superfamily of S1/P1 nuclease.

Although recombinant CDENDO1 nuclease failed to recognise single-nucleotide

mismatch, it was capable of nicking at the linker DNA between nucleosomes on

chromatin structure. This feature enables its potential application in chromatin

studies.
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Chapter 1: Introduction

Nucleases are ubiquitous and essential for all organisms. They have wide

applications in studying different areas of deoxyribonucleic acid (DNA) and

ribonucleic acid (RNA) biochemistry such as nucleic acid hybridisation, analysis of

nucleic acid structure, isolation of specific genes and gene manipulation. They are

not only important in reverse genetic methodology to identify and characterise

genes controlling inherited disease in humans, but also in industrial applications

and therapeutics areas. They have been used for diagnostic purposes and for the

treatment of some human diseases such as cystic fibrosis. For instance,

deoxyribonuclease I (DNase I) is used to remove excessive accumulation of nucleic

acids in the septa of the lungs and to improve lung functions in different clinical

conditions [1]. Great interest was shown in the regulation and biochemistry of plant

nucleases in the 1980’s [2-10]. However, interest in this field has subsided

afterwards because the methods available at that time were insufficient to elucidate

the biological functions of individual enzymes.

1.1 What is SNP? Significance of identifying
disease caused by SNP

For two randomly selected individuals, the DNA sequences of their genomes are

found to be nearly identical. Only about 0.1% of the remaining DNA carries

sequence variations. Such variations occurring in the DNA sequence is called

nucleotide polymorphisms. A single nucleotide polymorphism (SNP) is defined as a

sequence variation in DNA with single-base difference between the two

homologous chromosomes of the same individual or between any two individuals

[11].  SNPs are associated with genetic diversity in a population, individuality,

susceptibility to diseases, and individual response to drugs.

When this sequence variation occurs in the coding region of genes, it may generate

a translated protein product that is unstable or malfunctioning in cells. Some of the

SNP alleles are the actual variants that cause alteration in gene function or

regulation and hence directly contributes to disease processes [11, 12]. The

normal cellular function may consequently change. Affected individuals lacking the



2

normal protein may thus suffer from a diseased condition or other genetic disorders.

For example, cancer, stroke, heart disease, diabetes, and psychiatric disorders are

influenced by many genes. When the repair system of such aberrant mismatches

fails, it leads to the introduction of mutations in the progeny cells with potentially

fatal consequences like cancer and severe genetic diseases. Therefore, screening

of these SNPs are important and useful in finding genes that directly or indirectly

contribute to disease.

Many different platforms are available for identifying sequence variations in genes.

These platforms include single-strand conformation polymorphism (SSCP), other

end-point detection methods and real-time PCR technology.

Single-strand conformation polymorphism (SSCP) is a method used to distinguish

sequence variations in DNA by means of gel electrophoresis. It is sensitive and

can detect adjacent mismatches occurring on the same strand of DNA sequence

based on their specific conformational changes. It has advantages over DNA

sequencing, but is tedious and labour intensive. Furthermore, it is particularly

vulnerable to technical errors, which can lead to confusing results.

Real-time PCR, accompanied with TaqMan probes, SYBR green or hybridisation

probes, is commonly used for detecting known sequence variations. It is rapid and

sensitive, but the cost is relatively high and specific instrumentation is required.

Another platform for detecting single nucleotide polymorphism is called restriction

fragment length polymorphism (RFLP). It is a cheaper method and detection is

done after PCR amplification (also known as end-point detection). Restriction

endonucleases, which recognise short DNA sequences and cleave double-stranded

DNA at specific restriction sites, were first found in bacteria. They are employed in

screening or detecting variations in DNA sequences. Once the variations are

recognised and cleaved by the restriction enzyme, the fragments are separated by

gel electrophoresis. This method is cheap because these enzymes can easily be

harvested from bacteria. However, this method can only be applied to specific

target sequences and is therefore not universally useful. Moreover, some

restriction endonucleases are expensive. There is a need to find a method that is

universally useful in mutation detection. In this chapter, different nucleases, which

have been used in the field of research and molecular biology, are reviewed.
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1.2 What are nucleases?
Nucleic acids are vital components present in all living organisms that store genetic

information and convert it into functional units (i.e. proteins), which in turn give

various cells their individual characteristics [5]. The stability of nucleic acids is very

important in maintaining the integrity of the genetic material. This stability depends

very much on the existence of a phosphodiester bond. The phosphodiester bond is

a covalent chemical bond that joins a 5’ carbon in the pentose sugar of one

nucleotide to a 3’ carbon in the pentose sugar of the adjacent nucleotide to give the

polynucleotide chains of RNA and DNA. Nucleases, a group of enzymes found in

all living organisms, are capable of hydrolysing this phosphodiester linkage present

in nucleic acids. They are important and indispensable in the repair or the removal

of damaged DNA in order to restore the accuracy of the genetic blueprint during the

usual life of cells [1].

Nucleases are capable of recognising and binding a target DNA sequence,

hydrolysing phosphodiester bonds between adjacent nucleotides and releasing

nucleosides and phosphates (Figure 1-1), which can then be recycled for new DNA

synthesis [13]. Different kinds of nucleases show broad distinction from each other.

On the basis of their different functions, they have been applied in different areas,

such as DNA recombination, DNA replication, DNA repair and nucleic acid

degradation [14]. However, it is difficult to classify some of these enzymes into

specific categories according to their functions because they exhibit different

abilities to perform certain tasks.
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Figure 1-1: Nucleases cleave phosphodiester bonds and produce 5’ or 3’
phosphomonoesters.
(This figure is modified from Linn SM, et al.) [5]
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1.2.1 Classification of nucleases

Nucleases were originally classified into two major groups: ribonucleases (RNases)

and deoxyribonucleases (DNases) [15].  This classification is based on the

nuclease enzymatic activity towards different substrates, and was described by

Kunitz [15].  With the discovery of micrococcal nuclease (MNase) and snake venom

phosphodiesterases which attack both DNA and RNA [16, 17], nucleases were re-

classified by a set of consensus criteria detailed by Laskowski (1959) and Bernard

(1969) [18, 19]:

1) The nature of substrates;

2) The mode of attack;

3) The nature of nucleolytic products; and

4) The nature of the bonds hydrolysed.

On the basis of these criteria, nucleases can be categorised systematically: RNase,

DNase, nuclease I, exonuclease, endonuclease [20].  However, the above system

is still riddled with difficulties.  The properties of strand specificity, site specificity

and sequence specificity do not apply to the above classification system. This

system is also not suitable for classifying topoisomerases, recombinases and

damage-specific nucleases.  Moreover, nucleases such as Neurospora crassa and

BAL 31 nucleases, which show mixed catalytic activities, are difficult to categorise

using this classification system [21, 22].  Therefore, a new system was finally

devised by Linn in 1982 [23] and became the most acceptable system adopted in

classification of nuclease till now (Table 1-1).
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Table 1-1: Classification of nucleases based on Linn [23].

Nucleases

Sugar specific nucleases Sugar non-specific nucleases

(e.g. S1 nuclease, micrococcal nuclease)

Ribonuclease (RNase) Deoxyribonuclease (DNase)

Exoribonuclease 3' phosphate termini Exodeoxyribonuclease 3' phosphate termini Exonuclease 3' phosphate termini

5' phosphate termini (e.g., DNase I, DNase II,
DNase IV, etc.)

5' phosphate termini 5' phosphate termini

Endoribonuclease 3' phosphate termini Endodeoxyribonuclease 3' phosphate termini Endonuclease 3' phosphate termini

(e.g., RNase III,
RNase H, RNase
A, RNase P, etc.)

5' phosphate termini 5' phosphate termini 5' phosphate termini

Restriction endonucleases Type I

Type II

Type III

Damage specific deoxyribonuclease

Topoisomerases Topoisomerases I

Topoisomerases II

Recombinase
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1.2.1.1 Plant nuclease
In plants, RNases are extensively characterised based on their basic biochemical

properties.  Information on their biochemical properties facilitated the classification

of RNases into four major groups based on the pH optima and sensitivity to

chelating agents: RNase I, RNase II, nuclease I and exonuclease I (Table 1-2).

Both RNase I and II are capable of releasing mono- and oligonucleotides

terminating in 5’ phosphoryl and 3’ hydroxyl groups as the end products [16].

However, RNases do differ from nuclease I. Both RNase I and II show a

preference for cleaving bonds adjacent to guanine while nuclease I preferentially

cleaves the bond adjacent to adenine.

Plant nuclease I enzymes are a group of heat-stable extracellular glycoproteins that

hydrolyse both single-stranded DNA (ssDNA) and RNA endonucleolytically. On the

basis of their biochemical characteristics, these plant nuclease I enzymes and other

nuclease I enzymes can be easily classified as members of the single-strand-

specific (sss) nuclease family since they are able to recognise single-base

mismatches in DNA.

Single-strand-specific nucleases are highly selective for single-stranded nucleic

acids and single-stranded regions of double-stranded nucleic acids.  They are also

known as sugar non-specific nucleases (Table 1-1).  This group of nucleases can

further be divided into three subgroups: (1) secreted endonucleases, (2) protease-

sensitive multifunctional endo/exonucleases, and (3) mitochrondrial nucleases.

In contrast to the sequence-specific restriction endonucleases (e.g. EcoRI, BamHI,

etc.) in prokaryotes, single-strand-specific nucleases are non-specific and

sequence-independent.  However, the ability of single-strand-specific nucleases to

cleave DNA structures makes them important in different areas, e.g. screening the

mutations, determining the nucleic acid structures. In fact, these “non-specific”

enzymes specifically recognise and cleave particular sites on nucleotide sequences,

and are dependent on metal cofactors.  Most of the sugar non-specific nucleases

are metallonucleases.  With the help of metal ions in modulating the specificity for a

particular sequence or substrate structure,  nucleases are capable of locating and

acting on even single nucleotide mismatches [24, 25].
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Table 1-2: Characteristics of plant RNases

Plant RNases Molecular mass (kDa) Optimal pH Sensitivity to chelating agent

RNase I 20-25 5.0-6.0 EDTA-insensitive

RNase II 17-25 6.0-7.0 EDTA-insensitive

Nuclease I 31-39 5.0-6.5 EDTA-sensitive

Exonuclease I >100 7.0-9.0 EDTA-sensitive
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1.2.1.2 Single-strand-specific nucleases in plants
Single-strand-specific nucleases have been isolated from various cellular

components, tissues and organs of many plant species such as mung bean [3, 4],

spinach [8, 26], zinnia [10, 27, 28], dianthus, tobacco pollen [29], barley [6] and

even potato [30].   Recently, bifunctional nuclease and CEL I nuclease have been

applied in disease diagnosis and screening/detecting mutations [31-35].

1.2.1.2.1 Mung bean nuclease
Mung bean nuclease is widely used in many research areas.  It is able to cleave

single-stranded tails and internal single-stranded gaps [36].  It is a zinc

metalloprotein and is active at pH 5 or under more acidic conditions [5].  Mismatch

endonuclease activities of mung bean nuclease and CEL I nuclease are known to

nick DNA duplex [37].  The genomic sequence of mung bean nuclease 1 is

homologous to that of fungal S1 nuclease.

1.2.1.2.2 Bifunctional nuclease, BFN1
Bifunctional nucleases such as BFN1 (or ENDO1) are so named because they

have both RNase and DNase activities.  Such nucleases have been isolated from

Arabidopsis [38].  With a size of about 33 kDa, BFN1 was first reported to be

induced during plant senescence [28].  The protein sequence of BFN1 shares high

homology with some other senescence-associated plant nucleases.  It is also found

to have a role in programmed cell death associated with various developmental

processes in Arabidopsis, and play a role in nucleic acid degradation to facilitate

nucleotide and phosphate recovery during senescence [27, 39, 40].  Recently,

BFN1 has been used in high-throughput screening of mutation diseases [31].

1.2.1.2.3 Nuclease I from spinach - SP I
Nuclease SP I was first purified from spinach and characterised in 1991 [41].  It is

capable of hydrolysing both single-stranded DNA as well as 18S/28S RNA.  Their

activity could be stimulated by CoCl2 and ZnCl2.  Nuclease SP I is most likely a

metalloprotein with single-strand-specific nuclease activities similar to those of

fungal S1 and mung bean nuclease.  It has been successfully cloned and

expressed in an insect cell system.  The recombinant SP I nuclease was found to
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have enhanced properties and was able to hydrolyse the nicks introduced

specifically at the 3’ of extrahelical G nucleotide [42].

1.2.1.2.4 Nuclease I from celery - CEL I
CEL I is a nuclease from celery [24].  It is the first eukaryotic nuclease known to

cleave DNA with high specificity at sites of base mismatches, insertions and

deletions, and is able to identify a single mismatch in a million base pairs of DNA

[37].  CEL I is used to detect mutations in genes important in cancer, genetic

diseases, or in pathogen evolution.  It has higher specificity at neutral pH than at

acidic pH.  This makes CEL I-based assays of detecting polymorphisms and

disease-causing mutations in DNA fragments more sensitive because double-

stranded DNA is mostly complementary without any false nicking at neutral pH [43].

CEL I has a genomic sequence homologous to those of S1 and P1 nucleases, but

its catalytic mechanism is distinct from those of other known nucleases.  It is able to

nick one strand of DNA at the site of the mismatch without a second cut in the

opposite strand of the same DNA duplex molecule after the first nick.  This allows

the uncut strand to be potentially useful as a template for the removal of the non-

specific nicks or nick repair and ligation.  This enzyme appears to have a novel

mechanism of mismatch recognition since it can recognise with unprecedented

accuracy over 12 different mismatches (C/C, C/A, C/T, G/G, A/C, A/A, T/C, T/G,

G/T, G/A, A/G and T/T) that may each have a different structure [24]. However, its

efficiency and specificity in cutting the mismatches are stimulated by the addition of

Taq polymerase. Furthermore, the cleavage of some of the mismatch combinations

is weak, for example, T/T, A/G or G/T, making the result of the assay less reliable.

1.2.1.2.5 Nucleases from other sources
Nucleases have been isolated from numerous sources including bacteria, fungi,

plants and animals.  Examples include S1 nuclease from Aspergillus orzyae [44],

Neurospora crassa nuclease, P1 nuclease from Penicillium citrinum [36, 45],

Alteromonas espejiana BAL 31 nuclease, and mung bean nuclease I from sprout of

Vigna radiata [3, 4] among others.  These ubiquitous enzymes also exhibit highly

selective degradation of single-stranded nucleic acids and single-stranded regions

in double-stranded nucleic acids [46].
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1.2.1.2.6 Summary
Nucleases are essential enzymes.  They are found ubiquitously and play a critical

role in maintaining and repairing the genetic materials during evolution.  The

catalytic properties of nucleases on DNA fragments have wide applications in

studying different levels of DNA and RNA biochemistry.   Some of these nucleases

such as BFN1 and Zinnia nucleases have also been reported to be associated with

programmed cell death.  CEL I is an example that can be used in detecting genetic

polymorphisms and any diseases caused by mutations in DNA sequences.

1.2.2 Cleavage mechanism of single-strand-
specific nucleases

Various single-strand-specific nucleases are able to bind any DNA and display

notable preferences for some particular sites.  Such recognition selectivity is

suspected to be associated with DNA structure and flexibility [47].  DNA grooves,

known as major and minor grooves, are unequal in size and hence different in

shape.  They usually provide binding sites for DNA-binding proteins. Specific DNA-

binding proteins bind to DNA grooves with specific sizes and usually alter the DNA

structure for downstream regulations such as degradation of unwanted DNA

molecules, regulation of transcription or other cell developmental processes.

Curvatures towards the minor groove and towards the major groove compress the

minor and major grooves, respectively.  DNA then becomes bent and the DNA

structure is totally altered.  DNA with nucleotide mismatches, insertions or deletions

always triggers such DNA structure alteration, which may favour the binding of

particular DNA-binding proteins.

The study of crystal structures of DNase I with DNA molecules has confirmed that

the minor groove width is an important factor affecting cleavage by DNase I [48].

Such DNA bending favours nuclease digestion, which can be explained by the

variations in groove dimensions.

Different degrees of cleavage efficiencies are also found in non-curved DNA.

Recent studies have shown that nucleases are able to introduce nicks at

preferential sites of dinucleotide, trinucleotide, or hexanucleotide sequences [36, 37,
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47, 49] (Table 1-3).  These studies strongly suggest that DNA flexibility influences

groove dimensions and thereby affects cleavage efficiency.  Therefore, flexible

sequences are better substrates for this group of nucleases.  Since most of the

single-strand-specific nucleases are metallonucleases, metal ions such as Mg2+,

Ca2+ and Zn2+ are required as metal cofactors.  Metal ions are usually involved in

stimulating the affinity of the substrate, thus modulating specificity for enzyme

recognition of particular substrates [25].

In addition, a previous study on the nicking ability of P1 nuclease found that the

position of the mismatch within the double-stranded DNA did not affect the

cleavage efficiency of P1 nuclease.  Nevertheless, increasing the length of

mismatches could result in increased sensitivity [49].  On the other hand, the ability

of S1 nuclease to cleave opposite a nick has been well recognised [36].  For

example, while the number of mismatches is more than four bases, the protruding

area will be nicked and a strand break will also be produced opposite the nicks in

DNA (Figure 1-2).

In contrast to restriction endonucleases, such mechanisms make this type of

nucleases more suitable for mutation screening because specific target sequences

for recognition are not required.  Protruding loops in DNA sequences can be

generated by mismatches at single or multiple nucleotides, and then cleaved by

such nucleases with further breaks introduced opposite the nicks.  Finally, smaller

double-stranded DNA products are produced [50].  Single-strand-specific nucleases

are potentially and universally useful in mutation detection.  However, there are

very few studies of DNA cleavage efficiencies and mismatch nicking ability of

nucleases.  Furthermore, most commercial nucleases perform their optimal activity

at either acidic or alkaline conditions. Such conditions would reduce the accuracy

and reliability for mutation detection since DNA duplex is perfectly complementary

at neutral pH, but easily forms false-positive protruding loops at higher or lower pH.

The mismatch nicking ability of these nucleases is worthy of study.  A summary of

nucleases and their abilities to cut mismatches are shown in Table 1-3.
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Figure 1-2: Introducing nicks on DNA by S1 nuclease.
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Table 1-3: Summary of nucleases and their abilities of cutting mismatches

Enzyme Source
Substrate specificity/ Mismatch
recognition Metal ion cofactors MW (kDa) References

Prokaryotes

P1 nuclease Penicillium citrinum ssDNA/RNA; 3-base mismatches Zn 42-50 [49]

S1 nuclease Aspergillus orzyae 4-base mismatches Zn 29 [51]

Serratia marcescens Gram-negative bacteria ssDNA/dsDNA/RNA [52]

Vsr E. coli GT (CCWGG) (W=A or T) Mg 18 [53]

Dnase A Fibrobacter succinogenes Mg [54]

Endonuclease V Thermotoga maritima A/C,C/A,T/C,C/T,C/C 25 [55-57]

RecJ exonuclease E. coli 5' overhang Mg [58, 59]

GBSVI Thermophilic
bacteriophage

ssDNA/dsDNA/RNA, circular or linear
DNA

Mn/ Zn 34 [60]

Micrococcal nuclease (MNase) Staphylococcus aureus ssDNA/dsDNA/RNA Ca 16.9 [61]

Eukaryotes

C1 nuclease Cunninghamella echinulata
var.  echinulata

Mn/ Mg 30 [62]

Nuclease Bh 1 Basidiobolus haptosporus ssDNA/RNA 30 [63]

Shrimp Dnase Shrimp hepatopancreas
(Penaeus japonicus)

ssDNA/dsDNA/RNA Ca+Mg / Ca+Mn 44 [64, 65]
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Table 1-3: Summary of nucleases and their abilities of cutting mismatches (Cont’d)

Enzyme Source
Substrate specificity/ Mismatch
recognition Metal ion cofactors MW (kDa) References

Eukaryotes

Bovine Dnase I Bovine pancreas ssDNA/dsDNA/RNA Mg/ Mn 31 [61, 64]

Duplex-specific nuclease (DSN) Crab hepatopancreas dsDNA; DNA in DNA/RNA hybrid Mg 42 [66-70]

Tobacco Dnase Tobacco dsDNA Not required [7]

Single-strand-preferring nuclease Wheat denatured DNA/rRNA Zn [9]

BEN 1 Barley ssDNA/dsDNA/RNA Zn 35 [27]

ZEN 1 Zinnia ssDNA/dsDNA/RNA Zn 43 [27]

CEL I Celery C/C>C/A~C/T>G/G>A/C~A/A~T/C>T/G~
G/T~G/A~A/G>T/T; single-base mismatch

Mg 43 (mature form
31.5)

[24, 37]

SP I Spinach 3' of an extrahelical G nucleotide [42]

BFN1 Arabidopsis 33 [28]

ENDO 5 Arabidopsis T/G~A/G~G/G (lower for T/T and very low
for C/C~A/A>T/C>A/C)

Mg 35 (mature form
32)

[28, 35]

Mung bean nuclease Mung bean cotelydons 4-base mismatches Ca/ Mg 36 [24, 71]

XPF-ERCC 1 Human ssDNA/dsDNA/RNA Fe/ Mn [72]

Endo G Human Co/ Mn/ Mg/Ni/ Ca/ Zn 33 (mature form
28)

[73]
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1.2.3 Biological roles

In addition to their degradative role, single-strand-specific nucleases have also

been suggested to play other biological roles in replication, recombination,

restriction and repair [74].  They have also been involved in introducing nicks during

meiotic recombination.

Nucleases are the only common group of enzymes that participates in many

genetic processes.  In particular, some single-strand-specific nucleases and plant

nuclease I have been reported to be induced during developmental processes, e.g.

germination [71], xylogenesis [10], senescence [28, 75] and some hypersensitive

responses [29].  The nuclease expressed in tobacco is suggested to be responsible

for the degradation of dsRNA that may serve to defense the plant against viral

infection [76].  In addition, nucleases from Streptomyces are reported to be able to

recycle the nucleic acids before the formation of aerial mycelium [77].  Furthermore,

plant nuclease I has been suggested to collaborate with other acid phosphatases in

the endosperm to release free nucleosides and phosphate molecules for use in new

RNA synthesis in the seedling.  Moreover, some of the single-strand-specific

nucleases are also involved in programmed cell death in plants [27, 39].

Programmed cell death (PCD), or apoptosis, is a physiological process occurring

universally in all organisms.  It eliminates unwanted and damaged cells for

maintaining tissue and organ homeostasis.  PCD is well-studied in animals. In

contrast, there is limited knowledge of PCD in plants although plant PCD studies

have been initiated in recent years [78].

Internucleosomal DNA cleavage is a biochemical hallmark of apoptosis [79-81].

This involves single-strand nicking and generation of large DNA fragments (about

30-50 kb) [46].  DNA is fragmented into a discrete laddering pattern, and can be

extracted and then examined by gel electrophoresis in vitro.  Such DNA laddering

pattern is identical to that obtained by incubating intact nuclei with micrococcal

nuclease (MNase). This suggests that DNA cleavage in apoptosis is the result of

activation of an endonuclease that cleaves the DNA in the linker regions between

nucleosome cores [82]. Most of these PCD-related nucleases are Ca2+/Mg2+-

dependent enzymes, but are inhibited by Zn2+.  Several nucleases, such as NUC18,

NUC58, NUC40, DNase I, DNase II and BFN1, have been reported to be
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associated with apoptosis and produce such characteristic DNA cleavage [29, 40,

78, 79, 83-85].

1.2.4 Summary

Cleavage mechanism of single-strand-specific nucleases and their biological roles

have been discussed in this section.  The recognition selectivity of single-strand-

specific nucleases is suspected to be associated with DNA structure and flexibility.

Metal ions also play a role in modulating specificity for enzyme recognition of

particular substrates.  Some of the plant nuclease I and single-strand-specific

nucleases have been found to be related to programmed cell death.  Further

characterisation and investigation of their biological roles are worthy of study.

1.3 Applications of nucleases
Single-strand-specific nucleases have wide applications in studying different areas

of DNA and RNA biochemistry. For example, S1 nuclease has been reported to

remove single-stranded tails during the construction of recombinant DNA molecule

[81].  S1 nuclease, Neurospora crassa nuclease and BAL 31 nuclease can

recognise locally altered structures in double-stranded DNA [86].  More information

about the nuclease applications will be reviewed in the following sections.

1.3.1 Screening unknown polymorphisms

Nucleases are important in the understanding of human diseases from different

points of view.  More than 30 different single-strand-specific nucleases have been

isolated from various sources ranging from micro-organisms to mammals [46, 74].

Fungal nucleases P1 and S1 are among the best-characterised nucleases.  They

greatly facilitate the genetic screening of hereditary diseases and can also be used

to detect genetic polymorphisms [33, 87].  CEL I nuclease is an example of a highly

sensitive enzyme that detects both polymorphisms and disease-causing mutations

in DNA fragments.  It is less expensive than other commercially available reagents

for mutation detection, and its robustness avoids the uncertainties commonly seen
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in the single-strand conformation polymorphism (SSCP) detection method [88, 89].

Although CEL I nuclease is now widely used to detect genetic polymorphisms, the

mechanism with which it recognises mismatches is presently unknown.

1.3.2 Confirmation of clone sequence

Mismatch-specific nucleases are useful for the identification of a desired target

gene derived by site-directed mutagenesis or PCR-based cloning.  Using such

mismatch-specific nucleases for the confirmation of the clone sequence can

eliminate, with minimal time and effort, clones that contain undesired mutations

introduced during amplification. It not only provides a simple, reliable and quick

approach to identifying desired clones generated by site-directed mutagenesis or

PCR-based cloning methods, but also reduces the need for DNA sequencing [90].

1.3.3 Gene shuffling

Gene shuffling is a promising technique used to create a novel protein with desired

or improved properties.  In a directed molecular evolution experiment, genes can be

mutated either at a discrete site or at random.  The desired properties of the

mutated protein products are then selected [91-93].  Stemmer reported the first in

vitro DNA shuffling method [94, 95].  One starts from purifying the sequences from

different sources as the source of the variations.  Afterwards, sequences are

fragmented and subjected to several rounds of denaturing, annealing and

elongating in the pool of mixtures.  Nucleases such as DNase I are usually used to

fragment the sequences into smaller sizes while single-stranded specific nucleases

(e.g. mung bean nuclease) are used to remove single-stranded overhangs from the

fragments [96].

1.3.4 Next-generation sequencing platform

The massively synchronised next-generation sequencing platform is widely

available nowadays to delineate the genetic basis of inherited diseases [97-99].  It

is also known as whole genome sequencing or shotgun sequencing, and is used for

sequencing DNA on a genome-wide scale [100].  DNA fragmentation is necessary
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prior to sequencing.  For instance, DNase I and mung bean nuclease are useful for

shortening the long DNA molecules and generating shorter and fragmented DNA of

the expected size.

1.3.5 Chromatin studies

Micrococcal nuclease (MNase) is a golden standard for studying the chromatin

structures by recognising the linker DNA region between nucleosome units.  Up to

now, MNase and DNase I have been applied to characterise the nucleosomal

structures and in vitro mapping of the nucleosome positions and hypersensitive

sites in specific genes [101, 102].

1.3.6 Industry or pharmaceutical area

Some nucleases are used as therapeutics or antiviral agents.  For instance,

recombinant human deoxyribonuclease (rhDNase) has been used in the treatment

for cystic fibrosis [103].  Large amounts of DNA in purulent secretions contribute to

viscosity in the lungs of patients with cystic fibrosis.  DNase I can effectively digest

DNA, thus reducing sputum viscosity, and helping to restore pulmonary function

[104].

1.3.7 Host defence

Single-strand-specific nucleases are involved in the host defence of prokaryotic

cells [105].  Studies of the crystal structure of Vvn (nuclease from Vibrio vulnificus)

and ColE7 (Colicin E7 from E. coli) with double-stranded DNA have showed that

both nucleases bind at the minor groove of DNA through a common ββα-metal

endonuclease motif and the DNA phosphate backbone without any sequence-

dependent base recognition.  Vvn, ColE7, RNase L, RNase III or CAD/DFF-40

(caspase-activated deoxyribonuclease / DNA fragmentation factor 40) are the

examples of non-specific endonucleases participating in cellular defence in

prokaryotes and eukaryotes [105].
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1.3.8 Summary

Nucleases are widely used not only in the study of DNA and RNA biochemistry, but

also in different areas including therapeutics and industrial applications.  Some

nucleases are used in detecting polymorphisms and disease-causing mutations in

DNA. Although more than 30 different single-strand-specific nucleases have been

isolated from various sources, only a few of them are suitable for in vitro use. CEL I

nuclease is almost the only choice of nuclease for application in mutation screening.

Its efficiency and specificity in cutting the mismatches are dependent on Taq

polymerase, the use of which will increase the cost.  Furthermore, some mismatch

combinations cannot be accurately detected and this would reduce the accuracy

and reliability for mutation detection.
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1.4 Aims of the study
It is possible to use computer programs to predict protein function on the basis of its

deduced amino acid sequence, thereby simplifying the task of producing a novel

protein with specific predetermined properties.  At present, although it is relatively

straightforward to introduce new coding information into cloned genes, large

numbers of novel proteins must still be assayed to determine whether a particular

property has been created [106].

CEL I nuclease was reported to be found in the edible vegetable celery.  A similar

group of celery classified according to the Cronquist’s systems would be screened

[107].  Other herbs were also chosen as alternative sources of nucleases for this

study.  A well-characterised and published CEL I sequence was used as a

reference template for predicting the function of coding and regulatory regions in

new DNA sequences from other plants, and also as a positive control for screening

homologous genes from other sources [108].  Total RNA was extracted from the

leaves of freshly harvested plant sources [30].

This study aimed to isolate novel endonucleases from higher plants on the basis of

their DNA sequence, and characterise their enzymatic activities.  The phylogenetic

relationship of nucleases from various sources was also studied.  The study was

carried out at two levels: nucleic acid level and protein level.  The specific

objectives of the study were to:

(a) At the nucleic acid level:

- screen various plant sources for RNA transcripts of expressed endonuclease

genes;

- characterise the cDNA by DNA sequencing and identify novel endonuclease

gene(s) ; and

(b) At the protein level:

- express the proteins of the CEL I nuclease gene and novel endonuclease genes

in different expression vectors;

- determine the ability of the expressed nucleases to hydrolyse DNA mismatches;

and

- characterise the function and biological role of the expressed nuclease.
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1.5 Project significance and value
Little sequence information is known about many plant enzymes that possess

nuclease I characteristics. There is so far no study reporting the mismatch-

recognition mechanisms of CEL I nuclease or other CEL I-like nucleases.  In

particular, there are very few studies of DNA cleavage efficiencies.  The mismatch

nicking ability of nucleases and their biological role is an area worthy of study.

Vegetables, herbs and potted plants commonly found around Hong Kong were

chosen as the experimental models for this study because the genomic sequences

and the protein products of the corresponding nuclease genes have not been

reported so far. The literature and knowledge base in this area are very limited.

This study would also establish a set of laboratory protocols that can be used in

future to investigate such protein products isolated from different sources other than

plant species.  In addition, this study would be the stepping-stone for developing a

rapid and sensitive method for genetic analysis.  In addition, genetically engineered

nuclease (recombinant nuclease) can later be developed into a reagent that might

be commercialised for mutation detection or other nucleic acid-based studies.
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1.6 Chapter summary
The main focus of this study was to isolate a novel, CEL I-like nuclease and

characterise its function and biological roles.  The general outlines of subsequent

chapters are summarised below.

Chapter 2: This chapter reports the screening of various plant sources for

endonuclease genes, subsequent DNA sequence analysis, and

prediction of function by means of bioinformatics approaches.

Chapter 3: This chapter starts by reviewing the literature on protein expression

and purification, and then details the expression cloning of a novel

nuclease gene in different expression hosts, and the purification of

the recombinant protein for subsequent characterisation.

Chapter 4: This chapter describes the biochemical assays to study the catalytic

properties of the newly expressed protein.

Chapter 5: This chapter reports the investigation into the possible biological

roles of the expressed protein.

Chapter 6: This chapter depicts the study of the expressed recombinant protein

for its catalytic activity by investigating different mutated proteins.

Chapter 7: This chapter compares the enzymatic activities of the newly isolated

nuclease and other commercially available nucleases.

Chapter 8: This chapter gives an overall discussion/conclusion for the whole

study, discusses its limitations and suggests further studies.

Appendices: Vectors, chemicals and reagents used in this study are listed.  The

recipes for preparing reagents and buffers are briefly described. The

accession numbers of the novel sequences isolated in this project

and other endonuclease gene sequences used in this study are

listed.
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Chapter 2: Novel nuclease genes: isolation
and sequence analysis

2.1 Introduction
Genes and proteins are products of evolution. Many online services have been

developed for investigating the evolution of gene sequences based on the primary

sequence.  Computational tools provide accurate prediction of protein function on

the basis of deduced amino acid sequences.  For instance, the evolutionary history

of a group of organisms or sequences can be preliminarily defined by building the

phylogenetic trees.  Other information, such as domain prediction, motif

identification, functional prediction, and tertiary structure prediction, enables us to

better understand the biological functions of isolated sequences and simplifies the

task of producing a novel protein with predetermined specific properties [106].

There is, however, little sequence information on nuclease I genes.

The purposes of this part of the study were to isolate novel endonuclease genes

from plants, identify and predict the function of the encoded protein products by

means of computational methods.  Such preliminary results would aid in the

understanding of the biological roles and vital functions of the nucleases.  In

particular, it was necessary to predict the function of the unknown gene sequences

prior to subsequent protein expression.  The sequence information was useful for

the design of characterisation assays or production of chimeric proteins.

In this chapter, the most commonly used experimental methods in screening

unknown genes and publicly available programmes used for sequence analysis are

reviewed first.  This is then followed by the report on the isolation of novel

endonuclease genes and their computational analysis.
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2.1.1 Screening the cDNA of interest: cloning-
hybridisation versus PCR-screening

Complementary DNA (cDNA) cloning was first reported in 1972.  This technology

has been developed as opposed to genomic DNA cloning, and is important in the

analysis of gene structure and gene expression of both eukaryotic and prokaryotic

genes.  To clone cDNA, a population of messenger RNAs (mRNAs) is first isolated

and used as templates by reverse transcriptase to produce a population of

complementary single-stranded DNA in a reverse transcription (RT) reaction.  The

single-stranded DNA is subsequently converted to double-stranded DNA by a DNA-

dependent DNA polymerase (e.g., E. coli DNA polymerase I) and then combined

with an appropriate vector. A population of mRNAs typically contains thousands of

different transcripts. As with experiments using genomic DNA (gDNA) fragments,

the clones must be screened to isolate one particular sequence of interest from a

heterogeneous population of recombinant molecules.

The construction of high-quality, full-length cDNA libraries is still the ideal method

for cloning, sequencing, expression of a desired protein for studying the structure

and functions of proteins.  However, the construction of high-quality cDNA libraries

is both time-consuming and sometimes impractical.  Furthermore, screening of a

library with cloning-hybridisation technique is tedious since millions of colonies have

to be screened in order to obtain the cDNA representing the full-length sequence of

interest [109]. The cloning-hybridisation technique is used as a conventional

method for screening of cDNA libraries [110].  It is useful in analysing the clones to

determine if there are any missing sequences.  In contrast to the PCR screening

method, cloning may take several weeks before an individual clone is obtained.

Using PCR methods enables the same information to be obtained within a few days.

Moreover, essentially unlimited numbers of independent clones can be generated

using other advanced methods, for example, rapid amplification of cDNA ends

(RACE) [111], anchor PCR [112, 113] and inverse PCR [114].

In order to amplify cDNA sequences, known DNA sequences at the 5’ and 3' termini

must be involved to act as primer-binding sites during PCR.  Although a modified

oligo(dT) primer can bind the poly(A) tail of mRNAs at one end, a second primer-

binding site must be attached to the other end for exponential amplification to occur.

The two most commonly used techniques to achieve this are (a) homopolymeric
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tailing, i.e. the addition of a poly(dG) or poly(dA) tail to single-stranded cDNA with

terminal transferase, and (b) ligation of adapters to double-stranded cDNA with

DNA ligase.

Methods commonly used in generating unknown sequences will be reviewed in the

following sections.  The characteristics and principles of these techniques will also

be described.

2.1.1.1 Rapid Amplification of cDNA Ends (RACE)
PCR protocols have been devised for generating cDNA from either the 3’ or the 5’

end of a specific mRNA (Figure 2-1). Full-length cDNA cloning is facilitated by the

rapid amplification of cDNA ends (RACE) [109, 111, 115].  The terms 3’ RACE and

5’ RACE are used when a particular end of an mRNA strand is amplified.  For 3’

RACE, the oligo(dT) primer for the synthesis of the first cDNA strand is an

oligonucleotide with a string of consecutive thymidine residues at its 3’ end that is

followed by an anchor primer (Figure 2-1).  The anchor primer sequence always

contains some restriction sites that facilitate the subsequent cloning steps.

For 5’ RACE, a gene-specific primer is used to produce the first cDNA strand [116].

Excessive primers are removed and a purified sample of first cDNA strands is then

treated with the enzyme terminal deoxynucleotidyl transferase (Tdt) and dATP [117].

Terminal deoxynucleotidyl transferase (Tdt), which is isolated from calf thymus, is

used to generate a homopolymeric tail at the 3’ end of the cDNA [118, 119]. Tdt

catalyses polymerisation of deoxynucleotide residues at the 3’ termini of single-

stranded DNA or oligonucleotides [120, 121].  It requires a free 3’-OH group and a

minimum of three nucleotide residues in the oligonucleotides for primer extension.

The homopolymeric tail acts as the annealing site for the anchor primer.  Extension

of the anchor primer leads to a double-stranded DNA molecule which can now be

amplified by a standard PCR.  PCR products generated in this way are called 5’

RACE products. Both RACE systems requires prior knowledge of an internal

nucleotide sequence from the coding region of a target mRNA.  With this

information, gene-specific primers can be designed for cDNA synthesis and cDNA

amplification during PCR cycles.
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Figure 2-1: The original rapid amplification of cDNA ends (RACE) methods: (A) 3’ RACE and (B) 5’ RACE.
(A) The target mRNA is first reverse-transcribed using an oligo(dT) primer that is linked with an anchor tail.  A gene-specific primer A, which is complementary
to the minus strand of cDNA, is used to generate the 3’ part of the products.  (B) The protocol of 5’ RACE is almost the same as that of the 3’ RACE except
that the target mRNA is first reverse-transcribed by using a specific primer B.  After the synthesis of the cDNA, excess primers are removed and homopoly(A)
tail is added by terminal transferase (Tdt).  The gene targets are then denatured, annealed and extended by an oligo(dT) primer linked with an anchor tail,
anchor primers and specific primer B during the reiterative cycles of PCR.  (This figure is modified from Frohman MA, et al.) [115]
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2.1.1.1.1 Anchored-PCR (One-sided PCR)
Although the RACE method is simple from a theoretical perspective, the actual

execution is often impeded by numerous technical difficulties.  Therefore, various

modifications of the original RACE protocol have been developed.

Anchored-PCR technique, also called one-sided PCR [112, 113], is one of the

methods modified from the RACE method for amplifying sequences that have not

been fully characterised or that have only a small stretch of known sequence.  In

theory, only one gene-specific primer is required to perform anchored PCR.  The

specific primer is designed based on a small stretch of known DNA sequence, and

used for PCR together with another universal primer, usually oligo(dT), to amplify

the target products.  However, the combination of one single specific primer and a

universal primer is not sufficient to yield a unique product.  Consequently, a second

gene-specific primer is used and subjected to the second round of PCR (Figure 2-2).

2.1.1.2 Inverse PCR
In RACE or anchored-PCR, many non-target cDNAs are generated and unique

products may fail to be produced.  Since there is only one gene-specific primer in

the anchored-PCR, it is easier to get a high level of non-specific amplification by

PCR than with two gene-specific primers. In addition, it is often difficult to isolate

full-length cDNA copies on the basis of very limited sequence information.

Inverse PCR can be used to efficiently amplify the unknown sequence of cDNA or

genomic DNA (gDNA) without any information.  This technique involves digestion of

the cDNA or gDNA template, circularisation of the restriction fragments, and

amplification of the targets by using two specific primers that anneal to the template

and are extended in a direction away from the known region of the sequence. This

technique has been efficiently used for cloning full-length cDNAs (Figure 2-3) [122].
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Figure 2-2: Primers used in anchored-PCR.
Primers 1 and 2 are gene-specific primers.  Primer 1 and a universal oligo(dT)
primer are used for amplifying the first PCR products.  After the 1st PCR, small
aliquots of 1st PCR products are used as template in 2nd PCR. The second PCR
is performed by using primer 2 and oligo(dT).  (This figure is modified from Ohara O,
et al.) [113]
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Figure 2-3: Inverse PCR for cDNA cloning.
Inverse PCR consists of five steps: reverse transcription, synthesis of second-
strand cDNA, restriction enzyme digestion, intra-molecular ligation and amplification.
The yellow bar represents the known sequence region of double-stranded cDNA.
The grey and dark-purple bars represent the 5’ and 3’ regions with unknown
sequence respectively.  (Figure modified from Zilberberg N, et al.) [122]
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2.1.1.3 Degenerate Oligonucleotide-Primed PCR (DOP-
PCR)

Degenerate oligonucleotide-primed PCR (DOP-PCR) employs oligonucleotides of a

partially degenerate sequence, and has been developed for genome mapping

studies.  The degenerate nature of the primers enables them to be widely used in

PCR applications in which tolerance to mismatches allows priming from an

unknown sequence [112].  It is useful not only in rapidly generating new clones from

particular genomic regions, but also in creating human chromosome- and region-

specific libraries, for example, repetitive sequences within the genome [119].

Degenerate primers can be designed from known protein sequences or conserved

regions of a gene family.  Several approaches can be considered in designing

degenerate primers to increase the specificity and the efficiency of the PCR

amplification [123].  The following factors have to be taken into account in primer

design and amplification based on degenerate primers: primer degeneracy, the 5’

end linker sequence of the primer, lowering the PCR annealing temperature.

2.1.1.3.1 Degenerate primers
Degenerate primers are useful in amplifying homologous genes from related

organisms with known protein sequences but unknown DNA sequences.  Most

genes from the related families share structural similarities.

Usually, the most conserved region of an amino acid sequence is selected when

degenerate primers are designed.  It is better to generate the degeneracy code at

the 3’-region of the primer.  After listing all the possible combinations of nucleotides,

the primers are designed and then used to amplify the DNA template with different

nucleotide sequence.  Moreover, the degeneracy fold of the primers is also

calculated.  The degeneracy fold is equal to the number of different nucleotide

combinations.  It is used to reveal how many combinations of the primer sequences

are present in the primer stock.  When designing degenerate primers, degeneracy

fold of the primer should be taken into consideration.  If the value of degeneracy

fold is too low, the efficiency for amplifying the gene of interest will be lower and the

degenerate PCR may fail to isolate the unknown genes of interest.  In contrast, if

the value of degeneracy fold is too high, many non-specific bands may be produced
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and give rise to a high background of the amplified products. As such, this is still

regarded as failure to isolate the gene of interest.  Therefore, when we design the

degenerate primers, the primers should have the least degeneracy in order to make

a higher specificity of the amplification.  In most respects, degenerate primers are

identical to ordinary PCR primers except that they are mixed oligonucleotide

primers [123].

An example of calculating the degeneracy fold of primers is shown in Figure 2-4.

After deducing the multiple combinations, the degeneracy fold can be calculated.

Here, the degeneracy of the primer is 48-fold, which also means that there are 48

different combinations of sequences in the primer mixture.

2.1.1.4 Summary
Since detailed or relevant biochemical information is often unavailable, it becomes

impossible to devise a cloning strategy for direct isolation of the cDNA of interest.

Methods such as RACE, anchored-PCR or inverse PCR were developed for

screening the cDNA of interest.  They all could efficiently amplify the unknown

sequence of cDNA or gDNA.

Although there are many methods, simple from a theoretical perspective, for

amplifying the unknown regions of cDNA sequence, it is very often extremely

difficult to successfully apply these protocols in practice. The methods each have

their drawbacks, which are briefly compared and listed in Table 2-1.  In this study,

degenerate PCR and RACE were used for screening and isolating the novel

endonucleases genes from plant species.  In-depth study of targeted sequence was

performed by computational analysis for subsequent functional studies.



33

Figure 2-4: Examples of calculating the degeneracy fold of the primers.
(1) The most conserved region of a target sequence is first selected.  Degeneracy
fold is usually calculated for the conserved amino acid sequence near the C-
terminus (e.g. IHQP shown in the red box).  (2) All possible combinations of
nucleotides are encoded from the selected sequence.  (3) The degeneracy fold is
calculated by multiplying the number of different nucleotide combinations.
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Table 2-1: Comparison of methods used in generating unknown DNA sequences

Inverse PCR RACE DOP-PCR

Nucleic acid sequence information required Yes Yes No

Circularisation of the restriction fragments Yes No No

Remarks  Difficult to assess for long
DNA fragments.

 In some cases, oligo(dT)
fails to to adhere to the
DNA template for
amplification when higher
Tm is used.  This problem
can be solved by using
Anchor-PCR technique.

 With the same hurdles
as RACE.
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2.1.2 Sequence analysis

Once a gene has been identified, the nucleic acid sequence is converted into a

protein sequence.  Then it is necessary to identify the function of the protein.  The

first task is to determine the correct reading frame of the identified DNA sequence.

There are three possible reading frames on each strand of DNA, and hence six

possible translating frames for each sequence, which produce six potential protein

sequences.   Usually, only one reading frame will give a polypeptide with a long

amino acid sequence while others give very short putative polypeptides.  By

searching through the information in various sequence databases, it is possible to

identify other proteins with similar sequences and this may help to identify the

protein function.  This searching engine is called Blast and Alignment.

2.1.2.1 Alignments
Bioinformatics emerged as a useful tool in the mid-1990s when the genomics

revolution started and the amount of sequence, structural and biochemical data

began to accumulate [110].  The number of known sequences has grown

tremendously, so has the necessity to use computer-based algorithms to analyse

them. Multiple alignments of protein sequences are important tools in studying

sequences. Clustal W is a fully automatic programme and is perhaps the most

commonly used for global multiple alignment of DNA and protein sequences. The

basis of sequence comparison can be done by aligning two sequences and

determining the number of shared nucleotides or residues.

Multiple alignments are useful for finding the diagnostic patterns to characterise

protein families, detecting or demonstrating the homology between new sequences

and existing families of sequences, predicting the secondary and tertiary structures

of new sequences, and designing oligonucleotide primers for PCR.  They are also

an essential prelude to molecular evolutionary analysis [124].

Alignment scores, which represent the quality of the alignment, indicate the

closeness of the evolutionary relationship between the two sequences.  For

nucleotide sequences, the comparisons are always shown by the percentage of

identical bases in the alignment, which is known as sequence identity.  For protein
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sequences, sequence identity can be used for comparing very closely related

sequences, but a more useful measure is sequence similarity.  Sequence similarity

allows for the conservative substitutions between chemically or physically similar

amino acids.

2.1.2.2 Phylogenetic tree
The evolutionary history of a group of organisms or sequences can be preliminarily

defined by building phylogenetic trees. Phylogenetic tree is a branching diagram

constructed after multiple alignments have been performed.  It is used for

estimating a phylogeny and based on the fact that homologous sequences are

evolutionarily related. The branch lengths of the tree are proportional to the amount

of inferred evolutionary change.  Building phylogenetic trees usually helps to define

the closely related strains or family members for identifying unknown target gene

functions.

2.1.2.3 Sequence motif and domain prediction
A motif is the most basic functional unit in a protein sequence, and corresponds to

the short sequence fragments that reflect some of the vital biological role in terms of

structure or function.  They are usually highly conserved because they are critical

for biological activities.  Identifying the sequence motifs is not only very useful for

defining possible functions, but also important for making changes to the protein

activities.  The reason is that making changes within the region of active site can

often enhance the performance of the protein activity, catalytic activities or

conformational stability, for example, tolerance to glucose inhibition [125-127].

Prediction of the domain structure usually serves as the basis of functional analysis

of a novel sequence.  There are a number of programmes specialising in

cataloguing and predicting motifs with narrowly defined functions and distribution.

However, only a few general databases, such as ELM and Scansite, contains both

structural motifs (SM) and linear motifs (LM), in addition to thousands of domain

families [128-130].

The ELM server – the Eukaryotic Linear Motif resource for Functional Sites in

Proteins – is a computational biological resource for the investigation of functional
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domains and motifs in eukaryotic proteins.  It involves both the Pfam and the

SMART servers [131-133] and  contains a large collection of functional site motifs,

which facilitates the identification of sequence motif sites as well as functional

domains.  Furthermore, globular domains can also be defined by this software.

Such analysis can also easily define the signal peptide in the N-terminal region of

an unknown protein.

2.1.2.4 Functional prediction based on GO annotation
ConFunc – Conserved residue Function Prediction Server – is useful in predicting

the protein function annotation by using the primary amino acid sequence [134].  It

separates the homologous sequences, identified by PSI-BLAST, into sub-

alignments based on their gene ontogeny (GO) annotations.  ConFunc not only

provides the greatest improvement over BLAST in sequence similarity, but also

obtains the levels of precision not obtainable from either BLAST or PSI-BLAST.

A more advanced program, CombFunc, has recently superseded ConFunc for

predicting protein function [135]. CombFunc can perform multiple analyses of the

query sequence, including ConFunc, BLAST, Pfam domain combinations, Phyre2

fold library search, protein-protein interactions, gene co-expression analysis,.  The

data obtained from CombFunc are combined to give the most probable predicted

function of the query sequence.

2.1.2.5 Summary
The most useful publicly available computational programmes and tools, such as

Clustal W, BLAST, PSI-BLAST, ELM Server or Confunc, have been described.

They are generally used for estimating the sequence identity, motif or domain

prediction and functional annotation.  The utilisation of these computational

analytical tools enables better understanding of isolated unknown sequences and

their functional aspects.
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2.2 Materials and Methods

2.2.1 Screening the cDNA of interest by
Degenerate Oligonucleotide-Primed PCR
(DOP-PCR)

2.2.1.1 Multiple alignment and design of degenerate
primers

The amino acid sequences of similar or homologous proteins from known

endonucleases were aligned by MultAlin (http://multalin.toulouse.inra.fr/multalin/),

an online tool for multiple sequence alignment [136, 137].  In total, 13 known

endonuclease sequences, which shared a high degree of identity to CEL I

endonuclease, were aligned.  Two degenerate primers were designed within the

most conserved regions based on alignment of the sequences, and these primers

were expected to anneal to specific regions that were conserved in nuclease genes.

2.2.1.2 Total RNA extraction, RT and DOP-PCR
Total RNA was isolated from freshly harvested plant sources [38, 138] by using

RNeasy® Plant Mini Kit (Qiagen) according to the manufacturer’s protocol.  Plant

tissues (fresh leaves in most cases) were quickly frozen in liquid nitrogen and then

disrupted separately with a mortar and pestle.

First strand of cDNA was synthesised by Superscipt II Reverse Transcriptase

(Invitrogen), and about 100 ng of total RNA from various plant tissues were used

per reaction.  Synthesis of cDNA was initiated by heating the RNA templates,

deoxyribonucleoside triphosphates (dNTPs) and oligo(dT)18 at 65°C for 5 minutes

(min).  Before the addition of 200 units of reverse transcriptase, the reaction mix

was incubated to 42°C for 2 min.  The RT reaction was then incubated at 42°C for

50 min, followed by inactivation of the enzyme at 70°C for 15 min.
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The most conserved region was then amplified by the Degenerate Oligonucleotide-

Primed polymerase chain reaction (DOP-PCR) [111, 116, 123, 139, 140] after the

successful reverse transcription of RNA from freshly harvested plant sources. Two

degenerate primers were designed based on the alignment of 13 known

endonuclease nucleotide sequences. The PCR amplification was carried out in a

20-µl volume containing 1 µl of RT products, 2 µl of 10x PCR Gold buffer, 0.2 mM

of each dNTP, 1.5 mM MgCl2, 0.3 µM of each degenerate primer (Degen-F and

Degen-R, Table 2-2), 0.5 unit of AmpliTaq Gold DNA Polymerase (Applied

Biosystems).  Thermocycling was performed in a 96-Well GeneAmp PCR System

9700 (Applied Biosystems), with an initial denaturation step at 95°C for 5 min

followed by 40 cycles at 94°C for 30s, annealing temperature (Tm) for 30 seconds

(s), and 72°C for 1 min.  The final extension step was performed for 7 min at 72°C.

The optimal annealing temperature was different for different template sources.  A

range of Tm (from 60°C to 50°C) was selected during screening. PCR products

were analysed in 2% agarose gel for size confirmation and sequenced to

characterise the sequence.

2.2.1.3 DNA Sequencing
PCR products were analysed by gel electrophoresis to determine the size of the

products.  Then, the PCR fragments were characterised by DNA sequencing using

ABI 3130x Genetic Analyser (Applied Biosystems) [141].  BigDye® Terminator

Cycle Sequencing Ready Reaction Kit (version 1.1, Applied Biosystems) was

employed for sequencing the PCR products according to the manufacturer’s

instructions. PCR products were first cleaned up by incubation with 10 units of

Exonuclease I (New England Biolabs, Inc.) and 2 units of shrimp alkaline

phosphatase (GE Healthcare) for 30 min at 37°C, and the enzymes were then

inactivated at 80°C for 20 min. A 10-µl cycle sequencing reaction mixture was

prepared as follows: 3 µl of purified PCR product, 2 µl of BigDye® Terminator v1.1

ready reaction mix and 1.6 pmol of either forward or reverse primer.  The reaction

mixture was denatured at 96°C for 1 min, and linear amplification achieved by 40

cycles of 96°C for 10 s, 50°C for 30 s, and 60°C for 6 min for cycle sequencing.

The products were precipitated by ethanol/sodium acetate method and then re-

suspended in Hi-Di formamide before being analysed by the sequencer.
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2.2.2 Generation of unknown cDNA sequences
using rapid amplification of cDNA ends
(RACE) and chromosomal walking

Rapid amplification of cDNA ends (RACE)

The unknown cDNA sequence of an endonuclease gene was first obtained by using

the rapid amplification of cDNA ends (RACE) method (see Section 2.1.1.1). For 5’

RACE, homopolymeric tailing of cDNA template was first conducted in a reaction

mixture containing 50 ng of cDNA, 1x Terminal transferase (TdT) buffer (Takara),

0.2 mM dATP, 0.01% bovine serum albumin (BSA) and 10 units of Terminal

transferase (Takara).  The reaction mixture was incubated at 37°C for 60 min and

the enzymes were then inactivated by incubation at 70°C for 10 min.

For both 5’ and 3’ RACE, a 20-µl reaction mixture was prepared as follows: 1µl of

cDNA template, 4 µl of 5x PCR buffer with 7.5 mM MgCl2, 0.2 mM of each dNTP,

0.4 µM of each primer (Table 2-2), 2.5 units of Platinum® Pfx DNA Polymerase

(Invitrogen). The products were amplified at 94°C for 2 min followed by 40 cycles of

94°C for 30 s, 60°C for 30 s, and 72°C for 1 min.  The final extension step was

performed for 7 min at 72°C.

2.2.3 Generation of genomic DNA sequences
from plant sources

Genomic DNA was first extracted from plant sources using AccuPrep® GMO DNA

Extraction Kit (Bioneer) according to the manufacturer’s protocols. A full-length

gDNA sequence was assembled by multiple rounds of PCR using different pairs of

primers (see Table 2-2).

PCR amplification was carried out in a 20-µl volume containing 50 ng of gDNA

template, 4 µl of 5x PCR buffer with 7.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 µM

of each primer (Table 2-2), 2.5 units of Platinum® Pfx DNA Polymerase (Invitrogen).

Thermocycling was performed with an initial denaturation step of 95°C for 5 min

followed by 40 cycles of 94°C for 1 min, Tm for 1 min, 72°C for 3 min. The final

extension step was performed for 7 min at 72°C. The PCR products were then

analysed by gel electrophoresis and sequencing (see Section 2.2.1.3).
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2.2.4 Generation of full-length cDNA sequences
from plant sources

Primers were designed after each round of cycle-sequencing.  Full-length cDNA

sequences of Radermachera sinica (China doll), Brassica chinesis (Chinese White

Cabbage), Brassica parachinesis (Flowering Chinese Cabbage) and Apium

graveolens var.dulce (Chinese celery) were amplified by using Expand High

FidelityPLUS PCR System (Roche Applied Science) with two specific primers (Table

2-2).

Two specific primers were designed and used for the PCR amplification.  A total

volume of 20-µl PCR mixture was prepared as follows: 1 µl of cDNA template, 4 µl

of 5x PCR buffer with 7.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 µM of each primer,

2.5 units of Expand High FidelityPLUS Enzyme Blend (Roche Applied Science).

Thermocycling was performed in a 96-Well GeneAmp® PCR System 9700 (Applied

Biosystems), with an initial denaturation step at 94°C for 2 min followed by 40

cycles of 94°C for 30 s, Tm (Table 2-2) for 30 s, 72°C for 1 min.  The final extension

step was performed for 7 min at 72°C.  The PCR products were then analysed by

gel electrophoresis followed by sequencing (see Section 2.2.1.3).
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Table 2-2: Primers used for generating unknown and full-length cDNA sequences in this study
Application Plant sample Name of primer Sequence (5' to 3') Ln

(bps)
GC% Tm

(°C)

RACE / DOP-PCR All samples Degen-F CAC TTC ATG GGA GAT RTN CAY CAG CC 26 46.0 63
All samples Degen-R ATT CCA CCC TGA GCT ANY CKY TTC AT 26 46.0 63
All samples Oligo dT18 TTT TTT TTT TTT TTT TTT 18

Chromosomal walking China doll Cons 865F GCT ACA AAG ATG TTG AAT CAG GGG 24 45.8 61
China doll Cons 718R TAT CTT CTT GCA GGA GGT TAA TGT 24 37.5 58
China doll Cons 444R CGC CTG CTA CAC ACA TAT CCT 21 52.4 60

Brassica chinesis and Brassica parachinesis Para440F TGA CTG AAG CCC TTT TGT TCT TGT 24 41.7 59
Brassica chinesis and Brassica parachinesis Para760R GGA TTT CAC GCC TTC GTA ACC A 22 50.0 60
Brassica chinesis and Brassica parachinesis Para192R GAT AAG TCT CCT TTT GCG TAA TCC 24 41.7 59
Brassica chinesis and Brassica parachinesis Para891F TAC TCA TGC TGA TGT TGC TGC CA 23 47.8 61

Chinese celery and celery CelEN1-Seq1R GAC AGT CTC TCT GGT AAT CAA 21 42.9 56
Chinese celery and celery CelEN1-Seq2F GAC TAG CTC TCT CCA TTT CAT 21 42.9 56
Chinese celery and celery CelEN1-Seq2R CCT CTG TAA AGT TCC TCT GTA 21 42.9 56
Chinese celery and celery CelEN1-Seq3F CCA TGT TTG GGA TAG AGA GAT 21 42.9 56

Generation of full-length
cDNA

China doll His_cons_1AF TGG AGC AAA GAG GGC C 16 62.5 54
China doll His_cons_1AR CTA AGT AGC AGC TAC TAA AGA A 22 36.4 55
Brassica chinesis and Brassica parachinesis His_chin_1AF ATG TCA TCG GCC TTC AGA TCA T 22 45.5 58
Brassica chinesis and Brassica parachinesis His_chin_1AR CTA GTC TAC TCC TCC CTG AG 20 55.0 59
Chinese celery Cel MOD-1F GCA AAT GAC GCG ATT ATA TTC TGT G 25 40.0 60
Chinese celery Cel MOD-1R ATG CCA AAG AAT GAT CTG CGG AG 23 47.8 61

The degenerate bases of the primers are underlined and shown in boldface. R = A+G; N = A+C+G+T; Y = C+T.
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2.2.5 Sequence analysis

The partial and complete cDNA sequences of different plant sources generated by

DNA sequencing were aligned by using the online software MultAlin

(http://multalin.toulouse.inra.fr/multalin/) [136] and Clustal W programme on EBI

WWW molecular biology server (http://www.ebi.ac.uk/clustalw/) [142].  The

sequence similarity was compared using the Fasta Protein Tools on EBI WWW

molecular biology server (http://www.ebi.ac.uk/clustalw/) [142].  The phylogenetic

tree was also built using the Clustal W programme after the alignment of the amino

acid sequences.  All the primers and sequences were checked with the Blast

software available from National Center for Biotechnology Information (NCBI)

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) [143]. NCBI, which archives all sequences

from GenBank, EBML, PDB and DDBJ (DNA Data Bank of Japan), were utilised for

homology search [110].  The calculated molecular mass and theoretical isoelectric

point (pI) was estimated using ExPasy ProtParam tool

(http://web.expasy.org/protparam/) [144].

Another useful server, the ELM server (including Pfam and SMART servers) was

used for investigating the functional domains and motifs in eukaryotic proteins

(http://elm.eu.org/search/) [128, 145, 146].  SignalP

(http://www.cbs.dtu.dk/services/SignalP/) was used for predicting the presence and

location of a signal sequence, and its cleavage site [147-149]. NetNGlyc

(http://www.cbs.dtu.dk/services/NetNGlyc/) was used for predicting N-glycosylation

sites by examining the sequence context of Asn-Xaa-Ser/Thr [150]. Homology

search for the three-dimensional structure was predicted in Robetta server

(http://robetta.bakerlab.org/) [151] and Swiss-Model (http://swissmodel.expasy.org/)

[152-156].  Finally, functional characterisation was carried out by Combfunc

(http://www.sbg.bio.ic.ac.uk/~mwass/combfunc/) [134, 157].  Table 2-3 summarises

the programmes and online tools used in this part of the study.
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Table 2-3: Summary of publicly available programmes used in this study

Method URL Description References

MultAlin http://multalin.toulouse.inra.fr/multalin/ Alignment [136]

ClustalW2 http://www.ebi.ac.uk/Tools/msa/clustalw2/ Multiple sequence alignment program for DNA or proteins [142]

Expasy translate tool http://web.expasy.org/translate/ Translation of a nucleotide (DNA/RNA) sequence to a protein sequence [158]

BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi Sequence homology search [143]

ProtParam http://web.expasy.org/protparam/ Computed estimation of different parameters from protein sequence, including
molecular weight, theoretical pI, etc.

[144]

ELM http://elm.eu.org/search/ Functional domain and motif scan, involving Pfam and SMART database and server [145]

Pfam http://pfam.sanger.ac.uk/ Search the relative protein families from databases [159]

SMART http://smart.embl-heidelberg.de/ Identity functional domain and signalling sequences [160]

SignalP http://www.cbs.dtu.dk/services/SignalP/ Predict the presence and location of signal peptide cleavage site [147]

NetNGlyc http://www.cbs.dtu.dk/services/NetNGlyc/ Predict N-glycosylation sites by examining the sequence context of Asn-Xaa-Ser/Thr [150]

ConFunc http://www.sbg.bio.ic.ac.uk/~confunc/ Predict the function of a protein according to the GO annotations [157]

ComFunc http://www.sbg.bio.ic.ac.uk/~mwass/combfunc/ Predict the function of a protein according to the GO annotations [135]

Robetta http://robetta.bakerlab.org/ 3D structure modelling [151]

Swiss Model http://swissmodel.expasy.org/ 3D structure modelling [156]
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2.3 Results

2.3.1 Screening the gene of interest

Eleven different plant species (Table 2-4 and Figure 2-5) were selected and studied

in the initial screening by RT and DOP-PCR to amplify mRNA transcripts bearing

nuclease properties.  After the amplification by two degenerate primers, PCR

products (5 µl) were separated in 2% agarose gel and the bands visualised.  If a

plant possessed the gene bearing nuclease properties, a band of about 400 bps

was expected to be observed in the gel (Figure 2-6).  The band intensity varied with

different template sources. A range of Tm’s (from 60°C to 50°C) was selected

during screening in order to achieve the most optimal PCR conditions, and different

optimal annealing temperatures were used for different template sources.  Celery,

potato and carnation possess endonuclease genes whose sequences have been

reported by other researchers [24, 30]; they were used as positive controls for this

set of experiments.  Seven out of eleven samples were found to possess the target

nuclease gene (Figure 2-6).  Four samples did not possess the nuclease gene of

interest: African violet, lettuce, Nematanthus cv. and Ivy (results of the latter two

plant species not shown in Figure 2-6).  All seven positive samples were then

subjected to DNA sequencing and homology analysis.

Four novel nuclease sequences were identified in this study from four plant species:

Radermachera sinica, Brassica chinesis, Brassica parachinesis and Apium

graveolens var.dulce.  Sequence identities, homology studies and domain/motif

predictions of these sequences were characterised and determined.
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Table 2-4: The list of plant species used in this study

Scientific name Common name Chinese name

Apium graveolens Celery 西芹

Apium graveolens var.dulce a Chinese Celery 中國芹菜

Brassica chinesis cv. a,b Chinese White Cabbage 白菜/青菜 (栽培品種)

Brassica parachinensis a,b Flowering Chinese Cabbage 菜心

Dianthus caryophyllus Carnation 康乃馨

Lactuca sativa Lettuce 生菜

Solanum tuberosum Potato 馬鈴薯

Saintpaulia ionantha African violet 非洲紫羅蘭

Nematanthus cv. b 金魚花 (雜交種或栽培品種)

Hedera helix cv. b Ivy 常春藤 (栽培品種)

Radermachera sinica a,b China doll 菜豆樹 (幼株盆栽)

a Novel endonuclease gene identified in this plant species.

b Classification by the Hong Kong Herbarium, Fisheries and Conservation Department.
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Scientific name: Apium graveolens Scientific name: Apium graveolens var.
Common name: Celery dulce
Chinese name:西芹 Common name: Chinese Celery

Chinese name:中國芹菜

Scientific name: Brassica chinesis cv. Scientific name: Brassica parachinensis
Common name: Chinese White Cabbage Common name: Flowering Chinese
Chinese name:白菜/青菜 (栽培品種) Cabbage

Chinese name:菜心

Scientific name: Dianthus caryophyllus. Scientific name: Lactuca sativa
Common name: Carnation Common name: Lettuce
Chinese name:康乃馨 Chinese name:生菜

Figure 2-5: Plant species used in this study
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Scientific name: Solanum tuberosum. Scientific name: Nematanthus cv
Common name: Potato Chinese name:金魚花 (雜交種或栽培品種)
Chinese name:馬鈴薯

Scientific name: Saintpaulia ionantha Scientific name: Hedera helix cv
Common name: African violet Common name: Ivy
Chinese name:非洲紫羅蘭 Chinese name:常春藤 (栽培品種)

Scientific name: Radermachera sinica
Common name: China doll
Chinese name:菜豆樹 (幼株盆栽)

Figure 2-5: Plant species used in this study (Cont’d)
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Figure 2-6: Degenerate oligonucleotide-primed PCR screening of plant mRNA transcripts.
PCR products of different plant samples (shown in two panels, A and B) were electrophoresed in 2% agarose gel and stained with ethidium
bromide. Lane 1 of each panel is the molecular size marker 1Kb Plus DNA Ladder (Invitrogen).
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2.3.2 Sequence analysis

2.3.2.1 Isolation and characterisation of cDNA for
nuclease of China doll, Radermachera sinica

The accession numbers of the newly isolated nucleotide and deduced amino acid

sequences are listed in Table 2-5.  All endonuclease gene sequences used for

sequence analysis are also listed with their accession numbers in Appendix I.

A full-length cDNA sequence from a potted plant, Radermachera sinica, was

isolated and named CDENDO1.  This novel cDNA sequence was predicted to be

able to cleave DNA mismatches on the basis of sequence homology to known

nucleases.  It was selected for the nucleic acid sequence analysis, subsequent

cDNA cloning and functional characterisation of a single-strand-specific nuclease in

this study. The cDNA was completely sequenced for both strands, and nucleotide

and deduced peptide sequences were deposited in NCBI with the accession

number JX628907 (See Table 2-5).

The CDENDO1 cDNA from China doll was 883 nucleotides long, encoding a

mature protein of 31.7 kDa with 277 amino acid residues. According to the SMART

program in the ELM server [128], residues 1–16 of CDENDO1 formed a highly

hydrophobic potential signal sequence at the NH2-terminal amino acid sequence of

this mature protein, with a predicted cleavage site between residues 16 and 17.  On

the other hand, residues 17-282 formed a S1/P1 nuclease domain characteristic of

endonuclease activity and nucleic acid binding (Figure 2-7).  These results

suggested that CDENDO1 from China doll was a glycosylated protein that could be

in a family homologous to S1/P1 nuclease, which is also similar to BFN1 and CEL I

nucleases.  The predicted mature protein had a theoretical isoelectric point of 5.42.

There were four conserved cysteine residues, which could form disulphide bonds

contributing to the stable protein structure of CDENDO1 protein.  Two disulphide

linkages were predicted to form between cysteine 93 and cysteine 103, and also

between cysteine 85 and cysteine 237, based on the known biochemical and

structural data of P1 nuclease (Figure 2-8).

On the basis of previous studies [37], the regions of active sites for RNase and

DNase activities in both S1 and P1 nucleases corresponded to deduced amino acid
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sequence of CDENDO1 at the residues 75-79 and resides 145-149, respectively.

In addition, three putative N-glycosylation sites were present, at positions 109, 127,

and 201 (93, 111, and 185 of the mature protein), based on the presence of the

consensus sequence Asn-Xaa-Ser/Thr (N-X-S/T) found in the ELM server [128,

146].

By scanning the primary sequence for functional motifs, a (ST)Q motif, which is

phosphorylated by PIKK family members, was found near the C-terminal region

(residues 281-287) of the CDENDO1 amino acid sequence (See Figure 2-9).

However, this motif was absent in both CEL 1 and other three novel nucleases

(Chinese celery, Brassica chinesis and Brassica parachinensis) except the

Solanum group of nucleases (i.e. StEN1 in potato and S1ENDO1 in tomato).

In addition, during the extraction of nuclease genes from China doll, two different

variant transcripts were reproducibly found.  They were sequenced and aligned.

Alignment results of the nucleotide sequence and amino sequence from these two

variants are shown in Figures 2-10 and 2-11.  According to the results, twelve

nucleotides (TAA CAT GAC AGA), which encoded four amino acids (HNMT), were

in-frame deleted.
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Figure 2-7: The complete nucleotide and amino-acid sequences of CDENDO1.
The S1/P1 nuclease domain is coloured grey (residues 17-282).  The predicted
signal peptide is italicised (residues 1-16).  The regions of active sites for RNase
and DNase activities in both S1 and P1 nuclease are highlighted in blue and red,
respectively.  Three putative N-glycosylation sites are boxed and shown in
boldface: QNFTNQ (residues 109-114), HNMTEA (residues 127-132), GNFTDG
(residues 201-206).  The (ST)Q motif, which is phosphorylated by PIKK family
members, is boxed and shown in boldface with blue colour: FGDSQDD (residues
281-287).  Note that this amino acid sequence does not contain the translational
start site (ATG). The abbreviation and accession number of the sequence are
CDENDO1 and JX628907 respectively.
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Figure 2-8: Multiple alignment of amino-acid sequences of four novel
endonuclease genes and known endonucleases from other plant species.
Amino acid sequences of four novel endonuclease genes from Chinese celery
(Chincel_novel), China doll (CDENDO1_novel), Brassica chinesis (Chinesis_novel) and
Brassica parachinesis (Parachinesis_novel) are aligned with those of other plant species.
Gaps introduced to optimise the sequence alignment are represented by hyphens.  The
conserved cysteine (C) residues involved in forming disulphide bonds in P1 nuclease are
highlighted in yellow.  The regions of active sites for RNase and DNase activities in both S1
and P1 nucleases are highlighted as blue and red, respectively.  The nine conserved
residues involved in the binding of zinc atoms in P1 nuclease are marked with asterisks
underneath.  The accession numbers of the sequences used in the alignment are: Apium
graveolens, CEL I, AF237958; Zinnia elegans, ZEN1, AB003131; Solanum tuberosum,
StEN1, AY676603; Lycopersicon esculentum, S1ENDO1, AM238701; Dianthus
caryophyllus, DcEN, AY986984; Spinacia oleracea, SPEN1, EF032908; Arabidopsis
thaliana, BFN1, NP_172585; Hemerocallis hybrid, DSA6, AF082031; Aspergillus oryzae
nuclease S1, P24021; Nuclease P1, P24289; Apium graveolens var.dulce, ChinCEL1
(Chincel_novel), JX628906; Radermachera sinica, CDENDO1 (CDENDO1_novel),
JX628907; Brassica parachinesis, BPENDO1 (Parachinesis_novel), JX628905; and
Brassica chinesis, BCENDO1(Chinesis_novel), JX628911.
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Figure 2-9: Identification of (ST)Q motifs from the sequences.
Putative protein sequences of four novel nucleases from Chinese celery
(Chincel_novel), China doll (CDENDO1_novel), Brassica chinesis (Chinesis_novel)
and Brassica parachinesis (Parachinesis_novel) are aligned with those of other
known nucleases.  The conserved region of (ST)Q motif is framed in a blue box.
The glutamine (Q) residue adjacent to serine or threonine is highlighted in yellow.
Endonucleases in potato (StEN1) and tomato (S1ENDO1) were found to possess
the (ST)Q motif at the most conserved region as in CDENDO1.
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Figure 2-10: Alignment of nucleotide sequences of CDENDO1 variant transcripts.
Two different variant transcripts were found during the isolation of nuclease genes from China doll.  Variant transcripts were aligned using the
MultiAlin software.  Nucleotides in red colour represent the conserved bases between two sequences.  The region where twelve nucleotides
(TAA CAT GAC AGA) were missing in the sequence is highlighted in yellow.
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Figure 2-11: Alignment of amino acid sequence of CDENDO1 variant transcripts.
Two different variant transcripts were found during the isolation of nuclease genes from China doll.  Variant transcripts were aligned using the
MultiAlin software.  Nucleotides in red colour represent the conserved bases between two sequences.  The region where four encoded amino
acids (HNMT) were missing in the sequence is highlighted in yellow.
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Table 2-5: Accession numbers for the newly isolated nucleotide and deduced
peptide sequences in this study

Name Abbreviation Sequence Accession number

Apium graveolens var.dulce ChinCEL1 Amino acid JX628906

Apium graveolens CEL I gDNA JX628904

Brassica chinesis BCENDO1 Amino acid JX628911

Brassica chinesis BCENDO1 gDNA JX628910

Brassica parachinesis BPENDO1 Amino acid JX628905

Brassica parachinesis BPENDO1 gDNA JX628909

Radermachera sinica CDENDO1 Amino acid JX628907

Radermachera sinica CDENDO1 gDNA JX628908
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2.3.2.2 Isolation and characterisation of cDNA for
nuclease of Brassica chinesis and Brassica
parachinesis

Three full-length cDNA sequences were isolated from three edible plants, Chinese

white cabbage (Brassica chinesis), flowering Chinese cabbage (Brassica

parachinesis) and Chinese celery (Apium graveolens var.dulce).

Both of Chinese white cabbage (B. chinesis) and flowering Chinese cabbage (B.

parachinesis) are in the same family (Brassicaceae) and the same genus (Brassica)

of plants. B. chinesis and B. parachinesis were named BCENDO1 and BPENDO1

respectively.  Their cDNAs were completely sequenced for both strands, and

nucleotide and deduced peptide sequences were deposited in NCBI with the

accession numbers JX628911 (for BCENDO1) and JX628905 (for BPENDO1) (See

Table 2-5).

Their nuclease cDNA sequences were identical except one base at nucleotide 555:

CAT in B. chinessis and CAC in B. parachinesis.  However, this base alteration did

not cause any amino acid change of the encoded amino acid sequence (Figures 2-

12 and 2-13). Both cDNA from B. chinesis and B. parachinesis encoded a mature

protein of 31.8 kDa with 275 amino acid residues. According to the SMART

program in the ELM server [128], residues 1–28 of the putative protein formed a

hydrophobic signal sequence at the NH2-terminal amino acid sequence of this

mature protein.  Residues 29-294 formed a S1/P1 nuclease domain characteristic

of endonuclease activity and nucleic acid binding (Figures 2-12 and 2-13).  These

results suggested that, being similar to BFN1 and CEL I nucleases, the putative

proteins from B. chinesis and B. parachinesis were glycosylated proteins and could

be in a family homologous to S1/P1 nuclease.  The predicted mature protein had a

theoretical isoelectric point of 5.52.  There were four conserved cysteine residues,

which could form disulphide bonds contributing to the stable protein structure of the

proteins.  The disulphide linkages based on the known biochemical and structural

data of P1 nuclease are shown in Figure 2-8 and listed in Table 2-6.

On the basis of previous studies [37], the regions of active sites for RNase and

DNase activities in both S1 and P1 nucleases corresponded to deduced amino acid

sequences of these two Brassica plants at residues 87-91 and resides 157-161,
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respectively.  In addition, three putative N-glycosylation sites were present, at

positions 121, 139, and 213 (93, 111, and 185 of the mature protein), based on the

presence of the consensus sequence Asn-Xaa-Ser/Thr (N-X-S/T) found in the ELM

server [128, 146].
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Figure 2-12: The complete nucleotide and amino-acid sequences of Brassica
chinesis.
The start codon (ATG) of the sequence is shown in boldface in red colour. The
nucleotide at position 555 is a T (CAT in B. chinesis, this figure), but a C (CAC in B.
parachinesis, Figure 2-13) indicated in blue and boldface with an underline. The
S1/P1 nuclease domain is coloured grey (residues 29-294).  The predicted signal
peptide is italicised (residues 1-28).  The regions of active sites for RNase and
DNase activities in both S1 and P1 nucleases are highlighted in blue and red,
respectively.  Three putative N-glycosylation sites are boxed and shown in
boldface: QNFTSQ (residues 121-126), YNMTEA (residues 139-144) and KNITNG
(residues 213-218). The abbreviation and accession number of the sequence are
BCENDO1 and JX628911 respectively.
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Figure 2-13: The complete nucleotide and amino-acid sequences of Brassica
parachinesis.
The start codon (ATG) of the sequence is shown in boldface in red colour. The
nucleotide at position 555 is a C (CAC in B. parachinesis, this figure), but a T (CAT
in B. chinesis, Figure 2-12) indicated in blue and boldface with an underline. The
S1/P1 nuclease domain is coloured grey (residue 29-294).  The S1/P1 nuclease
domain is coloured grey (residue 29-294).  The predicted signal peptide is italicised
(residues 1-28).  The regions of active sites for RNase and DNase activities in both
S1 and P1 nucleases are highlighted in blue and red, respectively.  Three putative
N-glycosylation sites are boxed and shown in boldface: QNFTSQ (residues 121-
126), YNMTEA (residues 139-144) and KNITNG (residues 213-218). The
abbreviation and accession number of the sequence are BPENDO1 and JX628905
respectively.
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2.3.2.3 Isolation and characterisation of cDNA for
nuclease of Chinese celery, Apium graveolens
var.dulce

Another full-length cDNA sequence was also isolated from the edible plant Chinese

celery (Apium graveolens var. dulce). Chinese celery was named ChinCEL1. The

cDNA was completely sequenced for both strands, and nucleotide and deduced

peptide sequences were deposited in NCBI with the accession number JX628906

(See Table 2-5).

The cDNA was 895 nucleotides long, encoding a mature protein of 31.4 kDa with

274 amino acid residues. According to the SMART program in the ELM server

[128], signal peptide was predicted to be located at residues 1–22 of this mature

protein with a predicted cleavage site between residue 22 and 23.  On the other

hand, residues 23-288 formed a S1/P1 nuclease domain characteristic of

endonuclease activity and nucleic acid binding (Figure 2-14).  These results

suggested that this sequence from Chinese celery was a glycosylated protein that

could be in a family homologous to S1/P1 nuclease.  This predicted protein was

also similar to BFN1 and CEL I nucleases, and the newly identified sequence of

China doll and two Brassica plants identified in this study.  The predicted mature

protein had a theoretical isoelectric point of 6.17.  There were four conserved

cysteine residues, which could form disulphide bonds contributing to the stable

protein structure of the protein.  Two disulphide linkages could potentially form

between cysteine 100 and cysteine 110, and between cysteine 92 and cysteine 244,

based on the known biochemical and structural data of P1 nuclease (Figure 2-8).

Furthermore, the regions of active sites for RNase and DNase activities in both S1

and P1 nucleases corresponded to the deduced amino acid sequence of Chinese

celery at the residues 81-85 and resides 151-155, respectively.  In addition, four

putative N-glycosylation sites were present, at positions 57, 115, 133 and 207 (35,

93, 111, and 185 of the mature protein), based on the presence of the consensus

sequence Asn-Xaa-Ser/Thr (N-X-S/T) found in the ELM server [128, 146].

In comparison with the cDNA sequence of CEL I (from celery), there were four

nucleotide changes in the Chinese celery sequence at the nucleotide positions 36

(TTC), 141 (GTG), 148 (TTG) and 600 (TCC) with the corresponding nucleotides in
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celery being TTG, GTA, CTG, and TCT.  One of these nucleotide changes was

predicted to cause an amino acid change in the translated sequence of the novel

cDNA sequence of Chinese Celery: leucine (TTG) in celery, but phenylalanine (TTC)

in Chinese celery (Figure 2-14).
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Figure 2-14: The complete nucleotide and amino-acid sequences of Chinese
celery.
The start codon (ATG) of the sequence is shown in boldface in red colour. In
comparison with the cDNA sequence of CEL I, base changes (underlined, boldface
and in blue) are found at the positions of nucleotide 36 (TTC), 141 (GTG), 148
(TTG) and 600 (TCC) of this cDNA sequence of Chinese celery, with the
corresponding nucleotides being TTG, GTA, CTG, and TCT in celery. The amino
acid hightighted in yellow represents the amino acid change: phenylalanine (phe,
TTC) in Chinese celery, but leucine (leu, TTG) in celery. The S1/P1 nuclease
domain is coloured grey (residues 23-288).  The predicted signal peptide is
italicised (residues 1-22).  The regions of active sites for RNase and DNase
activities in both S1 and P1 nucleases are highlighted in blue and red, respectively.
Four putative N-glycosylation sites are boxed and shown in boldface: GNLSSL
(residues 57-62), QNFTSQ (residues 115-120), YNMTEA (residues 133-138) and
RNFTEG (residues 207-212). The abbreviation and accession number of the
sequence are ChinCEL1 and JX628906 respectively.
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Table 2-6: Summary of the findings from sequence analysis

China doll (CDENDO1) Brassica chinesis Brassica parachinesis Chinese celery
Length of cDNA (bases) 1004 1125 920 895
Length of mature amino acid sequence (a.a.) 277 275 275 274
MW of predicted protein (kDa) 31.7 31.8 31.8 31.4
Theoretical isoelectric point 5.42 5.52 5.52 6.17

Signal peptide Residues 1-16 Residues 1-28 Residues 1-28 Residues 1-22
S1/P1 nuclease domain Residues 17-282 Residues 29-294 Residues 29-294 Residues 23-288
RNase domain LHFID (residues 75-79) LHFID (residues 87-91) LHFID (residues 87-91) LHFID (residues 81-85)
DNase domain  QPMHV

(residues 145-149)
 QPMHV

(residues 157-161)
 QPMHV

(residues 157-161)
 QPMHV

(residues 151-155)
Disulphide linkages C93 and C103, C111 and C121, C107 and C117, C100 and C110,

C85 and C237 C103 and C255 C99 and C251 C92 and C244

Putative N-glycosylation sites  QNFTNQ  QNFTSQ  QNFTSQ  GNLSSL
(residues 109-114), (residues 121-126), (residues 121-126), (residues 57-62),

 HNMTEA  YNMTEA  YNMTEA  QNFTSQ
(residues 127-132), (residues 139-144), (residues 139-144), (residues 115-120),
 GNFTDG  KNITNG  KNITNG  YNMTEA
(residues 201-206) (residues 213-218). (residues 213-218). (residues 133-138),

 RNFTEG
(residues 207-212).

Conserved region of (ST)Q motif  FGDSQDD
N/A N/A N/A

(residues 281-287)
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2.3.2.4 Isolation and analysis of genomic DNA of China
doll, Celery, Brassica chinesis and Brassica
parachinesis

In order to enhance the understanding of the function of the newly isolated

sequences, the gDNA sequences of China doll, celery, and two Brassica plants

were isolated and compared.

The isolated gDNA sequences of China doll (CDENDO1), celery (CEL I), Brassica

chinesis (BCENDO1) and Brassica parachinesis (BPENDO1) consisted of 2889 bp,

2284 bp, 2447 bp and 2448 bp, respectively. The genomic sequences were

deposited in NCBI with the accession numbers JX628908 (CDENDO1), JX628904

(CEL I), JX628910 (BCENDO1) and JX628909 (BPENDO1) (See Table 2-5). The

sequences of these isolated gDNA are shown in Figure 2-15.  Both of these

sequences, except CDENDO1, contained translational start site and the termination

site.  All of these sequences comprised 9 exons. The lengths of exons and introns

of these endonuclease genes are summarised in Table 2-7. The lengths of exons

were comparable in all of these plants and the introns existed in these plants were

in general small.  In particular, the largest intron in China doll sequence was 633

bases long but the shortest intron was found to be only 89 bases long.  This is

consistent with previous findings that introns are shorter in plants and yeast than in

humans [161].

2.3.2.5 Homology analysis of the amino acid sequences
of novel plant endonucleases

The predicted amino acid sequences of these 4 novel nucleases were aligned with

those of other endonucleases (Figure 2-8).  The amino acid sequences of eight

known endonucleases (Table 2-8) were retrieved from databases.

These endonucleases have been characterised as glycoproteins with molecular

masses of approximately 30-40kDa and found to possess the ability to hydrolyse

RNA, DNA and the 3’ phosphoester linkage of ribonucleoside monophosphates [8,

10, 24, 28, 30, 38].  Accordingly, these nucleases are similar in their primary

structures and enzymatic properties.  They are also classified into the same

homologous group of S1 nuclease.
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Figure 2-15: Multiple alignment of genomic DNA sequences of novel
endonuclease genes.
Genomic DNA sequences of novel endonuclease genes from China doll
(CDENDO1), Celery (CEL I), Brassica chinesis (BCENDO1) and Brassica
parachinesis (BPENDO1) are aligned.  The start codon (ATG) and the stop codon
(TAG or TGA) of the sequence are shown in red and blue respectively.  Gaps
introduced to optimise the sequence alignment are represented by hyphens. The
isolated genomic DNA of China doll, celery, Brassica chinesis and Brassica
parachinesis consist of 2889 bp, 2284 bp, 2447 bp and 2448 bp, respectively.  All of
the genomic sequences included 9 exons.  The exon regions of the sequences are
shown in boldface and highlighted in yellow.  Note that the starting and ending
dinucleotides of all introns follow the usual 5’-GT----AG-3’ rule. These invariant
dinucleotides are necessary and sufficient to define a splice junction. The
abbreviations and accession numbers of the sequences are as follows: CDENDO1,
JX628908; CEL I, JX628904; BCENDO1, JX628910 and BPENDO1, JX628909.
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Table 2-7: The length of exons and introns of four novel endonuclease genes

Exon
1 2 3 4 5 6 7 8 9

China Doll (CDENDO1)* 42 182 108 56 84 96 65 74 128
Celery (CEL I) 108 181 108 56 84 96 65 74 119
Brassica chinesis (BCENDO1) 126 181 108 56 84 96 65 74 122
Brassica parachinesis (BPENDO1) 126 181 108 56 84 96 65 74 122

Intron
1 2 3 4 5 6 7 8 9

China Doll (CDENDO1)* 194 89 118 125 346 198 633 351 --
Celery (CEL I) 71 124 96 92 132 569 107 133 --
Brassica chinesis (BCENDO1) 166 177 158 73 80 92 125 461 --
Brassica parachinesis (BPENDO1) 166 177 158 73 81 92 125 461 --

*Note that the genomic DNA sequence of China doll does not include the translational start site (ATG).
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Table 2-8: Known endonucleases used for multiple alignment

Nuclease Scientific names Common names Chinese names

CEL I Apium graveolens Celery 西芹

ZEN1 Zinnia elegans Zinnia 百日菊

SPEN1 Spinacia oleracea Spinach 菠菜

DcEN Dianthus caryophyllus Carnation 麝香石竹 or康乃馨

SlENDO1 Solanum lycopersicum Cherry tomato 蕃茄

StEN1 Solanum tuberosum Potato 馬鈴薯

BFN1 Arabidopsis thaliana Mouse-ear cress 鼠耳芥

DSA6 Hemerocallis hybrid Daylily 萱草 or金針
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2.3.2.6 Sequence Similarity
As a result of the homology search, alignment of the China doll cDNA sequence

with homologues in GenBank by using the PSI-BLAST and PHI-BLAST at NCBI

[162] revealed that China doll cDNA sequence was highly similar to those of

endonucleases from several other vegetables and flowering plants (Table 2-9).

Nucleotide sequence identity ranged from 74% to 78%. Protein sequence similarity

varied between 74% and 83%: 83% of 277 amino acids for SlENDO1 from cherry

tomato (Solanum lycopersicum), 79% of 273 amino acids for CEL I from celery

(Apium graveolens), 83% of 277 amino acids for StEN1 from potato (Solanum

tuberosum) and 74% of 277 amino acids for BFN1 from Arabidopsis thaliana.

However, this novel sequence was found to have a very low similarity to Aspergillus

S1 nuclease (29% of 274 amino acids) and P1 nuclease (28% of 278 amino acids).

On the other hand, the results of homology search revealed that the two novel

cDNA sequences of B. parachinensis and B. chinesis were also similar to those of

the endonucleases (Table 2-10). Nucleotide sequence identity ranged from 75% to

94%. Protein sequence similarity varied between 69% and 94%: 94% of 303 amino

acids for endonuclease precursor from other Brassica plant (Fourraea alpine), 92%

of 305 amino acids for BFN1 from Arabidopsis thaliana, 71% of 289 amino acids for

CEL I from celery (Apium graveolens), 69% of 300 amino acids for SlENDO1 from

cherry tomato (Solanum lycopersicum) and 69% of 294 amino acids for StEN1 from

potato (Solanum tuberosum).

Homology analysis was also conducted for the cDNA sequence of Chinese celery

(Table 2-11). Nucleotide sequence identity ranged from 73% to 99%. Protein

sequence similarity varied between 70% and 99%: 99% of 296 amino acids for CEL

I from celery (Apium graveolens), 75% of 291 amino acids for SlENDO1 from cherry

tomato (Solanum lycopersicum), 74% of 291 amino acids for StEN1 from potato

(Solanum tuberosum), 73% of 277 amino acids for SP I from spinach (Spinacia

oleracea) and 70% of 295 amino acids for BFN1 from Arabidopsis thaliana.
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Table 2-9: Homology analysis of China doll (CDENDO1) sequence

Nuclease sequence for comparison Nucleotide Sequence identitya Protein Sequence similarityb

Solanum lycopersicum SlENDO1 mRNA for endonuclease 1 (AB667996) 616/785 (78%) 231/277 (83%)

Apium graveolens CEL I mismatch endonuclease mRNA (AF237958) 628/801 (78%) 216/273 (79%)

Solanum tuberosum endonuclease mRNA (AY676603) 615/785 (78%) 229/277 (83%)

Arabidopsis thaliana bifunctional nuclease i (BFN1) mRNA (NM_100991) 592/801 (74%) 204/277 (74%)

Aspergillus oryzae nuclease S1 (P24021) 79/274 (29%)

Nuclease P1 (P24289) 77/278 (28%)

a identified by BLASTN programs at NCBI
b identified by BLASTX programs at NCBI
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Table 2-10: Homology analysis of Brassica chinesis and Brassica parachinesis sequences

Nuclease sequence for comparison Nucleotide Sequence identitya Protein Sequence similarityb

Fourraea alpine endonuclease precursor (CBL29241) 856/911 (94%) 284/303 (94%)

Arabidopsis thaliana bifunctional nuclease i (BFN1) mRNA (NM_100991) 835/918 (91%) 280/305 (92%)

Apium graveolens CEL I mismatch endonuclease mRNA (AF237958) 574/792 (72%) 204/289 (71%)

Solanum lycopersicum SlENDO1 mRNA for endonuclease 1 (AB667996) 524/707 (74%) 207/300 (69%)

Solanum tuberosum endonuclease mRNA (AY676603) 511/690 (74%) 204/294 (69%)

Dianthus caryophyllus putative nuclease (AAX88803) 484/648 (75%) 162/215 (75%)

a identified by BLASTN programs at NCBI
b identified by BLASTX programs at NCBI
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Table 2-11: Homology analysis of Chinese celery sequence

Nuclease sequence for comparison Nucleotide Sequence identitya Protein Sequence similarityb

Apium graveolens CEL I mismatch endonuclease mRNA (AF237958) 891/895 (99%) 295/296 (99%)

Solanum lycopersicum SlENDO1 mRNA for endonuclease 1 (AB667996) 627/810 (77%) 218/291 (75%)

Solanum tuberosum endonuclease mRNA (AY676603) 624/810 (77%) 214/291 (74%)

Spinacia oleracea SP I mismatch endonuclease mRNA (EF032908) 594/802 (74%) 203/277 (73%)

Arabidopsis thaliana bifunctional nuclease i (BFN1) mRNA (NM_100991) 580/796 (73%) 206/295 (70%)

a identified by BLASTN programs at NCBI
b identified by BLASTX programs at NCBI
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2.3.2.7 Phylogenetic analysis
A phylogenetic analysis of 28 different endonucleases (3 DNases and 25 single-

strand-specific nucleases) was carried out (Figure 2-16).  Out of the 25 single-

strand-specific nucleases, 4 were novel sequences found in this study.

Endonucleases were divided into two clusters reflecting their evolutionary

relationship.  This phylogenetic analysis showed that CDENDO1 from China doll

was a branch of StEN1 and SIENDO1 while Brassica chinesis and Brassica

parachinensis formed another branch with BFN1.  The data revealed that

CDENDO1 of China doll seemed to be a member of Solanum. Both Brassica

chinesis and Brassica parachinensis were similar to BFN1.  Also, S1 and P1

nucleases (accession numbers: P24021 and P24289, respectively) were found to

be evolutionarily distant from other endonucleases although they are under the

same superfamily of S1 and P1 nucleases.  The few DNases – micrococcal

nuclease (MNase), endonuclease G (Endo G) and DNase I – are well-known

apoptotic DNases, which formed a distinct cluster from single-strand-specific

nucleases.  This suggested that they were genetically different from single-strand-

specific nucleases.  These few DNases have often been used for chromatin studies.
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Figure 2-16: Phylogenetic analysis of the four novel amino-acid sequences
and other plant endonucleases.
The tree was constructed using the Clustal W programme on EBI WWW molecular
biology server (http://www.ebi.ac.uk/clustalw/) [142].  In total, 28 nucleases from
different sources were used to build the tree, including 4 novel nucleases identified
in this study, i.e. Chinese celery (ChinCelery_Novel), China doll (CDENDO1_Novel),
Brassica chinesis (Chinesis_Novel) and Brassica parachinesis
(Parachinesis_Novel).  Branch lengths are proportional to the amount of inferred
evolutionary change.  The abbreviations and accession numbers of the sequences
used to form phylogenetic tree are: Apium graveolens, CEL I, AF237958; Zinnia
elegans, ZEN1, AB003131; Lotus corniculatus var.  japonicus endonuclease, LjEN,
AAT79581; Glycine max, ABP68856.1; Solanum tuberosum, StEN1, AY676603;
Lycopersicon esculentum, S1ENDO1, AM238701; Dianthus caryophyllus, DcEN,
AY986984; Spinacia oleracea, SPEN1, EF032908; Arabidopsis thaliana, BFN1,
NP_172585; Fourraea alpina endonuclease precursor, FAENDO_precursor,
CBL29241.1; Hemerocallis hybrid, DSA6, AF082031; Narcissus pseudonarcissus
S1-type endonuclease, NpS1,AAL16902; Oryza sativa (indica cultivar-group),
CAH67661.1; Zinnia elegans bifunctional nuclease, ZBFN1, AAD00694; Hordeum
vulgare nuclease I, HvN1, BAA82696; Hordeum vulgare endonuclease, HvEN,
BAA28942; Oryza sativa nuclease I, OsN1, XP_550001; Aspergillus oryzae
nuclease S1, P24021; Nuclease P1, P24289; Duplex-specific nuclease, DSN,
AAN86143; Shrimp DNaseI, CAB55635; Micrococcal nuclease, MNase,
ZP_08094048.1;  Endonuclease G, Endo G, AAH16351.1; DNaseI, NM_174534;
Apium graveolens var.dulce, ChinCEL1 (Chincelery_Novel), JX628906;
Radermachera sinica, CDENDO1 (CDENDO1_Novel), JX628907; Brassica
parachinesis, BPENDO1 (Parachinesis_Novel), JX628905; and Brassica chinesis,
BCENDO1(Chinesis_Novel), JX628911.
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2.3.2.8 Homology search using the three-dimensional
structure

Further prediction of tertiary protein structure was carried out (Figure 2-17).

Although the primary sequence of China doll (CDENDO1) contained the P1

nuclease domain, its primary sequence was totally different from that of P1

nuclease, and shared only about 27% sequence identity to P1 nuclease sequence.

However, by the prediction of the three-dimensional structure combined with the

results from Robetta searches, the predicted CDENDO1 protein and the other 3

novel nucleases (Brassica chinesis, Brassica parachinesis and Chinese celery)

were found to share a high homology to the 3D structure of P1 nuclease

(PDB_1ak0A domain) (Figure 2-17).

2.3.2.9 Functional characterisation
For further functional characterisation, protein function prediction server (Combfunc)

was used.  Combfunc prediction includes multiple analyses, such as Confunc and

BLAST, for predicting the protein function.

Confunc (Conserved residue Function Prediction Server) was used to predict the

protein function of the deduced full-length protein sequence of the 4 novel

endonucleases [134].  ConFunc provides a better tool than BLAST in sequence

similarity and also gives the levels of precision that is lacking in BLAST and PSI-

BLAST.  According to the results of Confunc predictions, these sequences were

expected to possess hydrolytic or catalytic activities (Table 2-12).

On the other hand, results from ComFunc predictions showed that these sequences

were predicted to have both single-stranded DNA specific endodeoxyribonuclease

activity and T/G mismatch-specific endonuclease activity (Table 2-13).  These

results suggested that these 4 novel nucleases could possess nuclease activity

acting on DNA sequence.
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Figure 2-17: Schematic representation of the tertiary structure of nuclease P1
(PDB_1ak0).
This complex structure of P1 nuclease is crystallised with nucleotides.  Blue ribbons
indicate α-helices, purple arrows indicate β-strands, and pale blue coils indicate
loops.
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Table 2-12: Results of ConFunc Molecular Function predictions

Gene
ontology
(GO) Term Function

Z scorea

Z Score
Ratiob

Number
SequencescChina doll

Brassica
parachinesis

Chinese
celery

Brassica
chinesis

GO:0043765 T/G mismatch-specific endonuclease activity 20.277 22.477 20.104 21.664 1 4

GO:0016788 hydrolase activity, acting on ester bonds 20.277 22.477 20.104 21.664 1 4

GO:0016787 hydrolase activity 20.277 22.477 20.104 21.664 1 4

GO:0004536 deoxyribonuclease activity 20.277 22.477 20.104 21.664 1 4

GO:0004520 endodeoxyribonuclease activity 20.277 22.477 20.104 21.664 1 4

GO:0004519 endonuclease activity 20.277 22.477 20.104 21.664 1 4

GO:0004518 nuclease activity 20.277 22.477 20.104 21.664 1 4

GO:0003824 catalytic activity 20.277 22.477 20.104 21.664 1 4

GO:0003674 molecular_function 20.277 22.477 20.104 21.664 1 4

GO:0003673 Gene Ontology 20.277 22.477 20.104 21.664 1 4

GO:0000014 single-stranded DNA specific
endodeoxyribonuclease activity

20.277 22.477 20.104 21.664 1 4

a Z score is calculated to indicate the significance of the result of that function.
b Z score ratio is calculated by comparing with the maximum z score obtained for the functions possessed by the sequence. The Z score ratio of the function
is divided by the highest Z scores of the function.  For example, the maximum Z score of function in China doll is 20.277. This value is divided by the
maximum Z scores.  Finally, the Z score ratio is 1.
c “Number Sequences” represents the number of sequences homologous to the query that are identified by ConFunc and used for making the prediction.
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Table 2-13: Results of ComFunc predictions: Molecular function predictions

Description

GO term
GO:0043765
(T/G mismatch-specific endonuclease)

GO:0000014
(single-stranded DNA specific endodeoxyribonuclease activity)

Sample SVM Scorea SVM Probabilityb SVM Score SVM Probability

China doll 1.095 0.516 1.095 0.516

Chinese celery 1.096 0.516 1.096 0.516

Brassica parachinesis 1.094 0.515 1.094 0.515

Brassica chinesis 1.095 0.515 1.095 0.515
a SVM score is a score generated by the support vector machine (SVM).  This machine learning tool is used to make the combined predictions.  This score is
partly indicative of the confidence of the prediction.
b SVM Probability, which is generated from the SVM score, shows the confidence associated with each individual function predicted.  The SVM probability is
colour-coded to indicate the level of confidence; the red predictions have the highest confidence and yellow the lowest.  Orange colour represents medium
confidence of the predictions.  The higher the probability represents the more confident the prediction.

According to the result of Combfunc predictions, these 4 novel sequences are highly probable to be a T/G mismatch-specific endonuclease and
have the single-stranded DNA specific endodeoxyribonuclease activity.
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2.4 Discussion
Full-length cDNA sequences from 4 plants were successfully isolated and fully

analysed.  Both of these sequences were found not only to possess the S1/P1

nuclease domain, but also to be a close member of either CEL I, BFN1 or Solanum

endonucleases based on the results of homology searches and phylogenetic

analysis.  Moreover, single-stranded DNA specific endodeoxyribonuclease activity

was identified in silico by Confunc prediction.  These results provide strong

evidence that these novel cDNA sequences of China doll (CDENDO1), Brassica

chinesis, Brassica parachinesis and Chinese celery belong to the respective genes

bearing nuclease properties.  As far as we are aware, such sequences are novel

and have not yet been reported before.

Owing to the limitation of resources for this study, only one of the sequences could

be chosen for in-depth characterisation and further study of the catalytic properties.

The primary sequence of CDENDO1 isolated from China doll, Radermachera sinica,

was chosen for this study.  Among these 4 novel sequences, CDENDO1 was the

only sequence isolated from a potted plant, but not from edible plants.  Moreover,

according to the results of homology searches and phylogenetic analysis (Table 2-9

to Table 2-11 and Figure 2-16), two Brassica sequences formed in a cluster group

under BFN1 and shared a very high identity (up to 94% similarity) to BFN1, which is

a well-studied nuclease. In contrast, CDENDO1 was located between the groups of

BFN1 and CEL I and showed less similarity to them.  These features of CDENDO1

had drawn our interest in further study of its nuclease activities. The functional

study of this nuclease gene was then performed for enhancing the understanding of

the relationship of their sequences.

In this study, the gDNA sequences of China doll, celery, and two Brassica plants

were isolated – a step important for the characterisation of the exon-intron

organisation of these genes, their promoter regions and even the evolution of this

kind of proteins. These data can then be used to enhance the understanding of

their sequences.  We had tried to isolate the complete genomic DNA sequence of

CDENDO1 in this study; however, the “full-ength” sequence was obtained without

the translational start site (Figure 2-15). As shown Figure 2-7, the cDNA sequence

of CDENDO1 was also incompletely sequenced with the start codon (methioine,
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ATG) and its immediate flanking nucleotide sequences being not yet identified.

This might be due to the generation of incomplete cDNA during the RT reaction.

One of the major problems of 5’RACE is that all cDNAs will be tailed by Tdt

regardless of whether they are full-length or not.  Therefore, truncated cDNAs will

also be amplified in subsequent reactions [109].  This problem may be resolved by

using other improved methods of RACE, e.g. RNA ligase-mediated RACE (RLM-

RACE) [163].  This method is achieved by ligation of a certain length of ribo-

oligonucleotide to the 5’-end of mRNA before reverse transcription.  The mRNA

ligated with this anchor RNA sequence will be reverse-transcribed to generate the

first-strand of cDNA for subsequent amplification. Truncated cDNAs will not be

amplified in this case.  The strategy of these methods is illustrated in Figure 2-18.

During the screening of endonuclease genes, we were faced with the problem of

variable amounts of total RNA found in different kinds of plants and different parts

of a plant.  This may be one of the issues resulting in missing data from some

particular plants, e.g. Nematanthus cv. and Ivy. Seven out of eleven plant samples

were shown to possess homologous endonuclease genes (Figure 2-5).  These

kinds of endonuclease genes with conserved sequences are common and

ubiquitous. Their function appears to be critical and their presence is essential.

Further characterisation will help to illustrate the biological functions and roles of

this kind of gene.

Phosphoinositide-3-OH-kinase related kinases (PIKK) are a group of atypical

protein kinases with Ser/Thr kinase activity that plays a role in DNA repair and DNA

damage checkpoint.  There are three PIKK proteins with repair and checkpoint

functions: ATR (ATM and Rad3 related), ATM (ataxia telangiectasia mutated) and

DNA-PK (DNA-dependent protein kinase) [164, 165]. Proteins of the PIKK family

specifically phosphorylate the (ST)Q motif in their substrates.  The glutamine (Q)

residue adjacent to the target serine (S) or threonine (T) residue always plays an

important role in substrate recognition.  Interestingly, according to the results from

sequence analysis, the motif located in the region of the nuclease domain was only

observed in CDENDO1 sequence (Figure 2-7). This was different from other known

endonucleases, except for the endonucleases in potato and tomato (Figure 2-9).

This (ST)Q motif was found to be located at the C-terminal region of the mature

protein and amino acid sequence is less conserved.  This region may become a
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great challenge for manipulating the substrate specificity of the recombinant

nuclease even though it is not a simple matter to produce a new protein with

specified predetermined properties.  This information gave us a better

understanding of the function of the protein from sequence to the structural protein.

Signal peptides are short, hydrophobic peptide chains.  They are usually used to

transport proteins to other organelles, recognise other receptors or maintain the

thermostability of proteins [105].  Moreover, as many proteins are synthesised in

immature form, they also participate in activating the protein from inactive precursor

form by removal of the N-terminal signal peptide sequence.  In this study, the first

16 amino acid residues located at N-terminal of the immature CDENDO1 protein

were predicted to be a highly hydrophobic signal peptide.  It is interesting to

investigate the actual function of the signal peptide of this novel nuclease.

Furthermore, the CDENDO1 sequence found in this study was predicted to possess

single-stranded-specific nuclease activity, which was structurally similar to P1

nuclease.  In order to increase the solubility of the protein during protein expression,

we also attempted to modify the primary sequence of the protein based on the

known crystallographic structure of P1 nuclease with DNA sequences.  The related

study is reported in Chapter 6 in detail.
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Figure 2-18: Outline of traditional and improved 5’ RACE approaches.
(A) Traditional 5’ RACE method. Truncated cDNA can be generated from a pool of
mRNA.  (B)  RNA ligase-mediated RACE (RLM-RACE).  Messenger RNA is first
decapped.  RNA anchor sequence is ligated to decapped mRNA by T4 ligase.
Anchor-linked RNA is then reverse-transcribed to generate the first-strand of cDNA.
Only full-length cDNA sequences are generated.  This figure is modified from
Volloch et al. (1994) [163].
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2.5 Conclusion
Results from this study provide strong evidence that the novel cDNA sequences of

China doll (CDENDO1), Brassica parachinensis, Brassica chinesis and Chinese

celery belonged to the respective genes bearing nuclease properties. On the basis

of these results, we found that genes encoding S1 type nucleases may be present

generally in many plant species.  We have successfully isolated from

Radermachera sinica (China doll) the full-length cDNA homologous to BFN1 and

CEL I.

There are so far no reports of nuclease cDNA and gDNA sequences found in China

doll, Brassica chinesis, Brassica parachinensis and Chinese celery. These are

novel findings. The complete cDNA sequence would then be cloned into different

host cells and expressed to further elucidate their properties. After purification of

the expressed protein, assays would be carried out to isolate proteins with the

desired properties. Characterisation of the enzymatic activity of recognising and

hydrolysing different types of DNA mismatches were necessary for determining the

protein functions.
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Chapter 3: Protein expression and
purification

3.1 Introduction
Prior to the development of recombinant DNA technologies, most human protein

pharmaceuticals were available in limited quantities because they were costly to

produce and some of them did not have well-characterised biological roles.  After

recombinant DNA technology was developed, production of inexpensive

recombinant proteins is exponentially increased to satisfy the demand of the market

needs. They are useful in many research and diagnostic areas, such as industrial

enzymes, vaccine development, diagnostics, cancer and genetic disease research

studies.

Many choices of expression systems are available for generating a recombinant

protein from trial to production scale, e.g. Escherichia coli, baculovirus insect cells,

yeast and mammalian cells,.  These systems each have their own advantages in

terms of cost, time, yield and ease of use, and can be used for different study

purposes, e.g. posttranslational modifications of protein.

Here, several of the most popular expression systems are reviewed.  Criteria for

selection of different host cells, general considerations and precautions in

producing and purifying the recombinant proteins will be discussed.  The major

differences of expressed proteins between insect cell and mammalian cell

expression systems are summarised in the introduction part of this chapter.
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3.1.1 Choice of host cell for protein expression

3.1.1.1 Escherichia coli
An Escherichia coli expression system is often the first choice of host when a new

protein has to be expressed [166, 167].  It is simple, convenient and cost-effective

because E. coli grows fast in economical media and this allows scale-up for

industrial purposes. It is inexpensive to test a wide variety of possible strategies in

E. coli.  One can complete a fairly comprehensive analysis within a relatively short

period of time. Alternative expression systems are chosen only if the product

expressed in the E. coli system is biologically inactive  owing to the lack of essential

post-translational modifications, incorrect folding or low recovery of the native

protein [168].

3.1.1.1.1 Formation of inclusion body
Many of the recombinant proteins that are produced in E. coli accumulate in a form

of insoluble, intracellular, inactive and dense aggregates, which are called inclusion

bodies or refractile bodies [169].  They are believed to be partially folded

intermediates in the folding pathway [170]. They usually accumulate in the

cytoplasm or in the periplasmic space of the cells.  Most of them are structurally

misfolded polypeptides. Almost all of the proteins that are expressed as inclusion

bodies are functionally inactive.

The characteristics of the protein, the rate of expression, the level of protein

expression, growth temperature, and media composition have been shown to affect

the propensity for the formation of inclusion bodies versus soluble protein.  In

particular, over-expression of recombinant proteins at a high rate may be the major

reason that triggers the formation of inclusion bodies in the cells.  It could result in a

high concentration of the expressed protein, which cannot be refolded properly and

so aggregates within the cytoplasm.  High temperature and acidification of the

media may also facilitate the formation of inclusion bodies [169, 171, 172].  This

has an effect on the increased rate of synthesis. Moreover, there is a strong

relationship between temperature, the protein folding kinetics and the growth rate of

the cells.
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Producing recombinant proteins in the form of inclusion bodies may have several

advantages.  Since inclusion bodies have less contaminants, the number of

purification steps to recover pure protein can be reduced, relatively pure protein can

be obtained, and the steps of the downstream processes may be minimised [173].

In particular, if a short and labile protein that is unstable and/or toxic is being

expressed, formation of inclusion bodies is highly recommended because it can

protect the recombinant protein target from protease attack [169].

A fusion tag, ketosteriod isomerase (KSI) tag, appears to be effective for expression

of small peptides that are unstable and/or toxic.  KSI tag can effectively enhance

the fusion proteins to form aggregates in the inclusion body fraction so as to avoid

proteolysis or harm to the host cell [174].  Recombinant proteins expressed as

inclusion bodies in E. coli have been most widely used for industrial production of

proteins because of the above-mentioned advantages and a very high protein yield

[173].

Expression of a recombinant protein in the form of inclusion bodies seems to have

many advantages. However, this is not the best method for producing recombinant

protein since tedious extraction and refolding steps are required to recover the

correct folding and produce an active protein. It is more cost-effective to grow a

larger quantity of cells than to attempt to renature the fusion protein extracted from

inclusion bodies because the latter method nearly doubles the time required.

Moreover, refolding step is not an easy way to recover the active structure of a

protein and requires optimisation for every protein target.

Although protein aggregation as inclusion bodies is reversible, reports have usually

shown a very low recovery of refolded and actively functional protein [175-178].

This makes the production of a soluble protein be the preferred method.

3.1.1.1.2 Optimisation for soluble protein production
If a recombinant protein product is stable enough and not harmful to the host cell, it

might be desirable to keep the protein in a soluble form.  Thus, the solubilisation

and refolding steps are avoided if inclusion bodies are not formed.  Several

strategies have been explored to optimise the yield of soluble proteins in E. coli by

minimising protein misfolding.  Many different ways to optimise the procedure for

producing soluble recombinant proteins have been developed.
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The growth rate of host cells has been shown to be one of the critical factors

causing the formation of inclusion bodies.  Higher temperatures usually lead to the

exposure of hydrophobic surfaces during peptide folding and favour hydrophobic

interactions, which may predispose proteins to form aggregates [179]. In addition,

using a moderately strong or weak promoter or changing the composition of growth

media may affect the rate of protein synthesis.  Some reports show that growth of

recombinant E. coli at suboptimal temperature, usually lower than 25oC, may

decrease aggregate formation, thus increasing the proportion of correctly folded

soluble protein [172, 176, 180-182].

Practically, expression should be optimised using a range of temperatures, for

example, from 30oC, 25oC, 20oC to perhaps 15oC.  Protein expressed at each

temperature can be evaluated to determine whether an acceptable yield of the

expressed protein can be obtained in the soluble fraction [176, 180].  It can easily

be determined by analysing a small aliquot of both the supernatant (soluble fraction)

and the pellet (insoluble fraction) by sodium-dodecyl-sulphate polyacrylamide gel

electrophoresis (SDS-PAGE) [174].  Whole lysate is usually analysed in parallel to

determine the expression yield in different conditions.

A soluble expressed protein is usually less stable than its counterpart expressed as

inclusion bodies.  Cells should not be allowed to grow for extended periods of time

after the induction of expression, as cells may lyse and release proteases, which

may degrade the fusion protein [176, 183]. This can be minimised by triggering the

induction when the bacterial culture grows to a higher O.D. and by decreasing the

duration of the expression period. Degradation of the fusion protein might also be

minimised by adding protease inhibitors or carefully keeping all samples, buffers,

and sample tubes as cold as possible.

Besides optimisation of incubation temperature, the concentration of an inducer like

isopropyl β-D-thiogalatoside (IPTG) is also a critical factor in generating soluble

protein.  According to the study of Liu and Zhang (2004), large amounts of soluble

recombinant proteins and minimal quantities of inclusion bodies were found when

IPTG concentration was lower than 0.5 mM [182].  Recombinant proteins tend to

become insoluble when a higher concentration of IPTG is used.
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For high-throughput screening of protein constructs, analysis can be performed in a

24-, 48- or 96-deep-well platform [166, 184, 185].  Reports have shown that

proteins can be expressed efficiently in parallel in volumes of 1-20 ml [166, 184,

185], allowing fast identification of clones.

Some authors have suggested expressing as many as ten constructs in initial

attempts, which may increase the probability of expressing soluble proteins [166].

Many studies have reported that the changes or the addition of extra amino acids in

the N-terminus of a coding sequence may affect the conformation of the protein and

increase the chance of producing a soluble protein.  However, it is still unclear how

the primary sequence influences the three-dimensional structure of the protein.

3.1.1.1.3 Factors for improvement of solubility, expression and
purification

Using fusion tag technology is strongly recommended for improving the solubility of

recombinant proteins.  Here, several strategies will be introduced and discussed as

to how to improve the expression yield and downstream purification process: fusion

tag technology, promoter strength, co-expression and dual affinity tag strategy.

3.1.1.1.3.1 Fusion tag
An affinity tag can be defined as exogenous amino acid sequences that have a high

affinity for a specific biological or chemical ligand [186]. Attaching an affinity tag to

an expressed protein is a common approach in the production of a recombinant

protein.  The tag may enhance the solubility of the expressed protein and somehow

promote the translation initiation.  Thus, the yield of the recombinant protein is

significantly increased.

Affinity tags can also facilitate downstream purification steps. The tagged protein

can be purified efficiently by using high-purity affinity chromatography techniques.

Many commercial purification affinity columns are available for research purposes,

including Ni-NTA resins, HisTrapFF, GSTrapFF, etc.

Even though adding a tag may result in a change in protein conformation (e.g.

altering the biological activity or lowering the protein yield), this method is still widely

used and is the preferred approach to the production of recombinant proteins in
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either industrial areas or lab-scale.  Here, general affinity tags used for the

recombinant protein production are described.

MBP (maltose-binding protein), thioredoxin (trx), N-utilising substance A (Nus A)

and ubiquitin (Ub) offer solubility-enhancing properties to the fusion protein [187].

MBP is known for its strong capability of increasing the solubility of a target protein

and has been used as a fusion partner for recombinant proteins [188].  However,

being a relatively large protein, it would impose a high metabolic burden on the host

cells during expression.  MBP tag, therefore, should be cleaved and removed from

the protein target in order to achieve the function of the target protein [184, 189,

190].  Although MBP-tagged protein can also be purified using amylose resin, it has

been reported that not all fusion proteins containing MBP can be purified [191].

Glutathione S-transferase (GST) and poly-hexahistdine (His6) tags are popular and

most widely used affinity tags in the laboratory [192].  They facilitate the purification

process based on affinity chromatography.  Usually, affinity tags together with the

endoprotease cleavage site are constructed within the vectors.  This design

facilitates the downstream processes and efficient removal of the tag from the

protein of interest to obtain a product most like the native protein. As with MBP,

GST allows affinity purification and increases solubility.

His tag can be used to aid folding recovery since both native and denaturing

conditions can be used during purification [193].  They are small in size and would

not impose a high metabolic burden on the host cells.
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Table 3-1: Summary of commonly used fusion tags

Tag Size (kDa) Remarks References

MBP (maltose-binding protein) 42 Enhance solubility NEB

Thioredoxin (Trx) 12 Enhance solubility [194]

His6 0.84 Low metabolic burden
Can purify in both native or denaturing conditions

[192]

GST 27 Homodimer formation GE Healthcare

Ubiquitin (Ub) Enhance solubility [195]

SUMO 12 Enhance solubility [195]

SET (Solubility-enhancement tag) (protein G B1 domain) 6 Enhance solubility [196]

Bcl-XL Expression of membrane protein
Improve expression
Expressed as inclusion bodies

[197]

KSI 14 Expressed as inclusion bodies [198]

SFC 120 13.32 Expressed as inclusion bodies [199]
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3.1.1.1.3.2 Promoter strength
Expression vectors that are controlled by promoters (e.g. T7 and pBAD) are widely

available [200].  The induction characteristics of pBAD promoter can be regarded

as “all-or-none” induction in which the expression is either fully induced or not

induced at all.  This trait gives the pBAD promoter a tight control over the basal

expression level and no leaky expression can be found.  It is, however, quite strain-

specific and is not widely available [201].  Moreover, the expression yields of

proteins under the control of pBAD promoter are often lower than those under the

control of T7 promoter [202].

By far, the T7 promoter-driven IPTG-inducible pET expression system is most

commonly used in recombinant protein production, such as the Champion™ pET

SUMO Protein Expression System from Invitrogen. The basal expression driven by

T7 RNA polymerase from lacUV5 promoter in λDE3 lysogens was found even in the

absence of the IPTG inducer.  This suggests that incorporation of 1% glucose in the

culture medium can reduce the cAMP levels and enhance repression of the

promoter significantly. In some cases, this leaky basal expression is difficult to

repress by the addition of glucose.  It is not a critical issue; however, if the

expressed protein product is toxic to the host cells, it may lead to plasmid instability

or cell death. E. coli strain BL21 (DE3) pLysS (Novagen, Invitrogen, etc) is a good

choice for remedying this problem; this strain carries both the DE3 λ lysogen and

the plasmid pLysS.  pLysS is able to produce T7 lysozyme to bind to the T7 RNA

polymerase and inhibit transcription.

3.1.1.1.3.3 Co-expression
Co-expression may be a good choice for enhancing protein expression.  There are

two common methods for co-expressing proteins: the bicistronic vector and the

dual-vector systems [203].

The bicistronic vector is structurally similar to the bacterial operon and consists of a

cluster of genes under a single promoter.  It has been found that the expression of

the second protein is typically much less than the first one [204] (Figure 3-1).  This

problem can be solved using the dual vector systems, in which two target genes are

co-expressed from two different vectors.  However, the problem of dominancy of

one vector over the other in copy number has been reported [205].  It can be
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overcome by optimising the integrated gene copy number, but this is time-

consuming and labour-intensive [183].

Dual-vector systems are advantageous if multiple genes are to be used to express

multiple proteins in parallel. Multiple Duet vectors have been developed recently

and may be used together in compatible host strains to co-express up to eight

target proteins.

Two-promoter vector systems have been developed recently and are modified from

the conventional bicistronic vectors, but with significantly improved technical

advantages over the bicistronic vectors [203].  These two-promoter vector systems

would serve as the method of choice for obtaining large amounts of protein

complexes.

3.1.1.1.3.4 Dual affinity tag
Dual affinity tags, also known as tandem affinity purification (TAP), are used by

some research groups for enhancing the purity of proteins.  In this approach, a

target protein is fused with two affinity tags in N- or C-terminal surrounding an

endoprotease cleavage site.  Passing the protein of interest through two different

affinity purification columns sequentially is sufficient to remove most of the bacterial

contaminants from the recombinant protein, hence producing a highly pure protein

[186].

Admittedly, utilising the dual affinity tags for purification of recombinant proteins by

passing through two chromatography steps is an effective way of producing high

purity protein products.  However, this process is impractical and the throughput is

low [190].  Moreover, the occasional partial proteolysis or insolubility of the

recombinant proteins has been found after tag cleavage and removal.  Therefore,

the double-tag approach is not commonly used in commercial applications.
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Figure 3-1: A bicistronic vector.
A bicistronic vector is so constructed that it is similar to a bacterial operon, which

consists of a cluster of genes under a single promoter.  The protein expressed by

the second gene is usually less than that expressed by the first gene.
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3.1.1.1.4 Modifications of vectors and expression hosts
Innovative technologies are developed to improve provision of service and to satisfy

commercial needs.  Different approaches have been used in E. coli expression

systems, including using vectors fused to more than one proprietary tag or

engineered host cells, in order to generate soluble and correctly folded recombinant

proteins with higher yields.

The pET expression system was recently developed and the pET SUMO vector is

now commonly used in the production of fusion proteins.  The pET SUMO (Small

Ubiquitin-related MOdifier) vector contains sequences coding for a 6xHis tag and a

SUMO fusion protein.  It has the advantages of increasing both the expression and

solubility of recombinant fusion proteins [206].  The SUMO tag can be removed by

a specific protease that recognises the conformation of the SUMO partner rather

than a specific sequence [186].  The SUMO protease is engineered so that it binds

to the affinity column used for purifying SUMO fusion proteins and makes the

sequential purification step easier.  This is a good example of a vector that could

enhance both the purification efficiency and solubility of a recombinant protein.

Another example was clearly demonstrated by Nallamsetty and Waugh (2007) who

found that the combinatorial His6-MBP fusion tag in protein expression could

facilitate purification and promote solubility and proper folding of its fusion partner

[207].

Different E. coli hosts have been engineered to overcome different drawbacks, e.g.

protein stability, solubility of the expressed protein and codon bias.  Details are

discussed below.

3.1.1.1.4.1 Protein stability
Using protease-deficient host strains could enhance protein stability and avoid

degradation of labile recombinant proteins by host proteases.  The E. coli (BL21)

mutant strain, which lacks proteases, is commonly used in recombinant protein

production.

There are other strategies for avoiding the proteolysis of recombinant proteins, e.g.

expressing the protein using secretion systems.  The protein can be secreted into

the culture medium and no proteolytic degradation occurs [208].
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3.1.1.1.4.2 Protein solubility
Over-expression of molecular chaperones and other folding factors along with the

recombinant protein has been the most successful approach to minimising the

formation of inclusion bodies [209, 210].  Molecular chaperones are classified as

stress or heat shock proteins, which play an important role in mediating the

recombinant protein to achieve the correct conformation and also facilitate protein

folding at high concentrations by binding of unfolded protein chains, prevention of

aggregation or support of refolding [211-213].

Examples of chaperones include DnaK, DnaJ, GrpE, GroEL, GroES, IbpA, IbpB,

trigger factor, ClpB, ClpP and La.  Chaperones are able to facilitate de-novo protein

folding, inhibit aggregation of denatured proteins by binding to inclusion bodies, and

efficiently dissolve the aggregated proteins [214, 215].

In order to obtain soluble proteins, expression can be performed by co-expressing

different combinations of chaperones.  Co-expression of chaperons and foldases

can both prevent the aggregation of peptide chains and unfold misfolded proteins

[168].

Recently, this strategy has been reported as the most desirable way to enhance the

expression of target proteins.  Moreover, over-production of the chaperones

GroEL/ES has been shown to increase the in vivo shelf life [208].

On the other hand, some E. coli strains, such as C41 (DE3) and C43 (DE3), are

genetically modified and can significantly improve the solubility of some

recombinant proteins that cannot be expressed at high levels in the parent strain

BL21 (DE3) [194].

3.1.1.1.4.3 Codon bias
Despite the degeneracy of the genetic code, most amino acids are each encoded

by one codon in an organism.  Each organism has its own bias in the usage of the

codons.  This is also called codon bias, which is a noteworthy problem if eukaryotic

genes are being expressed in E. coli hosts [216] – a situation known as

heterologous protein expression.
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The amount of specific tRNAs is reflected by the frequency of the codon, which

means that a tRNA is present at a low concentration it recognises a rarely used

codon. Some codons are rarely used in E. coli, but are common in eukaryotic

genes [217].  Therefore, eukaryotic genes with codons that are rare in E. coli may

be inefficiently expressed. In particular, the most tricky codons (indicated within

brackets) are decoded by the transfer RNAs encoded by the following genes: argU

(AGA/AGG), argX (CGG), argW (CGA/CGG), ileX (AUA), glyT (GGA), leuW (CUA),

proL (CCC) and lys (AAG) [200, 218].

The problems of rare codon bias include mistranslational amino acid substitutions,

frame-shifting events or premature translational termination. Previous studies have

shown that a low expression level of the protein of interest and mis-incorporation of

lysine for arginine arise from a low level of tRNAUCU
arg in the pool during translation.

The most severe effect on expression has been observed when consecutive AAG

or rare codons are near the N-terminus of a coding sequence [194].

Some strategies are utilised to remedy codon bias.  One approach is exchanging

the codons that are more frequently used in E. coli by site-directed mutagenesis

technology.  It can efficiently minimise translational errors; however, it may be too

time-consuming for use in high-throughput biotechnology.  Another approach is co-

transformation of the host with a plasmid harbouring a gene encoding the tRNA

cognate to the problematic codons [216].  This method is less time-consuming

because of the increased copy number of respective tRNA gene.  Novagen has

developed a series of plasmids such as pRARE, pLysSRARE, pLacIRARE, which

are reported as being able to increase expression yield, plasmid stability and cell

viability, although not all studies report this finding [216].

Recently, Rosetta gami (DE3) E. coli strain has been used to express cysteine-rich

or rare-codon-rich protein [219].  This strain enables the expression of protein in the

soluble form by promoting disulphide bond formation, and providing rare-codon

tRNAs (Arg, Ile, Leu, Pro, Gly) during translation.  A cysteine-rich protein that

contained as much as 21 cysteine residues and over 50% of rare codon usage

could still be expressed in a soluble form at a high level in Rosetta gami (DE3) E.

coli strain [219].



104

Up till now, no universal strategy is available for expressing proteins with codon

bias in E. coli expression systems.  Using E. coli as a host cell for the expression of

a recombinant protein is convenient and cost-efficient, but it is not recommended

for more complex studies of proteins (for instance, studies on post-translational

modification or structural analysis) owing to the fact that there is no post-

translational modification machinery in the E. coli host cell.

Whether or not protein post-translational modification is required is the first and

most important consideration to be taken into account when choosing an

expression system.
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3.1.1.2 Yeast
Yeast is the simplest eukaryotic expression host, which offers many advantages

over both prokaryotic and other eukaryotic systems.  Yeast can be easily

manipulated genetically and can multiply rapidly in inexpensive media; this enables

it to be used widely in industry.  Furthermore, because of its eukaryotic traits, yeast

not only provides both secretory and intracellular expression of recombinant

proteins, but is also capable of allowing the proteins to undergo post-translational

modifications, such as glycosylation and phosphorylation. In the following

paragraphs, characteristics of different yeast strains will be introduced.

The yeast strain traditionally used as a host for protein expression, Saccharomyces

cerevisiae, is one of the first yeast strains used for this purpose.  It can express a

fully stable protein that may be poorly expressed in E. coli.  However, S. cerevisiae

may not be a good choice for large-scale production as it lacks a strong and

regulatable promoter. More recently, the methylotrophic yeast Pichia pastoris is

more preferable in the yeast expression system [220]. It has no native plasmids

and is a good choice for expressing the secreted protein because its own native

proteins are screted in very low levels [221].  Moreover, it is as easy to manipulate

as E. coli or S. cerevisiae. It enables expression of target proteins at high levels

using the tightly regulated alcohol oxidase promoter, i.e. AOX1 and AOX2.

However, optimisation of integrated gene copy number and clone selection are

time-consuming and tedious.  More recently, Hansenula polymorpha has become

popular as it possesses the methanol oxidase promoter (MOX), which enables a

higher protein production level [183].

Yeast also shows a tendency to produce proteins with a hyper-glycosylated

structure, and the resulting high-mannose polysaccharide structures may affect

both the biological activity and the folding of the protein of interest.  Recently, the

filamentous fungi, Aspergillus and Trichoderma, are becoming increasingly popular

as expression hosts because a very high amount of protein can be produced using

secretion systems. Protein expressed by secretion systems may have an

advantage over the intracellular expression because proteolysis does not occur.

EasySelectTM Pichia Expression Kit (Invitrogen) provides three different Pichia

strains (X-33, GS115 and KM71H) for protein expression.  The wild-type Pichia

strain, X-33 (Mut+), can grow in Yeast-Extract Peptone Dextrose (YPD) or other
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minimal media for large-scale growing.  It is sensitive to the antibiotic Zeocin used

for clone selection during transformation.  Another Pichia strain, GS115, is a mutant

strain (His-, Mut+) incapabable of synthesising histidine by histidinol dehydrogenase.

On the other hand, the arg4 gene present in the wild-type strain is used to disrupt

the AOX1 promotor.  The strain that has a mutation in the argininosuccinate lyase

gene (arg4) is called KM71H (MutS, Arg+). The growth of KM71H will be restricted

in the absence of arginine.

Heterologous expression in Pichia pastoris can be either intracellular or secretory.

The secretion of an expressed protein requires the aid of a signal peptide to direct

the expressed protein to the secretory pathway.  Several different signal peptides

have different success rates for the secretion of proteins. The α factor prepro

peptide, a signal peptide from S. cerevisiae, has been shown to have more

consistent and higher success rate for protein secretion [221, 222].

In this study, both pPICZα and pPICZ vectors, which are provided in EasySelectTM

Pichia Expression Kit (Invitrogen), were used for expressing the protein of interest

intracellularly and extracellularly.  The pPICα vector contains the “synthetic” α-factor

signal sequence, which is used for secretion of the expressed protein.  This

“synthetic” α-factor signal sequence facilitates the secretion of an expressed protein

that lacks a native signal sequence. On the other hand, the pPICZ vector is usually

used for expressing intracellular proteins. A protein that contains its own native

signal sequence can also be expressed and secreted by using this vector.
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3.1.1.3 Baculovirus/insect cell system
Insect cell systems are most suitable for expressing recombinant proteins for such

purposes as verification of the identity of a protein or cloned gene, biochemical and

structural studies, in vivo animal studies, and studies of the structure-function

relationship of a protein. It is a eukaryotic expression system with high productivity,

but is relatively easy and rapid to perform. Most vaccines are now produced using

the insect cell expression system as they are less likely the hosts for human

pathogenic viruses than mammalian cells. Such recombinant proteins are also

called virus-like particles (VLPs) [223].  VLPs lack the required genetic materials

and are thus unable to replicate in cells.  Therefore, they provide a safer alternative

to attenuated viruses. VLPs have been used to produce vaccines which have been

approved by the U.S. food and drug administration (FDA). Hepatitis C vaccine is a

good example that is the first therapeutic protein expressed in insect cells [224].

3.1.1.3.1 Insects and Insect cell lines that are used in protein
expression

The three commonly used insect cell lines in protein expression are Sf9, Sf21 and

TN5B1-4 (Tn5) (High-Five TM).  Sf9 and Sf21 cells are derived from the ovaries of

Spodopertera frugiperda (fall armyworm) while Tn5 cells are developed from

Trichoplusia ni (cabbage looper).  Generally, Tn5 cells are superior for secreted

proteins and express higher yields of recombinant proteins than Sf9 or Sf21 cells

[225].  However, this is spontaneously accompanied at the same time by a high

metabolic burden and a high accumulation of by-products in the Tn5 cells [224,

226].

Many insect cell lines are adapted for use in serum-free medium as well as medium

containing serum.  They can be cultivated as semi-adherent, monolayer cell

cultures or suspension cultures [227].  Usually, suspension cultures are easier for

maintenance and handling when the production of a recombinant protein is scaled

up to the industrial scale [228], which can be easily adapted to bioreactors. Insect

cells can be grown between 25-30oC without the requirement of CO2

supplementation.  This less stringent requirement makes this system desirable for

recombinant protein production in many laboratories.

An alternative strategy for recombinant protein production is to use insect larvae.

The yield of the expressed protein can be very high and it is economical because of
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the low cost of feeding and growing larvae.  However, this approach has not gained

widespread use since the unfamiliar larvae system and facilities are not well-

established in many laboratories [227, 229].  In addition, the purification of

recombinant proteins from larvae may be more difficult, and there are fewer data

regarding structural characterisation of recombinant proteins using a larvae system.

3.1.1.3.2 The life cycle of baculovirus
Insect cell lines or larvae can support the replication and propagation of insect

viruses, which can thus be used as vectors to carry a foreign gene of interest for the

purpose of producing a recombinant protein. The best known insect virus is called

Autographa californica multiple nuclear polyhedrosis virus (AcMNPV). AcMNPV

mainly infects and replicates in insect species for cell culture purposes while

Bombyx mori (silkworm) nuclear polyhedrosis virus (BmNPV) is for larvae culture

[227].  Baculovirus is able to produce polyhedrin protein in infected cells.  “Baculo”

refers to the characteristic of the rod shaped capsid of this virus, which has been

characterised.  For baculovirus that infects the cell host, the life cycle can be

divided into 4 stages: (1) the immediate early, (2) the early, (3) the late and (4) the

very late stages [230].

At the initial, early stage of viral replication, the viral particles are first budded from

the infected cells and spread the infection within the host cells (Figure 3-2).  This

phenomenon usually occurs during the first 12 hours after infection [227]. While

entering the late stage of replication, which is usually 2-5 days post-infection, the

occluded virus is formed and will accumulate in the cell nucleus.  This intracellular

virus is enveloped and encased within a viral protein called a polyhedrin.  This

polyhedrin protein plays an important role in the survival and propagation of the

virus in natural environment. The viral particle is protected by polyhedra, which are

used to protect the occluded viruses against environmental inactivation.  Once

ingested as part of infected food by a new host, the polyhedrin proteins dissolve in

the alkaline insect gut and release the occluded virus, which spread the secondary

infection to the midgut tissue of the new host [231].
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Figure 3-2: Baculovirus life cycle in infected insect cells.
The viral particles are first budded from the infected cells and spread the primary
infection within the host cells during the first 12 hours after infection. About 2-5
days post-infection, the occluded virus is formed and accumulated in the cell
nucleus.  Once ingested as part of infected food by a new host, occluded virus is
released and spread a secondary infection to the midgut tissue of the new host.
This figure is adopted from Luckow V.A. and Summers M.D. [231]
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3.1.1.3.2.1 Promoters used in baculovirus expression system (BES)
There are two strong baculovirus promoters, polyhedrin (polh) and p10 gene

promoters, which are commonly used in baculovirus expression systems and their

corresponding genes are expressed at the very late stage [225]. By constructing

the expression vector under the control of these two strong promoters, high

expression levels of the recombinant protein product can be achieved at the very

late stage of the cell cycle.

The recombinant protein is transiently expressed during the late and very late

phase of the viral infection as a result of retaining all the functions of the baculovirus

which will activate promoters for expressing foreign protein products [228]. Such

processes are usually initiated about 36-48 hours after transfection, and harvesting

takes place after 4-5 days or until the infected cells lyse and the host cells die.

Recombinant proteins are usually expressed at a very high level by such

recombinant virus, usually up to 200 mg/l of infected cells.  However, the viral

infection severely inhibits the secretory pathway of the infected cells, resulting in

relatively low yield of secreted proteins.

This viral infection not only alters the integrity of the cell membrane, but also

impairs the post-translational processing to different degrees and may affect the

protein characterisation. Moreover, cell disruption can lead to increased proteolytic

activity and other environmental factors that can result in degradation of

recombinant proteins [229].

3.1.1.3.2.2 Methods for introducing foreign genes into baculovirus
There are different methods for introducing foreign genes into baculovirus.

Homologous recombination is the most frequently used method of introducing the

gene of interest into the viral genome (Figure 3-3).  Recombinant baculovirus are

generated by replacing the polyhedrin gene with the gene of interest.  However, the

success rate is low and intensive screening is required to identify the recombinant

virus.  Moreover, plaque assay is necessary for the identification of recombinants

and the confirmed recombinants have to be purified and multiplied for later

transfection use. Therefore, this is an intensive screening process, which may

require weeks for plaque purifications and preparation of viral stock culture.
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Figure 3-3: Homologous recombination between the loci of the transfer vector
and the baculovirus DNA.
This figure is reproduced from Betenbaugh et al. (2004) [227]
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Therefore, an engineered transfer vector is developed.  A unique restriction site is

introduced within the vector to assist the formation of linearised baculovirus DNA for

transfection into insect cells.  It is reported that this method can increase the rate of

recombination 10-fold when compared with the circular DNA, and result in about

30% more recombinant virus progeny.

In recent years, another rapid and efficient method for generating recombinant virus

has been developed. Bac-to-Bac® Baculovirus Expression System (Invitrogen) is

efficient and has now become the most popular system to generate baculovirus for

high-level expression of a recombinant protein.  It is based on the site-specific

transposition system to insert the gene of interest by homologous recombination to

generate the helper-independent virus for easy adaptation to the suspension culture,

thus, to produce a large amount of recombinant proteins.  The recombinant viral

DNA is first propagated as a recombinant plasmid (bacmid) in E. coli and then

isolated.  This is free of parental non-recombinant virus, thereby eliminating the

needs of multiple rounds of plaque purification.

Like any other expression system, this conventional lytic baculovirus system also

has limitations.  These include the reduction of the proper post-translational

modification that can lead to the impairment of protein folding, release of proteases

that can degrade the expressed proteins, intron-containing transcripts during the

late stages of the infection, and the inability to process a complex structure of the

mature protein.

3.1.1.3.3 Non-lytic protein expression system
Although the polyhedrin promoter usually gives the highest yield of recombinant

proteins in insect cell expression systems, it is inevitable to have proteolysis of the

proteins and the deterioration of the post-translational processing during the late

and very late phases of baculovirus infection.  Moreover, the process of creating

and multiplying the viral stock culture is tedious and time-intensive. In fact, it may

take weeks for the preparation of viral stock for transfection.  Therefore, a plasmid-

based non-lytic insect cell expression system is developed to improve the quality of

the expressed protein and eliminate the need for plaque identification.

The immediate early gene promoter ie1 is one of the early promoters widely used in

insect cell expression systems.  It is weak, but its activity can be greatly enhanced
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by the presence of homologous region (hr).  Recently, this promoter/enhancer

combination has been incorporated into the non-lytic insect cell expression system

for high-level expression of recombinant proteins.  Such a promoter may provide a

comparable yield to the traditional baculovirus system and is also capable of

maintaining the cell integrity for proper post-translational modifications of

recombinant proteins.  Some studies have reported that non-lytic insect cell

expression systems show only 7% cell lysis, in contrast to 60% cell lysis by lytic

baculovirus 5 days post-infection [232].

In addition, researchers have developed a rapid, small-scale expression approach

for insect cells known as Insect DirectTM System (Novagen) [233].  Together with

the ligation-independent cloning (LIC) technology, this system facilitates the

directional cloning without the need of restriction enzyme digestion and ligation

reactions.  The pIEx/BacTM Vector is engineered with both the strong polyhedrin

promoter (polh) and the immediate early gene promoter (ie1)/ homologous region 5

(hr5), and serves as a dual-purpose vector.  This unique vector directs expression

of the target protein at all stages of the infectious cycle, and this allows the user to

determine the optimal harvest point of the target recombinant proteins.  Moreover,

the pIExTM vector system can be used in conjunction with the liposome-based

transfection reagent, which can further reduce the traditional transfection process

and eliminate tedious preparation of the viral stock (Figure 3-4).

The non-lytic protein expression system has advantages over the traditional

baculovirus system (Table 3-2). In the absence of cytotoxic effects of the virus, not

only the degradation of the recombinant protein is reduced, but also the post-

translational processing of the recombinant protein is improved.  Furthermore, the

recombinant process is greatly shortened from weeks to days and is also able to

create a stable and continuously expressing system in the absence of cell lysis

[234].
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Figure 3-4: Flowchart for the expression of proteins using baculovirus system
and Insect DirectTM pIEx TM vector System.
Preparation of the viral stock culture is eliminated in pIExTM vector System. This
figure is modified from Murphy CI, et al. [225].
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3.1.1.3.3.1 Continuous stable cell expression system
A continuous, stable and plasmid-based cell expression system can be established

for expressing foreign proteins continuously without viral infection.  Insect cells are

co-transformed by a mixture of two plasmids, one containing the neomycin-

resistance gene, and the other one containing the target gene insert.  Both of them

are under the control of ie1 promoter.

The rate of stable cell protein expression is almost comparable to, though relatively

lower than, the conventional baculoviral system. In the absence of cell lysis, this

system is more suitable for functional protein studies because of the homogeneity

of the protein, and is advantageous in many research areas (e.g, the functional

studies of recombinant receptor proteins) [224]. However, establishing a stable

system with high expression levels is time-consuming.
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Table 3-2: Comparison of conventional baculovirus expression system and non-lytic expression system

Conventional baculovirus system Non-lytic expression system

Transfer vector Baculovirus Plasmid-based Bacmid

Promoter polh, p10 ie1, hr

Expression yield Very high Moderate and low

Stage of protein expression Late and very late stage Early stage

Protein quality  Expressed protein may have different degrees of
deterioration of post-translatioanal modification

 Correctly folded protein

 Proteolysis of expressed protein  Better yield of secreted protein
 The inability to process a complex structure of the

mature protein
 Much more suitable in protein functional study

because of the homogeneity of protein

Handling time  Long and time-intensive  Rapid and efficient
 Plaque assay required  No plaque assay required
 Multiple rounds of plaque purification
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3.1.1.3.4 Differences in proteins expressed in insect and
mammalian cell systems

3.1.1.3.4.1 Post-translational modification (PTM)
Insect cell expression, as in other eukaryotes, can provide post-translational

processes to proteins.  These processes include a series of chemical modifications,

such as phosphorylation, prenylation, glycosylation, acylation, methylation,

sulphation, palmitoylation, and myristoylation. As one of the post-translational

steps in protein synthesis, such chemical modifications accompany other processes

like disulphide bond formation and proteolytic cleavage. These modifications can

affect the structure, function, targeting and activity of the expressed protein.

Retaining such correct protein folding and biochemical activity is particularly

important for the functional studies of novel protein products.  Moreover, over 95%

of heterologous proteins produced in infected insect cells have been reported to

have the correct post-translational modifications [106].

Being similar, but not identical to mammalian cells, insect cells can perform most of

the processing steps that occur in mammalian cells. Among a series of post-

translational modifications, phosphorylation has been reported to have less

differences between insect cells and mammalian cells; in fact, serine and threonine

phosphorylation are common in insect-derived proteins [227].

Glycosylation is an important post-translational process that involves the

attachment of a carbohydrate moiety to polypeptides.  Many proteins are not able to

retain full enzymatic activities if expressed in unglycosylated forms.  It is a vital

process for the secretion of recombinant proteins as well as stabilising the structure

and conferring thermostability on glycoproteins [224].  Insect cells are capable of

adding both N- and O-linked oligosaccharides to proteins, but the subsequent

modifications, such as sialylation, are often different from those in mammalian cells.

Different levels of glycosylation have been found between insect and mammalian

cell lines; for instance, no glycosylation of IL-2 was found in insect cells, but 60% of

IL-2 was glycosylated in mammalian cells [235].
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3.1.1.3.4.2 N-Glycosylation
N-glycosylation is important for proteins expressed in eukaryotic cells to retain full

biological activities.  Typically, N-linked carbohydrate moieties synthesised in insect

cells are truncated owing to the lack of the enzymes glycosyltransferase (GlcNAcT-

II) and sialyltransferase [227] (Table 3-3). These enzymes are used to convert the

glycans to a complex structure by adding N-acetylglucosamine (GlcNAc), galactose

(Gal) or sialic acid (SA). However, most Lepidoptera cell lines show only low

activity of these enzymes.  The largest difference between insect and mammalian

N-glycan processing occurs at this stage of processing.

Figure 3-5 shows the typical pathway of N-glycan processing and the differences

between insect and mammalian cells [236].  In both insect cells and mammalian

cells, N-glycan processing takes place in the endoplasmic reticulum (ER) and starts

at the oligosaccharide Glc3Man9GlcNAc2, where Glc is glucose, Man is mannose

and GlcNAc is N-acetylglucosamine.  Glc3Man9GlcNAc2 is first transferred from a

lipid-linked precursor to the amide side chain of an asparagine (Asn) residue on the

Asn-Xaa-Ser/Thr acceptor site of the protein (where Xaa stands for any amino acid

other than proline).

With the involvement of -glucosidase I/II and -mannosidase I, glucose and

mannose residues are removed from Glc3Man9GlcNAc2 to yield a Man5GluNAc2

structure (Table 3-3).  Glycoproteins expressed in insect cell systems usually have

short glycan structures with high-mannose content because this incompletely

processed Man5GluNAc2 may be secreted as a result of cell lysis.  If not secreted,

processed Man5GluNAc2 would be added a GlcNAc by N-

acetylglucosaminyltransferase I (GlcNAcT-I) and mannose is removed by -

mannosidase II to yield the GlcNAcMan3GlcNAc2 structure.  Enzymes involved in

these steps are active in many insect cell lines including Sf9 and Sf21.

At this differential stage of insect and mammalian N-glycan processing pathways,

the enzyme N-acetylglucosaminyltransferase II (GlcNAcT-II) is present in the

mammalian cells, but absent in insect cells; GlcNAcT-II can effectively convert

GlcNAcMan5GlcNAc2 to GlcNAcMan3GlcNAc2. Accordingly, a more complex

structure can be achieved by the addition of sialic acid and galactose by N-

acetylgalactosaminyltransferase sialyltransferases and galactosaminyltransferase

sialyltransferases respectively in the mammalian pathway.
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Meanwhile, insect cells typically can only yield paucimannose as the processed end

product (Figure 3-5). Such differences in N-glycosylation of the recombinant

proteins can result in different enzymatic activities, biological activities and

pharmacokinetic behaviours of the expressed protein.  Therefore, insect cell

expression systems might be unfeasible for producing complex and processed

proteins for market needs [224].

3.1.1.3.4.3 Undesirable as therapeutics for human applications
The majority of current recombinant proteins for therapeutic use in humans are

glycoproteins. However, glycosylation in insect cells differs from those in

mammalian cells in many aspects as explained above.  Particularly, no sialylation is

found in the typical N-glycan processing pathway in insect cells.  This causes the

newly expressed glycoprotein to be truncated or terminated at the mannose or

occasionally N-acetylglucosamine (GlcNAc), instead of sialic acid.  Such

glycoproteins, which lack the terminal sialic acid residues, have a substantially

shorter half-life and will be easily cleared from the mammalian bloodstream after

uptake [236].  Moreover, it sometimes triggers allergic reactions in humans owing to

the addition of 1,3-fucose to the Asn-linked GlcNAc, which acts as a potential

allergenic epitope [237].  Therefore, glycoproteins produced in insect cells are not

good for human therapeutic applications [232].
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Table 3-3: Enzyme participating in N-glycan processing

Enzyme Enzyme Substrate Function
Involvement of N-
glycan processing
pathway

-glucosidase I Glc3Man9GlcNAc2 Cleave terminal glucose residue and one inner glucose residue Insect/ Mammalian

-glucosidase II Glc3Man9GlcNAc2 Cleave glucose residue attached to mannose Insect/ Mammalian

-mannosidase I Man9GlcNAc2 Remove most of the mannose (Man) attachments to yield
Man5GlcNAc2 structure

Insect/ Mammalian

N-acetylglucosaminyltransferase I
(GlcNAcT-I)

Man5GlcNAc2 Add GlcNAc to Man α(1,3) branch Insect/ Mammalian

-mannosidase II GlcNAcMan5GlcNAc2 Remove mannose residue to yield GlcNAcMan3GlcNAc2
structure

Insect/ Mammalian

Fucosyltransferase GlcNAcMan5GlcNAc2 Add fucose to yield fucosylated forms Insect/ Mammalian

N-acetylglucosaminidase GlcNAcMan3GlcNAc2 Remove GlcNAc from Man α(1,3) branch to yield
paucimannose

Insect

N-acetylglucosaminyltransferase II
(GlcNAcT-II)

GlcNAcMan3GlcNAc2 Add GlcNAc to other branch Mammalian

N-acetylgalactosaminyltransferase
Sialyltransferases

GlcNAc2Man3GlcNAc2 Add sialic acid and form complex structure Mammalian

Galactosaminyltransferase
Sialyltransferases

GlcNAc2Man3GlcNAc2 Add galactose and form complex structure Mammalian



121

Figure 3-5: Typical pathway of N-Glycan processing and the difference between insect and mammalian cells.
This figure is modified from Harrison R.L.  (2007) [236].
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3.1.1.3.5 Modification of insect cell lines
The wild-type Lepidoptera cell lines may suffer from the limitations of N-

glycosylation processing, causing proteins expressed in insect cells unusable in

human therapeutics.  Therefore, a platform for high-level protein expression with

proper glycosylation of recombinant proteins is required.  This need leads to the

development of engineered transformed insect cell lines.

In order to overcome the limitations observed in typical insect cell glycosylation

pathway (e.g. lack of GlcNAcT-II and some sialyltransferases), transformed insect

cell lines are genetically modified to express the genes encoding mammalian

glycosyltransferases or sialyltransferases.  This strategy enables the production of

fully glycosylated and some sialylated glycoproteins in modified insect cell lines

(See Table 3-4).

Figure 3-6 shows the pathway of N-glycan processing performed by engineered cell

lines, including Sfβ4GalT or Tn5β4GalT, Sfβ4GalT/ST6 or Tn5β4GalT/ST6, SfSWT-

1 and SfSWT-3.  These engineered cells are capable of producing glycoproteins

with different degrees of complex N-linked glycans.

Such modified insect cell lines, including Sfβ4GalT, SfSWT-1 and SfSWT-3, are

able to express proteins which have a complex N-glycan structure with sialylated or

galactosylated terminals.  However, these modifications may dramatically alter the

surface of these cells during protein expression, and therefore affect virus binding,

penetration, assembly or release. Some of these inhibitory effects may also affect

protein expression.
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Table 3-4: Transgenic insect cell lines

Transgenic Cell lines Encoding genes Function

Sfβ4GalT or Tn5β4GalT Bovine β 1,4-galactosyltransferase Transfer galactose to terminal N-acetylglucosamine

Sfβ4GalT/ST6 or β 1,4-galactosyltransferase, Produce terminally galactosylated and sialylated glycoproteins
Tn5β4GalT/ST6 α 2,6-sialytransferase

SfSWT-1 N-acetylglucosaminyltransferase I, α3 branch terminated with sialic acid, α6 branch terminated with galactose
N-acetylglucosaminyltransferase II,
β 1,4-galactosyltransferase,
α 2,6-sialytransferase (ST6GalI),
α 2,3-sialytransferase (ST3GalIV)

SfSWT-3 N-acetylglucosaminyltransferase I, α3 branch terminated with sialic acid, α6 branch terminated with galactose
N-acetylglucosaminyltransferase II,
β 1,4-galactosyltransferase,
α 2,6-sialytransferase (ST6GalI),
α 2,3-sialytransferase (ST3GalIV),
sialic acid  synthase,
CMP-sialic acid synthetase
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Figure 3-6: The pathway of N-glycan processing in engineered cell lines.
This figure is modified from Harrison R.L. [236]
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3.1.1.4 Mammalian cell system
If the protein of interest is of mammalian origin and if authenticity is of utmost

importance, but cannot be provided by either yeast, baculovirus or insects host cells,

a mammalian expression system must be used.

Human cell lines, for example, CHO, NS0, 293T, baby hamster kidney (BHK-21), or

C127, are commonly used in expressing recombinant proteins.  They are able to

maintain correct glycosylation, folding and other post-translational modifications, but

not many such cell lines are available for large-scale protein expression [183].

The yield of recombinant proteins is much less from human cells than from E. coli

(typically 1 to 100 mg/litre from mammalian cells, but 500-5000 mg/litre from E. coli).

Moreover, the high cost of culture media and the large time investment are the main

hurdles for downstream industrial applications [183].  To overcome the low

productivity, large-scale bioreactors, strong promoters (e.g. cytomegalovirus

immediate early promoter, CMV IE), and selective markers (neo and dihydrofolate

reductase) have been suggested for use to achieve high productivity.

A dual expression system, pDual® GC expression system, has been designed for

high-level protein expression in mammalian and bacterial cells [238].  The use of

dual-expression vectors can efficiently eliminate the need to sub-clone from one

vector system to another by combining the essential features of both eukaryotic and

prokaryotic vectors in a single vector.  It consists of a thrombin cleavage site, c-myc

epitope tag, His-tag and other purification tags.  This system can greatly enhance

the efficiency of recombinant protein production when mammalian cells are used.

Although the basic technology of using mammalian cells for protein production is

now available, this expression system is still expensive and sometimes difficult to

scale up.  Often, it takes a long time to establish a stable system with high

expression levels.
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Although not all of the features and characteristics of mammalian cells can be

provided by the baculovirus system, the proteins expressed in the baculovirus

system are regarded as safe and non-pathogenic for vertebrates.  Such proteins do

not cause any toxic effects to humans owing to the lack of the replication origin for

the virus to replicate inside mammalian host cells.  These advantages have led to

attempts to develop baculovirus vectors carrying mammalian expression cassettes

for in vitro studies and in vivo gene therapies.   In summary, expression systems

must be chosen carefully for different purposes.  When the emphasis is on in vitro

protein stability, folding, or related physiochemical properties, the use of yeast or

insect cell hosts is usually sufficient.

3.1.1.5 Summary
The criteria for selection of different host cells, general considerations and

precautions in producing the recombinant proteins have been discussed.  Different

host cells have their advantages and disadvantages. E. coli is widely used from

research to industry because it can provide a huge amount of recombinant proteins.

Some of the innovative modifications of E. coli expression vectors and engineered

host strains have also been reviewed.  Eukaryotic expression systems (e.g., yeast,

insect cells and mammalian cells) are usually used in studying the in vitro protein

functional characterisation or human therapeutics.  The differences in N-

glycosylation between insect and mammalian cells have also been discussed.
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3.1.2 Protein purification

Chromatographical methods are commonly used for purifiying proteins.  Examples

include ion-exchange chromatography (IEC), hydrophobic-interaction

chromatography (HIC), size-exclusion chromatography (SEC), reversed-phase high

performance liquid chromatography (RP-HPLC) and affinity chromatography (AC).

Tthe purification steps should be kept as few as possible because the total protein

recovery will decrease with an increasing number of steps.

It is much easier to purify recombinant proteins possessing an appropriate affinity

tag than proteins from raw sources.  Affinity chromatography is usually preferable in

purifying recombinant proteins because this normally results in high yields.  When

the protein sample is applied to an affinity column, target fusion proteins bind to the

ligand and impurities are removed by a washing buffer.  Fusion proteins are then

eluted and collected for subsequent treatment, such as protease cleavage of fusion

partner.  After treating with the specific protease, the tag moiety is removed by re-

binding to the affinity column and the protein of interest eluted in its native form.

If the recombinant protein is expressed mainly as inclusion bodies, it should be

isolated and washed with low concentration of denaturants or detergents to remove

impurities before application to purification columns [239].  Low concentrations of

denaturants such as urea, guanidine hydrochloride (GdnHCl) and detergents such

as Triton X-100 are the most commonly used.

Inclusion bodies usually have a high content of secondary structure, and are

insoluble aggregates.  In most cases, strong denaturants are employed for

solubilisation to obtain denatured, but solubilised protein.  Usually, guanidine

hydrochloride (GdnHCl) is more preferable than urea because urea may cause

carbamylation of free amino groups of the proteins [168].

By far, the most widely used affinity tags are glutathione S-transferase (GST) and

polyhistidine (His6). Here, a review of recombinant protein purification based on

GST-tag and His-tag and the methods available for removal of the tag moiety are

discussed.
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3.1.2.1 Purification of GST-tagged protein
Glutathione S-transferase (GST) is a homodimer. The dimer formation of GST is

inevitable.  The GST moiety may not refold properly and may in turn lower the

binding affinity of the GST-fusion protein during purification [240]. The steric

hindrance effects and non-equivalence of functional sites on the associated fusion

partner within this dimeric structure must be taken into consideration before

choosing this affinity tag for protein expression and purification.

Glutathione-sepharose 4B is used for purifying the GST-tagged proteins and can be

re-used after regeneration.  A GST-fusion protein is first purified from the

glutathione-sepharose affinity column and then treated with appropriate protease to

remove the GST-tag from the target protein.  This process can be done using on-

column or off-column digestion.  Notwithstanding the method used, glutathione

must be removed by dialysis prior to re-binding on the glutathione column to

separate the cleaved target protein from the GST moiety and any uncleaved fusion

protein.  Even after a second round of chromatography, the cleaved protein sample

usually still contains small amounts of impurities, such as protein aggregates and

GST moieties that have not rebound to the column.

Gel filtration, also known as size-exclusion chromatography (SEC), is always used

as a final polishing step to obtain protein of over 98% purity [176] and remove other

minor contaminants like host proteins.  High-resolution purification can also be

achieved by refolding the protein to regain the native conformation and function.

Alternatively, ion-exchange chromatography can also be used, either instead of, or

in addition to SEC for further purification.

3.1.2.1.1 General problems in purifications and precautions
If lowering the growth temperature does not result in expression of a soluble protein

and fusion proteins are still found in an aggregated form in inclusion bodies, it is

necessary to solubilise the inclusion bodies in urea or other denaturants and then

renature the solubilised protein before purification in the glutathione column.  It is

important to ensure that the protein has regained its native conformation after

renaturation because denatured GST will not bind to the glutathione column [176].
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Common problems found during purification include protein aggregation and

proteolysis of the protein target.  Protein aggregation can be determined by

measuring turbidity at 450nm, and addition of protease inhibitors to the lysis buffer

can minimise the potential proteolysis [241]. One of the most important parameters

that may affect the binding of GST fusion proteins to the column is the flow rate.

The binding kinetics between the glutathione and GST is relatively slow. Therefore,

it is important to keep a slow flow rate during sample loading.  This is extremely

time-consuming if a large volume of cell medium has to be handled.

3.1.2.2 Purification of His-tagged protein
Histidine tag is the most popular tag used in recombinant protein studies, and a

good aid in the purification of recombinant proteins.  Compared to the GST tag, His

tag is relatively small in size.  It usually consists of six consecutive histidine

residues.  Interestingly, it has been shown that there is no enhancement in

purification when the length of the repeat of His is increased [184].  Immobilised

metal affinity chromatography (IMAC) is a powerful method generally used for the

purification of metal-associated proteins and peptides.  It is easy to regenerate the

IMAC columns and the method is also effective in enriching the protein of interest

[242].

Depending on the nature, some proteins cannot be produced in a soluble form, but

only as inclusion bodies.  Inclusion bodies that are successfully extracted and

solubilised in denaturants can be purified on the IMAC column directly without any

renaturation steps.  Low binding affinity to the metal-chelating columns, even with

fresh resins, may sometimes occur when an IMAC column is used.  This may be

due to the histidine-tag being partially hidden from the protein surface.  It has been

suggested to fully expose the histidine tag by purifying the proteins in denaturing

buffer or adding detergents, glycerol, polyethylene glycol of low molecular weight or

chaotropic agents at low concentrations to the buffer [190]. Another rather efficient

method is to elute the histidine-tagged protein by buffers with decreasing pH.

However, the pH must be controlled accurately at all temperatures because

extreme pH fluctuations may cause chemical modifications to some proteins [168].
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3.1.2.2.1 Optimisation for purification of His-tag proteins
Over-expression of recombinant proteins not only imposes high metabolic burden

on the host cells, but also triggers a series of stress responses, e.g. production of

heat shock proteins [212].  These heat shock proteins are expressed

simultaneously with the recombinant proteins, usually co-extracted and applied to

an IMAC column.

Bolanos-Garcia and Davies (2006) classified stress responsive proteins into three

groups based on the concentration of imidazole required for their elution from an

IMAC column [190] (Table 3-5). Therefore, it is necessary to optimise the binding

conditions in order to remove most of the contaminants from the target proteins.

Native proteins in E. coli cells also show affinity for metal-chelating resins [190].

These non-specific host proteins bind to the IMAC and reduce the recovery of

target proteins. Imidazole is recommended to be optimised in order to achieve the

lowest binding of the host native proteins and the highest binding of the target

proteins.  The optimal balance between the purity and the yield of protein is

extremely important.

The use of higher imidazole concentration in the wash buffer is also suggested

[186].  It is also important to include imidazole in the sample so that it has the same

concentration as in the wash buffer.  In order to improve the purity for IMAC

purification, loading a near-saturating amount of recombinant protein on the column

is also suggested [166].
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Table 3-5: Classification of stress responsive proteins

Stress responsive proteins Conc. of imidazole

Class I Fur, Crp, SlyD, ArgE, Cu/Zn-SODM and YodA ≥80mM

Class II GlmS, ODO2, YadF, CAT, GlgA, YfbG and G6-PD 55-80mM

Class III Hsp60 and ODO1 30-50mM
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3.1.2.3 Different protease cleavage methods
Adding a tag to a recombinant protein facilitates the purification process. However,

all tags, even if it is small in size, may interfere with the results if biological assays,

functional studies or structural studies have to be performed for the protein of

interest.  The tag may affect the conformation of the target protein or change its

protein activities.  Since the addition of tags to proteins can result in such

unpredictable outcomes, it is desirable to remove the tags from the target protein.

Affinity tags can be removed by either chemical or enzymatic methods. The

enzymatic methods are most commonly used for releasing free and native target

protein since they involve mild and specific treatment, and do not cause any

chemical damage to the protein [167].

Plasmids are usually engineered to incorporate a protease cleavage site between

the fusion tags and the protein target.  Commonly used proteases include thrombin

[243], factor Xa, enterokinase, Prescission™ proteases (GE Healthcare) and

tobacco etch virus protease (TEV).  Factor Xa and enterokinase have also been

extensively used in the cleavage of fusion protein tags to generate target proteins

with native N-termini; however, they have often been found to cleave the fusion

protein at locations other than the desired site [189, 244, 245].

A fusion protein with a thrombin recognition site can react at a very high efficiency

with small amounts of thrombin and within a short digestion time at 37oC.  This

makes thrombin digestion the most preferable choice as it is inexpensive and easy

to use.  On the contrary, factor Xa is more expensive and a larger amount of the

enzyme is usually required for efficient cleavage.  Moreover, the shelf life of factor

Xa is short in solution form and it is sensitive to freeze-thawing. Although thrombin

cleavage is usually more cost-effective than factor Xa cleavage, a minimum of two

extra residues from the thrombin recognition site are left on the cleaved peptide.

Prescission™ proteases (GE Healthcare) and tobacco etch virus protease (TEV)

are 3C proteases.  They are extensively used in the cleavage of fusion proteins

because they are highly specific.  Prescission™ proteases can function effectively

at temperatures as low as 5oC.  The cleavage and removal of tags can be

performed by a one-step off-column method.  Moreover, TEV protease is able to

produce proteins with no extra residues between the cleavage site and the N-

termini region. The Champion™ pET SUMO Protein Expression System



133

(Invitrogen) would be used in our experiments. SUMO protease also results in

production of native protein with no extra amino acids added between the cleavage

site and the start of the target protein.  SUMO protease can be removed easily by

re-loading to an IMAC column.

Interestingly, some studies have reported instances of proteins becoming unfolded

and forming insoluble aggregates after the cleavage and removal of the tag partner

[184, 189, 190]; this may cause problems in the downstream purification processes.

No matter which proteases are used to cleave the tag partner, some of the

parameters should be taken into consideration to find an optimal cleavage condition

for each recombinant protein.  The variable parameters include temperature,

enzyme-to-substrate ratio, incubation period and buffer conditions [177].

3.1.2.4 Protein refolding technology
Recombinant proteins expressed as inclusion bodies are always misfolded and

biologically inactive. Inclusion bodies have to be solubilised in suitable denaturants

and renatured.  To remove excess denaturants and to regain the proper folding of

the proteins, various strategies, such as dilution, dialysis, diafiltration, gel-filtration

chromatography and immobilised columns, can be used [246].  Here, strategies of

protein refolding and some recommendations and limitations are reviewed.

3.1.2.4.1 Dilution
Dilution is the simplest and most widely used method in refolding studies.  Dilution

removes the denaturants from the protein solution, and should be performed in

stages when the protein to be refolded is present at high concentrations.  A high

risk of aggregation occurs while first-order refolding is in process, and

considerations must be undertaken to improve refolding efficiency.  One of the

major problems that need to be overcome during renaturation is the formation of

aggregates [247].  For instance, it is important to provide good mixing during protein

dilution in order to maintain a low concentration of protein mixture to prevent

aggregation.  This can be done by keeping protein concentrations in the range of

10-50 mg/l.  However, a simple dilution method is quite difficult to apply in industry

because of the need for larger refolding vessels and the resulting diluted protein

requires concentration after renaturation [185, 246].
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3.1.2.4.2 Dialysis
Dialysis is a traditional and passive diffusion method to eliminate undesirable

molecules from the sample solution. This method is usually used to separate small

chemical molecules from molecules of large molecular size (e.g. proteins). The

dialysis membrane that eliminates the need for special cleaning treatment is now

commercially available, e.g. Spectra/Por® dialysis membranes. Different molecular

weight cut-offs (MWCO) can be chosen for separating proteins of different sizes.

Using the dialysis method to generate soluble and active protein products is

straightforward, but some precautions should be taken.  Precipitation of proteins is

found when the protein is at too high a concentration.  Therefore, denaturants

should be removed gradually and staged dialysis is suggested [248].

Redox refolding buffers can promote the formation of protein disulphide bonds.  A

commonly used redox repair molecule is oxidised and reduced glutathione [246,

249]. However, dialysis is difficult and expensive.  It may not be a good choice for

application in industry since the whole process may take several days and a large

volume of buffer is needed [246].

3.1.2.4.3 Diafiltration
Diafiltration removes denaturants from a protein solution by buffer-exchange [185].

Ultrafiltration (UF) membrane is used to gradually exchange a protein solution from

one buffer reservoir to another.  Protein is retained by the UF membrane while

other buffer components may pass through the membrane freely. The membrane

is available with different MWCOs chosen in order to retain target proteins of

different sizes.

3.1.2.4.4 Size exclusion chromatography
Size exclusion chromatography (SEC) is a fast and simple method for protein

refolding and usually serves as a final polishing step [246].  It separates the protein

sample by inert particles that contain small pores of a controlled size. Studies have

shown that SEC cannot offer a significant advantage in refolding protein over the

simple dilution method; however, it can obtain refolded protein free from any

contaminants present in the solubilisation solution [241].



135

3.1.2.4.5 Immobilised column
Proteins can also be re-folded by chromatography based on the immobilisation of

denatured protein on the solid matrix, for example, ion exchange or affinity

chromatography.  Oxidative refolding chromatography combines three different

components immobilised on agarose, such as GroEL minichaperones, DsbA and

peptidylprolyl isomerase.  These three components provide efficient purification and

refolding of the protein by prevention of aggregation and catalysis of oxidation.  This

form of immobilised columns allows application to an extensive range of proteins for

proper refolding [241].  Recently, a large-scale refolding technique using expanded-

bed adsorption chromatography has been successfully applied [250].

3.1.2.4.6 Commercial kits available for refolding inclusion bodies
Several refolding kits are commercially available, such as FoldltTM Screen Kit

(Hampton research) [251], Pro-Matrix Protein Refolding Kit (Pierce), and the Protein

Refolding Kit (Novagen).  These refolding kits provide reagents for solubilising the

inclusion bodies.  Solubilised fractions are then undergoing stepwise dialysis for

refolding the protein into correct folding. The Pro-Matrix Protein Refolding Kit from

Pierce is more user-friendly, and provides the refolding buffer at three different

concentration levels to accommodate a wide range of differences in refolding for

various proteins.

3.1.2.4.7 Improvement of the renaturation yield
An efficient strategy to improve the renaturation yield of active protein is to

suppress aggregation by using low molecular weight additives such as L-arginine

[246, 247].  When the renaturing buffer contained L-arginine, there was less

aggregation of protein when compared with other buffers [247].  L-arginine is able

to suppress the aggregation of refolding intermediates and hence increase the yield

of refolded protein.  Moreover, these small molecules are easy to remove after

refolding and do not affect the downstream purification steps.  Other additives like

polyethylene glycol and thiol reagents have also been reported to improve folding or

enhance the recovery of activity [169, 173, 204].

Detergents and low concentration of denaturants such as urea (1-2M) and

guanidine hydrochloride (0.5-1.5M) have been successfully used to improve the

renaturation yields. Detergents, such as Chaps, CTAB, Triton X-100 and SDS, are
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not generally used because they may be difficult to be removed and may affect the

downstream purification processes [241].  Another costly, but effective method for

renaturation of protein is the addition of molecular chaperones or foldases, which

have been shown to increase the yield of correctly folded protein efficiently [201,

252].  They are usually removed from the renaturation solution at the end and can

be reused.

3.1.2.5 Summary
General methods of purifying recombinant proteins including the enzymatic

proteolysis cleavage methods have been clearly reviewed.  Refolding technologies

play an important role in obtaining correct folding of recombinant proteins.  Various

methods such as dilution, dialysis, diafiltration, or membrane-based column

methods have been reviewed. Here, in this study, three different expression

systems for protein production have been chosen.

On the basis of preliminary data from sequence analysis, CDENDO1 protein was

found belonging to the superfamily of S1/P1 nuclease. According to previous

nuclease studies, the sugar side chain is not involved in the thermostability of the

S1 nuclease [51].  Moreover, most of the carbohydrates of CEL 1 is not essential

for nuclease activity [37].

Therefore, it is not difficult to imagine that the sugar side chain moiety of nucleases

may not be essential for catalytic activities.  We also wonder whether this is also

shown by our recombinant CDENDO1 nuclease. In order to investigate how the

degree of modification of N-glycosylation of the protein affects function, the quality

of the recombinant protein expressed in prokaryotic E. coli, eukaryotic yeast and

insect cells were compared and characterised in this part of the study.
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3.2 Materials and Methods
The details of all materials including culture media, buffers for expression and

purification, and reagents that were used in this part of study are listed in the

Appendix sections.  Here, vectors and strains used in different expression systems

are summarised in Table 3-6, which will help us understand the procedures better.

3.2.1 Escherichia coli expression system

3.2.1.1 Plasmid construction and propagation
ChampionTM pET SUMO Protein Expression system (Invitrogen) was used for

producing the cloned protein products in this experiment. Sequences encoding the

signal peptide (16 amino acids) were removed from the CDENDO1 gene (See

Appendix II, Figure A-1). The coding region of the CDENDO1 gene was prepared

by PCR using a forward primer (WSKEG_16F) and a reverse primer that contained

the stop codon TAG (Cons_22R (SLVAAT_STOP)) (Table 3-7).  The fresh PCR

product of about 834 bp was then ligated into the linearised pET SUMO vector at

15oC overnight.

The circularised pET vector with insert , pET SUMO-CDENDO1 (See Appendix II,

Figure A-1), was first transformed into One Shot® Mach1™-T1R chemically

competent E. coli for plasmid propagation and selected on LB plates containing 50

μg/ml kanamycin according to the manufacturer’s protocols.  After the extraction of

plasmid DNA and the confirmation of in-frame cloning by DNA sequencing, the

recombinant plasmid was then cloned into the Escherichia coli BL21 (DE3) One

Shot® cells (Invitrogen) for subsequent protein expression.  The pET SUMO/CAT

plasmid provided by the manufacturer was used as a positive control for protein

expression and purification in this study (See Appendix II, Figure A-2).

3.2.1.1.1 Sequence confirmation and plasmid extraction
After the transformation, plasmid from recombinant clones was extracted and

confirmed by PCR and cycle sequencing. Recombinant plasmid was extracted

using QIAprep® Spin Miniprep (Qiagen).  According to the manufacturer’s protocols,

5 ml of overnight cultures of cloned E. coli cells in LB medium were centrifuged at

2700 g for 10 minutes. The cell pellet was resuspended and lysed with appropriate
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buffer.  Lysates were loaded and plasmid DNA was bound onto the silica column by

adsorption.  Plasmid DNA was then washed and eluted by low-salt buffer for further

investigation.

After plasmid extraction, plasmid construct was amplified by PCR using a forward

primer (SUMO F) and a reverse primer (T7R) (Table 3-7). Thermocycling was

performed with an initial denaturation step of 95°C for 5 min followed by 40 cycles

of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for

7 min.  PCR products were then analysed in 1.5% agarose gel to check the size

and specificity.  In addition, the PCR products were also confirmed by DNA

sequence analysis (see Section 2.2.1.3).  This served to confirm codons in the

correct reading frame.

3.2.1.2 Pilot study
After the confirmation of the recombinant clones by PCR and DNA sequencing, the

clone with the correct direction and inserted sequence was selected for subsequent

protein expression.

A single colony was inoculated into 15 ml of Terrific Broth containing 50 µg/ml

kanamycin and incubated at 37°C overnight. One ml of overnight culture was then

inoculated into 100 ml of Terrific Broth.  After the optical density at 600 nm (OD600)

had reached 0.6-0.8, 4 ml each of bacterial cultures were aliquoted into 6-well

culture plates and pilot protein expression was induced with the addition of IPTG at

different concentrations (0.1 mM and 0.5 mM IPTG) and different induction

temperatures (20°C, 22°C, 30°C and 37°C).  Un-induced culture was used as the

negative control in this experiment. Half a millilitre of induced and un-induced cells

were harvested at different time points (every hour during the first 5 hours) by

centrifugation at 4500 g for 10 min. The cell pellets were frozen at -80°C for later

use.

Cells were thawed from -80°C to room temperature to facilitate cell lysis.  The pellet

was resuspended in 1 ml of lysis buffer, incubated on ice for 30 min, and then lysed

by ultrasonication six times (10 s each) on ice.  The lysate was fractionated and

centrifuged at 14000 g at 4°C for 30 min.  Aliquots of 15 µl of lysate, supernatant
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and pellet were then analysed by western blot using anti-His antibody (mouse

polyclonal, Invitrogen) as the primary antibody (see Section 3.2.5.2).

3.2.1.3 Large-scale production
Overnight culture was prepared by inoculating a single colony of recombinant cells

into 15 ml of Terrific Broth containing 50 µg/ml kanamycin. Ten ml of overnight

culture were then inoculated into 1 L of Terrific Broth and grown at 37°C for 3 hours.

Protein expression was induced with the addition of 0.1 mM IPTG when OD600

reached 0.8-1.0.  After growing for 2 hours at 22°C, the cells were harvested by

centrifugation at 4500 g for 10 min. The cell pellets were frozen at -80°C for later

use.

Cells were thawed from -80°C to room temperature to facilitate cell lysis.  The pellet

was resuspended in 40 ml lysis buffer, incubated on ice for 30 min, and then lysed

by sonication three times (10 s each).  The lysate was fractionated and centrifuged

at 14000 g at 4°C for 30 min. An aliquot of 15 µl of supernatant was analysed by

SDS-polyacrylamide gel electrophoresis (SDS-PAGE; see Section 3.2.5.1) and the

supernatant stored for subsequent purification.
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Table 3-6: Summary of vectors, strains and other incubation conditions using in different expression systems

Expression
System

Expression
Host

Application Vectors Strains/ culture cells Antibiotics
selection

Medium Incubation
Temp.

Expression
Temp.

Expression
Time

ChampionTM

pET SUMO
Protein
Expression
System
(Invitrogen)

E. coli For
Propagation

pET SUMO-CDENDO1 One Shot® Mach1™-T1R
chemically competent E. coli

50 µg/ml
kanamycin

LB medium 37°C

pET SUMO/CAT

For
Expression

pET SUMO-CDENDO1 Escherichia coli BL21 (DE3)
One Shot® cells

50 µg/ml
kanamycin

Terrific Broth 37°C 37°C 2 hours

pET SUMO/CAT 22°C 2 hours

pIEx/Bac-4
Ek/LIC
Vector Kit
(Novagen)

Insect cell,
Sf9

For
Propagation

pIEx/Bac-4 Ek/LIC
CDENDO1

NovaBlue GigaSingles™
Competent E. coli Cells

50 μg/ml
ampicillin

LB medium 37°C

For
Expression

pIEx/Bac-4 Ek/LIC
CDENDO1

Novagen® Sf9 Insect Cells N/A BacVector®
Insect Cell
Medium

28°C 28°C 48 hours

EasySelectTM

Pichia
Expression
Kit
(Invitrogen)

Pichia
pastoris

For
Propagation

 pPICZ-B-CDENDO1

 pPICZ-B-spCDENDO1

 pPICZα-A-CDENDO1

E. coli XL-1 Blue cells 25 µg/mL
zeocin

Low Salt LB
medium

37°C

For Screening
clones

E. coli XL-1 Blue cells 1000 µg/mL
zeocin

YPD plate 30°C

Before
expression

P. pastoris X-33 N/A BMGY medium 30°C

P. pastoris GS115 BMGH medium 30°C

P. pastoris KM71H MGYH medium 30°C

For
Expression

P. pastoris X-33 N/A BMMY medium 30°C 30°C 4 days

P. pastoris GS115 BMMH medium 30°C 30°C 4 days

P. pastoris KM71H MMH medium 30°C 30°C 6 days
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Table 3-7: Primers used for plasmid construction and clone confirmation in Escherichia coli expression system

Fragment Description Primer name Sequence (5' to 3') Ln (bp) GC%
Fragment
size (bp)

Avg.
Tm(°C)

Working
Tm(°C )

Remove signal peptide WSKEG_16F TGG AGC AAA GAG GGC C 16 62.5 834 54 55

Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

For clone confirmation SUMO F AGA TTC TTG TAC GAC GGT ATT AG 23 39.1 >253 57 55

T7R TAG TTA TTG CTC AGC GGT GG 20 50

* Stop codon (TAG) are coloured in blue with boldface.
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3.2.2 Insect cell expression system

3.2.2.1 Cell line preparation

Novagen® Sf9 Insect Cells, which are derived from Spodoptera frugiperda cell line

IPLB Sf21-AE, were used in this study (Table 3-6). After thawing the cells from the

stock culture, it was maintained at 28°C in a monolayer with fresh BacVector®

Insect Cell Medium (Novagen) with 5% foetal bovine serum (FBS) (Gibco) and split

1:8 every 3-4 days.  Cells between passages 5 to 20 were used for protein

expression in this study.

3.2.2.2 Plasmid construction

3.2.2.2.1 Primer design
The pIEx/Bac-4 Ek/LIC Vector Kit (Novagen) was used in this study. All reagents

for insect cell expression system were from Novagen, EMD Biosciences, Inc.,

unless otherwise noted. Ligation-dependent cloning (LIC) vector was adopted and

primers were designed to incorporate the 5’-overhang sequences in both sense and

antisense primers according to the manufacturer’s manual (Table 3-8).

3.2.2.2.2 Annealing the insert and the vector
The coding region of the CDENDO1 gene without the signal peptide sequence was

amplified by PCR.  The fresh PCR product was then purified and treated with T4

DNA polymerase. The reaction was carried out in a 20-µl reaction mixture

containing 0.2 pmol purified PCR product, 1X T4 DNA polymerase Buffer, 2.5 mM

dATP, 5 mM dithiothreitol (DTT) and 1 unit of T4 DNA Polymerase.  The reaction

was incubated at 22°C for 30 min and the enzyme activity was inactivated at 75°C

for 20 min.  The T4 polymerase-treated product was ligated into the linearised

pIEx/Bac-4 Ek/LIC vector at 22°C for 5 minutes and the reaction stopped by adding

5 mM EDTA with incubation at 22°C for 5 to 60 min.
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3.2.2.3 Transformation
The circularised pIEx/Bac-4 Ek/LIC CDENDO1 ligated plasmid (See Appendix II,

Figure A-3) and control plasmid were first transformed into NovaBlue GigaSingles™

Competent E. coli Cells (Novagen; Table 3-8_) for plasmid propagation and

selected on LB plates containing 50 μg/ml ampicillin according to the

manufacturer’s protocols.  Cloned plasmid was extracted and the in-frame cloning

was confirmed by DNA sequencing (see Section 2.2.1.3).

3.2.2.4 Pilot study (transfection)
Cells were seeded in each well of a 6-well cell culture plate one day before

transfection at a density of 1×10
6

cells/well, and allowed to grow overnight to

approximately 85% confluence.

Culture medium was removed and cells were washed twice with pre-warmed

phosphate-buffered saline (PBS) before transfection.  The transfection mixture

consisted of 2 µg cell-free plasmid DNA and 10 µl of Insect GeneJuice®

Transfection Reagent (Novagen) in 2 ml of serum-free medium, and was added to

each well and incubated at 28°C for 6 hours.  The incubation medium was replaced

by pre-warmed fresh medium with 5% FBS after 6 hours’ transfection. Plates were

further incubated at 28°C in a humidified incubator for 48 hours.

Cells were harvested after 2 days’ incubation. The pellet was resuspended in 30 µl

RIPA lysis buffer (See Appendix IV).  After lysis of cells on ice for 30 min, the

supernatant was collected by centrifugation at 14000 g at 4°C for 30 min.  An

aliquot of 1 µl of supernatant was analysed by western blot using anti-GST antibody

(goat polyclonal; GE Healthcare) as the primary antibody (see Section 3.2.5.2).

3.2.2.5 Large-scale production

Cells (4.8x 10
7
) were seeded one day before transfection. The culture medium was

removed and cells were washed twice with pre-warmed PBS before transfection.

The transfection mixture of 96 µg cell-free plasmid DNA and 480 µl of Insect

GeneJuice® Transfection Reagent (Novagen) were prepared in 96 ml of serum-free

medium.  This transfection mixture was added to 2 ml of cells per well and

incubated at 28°C for 6 hours.  The incubation medium was replaced by pre-
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warmed fresh medium with 5% FBS 6 hours after transfection. Plates were further

incubated at 28°C in a humidified incubator for 48 hours.

Cells were harvested after 2 days’ incubation. The pellet was resuspended in 3 ml

RIPA lysis buffer (See Appendix IV) and incubated on ice for 30 min. The

supernatant was collected after centrifugation at 14000 g at 4°C for 30 min.  An

aliquot of 5 µl of supernatant was analysed by SDS-PAGE (see Section 3.2.5.1)

and western blot using anti-GST antibody as the primary antibody (see Section

3.2.5.2).
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Table 3-8: Primers used for plasmid construction and clone confirmation in insect cell expression system*

Construct Description Primer name Sequence (5' to 3')#
Ln

(bp) GC%
Size
(bp)

Avg.

Tm(°C)
Working
Tm(°C )

For removing signal
peptide

Insect consF GAC GAC GAC AAG ATG TGG AGC AAA GAG GGC 30 56.7 863 71 60

Insect consR GAG GAG AAG CCC GGC TAA GTA GCA GCT ACT AAA GA 35 51.4

For clone confirmation IE1F TGG ATA TTG TTT CAG TTG CAA G 22 36.7 >326 55 55

Terminator R CCC CTC GAT AAT AAA AGA CAA AA 23 34.8

* pIEx/Bac-4 Ek/LIC Vector Kit (Novagen) was used in this study.

# Both sense and antisense primers are designed to incorporate with the 5’-overhang sequences shown in italic. Start codon (ATG) and stop
codon (TAG) are coloured in red and blue with boldface, respectively.
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3.2.3 Yeast expression system

3.2.3.1 Plasmid construction and transformation
EasySelectTM Pichia Expression Kit (Invitrogen) was used in this study (see Table

3-6).  Three fragments of the CDENDO1 gene were prepared for cloning into

pPICZB vector and pPICZαA vector.  The major difference between both of these

vectors is that pPICZαA vector contains a “synthetic” α-factor signal sequence

which is used for secretion of the expressed protein.  This “synthetic” α-factor signal

sequence in pPICZαA vector is useful for expressing a protein that has no native

signal sequence, but has to be secreted during expression.  On the other hand,

pPICZB vector is usually used for expressing the protein intracellularly. A protein

that contains its own native signal sequence can also be expressed and secreted

by using this vector.

Three fragments of the CDENDO1 gene were cloned: (1) the putative mature

protein lacking the native signal peptide sequence (pPICZ-B-CDENDO1, see

Appendix II, Figure A-4); (2) the putative mature protein possessing native signal

peptide sequence (pPICZ-B-spCDENDO1, see Appendix II, Figure A-5); and (3)

the native signal peptide of putative mature protein was replaced by the one in

pPICZαA vector (pPICZα-A-CDENDO1, see Appendix II, Figure A-6) (Table 3-9).

The first two fragments of the gene were cloned into the pPICZB vector (see

Appendix II, Figures A-4 and A-5) and the last fragment was cloned into the

pPICZαA vector (see Appendix II, Figure A-6). The gene was digested with EcoRI

and NotI, cloned into suitable vectors, and transformed into E. coli XL-1 Blue cells

under the selection of Zeocin (25 µg/mL) for plasmid propagation. Cloned plasmid

was extracted, and the in-frame cloning was confirmed by DNA sequencing (see

Section 2.2.1.3).

These three constructs were transformed into the P. pastoris X-33, GS115 and

KM71H strains using the MicroPulser Electroporator (Bio-Rad Laboratories, Inc.) by

electroporation. Cloned cells were plated on Yeast-Extract peptone Dextrose

medium (YPD) agar plates containing 1000 µg/mL of zeocin.  Transformants that

were from X-33 and GS115 strains were selected for determination of Mut

phenotype before the protein expression according to the manufacturer’s guidelines

(Invitrogen).  Six recombinants were tested for protein expression.
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3.2.3.2 Pilot study

3.2.3.2.1 Protein expression in P. pastoris X-33

A single colony was inoculated into 25 ml of BMGY medium (See Appendix IV), and

incubated overnight at 30°C with shaking.  After the optical density at 600 nm

(OD600) had exceeded 2.0, cells were harvested by centrifugation at 2500 g for 10

min. Cell pellets were resuspended in 100 ml of BMMY medium (See Appendix IV).

Incubation was continued for 4 days with further addition of methanol (0.5% v/v)

every 24 hours.  Cells were collected at different time points (0h, 6h, 24h, 48h, 72h,

96h) by centrifugation at 2500 g for 10 min and stored at -80°C for later use.

3.2.3.2.2 Protein expression in P. pastoris GS115

A single colony was inoculated into 25 ml of BMGH medium (See Appendix IV) and

incubated overnight at 30°C with shaking.  After the optical density at 600 nm

(OD600) had exceeded 2.0, cells were harvested by centrifugation at 2500 g for 10

min. Cell pellets were resuspended in 100ml of BMMH medium (See Appendix IV).

Incubation was continued for 4 days with further addition of methanol (0.5% v/v)

every 24 hours.  Cells were collected at different time points (0h, 6h, 24h, 48h, 72h,

96h) by centrifugation at 2500 g for 10 min and stored at -80°C for later use.

3.2.3.2.3 Protein expression in P. pastoris KM71H

A single colony was inoculated into 100 ml of MGYH medium (See Appedix III) and

incubated overnight at 30°C with shaking.  After the optical density at 600 nm

(OD600) had exceeded 2.0, cells were harvested by centrifugation at 2500 g for 10

min. Cell pellets were resuspended in 20ml of MMH medium (See Appendix IV).

Incubation was continued for 6 days with further addition of methanol (0.5% v/v)

every 24 hours.  Cells were collected at different time points (0h, 24h, 48h, 72h, 96h,

120h and 144h) by centrifugation at 2500 g for 10 min and stored at -80°C for later

use.
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3.2.3.3 Preparation of cell lysate

Transformed cells were first thawed and resuspended in ice-cold yeast

homogenisation buffer (See Appendix IV). One ml of homogenisation buffer was

used for lysis of every 0.5 g wet weight of cells.  Acid-washed glass beads (0.45–

0.5 mm diameter) (Sigma) were used to increase the efficiency of lysis. One and a

half grams of glass beads were added per gram of yeast.  The mixture of cells and

glass beads were mechanically disrupted and kept on ice for eight cycles (30 s

each).  The homogenate was centrifuged at 14000 g for 30 min at 4°C. The

supernatant was collected and stored for subsequent analysis.
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Table 3-9: Primers used for plasmid construction and clone confirmation in the yeast expression system*

Fragment Description Primer name Sequence (5' to 3')
Ln

(bp) GC%
Size
(bp)

Avg.  Tm
(°C )

Working
Tm(°C )

For removing signal peptide
(pPICZ-B-CDENDO1)

SfuEco_kozak_consF ATT CGA AGA ATT CAC CAT GGA CTG GAG CAA AGA GG 35 45.7 868 69 60

Not_consR TTT TAA AGC GGC CGC AGT AGC AGC TAC TAA AGA 33 45.5

With native signal peptide
(pPICZ-B-spCDENDO1)

SfuEco_consF_nativesp ATT CGA AGA ATT CAC CAT GGC TTT CCT CTT ATA TGT
TTG TGT TGT TTT

48 33.3 916 69 60

Not_consR TTT TAA AGC GGC CGC AGT AGC AGC TAC TAA AGA 33 45.5

With internal signal peptide
(pPICZα-A-CDENDO1)

SfuEco_consF_sp ATT CGA AAA TGG AAT TCT GGA GCA AAG AGG GC 32 43.8 863 68 60

Not_consR TTT TAA AGC GGC CGC AGT AGC AGC TAC TAA AGA 33 45.5

For clone confirmation
(pPICZ B)

5´ Pichia primer GAC TGG TTC CAA TTG ACA AGC 21 55

3´ Pichia primer GCA AAT GGC ATT CTG ACA TCC 21

For clone confirmation
(pPICZα A)

α-Factor primer TAC TAT TGC CAG CAT TGC TGC 21 55

3´ Pichia primer GCA AAT GGC ATT CTG ACA TCC 21

* Two plasmids, pPICZ B and pPICZα A (Invitrogen), were used in this study.

# The consensus Kozak sequence (CAC CAT GG), which facilitates the initiation of in vitro synthesis of protein, is shown in boldface.  The start codon
(ATG) is coloured in red with boldface.
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3.2.4 Protein purification

3.2.4.1 His-tagged protein purification
Expressed recombinant proteins from both of E. coli and Pichia expression systems

carried His tag and thus were purified using HisTrapFF Columns (GE Healthcare).

A HisTrapFF Column was first equilibrated with binding buffer according to the

manufacturer’s manual (See Appendix IV). The protein sample was loaded and

washed by 10 times of binding buffer. The product of interest was eluted by the

elution buffer containing 300 mM of imidazole.  The fractionated eluate was

collected and analysed by SDS-PAGE (see Section 3.2.5.1) and western blot (see

Section 3.2.5.2).

Protein products of the fractionated eluate were then concentrated, desalted and

buffer-exchanged by ultrafiltration (Amicon® Ultra centrifugal filter devices,

Millipore). Purified proteins were stored at -20°C in storage buffer with 50%

glycerol.

3.2.4.2 Glutathione S-transferase (GST) tagged protein
purification

Expressed recombinant proteins from insect cell expression system carried GST

tag and thus were purified using GSTrap FF columns (GE Healthcare).  A GSTrap

FF column was equilibrated with five times of binding buffer (See Appendix IV).

The protein sample was loaded and washed with 10 times of binding buffer. The

product of interest was bound to the column and eluted by elution buffer with 10

mM reduced glutathione (See Appendix IV).

Eluted fractions were collected and buffer-exchanged by ultrafiltration (Amicon®

Ultra centrifugal filter devices, Millipore).  Purified proteins were stored at -20°C in

1x elution buffer with 50% glycerol.
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3.2.5 Detection of expressed products

3.2.5.1 SDS-PAGE
The extracted protein fractions were separated in a 10% polyacrylamide gel in the

presence of sodium dodecyl sulphate (SDS-PAGE) at 200 V for 60 min with Mini-

PROTEAN® Tetra Cell (Bio-Rad Laboratories, Inc.). Polyacrylamide gel was

prepared from the (37.5:1) acrylamide/bis-acrylamide gel solution. After

electrophoresis, the gel was stained with 0.25% Coomassie blue R250 staining

solution for one hour and de-stained with the de-staining solution (See Appendix IV).

3.2.5.2 Western blot
The extracted protein products were separated in a 10% polyacrylamide gel in the

presence of sodium dodecyl sulphate (SDS-PAGE) at 200 V for 60 min with Mini-

PROTEAN® Tetra Cell (Bio-Rad Laboratories, Inc.). Polyacrylamide gel was

prepared from the (37.5:1) acrylamide/bis-acrylamide gel solution. The gel was

then transferred onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare)

in 1x transfer buffer with a Mini Trans Blot Cell (Bio-Rad Laboratories, Inc.) at 100 V

for 60 min (See Appendix IV).  The PVDF membrane was blocked for one hour at

room temperature in a solution containing 0.05% Tween 20 and 5% non-fat milk.

The affinity-tagged fusion protein products were detected by incubating the

membrane (1) overnight in a solution with primary antibody at a dilution of 1:5000

(Table 3-10), and then (2) 1 hour with the secondary antibody at a dilution of 1:5000

(Table 3-10), with several washes with 0.05% Tween 20 in Tris-buffered saline

(TBS) between antibodies (See Appendix IV).  The blot was developed with BM

Chemiluminescence Western Blotting Substrate (POD) (Roche Applied Science)

according to the manufacturer’s instructions, and exposed to Hyperfilm (GE

Healthcare).
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Table 3-10: Antibodies used in western blotting

* All antibodies are used at a dilution of 1:5000 in Tris-buffered saline containing 0.05%

Tween 20 and 5% non-fat milk

Expression System Primary antibody* Secondary antibody*

E. coli anti-His antibody

(mouse polyclonal; Invitrogen)

rabbit anti-mouse HRP

(Zymed)

Yeast anti-His antibody

(mouse polyclonal; Invitrogen)

rabbit anti-mouse HRP

(Zymed)

Yeast anti-c-myc antibody

(mouse polyclonal; Santa-cruz)

rabbit anti-mouse HRP

(Zymed)

Insect Cell anti-GST

(goat polyclonal; GE Healthcare)

rabbit anti-goat HRP

(Santa-cruz)
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3.2.5.3 Protein determination– Bradford assay

The amount of total proteins, which were recovered from each step of purification

and after concentration by ultrafiltration, was evaluated by Bradford assay with

bovine serum albumin (BSA) as standard.  Five dilutions of BSA were prepared at

500, 400, 250, 100 and 50 µg/ml for constructing a standard curve.  All standards

and samples were mixed with diluted Bradford solution (Bio-Rad Laboratories) and

measured at 595 nm in duplicate according to the manufacturer’s protocols.

The amount of purified protein was adjusted to 1 µg per reaction for the subsequent

biochemical assays.

3.2.5.4 Protein identification by ESI-ion trap MS
Since there was no specific antibody for detecting the expressed protein, mass

spectrometry (MS) was used to confirm the protein identity. This part of experiment

was kindly performed by Mr. K.K. Li who helped in identifying the protein products

using mass spectrometry (See Acknowledgements).

Expressed recombinant protein was first in-gel digested after SDS-PAGE with

trypsin and desalted before separation.  Mass-spectrometric analysis was

performed using HCTultra ESI ion trap MS (Bruker Daltonics) according to the

manufacturer’s recommended protocols. MS/MS experiments on the five most

intense peptide peaks of the digested protein were performed with the mass range

between 600-3500. Mass spectra were acquired and submitted to the sequence

query program Mascot.  Fragmentation spectra were searched for under the

following parameters: all entry taxonomy and plant were selected in taxonomy with

trypsin digestion.
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3.3 Results

3.3.1 Protein expression in E. coli system

3.3.1.1 Effect of different induction temperatures
Expression of recombinant CDENDO1 protein in E. coli was optimised for a range

of temperatures (37°C, 30oC, 22oC and 20oC).  Proteins expressed at each

temperature were evaluated to determine whether an acceptable yield could be

obtained in the soluble fraction. This was determined by analysing a small aliquot

of both supernatant (soluble fraction) and pellet (insoluble fraction) by western blot.

Anti-His polyclonal antibody (Table 3-10) was used to detect the fusion-tag of the

expressed proteins.

As shown in Figure 3-7A, minimal or no soluble proteins were observed in the

supernatant (soluble fraction) and the proteins tended to form aggregates in the

pellet when incubation was performed at 30 to 37°C. More soluble proteins were

found to be expressed in the supernatant when incubation was at 20-22°C.  The

results suggested that a lower induction temperature at 20-22°C was more

preferable for soluble protein production.

3.3.1.2 Effect of different lengths of expression time
Different time points were used to evaluate the optimal time period favourable for

protein expression.  In Figure 3-7B, the highest expression of the recombinant

CDENDO1 protein was found within the first two hours after induction.  When the

expression time was prolonged to 3 hours or longer, the expressed protein became

unstable and degraded.  The results showed that a shorter expression period was

better for protein stability.
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(A)

(B)

(C)

Figure 3-7: Optimisation of expression for recombinant His/SUMO-CDENDO1
protein.
The diagram shows the western blot results for experiments performed to optimise the
conditions for expressing the recombinant His/SUMO-CDENDO1 protein.  The expected
protein size of His/SUMO-CDENDO1 protein is 45kDa.  A pretained protein marker,
Precision Plus Protein™ Dual Colour Standards (Bio-Rad) ranging from 10-250kDa, is used
for revealing the protein size.  The proteins are shown in three lanes for different portions of
each culture grown under each set of conditions: whole lysate (L), soluble fraction (S) and
aggregated form in pellet fraction (P).  (A) Solubility assay of recombinant CDENDO1
protein at different temperatures, i.e. 20°C, 22°C, 30°C and 37°C.  Much more soluble
protein was found at 20 or 22°C, and expressed protein tended to form as aggregates in
pellets at 30 to 37°C.  (B) Time course of recombinant His/SUMO-CDENDO1 expression.
IPTG (0.1 mM) was added to induce the expression at 22°C, and the proteins harvested 1, 2,
3, 4 and 5 hours after IPTG induction.  Expressed protein was unstable 3 hours after
expression.  (C) Optimisation of soluble protein expression with different concentrations of
IPTG.  Recombinant protein was induced at the mid-log phase with 0.1 mM or 0.5 mM of
IPTG at 20°C for 2 hours.



156

3.3.1.3 Effect of different concentrations of inducer
In addition to optimised incubation temperature and expression period, the

concentration of the inducer IPTG was also crucial to the soluble protein production.

According to the study of Liu and Zhang (2004), more soluble recombinant proteins

and less inclusion bodies were found when IPTG concentrations was lower than 0.5

mM [182].  Recombinant proteins become insoluble when higher concentrations of

IPTG were used.

In this present study, optimal conditions were determined to increase the soluble

protein production by inducing expression at the mid-log phase (OD600 ~ 0.7) with

different concentrations of IPTG. The concentration of IPTG was lowered to 0.1

and 0.5 mM; however, there was no significant improvement in the solubility with

either of these concentrations of IPTG (Figure 3-7C).

3.3.1.4 Expression and Purification of recombinant
CDENDO1 protein

The expected recombinant CDENDO1 protein had 277 amino acid residues (the

signal peptide of 16 amino acids was removed).  It was predicted to be active, and

to be successfully expressed in the E. coli system.  The molecular weight of about

45kDa for the denatured protein was determined by SDS-PAGE and confirmed by

anti-His polyclonal antibody in western blot, shown in Figures 3-8A and B.

Recombinant CDENDO1 proteins were scaled up and purified for subsequent

characterisation analysis.  Bands other than the expected protein were observed in

the results of both SDS-PAGE and western blot (Figure 3-8).  Other unexpected

proteins were co-expressed and purified, which were also seen in the expression of

control plasmid, SUMO-CAT protein.  These unexpected proteins should be derived

from the stress response and heat shock proteins. In order to confirm the identity of

such proteins, mass spectrometry (MS) was used and the newly generated mass

spectra were searched in the Mascot database since there was no suitable and

specific antibody for detecting the novel expressed CDENDO1 protein.
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3.3.1.5 Mass-spectrometric analysis of CDENDO1 protein
Different preparations of purified recombinant proteins were separated by SDS-

PAGE (Figure 3-9).  Every protein band was in-gel digested after SDS-PAGE and

the identity determined using mass spectrometry. Mass spectrometric analysis was

performed and mass spectra were looked for in the Mascot database using all-entry

and plant taxonomy.

The results of the identified protein should fulfill the following criteria for correct

identification [253].

(1) Peptides could not be shorter than seven amino acids;

(2) Peptides should be fully tryptic digested (with only one internal missed cleavage

site is allowed);

(3) Mass tolerances were 1.5 Da for MS and 0.5 Da for MS/MS;

(4) The ion score of individual peptides was higher than 15.

According to the results generated from Mascot searches (Table 3-11), peptides

were identified in purified His/SUMO-CDENDO1 fusion protein, including DnaK

(Band 1), GroelGROES(ADP)7 (Band 2), Ubiquitin-like protein of the SUMO family

(Band 3) and bifunctional nuclease BFN1 (Band 3).  Recombinant His/SUMO-

CDENDO1 fusion protein was identified and matched to its homolog, BFN1

nuclease.  Peptides were identified as SNLHHVWDR (score 36.06), LPIVMK (score

35.6) and LAMILNR (score 42.75). Such peptides were correctly located in the

cloned sequence, as shown in Figure 3-10.

Ion scores generated from Mascot searches were higher than 78 and the ion score

of individual peptides are higher than 25 (Table 3-11). The higher the ion score is,

the better the prediction is.  The ion score obtained from Mascot is higher than 15,

which fulfilled the criterion for correct identification [253]. The result of predicted

peptides searching from Mascot was reliable and identified CDENDO1 protein as a

homolog of BFN1 nuclease.
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(A) (B)

Figure 3-8: Purification of recombinant His/SUMO-CDENDO1 using HisTrapFF
column.
The expected size of the protein of interest is 45kDa.  A pretained protein marker,
Precision Plus Protein™ Dual Colour Standards (Bio-rad) ranging from 10-250kDa,
was run in parallel on each gel. (A) SDS-PAGE analysis of purified His-SUMO-
CDENDO1.  Lane 1, soluble protein from the supernatant of whole lysate before
loading onto the column; Lane 2, molecular protein marker; Lane 3-9, fractions
collected from the elution steps.  Lane 10, the concentrated protein from six eluted
fractions by ultrafiltration.  (B) Western blot analysis of purified His-SUMO-
CDENDO1.  The estimated molecular size of the cloned protein is consistent with
that determined by both the western blot and SDS-PAGE.
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Figure 3-9: SDS-PAGE analysis of purified recombinant protein preparations
Purified His/SUMO-CDENDO1 is analysed on SDS-PAGE.  In total, nine bands
(marked with asterisks) from two different lots of recombinant protein are examined
by mass spectrometry.  All bands are cut and in-gel digested by trypsin and
identified by mass spectrometry (see Table 3-11).  Lane M, molecular protein
marker, Novex® sharp standard (Invitrogen); lane 1, His-SUMO-CDENDO1 (Lot 2);
lane 2, His-SUMO-CDENDO1 (Lot 1).  The calculated molecular mass of
recombinant CDENDO1 protein is about 45kDa.  His/SUMO tag is about 13KDa.
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Table 3-11: Results from Mascot

Band Sample Protein Accession no. Score MW [kDa] pI

1 His-SUMO-C1
(Lane 2)

 Molecular chaperone DnaK [Shigella flexneri 2a str.  301] gi|24111463 890.75 69.14 4.68
 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates

chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 101.97 11.58 4.76

 RecName: Full=Keratin, type II cytoskeletal 1; AltName: Full=Cytokeratin-1; Short=CK-1; Short=Keratin-1;
Short=K1; AltName: Full=67 kDa cytokeratin; AltName: Full=Hair alpha protein

gi|1346343 101.33 66.14 8.83

 Keratin 9 [Homo sapiens] gi|453155 65.47 62.17 5.00

2 His-SUMO-C1
(Lane 2)

 Chain A, Crystal Structure Of The Asymmetric Chaperonin Complex GroelGROES(ADP)7 gi|2624772 793.26 57.33 4.69
 Hydrogenase 2 large subunit [Escherichia coli O157:H7 EDL933] gi|15803539 88.99 62.90 5.82

 Thioredoxin [Escherichia coli] gi|148071 60.68 12.00 4.51

3 His-SUMO-C1
(Lane 2)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 217.79 11.58 4.76

 Bifunctional nuclease bfn1 [Arabidopsis thaliana] gi|4099831 78.35 35.39 5.99

4 His-SUMO-C1
(Lane 2)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 251.01 11.58 4.76

5 His-SUMO-C1
(Lane 2)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 244.07 11.58 4.76

6 His-SUMO-C1
(Lane 1)

 Chain A, Crystal Structure Of The Asymmetric Chaperonin Complex GroelGROES(ADP)7 gi|2624772 505.74 57.33 4.69

7 His-SUMO-C1
(Lane 1)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 230.41 11.58 4.76

 Bifunctional nuclease bfn1 [Arabidopsis thaliana] gi|4099831 78.16 35.39 5.99

8 His-SUMO-C1
(Lane 1)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 190.1 11.58 4.76

 Predicted transcriptional regulator [Escherichia coli str.  K-12 substr.  MG1655] gi|16130966 164.26 23.84 6.29

9 His-SUMO-C1
(Lane 1)

 Ubiquitin-like protein of the SUMO family, conjugated to lysine residues of target proteins; regulates
chromatid cohesion, chromosome segregation, APC-mediated proteolysis, DNA replication and septin
ring dynamics; Smt3p [Saccharomyces cerevisiae]

gi|6320718 217.29 11.58 4.76

 Predicted transcriptional regulator [Escherichia coli str.  K-12 substr.  MG1655] gi|16130966 176.43 23.84 6.29
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WSKEGHAMTCKIAQDLLEPEANHAVQMLLPDYVNGDLSALCAWPDQVRHWYRYRWTSPLHF

IDTPDEACSFKYQRDCHDPHGVKDMCVAGAIQNFTNQLSHYRHGTCDRRHNMTEALLFLAH

FMGDIHQPMHVGFTSDEGGNTIDLRWFRHKSNLHHVWDREIILTAAADYYGKDINLLQEDI

EGNFTDGIWSADLASWRECTDLFSCVNKYAAESINIACKWGYKDVESGDTLSDDYFNSRLP

IVMKRIAQGAVRLAMILNRVFGDSQDDSLVAAT

Figure 3-10: Peptides identified from Mascot search of deduced amino acid
sequence of CDENDO1.
Peptides were identified as SNLHHVWDR, LPIVMK and LAMILNR, which are
boxed and shown in boldface in red.
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3.3.2 Protein expressed in insect cell expression
system

Recombinant GST-CDENDO1 was successfully expressed using insect cell

expression system.

A total of 5x 107 cells were used for production of GST-CDENDO1 protein.  After 48

hours’ incubation, expressed proteins were extracted and purified. The molecular

mass of expressed GST-fusion protein was about 59kDa (27kDa of GST tag and 32

kDa of CDENDO1) (Figure 3-11A).  Soluble proteins were found in the supernatant,

collected and purified using the affinity column GSTrap FF. However, most of the

protein of interest was found in the fraction of the flow-through and lost during the

washing steps (Figure 3-11B). A minimal amount of the target protein was detected

in the eluted fractions.

In this case, the recovery of the expressed protein was very low after the

purification process. The protein yield was inadequate for the subsequent

endonuclease assays.
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(A) (B)

Figure 3-11: Western Blot analysis for recombinant CDENDO1 protein expression in insect Sf9 cells using anti-GST polyclonal
antibody.
Recombinant CDENDO1 protein expression was detected in western blot using anti-GST antibody (goal polyclonal; GE Healthcare). (A)
Recombinant protein expression in Sf9 insect cells.  5x 107 cells were harvested after 48 hours’ incubation after transfection.  Whole lysate,
soluble fraction and pellet fraction are indicated by L, S and P, respectively.  The expressed protein fused with GST-tag is about 59 kDa.  (B)
Purification of GST-recombinant CDENDO1 expressed in Sf9 insect cells.  Fractions are collected and analysed by western blot.  L, whole
lysate; FT, Flow-through of lysate; W1, W2 and W3, fractions collected in washing step; M, molecular protein marker, Novex® sharp standard
(Invitrogen); E, eluted fraction.  Most of the protein of interest was found in the fraction of the flow-through and lost during washing steps.  Less
of the target protein was detected in the eluted fractions.
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3.3.3 Protein expressed in yeast expression
system

Three constructs were produced for CDENDO1 protein expression in yeast system.

pPICZ-B-CDENDO1, pPICZ-B-spCDENDO1 and pPICZα-A-CDENDO1 contains no

secretion signal sequence, native signal sequence and synthesis α-factor signal

sequence, respectively.  All of these constructs were attempted to express protein

in P. pastoris X-33, GS115 and KM71H intracelluarly or extracellularly.  Four

verified recombinant clones from these three Pichia strains were examined for

protein expression.  However, no expected protein was detected in western blotting.

One of the results for CDENDO1 expression in yeast is shown in Figure 3-12.

In Figure 3-12, the His/SUMO-CDENDO1 protein which was successfully

expressed in E. coli was used as the positive control for this western blot analysis.

Recombinant CDENDO1 failed to be expressed using pPICZ-B-CDENDO1 in P.

pastoris KM71H.  Although four verified recombinant clones were also screened for

the protein expression, no expressed protein was detected.  In order to eliminate

any errors from antibody, we had tried to use other brands of anti-histidine antibody

and anti-c-myc antibody for detection in western blotting (data not shown); however,

no expressed protein could be detected.
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Figure 3-12: Western Blot analysis for protein expression using pPICZ-B-
CDENDO1 in P. pastoris KM71H using anti-His polyclonal antibody
Purified His/SUMO-CDENDO1 protein generated from E. coli was used as positive
control for western blotting, and are are indicated by “+ve“.  Lane M, molecular
protein marker, Novex® sharp standard (Invitrogen); Lane 1 to 4, protein lysate of
different expressed clones.  The expected size of the recombinant protein
expressed from pPICZ-BCENDO1 in P. pastoris KM71H is about 33 kDa.
Recombinant protein encoded by pPICZ-B-CDENDO1 failed to be expressed in P.
pastoris KM71H.
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3.4 Discussion
Expression of proteins in soluble form is particularly important for producing active

and functional recombinant proteins. Optimal induction temperature, expression

period and concentration of IPTG were investigated in this study.  A suboptimal

growth temperature of E. coli (optimal temperature is usually at 37°C) at 20-22°C

was found to be more preferable for expressing soluble CDENDO1 protein (Figure

3-7A). It was found that protein expressed in the first 2 hours after induction was a

better time for protein harvest (Figure 3-7B) as most proteins became unstable and

started to be degraded after 2 hours’ expression.  These findings implied that

CDENDO1 protein was labile and perhaps toxic because it was relatively unstable if

over-expressed in E. coli cells.  Therefore, we attempted to minimise the toxic

effects to the cell host by triggering the induction at a higher O.D. (i.e. 0.8-1.0) of E.

coli culture, and also by decreasing the duration of the protein expression.

Once the condition for expression was optimised, recombinant His/SUMO-

CDENDO1 protein was expressed on a large scale and purified using the affinity

column, HisTrapFF Column.  Purified expressed protein was then identified by

mass spectrometry.  Peptides of SUMO family and bifunctional nuclease BFN1

were found in the recombinant His/SUMO-CDENDO1 protein sample (identified in

the Mascot database) (Figure 3-9 and Table 3-11).  The results revealed that

CDENDO1 was successfully expressed and shared a high identity to its homolog,

BFN1 nuclease.

Moreover, bands other than the expected protein were also observed in the

“purified” recombinant His/SUMO-CDENDO1 protein sample.  They were identified

as peptides of DnaK and GroelGROES(ADP)7 (Figure 3-9 and Table 3-11). Over-

expression of recombinant proteins not only imposes high metabolic burden on

cells, but also triggers a series of stress responses [211].  Heat shock proteins are

usually expressed simultaneously with the recombinant proteins, and can be co-

extracted and applied onto the IMAC column.  Both DnaK and GroelGROES(ADP)7

are molecular chaperones, which are useful in maintaining the correct folding of the

expressed protein.  They are usually co-expressed during protein expression and

are difficult to avoid unless subsequent re-purification using size-exclusion

chromatography is employed.
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In our case, purified CDENDO1 protein products could not be obtained using the

size-exclusion method because large amount of proteins were lost during the

purification and could not be recovered finally. However, such unexpected bands

can be minimised as much as possible by optimising the concentration of imidazole

in the binding buffer. We have optimised and applied a higher concentration of

imidazole (up to 100 mM imidazole) to lower the affinity of such unexpected

proteins to the affinity column.  Although some expressed protein was lost under

this stringent purification condition, the purity of the protein was relatively high with

less contaminated stress proteins in the final eluate.

Recombinant CDENDO1 protein was labile and unstable when over-expressed in E.

coli cells. The other two eukaryotic expression systems, i.e. insect cell and yeast,

were also used to express this tricky protein with other fusion tags (GST and c-myc).

Using the insect cell expression system, recombinant CDENDO1 protein was

successfully expressed in Sf9 cells and detected by western blot, but most of the

GST-fusion proteins were eluted from the column during the washing step.  The

results indicated that the GST-fusion products were unable to attach to the column

and were eluted out spontaneously.  This phenomenon may be due to improper

folding of the GST-fusion products. Studies have shown that the GST-tag may be

the vital factor that leads to misfolding of the recombinant protein products although

it can increase the solubility of the fusion protein [254, 255].  It affects the overall

structure of the protein and deteriorates the attachment of the fusion protein to the

affinity column.  Moreover, it not only alters the protein folding, but also affects the

biochemical activities of the proteins. A simple crude protein extract was also used

for subsequent analysis of the cleavage ability. Results showed that neither DNase

nor RNase activities were recovered in this crude lysate portions (data not shown).

The problem of inclusion body formation arises during the over-expression of

recombinant proteins in E. coli. Recombinant proteins in inclusion bodies are

usually misfolded and biologically inactive.  Different fusion tags, i.e. His-SUMO and

GST, were used in this study in order to improve the quality of the expressed

protein.  Other studies showed that they not only facilitated the purification process,

but also enhanced the solubility of the protein.  However, in this present study,

despite that the fusion protein with GST-tag was successfully expressed in insect

cells, a pure product could not be obtained using the affinity column GSTrapFF

(Figure 3-11). Contrary to expectations, CDENDO1 proteins with fused His-tag
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were still hard to express in the soluble form and changing the fusion tag did not

give any significant improvement in protein solubility.  Furthermore, attempts were

made to extract and refold the inclusion bodies; however, much less protein was

folded in the correct form.

If eukaryotic genes are expressed in E. coli hosts, the recombinant proteins often

tends to be expressed at a low level and have low solubility [216, 256]. We should

take into consideration a noteworthy problem – codon bias. Some codons are

rarely used in E. coli, but are common in eukaryotic genes [217]. The trickiest

codons encoding the CDENDO1 protein and the corresponding tRNAs in E. coli

include the following: AGA/AGG (argU),CGG (argX), CGA/CGG (argW), AUA (ilex),

GGA (glyT), CUA (leuW), CCC (proL) andAAG (lys) (Table 3-12) [200, 218]. About

12% of the codons encoding the CDENDO1 protein are rare codons in E. coli. It

has been shown that when a coding sequence contains more than 5% RIL codons

[R: argU (AGA/AGG); I: ilex (AUA); L: leuW (CUA)], the protein tends to be

expressed as insoluble aggregates [256].  On the contrary, if the protein carries less

than 5% RIL codons, the expressed protein is highly soluble [256]. Intriguingly,

5.41% of the codons encoding our recombinant CDENDO1 protein sequence are

RIL codons (Table 3-13), and thus the expressed protein is likely to be produced in

an insoluble form. One possible solution is to avoid the use of rare codons by

replacing the rare codons with codons that are more frequently used in E. coli. This

can efficiently minimise translational errors. Another strategy is to use plasmids,

such as pRARE, harbouring a gene encoding the tRNA cognate to the problematic

codons during the transformation [216].  This method is less time-consuming and

able to increase expression yield, plasmid stability and cell viability [216].

In order to increase the solubility of the protein, different constructs of CDENDO1

were designed.  Constructs encoding proteins that varied in length at the N-terminal

or C-terminal end were produced based on the known crystallography structure

data of P1 nuclease with DNA sequences [257, 258].  The related study is reported

in Chapter 6 in detail.

In this study, we have faced the challenge of not only low expression yield, but also

the quality of expressed functional protein.  Although a detectable amount of

recombinant CDENDO1 protein was expressed in both E. coli and insect cell, the

protein was only successfully purified from that obtained in E. coli.  Furthermore,
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the codon usage is similar in Pichia and Saccharomyces cerevisiae – a finding

suggesting that Pichia would be a good candidate for expressing Arabidopsis

thaliana genes because they share similar codon preferences [217].  However,

recombinant CDENDO1 protein also failed to be expressed in Pichia even after

many attempts (See section 3.3.3).  As mentioned in the previous studies about

over-expression of S1 nuclease [259], S1 nuclease was similar to ribonuclease T1,

which has been suggested to be a toxic protein in S. cerevisiae [259].  As our newly

isolated protein, CDENDO1, shared a high similarity to nuclease S1/P1 and is also

classified as a member of the S1 nuclease family, we speculate that this

recombinant protein is also toxic to yeast, like nuclease S1 or ribonuclease T1.  The

over-expression of a recombinant nuclease may directly affect the cell metabolism

in yeast; and therefore inhibit the expression of such toxic proteins.

Further characterisation and investigation of the biological roles of CDENDO1

protein is worth pursuing. Detailed characterisation experiments were conducted

and discussed in the next few chapters.
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Table 3-12: Frequencies of rare E.coli codons in CDENDO1 gene/transcript

Amino
acid

Cognate tRNA
in E. coli

Rare codons in
E. coli

No. (%) of rare E. coli codons
in CDENDO1 gene/transcript

Arg (R) argU AGA and AGG 8 (2.9)

argX CGG 3 (1.1)
argW CGA and CGG 5 (1.8)

Ile (I) ileX AUA 6 (2.2)

Gly (G) glyT GGA 8 (2.9)

Leu (L) leuW CUA 1 (0.4)

Pro (P) proL CCC 2 (0.7)

Lys (K) lys AAG 3 (1.1)

Total: 33 (11.9)

Note that CDENDO1 protein contains 277 amino acids encoded by 277 codons.
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Table 3-13: Frequencies of E.coli RIL codons in CDENDO1 gene/transcript

Amino
acid

Cognate tRNA
in E. coli

Rare codons in
E. coli

No. (%) of rare E. coli codons
in CDENDO1 gene/transcript

Arg (R) argU AGA and AGG 8 (2.89)

Ile (I) ileX AUA 6 (2.17)

Leu (L) leuW CUA 1 (0.36)

Total: 15 (5.41)

Note that CDENDO1 protein contains 277 amino acids encoded by 277 codons.
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3.5 Conclusion
The recombinant CDENDO1 protein, which encoded 277 amino acid residues, was

predicted to be a putative mature protein.  The molecular weight of expressed

protein was about 45kDa in the denatured form.  The recombinant CDENDO1 was

successfully expressed and purified using the E. coli expression system. There is

so far no study reporting such S1/P1-like nucleases that could be expressed in E.

coli.
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Chapter 4: Basic biochemical
characterisation of the
expressed protein CDENDO1

4.1 Introduction

4.1.1 Specificity of incision at different base
mismatches

CEL I endonuclease hydrolyses DNA mismatches with unprecedented accuracy

and is widely used in many research areas for detection of mutations in various

genomes [33, 34, 87, 89, 260-263].   CEL I nuclease is almost the only choice of

single-strand-specific nuclease used in mutation detection.  However, the efficiency

and the specificity of CEL I in cleaving mismatches are enhanced by the addition of

Taq polymerase [24].  Furthermore, not all mismatches with different base

substitutions can be detected with the same level of specificity.  The cleavage of

some mismatch combinations is particularly weak, e.g.  T/T, A/G or G/T [24].

Different endonucleases would recognise and hydrolyse different DNA substrates

preferentially [8, 24].  Therefore, studying and investigating the catalytic properties

of novel nuclease proteins is necessary.

4.1.2 Optimal pH

Determination of the optimal pH for nuclease activity is part of the characterisation

required for a nuclease.  The data can advance the knowledge about the catalytic

properties of the nuclease.  The action of enzymes on polynucleotides reveals that

the rate of hydrolysis (degree of activity) varies with pH.  Nucleases can readily

hydrolyse the mismatches correctly at their optimal pH, but will become inefficient at

recognising and hydrolysing mismatches when the pH is suboptimal. This

observation reveals that the activities of the proteins are affected by different pH

conditions [264]. The optimal pH is also dependent on such factors as ionic

strength and the presence of metal ions.  On the other hand, the DNA duplex is

perfectly double-stranded at neutral pH, and partially double-stranded at higher or
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lower pH with some regions being single-stranded.  If nucleases can perform well at

neutral pH, false nicking of DNA will be minimised and nucleases will become a

more suitable tool in screening unknown polymorphisms and any disease-causing

mutations in DNA fragments [39].

4.1.3 Optimal temperature and thermostability

The optimal temperature of most well-characterised single-strand-specific

nucleases are in the range of 37°C to 70°C [265].  The optimal temperature of the

novel expressed nuclease would be determined in this study. In general, single-

strand-specific nucleases are thermostable enzymes. However, they also suffer

from the same problems as other enzymes during transportation from

manufacturers to end-users or storage before use.  Degradation and shortened

shelf-life of the enzymes are the major problems due to improper transportation or

storage.  The enzymes must be deep-frozen during storage or strictly kept in dry ice

during transportation.  Also, there is a close relationship between protein stability

and function, as has been previously reported [264].  It is interesting to study how

the degree of enzyme activity changes at different temperatures.

4.1.4 Metal ion requirement and stability to
denaturants and organic solvents

The majority of single-strand-specific nucleases are either metalloenzymes or

metal-dependent enzymes [265], including S1 nuclease, P1 nuclease and mung

bean nuclease.  They require metal ions such as Zn2+, Ca2+, and Mg2+ for optimal

reaction.  Study of a tobacco endonuclease has revealed that the nuclease

activities can be stimulated by Ca2+, but inhibited by Zn2+ [29].  The enzymatic

activity of mung bean nuclease is stabilised in the presence of Zn2+ and cysteine.

After removal of Zn2+ and cysteine, the enzyme loses 70-80% of its original activity

against the DNA substrate [3-5].

Enzyme activities are not only found to be affected by metal ions, but also

influenced by denaturants or other organic solvents, such as beta-mercaptoethanol,

sodium dodecyl sulphate (SDS), dimethylsulphoxide (DMSO), dithiothreitol (DTT)
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and ethylenediaminetetraacetic acid (EDTA) amongst others.  It is important to

determine how the protein functions are changed under such conditions.

The cDNA sequence of CDENDO1 was isolated from a potted plant, Radermachera

sinica (China doll), and found to be a member of the S1/P1 nuclease family and

homologous to BFN1 and CEL I.  It was successfully expressed in E. coli and

purified. It is important to characterise this novel nuclease protein. Different nucleic

acid substrates, including total RNA, circular plasmid DNA and genomic DNA with

different lengths of insertions or mismatches, were used for examining the nuclease

cleavage ability. The nuclease activities were studied under different reaction

conditions, e.g. different temperatures, pH, and presence of different metal ions.

Thermostability and catalytic mechanisms of the recombinant CDENDO1 were also

studied and details are given in this chapter.
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4.2 Materials and Methods
The details of all materials including the components of commercial extraction kits,

the reagents and buffers that were used in this part of study are listed in

Appendices III and IV. A reaction buffer containing 20 mM of 4-(2-hydroxyethyl)-1-

piperazineethanesulphonic acid (HEPES) (pH 7.5) and 5 mM of MgCl2 together with

1 µg of recombinant CDENDO1 nuclease and 5 µl of PCR products would be used

as a standard reaction condition in all enzymatic assays, unless otherwise noted.

4.2.1 Investigation of RNase activity

4.2.1.1 Preparation of substrates
Total RNA was freshly extracted from whole blood of healthy human donors using a

commercial kit (QIAamp® RNA Blood Mini Kit; Qiagen) according to the

manufacturer’s instructions. Use of nucleic acids extracted from anonymous

donors in this study was approved by the Human Subjects Ethics Subcommittee of

The Hong Kong Polytechnic University.

4.2.1.2 Enzymatic assay
Two micrograms of pure total RNA were used as the substrate for the recombinant

CDENDO1 protein. RNA substrates were mixed with 20 mM of HEPES buffer (pH

7.5), 5 mM of MgCl2 and 1 µg of recombinant CDENDO1 nuclease.  Reactions were

incubated at different temperatures, i.e.  45°C, 50°C, 55°C, 60°C, 65°C and 70°C,

for 2 hours.

4.2.1.3 Formaldehyde agarose gel electrophoresis
Formaldehyde agarose gel (1.2%) was used for RNA separation.  A 100-ml volume

of gel solution was prepared with RNase-free water, containing 1.2 g of agarose, 1x

FA gel buffer (200 mM 3-[N-morpholino]propanesulphonic acid (MOPS), 50 mM of

sodium acetate, 10 mM of EDTA, pH 7.0).  The mixture was heated to melt agarose

and cooled down to 65°C in a water bath.  Then, 1.8 ml of 37% formaldehyde (12.3

M) was added to the gel mixture, which was mixed well, poured onto the gel

cassette, and allowed to cool and set.  RNA samples were then loaded onto the gel
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and separated at 130V for 60 min. After electrophoresis, the gel was stained with

ethidium bromide for 15 minutes.

4.2.2 Investigation of DNase activity

4.2.2.1 Preparation of substrates
Circular plasmid DNA, i.e. pPICZαA vector (Invitrogen), was extracted using

QIAprep® Spin Miniprep (Qiagen).  Procedures were given in Chapter 3 (see

Section 3.2.1.1.1). Genomic DNA was extracted from whole blood of healthy

human donors with a commercial kit (QiaAmp® DNA blood mini kit, Qiagen)

according to guidelines given by the manufacturer. Use of nucleic acids from

anonymous donors in this study was approved by the Human Subjects Ethics

Subcommittee of The Hong Kong Polytechnic University.

4.2.2.2 Synthesis of homoduplex and heteroduplex DNA
substrates

Homoduplex DNA is perfectly complementary and heteroduplex DNA has different

numbers of mismatches.  They were generated by PCR amplification (Table 4-1).

PCR amplification was carried out in a 20-µl volume containing 20 ng of DNA

sample, 1x PCR buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 0.3 µM each of

forward and reverse primers (Table 4-1), 0.5 unit of HotStar Taq Plus DNA

Polymerase (Qiagen).  Thermocycling was performed in a 96-Well GeneAmp PCR

System 9700 (Applied Biosystems), with an initial denaturation step of 95°C for 5

min followed by 40 cycles of 94°C for 30 s, annealing temperature (Tm) for 30 s,

72°C for 1 min.  The final extension step was performed for 7 min at 72°C. PCR

products were analysed in 2% agarose gel to check for size and kept at 4°C.

4.2.2.3 Preparation of heteroduplex substrates
To prepare heteroduplex DNA substrates, wild-type PCR products and mutant PCR

products with mismatched base(s) were mixed in equal molar amounts.  The

substrates were then heated at 95oC for 5 minutes and allowed to cool gradually

from 95oC to 15oC to allow the formation of heteroduplexes.
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4.2.2.4 Enzymatic assays
A total of 8 experiments were conducted for examining the catalytic properties of

the recombinant CDENDO1 nuclease.

4.2.2.4.1 (1) Action of recombinant CDENDO1 nuclease on circular
plasmid DNA

Plasmid DNA (400 ng) was used as the circular DNA substrate for the recombinant

CDENDO1 protein in this part.  Plasmid DNA substrates were mixed with 20 mM of

HEPES buffer (pH 7.5), 5 mM of MgCl2 and 1 µg of recombinant CDENDO1

nuclease.  Reactions were incubated at 37°C and stopped at different time points,

i.e.  0 min, 30 min, 60 min, 120 min, 180 min and 240 min.  The negative control

was prepared by mixing sterilised water (in place of recombinant nuclease) with

plasmid DNA for this experiment.  These negative controls were incubated in

parallel with the test samples. The linear form of plasmid DNA was generated by

digestion using EcoRI (Fermentas).  Reaction samples were then loaded onto 0.8%

agarose gel and separated at 130V for 60 min. After electrophoresis, the gel was

stained with ethidium bromide for 15 min.

4.2.2.4.2 (2) Effect of temperature on recombinant CDENDO1
nuclease activity

Linear homoduplex DNA was used as the substrate for studying the effect of

different temperatures on CDENDO1 nuclease.

A 20-µl volume of reaction mixture containing 5 µl of PCR products (Fragments

HomoDu or INDEL4; see Table 4-1), 20 mM of HEPES buffer (pH 7.5), 5 mM of

MgCl2 and 1 µg of recombinant CDENDO1 nuclease.  Reactions were incubated at

different temperatures from 20 to 99°C for 2 hours. The negative control for this

experiment was prepared by replacing recombinant nuclease with sterilised water,

which was mixed with naked DNA, and incubated in parallel with the test samples.

Reaction samples were then loaded onto 2% agarose gel and separated at 130V

for 60 min. After electrophoresis, the gel was stained with ethidium bromide for 15

min.
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4.2.2.4.3 (3) Effect of pH on recombinant CDENDO1 nuclease
Homoduplex DNA was used as the substrate for studying the effect of different pH

conditions on CDENDO1 nuclease.  Solutions of different pH values (pH 4.5, 5.5,

6.5, 7.5, 8.5 and 9.5) were prepared using a triple buffer system in accordance to a

published protocol [73] with some modifications.

To study the cleavage activity of CDENDO1 under different pH conditions and the

effect of magnesium ions on pH, four sets of experiments were prepared as follows.

SUMO-CAT protein was used in addition as a negative control for this experiment.

(1) Sample group: Recombinant CDENDO1 without 5 mM of MgCl2;

(2) Control group: Recombinant SUMO-CAT without 5 mM of MgCl2;

(3) Sample group: Recombinant CDENDO1 with 5 mM of MgCl2;

(4) Control group: Recombinant SUMO-CAT with 5 mM of MgCl2.

A 20-µl volume of reaction mixture was prepared as follows: 1x triple buffer system

(pH 4.5 – 9.5) (See Appendix IV), 5 µl of PCR products (Fragment HomoDu; see

Table 4-1), and 1 µg of recombinant CDENDO1 nuclease.  The reaction mixture

was incubated at 60°C and 37°C for 2 hours individually.  Recombinant CDENDO1

was replaced by recombinant SUMO-CAT protein in the control group for this assay.

Cleavage products were analysed by electrophoresis on a 2% agarose gel and

separated at 130V for 60 min. The gel was stained with ethidium bromide for 15

min.

4.2.2.4.4 (4) Requirement of metal ions and stability to denaturants
and organic solvents

Homoduplex DNA (Fragment HomoDu; see Table 4-1) was used as the substrate

for recombinant CDENDO1 nuclease for this set of experiments. Measurement of

the metal-dependence of DNA cleavage by recombinant CDENDO1 was performed

in a 20-µl volume of reaction mixture consisting of 20 mM of HEPES buffer (pH 7.5),

1 µg of recombinant CDENDO1 nuclease, and 3, 5 or 8 mM final concentration of

either Mg2+, Ca2+, or Mn2+.  In addition, 0.5, 1 or 2 mM final concentration of Zn2+

were also examined individually.

To investigate the stability to denaturants and organic solvents of DNA cleavage by

recombinant CDENDO1 protein, the same reaction mixture as described above was

used with 5 mM of MgCl2 containing either 0.1%, 0.5% or 1% SDS. Alternatively,
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the reaction contained 1, 2, 3, 4 and 5 mM final concentration of DTT, beta-

mercaptoethanol or EDTA, instead of SDS.  All reactions were performed at 60°C

and 37°C for 2 hours. Cleavage products were separated on a 2% agarose gel at

130V for 60 min and visualised after staining with ethidium bromide for 15 min.

4.2.2.4.5 (5) Thermostability of recombinant CDENDO1 nuclease
The thermostability of recombinant CDENDO1 nuclease was examined and

homoduplex DNA (Fragment HomoDu; see Table 3-1) was used as the substrate

for this experiment.

Recombinant nuclease preparations were first heated at 70, 75, 80 or 85°C for

different durations (5, 10, 20 and 30 min).  Heat-treated nuclease preparations were

used for analysis. A 20-µl reaction mixture was prepared and contained 20 mM of

HEPES buffer (pH 7.5) and 5 mM of MgCl2.  All reactions were incubated at 60°C

for 2 hours. Cleavage products were then loaded onto 2% agarose gel and

separated at 130V for 60 min. After electrophoresis, the gel was stained with

ethidium bromide for 15 min.  The negative control was prepared by incubating

sterilised water (instead of nuclease) with with naked DNA.

4.2.2.4.6 Repeat experiments (2) + (3) + (4) and analysis on
polyarcylamide gel electrophoresis (PAGE) with SYBR
Green I staining and capillary electrophoresis

Characterisation experiments of recombinant CDENDO1 nuclease, i.e. effect of

different temperatures, effect of different pH conditions, effect of calcium and

magnesium ions, were carried out again with the reaction products examined by

polyacrylamide gel electrophoresis (PAGE) and a more sensitive stain, SYBR

Green I (Molecular Probes). Reaction mixtures used for studying the effect of

calcium and magnesium ions on CDENDO1 nuclease were incubated for 30 min at

37°C only, instead of 2 hours at 37°C or 60°C.

4.2.2.4.6.1 Polyacrylamide gel electrophoresis (PAGE)
A 90-ml volume of 8% polyacrylamide gel solution (8%T, 5%C) was prepared by

mixing 18 ml of 40% acrylamide/bis-acrylamide (19:1) solution, 4.5 ml of 10x Tris-

borate-EDTA (TBE) buffer, 0.06 ml of TEMED and 0.6 ml of 25% ammonium

persulphate.  Before electrophoresis, 10 µl of cleavage products were mixed with 5
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µl of loading dye containing 0.5 µl of 100x SYBR Green I.  Sample mixtures were

then incubated for 15 min in the dark.  After incubation, samples were separated at

130V for 60 min and visualised on a UV transilluminator.

4.2.2.4.6.2 Capillary electrophoresis (CE)
Two universal primers, i.e. FAM-F primer and HEX-R primer (Table 4-1), were

designed to amplify DNA templates for repeating the experiments examining the pH

effects and substrate specificity of nuclease CDENDO1.  FAM-F primer and HEX-R

primer were labelled with fluorescein and HEX, respectively, at the 5’-end.

Products amplified with these universal primers were analysed using capillary

electrophoresis in ABI 3130x Genetic Analyser (Applied Biosystems).

PCR amplification was first carried out in a 20-µl volume containing 20 ng of DNA

template, 1x PCR buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 0.5 µM of each

specific forward and reverse primer, and 0.5 unit of Hotstar Taq Plus DNA

polymerase (Qiagen).  Thermocycling was performed at the initial denaturation step

of 95°C for 5 min followed by 40 cycles of 94°C for 15 s, 55°C for 15 s, 72°C for 15

s. Just before the last 2 cycles, universal forward and reverse primers (1 µM each)

were added to the reaction. The final extension step was then performed for 7 min

at 72°C.  The amplified products were then incubated with CDENDO1 nuclease in

the presence of 5 mM MgCl2 at 37°C for 120 min and subsequently analysed by CE.

A 10-µl volume of mixture containing 1 µl of PCR products, 0.25 µl of size standard

(GeneScanTM 500 ROXTM Size Standard, Applied Biosystems) and 8.75 µl of Hi-Di

formamide (Applied Biosystems) was first denatured at 95°C for 5 min. Capillary

electrophoresis was performed and samples were separated in the ABI 3130x

Genetic Analyser (Applied Biosystems) according to the manufacturer’s instructions.

4.2.2.4.7 (6) Specificity of incision at different base mismatches
Twelve to eighteen DNA samples from healthy blood donors with common known

SNPs (Table 4-1), i.e. 2-base insertion/deletion (indel), 3-base indel, 4-base indel

and 2-base substitution, were amplified and used for studying the cleavage

specificity of the recombinant nuclease CDENDO1.

Four different types of mismatch products were incubated with 20 mM of HEPES

buffer (pH 7.5), 5 mM of MgCl2 and 1 µg of recombinant CDENDO1 nuclease at
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37°C for 30 min.  Reaction products were pre-stained with 0.5x SYBR Green I for

15 min, separated at 130V for 60 min, and then visualised on a UV transilluminator.

4.2.2.4.8 (7) Action of recombinant CDENDO1 on single-stranded
primers and double-stranded DNA products as analysed
by CE

Fluorescein (FAM) was used to label the universal forward primer in three different

formats: (1) FAM attached via a six-carbon aliphatic amine (C6 spacer) and

phosphoester bond to the 5’ terminal of the primer; (2) FAM attached via a C6

spacer and an amide bond to carbon-5 of the thymine ring of the 5’ dT of the primer;

and (3) FAM attached via a C6 spacer and an amide bond to carbon-5 of the

thymine ring of an internal dT of the primer (Table 4-1 and Figure 4-1).

In addition, the universal reverse primer was labelled with HEX at 5’ terminal

sequence.  DNA samples were amplified by these two universal primers with

fluorescein labelled at the 5’ terminal or internal dT on one strand and HEX on the

other strand to give a 154-bp product (INDEL-CE-150) (Table 4-1).  The detailed

amplification procedure was given in Section 4.2.2.4.6.2.

Universal primers were treated with recombinant CDENDO1 nuclease either

separately (ss primer FAM or ss primer HEX) or together (primer pairs FAM+HEX).

All of these reactions including single-stranded primers or double-stranded DNA

products were incubated with 20 mM of HEPES buffer (pH 7.5), 5 mM of MgCl2 and

1 µg of recombinant CDENDO1 nuclease at 37°C for 120 min.  Reaction products

were then analysed by CE.

4.2.2.4.9 (8) Cleaving DNA substrates of different lengths
Two independent sets of DNA substrates with different lengths were designed for

studying the cleavage ability of CDENDO1 nuclease (i.e. INDEL4-CE: 150, 220,

360 and 450 bps; COL2A1-CE: 150, 200, 350 and 600 bps) (Table 4-1).  Reactions

were incubated with 20 mM of HEPES buffer (pH 7.5), 5 mM of MgCl2 and 1 µg of

recombinant CDENDO1 nuclease at 37°C for 120 min.  Reaction products were

pre-stained with 0.5x SYBR Green I for 15 min, separated at 130V for 60 min on 8%

polyacrylamide gel (8%T, 5%C), and then visualised on a UV transilluminator.
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Table 4-1: Primers used for producing DNA substrates in this study

Fragment name Primer Name rs number Alleles Sequence (5’>3’)
Ln

(bps)
GC% Avg.

Tm (°C)
Size
(bps)

HomoDu
EcoPmeJessieF21

N/A N/A
GGA AGA ATT CGT TTA AAC ACC AGA CCG TGC TTT TCA AAT G 40 40.0

70 532
SalPmeJessieR21 AAA AAT GTC GAC GTT TAA AC AGG CAG AGA ACT TTT ATT

CCC C 42 38.1

INDEL2
(with 2-base
insertion/deletion)

RDH8_F_2ins
rs3217240 [-/TC]

GGG GTG GGC TAT GAA TCA TT 20 50.0
58 113

RDH8_R_2ins TGG AGG AAG CGG CAT TGT TAT 21 47.6

INDEL3
(with 3-base
insertion/deletion)

HGF3_F_3ins
rs10664024 [-/GTT]

CTT GGA GTT AGA TTG TAT GTC AGA T 25 36.0
58 125

HGF3_R_3ins TTC AAA AGA AGT ATG GGA TCA TAG G 25 36.0

INDEL4
(with 4-base
insertion/deletion)

SLC6c_F_4ins
rs17235416 [-/TGTG]

TTG AAG AGG ACC AGA AAG GG 20 50.0
57 131

SLC6c_R_4ins GAA CTG TCC CAC TCT ATC CT 20 50.0

SUBST2
(with 2-base
substitution)

ABOexon4_F
N/A [GC/AT]

TTG TGC CCT AAA TCC TGC TC 20 50.0
57 152

ABOexon4_R AAT TCT GTG ACA TGG GAG GC 20 50.0

Universal Primers
(for CE)*

FAM-F
N/A N/A

FAM-TAG TCG ACG ACC GTT A 16 50.0
52

HEX-R HEX-TCG GAT AGC TAG TCG T 16 62.5

INDEL4-CE
(with 4-base
insertion/deletion; for
CE)*

CE_SLC6c_F_4ins

rs17235416 [-/TGTG]

TAG TCG ACG ACC GTT ATT GAA GAG GAC CAG AAA GGG 36 50.0

57 257
CE_SLC6c_R_4ins TCG GAT AGC TAG TCG TAC AGA TGA GGA CAC TGA GAC 36 50.0

SUBST2-CE
(with 2-base
substitution; for CE)*

CE_ABOexon4_F
N/A [GC/AT]

TAG TCG ACG ACC GTT ATT GTG CCC TAA ATC CTG CTC 36 50.0
58 285

CE_ABOexon4_R TCG GAT AGC TAG TCG TGT AGA GAC TGG GGA AGG AG 35 57.9

*CE, Capillary Electrophoresis
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Table 4-1: Primers used for producing DNA substrates in this study (Cont’d)

Fragment name Primer Name Sequence (5’>3’) Ln (bps) GC%
Avg.  Tm

(°C)
Size
(bps)

INDEL4-CE-150 INDEL4_F TAG TCG ACG ACC GTT A CTA TCT GCC CAG CCT GCC 34 66.7
60 154

INDEL4_150R TCG GAT AGC TAG TCG T CTT CCC TCA TCC ATT CCC AAG 37 52.4

INDEL4-CE-220 INDEL4_F TAG TCG ACG ACC GTT A CTA TCT GCC CAG CCT GCC 34 66.7
60 225

INDEL4_220R TCG GAT AGC TAG TCG T GGG AGA TGC CAA GAC CTC TG 36 60.0

INDEL4-CE-360 INDEL4_F TAG TCG ACG ACC GTT A CTA TCT GCC CAG CCT GCC 34 66.7
60 361

INDEL4_360R TCG GAT AGC TAG TCG T AGA GGT CTC CCC TTT CTG GT 36 55.0

INDEL4-CE-450 INDEL4_F TAG TCG ACG ACC GTT A CTA TCT GCC CAG CCT GCC 34 66.7
60 456

INDEL4_450R TCG GAT AGC TAG TCG T CCC ACT CTA TCC TGC TGC CT 36 60.0

COL2A1-CE-150 COL2A1_F TAG TCG ACG ACC GTT A CGA TAA CAT TCC AAC CAG ACC GT 39 47.8
59 146

COL2A1_150R TCG GAT AGC TAG TCG T GAA AAG TAA CTC ATT GTA GTA CCT C 41 36.0

COL2A1-CE-200 COL2A1_F TAG TCG ACG ACC GTT A CGA TAA CAT TCC AAC CAG ACC GT 39 47.8
60 196

COL2A1_200R TCG GAT AGC TAG TCG T CGC ACA CAC ACA CAC ACC AC 36 55.0

COL2A1-CE-350 COL2A1_F TAG TCG ACG ACC GTT A CGA TAA CAT TCC AAC CAG ACC GT 39 47.8
59 376

COL2A1_350R TCG GAT AGC TAG TCG T CCT GAA TAT AAT CCC AGA CAG TG 39 43.5

COL2A1-CE-600 COL2A1_F TAG TCG ACG ACC GTT A CGA TAA CAT TCC AAC CAG ACC GT 39 47.8
61 609

COL2A1_600R TCG GAT AGC TAG TCG T TGA GCC CGC CGC CTT CCA 34 72.2

Universal Primers
with Fluorescein-dT at 5' terminal
(for CE)*

5' F-dT /5FluorT/AG TCG ACG ACC GTT A** 16 50.0
52

HEX-R HEX-TCG GAT AGC TAG TCG T 16 62.5

Universal Primers
with internal Fluorescein-dT (for
CE)*

Inter F-dT TAG /iFluorT/CG ACG ACC GTT A** 16 50.0
52

HEX-R TCG GAT AGC TAG TCG T 16 62.5

*CE, Capillary Electrophoresis, **FluorT: Fluorescein-dT
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(A) (B)

Figure 4-1: Chemical structures of 6-FAM (Fluorescein) and Fluorescein-dT.
(A) 6-carboxyfluorescein (6-FAM); (B) Fluorescein-dT is a modified base and fluorescein is attached to position 5 of the thymine ring by 6-

carbon spacer arm.
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4.3 Results

4.3.1 Investigation of RNase activity

The effect of different temperatures on the recombinant protein to cleave RNA

substrates was investigated.  The purified recombinant CDENDO1 protein was

capable of hydrolysing both 18S and 28S rRNA at temperatures in the range of 45-

55°C (Figure 4-2).  Higher temperatures were also tested, but the RNA template

was found to be unstable at temperatures over 60°C for 2 hours.  Under certain

conditions, i.e. temperatures between 45°C and 55°C, complete degradation of 18S

and 28S rRNA strongly suggested that single-stranded RNA nuclease properties

are characteristic of recombinant CDENDO1 protein.

4.3.2 Investigation of DNase activity

4.3.2.1 (1) Action of recombinant CDENDO1 protein on
circular plasmid DNA

Closed circular DNA was used as the substrate for the recombinant CDENDO1

protein. As shown in Figure 4-3, reactions preparing by mixing naked plasmid DNA

with sterilised water was being the negative control.  The band pattern was the

same as that of the undigested control of plasmid DNA.  The supercoiled DNA (SC)

was observed beneath the open circular DNA (OC).  Once the recombinant

CDENDO1 nuclease was added, the band intensities of both open circular DNA

and supercoiled DNA gradually decreased with increasing incubation time.

Between OC and SC was found the extra band of linearised DNA (L) that was not

observed in the negative control.  The band intensity of supercoiled DNA (SC) and

open circular DNA (OC) were inversely proportional to those of the linearised DNA

(L). As shown in Figure 4-3, recombinant CDENDO1 protein was capable of

nicking the circular plasmid DNA.  Nicking of this double-stranded closed circular

DNA indicated that CDENDO1 was an endonuclease.
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Figure 4-2: Determination of RNase activity.
Pure total RNA (2 µg) was used as the substrate for the recombinant CDENDO1
protein.  Reactions were incubated for 2 hours at different temperatures, i.e.  45°C,
50°C, 55°C, 60°C, 65°C and 70°C.  The “+” sign indicates the addition of
CDENDO1 to the reaction mixture containing naked RNA while the “-“ sign refers to
the addition of sterilised water (same volume) to the reaction mixture.
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Figure 4-3: Action of recombinant CDENDO1 nuclease on closed circular
plasmid DNA.
Reaction mixtures were incubated at 37°C for different periods of time (0 min, 30
min, 60 min, 120 min, 180 min and 240 min).  Circular plasmid DNA (pPICZαA) was
digested with a single cut by EcoRI to give linearised DNA (first lane from left) is
indicated by “L”. The size of this linearised DNA is about 3600 bps. “M” (second
lane from the left) represents the molecular markers 1Kb Plus DNA ladder
(Invitrogen). “C” (third lane from the left) is a closed circular plasmid DNA which
represents the undigested control.  Other no-enzyme controls were prepared by
mixing naked plasmid DNA with sterilised water (instead of the recombinant
CDENDO1). OC, L and SC represent open circular DNA (nicked), linear plasmid
DNA and supercoiled DNA, respectively. (Please refer to the softcopy of the figure
for a better resolution of the gel images)
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4.3.2.2 (2) Effect of temperature on recombinant
CDENDO1 nuclease

The effect of temperature on the ability of the recombinant protein to cleave the

DNA substrate was investigated (Figure 4-4). DNA substrates of two different sizes

were used: fragment HomoDu (532 bp) and fragment INDEL4 (131 bp).

Degradation of DNA produced weaker intact DNA band with smear moving faster

than the intact band when compared with the corresponding control.

According to the result shown in Figure 4-4A (Fragment HomoDu, 532 bp, being

used as substrate), the DNA band was obviously weaker in the reaction with

enzyme and was accompanied by faster-moving smear when compared with the

corresponding control at 60°C. Similar results were also observed from 30°C to

45°C. The results were more clearly demonstrated with fragment INDEL4 (131 bp)

being used as the DNA substrate (Figure 4-4B). Extensive degradation of DNA

was found at temperatures ranging from 30°C to 45°C.  At 60°C, the band was also

weaker than the corresponding control band – a finding consistent with the results

from the HomoDu (532 bp) fragment.  However, the bands showed much less

change in intensity and smearing tail at 50°C to 55°C. The enzymatic reaction was

totally inhibited at 65°C and above. On the basis of the above observations,

recombinant CDENDO1 enzyme had two optimal temperatures for cleaving DNA: a

range from 30°C to 45°C and at 60°C.
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Figure 4-4: Effect of different incubation temperatures on nuclease reaction.
One µg of recombinant CDENDO1 nuclease was added to a reaction mixture
containing fragment HomoDu (532 bp) or INDEL4 (131 bp) as the DNA substrate,
shown in (A) and (B), respectively.  The upper parts of (A) and (B) indicate “no-
enzyme” controls.  Reactions were incubated at different temperatures from 20°C to
99°C for 2 hours.  The DNA size ladder (labelled as M) is 1 Kb Plus DNA Ladder
(Invitrogen). Note that the smearing tails at the upper parts of the negative controls
(A and B) are artefacts of PCR due to the drawbacks of using HotStar Taq Plus
DNA polymerase from Qiagen.
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4.3.2.3 (3) Effect of pH on recombinant CDENDO1
nuclease

To determine the effect of different pH conditions on the cleavage activity of

recombinant CDENDO1 protein, solutions of the triple buffer system with different

pH values, i.e. pH 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5, were prepared. Reactions were

incubated at 37°C and 60°C separately for a given pH.

As shown in Figure 4-5, the DNA band was slightly weaker at pH 6.5 to 9.5 at both

60°C and 37°C in the presence of both the recombinant CDENDO1 and Mg2+.

However, the results for 37°C were more obvious. This revealed that recombinant

CDENDO1 nuclease was inactive in the absence of Mg2+ and lost its catalytic

activity at pH higher than 6.5.  The catalytic activity of CDENDO1 was found at

neutral pH and even alkaline pH at 9.5.  This effective pH range of CDENDO1 was

dependent on the addition of Mg2+.

This experiment was also performed in parallel with recombinant SUMO-CAT

protein to ensure that the observed effect was not due to the His-SUMO tag of the

recombinant fusion-CDENDO1. Bands with weaker intensity and smear were only

observed in the reactions with CDENDO1 nuclease but not in those with

His/SUMO-CAT protein. The result clearly proved that the catalytic properties were

dependent on the CDENDO1 protein per se rather than the effect of the His-SUMO

tag moiety.
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Figure 4-5: Effect of pH on enzymatic properties of recombinant CDENDO1
nuclease in the absence or presence of Mg2+.
Homoduplex DNA fragment HomoDu (532 bp) was used as the substrate for this
analysis. Reaction mixtures were incubated at either (A) 60°C or (B) 37°C for 2
hours.  Recombinant CDENDO1 nuclease was active at pH 6.5-9.5 in the presence
of Mg2+ at 37°C.  Recombinant SUMO-CAT protein was used as a control for this
assay.
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4.3.2.4 (4) Requirement of metal ion and stability to
denaturants and organic solvents

In order to further characterise the relationship between DNase activity and metal

cofactors, different divalent metal ions such as Ca2+, Mg2+, Zn2+ and Mn2+ were

used to determine the effect of metal ions on the catalytic activity of the

recombinant CDENDO1 nuclease. CaCl2, MgCl2, MnCl2 and ZnCl2 at different

concentrations were separately mixed with DNA substrates and incubated at 37°C

and 60°C for 2 hours.

As shown in Figure 4-6A, Ca2+ and Mg2+ ions provided the best activation of

CDENDO1 nuclease at concentrations as low as 3 mM at 60°C.  DNA substrates

were completely digested and no bands were observed. On the contrary,

CDENDO1 nuclease was active in the presence of 0.5 mM Zn2+ as revealed by a

band of much weaker intensity, but was inhibited when the concentration of Zn2+

was increased to 1 or 2 mM. When the reactions were incubated at 37°C, Mg2+ and

Ca2+ ions were less effective in enzymatic activation (Figure 4-6B).  Weaker DNA

bands with smear were only observed in the reaction with Mg2+ ions, but not Ca2+

ions.  Ca2+ ions did not show any enhancement in nuclease activities at 37°C.

Moreover, a lower concentration of ZnCl2 (0.5 mM) was enough to inhibit the

enzymatic reaction of CDENDO1 entirely when compared with the results obtained

at 60°C (Figure 4-6).  Furthermore, no nuclease activity was observed at both 37°C

and 60°C even if the concentration of MnCl2 was increased to 8 mM (Figure 4-6A

and B). Addition of Mn2+ did not confer any enzymatic activity on CDENDO1 for

hydrolysis of DNA.

In addition, recombinant CDENDO1 nuclease was totally inactivated by SDS at

concentrations as low as 0.1% at both 37°C and 60°C (Figure 4-7).  The enzymatic

activities of CDENDO1 were partially inactivated by DTT, beta-mercaptoethanol

and EDTA. When compared with the negative control, CDENDO1 nuclease

digested the DNA substrates and produced weaker bands in the presence of 1 to 5

mM of either DTT or beta-mercaptoethanol at 37°C and 60°C. Results showed that

recombinant CDENDO1 nuclease could withstand the action of high concentration

(i.e. up to 5 mM) of DTT and beta-mercaptoethanol, and maintained its enzymatic

properties at 37°C and, to a lesser extent, 60°C.



194

In addition, CDENDO1 nuclease was inactivated by EDTA at the concentration as

low as 1mM at 60°C.  However, when incubation temperature was at 37°C, as high

as 5mM of EDTA was required for complete inactivation of the nuclease activities

(Figure 4-7B).  This result revealed that 5 mM of EDTA can effectively stop the

enzymatic activity of hydrolysing DNA substrates by chelating the free Mg2+ for the

endonuclease reaction at 37°C. Not unexpectedly, the inactivating effect was much

stronger at 60C than at 37C for beta-mercapoethanol and EDTA.  However, the

reverse was true for DTT: the inactivating effect was slightly stronger at 37C than

at 60C.

4.3.2.5 (5) Thermostability of recombinant CDENDO1
nuclease

In the thermostability study of recombinant CDENDO1 nuclease, nuclease

preparations were first heated at different temperatures for different periods of time.

Heat-treated nuclease preparations were subsequently added to DNA substrates

(fragment HomoDu; see Table 4-1) for assaying the nuclease activity.  Heating the

nuclease preparations at 80°C or 85°C for 20 min resulted in complete loss of the

enzymatic activity of recombinant CDENDO1 (Figure 4-8).  Recombinant

CDENDO1 nuclease could sustain about half of the enzymatic activity after

treatment at higher temperatures for a shorter time (i.e. 85°C for 5 minutes) or lower

temperature for a longer duration (i.e. at 70°C for 30 minutes).
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Figure 4-6: Activity assay of recombinant CDENDO1 nuclease on naked DNA
in the presence of different divalent metal cations.
Recombinant CDENDO1 nuclease was incubated with naked DNA (fragment
HomoDu, 532 bp) in the 20 mM of HEPES reaction buffer (pH 7.5) containing 3, 5
or 8 mM of Mg2+, Ca2+, or Mn2+, respectively, or 0.5, 1 or 2 mM of Zn2+.  All
reactions were performed at either (A) 60°C or (B) 37°C for 2 hours. Negative
control (nuclease replaced with sterilised water) is indicated by NC.



196

Figure 4-7: Activity assay of recombinant CDENDO1 nuclease on naked DNA
in the presence of different denaturants.
Recombinant CDENDO1 nuclease was incubated with naked DNA (fragment
HomoDu, 532 bp) in the 20 mM HEPES reaction buffer (pH 7.5) containing 5 mM of
MgCl2 and either 0.1, 0.5 or 1% of SDS. The same reaction mixtures as described
above with 5 mM of MgCl2 were also set up with the addition of 1, 2, 3, 4, or 5 mM
of DTT, beta-mercaptoethanol or EDTA. All reactions were performed at either (A)
60°C or (B) 37°C for 2 hours. Negative control (nuclease replaced with sterilised
water) is indicated by NC.
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Figure 4-8: Thermostability assay for recombinant CDENDO1 nuclease.
Homoduplex DNA fragment HomoDu (532 bp) was used as the substrate for the
thermostability analysis. Recombinant nuclease preparations were first heated at
70, 75, 80 or 85°C for different periods of time.  Heat-treated nuclease preparations
were then used for hydrolysis assays (60°C for 2 hours) for naked DNA.  Nuclease
was replaced by sterilised water to act as the negative control which is indicated by
“-“ (first lane on the left).  Nuclease without heat treatment and mixed with naked
DNA acts as the untreated control, which is indicated by “+” (second lane on the
left).  Recombinant CDENDO1 nuclease failed to digest DNA after heat treatment at
80°C or above for 20 min or more.  The DNA size ladder (labelled as M) is 1 Kb
Plus DNA Ladder (Invitrogen).
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4.3.2.6 Repeat experiments (2) – (4) analysed by PAGE
with SYBR Green I staining and by CE

Experiments for studying the effect of different temperatures, different pH conditions,

and calcium and magnesium ion requirements were reproduced with the reaction

products analysed using polyacrylamide gel electrophoresis (PAGE) and a more

sensitive stain, SYBR Green I (Molecular Probes).  SYBR Green I is a nucleic acid

stain which is 25 times more sensitive than ethidium bromide and preferentially bind

to double-stranded DNA molecules.

As shown in Figure 4-9A, recombinant CDENDO1 protein was able to cleave DNA

at 20-45°C.  The most optimal temperature of DNA cleavage was found at 37°C. It

was consistent with the observation in the previous findings – 30°C to 45C being

the optimal with 2 hours’ incubation and staining by ethidium bromide (Figure 4-4).

No cleavage of DNA was shown when the incubation temperature was 55°C or

65°C.  Interestingly, DNA was cleaved and a ladder-like pattern observed in

polyacrylamide gel stained by SYBR Green I.

The effect of pH on recombinant CDENDO1 nuclease activity was examined over a

pH range of 4.5 to 9.5 in the presence of 5 mM MgCl2 at 37°C (Figure 4-9B).  At pH

6.5 to 9.5, optimal cleavage of DNA was observed, in agreement with the optimal

pH found previously in this study with the agarose gel stained with ethidium

bromide (Figure 4-5).  The effect of pH on recombinant CDENDO1 nuclease activity

was also examined using capillary electrophoresis.  In the presence of Mg2+,

consistent peaks were observed at about 30, 50 and 80 bases over a pH range of

7.5 to 9.5, but not at pH 4.5 to 6.5 (Figure 4-10). Both CaCl2 and MgCl2 were able

to activate the catalytic activity of recombinant CDENDO1 nuclease on duplex DNA

at 60°C (Figure 4-6); however, a laddering cleavage pattern was only found in the

presence of Mg2+, but not CaCl2, at 37°C (Figure 4-9C and 4-9D) – a finding

consistent with those revealed by agarose gel electrophoresis (Figure 4-6).  No

cleavage of DNA was observed in the reaction with any concentration (3, 5 and 8

mM) of CaCl2. To examine the outcomes of CDENDO1 activity on DNA substrates

with increasing incubation times, reactions were incubated for different periods of

time (0 min, 30 min, 60 min and 120 min).  As shown in Figure 4-9E, the laddering

patterns were observed at 30 and 60 min, and gradually disappeared with the

increasing incubation time. In addition, the effect of increasing amounts of

CDENDO1 on DNA substrates containing Mg2+ was determined by adding different
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concentrations of recombinant CDENDO1 nuclease to reactions.  As shown in

Figure 4-9F, the laddering pattern appeared and then disappeared gradually, and a

smaller fragment became more abundant with an increasing amount of recombinant

CDENDO1 added to the reaction.  These results could be reproduced with several

different preparations of recombinant CDENDO1.

4.3.2.7 (6) Specificity of incision at different base
mismatches

To further examine whether the laddering pattern varied with different human DNA

samples, DNA substrates with different lengths of mismatches were prepared from

different blood donors.  The appearance and disappearance of the ladder pattern

with an increasing amount of the recombinant CDENDO1 in the reaction were still

observed irrespective of the type and number of mismatches (2-base substitution,

2-base indel, 3-base indel and 4-base indel) (Figure 4-11A).  Moreover, a

consistent ladder pattern was also found in all samples from twelve or eighteen

different individuals with a known number of mismatches generated by indel

heteroduplex DNA (Figure 4-11B).  These results indicated that recombinant

CDENDO1 nuclease cleaved DNA substrates without preference for any

mismatches.

Recombinant CDENDO1 nuclease was unable to recognise mismatches on DNA.

Interestingly, a ladder pattern with bands at ~30 bp, ~50 bp and ~80 bp was seen in

all samples irrespective of genotypes (Figure 4-12).  This laddering pattern was

reproducible in all DNA samples in the presence of Mg2+.  DNA substrates

containing mismatches generated by 4-base indel or 2-base substitution were also

tested to examine the substrate specificity of CDENDO1 nuclease, and analysed by

capillary electrophoresis.  Peaks were consistently observed at ~30 bases, ~50

bases and ~80 bases (Figure 4-13), which corresponded with those observed in

PAGE (Figure 4-12).
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(A) (B)

(C)

(D)

(E) (F)
Figure 4-9: Analysis of catalytic activities of recombinant CDENDO1 using
PAGE with SYBR Green I stain.
Homoduplex DNA (Fragment SUBST2, 152 bp) was used as substrates for
studying the effect of (A) different reaction temperatures (20-65°C); (B) different pH
conditions (with 5mM Mg2+); (C) Ca2+ requirements (3, 5, 8 mM) at 37°C; (D) Mg2+

requirements (3, 5, 8 mM) at 37°C; (E) different time points (0, 30, 60, 120 min);
and (F) different amount of nucleases with 5 mM Mg2+.  The standard reaction
mixture consisted of 20 mM HEPES buffer (pH 7.5), 5 mM Mg2+, 5 µl of PCR
products and 1 µg recombinant CDENDO1, and was incubated for 30 min at 37C,
unless stated otherwise for each panel above. The DNA size ladder is GeneRulerTM

Ultra Low Range DNA Ladder (Fermentas). (Please refer to the softcopy of the
figure for a better resolution of the gel images)
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Figure 4-10: Analysis of catalytic activities of recombinant CDENDO1 using
capillary electrophoresis.
Homoduplex DNA (INDEL4-CE; 257bp) 5’-labelled with fluorescein (blue peaks) on
one strand and with HEX (green peaks) on the other complementary strand was
used as substrates to study the effect on different pHs in the presence of 5 mM
MgCl2 at 37°C for 120 min. GeneScanTM 500 ROXTM Size Standard (Applied
Biosystems) provides single-stranded fragments of 35, 50, 75, 100, 139, 150, 160,
200 and 250 bases (red peaks), and act as the DNA size ladder.  Peaks were seen
at ~ 30 bases, ~50 bases and ~80 bases for reactions at pH 7.5 to pH 9.5.
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(A)

(B)

Figure 4-11: Analysis of recombinant CDENDO1 specificity of the incision at
different base mismatches by using PAGE with SYBR Green I stain.
DNA fragments (INDEL2, INDEL3, INDEL4 and SUBST2; 113-152 bp) containing
different numbers of mismatches were used as substrates (see Table 4-1). (A)
DNA substrates with four different types of mismatches were incubated with
different amounts of CDENDO1 nuclease (0.1, 1 and 5 µg). In the negative control,
cuclease was replaced by sterilised water. Here, the DNA size ladder is 1 Kb Plus
DNA Ladder (Invitrogen). (B) Twelve DNA samples (INDEL2; 113 bp and INDEL3;
125 bp) and eighteen DNA samples (INDEL4; 131 bp) with known number of
mismatches were incubated with 1 µg of CDENDO1 in the HEPES buffer (pH 7.5)
with 5 mM MgCl2 at 37°C for 30 min.  A consistent laddering pattern was found in all
samples without preference for any mismatches. Here, the DNA size ladder is
GeneRulerTM Ultra Low Range DNA Ladder (Fermentas). (Please refer to the
softcopy of the figure for a better resolution of the gel images)
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Figure 4-12: The same ladder pattern was observed in all samples
irrespective of the genotypes.
Homoduplex normal (wildtype), Heteroduplex and Homoduplex mutant are
indicated by [H], [Ht] and [–TGTG], respectively. Asterisks mark the bands of the
ladder observed at ~30, ~50 and ~80 bp.   Here, the DNA substrate is INDEL4 (131
bp; see Table 4-1), and the DNA size standard is GeneRulerTM Ultra Low Range
DNA Ladder (Fermentas). (Please refer to the softcopy of the figure for a better
resolution of the gel image)
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Figure 4-13: Analysis of recombinant CDENDO1 specificity of incision at
different base mismatches using capillary electrophoresis.
Heteroduplex DNA templates with 4-base indel (INDEL4-CE; 257 bp) or 2-base
substitution (SUBST2-CE; 285 bp) were 5’-labelled with fluorescein (blue peaks) on
one strand and HEX (green peaks) on the other strand. GeneScanTM 500 ROXTM

Size Standard (Applied Biosystems) provides single-stranded fragments of 35, 50,
75, 100, 139, 150, 160, 200 and 250 bases (red peaks) and acts as the DNA size
ladder. Reaction mixtures were incubated at 37°C for 120 min in the presence of 5
mM MgCl2 at pH 7.5. In the negative control, nuclease was replaced by sterilised
water.  Digestion peaks of the reaction with CDENDO1 nuclease are seen at ~30
bases, ~50 bases and ~80 bases as indicated by red arrows.
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4.3.2.8 (7) Action of recombinant CDENDO1 on single-
stranded and double-stranded DNA products as
analysed by capillary electrophoresis

To further examine whether those peaks (i.e. ~30 bases, ~50 bases and ~80 bases)

were consistently produced on different types of DNA molecules.  Double-stranded

products or single-stranded primers were used as substrates for recombinant

CDENDO1 nuclease.

Double-stranded DNA product (i.e. INDEL4-CE-150; 154 bp) was digested by the

recombinant nuclease to generate peaks at ~30 bases, ~50 bases and ~80 bases

(last panel of Figure 4-14) and produced a ladder pattern similar to that revealed by

PAGE.  This observation is consistent with the results from PAGE and CE using

other substrate products such as INDEL2, 3, 4 and SUBST2 (Figures 4-9 to 4-12).

However, such consistent peaks (i.e. ~30 bases, ~50 bases and ~80 bases) were

also observed in the reactions containing only single-stranded primer, which was 16

bases long (Figure 4-14).  Such results might be produced by removing the

fluorescent dye from the primer by the recombinant CDENDO1 nuclease.  In order

to further confirm this hypothesis, the universal forward primer was designed to be

labelled by fluorescein-dT at the 5’ terminal or an internal position of the sequence

(Figure 4-1), and used as the substrates for the nuclease (Figure 4-15).  Consistent

peaks of ~30, ~50 and ~80 bases were absent.  Instead, consistent peaks of other

sizes were observed.  Although the pattern of peaks was different among the

primers labelled with (1) FAM at 5’ terminal (i.e. ~30, 50, 80 bases); (2) Fluorescein-

dT at 5’ terminal (i.e. ~30, 50, 70, 75, 112, 160 bases); and (3) Fluorescein-dT at an

internal position (i.e. ~45, 75, 81, 96 bases), respective digestion peaks were seen

in the reaction containing primer pairs (single-stranded) or 150-bp DNA products

(double-stranded).  These results clearly showed that the fluorescent dye was

removed from the single-stranded primer or double-stranded DNA product by

CDENDO1 nuclease.  As such, the cleavage fragments that were not labelled by

any fluorescent dye could not be detected by the CE sequencer.
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Figure 4-14: Action of recombinant CDENDO1 on single-stranded primers and
double-stranded DNA products as analysed by capillary electrophoresis.
Universal forward primer (FAM-F) and reverse primer (HEX-R) were 5’-labelled with
FAM (blue peaks) and HEX (green peaks) respectively.  They were treated with
recombinant CDENDO1 nuclease either separately (ss primer FAM-F or ss primer
HEX-R) or together (primer pairs FAM-F+HEX-R).  The double-stranded DNA
product was 154 bp, and was 5’-labelled with FAM on one strand and HEX on the
other strand. GeneScanTM 500 ROXTM Size Standard (Applied Biosystems)
provides single-stranded fragments of 35, 50, 75, 100, 139, 150, 160, 200 and 250
bases (red peaks), and acts as the DNA size ladder.  Reaction mixtures were
incubated at 37°C for 120 min in the presence of 5 mM MgCl2 at pH 7.5. In the
negative control, nuclease was replaced by sterilised water.  Digestion peaks of the
reaction with CDENDO1 nuclease were seen at ~30 bases, ~50 bases and ~80
bases as indicated by red arrows.
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Figure 4-15: Action of recombinant CDENDO1 on single-stranded primers and
double-stranded DNA products labelled with Fluorescein-dT as analysed by
capillary electrophoresis.
Universal forward primer was labelled with Fluorescein-dT at 5’ terminal (5’F-dT) or an
internal position of the sequence (Inter F-dT) (blue peaks).  Universal reverse primer (HEX-
R) was 5’-labelled with HEX (green peaks). Recombinant CDENDO1 nuclease was mixed
with the primer pairs (primer pairs: (1) 5’F-dT+ HEX-R; or (2) Inter F-dT+ HEX-R) or double-
stranded DNA products (INDEL4-CE-150).  The double-stranded DNA product was 154 bp
and was 5’-labelled or internally labelled with FAM on one strand and 5’labelled with HEX on
the other strand. GeneScanTM 500 ROXTM Size Standard (Applied Biosystems) provides
single-stranded fragments of 35, 50, 75, 100, 139, 150, 160, 200 and 250 bases (red peaks)
and acts as the DNA size ladder.  Reaction mixtures were incubated at 37°C for 120 min in
the presence of 5 mM MgCl2 at pH 7.5. In the negative control, nuclease was replaced by
sterilised water.  Digestion peaks of the reaction with CDENDO1 nuclease are indicated by
red arrows.
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4.3.2.9 (8) Cleaving DNA substrates of different lengths

To study the catalytic ability of recombinant CDENDO1 nuclease, DNA products of

different lengths were prepared.

After 2 hours’ incubation of INDEL4-CE products with recombinant CDENDO1

nuclease, a ladder pattern was found for the 150-bp fragment (Figure 4-16).  In the

reaction containing 220, 360 or 450-bp fragments, no ladder pattern was observed

although faster-moving smear was seen. Similar results were also obtained with

another set of fragments (COL2A1-CE): a ladder pattern was observed for the 150-

bp and 200-bp fragments.  Only smear was found for the 350-bp fragment.
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Figure 4-16: Cleaving DNA substrates of different lengths by recombinant
CDENDO1.
Two independent sets of DNA substrates with different lengths were designed: (A)
INDEL4-CE (150, 220, 360 and 450 bp) and (B) COL2A1-CE (150, 200, 350 and
600 bp). Reactions containing 20 mM of HEPES buffer (pH 7.5), 5 mM of MgCl2
and DNA substrates were incubated with 1 µg of recombinant CDENDO1 and
indicated by (+). Nuclease was replaced by sterilised water in the negative control
which is indicated by (-).  Reactions were incubated at 37°C for 120 min.  Cleavage
products were pre-stained with SYBR Green I and separated by PAGE. The DNA
size ladder is 1 Kb Plus DNA Ladder (Invitrogen) as shown in Lane M. (A) After the
incubation with INDEL4-CE products of different lengths, a ladder pattern was
observed in the 150-bp fragment containing CDENDO1 enzyme.  In the reactions
containing 220, 360 and 450-bp fragments, no ladder pattern was observed but
smear was seen below the DNA band.  (B) From the reactions containing COL2A1-
CE products of different lengths, a ladder pattern was observed for the 150- and
200-bp fragments.  Smear was also found for the 350-bp fragment. Weak bands
are marked with asterisks for the sake of easy recognition. (Please refer to the
softcopy of the figure for a better resolution of the gel images)
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4.4 Discussion

Several important properties of the recombinant CDENDO1 protein have been

determined in this study, e.g. thermostability.  Nucleases that can survive in a hot

environment or under harsh transportation/storage condition without any irreversible

damage of the enzymes are critically important and useful.  In this study,

recombinant CDENDO1 nuclease was found to be completely inactivated by

heating at 80°C for 20 min (Figure 4-8).  This heat-sensitive characteristic makes

this enzyme useful because the reaction vessel need not be opened for subsequent

addition of inactivation solution.  Risk of contamination is simply eliminated and is

also less laborious. Interestingly, recombinant CDENDO1 enzyme had two optimal

temperatures for excising DNA: a range from 30°C to 45°C and at 60°C (Figure 4-4).

This characterisitic of recombinant CDENDO1 was similar to those found in the

study of pea seed nuclease [46, 266]. Pea seed nuclease had been reported to

exhibit nuclease activity at 45°C and phosphomonoesterase activity at 60°C. The

3’-AMP were hydrolysed at a maximum rate at 60°C. The outcomes of both of the

nuclease (also known as phosphodiesterase) or phosphomonoesterase activities of

the nuclease are to release the phosphates molecules. The nuclease activity

hydrolyses a 3’-terminal diribonucleotide to obtain an oligo strand with a

deoxyribonucleoside 3’-PO4 terminus and releasing phosphates (Figure 1-1). On

the other hand, the phosphomonoesterase activity converts a terminal

ribonucleoside 3’-PO4 or deoxyribonucleoside 3’-PO4 of the oligonucleotides to a 3’-

OH [267]. Further studies should be undertaken to investigate the

phosphomonoesterase activity of recombinant CDENDO1 enzyme.

We also designed experiments for determining the RNase properties of our

recombinant CDENDO1 enzyme. Because most RNases function best at 60°C,

e.g., Ribonuclease A from bovine pancreas [268], a pathogenesis-related class 10

protein in Chinese medicine (Astragalus mongholicus) [269], a range of

temperatures (i.e. from 45-70°C) was used to define the RNase properties of

CDENDO1 enzyme. Since the focus of this whole study was on the nuclease

activity on DNA substrate, we only performed a wide range of temperatures for

testing DNA but not RNA. According to the results shown Figure 4-2, CDENDO1

had found to exhibit the RNase activity at an effective range of temperature (45-

55°C).
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When the results are collated to those of DNase activity, CDENDO1 enzyme can be

concluded to be a bifunctional nuclease which possesses both RNase and DNase

activities. On the basis of the findings in optimal temperature of DNase activity of

CDENDO1 enzyme (Figure 4-4), further studies should be undertaken to

investigate the RNase activities of CDENDO1 enzyme at a boarder range of

temperatures.

In this study, recombinant CDENDO1 nuclease was found capable of nicking

closed circular plasmid DNA (Figure 4-3).  This indicated that CDENDO1 was an

endonuclease. Once the recombinant CDENDO1 was added, the closed circular

DNA was attacked by the nuclease to form a relaxed plasmid. Open circular DNA

is a relaxed form of plasmid DNA.  It is usually produced when nicks are generated

in one of the strands.  Supercoiled DNA would then unwind and release the

superhelical turns.  Relaxed (open circular) DNA is the intermediate product in the

conversion of supercoiled DNA (SC) to linearised DNA (L).  Usually, the migration

of the open circular DNA is much slower than the linearised DNA and supercoiled

DNA during electrophoresis [270, 271]. The mobility of DNA is affected by the DNA

conformation. The extent of supercoiling is dependent on the DNA linking number.

The DNA linking number is an effective measure to describe the structure of

supercoiled DNA and represents the number of turns in the relaxed plasmid DNA.

The larger the DNA linking number is, the less compact the DNA is and the slower

the electrophoretic mobility is [271].

In our experiment, the relaxed form of plasmid was found in the negative control

(the band with weaker intensity upon the supercoiled DNA) (Figure 4-3).  This

observation is commonly seen in pure plasmid DNA because plasmid DNA is

usually accidentally nicked during isolation.  It may be due to enzymatic digestion

by nucleases in cells or mechanical shearing of DNA [272].

In our experiment, circular plasmid DNA was digested with a single cut by

restriction enzyme to give linearised DNA.  This linearised DNA control was run in

parallel in gel for easy comparison.  On the other hand, the linearised DNA

produced by CDENDO1 nuclease was supposed to be produced by introducing

double-strand breaks in both DNA strands and generated a linear form of DNA.

However, the size was different from that of the linearised fragment control (Figure

4-3). One of the possible reasons is that the mobility of these fragments may be

influenced by different ionic strength of the dissolved buffer. The reaction
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containing CDENDO1 nuclease was prepared in 20 mM HEPES buffer (pH 7.5)

with 5 mM of MgCl2 while the linearised DNA control was dissolved in distilled water

after the restriction digestion followed by the purification.  When the salt

concentration is high, the mobility of molecules will be decreased. Another possible

interpretation is that the extra band between the open circular (OC) DNA and

supercoiled DNA (SC) was unlikely to be the linearised DNA.  This extra band might

belong to the relaxed form of plasmid DNA, but the degree of relaxing power might

be different from that of the open circular DNA (OC) (Figure 4-3). With different

DNA linking numbers, different degrees of DNA conformation would be shown.

Therefore, differences in electrophoretic mobility of DNA were observed. This

possible consequence of CDENDO1-digested plasmid is schematically described in

Figure 4-17.

In addition, recombinant CDENDO1 nuclease was found to be partially inactivated

by DTT and beta-mercaptoethanol (Figure 4-7).  The result clearly revealed that the

disulphide bonds in CDENDO1 nuclease are important in stabilising the protein

structure.  Both DTT and beta-mercaptoethanol are strong reducing agents that

break the disulphide bonds in proteins, hence disrupting the tertiary and quaternary

structure of proteins and affecting their catalytic properties.

In the study of the effect of pH on recombinant CDENDO1 nuclease (Figure 4-5), a

triple-buffer system was used, which allows constant ionic strength over a wide pH

range without a change in the buffer composition.  This buffer system largely

eliminates possible undesirable effects that frequently occur because of switching

between different buffer systems.

Mg2+ is a phosphate-binding metal ion, and also a metal-cofactor of CDENDO1.

Mg2+ plays an important role in changing the conformational structure of DNA.

Higher concentrations of Mg2+ in aqueous medium tend to result in higher degrees

of base-mispairing of DNA sequences [273]. In the presence of Mg2+, distortion of

DNA may occur and hence favour the digestive ability of the nuclease [273, 274].

Mg2+ is chelated effectively by EDTA and hence becomes unavailable for binding to

DNA.  This leads to alteration of DNA conformation [25].  Therefore, no laddering

pattern was observed in the absence of Mg2+.
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SC

Control     CDENDO1

Figure 4-17: Schematic diagram showing the possible consequence of
CDENDO1-digested plasmid DNA.
Another possible consequence of CDENDO1-digested plasmid DNA is
schematically shown.  Open circular DNA and supercoiled DNA are indicated by
OC and SC, respectively.  The extra band produced by CDENDO1 was absent in
the untreated control. This extra band might be the open circular DNA, but has
different degrees of relaxing power, resulting in slower electrophetic migration when
compared with supercoiled DNA.  Supercoiled DNA is composed of superhelical
turns and moves the fastest during electrophoresis.  The most relaxed form of
circular DNA has most of the nicks at one strand.  DNA is unwound and
superhelical turns are released.  This bulky shape of DNA moves the slowest during
separation.
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In this study, the recombinant CDENDO1 nuclease shows an extensive cleavage of

all tested DNA substrates under certain conditions.  The cleavage of DNA

substrates seems to go through a sequential series of stages: (1) gradual

appearance of a ladder pattern characterised by bands at ~30 bp, ~50 bp and ~80

bp, (2) gradual disappearance of the ladder pattern, (3) appearance of intensified

bands at ~30 bp, and finally (4) complete disappearance of all bands – complete

digestion of the DNA substrates.  It is interesting to note that the ladder pattern was

revealed by PAGE and SYBR Green I staining (Figures 4-9 to 4-12), but not by

agarose gel electrophoresis and staining by ethidium bromide (Figures 4-4 to 4-8).

This is most likely due to the lower resolving power of agarose gel and the lower

sensitivity of ethidium bromide staining.

In our experiments, the first three stages were observed by increasing the amount

(0, 1, 2 and 3 µg) of the recombinant nuclease in the reaction mixture with 5 mM

MgCl2 and incubation at 37°C for 30 min (Figure 4-9F).  The first three stages were

also seen by increasing the amount (0, 0.2 and 1 µg of the recombinant nuclease

and increasing the MgCl2 concentration (3, 5 and 8 mM) in the reaction mixture with

incubation at 37°C for 30 min (Figure 4-9D). The first three stages were observed

when increasing the incubation time (0, 30, 60 and 120 min) of the recombinant

nuclease with DNA substrates at 37°C (Figure 4-9E). The first three stages were

revealed when an increasing amount (0, 0.1, 1 and 5 µg) of the recombinant

nuclease was added to DNA substrates with different types and numbers of

mismatches and incubated at 37°C for 30 min in the presence of 5 mM MgCl2
(Figure 4-11A).  The fourth stage was observed when the reaction mixture was

incubated at a higher temperature for a longer time (60°C for 2 hours) in the

presence of 3 or 5 mM CaCl2 or MgCl2 (Figure 4-6A). We expect that the fourth

stage would also be observed at an incubation temperature of 37C if the

incubation time is much extended beyond 2 hours.

In summary, DNA substrates are cleaved in a sequential stepwise manner until

complete digestion. This stepwise process can be demonstrated easily with

increasing enzymatic activities of the recombinant nuclease (Figure 4-18).

Increasing activities of the recombinant nuclease can be achieved by (1) increasing

the amount of the nuclease preparation, (2) increasing the reaction time, (3)

increasing the Mg2+ ion concentration, or (4) increasing the reaction temperature

within the working temperature range.  The cleavage of DNA substrates is not

affected by the types and numbers of mismatches, at least for those examined here.
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Figure 4-18: Schematic diagram showing the mode of nuclease action on
duplex DNA.
The mode of nuclease action on duplex DNA seems to go through a sequential
series of stages: A ladder pattern gradually appear and is characterised by bands at
~30 bp, ~50 bp and ~80 bp (from lane 1 to 5). The ladder pattern then gradually
disappears (from lane 5 to 7) with intensified bands appearing at ~30 bp (lane 7).
Finally, all bands disapper because of complete digestion (lane 8). Increasing
activities of the recombinant nuclease can be achieved by increasing (1) the
amount of nuclease, (2) the concentration of Mg2+, (3) the time of incubation, or (4)
the temperature within the working range.
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Our initial intention was to clone a novel nuclease, perhaps with better performance,

as an alternative to CEL I that recognises and cleaves DNA mismatches, so that it

can be used for mutation detection.  Contrary to our initial intention, the

recombinant CDENDO1 does not show preference for any mismatched bases in

the DNA substrates.  These consistent findings were observed with mismatches in

DNA heteroduplexes produced by 2-base, 3-base and 4-base indels, and 2-base

substitution (Figures 4-11A).  The same was observed with homoduplex and

heteroduplex DNA substrates from different genotypes of a 4-base indel

polymorphism (Figure 4-12).  This consistent observation did not vary from person

to person (Figure 4-11B).  This implies that our recombinant CDENDO1 cannot be

used to recognise and cleave DNA mismatches, and cannot be used as a reagent

to detect mutations.

The ladder pattern produced by the recombinant nuclease was very consistent

across different combinations of DNA substrates and reaction conditions.  The

ladder pattern consisted of bands at ~30 bp, ~50 bp and ~80 bp, and could be

revealed by PAGE and SYBR Green I staining or CE of fluorescently labelled

fragments (Figures 4-9 to 4-13).  However, the results in Figures 4-14 and 4-15

clearly showed that the peaks seen in CE were irrelevant to the bands observed in

PAGE.

Separation of DNA fragments by electrophoresis is based on the differences in the

mobility of the DNA molecules being separated.  The separation is dependent on

the differences in their size and electric charge.  As DNA is negatively charged,

applying electric field can be used for separating the DNA fragments. Smaller-sized

fragments move faster and migrate farther from the origin than larger-sized

fragments because smaller-sized fragments can pass through the gel pores more

easily.  Therefore, DNA fragments can be distinguished on the basis of their size.

Most situations in separating DNA fragments by their size are effective when

electric charges are constant.  However, different fluorescent dyes have different

charges.  For example, fluorescein has negative functional groups while rhodamine

dyes contain both positively and negatively charged functional groups [275]. The

movement of an ion is affected by its mass-to-charge (m/z) ratio. In our study,

when 5’ fluorescently labelled single-stranded primer, 16 bases long, was incubated

with CDENDO1 nuclease, consistent peaks were generated at ~30 bases, ~50

bases and ~80 bases in capillary electrophoresis (Figure 4-14).  This observation

was most likely due to the release from the DNA fragment of dye molecules with
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different m/z ratios, which gave the apparent sizes seen in CE. We speculate that

CDENDO1 nuclease is able to recognise the phosphodiester bond between the

fluorescent dye molecule (coupled to a C6 spacer) and the oligonucleotide (Figure

4-1), cleave either one phospho-ester bond or both phospho-ester bonds between

dye-spacer molecule and the oligonucleotide, and release the dye-spacer molecule

from the oligonucleotide. Because of different m/z ratios, the released dye

molecules may generate peaks corresponding to ~30 bases, ~50 bases and ~80

bases.  The possible consequence of cleaving the dye molecules are schematically

described in Figure 4-19.

We were misled by the results in CE because peaks were consistently observed at

~30 bases, ~50 bases and ~80 bases (Figure 4-13), which happened to correspond

with those observed in PAGE (Figure 4-12). Owing to the detachment of the

fluorescent dye from the DNA substrates, the size differences of cleaved fragments

could not be distinguished by CE.  However, on the basis of the results generated

from PAGE (Figure 4-9 to 4-12 and 4-16), three hypotheses are proposed to

explain the possible DNA cleavage mechanism of CDENDO1.  The possible

pathways of CDENDO1 cleavage on DNA are illustrated in Figure 4-20: Hypothesis

1 (H1) – introduction of single-strand break on one strand of duplex DNA;

Hypothesis 2 (H2) – introduction of single-strand break on one strand of duplex

DNA and further introducing other break opposite the nick; and Hypothesis 3 (H3) –

introduction of double-strand breaks on duplex DNA.

If the action of CDENDO1 nuclease on DNA is based on the hypothesis 1 (H1) (See

Figure 4-20), single-strand break(s) are produced on one of the strand of DNA

rather than the other strand.  Only the fragments with 5’- fluorescent label could be

detected by CE. Other fragments would fail to be recognised.  When these

fragments are examined by PAGE, the fragments with nick(s) on one strand could

not be distinguished with uncutted control DNA by mobility on gel electrophoresis.
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Figure 4-19: Schematic diagram showing the possible consequence of cleaving the dye molecules from 5’ FAM-labelled primers.
CDENDO1 nuclease may cleave the phospho-ester bond between the dye-spacer moiety and the oligonucleotide.  Cleavage oligonucleotides
are not distinguished by CE because the dye molecules have been detacted from the DNA fragments.  The CE result showed that the peaks
were generated by the liberated dye-spacer molecules based on the mass-to-charge ratio (m/z) of the molecules.
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Figure 4-20: Possible pathways of DNA cleavage by CDENDO1.
Possible outcomes from the three different hypotheses are illustrated using polyacrylamide gel electrophoresis (PAGE).  DNA duplexes (e.g.
130 bp in size) are used as DNA substrate for recombinant CDENDO1 nuclease.  The nick introduced by a strand-break is indicated by a
triangle.

In hypothesis 1 (H1), no matter how many cuts are made on DNA (single or multiple cuts), the fragments with nick(s) on one strand could not
be distinguished with uncutted control DNA by mobility when these fragments are examined using PAGE.

In hypothesis 2 (H2), single-strand nick(s) are first made on one strand of DNA, and then further produce break(s) opposite the nick(s).  The
resulting fragmented products are same as those produced by double-strand nicks (Hypothesis 3, H3).
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A ladder pattern of bands at ~30 bp, ~50 bp and ~80 bp was revealed in PAGE

(Figures 4-9, 4-11 and 4-12).  The predicted results based on hypothesis 1 (H1) is

not compatible to the results obtained in this study. Hence, hypothesis 1 can be

ruled out.

According to hypothesis 2 (H2) (Figure 4-20), single-strand nick(s) are first made on

one strand of DNA, and produce further break(s) opposite the nick.  The resulting

fragmented products based on H2 will be equivalent to those produced by double-

strand nicks (Hypothesis 3, H3).  Therefore, hypotheses H2 and H3 would probably

reveal the cleavage mechanism of CDENDO1 on DNA fragments.  CDENDO1 may

either produce double-strand incision on DNA (H3) or produce single-strand nick

followed by other break opposite the nick on DNA (H2).

So far, only H2 and H3 are compatible with our current data.  Another example is

used for further elaborate how CDENDO1 acts on DNA products as predicted on

the basis of H2 or H3, and analysed by PAGE (Figure 4-21).  Strand break(s) are

first introduced on DNA template and DNA fragments of ~50 bp and ~80 bp are

produced.  The cut fragment will be subsequently digested by the nuclease and

would finally generate fragments of ~30 bp, ~50 bp and ~80 bp, which could be

detected using PAGE with SYBR Green I staining.

In our experiment, different lengths of DNA products were also used for

demonstrating the ladder pattern by PAGE (Figure 4-16).  As the length of the DNA

fragment increased, the laddering pattern gradually disappeared and was replaced

by a smear. This observation was also reproducible in another set of fragments

(COL2A1-CE). Smearing was observed, instead of laddering, for longer DNA

fragments (>300 bps) because more combinations of cleaved fragments were

possible and masked the laddering.

Theoretically, the cut fragments should be visualised by CE and the data used to

explain the cleavage mechanism of CDENDO1 nuclease.  However, CDENDO1

nuclease removed the fluorescent label from DNA template and hence such

analysis was not possible (Figures 4-14 and 4-15).

Although the unlabelled fragments are not detected in CE, the observation of ladder

pattern in PAGE supports the notion that nuclease makes multiple incisions on DNA

rather than a single nick on one strand of DNA.  Moreover, most of the double-
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stranded products were visualised in PAGE under non-denaturing condition by

staining with SYBR Green I.  Therefore, it is reasonable to hypothesise that

CDENDO1 makes multiple cuttings on DNA by introducing either single-strand

breaks or double-strand breaks.

Single-stranded DNA nicking is one of the well-known characteristics of single-

strand-specific nucleases.  The members of this group of nucleases have much

greater activity on single-stranded DNA [46, 276].  For example, an apoptotic

nuclease, Endonuclease G (Endo G), has been reported to give single-strand nick

on nucleosomal DNA structure [277]; S1 nuclease has also been reported to

produce a break opposite the nicks in DNA [36] (Figure 1-2).  Moreover, S1, mung

bean or P1 nucleases have been reported to produce double-strand breaks upon a

prolonged incubation with DNA templates [36]. These previous studies strongly

supported that hypothesis 2 (H2) is most likely the cleavage pathway of CDENDO1,

which first produces nick on one strand of DNA and further produce another break

opposite the nick.

DNA cleavage mechanism of recombinant CDENDO1 nuclease is worthy of study

because the recombinant CDENDO1 nuclease may have enzymatic activity

comparable to that of DNase I or Endo G for the action on the chromatin.  Moreover,

the results of metal ion requirements showed that the CDENDO1 nuclease was

activated by Ca2+/Mg2+, but inhibited by Zn2+.  Since most of these PCD-related

nucleases are Ca2+/Mg2+-dependent enzymes and are inhibited by Zn2+, it is

possible that the recombinant CDENDO1 nuclease is involved in the programmed

cell death in plants [278-282]. It is still not clear whether the CDENDO1 nuclease is

involved in the cell death process or whether it is simply required for removing the

contents of dead cells in plants. Further investigation of the biological role of

CDENDO1 nuclease is reported in the next few chapters.
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Figure 4-21: Possible pathways of DNA cleavage by CDENDO1 based on
hypothesis 2 or 3.
Hypothesis 2 or 3 (H2 or H3), which is shown in Figure 4-1920, is further elaborated.  More
combinations of DNA fragments will be produced and illustrated here.  The outcomes of H2
or H3 are compatible with our current data (from PAGE).  DNA templates (e.g. 130 bps in
size) are used as the substrates for CDENDO1 nuclease.  The nick introduced by a strand-
break is indicated by a triangle.  A strand break is first introduced on the DNA template and
fragments with ~ 50 bases and ~ 80 bases are produced. Upon a prolonged incubation,
fragments will be further digested and ~30, ~50 and ~80-bp fragments will be seen. These
fragments can be visualised by PAGE with SYBR Green I staining. (Please refer to the
softcopy of the figure for a better resolution of the gel image)
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4.5 Conclusion

Recombinant CDENDO1 protein was characterised as a single-strand-specific

nuclease which is capable of hydrolysing both of single-stranded RNA and double-

stranded DNA endonucleolytically.  Its activity was triggered by both Ca2+/Mg2+ and

inhibited by Zn2+/Mn2+. Recombinant CDENDO1 nuclease could sustain a reaction

containing low concentration of DTT and beta-mercaptoethanol.  Nuclease activity

was completely inactivated by either heating at 80°C or 85°C for 20 mins, or in the

presence of 20 mM EDTA. The data generated above can form the basis of in-

depth studies of the expressed nuclease.
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Chapter 5: Potential biological role of
nuclease based on metal
cofactor requirement

5.1 Introduction

5.1.1 Biological function of nuclease 1

Plant nuclease I and other single-strand-specific nucleases have been reported to

be induced during developmental processes, e.g. germination [71], xylogenesis [10],

senescence [28, 75] and some hypersensitive responses [29].  Nuclease I has been

suggested to work with other acid phosphatases in the endosperm to release free

nucleosides and phosphate molecules for use in new RNA synthesis in seedlings.

Moreover, some of the single-strand-specific nucleases are also involved in

programmed cell death in plants [27, 39].

5.1.2 Programmed Cell Death (PCD)

Programmed cell death (PCD), or apoptosis, is an inevitable physiological process

occuring universally in all organisms.  It plays a role in the elimination of unwanted

and damaged cells for maintaining homeostasis of tissues and organs. The

characteristics of apoptosis in plants include DNA condensation, membrane

blebbing, and DNA laddering [283].  As in animals, PCD is also an essential

process in plant development.  In addition, biochemical mechanisms in the nucleus

in both plant and animal cells is common since DNA laddering has also been found

to be triggered in plant nuclear cells undergoing apoptosis.
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5.1.3 DNA laddering

Internucleosomal DNA cleavage, also known as DNA laddering, is one of the

biochemical hallmarks of apoptosis [79, 80, 278].  DNA laddering is a useful

indicator of programmed cell death because it usually occurs in cells entering the

early stage of apoptosis.  Apoptosis is directly associated with DNA laddering

produced as a result of fragmenting chromosomal DNA into multiples of

nucleosomal units [284].  Fragmented DNA can be extracted and examined in gel

electrophoresis in vitro.

This discrete laddering pattern is generated by the digestion of chromatin in nuclei

by endogenous Ca2+/Mg2+-dependent nucleases such as pancreatic DNase I, or

micrococcal nuclease (MNase).  The sizes of the DNA fragments are multiples of a

unit length of chromatin subunit, which is about 180-200bp and varies from species

to species.

5.1.4 Chromatin structure

The structure of chromatin is composed of a fundamental repeating unit of

nucleosome.  Each nucleosome core consists of a histone core with four pairs of

histone dimers H2A, H2B, H3, and H4 [285], and is wrapped with DNA (Figure 5-1).

Each nucleosome connects to the next nucleosome by a short stretch of linker DNA.

The image of such repeating nucleosomes with DNA linker under an electron

microscope is described as “beads on a string" [286].  Moreover, the histone

member, H1, is bound outside the nucleosome unit.  It confers better protection on

DNA because H1-depleted chromatin is much more vulnerable to nuclease attack

although it does not affect the conformational structure of the chain of beads [287].

Furthermore, such a nucleosome structure has been reported to be stable and

remain intact even if cells have been dead for at least seven years [285].



226

In addition, DNA is usually wrapped about 1.8 times as a left-handed solenoidal

supercoil around the histone core, and has a length of about 180 bp.  The length of

the subunits varies among organisms, as summarised in Table 5-1. The linker

region between adjacent nucleosome cores is recognised by endogenous

nucleases, e.g. micrococcal nuclease. Prolonged digestion of nuclei with

micrococcal nuclease will generate the nucleosome cores of about 146 bp [285].

This difference is presumed to lie in the length of the linker regions [285, 288].  The

length of the DNA linker ranges from 18 to 45 bp.

5.1.5 Nucleases used in chromatin studies

Digestion of chromatin DNA not only reveals a repeat structure corresponding to

the chromatin subunit, but also a much shorter repeat reflecting a repetitive

structural element within the subunit [289]. Micrococcal nuclease (MNase) is a

well-known bacterial nuclease used as a standard reagent in chromatin studies.  It

is able to recognise the linker region of chromatin and generate a short repeat,

which represents the size of the subunits [289].

In addition, other nucleases, such as Endonuclease G (Endo G) and pancreatic

DNase I, are similar to MNase in that they are able to recognise the linker region of

chromatin. Endo G is a human apoptotic nuclease, which is released from

mitochondria during programmed cell death and is responsible for internucleosomal

DNA cleavage.  On the other hand, DNase I participates in the morphological

changes in cells during apoptosis such as membrane blebbing [290]. Both Endo G

and DNase I have been found to exhibit the internal spaced nicks at about 10-base

intervals at the subnucleosomal level [277, 291]. This periodicity value represents

the supercoils of the nucleosome. Such phenomenon has also been seen in

MNase [292, 293], but not in the caspase-activated deoxyribonuclease DFF [277].
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Figure 5-1: Schematic diagram of chromatin structure.
Chromatin structure consists of a fundamental repeating unit of nucleosome.  Each

nucleosome core comprises a histone core with four pairs of histone dimers H2A,

H2B, H3, and H4, and is wrapped with DNA.  Such repeating nucleosomes with

DNA linker is described as “beads on a string" structure.  This figure is modified

from web link http://www.sivabio.50webs.com/nucleus.htm (2009). [294]
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Table 5-1: Variable size of nucleosomal subunits in different organisms

Source Subunit size (bp) References
Amoebae 176 [295]

Aspergillus nidulans 154 ± 9 [296]

BHK (Syrian hamster kidney) 190 [297]
Chick oviduct 196 [297]
Chicken erythrocyte 160-200 [288]

Chicken erythrocyte 180 [298]
Chinese hamster ovary cells 178 [297]
CV1 cells (African green monkey) 189 [297]
Duck reticulocyte 185 [299]
Echinoderm sperm 220 [300]
H10, H1c, H1e null mouse liver 191 [301]

H10, H1c, H1e null mouse thymus 189 [301]
H1c, H1d, H1e null ES 174 [301]
Hela 140-170 [288]
HeLa cells 188 [297]
Hepatoma cells 188 [297]
Mouse myeloma cells 140 [302, 303]

Myoblast cells 189 [297]

Neurospora crassa 170 ± 5 [304]

P815 cells (mouse mastocytes) 188 [297]

Pea plant 170 ± 30 (140) [302, 303]
Plasmodia 181 [295]
Rat bone marrow 192 [297]
Rat fetal liver (14 days) 193 [297]
Rat glia 201 [305]
Rat kidney 196 [297]

Rat kidney primary culture 191 [297]

Rat Liver 180-230 [306]

Rat Liver 200 ± 4.5 [307]

Rat Liver 196 [297]

Rat Liver 205 ± 15 [308]

Rat Liver 185 [309]

Rat neuron 162 [305]

Saccharomyces cerevisiae 165 [310]

Syrian hamster kidney 196 [297]

Syrian hamster liver 196 [297]

Teratoma cells 188 [297]

Wild-type mouse ES cells 189 [301]

Wild-type mouse liver 195 [301]

Wild-type mouse thymus 196 [301]
Yeast 165 ± 6 [311]
Yeast 140-160 [288]
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5.1.6 Requirement of metal ions for PCD-related
nucleases

Most single-strand-specific nucleases are metallonucleases.  Metal ions such as

Mg2+, Ca2+ or Zn2+ are usually required by nucleases involved in stimulating the

affinity of the substrate [25].  Based on the requirement of different divalent ions,

endonucleases can be categorised into at least four classes: Zn2+-dependent

nucleases, Ca2+-dependent nucleases, Mg2+-nucleases and Ca2+/Mg2+-dependent

endonucleases.

Zn2+ dependent endonucleases have been characterised as 33–44 kDa monomeric

glycoproteins and function optimally at pH in the acidic range [28, 312]. However,

most of these PCD-related nucleases are Ca2+-, Mg2+- or Ca2+/Mg2+-dependent

nucleases, which function optimally at neutral pH and are inhibited by Zn2+.

Previous studies have identified in the cytoplasm an endonuclease, which is Ca2+-

dependent and responsible for DNA laddering in mannose-induced PCD in maize

suspension-cultured cells [29, 313].

Since most PCD-related nucleases are Ca2+/Mg2+-dependent enzymes and are

inhibited by Zn2+, novel recombinant CDENDO1 nuclease isolated from this study

may be a member of PCD-related nucleases as suggested by the characterisation

data (Figure 4-6) from previous experiments.

To determine whether CDENDO1 nuclease would be involved in programmed cell

death, we attempted to isolate both intact nuclei and linear DNA, and incubated

these substrates with purified CDENDO1 nuclease.  Experiments were conducted

to examine the capability of internucleosomal DNA cleavage on chromatin.  Data

collected from this chapter will help to define the possible biological role of

CDENDO1 nuclease in plants.
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5.2 Materials and Methods

5.2.1 Sample Preparation

5.2.1.1 Preparation of naked genomic DNA
Substrate specificity of the recombinant CDENDO1 was investigated by analysing

the degradation of high-molecular-weight nucleic acids.  Genomic DNA was first

extracted from healthy human blood donors using a commercial kit (QiaAmp® DNA

blood mini kit) in accordance with the manufacturer’s instructions.

5.2.1.2 Preparation of Intact nuclei
Nuclei were isolated from leukocytes by following published protocols with some

modifications [314, 315]. The buffy coat was collected within 24 hours of blood

donation from processed blood donors’ units provided by Hong Kong Red Cross

Transfusion Service.

5.2.1.2.1 Preparation of crude nuclei
Forty millilitres of buffy coat sample were diluted with an equal volume of

phosphate-buffered solution (PBS). Leukocytes were harvested from this diluted

buffy coat sample with a separating medium (Histopaque-1077; Sigma- Aldrich) in a

1:1 ratio and the cell suspension was centrifuged at 400 g for 30 min at room

temperature.  Leukocytes were found between the layer of PBS and the top of the

Histopaque while red blood cells were located at the bottom of the tube.

Leukocytes were washed twice with PBS and lysed in a nuclear isolation buffer

(NIB; see Appendix IV) at 4°C for 30 min.  Lysed leukocytes, also known as crude

nuclei were further purified on a discontinuous gradient of Percoll (GE Healthcare).

5.2.1.2.2 Separation in Percoll gradient
The Percoll gradient contained 3-ml layers of 40, 60, and 80% (v/v) Percoll on a 3-

ml layer of 2M sucrose cushion in 15-ml centrifuge tube (Figure 5-2).  Percoll layers

were prepared in a buffer containing 0.44 M sucrose, 25 mM Tris-HCl (pH 7.6) and

10 mM MgCl2. Lysed leukocytes were layered on the top of the 40% Percoll layer

and centrifuged at 4080 g for 30 min at 4°C.
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Pure and intact nuclei, which were banded between the layer of 80% Percoll and

the top of the sucrose cushion, were washed twice with a nuclear resuspension

buffer (NRB; see Appendix IV). Finally, purified intact nuclei were washed once

with the reaction buffer (see below and Appendix IV) and stored in the same buffer

for further enzymatic assay.

5.2.2 Enzymatic assays

Substrate preferences of the recombinant CDENDO1 were investigated by

analysing its cleavage action on intact nuclei and high-molecular-weight nucleic

acids.

Intact nuclei (~1.3 x 107 nuclei) and 2 µg of naked genomic DNA were separately

incubated in a reaction buffer containing 20 mM HEPES (pH 7.5) and 10 mM CaCl2
with 1 µg of recombinant CDENDO1 nuclease.  Micrococcal nuclease (MNase;

Fermentas) and SUMO-CAT protein were used as positive and negative controls,

respectively.  MNase was incubated at 37°C for 30 min while SUMO-CAT protein

was incubated for 6 hours in parallel with samples with recombinant CDENDO1 at

37°C unless stated otherwise (see Results for details).

A mixture of sterilised water (instead of the recombinant nuclease) and naked DNA

was incubated in parallel, and was the negative control for the experiment of

cleavage of high-molecular-weight DNA. All incubations, except the reaction with

MNase, were carried out at 37°C and collected at different time points (0h, 2h, 4h,

5h and 6h).  Nuclear DNA was extracted from each of the reactions containing

nuclei with QiaAmp® DNA blood mini kit (Qiagen).  Extracted DNA samples were

run on 2% agarose gel at 130V for 1 hour.  Bands were visualised after staining

with ethidium bromide and photographs were taken on a UV transilluminator.

To determine the effect of temperature on the ability of the recombinant protein to

act on intact nuclei, the same reaction mixture as described above was incubated at

60°C (instead of 37°C) and collected at different time points.  In addition, 10 mM

CaCl2 in the original reaction mixture was replaced by 5 mM MgCl2 to see the effect

of metal ions on the cleavage ability of recombinant nuclease.
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Figure 5-2: Schematic diagram of nuclei separation in Percoll gradients.
Purified, intact nuclei are banded between the layer of 80% Percoll and the top of
the 2M sucrose solution.  Most of the cell debris including broken nuclei remains in
the 40% and 60% Percoll layers.
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5.3 Results
Intact nuclei were isolated and incubated with recombinant CDENDO1 to examine

its capability of cleaving internucleosomal DNA on chromatin structure.

Recombinant CDENDO1 nuclease was assayed using both isolated nuclei and

naked DNA.  As shown in Figure 5-3A, a ladder pattern was seen when the reaction

mixture containing CDENDO1 and intact nuclei was incubated at 37°C in the

presence of Ca2+.  After prolonged incubation for up to 4 to 6 hours, increasingly

more DNA substrates were cleaved with the concomitant appearance of more

distinctive ladder patterns consisting of bands in multiples of ~200 bp.  These

ladder patterns were identical to that produced by MNase (Figure 5-3), which is

known to produce such DNA laddering when incubated with intact nuclei (see

Section 5.1.3). In addition, SUMO-CAT protein was added to a reaction as the

negative control for CDENDO1.  The reaction incubating with SUMO-CAT protein

did not show any fragmentation of DNA after incubation for 6 hours (Figure 5-3A)

and even for up to 16 hours (data not shown). The results suggested that the

recombinant CDENDO1 nuclease was able to recognise and cleave the linker

region between nucleosome cores of chromatin.  To confirm the findings, we

repeated the experiments using naked DNA, instead of isolated nuclei.  The ladder

pattern was not observed, but was replaced by a smear after incubation with

CDENDO1 nuclease (Figure 5-3B). These results were similar to that produced by

MNase: the ladder pattern disappeared and DNA was almost completely digested

(data not shown).

To investigate the effect of temperature on the ability of CDENDO1 to nuclei,

reaction was also performed not only at 37°C but also at 60°C.  The results of the

reactions containing 10 mM CaCl2 were showed in Figure 5-4B and D. Instead of

DNA laddering, DNA smear was observed in the sample containing recombinant

CDENDO1 nuclease at 60°C. No DNA laddering was observed even if Ca2+ was

added to the reaction (Figure 5-4D). The same incubation conditions were

performed by replacing 10 mM CaCl2 with 5 mM MgCl2 (Figure 5-4A and C). The

multiples of 200 bp were seen in both of the nuclease reactions and negative

control at 37°C (Figure 5-4A). The presence of MgCl2 facilitated the vigorous

digestion of chromatin structure by both CDENDO1 and endogenous nucleases to

produce internucleosomal fragments. In addition, when the reaction were
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incubated at 60°C (Figure 5-4C), laddering with smear were observed in the sample

containing CDENDO1 nuclease.

Surprisingly, a discrete ladder pattern was also observed if intact nuclei were

incubated overnight at 37°C in the presence of Ca2+ without any CDENDO1

nuclease (Figure 5-5A).  No DNA laddering was observed when the reaction

mixture without any nuclease was incubated overnight at 4°C (Figure 5-5A) or 60°C

(Figure 5-4D). Although such ladder pattern was also found in the nuclei sample

without any nuclease treatment, the results produced in this study were reliable

under the conditions of incubation for up to 6 hours at 37°C.
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(A) (B)

Figure 5-3: Determination of CDENDO1 activity on both nuclei and naked DNA.
(A) Time course of reactions with intact nuclei.  Intact nuclei with or without the addition of CDENDO1 nuclease were incubated at 37°C for 0
to 6 hours.  MNase (MN) is the positive control for illustrating DNA laddering pattern.  SUMO-CAT protein was added to a reaction as the
negative control for CDENDO1. A DNA laddering pattern was observed in the reactions with either CDENDO1 (4 to 6 hours’ incubation) or
MNase (30 minutes’ inaction).  (B) Time course of reactions with naked DNA. Naked DNA with or without the addition of CDENDO1 nuclease
was incubated at 37°C for 0 to 6 hours.  No DNA laddering pattern was observed.  Lane M, Molecular marker, 1 Kb Plus DNA Ladder
(Invitrogen). (Please refer to the softcopy of the figure for a better resolution of the gel images)
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Figure 5-4: Activity determination on nuclei in the presence of either 10 mM
CaCl2 or 5 mM MgCl2.
Intact nuclei with or without the addition of CDENDO1 nuclease were incubated at
different conditions from 0 to 6 hours: (A) at 37°C with 5 mM MgCl2; (B) at 37°C with
10 mM CaCl2; (C) at 60°C with 5 mM MgCl2; and (D) at 60°C with 10 mM CaCl2.
The negative control was prepared by mixing sterilised water (in place of
recombinant nuclease) with other reaction components. MNase (MN) and DNase
are the positive controls for illustrating DNA laddering pattern.  DNA laddering
pattern was observed in the reactions with MNase, DNase or CDENDO1 at 4 to 6
hours incubation in the presence of 10 mM CaCl2 at 37°C.  In the presence of 5 mM
MgCl2, laddering was found in the reaction containing CDENDO1 nuclease and
negative control at both 37°C and 60°C.  No DNA laddering pattern was observed
in the reaction containing 10 mM CaCl2 at 60°C.  Lane M, Molecular marker, 1 Kb
Plus DNA Ladder (Invitrogen) is indicated in red colour. O/N stands for overnight
incubation. (Please refer to the softcopy of the figure for a better resolution of the
images)
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Figure 5-5: Incubation of intact nuclei in the buffer containing 20mM of
HEPES buffer (pH 7.5) and 10mM of CaCl2 at different temperatures.
(A) Isolated nuclei were incubated at 4°C and 37°C overnight (O/N) without adding
any recombinant nuclease. Laddering was found when the reaction mixture was
incubated at 37°C overnight.  Lane M, Molecular marker, 1 Kb Plus DNA ladder
(Invitrogen).  (B) Isolated nuclei incubated at 37°C for 6 hours with sterilised water,
SUMO-CAT protein or CDENDO1 nuclease are indicated as “-“, “SUMOCAT” and
“+”, respectively.  Laddering was observed only in the sample with CDENDO1.
Also shown are isolated nuclei incubated at 4°C overnight with CDENDO1 nuclease.
(Please refer to the softcopy of the figure for a better resolution of the gel images)
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5.4 Discussion
In order to determine the capability of CDENDO1 nuclease to cleave DNA on

chromatin structure, intact nuclei were isolated and used for this study. This

experimental design mimicked apoptosis in vivo in neutral buffer in the presence of

Ca2+ at 37°C.  Wrapped with DNA (Figure 5-1), histones play a critical role in

maintaining the structure of chromatin.  If histones are removed from chromatin, the

chromatin structure will collapse; thereby, such PCD-related nucleases will fail to

recognise the linker region.

According to the results shown in Figure 5-3, CDENDO1 nuclease was found to

produce DNA fragmentation dependent on the higher-order structure of DNA

substrates.  Recombinant CDENDO1 nuclease was capable of producing nicks at

the linker region between nucleosome cores and generating the discrete ladder

pattern.  The ability of CDENDO1 nuclease to cleave linker DNA was similar that of

MNase (Figure 5-3A).  In addition, when isolated nuclei were replaced by naked

genomic DNA as enzyme substrates, no DNA laddering pattern was observed.  The

nuclease gave non-specific cuts on the strand and formed a smear pattern (Figure

5-3B).  This clearly demonstrated that the specificity was lost when the histones

were removed.  These observations strongly suggested that CDENDO1 nuclease

was structure-dependent nuclease – recognising the DNA sequence specifically

based on the structural conformation rather than any specific nucleotide sequences.

In other words, restriction endonuclease is sequence-specific nuclease while single-

strand-specific nuclease is structure-specific nuclease.  This is the major difference

between these nucleases.  The cleavage efficiency of this kind of single-strand-

specific nuclease is strictly dependent on the well-structured chromatin.

Moreover, according to the results in Figure 5-4B and D, the ladder pattern could

only be observed at 37°C, but not at 60°C, in the presence of Ca2+. Weak smearing

was observed, instead of laddering, in the sample with CDENDO1 nuclease at 60C.

CDENDO1 nuclease did not exhibit any cleavage activity on linker region between

nucleosomes in chromatin under this condition.  The typical “beads on a string”

structure of chromatin might be distorted and possibly lose its primary conformation.

The nucleosomes might undergo reorganisation and the double-stranded DNA

might become partially single-stranded in regions with low melting temperatures

(e.g. AT-rich regions). Such reorganisation and partial melting might render the
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DNA molecules unprotected and then randomly nicked by nucleases (endogenous

and/or exogenous), and hence produce DNA smearing after prolonged incubation

at high temperatures. Interestingly, when the metal cofactors Ca2+ was replaced by

Mg2+ at 60°C, laddering with smear was observed (Figure 5-4C).  Mg2+ is a

phosphate-binding metal ion that may play an important role in changing the

conformational structure of DNA [273]. The presence of Mg2+ seems to enhance

the cleavage ability of both CDENDO1 nuclease and endogenous nucleases at

37°C or 60°C (Figure 5-4A).

One interesting question is how the CDENDO1 nuclease accesses its substrate –

chromatin (or linker DNA between adjacent nucleosome cores to be exact) –

enclosed and protected within the nuclear envelop as in the setting of the

experiments conducted here.  Nuclear envelop consists of double membrane layers

(i.e., outer and inner membrane) with nuclear pores on the surface.  Proteins are

usually transported to the nucleus from the cytoplasm through these nuclear pores

(Figure 5-6).  According to the results in this study, the CDENDO1 nuclease seems

to be able to pass through the nuclear pores to act on nuclear DNA.  However,

these data are still insufficient to make any conclusion because the CDENDO1

activity was assessed by its action on chromatin through the nuclear pores and

could be explained in three possible ways.  (1) The CDENDO1 nuclease might

contain a nuclear localisation signal (NLS) sequence that enables it to be imported

into the nucleus.  (2) The nuclear membrane was impaired during the process of

isolating the nuclei.  (3) The CDENDO1 nuclease passed through the nuclear pores

by passive diffusion.  The first hypothesis was ruled out by predicting the potential

NLS through the currently used NLS database (http://www.predictprotein.org/) [316].

No potential NLS sequence was present in the CDENDO1 primary sequence.  On

the other hand, the second and the third hypotheses are feasible.  During the

nuclear isolation procedure, the delicate nuclear membrane might be somewhat

damaged.  Such impairment of nuclear membrane allowed nucleases easier access

to the nucleus. This problem could be solved by using permeabilisation [317, 318].

Preparing the permeabilised cells using lysolecithin for chromatin analysis could

minimise the disturbance to nuclear membrane and maintain a normal nuclear

structure better than isolated nuclei. In addition, molecules smaller than 20 to 40

kDa can diffuse through the nuclear pore passively [319-321]. This is true for most,

but not all, molecules within the appropriate size range. Here, a good example is

diadenosine tetraphosphatase, also called Ap4A hydrolyase.  It is used to convert

Ap4A into adenosine monophosphate (AMP) and adenosine triphosphate (ATP).
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The molecular size of Ap4A hydrolyase is 17 kDa.  This enzyme has been reported

to be translocated to the nucleus by immunological activation in mast cells rather

than by passive diffusion [322]. Therefore, passive diffusion is another possible

way for CDENDO1 to access to the nucleus.

DNA fragmentation as revealed by DNA laddering indicates that the cells are

undergoing a physiological process, programmed cell death. Recombinant

CDENDO1 nuclease generated the characteristic DNA laddering by acting on intact

nuclei.  In addition, its cleavage activity was triggered by Ca2+ at pH 7.5. Calcium

released from endoplasmic reticulum (ER) and the accompanying release of

cytochrome c from mitochrondria are a phenomenon that coordinates apoptosis

[323]. It is reasonable to assume that CDENDO1 is expressed at a certain level in

cells undergoing apoptosis and may be directly or indirectly related to apoptosis in

plants. Future work in studying the localisation pattern of CDENDO1 nuclease in

cells will help to understand the existence and the role of nuclease in mediating

nucleic acid degradation during apoptosis.

Surprisingly, a ladder pattern was also obtained from nuclei without any treatment

with nuclease after overnight incubation at 37C in the presence of Ca2+ (Figure 5-

5A).  It appears to be endogenous nucleases acting on the chromatin.  One study

showed that DNase I occurred in a latent form in the cytosol of leukemia cells, and

endogenous DNase modulated the activity to produce apoptosis ladder under

physiological conditions [290].  In agreement with this report, cellular DNase I or

DNase I-like nucleases might originally be present in isolated nuclei in our study.

Under the mimicking conditions in vivo, i.e. in the presence of Ca2+ with incubation

at 37°C and pH 7.5, such endogenous nucleases would act on the chromatin

structure to produce an apoptotic ladder. This can be used to explain the

observation of the apoptotic ladder pattern found in the intact nuclei without the

addition of exogenous nuclease.

In addition, another interesting question is how these DNase I or DNase I-like

nucleases can pass through the nuclear membrane to modulate the activity on

chromatin DNA in vivo.  Similar to other nucleases including single-strand-specific

nucleases, DNase I contains a signal peptide sequence at the N-terminal of the

mature protein.  The signal peptide of DNase I or single-strand-specific nuclease is

usually used for transporting the nuclease from one place to another within the cells.
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For instance, the signal peptide sequence of BEN1 (endonuclease from barley) was

reported to direct the nuclease to the endoplasmic reticulum (ER), and subsequent

removal of the signal sequence and glycosylation of the protein in the Golgi

apparatus produced a mature nuclease, which was finally secreted into the

endosperm [27].  In addition, other studies have shown that DNase I is transported

to the lumen of the rough endoplasmic reticulum (RER) with the aid of its N-terminal

signal sequence during biosynthesis before its secretion.  These findings are

compatible with the signal peptide being used to direct the nuclease to the rough

endoplasmic reticulum (RER) rather than directing the nuclease to the nucleus [290,

324].  However, translocation of nucleases to rough endoplasmic reticulum (RER)

would be an intermediate route for them to access the nucleus. During the onset of

cell death, the nuclear envelop is first broken down. Since the outer nuclear

membrane of the nuclear envelop is an extension of the rough endoplasmic

reticulum (RER) (Figure 5-6), breakdown of the nuclear envelop may allow such

enzymes to easily penetrate the membrane envelop and enter the nucleus.  Thus,

these nucleases can perform internucleosomal DNA cleavage.  Even if this is

possible, DNase I is not expected to play a critical role in DNA fragmentation

characteristic in apoptotic cells because apoptosis-specific nucleases possess NLS

and reside within the nucleus to fulfil their function of internucleosomal cleavage

[325, 326].

So far, the results found in this study gave us some insight into the possible

biological role of CDENDO1 nuclease. Recombinant CDENDO1 nuclease is able

to recognise the linker region on well-structured chromatin and cleave

internucleosomal DNA.  It is possible that the CDENDO1 nuclease might be related

to programmed cell death. It is not difficult to imagine that this enzyme is not

desirable for cells if it was expressed intracellularly at high levels in an active form.

Recombinant CDENDO1 nuclease is able to digest DNA and, possibly, trigger

programmed cell death.  No doubt it is highly toxic and dangerous to healthy cells

because they would be killed indiscriminately.  Therefore, this can explain why this

recombinant protein is difficult to be over-expressed in either insect cells or yeast,

and cannot be expressed in high yield in E. coli (Section 3.3.1). We also believe

that the cell death mechanism in E. coli may be different from those in insect cells

and yeast. There is no information in the literature to date to suggest that the cell

death pathway in prokaryotes was similar to those in eukaryotic cells [327, 328]. To

a certain extent, the recombinant CDENDO1 nuclease may be toxic to the E. coli
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host; hence, most of the recombinant nuclease was preferably expressed in an

inactive form inside inclusion bodies (See Section 3.3.1.1).

It is interesting to further investigate the biochemical pathway of CDENDO1

nuclease in plants, e.g. the function of the signal peptide for this nuclease.  The role

of signal peptide of CDENDO1 nuclease is still unknown. It is reasonable to study

whether the function of signal peptide is for stabilising the protein structure for

better performance, or for being a part of the premature form of this enzyme.  Or,

the signal peptide is used to direct the nuclease to the rough endoplasmic reticulum

(RER) as in the case of DNase I, or used for enzyme transportation from the

mitochondria to the nucleus directly in a way similar to that of endonuclease G in

humans [329].

Further characterisation of CDENDO1 protein would be conducted.  The study of

how the signal peptide would affect the activity of CDENDO1 nuclease will be

reported in detail in Chapter 6.  Moreover, commercially available nucleases such

as Surveyor nuclease (CEL I nuclease), S1 nuclease, mung bean nuclease, etc.,

would also be compared in their cleavage ability; this would help understand the

biological role and pathway of programmed cell death. Such comparison will be

described in Chapter 7.
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Figure 5-6: Nucleus structure.
The nuclear envelop consists of double membrane layers, i.e. outer and inner
membrane, with nuclear pores on the surface.  Proteins can be transported to the
nucleus from the cytoplasm through these nuclear pores.  Outer nuclear membrane
of the nuclear envelop is an extension of the rough endoplasmic reticulum (RER).
This figure is adopted from Moore R, Clark D and Vodopich D.  Botany Online
Visual Resource Library.  (1998) [330]
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5.5 Conclusion
The newly purified recombinant CDENDO1 protein had a novel feature that has not

yet been reported in homologues in other potted plants – cleavage of the linker

regions between nucleosome cores in vitro. It was able to generate a ladder

pattern characteristic of apoptosis.  This suggested that CDENDO1 might be

involved in programmed cell death in cells.
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Chapter 6: Determination of nuclease
activity of mutated nucleases

6.1 Introduction

A signal peptide is a short and hydrophobic peptide chain.  They are usually used

for transporting proteins to other organelles, recognising other receptors or

maintaining the thermostability of a protein [105]. There are two types of signal

peptides: located at the N-terminus or C-terminus of a protein.  N-terminal signal

peptides usually target mitochondria, endoplasmic reticulum (ER) [324] and

peroxisome while C-terminal signal peptides only target the peroxisome.  Many

proteins are primarily synthesised via the extension of the signal peptide at the N-

terminus.  It is usually immature and requires activation with removal of the N-

terminal signal peptide sequence by a small class of enzymes known as signal

peptidases.

In general, N-terminal signal peptides are found in single-strand-specific nucleases,

most likely glycoproteins [2]. They can be used for transporting proteins to other

cell components (Table 6-1).  Single-strand-specific nucleases, such as Vvn

nuclease isolated from Vibrio vulnificus, contain the N-terminal signal peptide that is

cleaved off on the way of transporting nucleases from the cytoplasm to the

periplasm [105].  On the other hand, the signal peptide of single-strand-specific

nucleases in eukaryotic plants, e.g., barley nuclease (BEN1), has been reported to

confer secretory ability on barleys nuclease [27].  It is used to direct the nuclease to

the ER.  After removal of the signal sequence, BEN1 is glycosylated in the Golgi

apparatus to form a mature nuclease, and finally secreted into the endosperm [27].

Studies have also suggested that DNase I is transported to the lumen of the rough

endoplasmic reticulum (RER) with the aid of its N-terminal signal sequence during

biosynthesis before its secretion [324].  Although the function of signal peptides of

CEL I nuclease and S1 nuclease is still undefined, it is thought that signal peptides

are not essential for the nuclease activity of CEL I nuclease and thermostability of

S1 nuclease [37, 51].
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Table 6-1: Functions of signal peptides in single-strand-specific nucleases

Nucleases Purposes
Protein
Location Protein Destination Reference

Vvn nuclease Transportation Cytoplasm Periplasm [105]

BEN1 nuclease Transportation Aleurone layer Endoplasmic
reticulum

[27]

DNase I Transportation Cytosol Rough endoplasmic
reticulum

[324]

Endonuclease G Transportation Mitochondria Nucleus [329]

CEL I nuclease Not for catalytic
purpose

Unknown Unknown [37]

S1 nuclease Not for
thermostability
purpose

Unknown Unknown [51]
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According to the results of sequence analysis (Chapter 2), newly expressed

CDENDO1 protein carries a signal peptide of 16 amino acid residues at the N-

terminal of the mature protein.  The role of this signal peptide is unknown.

In order to study the effect of the signal peptide on the catalytic activity and the

solubility of CDENDO1 nuclease during protein expression, we attempted to design

constructs that vary in length at the N-terminal and/or C-terminal ends of the protein

on the basis of the tertiary structure of P1 nuclease and the characterisation data of

CDENDO1 in this study.  Different modified constructs were cloned and expressed

in a prokaryotic host (E. coli).  The expressed protein was subsequently purified

and its catalytic action on chromatin structure was characterised.
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6.2 Materials and Methods

6.2.1 Modification of constructs based on data
from characterisation of expressed
products

The known protein structure of P1 nuclease was first generated from the structure

data entry 1ak0A (Protein Data Bank ID) with CCP4 interface [331], and also

viewed in the Protein Data Bank website (http://www.rcsb.org/pdb/home/home.do).

Ten different constructs were designed based on the knowledge of this known

protein structure of P1 nuclease.  Constructs C1 to C10 were built by removing

different numbers of amino acid residues of the signal sequence from the N-

terminal of the CDENDO protein (Figure 6-1).  In addition, twelve amino acids (G D

S Q D D S L V A A T) were also removed from the C-terminal of the CDENDO1

sequence to generate constructs C8 to C10.

6.2.2 Chimeric protein production and
purification

ChampionTM pET SUMO Protein Expression system (Invitrogen) was used for

producing the cloned protein products in this experiment.  Primers (Table 6-1) were

designed for producing constructs (1) with different lengths of the signal sequence

at the N-terminus of the CDENDO mature protein and (2) with or without the last 12

amino acids removed.  Cloned CDENDO plasmid was used as the template for

modifying constructs for chimeric protein production.

Ten different constructs were amplified using Expand High FidelityPLUS Enzyme

Blend (Roche Applied Science).  Thermocycling was performed in a 96-Well

GeneAmp® PCR System 9700 (Applied Biosystems) with an initial denaturation

step of 94°C for 2 min followed by 40 cycles of 94°C for 30 s, Tm for 30 s, 72°C for

1 min.  The final extension step was performed for 7 min at 72°C.  Suitable

annealing temperatures (Tm) were selected after optimisation (Table 6-2). The

PCR products were then analysed by gel electrophoresis and sequencing.
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Fresh PCR products of different constructs were then ligated into the linearised pET

SUMO vector at 15°C overnight.  Ligated vectors were transformed and expressed

in E. coli.  Recombinant protein was purified and kept at -20oC for subsequent

characterisation.  The detailed experimental procedure was given in Chapter 2.

6.2.3 Preparation of intact nuclei

Nuclei were isolated from leukocytes by following published protocols described

with some modifications [314, 315]. The buffy coat was collected within 24 hours of

blood donation from processed blood donors’ units provided by Hong Kong Red

Cross Blood Transfusion Service. The detailed experimental procedure was given

in Chapter 5 (see Section 5.2.1.2).

6.2.4 Enzymatic assays

The catalytic properties of these 10 different chimeric CDENDO proteins were

investigated by analysing the efficiency of cleaving the chromatin of intact nuclei.

Intact nuclei were incubated in a reaction buffer containing 20 mM HEPES buffer

(pH 7.5) and 10 mM CaCl2 with 1 µg of recombinant CDENDO1 nuclease or

chimeric CDENDO protein.  Both micrococcal nuclease (MNase; Fermentas) and

DNase I (Invitrogen) were used as positive controls for this experiment.  Meanwhile,

SUMO-CAT protein was used as the negative control.  Reactions with MNase and

DNase I were performed at 37°C for 30 min while SUMO-CAT protein was

incubated for 6 hours in parallel with reactions containing different chimeric proteins.

All purified chimeric proteins were adjusted to 1 µg per reaction.

All incubations, except reactions with MNase and DNase I, were carried out at 37°C

for 6 hours. DNA was extracted from nuclei of all reactions with QiaAmp DNA

blood mini kit (Qiagen).  Extracted DNA samples were run on 2% agarose gel at

130V for 1 hour.  Bands were visualised after staining with ethidium bromide and

photographs were taken on a UV transilluminator.
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Figure 6-1: Schematic diagram of different constructs for protein expression.
Constructs were modified with different lengths of signal peptides at the N terminus of the mature protein, CDENDO.   Ten constructs were
produced in this part of study. Construct 1 to 7, different degree of truncation of N terminus of CDENDO were designed.  Construct C8, C9 and
C10, twelve amino acids (G D S Q D D S L V A A T) at C-terminal of the constructs were removed based on the P1 structure (PDB: 1ak0A).
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Table 6-2: Primers used for modifying different constructs for recombinant protein production

Construct Description

Position at
CDENDO
sequence Primer Name Sequence (5' to 3')

Ln
(bp) GC%

Size
(bp)

Avg.
Tm (oC)

Working
Tm (oC)

1 Signal peptide
removed pos.17-293

WSKEG_16F TGG AGC AAA GAG GGC C 16 62.5
834 54 55

Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

2 Plus 1 a.a. pos.16-293
A_WSKEG_17F (1a.a.) GCA TGG AGC AAA GAG GG 17 58.8

837 55 60
Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

3 Plus 2 a.a. pos.15-293
QA_WSKEG_19F (2a.a.) CAA GCA TGG AGC AAA GAG G 19 52.6

840 56 60
Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

4 Plus 3 a.a. pos.14-293
VQA_WSKEG_19F (3a.a.) GTC CAA GCA TGG AGC AAA G 19 52.6

843 56 55
Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

5 Plus 8 a.a. pos.9-293
VFERRVQA_20F (8a.a.) GTT TTT GAA CGT CGT GTC CA 20 45.0

858 55 55
Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

6 Plus 10 a.a. pos.7-293
CVVFERRVQA_21F (10a.a.) TGT GTT GTT TTT GAA CGT CGT 21 38.1

864 54 55
Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

7 Signal peptide
present pos.1-293

AFLLYVCVVFERRVQA_22F (16a.a.) GCT TTC CTC TTA TAT GTT TGT G 22 36.4
882 55 55

Cons_22R (SLVAAT_STOP) CTA AGT AGC AGC TAC TAA AGA A* 22 36.4

8
Removal of signal
peptide and 12 a.a.
from the C-terminal

pos.17-281
WSKEG_16F TGG AGC AAA GAG GGC C 16 62.5

798 55 55
Cons_23R(NRVF_STOP) CTA AAA CAC CCG ATT AAG AAT CA* 23 34.8

9
Plus 3 a.a. and the
removal of 12 a.a.
from the C-terminal

pos.14-281
VQA_WSKEG_19F (3a.a.) GTC CAA GCA TGG AGC AAA G 19 52.6

807 56 55
Cons_23R(NRVF_STOP) CTA AAA CAC CCG ATT AAG AAT CA* 23 34.8

10

Signal peptide with
the removal of 12
a.a. from the C-
terminal

pos.1-281
AFLLYVCVVFERRVQA_22F(16a.a.) GCT TTC CTC TTA TAT GTT TGT G 22 36.4

846 55 55
Cons_23R(NRVF_STOP) CTA AAA CAC CCG ATT AAG AAT CA* 23 34.8

* Primer sequence (CTA) encoded the stop codon (TAG) are coloured in red.
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6.3 Results

6.3.1 Expression of different modified constructs
in E. coli

As shown in Table 6-3, seven out of ten different constructs were successfully

expressed in E. coli.  On the contrary, constructs C4, C5 and C7 failed to be

expressed and could not be detected in western blot (using anti-His as the primary

antibody) in the whole lysate, the supernatant fraction or the pellet fraction.  These

three chimeric products, if expressed, would be modified in their N-terminal

sequence with the last 3, 8 and 16 amino acids of the signal peptide added (Figure

6-1).  In particular, the C7 protein carried the entire hydrophobic signal peptide at

the N-terminal of CDENDO and failed to be expressed. The N-terminal signal

sequence was absent in the C1 protein, but was retained in C7.  The C1 protein –

the CDENDO1 nuclease – was successfully expressed and characterised as

functional (see Chapters 3 to 5). Interestingly, construct C6, which carried the last

10 amino acids of the signal peptide, could also be expressed.  These results

showed that N-terminal signal peptide sequence could affect the expression of the

cloned nuclease gene.

When the last 12 amino acids (G D S Q D D S L V A A T) at the C-terminal of the

constructs were removed, C8, C9 and C10 were found to be successfully

expressed even if the signal peptide was retained.  When compared with construct

C4, construct C9 had the last 12 amino acids at the C-terminal removed.  C9 was

expressed, but not C4 (See Figure 6-1 and Table 6-3).  When compared with

construct C7, construct C10 had the last 12 amino acids at the C-terminal removed.

C10 was expressed, but not C7.  Therefore, removal of the the last 12 amino acids

at the C-terminal enhanced the in vitro expression of the construct.

Solubility assay was conducted by expressing the chimeric protein products at 22°C

and 30°C for 2 hours, and then examined using western blot (Figure 6-2). More

soluble proteins were found at 22°C when constructs C1, C2 and C6 were

expressed.  Less soluble protein was observed at 30°C using either contructs C1,
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C2 or C6.  In contrast, both contructs C8, C9 and C10 produced a comparable

protein yield at both 22°C and 30°C.  When compared with C1, contruct C8 had the

last 12 amino acids at the C-terminal removed.  A significant increase of soluble

protein was found for C8 at 30°C, rather than for C1 at 30°C.  This result showed

that the removal of the last 12 amino acids at C-terminal improved the solublilty of

protein expression.

6.3.2 Enzymatic assay using intact nuclei

All chimeric proteins, except C4, C5 and C7, were expressed and purified for

examination of their catalytic properties based on the use of intact nuclei as DNA

substrates.  Discrete ladder patterns were observed in all of the reactions which

had been treated with expressed chimeric proteins (Figure 6-2). These chimeric

proteins had different degrees of modifications in their primary sequence (Figure 6-

1). This result suggests that the modification of either the signal peptide sequence

at N-terminus or removal of the twelve amino acids from the C-terminus of the

mature protein did not affect the ability of the expressed nucleases to recognise and

cleave the linker region between nucleosome cores.  The catalytic properties were

retained.
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Table 6-3: Results of protein expression of different chimeric protein in E. coli

Constructs Description
Position of amino acid
sequence of China Doll Protein Expression*

C1 Entire signal peptide removed pos.17-293 Y

C2 1 a.a. of signal peptide added (A) pos.16-293 Y

C3 2 a.a. of signal peptide added (Q A) pos.15-293 Y

C4 3 a.a. of signal peptide added (V Q A) pos.14-293 N

C5 8 a.a. of signal peptide added (V F E R R V Q A) pos.9-293 N

C6 10 a.a. of signal peptide added (C V V F E R R V Q A) pos.7-293 Y

C7 Entire signal peptide added (A F L L Y V C V V F E R R V Q A) pos.1-293 N

C8 Entire signal peptide removed and 12 a.a. removed from the C-terminal pos.17-281 Y

C9 3 a.a. of signal peptide added, but 12 a.a. removed from the C-terminal pos.14-281 Y

C10 Entire signal peptide added, but 12 a.a. removed from the C-terminal pos.1-281 Y

* Y = Yes; N = No.
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Figure 6-2: Solubility assay of chimeric proteins.
The diagram shows the western blot results for experiments performed to express the
chimeric proteins. The chimeric proteins (i.e. C1, C2, C6, C8, C9 and C10) were expressed
at 22°C and 30°C for 2 hours.  The expected protein size of the chimeric proteins is ~45kDa
which are marked with red arrows on the right.  A prestained protein marker, Precision Plus
Protein™ Dual Colour Standards (Bio-Rad) ranging from 10 to 250 kDa, is used to indicate
the protein size.  Constructs C1, C2 and C6 (different degrees of modification at N-terminal)
are shown in three lanes for different portions of each culture grown under each set of
conditions: whole lysate (L), soluble fraction (S) and aggregated form in pellet fraction (P).
The soluble fractions of constructs C8, C9 and C10 (removal of 12 amino acids at C-
terminal) are shown at 22°C and 30°C.
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Figure 6-3: Comparison of different chimeric proteins for their action on intact
nuclei by agarose gel electrophoresis.
Inatct nuclei were treated with different chimeric proteins.  DNA was then extracted
and separated in 2% agarose gel.  Water replaced the protein in the blank control
for this assay and is indicated by (–ve).  SUMO-CAT protein was added to the
reaction as the negative control.  Micrococcal nuclease (MN) and DNase I were the
positive controls for illustrating the DNA ladder pattern.  Expressed proteins from
seven constructs were tested.  Ladder patterns of these proteins are comparable
with those seen in the control nucleases, DNase I and MN. (Please refer to the
softcopy of the figure for a better resolution of the gel image.)
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6.4 Discussion
In order to study the role of the signal peptide of CDENDO1, ten constructs with

different degrees of modification at the N-terminal sequence and removal of the last

twelve amino acids at the C-terminal of CDENDO1 were expressed and examined

for their catalytic function on intact nuclei. According to the results of sequence

analysis (See Section 2.3.2.1), newly expressed CDENDO1 protein contained the

S1/P1 domain (at residues 17-281) and identified as a homologous member of S1

and P1 nuclease.  The catalytic domain of P1 nuclease itself is resided at residues

1-264.  The removal of the last twelve amino acids from the C-terminal of

CDENDO1 protein was based on the results from the alignment of CDENDO1

primary sequence with those of other endonuclease genes including P1 nuclease

and S1 nuclease (Figure 6-4).  The sequence that resided outside the S1/P1

domain at the C-terminal was removed.  They are located at residues 265-270 (G S

E I A K) in P1 nuclease and residues 282-293 (G D S Q D D S L V A A T) in

CDENDO1 nuclease.

According to the results of expressing different chimeric proteins in E. coli, the last

twelve amino acids (G D S Q D D S L V A A T) located at C-terminal of the

constructs were shown to be critical in affecting the expression of the CDENDO

protein (Table 6-3). When these twelve amino acids were absent in the constructs,

constructs were always successfully expressed (i.e. C8, C9 and C10) regardless of

the length of the signal peptide that was attached at the N-terminal of the constructs.

In fact, removal of these last 12 amino acids enhanced the expression of the

constructs: C4 vs C9 (with the last 3 amino acids of the signal peptide added) and

C7 vs C10 (with the entire signal peptide added) (Table 6-3). Moreover, the

removal of these twelve C-terminal amino acids from the constructs increased the

solubility of the expressed protein (e.g. C1 vs C8) (Figure 6-2). Higher

temperatures usually facilitate the formation of inclusion bodies composed of dense

aggregates of the expressed protein, which is hence rendered functionally inactive.

Less soluble protein was found for construct C1, which formed more inclusion

bodies at 30°C (Figure 6-2).  In contrast, much more soluble protein was found for

C8, which did not carry the last twelve amino acids at C-terminal (Figure 6-2).  The

results clearly showed that the sequence residing outside the S1/P1 domain

affected the solubility of the expressed protein. The modification of C-terminal
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sequence most likely altered the structural conformation of the expressed protein,

thus influencing their solubility during protein expression.

On the other hand, varying the length of the N-terminal signal peptide would not

directly affect the chimeric protein expression (Table 6-3).  The modification of the

N-terminal signal sequence did not show any enhancement in the solubility of the

CDENDO protein (Figure 6-2).  However, such modifications could alter the protein

expression and some constructs even failed to be expressed (Table 6-3).

On the other hand, functional assays of chimeric proteins were conducted and the

results are shown in Figure 6-3. The nuclease activity of the expressed CDENDO

nucleases was not affected by the modifications at N-terminal and C-terminal

sequences.  Although there are some structural changes of proteins, nucleases

were able to recognise and cleave the linker region between nucleosome cores of

chromatin, leading to the generation of a discrete DNA ladder.  These results

concur with the prediction that the active site for DNase (amino acids 145-149)

remains intact in all the proteins encoded by the expressed constructs (Figures 2-7

and 6-1).  These findings provide evidence that neither the N-terminal signal

peptide nor the C-terminal 12-amino-acid sequence plays a role in the modulation

of the catalytic activity of CDENDO nuclease.  The structure of protein may be

changed, but these changes do not affect the catalytic behaviour on chromatin

structure. This is in agreement with previous reports that the signal sequence of S1

or CEL I nuclease was not involved in catalytic activities [37, 51].
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Figure 6-4: Alignment of C-terminal amino acid sequences of CDENDO1 and
other endonucleases.
The amino acid sequences of CDENDO1, P1 nuclease and other nucleases are
aligned.  The sequences boxed in red represent the region that is outside the S1/P1
domain.  The sequence G D S Q D D S L V A A T is located at the C-terminal of
CDENDO1 (residues 282-293), and was removed in constructs C8, C9 and C10.
The region of this sequence corresponds to the sequence G S E I A K located at
residues 265-270 in P1 nuclease. This is the basis of removing 12 C-terminal
amino acids for constructs C8, C9 and C10.
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6.5 Conclusion
Chimeric CDENDO proteins were expressed and the catalytic ability to cleave

chromatin structure was characterised.  All of the expressed proteins were found to

be able to recognise the linker region between nucleosome cores of the well-

structured chromatin.  Modification of N-terminal signal peptide and C-terminal

sequences did not affect the essential nuclease activity of CDENDO protein.

Removal of the twelve amino acids (G D S Q D D S L V A A T) from the C-terminal

of the mature protein enhanced the in vitro expression of the recombinant protein.
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Chapter 7: Comparison of nuclease
activity of available single-
strand-specific nucleases

7.1 Introduction

Single-strand-specific nucleases are potentially very useful in mutation detection.

Protruding areas generated by mismathces involving single or multiple nucleotides

in DNA duplexes can be cleaved. However, there are very few studies of the ability

of nucleases to cleave DNA and mismatch nicking. Mung bean nuclease has been

reported to be capable of recognising DNA substrates with four-base loop, but not a

single-base mismatch [37, 50].  In addition, P1 nuclease has been reported to be

able to recognise mismatches involving at least 3 bases [49]. Such information is

important and useful for understanding the cleavage mechanism of nucleases,

particularly in reference to mutation detection. The mismatch nicking ability of

these nucleases is worthy of study.

On the other hand, single-strand-specific nucleases have been reported to

participate in a broad range of biological roles, including the developmental

processes in plants and germination [71], xylogenesis [10], senescence [28, 75]

and some hypersensitive responses [29]. Some of these single-strand-specific

nucleases are closely related to apoptosis, not only in plants, but also in animals.

DNase I and Endonuclease G (Endo G) have been associated with apoptosis and

are able to generate the internucleosomal DNA cleavage during cell death [277].

However, some of them like mung bean nuclease have been reported to be

associated with DNA synthesis and repair rather than programmed cell death [332,

333].  So far, the biological role of commercially available single-strand-specific

nucleases such as CEL I nuclease, Endonuclease V, S1 nuclease, which were

used in this study, remains undefined.  Therefore, further characterisation and

investigation of the biological roles of single-strand-specific nucleases are worthy of

study.

In this study, the following commercially available single-strand-specific nucleases

were selected for study: DNase I, micrococcal nuclease (MNase), S1 nuclease,
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mung bean nuclease and endonuclease V (Endo V).  They were compared with the

recombinant CDENDO1 nuclease with respect to the specificity for recognising

mismatches involving single or multiple nucleotides in DNA duplexes.

Different detection methods such as capillary electrophoresis, denaturing and non-

denaturing polyacrylamide gel electrophoresis were used to illustrate the catalytic

ability of different single-strand-specific nucleases.  Moreover, investigation of the

hydrolysis ability to cleave chromatin DNA was also conducted.
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7.2 Materials and Methods

7.2.1 Comparing the action of different single-
strand-specific nucleases on DNA duplex
with single-nucleotide mismatch

7.2.1.1 Preparation of substrates
DNA control templates (control FT-G and control FT-C) and universal primers (FKS

primer and TPB primer) were provided in the SURVEYOR Mutation Detection Kit

(Transgenomic) (Figure 7-1).  Control FT-G carried a G base and Control FT-C a C

base at nucleotide 437 in the DNA templates.  They were amplified and used as the

control substrates for substrate specificity analysis.  The FKS primer was labelled

with fluorescein and the TPB primer with TAMRA at the 5’ end.  Products amplified

with these universal primers were analysed using capillary electrophoresis in ABI

3130x Genetic Analyzer (Applied Biosystems) in accordance to the manufacturer’s

instructions.

PCR amplification was carried out in a 20-µl reaction mixture containing 50 ng of

control FT-G or control FT-C template, 1x PCR Gold buffer, 0.2 mM of each dNTP,

1.5 mM MgCl2, 0.225 µM of forward and reverse primers (i.e., FKS and TPB

primers, Figure 7-1), 0.5 unit of AmpliTaq Gold DNA Polymerase (Applied

Biosystems).  Thermocycling was performed in a 96-Well GeneAmp PCR System

9700 (Applied Biosystems), with an initial denaturation step of 95°C for 5 min

followed by 40 cycles of 94°C for 30 s, 68°C for 30 s and 72°C for 30 s.  The final

extension step was performed for 5 min at 68°C.

7.2.1.2 Denaturation for preparing heteroduplex
substrates

PCR products of FT-G and FT-C were mixed in equal molar amounts.  The mixture

was then heated at 95°C for 5 minutes and allowed to cool gradually from 95°C to

15°C to produce the heteroduplex DNA substrates.
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7.2.1.3 Enzymatic Assay
Five different commercially available single-strand-specific nucleases were chosen

and compared with recombinant CDENDO1 nuclease for the specificity of cleavage

at single-nucleotide mismatch in the DNA sequence. These commercial nucleases

included micrococcal nuclease (MNase), endonuclease V (Endo V), S1 nuclease,

mung bean nuclease (MB) and CEL I nuclease (CEL I).

DNA substrate with single-nucleotide mismatch was incubated with 20 mM HEPES

buffer (pH 7.5), 5 mM MgCl2 and 1 µg of recombinant CDENDO1 nuclease at 37°C

for 30 min. Other nuclease reactions were carried out at the optimal conditions for

the respective nucleases according to the instructions given by manufacturers (see

Section 7.2.3.3).  Reaction samples were analysed by both capillary electrophoresis

and agarose gel electrophoresis.

7.2.1.4 Capillary electrophoresis
A 10-µl volume of mixture containing 1 µl of reaction sample, 0.25 µl of size

standard (GeneScan 500 ROX Size Standard, Applied Biosystems) and 8.75 µl of

Hi-Di formamide (Applied Biosystems) was first denatured at 95°C for 5 min.

Capillary electrophoresis was performed and samples were separated in ABI 3130x

Genetic Analyzer (Applied Biosystems).
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7.2.2 Comparing the action of different single-
strand-specific nucleases on DNA duplex
with 4-base mismatch

7.2.2.1 Synthesis of radioactive labelled-DNA substrate
A 90-bp DNA substrate containing a 4-nucleotide mismatch at the middle position

was prepared by mixing equal molar amounts of two synthetic oligonucleotides

(10nt_F and 4nt_R', Figure 7-2).  Phosphorylation was carried out to incorprate

radioactive 32P at the 5’-end of this synthetic double-stranded DNA substrate.  A 10-

µl reaction mixture containing 650 ng of oligomeric DNA, 1x Reaction Buffer A (see

Appendix III), 40µCi of [γ-32P]ATP (3000Ci/mmol) (Perkin Elmer), and 10 units of T4

polynucleotide kinase (Fermentas) was incubated at 37°C for 30 min and stopped

at 75°C for 10 min.

7.2.2.2 Denaturation for preparing heteroduplex
substrates

32P-labelled DNA substrate was heated at 95°C for 5 min and allowed to cool

gradually from 95°C to room temperature to produce the heteroduplex DNA

substrate.

7.2.2.3 Enzymatic Assay
CEL I nuclease, mung bean nuclease (MB) and endonuclease V (Endo V) were

used and compared with recombinant CDENDO1 nuclease for the specificity of

cleavage at four-base mismatch in 32P-labelled DNA.

32P-labelled DNA substrate with mismatches involving four consecutive bases was

incubated with 20 mM HEPES buffer (pH 7.5), 5 mM MgCl2 and 1 µg of

recombinant CDENDO1 nuclease at 37°C for 30 min. Other nuclease reactions

were carried out at the optimal conditions for the respective nucleases according to

the instructions given by manufacturers (see Section 7.2.3.3). After enzymatic

reactions, the reaction mixtures were each mixed with 5 µl of loading dye and

analysed separately on denaturing and non-denaturing polyacrylamide gels.
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7.2.2.4 Denaturing urea polyacrylamide gel
electrophoresis

Mini-PROTEAN® Tetra Cell (Bio-Rad Laboratories, Inc.) was used for separating

the DNA fragments under denaturing and non-denaturing conditions. The gel was

8.3 cm wide and 7.3 cm long.

A 10-ml volume of 20% polyacrylamide gel solution was prepared by mixing 4.8 g of

urea, 5 ml of 40% acrylamide/bis-acrylamide (29:1) solution, 1 ml of 10x TBE buffer,

0.06 ml of TEMED and 0.6 ml of 25% ammonium persulphate. The final

concentration of urea was 8.0 M. The gel was pre-run at 55°C for 30 min. Five

microlitres of loading dye were added to the samples, and the mixtures denatured

at 95°C for 5 min. The buffer temperature was kept strictly at 55°C during

electrophoresis. After 60 min of electrophoresis at 130V, the polyacrylamide gel

was dried at 70°C in an oven for one hour and then exposed to Hyperfilm (GE

Healthcare) for autoradiography.

7.2.2.5 Non-denaturing polyacrylamide gel
electrophoresis

The procedure for preparing 20% polyacrylamide gel was the same as that for the

denaturing gel except that urea was not added.  Samples were run at 130V for 60

min at room temperature. The polyacrylamide gel was dried at 70°C in an oven for

one hour and then exposed to Hyperfilm (GE Healthcare) for autoradiography.
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TCGAGGTCGACGGTATCGATACACCTGATCAAGCCTGTTCATTTGATTACCAGAGAGACTGTCATGATCCACATGGAGGGAAGGACATGTGTGTTGCTGGAGCCATTCAAAATTTC
ACATCTCAGCTTGGCCATTTCCCGCCATGGAACATCTGATCGTCGATATAATATGACAGAGGCTTTGTTATTTTTATCCCACTTCATGGGAAGATATTCATCAGCCTATGCATGTT
GGATTTACAAGTGATATGGGAGGAAACAGTATAGATTTGCGCTGGTTTCGCCACAAATCCAACCTGCACCATGTTTGGGATAGAGAGATTATTCTTACAGCTGCAGCAGATTACCA
TGGTAAGGATATGACTCTCTCCTACAAGACATACAGAGGAACTTTACAGAGGGTAGTTGGTTGCAAGATGTTGAATCCTGGAAGGAATGTGATGATATCTCTACTAGCGCCAATAA
GTATGCTAAGGAGAGTATAAAACTAGCCTGTAACTGGGGTTACAAAGATGTTGAATCTGGCGAAACTCTGTCAGATAAATACTTCAACACAAGAATGCCAATTGTCATGAAACGGA
TAGCTCAGGGTGGAATCCGTTTATCCATGATTTTGAACCGAGTTCTTGGAAGCTCCGCAGATCATTCTTTGGCGCTACCAGCGTCTACTCGTCA

Figure 7-1: The sequence of the PCR product for Control FT-G.
The FKS Primer sequence (5’-TCGAGGTCGACGGTATCGAT-3’) annealing to the 5’ end of the sequence is shown in boldface in blue while
the complement of the TPB Primer sequence (5’-TGACGAGTAGACGCTGGTAG-3’) annealing to the 3’ end of the sequence is shown in
boldface in green.  The size of amplicon is 674 bp.  Single nucleotide mismatch is located at nucleotide 437 on this sequence and shown in
red and boldface.  The expected sizes of the fragments generated by nuclease cleavage are 237 bp and 436 bp.
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5’-32P-TTGTCGACCTGGCATGTATGACGTGACTGAAACCGCGAGCCCGATGAATTCCAGATACTGACCTGCTGTGCCAACCTGGTAACAAAGCCT-3’
3’-AACAGCTGGACCGTACATACTGCACTGACTTTGGCGCTCTTTTTACTTAAGGTCTATGACTGGACGACACGGTTGGACCATTGTTTCGGA-32P-5’

Figure 7-2: The sequence of the synthetic DNA product.
The synthetic DNA substrates are labelled at the 5’ end by radioactive 32P.  It is 90 bp long and carries a 4-nucleotide mismatch (CCCG/TTTT)
at the middle position of the sequence (shown in boldface in red).  The upper strand is designated as 10nt_F and the lower strand as 4nt_R’.
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7.2.3 Comparing the action of different single-
strand-specific nucleases on intact nuclei

7.2.3.1 Preparation of intact nuclei

Nuclei were isolated from leukocytes by following published protocols with some

modifications [314, 315]. The buffy coat was collected within 24 hours of donation

from processed blood donors’ units provided by Hong Kong Red Cross blood

Transfusion Service. The detailed experimental procedure was given in Chapter 5

(see Section 5.2.1).

7.2.3.2 Enzymatic Assay
Six different commercially available single-strand-specific nucleases were chosen

and compared with recombinant CDENDO1 nuclease for the hydrolysis ability to

cleave chromatin enclosed within intact nuclei. These commercial nucleases

included micrococcal nuclease (MNase), DNase I, CEL I nuclease, S1 nuclease,

mung bean nuclease and endonuclease V.

Intact nuclei were incubated with nucleases in a reaction buffer containing 20 mM

HEPES buffer (pH 7.5) and 10 of CaCl2.  Both micrococcal nuclease (MNase) and

DNase I are nucleases widely used in chromatin studies and are able to generate a

DNA ladder pattern.  Therefore, these two nucleases were used as positive controls

for this experiment.  Meanwhile, SUMO-CAT protein was used as the negative

control. Another negative control was also prepared by mixing sterilised water

(instead of nuclease) with intact nuclei and reaction buffer, and incubated in parallel

with all other reactions.

All reactions were carried out under the optimal conditions for the respective

nucleases according to the instructions given by manufacturers (see Section

7.2.3.3).  Recombinant CDENDO1 nuclease was optimally incubated at 37°C for 6

hours (see Chapter 5).  DNA was extracted from the nuclei of these reactions with

QiaAmp DNA blood mini kit (Qiagen).  Extracted DNA samples were run on 2%

agarose gel at 130V for 1 hour.  Bands were visualised after the gel had been

stained with ethidium bromide and photographs were taken on a UV

transilluminator.
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7.2.3.3 Reaction conditions of commercially available
nucleases

CEL I nuclease (SURVEYOR Nuclease L)

DNA substrates or intact nuclei were mixed with 20 mM HEPES buffer (pH 7.5) and

5 mM MgCl2.  Digestion was initiated by adding 1 µl of SURVEYOR Nuclease L

(Transgenomic) and incubated at 42°C for 30 min.

DNase I

DNA substrates or intact nuclei were mixed with 20 mM HEPES buffer (pH 7.5) and

10 mM CaCl2.  Digestion was initiated by adding 1 unit of DNase (Roche Applied

Science) and incubated at 37°C for 30 min.

Micrococcal Nuclease (MNase)

DNA substrates or intact nuclei were mixed with 20 mM HEPES buffer (pH 7.5) and

10 mM CaCl2.  Digestion was initiated by adding 1 unit of MNase (Fermentas) and

incubated at 37°C for 30 min.

S1 nuclease

DNA substrates or intact nuclei were mixed with 1x SI reaction buffer containing 40

mM sodium acetate (pH 4.5), 300 mM NaCl and 2 mM ZnS04. Digestion was

initiated by adding 1 unit of SI nuclease (Fermentas) and incubated at 37°C for 30

min.

Mung bean nuclease (MB nuclease)

DNA substrates or intact nuclei were mixed with 1x Mung bean buffer containing 50

mM sodium acetate, 30 mM NaCl and 1 mM ZnS04 (pH 5.0). Digestion was

initiated by adding 1 unit of MB nuclease (New England Biolabs) and incubated at

30°C for 30 min.

Endonuclease V (Endo V)

DNA substrates or intact nuclei were mixed with 1x Endo V reaction buffer

containing 25 mM HEPES-NaOH (pH 7.4), 5 mM MgCl, 5 mM DTT and 2% (v/v)

glycerol.  Digestion was initiated by adding 1 unit of Endo V (Fermentas) and

incubated at 65°C for 30 min.
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7.3 Results

7.3.1 Comparing the action of different single-
strand-specific nucleases on DNA
substrates with single-nucleotide mismatch

Heteroduplex DNA containing single-nucleotide mismatches (G/G and C/C) was

prepared by mixing equal amounts of PCR products amplified from the control

templates FT-G and FT-C, and used as substrate for comparing the specificity of

different nucleases.  PCR products were labelled at the 5’ end with fluorescein on

one strand and TAMRA on the other complementary strand.  Products were

incubated with different nucleases (five commercially available nucleases and

CDENDO1 nuclease).  After treatment, the reaction mixtures were analysed by

agarose gel electrophoresis. As shown in Figure 7-3, a cleaved fragment at 436 bp

was observed only in the reaction with CEL I nuclease.  Only CEL I nuclease was

capable of distinguishing single nucleotide mismatches (G/G or C/C) on DNA

substrate while other nucleases (including CDENDO1 nuclease) were unable to

recognise these single-nucleotide mismatches.  In addition, micrococcal nuclease

(MNase) did not show any mismatch recognition properties since both heteroduplex

and homoduplex DNA substrates were digested in a similar way.  Cleaved

fragments accumulated at about 200 bp.  Moreover, PCR artefacts, which were

found in every PCR product substrate, were digested by S1 nuclease, CEL I

nuclease and CDENDO1 nuclease.  These observations suggested that S1

nuclease, CEL I nuclease and CDENDO1 nuclease were able to remove non-

specific DNA; however, single-nucleotide mismatch was only recognised by CEL I

nuclease but not S1 nuclease and CDENDO1 nuclease.

Reaction products were also analysed using a more sensitive detection platform, i.e.

capillary electrophoresis.  Results obtained from capillary electrophoresis and

agarose gel electrophoresis were comparable.  Compared with other nucleases,

only CEL I nuclease was able to detect the single nucleotide mismatch on the DNA

template, producing peaks at 436 nt and 239 nt (Figure 7-4). A dominant peak at

200 nt was observed in the reaction with MNase.  Moreover, both S1 nuclease and

CDENDO1 nuclease were able to cleave fragments at various places on DNA

substrate.  Interestingly, similar sized peaks were generated and found at 376 nt.
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These results were reproduced with very good agreement on several preparations

of recombinant CDENDO1 nuclease.

7.3.2 Comparing the action of different single-
strand-specific nucleases on DNA
substrates with 4-base mismatch

Cleavage specificity of nucleases was examined with a 32P-labelled DNA substrate

that contained 4 consecutive mismatches (Figure 7-2).  Reaction products were

analysed using non-denaturing and denaturing polyacrylamide gel electrophoresis

and results are shown in Figures 7-5A and 7-5B, respectively.

32P-labelled DNA substrates were incubated with CDENDO1 nuclease, CEL I

nuclease, mung bean nuclease and endonuclease V separately to examine their

efficiency and specificity of recognising 4 consecutive mismatches on DNA.

Comparable bands, which were absent in the negative control, were found in

recombinant CDENDO1 nuclease and other tested nucleases in the non-denaturing

polyacrylamide gel.  Cleavage patterns were similar in CDENDO1, CEL I and mung

bean nuclease (Figure 7-5A). On the other hand, single-stranded DNA products

were separated in denaturing urea gel.  Similar cleavage patterns were observed

for CDENDO1 nuclease and other tested nucleases, and these patterns were

absent in the negative control. Observed in both denaturing and non-denaturing

polyacrylamide gels, these results showed that CDENDO1 nuclease appeared to

be able to recognise four-base mismatches on DNA substrate, and this function

was similar to other nucleases such as CEL I or mung bean nuclease.  It should be

noted that this particular mismatch involved 4 consecutive bases (CCCG/TTTT),

and was not the same the mismatch arising from the indel involving 4 consecutive

bases (----/TGTG).

To determine the effect of CDENDO1 on 32P-labelled DNA substrates containing

four consecutive mismatches, an increasing amount of recombinant CDENDO1

nuclease was added to the reactions.  As shown in Figure 7-5C, a blurred band was

observed which was comparable with the positive control, mung bean nuclease.
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Figure 7-3: Comparing the action of different single-strand-specific nucleases on DNA substrates with single nucleotide mismatch by
agarose gel electrophoresis.
DNA substrates with single nucleotide mismatches (G/G and C/C) were incubated separately with each of the nucleases under study:
micrococcal nuclease (MNase), endonuclease V (Endo V), S1 nuclease (S1), mung bean nuclease (MB), CEL I nuclease (CEL I) and
recombinant CDENDO1 nuclease (C1). Heteroduplex templates (G/G and C/C) and homoduplex template (G/C) are indicated by Ht and H,
respectively. Reactions with added nuclease are indicated by “+”, and reactions without nuclease by “-“. The expected size of the PCR
product is 675 bp.  Only CEL I nuclease is able to detect the single-nucleotide mismatches and produced a weak band at 436 bp.  PCR
artefacts were observed in all PCR samples.  S1 nuclease, CEL I nuclease and CDENDO1 nuclease were able to digest PCR artefacts. The
DNA size ladder is the 1 Kb Plus DNA Ladder (Invitrogen). (Please refer to the softcopy of the figure for a better resolution of the gel images.)
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Figure 7-4: Comparing the action of different single-strand-specific nucleases
on DNA substrates with single-nucleotide mismatches by capillary
electrophoresis.
(Legend to Figure 7-4)
DNA substrates with single nucleotide mismatches (G/G and C/C) were labelled at
the 5’ end with fluorescein (blue peak) on one strand and with TAMRA (black peak)
on the other complementary strand.  The reaction mixture was incubated with
nucleases individually, i.e. CDENDO1 nuclease, CEL I nuclease (CEL I), S1
nuclease (S1), endonuclease V (Endo V), mung bean nuclease (Mung bean),
micrococcal nuclease (MNase) and DNase I nuclease.  The expected size of PCR
product is 674 bp.  Only CEL I nuclease is able to detect the single nucleotide
mismatch and produces peaks at 436 nt and 239 nt (indicated by red arrows).
Similar non-specific digestions of DNA, which are indicated by a blue arrow, were
found for S1 nuclease and CDENDO1 nuclease.
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(A) (B)

(C)
Figure 7-5: Comparing the action of different single-strand-specific nucleases and recombinant CDENDO1 nuclease (C1) on
radiolabelled DNA substrates.
Recombinant CDENDO1 nuclease (C1), CEL I nuclease (CEL I), mung bean nuclease (MB) and Endonuclease V (EV) were separately added to a reaction
mixture containing 32P-labelled DNA with 4 consecutive mismatches, and incubated for 30 minutes.  Reactions were detected by both (A) non-denaturing
polyacrylamide gel electrophoresis and (B) denaturing urea gel electrophoresis. (C) Increasing amount of recombinant CDENDO1 nuclease was used for
digesting DNA substrates with 4 consecutive bases and detected on non-denaturing gel.  Mung bean nuclease (MB) is act as the positive control for this
experiment. Weak bands are marked with asterisks for the sake of easy recognition. (Please refer to the softcopy of the figure for a better resolution of
the gel images.)
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7.3.3 Comparing the action of different single-
strand-specific nucleases on intact nuclei

The activity on intact nuclei was compared between recombinant CDENDO1

nuclease and other related single-strand-specific nucleases including S1 nuclease,

endonuclease V, mung bean nuclease and CEL I nuclease. Micrococcal nuclease

and DNase I, well-known nuclease 1 type of enzyme used in chromatin studies,

were the positive controls for this experiment.

During the first 30 min of incubation, internucleosomal DNA cleavage was not

observed for any of these four tested nucleases.  A ladder pattern was only found

for recombinant CDENDO1 and the positive controls (MNase and DNase I) (Figure

7-6A). The DNA ladder produced by CDENDO1 was not very distinctive and the

bands were weaks.

After prolonged incubation for up to 6 hours, discrete DNA ladder pattern was

observed for both the recombinant CDENDO1 nuclease and endonuclease V,  but

not in S1, CEL I or mung bean nuclease (Figure 7-6B). The results of CDENDO1

nuclease was reproducible (Chapter 5). These results clearly showed that both

CDENDO1 nuclease and endonuclease V were able to recognise the linker region

between nucleosome cores of chromatin.
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(A) (B)

Figure 7-6: Comparing the action of recombinant CDENDO1 nuclease with different single-strand-specific nucleases on intact nuclei
by agarose gel electrophoresis.
Micrococcal nuclease (MN) and DNase I are the positive controls for illustrating DNA ladder patterns.  SUMO-CAT protein was added to
reaction as a negative control while “-ve” refers the negative control without nuclease or Sumo-CAT protein.  Lane M, Molecular marker, 1 Kb
Plus DNA Ladder (Invitrogen).  Recombinant CDENDO1 nuclease (C1) was incubated for 6 hours and loaded onto both gels (A) and (B) for
comparison.  CEL I nuclease (CEL I), endonuclease V (EV), S1 nuclease (S1) and mung bean nuclease (MB) was compared and incubated at
their optimal temperature for either (A) 30 minutes or (B) 6 hours. (Please refer to the softcopy of the figure for a better resolution of the gel
images.)
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7.4 Discussion

7.4.1 Comparing the efficiency of different single-
strand-specific nucleases for cleaving
mismatches

Except CEL I nuclease, recombinant CDENDO1 nuclease and other nucleases

tested in this study (including endonuclease V, micrococcal nuclease, DNase I

nuclease, S1 nuclease and mung bean nuclease) were not capable of detecting

single-nucleotide mismatches on DNA.  These results were in agreement with

previous findings [24, 36].  Cleavage products were analysed by both agarose gel

electrophoresis and capillary electrophoresis. Although S1 nuclease and

CDENDO1 nuclease were unable to detect single-nucleotide mismatch, they were

found to cleave fragments at multiple sites on the DNA substrate and produce

similarly sized peak particularly at ~376 nt (Figure 7-4).  These non-mismatch-

specific peaks were reproducibly observed in capillary electrophoresis.  These

results reveal that S1 nuclease and CDENDO1 nuclease may hydrolyse DNA in a

certain manner via a mechanism that has not yet been defined.

In addition, it is important to note that PCR artefacts which were observed in every

DNA product in agarose gel, were digested by both S1 nuclease, CEL I nuclease

and CDENDO1 nuclease (Figure 7-3). The artefact bands were most likely non-

specific product of a longer length. The digestion of PCR artefacts found in S1,

CDENDO1 and CEL I nuclease suggested that both of them are capable of

digesting these non-specific DNA duplexes, but only CEL I is able to nick at single

nucleotide mismatches precisely [37].  S1 nuclease and CDENDO1 nuclease failed

to recognise and cleave the single-nucleotide mismatch that was recognised and

cleaved by CEL I nuclease.  Therefore, DNA substrates with an increased number

of mismatches (4 mismatches) were synthesised and tested.  Moreover, radioactive

labelled DNA substrates were used in order to enhance the sensitivity of the

detection.

Nevertheless, results obtained from both denaturing and non-denaturing gel

electrophoresis could not show the differences of cleavage ability between different



280

nucleases under study, nor the negative control (Figure 7-5). Cleaved fragments

could only be vaguely seen, and bands could not be discretely separated in the gel.

Prolonging the time of electrophoresis or increasing the concentration of

polyacrylamide gels could improve the separation. The mini-gel tank used in the

present study was not good enough to separate DNA fragments for the required

purpose. However, this “old-fashioned” apparatus (i.e. sequencing gel

electrophoresis in a long gel format) is not available in our laboratory.  Owing to this

constraint, the precise region of the DNA that was cleaved by the nuclease could

not be determined.  This limitation can be resolved by using manual sequencing gel

electrophoresis system with a long gel format, which is capable of resolving DNA

fragments down to one base difference.  Moreover, the buffer reservoir is small in

this setup.  Small volumes of running buffer can minimise the generation of

radioactive wastes after every run of experiments.

Although results examined in both denaturing and non-denaturing gels were

unclear, data generated from these experiments could be regarded as preliminary

and used for comparison because such vague bands were consistently seen.  The

cleaved fragments were reproducibly observed and were comparable to those

obtained with other known nucleases, e.g., CEL I nuclease and mung bean

nuclease (Figure 7-5).  CDENDO1 nuclease seemed to be able to recognise four-

base mismatches on the DNA substrate.

7.4.2 Comparing the action of different single-
strand-specific nucleases on intact nuclei

Our recombinant CDENDO1 nuclease was found to digest the linker region

between the nucleosome cores of chromatin (Figure 7-6).  Comparing CDENDO1

nuclease with commercially available single-strand-specific nucleases, we found

that the catalytic action of CDENDO1 nuclease on chromatin structure were

different from those of CEL I nuclease and S1 nuclease although they belonged to

the same superfamily of S1/P1 nuclease.

Moreover, only endonuclease V was found to have the same properties as

CDENDO1 or micrococcal nuclease to form a DNA ladder pattern (Figure 7-6B).
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The other three nucleases such as CEL I nuclease, mung bean nuclease and S1

nuclease were unable to cleave internucleosomal DNA and generate such ladder

patterns after incubation for 6 hours (Figure 7-6B) or even for up to 16 hours (data

not shown). This observation can be explained in two possible ways: (1) nucleases

cannot enter the nucleus by either passive diffusion or other mechanisms; or (2)

nucleases are incapable of recognising/cleaving the linker DNA region between

nucleosomes in chromatin.

The molecular mass of these three nucleases (i.e. CEL I nuclease, mung bean

nuclease and S1 nuclease) range from 29 to 39 kDa (Table 7-1).  According to the

previous review articles [319-321], most if not all macromolecules smaller than 20

to 40 kDa can passively diffuse through the nuclear pores and enter the nucleus.

Moreover, the molecular mass ranged from the smallest as MNase (16.9 kDa) to

largest as CDENDO1 (45 kDa) and these two nucleases could enter the nucleus

and cleave the linker DNA region of nucleosomes (Figure 7-6B).  Although the

mechanism of translocating the proteins into the nucleus are still unclear based on

the results of this study, the three nucleases CEL I nuclease, mung bean nuclease

and S1 nuclease are small (29–39 kDa) and are expected to enter the nucleus

through passive diffusion, and act upon internucleosomal digestion in chromatin.

However, the results showed that these enzymes did not cleave the

internucleosomal DNA. Despite these results, the hypothesis that the nucleases

cannot enter the nucleus is still compatible with the observations and cannot be

rejected.

Another possible explanation is that these three nucleases are unable to

recognising/cleaving the linker DNA region between nucleosomes. CEL I nuclease

is a nuclease known to cleave mismatches on double-stranded DNA products.  It

can recognise with unprecedented accuracy over 12 different mismatches (C/C,

C/A, C/T, G/G, A/C, A/A, T/C, T/G, G/T, G/A, A/G and T/T) that may each have a

different structure [24]. One of the reasons for CEL I nuclease being popular in

mutation detection is that can precisely nick one strand of DNA duplex containing

mismatches involving one or more nucleotides but not on the homoduplex DNA [24,

34, 37]. Chromatin is composed of repeating units of nucleosome.  Each

nucleosome core consists of a histone core and is wrapped with DNA [285] (Figure

5-1). Basically, this DNA duplex consists of two complementary DNA strands in
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vivo. Therefore, under normal conditions, the two strands of a DNA helix are

perfectly complementary to each other inside the nucleus.  Therefore, the

observation that CEL I nuclease did not act upon internucleosomal digestion in

chromatin is reasonable.

Previous studies have reported that nucleases (including mung bean nuclease and

S1 nuclease) are capable of introducing nicks at preferential sites of dinucleotide,

trinucleotide, or hexanucleotide sequences [36, 37, 47, 49]. Both mung bean

nuclease and S1 nuclease can recognise DNA sequences containing 4-base

mismatches [36, 37, 51] (Table 7-1).  However, the action on homoduplex DNA of

these enzymes are different from that of CEL I nuclease.  They can degrade

homoduplex DNA at high enzyme concentration or prolonged incubation period [3,

334]. In this experiment, we had even extended the incubation for up to 16 hours;

laddering pattern was still not observed (data not shown). S1 nuclease and mung

bean nuclease failed to recognise and cleave the linker region between

nucleosomes in vitro.  As we have mentioned previously, this observation can be

explained in two possible ways.  One of the possibilities is that both S1 nuclease

and mung bean nuclease are truely unable to recognise and cleave the linker DNA

region between nucleosomes.  The other possible explanation is that they are

possibly unable to diffuse through the nuclear pores even if their molecular mass is

smaller than 40 kDa.  They may require some mediators for access to the nucleus

such as translocation factors, transport receptors [335], nuclear localisation signal

sequence (NLS) or immunological activation of cells [322], etc.  Moreover, the

polarity and the isoelectric point of the nuclease products should also be considered

as the possible factors affecting the entry into the nucleus.

In addition, only endonuclease V was found to have the same properties as

CDENDO1 or micrococcal nuclease to produce a DNA ladder pattern upon

incubating with intact nuclei for 6 hours (Figure 7-6B).  It could hydrolyse the linker

regions between nucleosome cores on chromatin.  This observation has never

been reported previously. On the contrary, the roles of the other three nucleases

(i.e. CEL I nuclease, S1 nuclease and mung bean nuclease) are unlikely to be

related to programmed cell death.  In agreement with previous findings, mung bean

nuclease has been reported to be associated with DNA synthesis and repair, rather

than programmed cell death [332, 333]. Moreover, CEL I nuclease has been
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shown to be expressed at high level in celery plants during treatment with

ethylmethanesulphonate (EMS).  This report suggested that CEL I nuclease was

related to stress and necrotic cell death but not DNA repair [336].

Endonuclease V is a DNA repair enzyme which is obtained from a hyperthemophilic

bacterium, Thermotoga maritime.  This enzyme has been applied to mutation

research such as genotyping, mismatch cleavage or studies in mutagenesis and

DNA repair [55, 57]. It can not only cleave DNA mismatches, but also recognise

the linker DNA region between nucleosomes (the latter observation is reported in

this study). On the other hand, recombinant CDENDO1 nuclease can digest

nucleosomal DNA in vitro as well. In addition, most of the PCD-related nucleases

are Ca2+/Mg2+-dependent enzymes [29, 40, 78, 79, 83-85]. Note that both Endo V

and CDENDO1 nucleases are activated by Ca2+/Mg2+.  Therefore, a question is

raised – Are they involved in apoptosis? Although DNase I and MNase can digest

nucleosomal DNA as well, they are not thought to be involved in apoptosis [326,

337]. Similarly, CDENDO1 nuclease may not be involved or related to apoptotic

pathway.  But, we still cannot exclude the possibility that CDENDO1 nuclease may

be involved in apoptosis in plants.  Therefore, further study about localisation of

CDENDO1 nuclease will be proposed (See Chapter 8, Section 8.2.1). This will help

us understand the role of CDENDO1 nuclease in plant physiology.

Here, in this study, CDENDO1 nuclease and endonuclease V were found to behave

in vitro like and hence be related to a group of enzymes that may initiate

programmed cell death. Although the mechanism which these nucleases use to

pass through the nuclear pores was still unclear, they were able to cleave the linker

DNA between individual nucleosomes.

Recombinant CDENDO1 nuclease was different from CEL I nuclease and S1

nuclease although they belonged to the same superfamily of S1/P1 nuclease.

Recombinant CDENDO1 nuclease failed to recognise single-nucleotide

mismatches, but was able to nick at the linker DNA between nucleosomes on

chromatin structure.  This feature makes it suitable for use as a reagent in

chromatin studies.
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Table 7-1: Substrate specificity/mismatch recognition preferences and molecular weight of recombinant CDENDO1 nuclease and
commercially available- nucleases used in this study

Enzyme Sources Abbreviation
of nucleases Substrate specificity/ Mismatch recognition MW

(kDa)** Company

China doll nuclease* Radermachera sinica CDENDO1 ssDNA/dsDNA/RNA* 45.0

CEL I nuclease Celery CEL I C/C>C/A~C/T>G/G>A/C~A/A~T/C>T/G~G/T~G/A~A/G>T/T;
single-base mismatch 31.5

Transgenomic,
Inc., USA
[24, 37]

DNase I Bovine pancreas DNase I ssDNA/dsDNA/RNA 37.0 Invitrogen,
USA

Endonuclease V Thermotoga maritima Endo V A/C,C/A,T/C,C/T,C/C 25.0 Fermentas,
Canada

Micrococcal nuclease Staphylococcus aureus MNase ssDNA/dsDNA/RNA 16.9 Fermentas,
Canada

Mung bean nuclease Mung bean MB 4-base mismatches 39.0 New England
Biolabs, UK

S1 nuclease Aspergillus orzyae S1 4-base mismatches 29.0 Fermentas,
Canada [334]

*Nuclease activities were identified in this study.
**Information was provided by the packing insert from commercial company.
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7.5 Conclusion
Among the five single-strand-specific nucleases selected for study, only CEL I

nuclease is able to recognise the single nucleotide mismatch on DNA substrate.

Both recombinant CDENDO1 nuclease and endonculease V (Endo V) can cleave

the linker regions between nucleosome cores on chromatin in vitro. These findings

have not yet been reported before.  Both nucleases may be involved in the

programmed cell death pathway.
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Chapter 8: Overall discussion, limitations
and suggestions for further
study

Nucleases are widely used in many different settings, including the study of DNA

and RNA biochemistry, therapeutics and industrial applications. These applications

include the detection of unknown polymorphisms or disease-causing mutations in

DNA sequences, confirmation of clone sequences, antiviral agents, therapeutics,

gene shuffling, and DNA fragmentation for the next generation sequencing platform.

Although more than 30 different single-strand-specific nucleases have been

isolated from various sources, only a few of them are suitable for in vitro use.  In

addition, the cleavage mechanisms and biological roles of these nucleases are not

clear. Therefore, in this study, we had tried to isolate novel single-strand-specific

nucleases and characterise its functions.

Full-length cDNA sequences and genomic DNA sequences from 4 plants (i.e. China

doll, Chinese celery, Brassica chinesis and Brassica parachinesis) were

successfully isolated and analysed (See Chapter 2). These results provide strong

evidence that these novel cDNA sequences belong to the respective genes bearing

nuclease properties. Owing to the limitation of resources, only one of these

sequences (i.e. CDENDO1 from China doll) was chosen for further investigation in

this study.

A full-length cDNA sequence (CDENDO1), 882 bp long, is the only sequence

isolated from a potted plant, but not from edible plants.  Recombinant CDENDO1

protein, 277 amino acid long, was successfully expressed in E. coli and purified for

functional characterisation in this study (Chapters 2 and 3).  Recombinant

CDENDO1 protein carried the S1/P1 nuclease domain characteristic of

endonuclease activity and nucleic acid binding, and belonged to the S1/P1

nuclease family.
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Recombinant CDENDO1 protein was characterised as a single-strand-specific

nuclease that possessed both RNase and DNase activities.  Its activity was

enhanced by both Ca2+ and Mg2+, but inhibited by Zn2+ /Mn2+ (Section 4.3.2.4). To

my knowledge, this is the first report that CDENDO1 nuclease and endonuclease V

(Endo V) can hydrolyse the linker regions between nucleosome cores on chromatin

in vitro (Section 5.3 and 7.3.3).  It is surmised from this result that CDENDO1

nuclease and endonuclease V (Endo V) may be involved in the programmed cell

death pathway.

Recombinant CDENDO1 nuclease is different from CEL I nuclease and S1

nuclease although they are in the same superfamily of S1/P1 nuclease.  Although

recombinant CDENDO1 nuclease failed to recognise single nucleotide mismatches,

it displayed a strong preference to cut the linker DNA between nucleosomes in

chromatin structure.  This feature makes it suitable for use as a reagent for

applications in the study of chromatin and other research purposes.  For example,

this nuclease could become another reagent like micrococcal nuclease (MNase) for

study the chromatin structures or in vitro mapping of the nucleosome positions and

hypersensitive sites in some specific genes [101, 102].  This nuclease could also be

extended to other types of foot-printing experiments.  In addition, sonication used in

shearing cross-linked chromatin to mononucleosomal units for the chromatin

immunoprecipitation (ChIP) assay could be replaced by this nuclease because heat

generated during sonication may harm the integrity of proteins for subsequent

analysis.  Enzymatic digestion of chromatin without disturbing the proteins is more

preferable for such analysis.

In this study, we have proposed the possible cleavage mechanism of CDENDO1

nuclease (See Section 4.4).  The CDENDO1 nuclease may produce multiple

cuttings on DNA by introducing single-strand breaks.  This nuclease probably

introduces first nick on one strand of DNA and further produces other break

opposite the nick like S1, mung bean or P1 nuclease [36].  The cleavage

mechanism has not yet been reported so far.
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8.1 Limitations and suggestions for further
studies

There are some limitations in this study, especially during the expression of

recombinant protein and characterisation of the enzymatic activities.  These

limitations include low expression yield of recombinant protein, incorrect protein

folding and low detection sensitivity.  These limitations have restricted many in-

depth studies.  Suggestions to overcome these limitations will be discussed in the

following paragraphs.

8.1.1 Low expression yield

In this study, we faced the challenge of low expression yield of the recombinant

CDENDO1 protein.  To a large extent, the recombinant protein was expressed in

inclusion bodies, and hence was most likely misfolded and functionally inactive

(Section 3.3.1).  Different methods had been used to improve the expression yield

and the quality of proteins: different fusion tags, optimisation of induction

temperature, different lengths of expression period and different concentrations of

inducer.  However, there was no significant improvement in the expression yield.

Furthermore, modification of both N-terminal sequence of CDENDO1 protein

(Section 6.3.1) did not result in any enhancement in the expression yield or protein

solubility.  Only the removal of C-terminal sequence, which is resided outside the

active S1/P1 domain, could improve protein solubility (See section 6.3.1).

Low expression yield of protein imposes limitations on further protein

characterisation in our current study, e.g, basic enzyme kinetics study.  Enzyme

kinetics is the basic study for characterising the rate of the chemical reactions that

are catalysed by the enzyme.  Such characterisation study requires a large amount

of pure protein.  However, only a detectable amount of recombinant CDENDO1

protein (~ 1.5 mg of partially purified protein was harvested from 1 L of culture

medium) was expressed and successfully purified from expression in E. coli.

Since a large amount of purified protein sample (about 15 to 30 mg of purified

protein) is required for structural characterisation study using, for example, nuclear

magnetic resonance (NMR) [338-340] or X-ray crystallography [340], such a low

recovery of protein did not allow further in-depth study of protein structure.
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Moreover, high purity of soluble proteins are necessary for NMR analysis [338] and

X-ray crystallography [340].  Low protein expression yield became a hurdle for

achieving a higher purity of protein because a large amount of protein will be lost

during subsequent purification steps.

Two other expression systems, i.e. insect cell and yeast, were used for protein

production.  Recombinant CDENDO1 protein was successfully expressed in both E.

coli and insect cell systems, but failed to be expressed in yeast (See section 3.3.2

and 3.3.3).  Owing to the characterised properties of CDENDO1 nuclease, which is

capable of digesting linker DNA between nucleosome cores in chromatin and is

proposed to trigger programmed cell death, over-expression of this protein is

expected to be highly toxic and dangerous to cells.  Moreover, CDENDO1 protein is

homologous to S1 nuclease, which is also toxic to yeast, as is ribonuclease T1

[259].  We surmise that it is for this reason that this recombinant protein failed to be

expressed in yeast, and could not be produced in large amounts in E. coli.

The tag (His/SUMO) of the recombinant CDENDO1 should ideally be removed

before activity studies were carried out.  Removal of the fusion tag from the

expressed protein can eliminate any effect of the tag on the protein activities.

However, due to the low expression yield of protein, all of the expressed proteins

were lost during purification of the un-tagged protein.  No expressed protein was

harvested at all.  Therefore, all of the experiments for studying the recombinant

CDENDO1 were performed in parallel with recombinant SUMO-CAT protein to

ensure that the observed effect was not due to the His-SUMO tag of the

recombinant fusion-CDENDO1.

8.1.2 Incorrect protein folding

Recombinant protein was successfully expressed in the eukaryotic insect cell

expression system; however, the expressed protein could not be sufficiently purified

(See section 3.3.2). Improper folding of the GST-fusion products may be the cause

for the inability of the recombinant fusion protein to bind to the affinity column.

GST-tag may be a crucial factor affecting the overall structure of the protein and

misfolded GST-tag would not attach well to the affinity column [341].  Using other

fusion tags, e.g, His-tag, may eliminate this problem. Owing to constraints in time

and resources, it was not possible to use the His-tag in this study.
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8.1.3 Low sensitivity and unsatisfactory fragment
separation

This study faced the challenge of characterising a novel recombinant product.  As

previously mentioned, single-strand-specific nucleases are structure-specific

nucleases.  They recognise any protruding loops on DNA sequences and cleave

against nicks; S1 nuclease is a classical example of this kind of nuclease, being

well-characterised to cleave a DNA strand opposite a nick [36].  CEL I nuclease

was also reported to nick one strand of DNA at the site of the mismatch without a

second cut in the opposite strand of the same DNA duplex after the first nick [24].

However, the cleavage mechanism of CDENDO1 nuclease is unknown and the

enzyme may behave differently from these well-known nucleases.  Therefore,

different detection methods were used to examine the catalytic properties of

CDENDO1 nuclease in relation to base specificity.

Different detection methods had been used for analysing the cleavage products in

this study: agarose gel electrophoresis coupled with ethidium bromide staining,

polyacrylamide gel electrophoresis coupled with SYBR Green I staining (Chapter 4),

capillary electrophoresis (Section 4.3.2.6 & Section 7.3.1), blotting using anti-Dig

antibody (data not shown), native and denaturing polyacrylamide gel

electrophoresis using radioactive label (Section 7.3.2).

In order to increase the sensitivity, a more sensitive nucleic acid stain, SYBR green

I, was used to analyse the cleaved products.  Meanwhile, fluorescence-labelled and

DIG-labelled DNA substrates were used and analysed using capillary

electrophoresis and blotting, respectively.  However, the sensitivity of these

methods was unsatisfactory for the detection of discrete bases (Section 7.3.2).

Synthetic oligo with fluorescence-label (data not shown) and fluorescence-labelled

DNA fragments (Section 4.2.2.4.6) were also used for determining the cleavage

mechanism of the recombinant nuclease. Synthetic oligo was additionally purified

using high-performance liquid chromatography (HPLC) by the manufacturer.

However, the background noise of the synthetic oligo was already abnormally high

when such “purified” oligo was directly injected to capillary electrophoresis (CE).

This noisy background may be caused by residual fluorescent dye molecules or

other labelled oligos. This made the labelled synthetic oligos unsuitable to be used
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as DNA substrate for analysis. Moreover, the fluorescence-labelled DNA fragments

did not favour the enzymatic study because CDENDO1 nuclease would potentially

remove the fluorescent dye molecule from the DNA fragments by recognising the

ester linkage.  Therefore, the differences in cleavage fragments could not be

distinguished by CE (Section 4.4).

Using 32P-radiolabelled DNA appears to be the most suitable way for analysis of the

cleavage products.  Radioactively labelled DNA substrates were cleaved and the

cut fragments separated on polyacrylamide gel.  Although the detection sensitivity

is high, only vague bands were observed and they could not be discretely

separated (See section 7.3.2).  The precise region of the DNA substrate that was

cleaved by the nuclease could not be determined precisely.  Fragment separation

can be improved by prolonging the electrophoresis time of the samples or

increasing the concentration of the gel.  Furthermore, gel length should be

increased to enable better separation of small fragments.  Sequencing gel

electrophoresis in a long gel format is suggested for solving this problem as it is

capable of resolving one base difference of DNA products.  However, it is not

feasible for investigation in this study because of the limitation of resources.

8.2 Future Research
There is a long way to go before the cleavage mechanism of CDENDO1 nuclease

can be defined. Further research is needed to study the biological role and the

catalytic mechanism of CDENDO1 nuclease.  Here, some suggestions for future

work are discussed.

8.2.1 (1) Localisation of CDENDO1 nuclease

Recombinant CDENDO1 nuclease was found to be able to recognise the linker

region between nucleosome cores on the well-structured chromatin and generate

internucleosomal cleavage of DNA. The results found in this study gave us an

insight into the biological role of CDENDO1 nuclease – a role that may be related to

programmed cell death.
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On the basis of the results reported in Chapter 6, different modifications of the

signal peptide or even removal of the signal peptide of CDENDO1 nuclease did not

affect the catalytic activity of CDENDO protein (Figure 8-1).  Nevertheless, the

function of signal peptide of CDENDO1 nuclease is still unknown.  Is the signal

peptide of CDENDO1 nuclease simply used for stabilising the protein structure for

better performance? Or, is it used for transporting the nuclease to other parts of a

cell with a function similar to DNase I (direct nuclease to rough endoplasmic

reticulum) or Endo G (direct nuclease from mitochondria to nucleus)? Knowledge of

where the CDENDO1 nuclease is localised will help in the understanding of the

biological role of this nuclease.
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Figure 8-1: Flow diagram for illustration of the role of signal peptide of
nuclease.
Localisation of CDENDO1 nuclease is unknown.
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8.2.2 (2) Expression studies during cell death

In addition, CDENDO1 nuclease possesses the activity to recognise the linker DNA

between nucleosome cores in chromatin structure; this activity is not found in S1

nuclease and CEL I nuclease.  Previous studies have reported that CEL I nuclease

is related to stress and necrotic cell death [336].  It is interesting to investigate the

biochemical pathway of CDENDO1 during cell death by studying the gene

expression under the instigation of different stimuli such as extreme temperatures,

salinity, and pollutants.

Hydrogen peroxide is a key modulator of programmed cell death involved in growth,

development and stress responses, and is commonly used for inducing

programmed cell death in plants [342].  Results will demonstrate the biological role

of CDENDO1 in plants – whether it is involved in developmental programmed cell

death or necrotic cell death.

Expression can be detected by specific gene sequences, or a specific antibody.

Production of the specific antibody against CDENDO1 nuclease will also help to

find out other homologous nucleases within the plant or other related species.

8.2.3 (3) Modification of CDENDO1 nuclease

Low expression level and low solubility of proteins are common problems in

expressing eukaryotic genes in E. coli.  In chapter 3 (Section 3.4), the issue of

codon bias was discussed. Some codons are rarely used in E. coli, but are

common in eukaryotic genes [217]. Synthetic genes are suggested to improve the

expression level of eukaryotic gene in prokaryotic cells by altering the rare codons

in the target gene to those that are commonly used in the expression host.  There

are more than 200 published experiments on synthetic genes. These genes and

their relevant information are deposited in the database called Synthetic Gene

Database (SGDB) [343]. The codon usage of a gene can be optimised using the

online software OPTIMIZER (http://genomes.urv.es/OPTIMIZER/) [344, 345]. The

codon of gene sequence can be modified according to the E. coli codon usage

table.  After the sequence is designed, the codon-modified sequence could be

expressed and the corresponding protein tested for its expression level and

solubility.
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In chapter 2, the (ST)Q motif (i.e. F G D S Q D D) was found to be located at the C-

terminal region of the mature CDENDO1 protein (see Section 2.3.2.1).  The amino

acid sequence at this region is less conserved when compared with other

nucleases. Protein kinases of the PIKK family, such as ATM, ATR abd DNA-PK,

specifically phosphorylate the (ST)Q motif. Therefore, adding phosphate groups at

the ST(Q) motif always plays an important role in changing the enzyme activitiy, e.g.

mismatch recognition [346, 347].

Combining the findings in chapter 6, protein expression was enhanced after the

removal of the C-terminal sequence, i.e.  G D S Q D D S L V A A T, from the

mature CDENDO1 nuclease.  Proteins become more stable at high temperature

during expression. Increased protein stability is often linked to increased

production of recombinant protein, better protein behaviour in biophysical

experiments because of the improved long-term stability, and reduced formation of

aggregation.  Thus, the protein quality could be improved.

When the C-terminal sequence G D S Q D D S L V A A T was removed from the

mature CDENDO1 nuclease, the (ST)Q motif (i.e. F G D S Q D D) was also

removed (See chapter 6).  In this experiment, we cannot draw any conclusion about

the effect on cleavage activity of DNA mismatches because the specificity of

incision at different base mismatches of the mutated CDENDO1 nucleases on

naked DNA substrates was not tested. Therefore, further study is needed to test

the specificity of the mutated nucleases (those examined in chapter 6) for different

mismatches.

Modification of this C-terminal region may improve the expression yield and

solubility of the protein, and hence large amounts of pure protein might be

harvested for the in-depth classical biochemical studies, e.g., enzyme kinetics,

protein-protein interaction, protein-DNA interaction or structural analysis, etc. This

information gave us a better understanding of the relationship between the function

of the protein from the primary sequence.  Furthermore, this region may become a

great challenge for manipulating the substrate specificity of the recombinant

CDENDO1 nuclease.



296

8.3 Potential applications of recombinant
CDENDO1 nuclease

Our initial intention was to clone a novel nuclease as an alternative to CEL I that

recognises and cleaves DNA mismatches, and hence can be used for mutation

detection.  Contrary to our initial intention, the recombinant CDENDO1 nuclease

does not show preference for any mismatched bases in the DNA substrates. These

consistent findings were observed (See Chapter 4).  Even if its cleavage ability on

four-base mismatches on the DNA substrate were comparable to those obtained

with mung bean nuclease (See Section 7.2.2), radioactively labelled DNA

substrates and “old-fashioned” sequencing gel electrophoresis apparatus would be

required for mutation detection.  Moreover, our recombinant CDENDO1 nuclease

cannot be used to recognise and cleave single-nucleotide mismatch and cannot be

ideally used as a reagent for mutation detection.

Although recombinant CDENDO1 nuclease failed to recognise DNA mismatches, it

found to be able to nick the linker DNA region between nucleosomes in chromatin

structure.  This ability is similar to those in micrococcal nuclease (MNase) [308, 348]

or an apoptotic endonuclease (CAD/DFF) [80, 349] although CDENDO1 appears to

be quite distinct from these two enzymes in terms of their primary sequence.  The

feature of cleaving the linker DNA that lies between individual nucleosomes enables

the application of the recombinant CDENDO1 nuclease in various chromatin

research studies, e.g., chromatin/nucleosome mapping (which is also called

genome-wide mapping) [350], histone modification [351], chromatin remodelling

[352, 353], etc. Recombinant CDENDO1 may be used as an alternative to MNase

in this kind of studies.

8.3.1 Chromatin mapping

Chromatin mapping impacts different research areas, particularly in genomic

organisation studies.  The genomic organisation of chromatin is increasingly

recognised as playing important roles in regulating the cell behaviour and gene

activities including gene expression and gene transcriptional regulation [350, 354].

Nucleosome organisation in vivo is not random.  Different positions of nucleosomes

in the genome provide unique functions.  Identifying the organisation of chromatin

would be useful for inferring DNA susceptibility to mutations, insertions and
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deletions [350, 355].  Micrococcal nuclease (MNase), which is able to generate

mononucleosomes in chromatin structure, is classically used for the study followed

by the deep sequencing to identity their location.

8.3.2 Histone modifications

Histones are the proteins residing in eukaryotic cell nuclei and play an important

role in maintaining the structure of chromatin.  Studies about histone modifications

have emerged [356, 357]. Histone variants created nucleosomes that may facilitate

the repositioning or ejection of nucleosomes during transcription [350, 358].

Chromatin immunoprecipitation (ChIP) is a powerful and versatile technique used

for analysing the association of individual proteins with specific regions of genome

in vivo, characterising the chromatin structure over a defined region of

chromosomes in vivo, and rebuilding the chromatin structure in vitro based on the

isolated DNA fragments. Conventionally, such study involves the use of

micrococcal nuclease for digesting the linker DNA between nucleosomes to release

mononucleosomal units [351, 359].

8.3.3 Chromatin remodelling

Chromatin structure can be altered by two mechanisms [352]: (1) convalent

modification at the N-terminal tails of histones, and (2) nonconvalent remodelling by

ATP hydrolysis. The nonconvalent remodelling process requires ATP that can

enhance the access of DNA-binding proteins and nucleases to the nucleosome,

and change the location or conformation of the nucleosome [360]. Both of these

two mechanisms can cause the alteration of chromatin structure.  Moreover,

enzymes encoded by mutated genes would also result in improper or loose

structure of nucleosomes.  The changes in chromatin structure can result in

activation or repression of gene transcription and inappropriate protein expression

[361]. These structural changes can be studied using ChIP assay with micrococcal

nuclease digestion.

Chromatin studies using micrococcal nuclease for mapping nucleosome was

established many years ago.  Micrococcal nuclease and DNase I have been

essential tools in these experiments. Both of them have been reported to generate

frequent cleavages of subnucleosomal DNA, which make the positions of
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nucleosomes difficult to determine [289, 348, 350].  However, they are still being

used in such areas because of limited alternatives. In addition, an apoptotic

nuclease (CAD/DFF) was found to possess the same ability of cleaving the linker

DNA regions between individual nucleosomes without generating internal DNA

nicks [362].  However, its activity has to be initiated by caspase 3, which has

numerous other cellular protein substrates, and proteases would increase the cost

of such experiments. The potential application of CAD/DFF for chromatin studies

was restricted.  Although some scientists further engineered this nuclease

(engineered CAD/DFF) [101], the choices of these kind of enzymes are very limited.

Our recombinant CDENDO1 nuclease has a comparable function of such enzymes,

which is efficient in cleaving linker DNA between nucleosomes in chromatin and, in

turn, generating individual mononucleosomes. No doubt, if higher yield and higher

purity of the expressed protein can be achieved or enhancing the protein stability by

engineering the expressed protein, CDENDO1 nuclease is highly suitable for being

an alternative reagent for use in various chromatin research studies such as

chromatin mapping, histone modification or chromatin remodelling.  Further

exploration of the recombinant nuclease is needed.
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Appendix I
A List of sequences with accession number used in this project

Name Abbreviation Sequence Accession number

Apium graveolens CEL I Amino acid AF237958

Apium graveolens* CEL I gDNA JX628904

Apium graveolens var.dulce* ChinCEL1 Amino acid JX628906

Arabidopsis thaliana BFN1 Amino acid NP_172585

Aspergillus oryzae nuclease S1 S1 Amino acid P24021

Brassica chinesis* BCENDO1 Amino acid JX628911

Brassica chinesis* BCENDO1 gDNA JX628910

Brassica parachinesis* BPENDO1 Amino acid JX628905

Brassica parachinesis* BPENDO1 gDNA JX628909

Dianthus caryophyllus DcEN Amino acid AY986984

DNase I DNase I Amino acid NM_174534

Duplex-specific nuclease DSN Amino acid AAN86143

Endonuclease G Endo G Amino acid AAH16351.1

Fourraea alpina endonuclease precursor FAENDO_precursor Amino acid CBL29241.1

Glycine max Glycine Amino acid ABP68856.1

Hemerocallis hybrid DSA6 Amino acid AF082031

Hordeum vulgare endonuclease HvEN Amino acid BAA28942

Hordeum vulgare nuclease I HvN1 Amino acid BAA82696

Lotus corniculatus var.  japonicus endonuclease LjEN Amino acid AAT79581

Lycopersicon esculentum S1ENDO1 Amino acid AM238701

Micrococcal nuclease Mnase Amino acid ZP_08094048.1

Narcissus pseudonarcissus S1-type endonuclease NpS1 Amino acid AAL16902

Nuclease P1 P1 Amino acid P24289

Oryza sativa (indica cultivar-group) Oryza Amino acid CAH67661.1

Oryza sativa nuclease I OsN1 Amino acid XP_550001

Radermachera sinica* CDENDO1 Amino acid JX628907

Radermachera sinica* CDENDO1 gDNA JX628908

Shrimp DNase I Shrimp DNase I Amino acid CAB55635

Solanum tuberosum StEN1 Amino acid AY676603

Spinacia oleracea SPEN1 Amino acid EF032908

Zinnia elegans ZEN1 Amino acid AB003131

Zinnia elegans bifunctional nuclease ZBFN1 Amino acid AAD00694

* Novel sequence identified in this study.
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Appendix II
Map of pET SUMO-CDENDO1 for E. coli expression

Figure A- 1: pET SUMO-CDENDO1 for E. coli expression
pET SUMO-CDENDO1 construct is produced by ligating the CDENDO1 gene to the
linearised pET vector.  The nucleotide sequence of CDENDO1 is highlighted in yellow.
Note that sequences encoding the signal peptide (first 16 amino acids) have been removed.

pET SUMO consists of T7 promoter, lac operator (lacO), ribosome binding site (RBS),
initiation ATG (ATG), HisG epitope, SUMO ORF, CDENDO1 gene, T7 terminator site (T7
term), kanamycin resistance gene (Kanamycin), pBR322 orgin, ROP ORF and lacl ORF.
The molecular mass of expressed fusion protein is about 45kDa (His/SUMO: 13kDa;
CDENDO1: 32kDa).
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Map of pET SUMO/CAT control for E. coli expression

Figure A- 2: pET SUMO/CAT control for E. coli expression system
The pET SUMO/CAT plasmid provided by the manufacturer (Invitrogen) is used as
a positive control for protein expression and purification in this study.

pET SUMO consists of T7 promoter, lac operator (lacO), ribosome binding site
(RBS), initiation ATG (ATG), HisG epitope, SUMO ORF, CAT gene, T7 terminator
site (T7 term), kanamycin resistance gene (Kanamycin), pBR322 orgin, ROP ORF
and lacl ORF. The molecular mass of this expressed His-SUMO/CAT protein is
about 39kDa.

This figure is adopted from ChampionTM pET SUMO Protein Expression System
User Manual.
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Map of pIEX/Bac-4 Ek/LIC GST-CDENDO1 for insect
cell expression

Figure A- 3: pIEX/Bac-4 Ek/LIC GST-CDENDO1 for insect cell expression
pIEX/Bac-4 Ek/LIC GST-CDENDO1 construct is produced by ligating the CDENDO1 gene
(nucleotides encoding the 16-amino-acid signal peptide deleted) to the linearised pIEX/Bac-
4 Ek/LIC vector.  The nucleotide sequence of CDENDO1 is highlighted in yellow.  The
GST•Tag™ coding sequence is shown in red colour.  The start codon (ATG) is shown in red
colour in boldface.

pIEX/Bac-4 Ek/LIC GST-CDENDO1 consists of hr5 enhancer, ie1 promoter, ie1
transcription site, p10 promoter, p10 transcription site, GST-Tag™ coding sequence,
CDENDO1 gene, His-Tag® coding sequence, ie1 terminator, pUC origin (pUC ori),
ampicillin resistance gene [bla (AmpR)] and f1 origin. The molecular mass of expressed
GST-fusion protein is about 59kDa (GST: 27.32kDa; CDENDO1: 32kDa).
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Map of pPICZ-B-CDENDO1 for Yeast expression

Figure A- 4: pPICZ-B-CDENDO1 for Yeast expression
pPICZ-B-CDENDO1 construct is produced by ligating the CDENDO1 gene (nucleotides
encoding the 16-amino-acid signal peptide removed) to the linearised pPICZ-B vector.  The
nucleotide sequence of CDENDO1 is highlighted in yellow.  Two codons are added to the
sequence including the start codon (ATG) which is indicated in red colour in boldface.

pPICZ-B-CDENDO1 consists of 5’ AOX1 promoter region, multiple cloning site, CDENDO1
gene, c-myc epitope tag, polyhistidine tag (6xHis), AOX1 transcription termination region
(AOX1 TT), fragment containing TEF1 promoter (PTEF1), EM7 promoter (PEM7), Zeocin
resistance gene (Zeocin), CYC1 transcription termination region (cyc1 TT) and pUC origin
(pUC ori). The molecular mass of expressed fusion protein is about 33kDa.



329

Map of pPICZ-B-spCDENDO1 for Yeast expression

Figure A- 5: pPICZ-B-spCDENDO1 for Yeast expression
pPICZ-B-spCDENDO1 construct contained 16 amino acid residues of native signal peptides
sequences.  The nucleotide sequence of CDENDO1 is highlighted in yellow.  The start
codon (ATG) is shown in red colour in boldface.

pPICZ-B-spCDENDO1 consists of 5’ AOX1 promoter region, multiple cloning site,
CDENDO1 gene, c-myc epitope tag, polyhistidine tag (6xHis), AOX1 transcription
termination region (AOX1 TT), fragment containing TEF1 promoter (PTEF1), EM7 promoter
(PEM7), Zeocin resistance gene (Zeocin), CYC1 transcription termination region (cyc1 TT)
and pUC origin (pUC ori). The molecular mass of expressed fusion protein is about
36.8kDa.
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Map of pPICZα-A-CDENDO1 for Yeast expression

Figure A- 6: pPICZα-A-CDENDO1 for Yeast expression
pPICZα-A-CDENDO1 construct is produced by ligating the CDENDO1 gene (nucleotides
encoding the 16-amino-acid signal peptide removed) to pPICZα-A vector. pPICZα-A-
CDENDO1 construct contained the synthetic α-factor signal sequence) from the vector.  The
nucleotide sequence of CDENDO1 is highlighted in yellow.

pPICZα-A-CDENDO1 consists of 5’ AOX1 promoter region, α-factor signal sequence (α-
factor), multiple cloning site, CDENDO1 gene, c-myc epitope tag, polyhistidine tag (6xHis),
AOX1 transcription termination region (AOX1 TT), TEF1 promoter (PTEF1), EM7 promoter
(PEM7), Zeocin resistance gene (Zeocin), CYC1 transcription termination region (cyc1 TT)
and pUC origin (pUC ori). The molecular mass of expressed fusion protein is about
44.4kDa.
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Appendix III
Reagents and Chemicals used in this study
Experiment Commerical Kit Components Applications Company
E. coli
Expression

ChampionTM pET
SUMO Protein
Expression system

One Shot® Mach1™-T1R Chemically Competent E. coli Protein Expression in E. coli Invitrogen, USA

BL21(DE3) One Shot® Chemically Competent E. coli
pET SUMO vector, linearized
pET SUMO/CAT
10X PCR Buffer
dNTP Mix
10X Ligation Buffer
T4 DNA Ligase
SUMO Forward Sequencing Primer
T7 Reverse Sequencing Primer

Insect Cell
Expression

pIEx/Bac-4 Ek/LIC
Vector Kit

pIEx/Bac™ Ek/LIC Vector Protein Expression in Sf9 Novagen, EMD
Biosciences, Inc.T4 DNA Polymerase (LIC-qualified)

10X T4 DNA Polymerase Buffer
100 mM DTT
25 mM dATP
25 mM EDTA
Nuclease-free Water
NovaBlue GigaSingles™ Competent Cells
SOC Medium
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Experiment Commerical Kit Components Applications Company
Insect Cell
Expression

BacVector® Insect Cell Medium Novagen, EMD Biosciences, Inc.

Foetal Bovine Serum (FBS) Gibco-Biocult, Grand Island, NY, USA
Insect GeneJuice® Transfection
Reagent

Novagen, EMD Biosciences, Inc.

Yeast
Expression

EasySelectTM Pichia Expression Kit P. pastoris X-33 Protein Expression in Pichia Pastoris Invitrogen, USA

P. pastoris GS115
P. pastoris KM71H
pPICZ-B
pPICZα-A
100µg/ml Zeocin

Yeast Cell
Breakage

Glass Beads (0.45–0.5 mm diameter) Sigma-Aldrich, USA

Nucleic Acid
Extraction

AccuPrep® GMO DNA Extraction Kit Plant DNA Extraction Bioneer Corporation, Korea

RNeasy® Plant Mini Kit Plant RNA Extraction Qiagen, Hilden, Germany
QIAprep® Spin Miniprep Kit Plasmid Extraction Qiagen, Hilden, Germany

QIAamp® RNA Blood Mini Kit RNA Extraction Qiagen, Hilden, Germany

QiaAmp® DNA blood mini kit DNA Extraction Qiagen, Hilden, Germany

Bradford
Protein Assay

Bradford Solution Measurement of protein concentration Bio-Rad laboratories, USA
Bovine Serum Albumin (BSA) Sigma-Aldrich, USA

Formaldehyde
Agarose Gel
Electrophoresis

Formaldehyde Solution (37%) Gel Preparation BDH, UK
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Experiment Commerical Kit Components Applications Company

Protein
Purification

GSTrap FF Columns Protein Purification GE Healthcare
HisTrapFF Columns Protein Purification GE Healthcare
His Buffer Kit Phosphate buffer 8x stock solution (pH 7.4) Protein Purification GE Healthcare

2 M imidazole (pH 7.4)
Amicon® Ultra Centrifugal Filter Devices Ultrafiltration Merck Millipore, NJ, USA

Reverse
Transcription
and PCR

Superscipt® II Reverse Transcriptase SuperScript™ II RT RT Invitrogen, USA
5X First-Strand Buffer
0.1 M DTT

AmpliTaq Gold DNA Polymerase AmpliTaq Gold PCR Applied Biosystems, USA
10x PCR Gold Buffer
25mM MgCl2

Expand High FidelityPLUS PCR System Expand High FidelityPLUS Enzyme Blend PCR Roche Applied Science,
Switzerland

Platinum® Pfx DNA Polymerase PCR Invitrogen, USA

Cycle
Sequencing
and Capillary
Electrophoresis

BigDye® Terminator Cycle Sequencing
Ready Reaction Kit (version 1.1)

BigDye® Terminator v1.1 ready reaction
mix

Cycle-sequencing Applied Biosystems, USA

Hi-Di™ Formamide Cycle-sequencing Applied Biosystems, USA

GeneScan™ 500 ROX™ Size Standard Internal size
standard for CE

Applied Biosystems, USA

Exonuclease I New England Biolabs, UK
Shrimp Alkaline Phosphatase GE Healthcare

Tailing Terminal Transferase (Tdt) Tailing Takara Bio Inc., Japan

Nuclei
Preparation

Histopaque-1077 Leukocytes
Separation

Sigma-Aldrich, USA
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Experiment Commerical Kit Components Applications Company
Radioactive
Labelling

[γ-32P]ATP (3000Ci/mmol) Perkin Elmer, USA
T4 Polynucleotide Kinase Labelling 5’ termini of nucleic acid Fermentas, Canada
1x Reaction Buffer A (T4 Polynucleotide Kinase) 50 mM Tris-HCl (pH 7.6) Fermentas, Canada

10mM of MgCl2
5mM of DTT
0.1mM spermidine

Enzymatic Assay SURVEYOR Mutation Detection Kit CEL I nuclease (CEL I) Enzymatic Assay Transgenomic, Inc.,
USA

Micrococcal Nuclease (MNase) Fermentas, Canada
Endonuclease V (Endo V) Fermentas, Canada
S1 Nuclease Fermentas, Canada
Mung Bean Nuclease (MB) New England

Biolabs, UK
DNase I Invitrogen, USA
Beta-mercaptoethanol Sigma-Aldrich, USA
Sodium Dodecyl Sulphate (SDS) Sigma-Aldrich, USA
Dimethylsulphoxide (DMSO) Sigma-Aldrich, USA
Dithiothreitol (DTT) Sigma-Aldrich, USA
Ethylenediaminetetraacetic Acid (EDTA) BDH, UK
4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (HEPES)

Sigma-Aldrich, USA

Magnesium Chloride (MgCl2) BDH, UK
Calcium Chloride (CaCl2) Sigma-Aldrich, USA
Manganese Chloride (MnCl2) Sigma-Aldrich, USA
Zinc Chloride (ZnCl2) Sigma-Aldrich, USA

Urea BDH, UK
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Experiment Commerical Kit Applications Company
Restriction Enzymes EcoRI Cloning Fermentas, Canada

NotI Cloning Fermentas, Canada

SDS PAGE/ Western Blot TEMED Gel preparation Bio-Rad laboratories, USA
Ammonium Persulphate (APS) Gel preparation Sigma-Aldrich, St. Louis, MO, USA
Tween 20 Bio-Rad laboratories, USA
Non-fat Milk Powder Blocking Anlene, Australia
Polyvinylidene Difluoride (PVDF) Membrane Blotting GE Healthcare
BM Chemiluminescence Western Blotting Substrate
(POD)

Substrate Development Roche Applied Science,
Switzerland

Hyperfilm Film Develop GE Healthcare
Precision Plus Protein™ Dual Colour Standards Molecular Protein Marker Bio-Rad laboratories, USA
Novex® Sharp Standard Molecular Protein Marker Invitrogen, USA

Agarose Gel Electrophoresis 1Kb Plus DNA Ladder Molecular size Marker Invitrogen, USA
GeneRulerTM Ultra Low Range DNA Ladder Molecular size Marker Fermentas, Canada
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Appendix IV
Recipes for reagents and buffers preparations
Experiment Reagent Reagent components Sterilisation Company
E. coli
Expression

LB Broth Dissolve 20 g LB powder in 1 L RO water Autoclave at 121oC, 15 min Sigma-Aldrich, USA

GIBCO™ Kanamycin Sulfate (100mg/ml) Dissolve 100 mg in 1 ml MilliQ water Filter-sterilised Invitrogen, USA

LB Agar Dissolved 35 g LB Agar in 1 L RO water Autoclave at 121oC, 15 min Sigma-Aldrich, USA

LB-kanamycin Agar Dissolved 35 g LB Agar in 1 L RO water
and add 50 µg/ml kanamycin after
autoclaved agar is cooled to 55oC

Autoclave at 121oC, 15 min Sigma-Aldrich, USA

Isopropyl-b-D-thiogalactoside (IPTG)
(100mM)

Dissolve in MilliQ water Filter-sterilised Invitrogen, USA

BD Difco™ Terrific Broth Dissolved 12 g Tryptone, 24 g Yeast
extract and 4 ml glycerol in 1 L RO water

Autoclave at 110oC, 15 min BD Bioscience, NJ,
USA

Lysis Buffer 50 mM Potassium phosphate (pH7.8) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
400 mM NaCl BDH, UK
100 mM KCl BDH, UK
10% Glycerol USB Corp., USA
0.5% Triton X-100 Sigma-Aldrich, USA
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Experiment Reagent Reagent components Sterilisation Company
Insect Cell Expression Ampicillin (100mg/ml) Dissolve 100 mg in 1 ml MilliQ water Filter-sterilised Sigma-Aldrich, USA

LB-ampicillin Agar Dissolved 35 g LB Agar in 1 L RO water
and add 50 µg/ml ampicillin after
autoclaved agar is cooled to 55oC

Autoclave at 121oC, 15 min Sigma-Aldrich, USA

RIPA Lysis Buffer 10 mM Tris-HCl (pH7.5) USB Corp., USA
150 mM NaCl BDH, UK
5 mM EDTA BDH, UK
1% Sodium deoxycholate BDH, UK
1% NP40 Sigma-Aldrich, USA

Phosphate-Buffered Saline (PBS) 10x Commercial PBS USB Corp., USA

Yeast Expression Zeocin (100mg/ml) Dissolve 100 mg in 1 ml MilliQ water Filter-sterilised Invitrogen, USA

Low-salt LB Broth Dissolve 10 g Trytone, 5 g NaCl and 5 g
Yeast extract in 1 L RO water

Autoclave at 121oC, 15 min

Low-salt LB-zeocin Agar Dissolve 10 g Trytone, 5 g NaCl, 5 g
Yeast extract and 15 g LB Agar in 1 L
RO water and add 25 µg/mL Zeocin
after autoclaved agar is cooled to 55oC

Autoclave at 121oC, 15 min

Yeast-Extract Peptone Dextrose
(YPD) Medium Agar

Powder contained 2% Peptone, 2%
Dextrose, 1% Yeast Extract and 2%
agar and add 1 µg/mL Zeocin after
autoclaved agar is cooled to 55oC

Autoclave at 121oC, 15 min Sigma-Aldrich, USA
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Experiment Reagent Reagent components Sterilisation Company
Yeast Expression BMGY Medium 100 mM Potassium phosphate (pH 6.0) Autoclave at 121oC, 15 min Sigma-Aldrich, USA

1.34% Yeast nitrogen base without amino acid (YNB) Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
1% Glycerol USB Corp., USA
1% Yeast extract Sigma-Aldrich, USA
2% Peptone Sigma-Aldrich, USA

BMMY Medium 100 mM Potassium phosphate (pH 6.0) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
1.34% Yeast nitrogen base without amino acid (YNB) Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
0.5% Methanol Burdick & Jackson, USA
1% Yeast extract Sigma-Aldrich, USA
2% Peptone Sigma-Aldrich, USA

BMGH Medium 100 mM Potassium phosphate (pH 6.0) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
1.34% Yeast nitrogen base without amino acid (YNB) Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
1% Glycerol USB Corp., USA
40 mg/L Histidine Sigma-Aldrich, USA

BMMH Medium 100 mM Potassium phosphate (pH 6.0) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
1.34% Yeast nitrogen base without amino acid (YNB) Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
0.5% Methanol Burdick & Jackson, USA
40 mg/L Histidine Sigma-Aldrich, USA

MGYH Medium 1.34% Yeast nitrogen base without amino acid (YNB) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
1% Glycerol USB Corp., USA
40 mg/L Histidine Sigma-Aldrich, USA
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Experiment Reagent Reagent components Sterilisation Company
Yeast
Expression

MMH Medium 1.34% Yeast nitrogen base without amino acid (YNB) Autoclave at 121oC, 15 min Sigma-Aldrich, USA
0.4 mg/L Biotin Sigma-Aldrich, USA
0.5% Methanol Burdick & Jackson, USA
40 mg/L Histidine Sigma-Aldrich, USA

Yeast Homogenisation Buffer 0.33 M Sucrose Autoclave at 110oC, 15 min RDH, USA
300 mM Tris–HCl (pH 7.4) USB Corp., USA
1 mM EDTA BDH, UK
1 mM EGTA BDH, UK
2 mM DTT Sigma-Aldrich, USA

Protein
Purification

IMAC Binding Buffer 20 mM Sodium Phosphate (pH7.4) GE Healthcare
500 mM NaCl GE Healthcare
10% Glycerol USB Corp., USA
100 mM imidazole GE Healthcare

IMAC Elution Buffer 20 mM Sodium Phosphate (pH7.4) GE Healthcare
500 mM NaCl GE Healthcare
10% Glycerol USB Corp., USA
300 mM imidazole GE Healthcare

IMAC Protein Storage Buffer 20 mM Sodium Phosphate (pH7.4) GE Healthcare
500 mM NaCl GE Healthcare
50% Glycerol USB Corp., USA

GST Binding Buffer 10 mM Na2HPO4 (pH7.3) Sigma-Aldrich, USA
1.8 mM KH2PO4 Sigma-Aldrich, USA
2.7 mM KCl BDH, UK
140 mM NaCl BDH, UK
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Experiment Reagent Reagent components Company
Protein Purification GST Elution Buffer 50 mM Tris-HCl (pH 8.0) USB Corp., USA

10 mM Reduced glutathione Sigma-Aldrich, USA

GST Protein Storage Buffer 50 mM Tris-HCl (pH 8.0) USB Corp., USA
50% Glycerol USB Corp., USA

Western Blotting Transfer Buffer 192 mM Glycine BDH, UK
25 mM Tris-HCl (pH 8.3) USB Corp., USA
1.3 mM SDS Sigma-Aldrich, USA
20% Methanol Burdick & Jackson, USA

TBS 10 mM Tris-HCl (pH8.0) USB Corp., USA
150 mM NaCl BDH, UK

TBST 10 mM Tris-HCl (pH8.0) USB Corp., USA
150 mM NaCl BDH, UK
0.05% Tween 20 Bio-Rad laboratories, USA

Agarose Gel 10x TBE Dissolve 216 g Tris, 110 g boric acid and 18.6 g EDTA in 1 L MilliQ water

6x Loading Dye 30% Glycerol USB Corp., USA
10mM Tric-HCl (pH 8.0) USB Corp., USA
1mM Na2EDTA BDH, UK
0.05% Bromophenol Blue BDH, UK
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Experiment Reagent Reagent components Company
Formaldehyde
Agarose Gel

1x FA Buffer 200 mM 3-[N-morpholino]propanesulphonic acid (MOPS) Sigma-Aldrich, USA
50 mM Sodium acetate Sigma-Aldrich, USA
10 mM EDTA (pH 7.0) BDH, UK

Nuclei Extraction Nuclear Isolation Buffer (NIB) 0.44 M Sucrose RDH, USA
2.5% Ficoll GE Healthcare
25 mM Tris-HCl (pH 7.6) USB Corp., USA
10 mM MgCl2 BDH, UK
10 mM of Beta-mercaptoethanol Sigma-Aldrich, USA
0.5% Triton X-100 Sigma-Aldrich, USA
2 mM Spermine Sigma-Aldrich, USA

Buffer for preparing Percoll Layers 0.44 M Sucrose RDH, USA
25 mM Tris-HCl (pH 7.6) USB Corp., USA
10 mM MgCl2 BDH, UK

Nuclear Resuspension Buffer (NRB) 50 mM Tris-HCl (pH7.8) USB Corp., USA
10 mM MgCl2 BDH, UK
10 mM of Beta-mercaptoethanol Sigma-Aldrich, USA
20% Glycerol USB Corp., USA

Nuclei Assay Reaction Buffer 20 mM HEPES buffer (pH 7.5) Sigma-Aldrich, USA
10 mM CaCl2 Sigma-Aldrich, USA

Enzymatic Reaction 1xTriple Buffer (adjusted different pH
by concentrated HCl or NaOH)

10 mM Sodium acetate Sigma-Aldrich, USA

10 mM MES Sigma-Aldrich, USA
20 mM Tris USB Corp., USA
1 mM EDTA BDH, UK
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Experiment Reagent Reagent components Company
SDS PAGE 30% Acrylamide/ 0.8% Bisacrylamide solution (37.5:1) Dissolve 60 g Acrylamide and 1.6 g

Bisacrylamide in 100 ml MilliQ water

Stacking Gel Buffer (4x Tris-HCl/SDS, pH 6.8) Dissolve 6.05 g Tris base and 0.4% SDS in
100 ml MilliQ water

Separating Gel Buffer (4x Tris-HCl/SDS, pH 8.8) Dissolve 18.17 g Tris base and 0.4% SDS
in 100 ml MilliQ water

Electrophoresis Buffer (10x SDS Tris-glycine) Dissolve 30.2 g Tris base, 144 g Glycine
and 0.5% SDS in 1 L MilliQ water

0.25% Coomassie Blue Staining Solution 0.25% Coomassie Brilliant blue R 250 Sigma-Aldrich, USA
40% Methanol Burdick & Jackson, USA
10% Acetic acid Panreac Quimica S.A.U., Spain

De-staining Solution 40% Methanol Burdick & Jackson, USA
10% Acetic acid Panreac Quimica S.A.U., Spain

6x SDS Sample Loading Dye 3% SDS Sigma-Aldrich, USA
36% Glycerol USB Corp., USA
5% Beta-mercaptoethanol Sigma-Aldrich, USA
0.5% Stacking Gel Buffer (pH 6.8)
0.01% Bromophenol Blue BDH, UK


