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ABSTRACT

Neutrophils form a major proportion of the phagocytic population in the body 

carrying out the first line of defence against bacterial and fungal infections. The 

ingested microbes are killed by a combination of reactive oxygen radicals and 

antimicrobial proteases in the phagocytic vacuole. Discharge of reactive oxygen 

radicals and proteases by activated phagocytes into the extracellular space is thought 

to play a major role in inflammatory and other immunopathological reactions (e.g. 

emphysema, rheumatoid arthritis, inflammatory bowel disease). To determine the 

physiologic and pathologic function of granulocyte elastase (GE), one of the major 

proteases in neutrophils, we have cloned and inactivated the gene encoding GE by 

homologous recombination in mouse embryonic stem cells. Correctly targeted clones 

were introduced into blastocysts for the generation of chimeric mice used to establish 

a GE-deficient mouse line. The GE-deficient mice were shown by Northern blot 

analysis to have no detectable GE mRNA. Western blot analysis further showed 

absence of GE protein. The GE-deficient mice appear to be phenotypically normal 

under the conditions encountered in the animal house facilities. Neutrophil numbers 

and neutrophil migration into the peritoneum following a sterile inflammatory stimulus 

are normal as is neutrophil degranulation. GE-deficient mice showed no increase in 

mortality rate when challenged with Stcq>hylococcus aureus (S. aureus), a gram 

positive bacterial pathogen. Tissue clearance of the S. aureus infection by wild type 

and mutant mice was comparable with both types of mice developing acute, but not 

fatal, progressive pyelonephritis five days post-infection.

Concomitant with GE inactivation, the PI bacteriophage ere recombinase gene 

was introduced into the mouse genome 5' o f GE so that its start of translation site 

directly replaced that of GE. The aim was to establish a granulocyte specific knock

out program based on the Cvt-loxP site-specific recombination process. Cre 

recombinase activity was shown to be prominent in granulocyte fractions and at much 

reduced levels in other tissues examined, probably resulting fî om contaminating 

granulocytes.
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INTRODUCTION 

CHAPTER 1

1.1 Introduction

Neutrophils are the first type of cells to be recruited to a site of infection where 

they provide protection against bacterial and fungal pathogens. In humans, the 

neutrophil is the most abundant leukocyte in the blood comprising up to 65% of the 

white blood cell population (reviewed by Edwards, 1994). Due to their short lifespan 

in circulation, two to three days, and their large numbers, neutrophils have a high turn

over rate and the human body must be able to generate a huge number (5X10^®) of 

neutrophils each day. During infection neutrophil numbers can increase by as much as 

one order of magnitude to help combat the invading pathogens. The large amount of 

resources expended to maintain adequate levels of neutrophils together with the 

frequent and severe infections which occur in people with reduced neutrophil numbers 

or neutrophils with functional abnormalities indicate the important role that 

neutrophils play in defence against micro-organisms.

The overall aim of this project is to study the role of GE, one of the most 

abundant neutrophil granule proteins, in the immune functions of neutrophils. This 

introduction therefore provides a brief description of neutrophil development, 

migration to sites of infection and microbicidal activity as well as an outline of a 

number o f neutrophil azurophil granule proteins involved in microbial killing with 

special emphasis on GE. Since there are serious speculations about the involvement of 

GE in many pathological conditions, some of the most important ones have also been 

described. Finally, a brief outline of the principles of gene targeting is presented, the 

technology which has revolutionised the study of the role of genes in vivo and has 

allowed us to generate the line of GE-deficient mice which was used in this project.

1.2 Neutrophil development

Production of neutrophils occurs in the bone marrow. Neutrophils originate 

from pluripotent haematopoietic stem cells which in the course of myeloid
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differentiation progress through several well-defined morphological changes and 

stages These changes include increasing segmentation of the nuclear compartment 

and the production of stage-specific granules and markers The differential gene 

expression which occurs during neutrophil maturation equips the developing 

neutrophil with all the proteins that it needs to carry out its functions, such as 

microbicidal proteins, and receptors which will allow for the expansion of the 

neutrophil precursor pool in response to cytokines and colony stimulating factors or 

will allow the activation of the mature neutrophil (reviewed by Edwards, 1994).

Haematopoietic stem cells have the potential for self-renewal (i.e. replication 

into two equally pluripotent and undifferentiated cells) and for lineage-specific 

differentiation (i e. division and differentiation into blood cells of all lineages). Once 

haematopoietic stem cells enter the pathway for differentiation and progressively 

become more mature, their ability for proliferation is reduced During neutrophil 

maturation haematopoietic stem cells progressively mature into CFU-GEMM (colony- 

forming unit granulocyte-erythroid-monocyte-megakaryocyte, early myeloid 

progenitor cells which can differentiate into all the mentioned cell types), CFU-GM 

(colony-forming unit granulocyte-macrophage, which can still differentiate into either 

granulocytes or monocytes), CFU-G (colony-forming unit granulocyte, precursors 

committed to granulocytic lineage differentiation), myeloblasts, promyelocytes 

(precursors committed to neutrophil differentiation), myelocytes, metamyelocytes, 

band cells and finally into mature neutrophils.

1.2.1 Intracellular granules

12.1.1 Intracellular granules and proteins

During the myeloblast and promyelocyte stages of development primary or 

azurophil granules develop. The numbers of these granules in each neutrophil decrease 

as cells become progressively more mature because developing neutrophils keep 

dividing after azurophil granule synthesis has stopped (Bainton, 1975). These granules 

contain amongst other proteins myeloperoxidase (MPO), defensins, 

bactericidal/penneability increasing protein (BPI), GE, cathepsin G, protease 3 (PR- 

3), azurocidin, lysozyme and a wide variety of acid hydrolases. Reviews on neutrophil 

granules are provided by Gullberg et al., (1997) and Borregaard et a l,  (1993).
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Azurophil granules are heterogeneous, probably a result of variability of their contents 

at the time of packaging. Physically they can be distinguished into crystal-containing 

(nucleated) azurophil granules, large azurophil granules (with low peroxidase activity) 

and small electron dense granules (with strong peroxidase activity). Although 

azurophil granules can be exocytosed, they do so to a minor extent compared to other 

granules indicating that azurophil granule proteins probably do not have a major role 

to play extracellularly. Section 1.5 provides a more detailed account on some of the 

azurophil granules.

Secondary or specific granules appear at the myelocyte stage of neutrophil 

maturation (Bainton et a l, 1971). The appearance of secondary granules and 

expression of the proteins contained within them are the first markers of the 

commitment of the precursor cells to terminal neutrophil differentiation. Evidence 

shows that secondary granule protein expression is co-ordinately regulated at the 

transcription level (Sigurdsson et a l, 1997). Four major proteins are found in specific 

granules: lactoferrin, transcobalamin, collagenase (matrix metalloproteinase 8, MMP8) 

and small amounts of gelatinase (also known as matrix metalloproteinase 9, MMP9, 

and type IV collagenase). Specific granule membranes probably function as a reservoir 

of proteins which get incorporated to the plasma membrane after stimulation to 

increase the levels of receptors and other proteins. This is of particular significance in 

neutrophil functions such as adherence, as specific granule membranes contain many 

receptors involved in adhesion such as the adhesion molecule and complement 

receptor Mac-1/CR3 (CD 1 lb/CD 18) and receptors for laminin, C3bi, fibrinogen, 

fibronectin and vitronectin. Specific granule membranes are also an important store of 

cytochrome bsss and receptors for formyl-methionyl-leucyl-phenylalanine (fMLP) and 

tumour necrosis factor-a (TNF-a). Secondary granules can be divided into two 

categories depending on their lactoferrin and gelatinase content: a.) granules that 

contain lactoferrin but no gelatinase b.) granules that contain both gelatinase and 

lactoferrin.

Tertiary granules (also known as C-particles and gelatinase-containing 

granules) are a subset of the peroxidase negative granules and in contrast to the 

secondary granules contain no lactoferrin (Kjelden, 1995). The majority of the 

neutrophil gelatinase content is found in these tertiary granules which are of slightly
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lower density and mobilise faster compared to specific granules. Kjelden (1995) 

reached the conclusion that peroxidase negative granules exist as a continuum from 

the most dense and least mobilisable granules which contain lactoferrin but no 

gelatinase (specific granules) to the lightest and most easily mobilised containing 

gelatinase but no lactoferrin (tertiary granules). A number of proteins have been 

associated to the membranes of tertiary granules including Mac-1/CR3, cytochrome 

bsss, fMLP receptor. It appears that Mac-1 and cytochrome bsss are mostly associated 

with the specific granules and that the fMLP receptor is more of a tertiary-associated 

protein (Kjelden, 1995). Although it may function to supplement membrane proteins, 

probably the most important function of these granules is the release of gelatinase 

extracellularly.

Secretory vesicles, small granules containing latent alkaline phosphatase on 

their luminal side, were first described by Borregaard et al. (1987) but their existence 

is not universally accepted. Plasma membrane proteins such as immunoglobulins, 

tetranectin and albumin are found on the membrane of the secretory vesicles, a fact 

which is indicative of an endocytic origin. The membrane of secretory vesicles 

additionally contains a number of functional proteins such as Mac-1, cytochrome bsss, 

fMLP receptors and Fcylll receptors indicating that once the secretory vesicles fuse 

with the plasma membrane they can affect the functional state of the neutrophil. 

Tertiary granules are extremely sensitive to nanomolar concentrations of inflammatory 

mediators and are mobilised (exocytosed) very fast.

The neutrophil granules differ in their ability to be mobilised by inflammatory 

signals, a fact which has been suggested to relate to their functions within the cells. A 

hierarchy exists regarding the mobilisation of neutrophil granules whereby the lighter 

the granule the more easily it is mobilised. Therefore after stimulation with 

inflammatory mediators the secretory vesicles are mobilised more extensively than 

tertiary granules which in turn are more easily mobilised than secondary granules. 

Azurophil granules are the least easily mobilised granules as they are the densest. This 

may enable the neutrophil to respond to stimuli with a step-wise increase in its state of 

activation and to ensure that the release of toxic azurophil and specific granule 

components does not occur prematurely (Kjelden, 1995).
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1 2.1 2 Targeting of granule proteins

There is evidence suggesting that the mechanism of protein targeting to 

individual granule subsets in neutrophils is determined by the maturation state of the 

cell at the time of granule protein synthesis and not by any intrinsic trafficking signal 

within each individual protein as the latter would require a very complex sorting 

mechanism (Le Cabec et al., 1996 and 1997). Therefore the protein content of each 

granule subset is determined by the assortment of proteins synthesised at the time of 

formation of that particular granule subset. It has been shown that proteins found in 

different granule subsets are synthesised at different stages of neutrophil maturation 

and that proteins localised in the same granule subsets are synthesised simultaneously 

(Fouret et al., 1989; Berlin et al., 1995; Borregaard et al., 1995). Le Cabec et al. 

(1996) constitutively expressed neutrophil gelatinase associated lipocalin (NGAL), a 

specific granule protein normally expressed in metamyelocytes, in the HL-60 human 

promyelocytic cell line (Kjeldsen et al., 1993 and 1994). HL-60 cells are 

developmentally arrested at the early promyelocytic stage and therefore lack specific 

and gelatinase granules but have azurophil granules with their component proteins 

(Collins, 1987; Johnston et al., 1992). Le Cabec showed that NGAL was targeted to 

the azurophil granules co-localising with MPO. This indicated that intracellular 

granule proteins can be targeted to a different granule subset from the one that they 

are usually found in if they are expressed at a different time point during neutrophil 

maturation.

HL-60 cells can be induced to acquire a more mature neutrophil phenotype or 

a more monocytic phenotype depending on whether induction is brought about by 

dimethyl sulphoxide (DMSO), retinoic acid or by phorbol esters (Breitman et al., 

1980: Fibach et al., 1982). Induction into granulocytic maturation results in the 

production of cells morphologically at the metamyelocytic and band cell stage which 

have the ability to undergo a respiratory burst and to phagocytose. However, they still 

lack secondary granules and their intracellular protein components, the genes of which 

were shown not to be transcribed.

When HL-60 cells were induced by DMSO to differentiate into granulocytes 

the sunthesised NGAL protein was no longer retained in azurophil granules but was 

constitutively secreted into the extracellular medium (Le Cabec et al., 1997).
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Therefore after azurophil granule production ceases, NGAL can no longer be directed 

into these granules and, since specific granules are not being produced by HL-60 cells, 

NGAL is secreted. Proteins usually found in the membranes of the secondary granules 

of normal neutrophils, e.g. the cytochrome bs58, were localised almost exclusively in 

the plasma membrane of the differentiated HL-60 cells.

Gullberg et al. (1997) have reviewed the topic of granule protein processing 

and sorting in neutrophils as well as granule formation and, as yet, no specific sorting 

motifs have been discovered that explain protein segregation into the different 

neutrophil granule subsets. They have proposed a mechanism whereby neutrophil 

granule proteins would be forced to aggregate at the site where sorting takes place. 

The trans-Golgi network (TGN) was proposed as a possible site for aggregation since 

the pH and ionic conditions there are distinct from earlier stages in the secretory 

pathway. The protein aggregate is then believed to signal, through interaction with the 

TGN membrane, the formation of a transport vesicle. In a heterogeneous protein 

aggregate not all the proteins need to have this signalling ability thus eliminating the 

need for separate sorting signals on every single protein found in the aggregate. 

Therefore the ability to aggregate under a particular set of conditions will then be the 

determining factor for segregation. Many granule proteins are cationic with positive 

charges under physiological conditions and it is possible that interactions with 

negatively charged proteoglycans may facilitate protein aggregation. The proteins are 

thus concentrated in transport vesicles which then fuse with one another to generate 

mature cytoplasmic granules. A mechanism must exist to prevent fusion of the 

transport vesicles to the plasma membrane. The fact that the proteins in these vesicles 

are in a condensed insoluble form may be sufficient to prevent secr^on. There is also 

evidence suggesting that distinct proteins are involved in vesicle fusion and granule 

formation.

1.2.2 Cytokines and colony stimulating factors

The choice of haematopoietic cells between self-renewal and differentiation 

may a stochastic event but once the choice for differentiation has been made the 

survival and successful differentiation of the committed progenitor cells is dependent 

on the presence of cytokines (Ogawa, 1993).
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In the granulocytic lineage Granulocyte-Macrophage colony stimulating factor 

(GM-CSF) and Granulocyte colony stimulating factor (G-CSF) are the major 

cytokines involved in neutrophil differentiation although they probably need to 

function in a co-operative and synergistic fashion with more broadly acting cytokines 

such as interleukin-3 (IL-3), stem cell factor and interleukin-6 (IL-6) (Sigurdsson et 

til., 1997). Production of mice deficient in GM-CSF, G-CSF and of double knock-out 

mice lacking both cytokines has helped to partially ddineate the role of each CSF in 

neutrophil development although their precise physiological functions, especially in 

relation to each other, still remain poorly defined (Stanley et al., 1994; Lieschke et a l, 

1997; Seymour et al., 1997). One fact however which transpires from these 

experiments is that the myeloid-specific cytokines are at least partly redundant.

Mice deficient in GM-CSF showed no detectable deficiency in “steady state” 

haematopoiesis (Stanley et al., 1994). This indicated that despite its potent 

haematopoietic capacity GM-CSF is not necessary for production of normal levels of 

any of the major haematopoietic cells, including neutrophils. G-CSF deficient mice 

suffered from chronic neutropenia producing only 20% to 30% of the normal levels of 

mature circulating neutrophils (Lieschke et a l, 1997). The data suggest that G-CSF 

plays a vital role in maintaining normal baseline levds of neutrophils during “steady 

state” granulopoiesis and in generating high levels of neutrophils during “emergency” 

granulopoiesis in events such as infections that drive neutrophil production above 

basal levels. The presence of mature neutrophils in circulation, although in reduced 

numbers, indicates that the G-CSF is not an absolute requirement for neutrophil 

production and that the remaining cytokines cannot fully compensate for its 

deficiency. Additionally the lineage specificity of G-CSF for neutrophils may not be 

absolute as indicated by reduced levels of macrophage progenitor cells and stem cell 

factor-responsive blast progenitor cells in G-CSF null mice. Adult double mutant mice 

lacking both G-CSF and GM-CSF show the same extent of neutropenia as single G- 

CSF mutants (Seymour et a l,  1997). New-born mice (up to 2 weeks of age) however 

are more neutropenic than adult animals. This indicates that under certain conditions 

GM-CSF is capable of contributing to neutrophil production and that at different 

stages in the life of the animals the contribution of the various factors to 

haematopoietic regulation may vary.
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1.2.3 Transcription factors

There cjn» considerable data suggesting that growth factors mainly allow for 

survival and proliferation of progenitors and that lineage decisions are exercised 

through transcriptional mechanisms (Orkin, 1995). Regulation of essential gene 

expression during normal myeloid differentiation is achieved by the combined effects 

of a number o f transcription factors. A selection of transcription factors involved in 

haematopoietic development has been reviewed by Orkin (1995). A contradictory idea 

however suggests that growth factors control lineage commitment acting through 

induction or downregulation of transcription factors and other proteins which affect 

gene expression leading to changes in cellular maturation and proliferation 

(Sigurdsson a/., 1997).

PU. 1 is a transcription factor belonging to the ets family. It is expressed 

exclusively in the haematopoietic s>stem, particularly in B-lymphocytic, granulocytic 

and monocytic cells Nearly all myeloid-specific genes contain PU. 1 binding sites that 

appear to be functionally important to promoter function. Disruption of the PU. I 

locus in mice results in prenatal lethality of homologous mutant embryos between 16 

and 18 days o f gestation (Scott et aJ., 1994). The mutant embryos showed a defect in 

the generation of progenitor cells for B- and T-lymphocytes, monocytes and 

granulocytes. Normal numbers of megakaryocytes and erythroid progenitors were 

produced. Detailed analysis indicated that early myelopoiesis is relatively unaffected 

by the PU. I  inactivation, with multipotent progenitors being produced in normal 

numbers. Later developmental events, however, are blocked as indicated by the lack 

of expression of late myeloid genes such as GDI lb, CD64 and M-CSF receptor 

(Olson et al., 1995 and Simon et al, 1996).

Members of the CCAAT/enhancer binding protein (C/EBP) family of leucine 

zipper transcription factors have also been implicated in early myeloid differentiation. 

C/EBPAa has been noted to regulate the promoters for several myeloid granule 

proteins, including MPO and GE which are expressed at the promyelocyte stage 

(Oelgeschlager et at., 1996; Ford et a l,  1996). C/EBP a  null mutant mice have no 

mature granulocytic cells and show selective loss of expression of the G-CSF
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receptor. Other haematopoietic lineages, including monocytes, are not affected (Zhang 

el a / , 1997). Inactivation of another C/EBP family member, C EBPe, results in mice 

that lack functional neutrophils and eosinophils and die of opportunistic infections by 

3-5 months of age (Yamanaka et a i,  1997). So both C/EBPe and C/EBPa expression 

is essential for normal granulocytic development and function despite their 

overlapping pattern of expression.

MZF-1, c-m\t>, RARs and CDP are additional transcription factors that are 

involved in myeloid differentiation (Sigurdsson etal., 1997).

1.3 Neutrophil recruitment to sites of inflammation

1.3.1 Inflammaton mediators

Circulating neutrophils are recruited to sites of infection by a wide variety of 

recruitment factors Recruitment factors are both pathogen- and host-derived. Apart 

from their effects on neutrophils these factors can affect the endothelium at the 

vicinity of the inflammation causing it to release its own recruitment factors and to 

express adhesion molecules on its surface physically aiding in the recruitment of 

neutrophils. Recruitment factors can also affect other host cells causing the release of 

yet more recruitment factors.

Pathogen-derived recruitment factors include endotoxins/lipopolysaccharides 

(LPS) and small N-formylated bacterial peptides. LPS are a component of the cell wall 

of gram-negative bacteria and are the principal stimulator o f the innate immune 

reaction against these bacteria (Rietschel et al., 1994). LPS stimulate the production 

of cytokines by macrophages and other cells e.g. vascular endothelium. The cytokines 

include TNF-a, interleukin-1 (lL-1), IL-6 and chenwkmes which in turn induce 

inflammation. LPS are the major factor in the pathogenesis of gram-negative bacterial 

toxic shock, a lethal condition resulting from the uncontrolled release of large 

amounts of endogenous inflammatory cytokines, mainly TNF-a and IL-1, 

characterised by circulatory collapse and disseminated intravascular coagulation. Mice 

mutant in lipopolysaccharide binding protein (LBP) (Jack et al., 1997), a protein 

mediating the interaction between LPS and CD-14 (one of the known LPS receptors 

expressed predominantly on the surface of monocytes/macrophages), and mice
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deficient in the CD-14 are resistant to endotoxic shock (Wright el a l , 1990,

Tobias et a i,  1988; Haziot et a i, 1996). LBP-deficient mice are more susceptible to 

Salmonella typhimurium infection showing the importance of LPS-mediated 

responses in mounting a successful immune reaction against gram-negative 

pathogens.

Host-derived factors can originate from damaged tissue or immune cells at the 

site of infection (including neutrophils) and the endothelium at the locality of the 

infection. Serum proteins such as complement proteins can also act as inflammatory 

agents Host derived inflammatory mediators include TNF-a, IL-1, EL-6, IL-8, C5a, 

platelet activating factor (PAF) and leukotrienes. Activated macrophages are the main 

source of TNF-a and EL-1 in the body which have similar actions: increase 

adhesiveness of the endothelium for leukocytes and vice versa.

IL-8 is a very powerful chemoattractant which plays a key role in acute 

inflammation being responsible for neutrophil activation and chemotaxis to 

inflammatory sites (Hetchman et a i, 1991; Oppenheim et a i,  1991). The migratory 

ability of neutrophils derived from mice deficient in EL-8 receptor is severely 

compromised (Cacalano et a i,  1994).

C5a is a cleavage product of C5 generated during complement cascade 

activation and in humans is quickly converted to by the removal of the C-

terminal arginine in serum (Hugh, 1984). C5a and CSadesarg are important neutrophil 

chemoattractants (Fernandez et a i, 1978). Congenic C5a deficient mice showed 

decreased recruitment of neutrophils to sites of group B streptococcal infection 

compared to normal mice (Bohnsack et a i, 1997). Similarly neutrophils in mice 

deficient in the C5a receptor (a receptor found in all myeloid cell hneages, on 

hepatocytes and epithelial cells) showed reduced capacity for migration to the 

peritoneum. The data also indicated that the C5a receptor was important for lung 

mucosal host defence (Haviland et ai, 1995; Hôpken et a i,  1996).

EL-6 is a multifactorial cytokine involved amongst others in regulation of the 

immune response and haematopoiesis (reviewed by Hirano and Kishimoto, 1990). 

Mice deficient in EL-6 showed increased susceptibihty to Listeria monocytogenes and 

Candida albicans (C. albicans) and unlike wild type animals were unable to mount
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peripheral blood neutrophilia in response to the infection (Dalrymple et a l, 1995, 

Romani et a l,  1996).

Following exposure to inflammatory stimuli, the neutrophils themselves are 

able to produce a wide variety of cytokines including EL-8, TNF-a, EL-Hi, EL-1 

receptor antagonist, interferon-a (EFTE-a), possibly EL-6, G-CSF, M-CSF and GM- 

CSF (reviewed by Cassatella, 1995). Et is thought that through cytokine secretion 

neutrophils may be able to influence the direction of the immune process.

1.3.2 Attachment and migration of neutrophils across the endothelium

Central to the immunological role of neutrophils during inflammation is their 

ability to emigrate from the circulation to sites of infection within tissues. Following 

an inflammatory signal neutrophils attach to the surface of the endothelium adjacent to 

the site o f infection (margination), pass through gaps between endothelial cells 

(diapedesis) and then digest and migrate through the extracellular matrix (ECM) 

towards the site of infection across a chemoattractant gradient by chemotaxis.

Attachment to the endothelium occurs in two distinct stages. First the speed of 

circulating neutrophils is reduced the neutrophils begin to roll on the lumen of the 

activated endothelium. Neutrophils then firmly adhere to the endothelial wall. These 

two phases of attachment appear to be mediated by different sets of adhesion 

molecules on the surfaces of the neutrophils and endothelial cells (reviewed by 

Edwards, 1994).

Available evidence suggests that neutrophil rolling is mediated by the selectin 

family of adhesion molecules (reviewed by Bevilacqua and Nelson, 1993). There are 

three known selectin molecules called P-, E- and L-selectins. The genes for these are 

closely linked in both the human and mouse genome on chromosome 1 (Watsori et al , 

1990). All three selectins have an N-terminal lectin domain. Selectins bind to specific 

carbohydrate moieties on their glycoprotein and glycolipid ligands. The carbohydrate 

ligand for P- and E-selectins has been identified as Sialyl-Lewis X (NeuAco2, BGalBl, 

4 (Fucal, 3) GlcNAc) (Etzioni et a l, 1992). L-selectin is found constitutively on 

most leukocytes including neutrophils. P- and E-selectins are expressed on activated 

endothelium. P-selectin is additionally expressed on activated platelets (reviewed by 

Kansas, 1996). WTiile endothelial cells and platelets store preformed P-selectin in
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intracellular granules called Weibel-Palade bodies and a  granules respectively, E- 

selectin expression requires de novo synthesis. This means that P-selectin can be 

rapidly mobilised to the surface of endothelium within minutes of stimulation whilst 

maximum surface expression of E-selectin occurs only after 4-6 hours (Bevilacqua et 

a i, 1987). It is therefore thought that P-selectin is involved in acute responses with E- 

selectin being involved only in later stages of inflammation.

Mice deficient in P-, E- and L-selectins have been generated. P-selectin- 

deficient mice exhibit virtually total absence of baseline leukocyte rolling in mesenteric 

venules, delayed extravasation of neutrophils in thioglycollate-induced peritonitis and 

elevated numbers of circulating neutrophils (Mayadas et al., 1993; Johnson et a l, 

1995). Surprisingly, susceptibility to infection under standard conditions of animal 

husbandry was similar for mutant and wild type mice. E-selectin-deficient mice 

showed no defect in thioglycollate-induced peritonitis unless P-selectin antibodies 

were infused suggesting overlapping functions of P- and E-selectins (Labow et a l, 

1994). L-selectin-deficient mice showed delays in neutrophil migration to the 

peritoneum during thioglycollate-induced peritonitis and decreased leukocyte rolling 

(Arbones et a l,  1994). Mice that were both P- and E-selectin-deficient showed a 

more extreme phenotype than mice deficient in either of the two selectins alone. 

Leukocyte rolling in the double mutant mice was virtually absent in mesenteric venules 

even under conditions when leukocytes in the P-selectin-deficient mice exhibited 

considerable rolling (as much as 43% of wild type values). Similarly neutrophil 

extravasation was more severely compromised than in the P-selectin mutant mice. The 

double-deficient mice were also susceptible to infection by opportunistic bacteria 

leading to increased fatalities and exhibited pronounced leukocytosis, elevated levels 

of cytokines and modified haematopoiesis.

The importance of select in-mediated adhesion as a necessary initial step in the 

recruitment of neutrophils to sites of inflammation and tissue injury is seen in patients 

with a condition known as Leukocyte Adhesion Deficiency II (LAD II) whereby 

problems in fiicose metabolism lead to absence of the Sialyl-Lewis X ligand (Etzioni et 

a l, 1992). Neutrophils fi'om these patients have severe adhesion and mobility defects. 

The patients exhibit neutrophilia and suffer fi'om recurrent bacterial infections. The 

symptoms of the double selectin mutant mice closely resemble this condition.
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Following rolling, the neutrophils attach more firmly to the endothelium and 

their movement is arrested Firm adherence is mediated by integrin adhesion molecules 

expressed on the surface of activated neutrophils and intercellular adhesion molecules 

(ICAMs) found on the surface of endothelial cells. This plays an important role in 

transendothelial migration of neutrophils (Etzioni et al., 1992; Xu et a i, 1994). Three 

major 82 integrins are associated with neutrophil adhesion to the endothelium. They 

are heterodimers composed of a common 8 subunit encoded by the CD18 gene and 

one of three a  chains: CD 11 a/CD 18 or lymphocyte function-associated antigen 1 

(LFA-1), CDl lb/CD 18 and CDl 1 c/CD 18 or p i50,95 (reviewed by Kishimoto et a i, 

1989). CDl lb/CD 18 is the most important of the three for adhesion. These integrins 

are preformed and stored on neutrophil granules and are mobilised to the cell surface 

following rolling-induced activation of the neutrophils. The structure/function 

relationship o f these adhesion molecules is reviewed by Dransheld (1995).

ICAM-1 and -2 are immunoglobulin-like adhesion molecules on the surface of 

the endothelial cells and bind to the 82 integrins CDl la/CD18 and CDl lb/CD18 

Both ICAMs are constitutively expressed on vascular endothelium. ICAM-1, unlike 

ICAM-2, is upregulated by as much as 40 times on the surface of endothelial cells 

through de novo biosynthesis in response to in vitro stimulation by inflammatory 

cytokines (Dustin et a i, 1986; Pober et a i, 1986), phorbol esters (Rothlein et a i, 

1986) and lipopolysaccharide (Lasky, 1992) leading to increased binding of 

neutrophils to endothelial cells (Diamond et a i,  1990) and is probably the most 

important o f the two ICAMs for neutrophil adhesion and transendothelial migration.

The critical role in inflammatory responses and immune functions of 82 

integrins is best illustrated in the human genetic disorder LAD I caused by mutations 

in the gene encoding the 82 subunit of LFA-1, Mac-1 and pi 50,95 integrins (reviewed 

by Fischer et a i,  1988). LAD I patients have elevated levels of circulating 

granulocytes and suffer from recurrent bacterial and fungal infections and deficiencies 

in wound healing (Anderson and Springer, 1987). Granulocytes are unable to migrate 

to and accumulate at sites of infection and inflammation but are able to adhere and roll 

on blood vessel endothelium in vivo (Smith et a i,  1988; von Andrian et al., 1993). A 

CD 18 mutant line of mice exists which shows reduced (2-16%) levels of CD 18
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expression (Wilson et a l,  1993). These mice demonstrate mild granulocytosis and 

impaired response to chemical peritonitis.

ICAM-1-deficient mice have also been generated (Sligh et al., 1993; Xu et al., 

1994). Compared to the CD 18 deficiency in humans, mice deficient in ICAM-1 exhibit 

a much less severe phenotype. These mice show moderate granulocytosis and 

neutrophil emigration to the peritoneum in chemically induced peritonitis is impaired 

but not abolished indicating that an ICAM-1 independent mechanism for 

transendothelial migration must also be in place.

Activation of migrating neutrophils is important for defence against invading 

pathogens. Migration across the ECM provides an invaluable opportunity for specific 

activation of neutrophils since in this environment they come into contact with 

proteins that they would not normally be exposed to whilst in circulation. Activation 

in this way provides an added regulatory step, preventing activation of circulating 

neutrophils. Integrin associated protein (lAP) a member of the immunoglobulin 

superfamily, is expressed on virtually all types of cells and is physically and 

functionally associated with 8 3  integrins (Brown et a l, 1990; Reinhold et a l ,  1995). 

This acts as a receptor for ECM protein thrombospondin and may be involved in 

neutrophil activation (Gao et a l, 1996). Neutrophils fi’om mice deficient in LAP 

exhibit delayed migration to sites of bacterial infection and are also defective in the 

activation of the oxidative burst, Fc receptor-mediated phagocytosis and Ü3 integrin- 

dependent ligand binding resulting to higher susceptibility to bacterial infections 

(Lindberg et a l,  1996).

Extravasating neutrophils need to move through the ECM to the site of 

infection. This is thought to require controlled proteolytic digestion of the ECM 

enabling neutrophils to reach their destination with minimal damage to ECM 

components and surrounding tissues. Following stimulation, neutrophil surface-bound 

proteolytic activity, assigned to GE and cathepsin G, greatly increases (Owen et a l,  

1995a). This activity, unlike the ffee-form of the en2ymes released into the 

extracellular space, is for some reason resistant to inactivation by extracellular 

protease inhibitors. This has been suggested to provide a mechanism for sharply 

focusing proteolytic activity on the surface of neutrophils which allows digestion to
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occur only in the immediate environment of the egressing neutrophils preventing 

unchecked proteolytic damage.

1.4 Microbial killing by neutrophils

Before neutrophils can kill invading pathogens these must be recognised as 

foreign. The neutrophil itself has little intrinsic ability to differentiate between host and 

foreign antigens and so relies on other arms of the immune system to do so This is 

mediated through opsonisation of the pathogens by proteins such as antibodies and the 

complement components (Edwards, 1994). Opsonin receptors on the surface of the 

neutrophil (Fc receptors or CRl and CR3) recognise the opsonised pathogen leading 

to phagocytosis, a process whereby invagination of the neutrophil plasma membrane 

causes the incorporation of the pathogen into an intracellular vacuole called 

phagosome. Phagosomes then fuse with neutrophil cytoplasmic granules discharging 

their contents into the phagocytic vacuole, an event which aids pathogen killing. 

Intracellular killing is mediated by oxygen-dependent and oxygen-independent 

mechanisms. The large variety of microbicidal mechanisms used by neutrophils enable 

them to deal with a wide range of pathogens. In addition, this provides a level of 

redundancy as a fail-safe mechanism in case one microbicidal method becomes 

functionally inactive or pathogens develop immunity to it.

1.4.1 Orvgen-dependent killing mechanisms

Oxygen-dependent microbicidal mechanisms involve the generation of reactive 

oxygen intermediates (ROI) which kill the ingested pathogens. Increased oxygen 

consumption accompanies the generation of ROI and provides the oxygen molecules 

required. This increased oxygen consumption is called ‘respiratory burst’ and is 

independent of mitochondrial respiration (originally thought to supply the neutrophils 

with the extra energy for phagocytosis). The enzyme responsible for the oxygen 

consumption is called NADPH (nicotinamide dinucleotide phosphate) oxidase (Segal 

et al., 1978; Segal, 1987). This is a multicomponent enzyme made up of a number of 

cytoplasmic (p47^^‘“, p67^*"', p21™̂  ̂ and rhoGDI) and membrane components 

(cytochrome bsss) which are assembled together when the neutrophil is activated 

leading to the formation of an active NADPH oxidase enzyme (reviewed by Segal and
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Abo, 1993). The cytochrome b;<g component is found both on the plasma membrane 

of neutrophils and on the membranes of specific granules and consists o f a small 

subunit (a-subunit or p21^^"  ̂ of about 21 kDa) and a large subunit (8 -subunit or 

gp9 1 /’̂ ô  of about 76-91 kDa). Apart from neutrophils cytochrome bss* is found in 

monocytes, macrophages and eosinophils and to a lesser extent in T- and B- 

lymphocytes, fibroblasts and renal mesangial cells (Dorseuil et a i, 199%; Morel et a i,  

1991). The complexity of this system probably evolved to protect against non-specific 

NADPH oxidase activation which, if unchecked, could cause serious damage to host 

tissue (reviewed by Weiss, 1989).

NADPH oxidase is an electron transport chain transferring a single electron 

from NADPH to O2 leading to the production of a superoxide ion (O2# )

NADPH
oxidase

NADPH + 2 O2 2 O2# +NADP" +H^

Two molecules of 0 2 * can then interact spontaneously (dismutation reaction) to 

generate one molecule of H2O2 as shown in the following reaction;

2 O 2 *  " h ^ H  —> H 2 O 2  O 2  

H2O2 generated during the oxidative burst and by some micro-organisms is utilised by 

MPC (an azurophil granule component) to generate hypochlorous acid and 

chloroamines which are also reactive toxic compounds. Singlet oxygen ('O 2) and 

hydroxyl radical (*0H) production by MPO has also been proposed but is debatable 

(Weiss, 1989). MPO has a broad oxidative microbicidal activity. Readily oxidised 

microbial proteins, such as iron-sulphur centres or biologically important sulfliydryl 

groups, are among the many likely targets of MPO-mediated antimicrobial activity 

Hereditary MPO deficiency has been reported (Tobler et a i, 1989; Nauseef, 1989). 

Contrary to what one might have expected most individuals lacking MPO are not 

more susceptible to infection although in some cases patients suffer serious Candida 

infections.

It is thought that an important consequence of the NADPH oxidase activity is 

the increase o f the pH of the phagosome, due to the transport of electrons into the 

phagosome lumen resulting in the consumption of iT ions, which allows the activation
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of serine proteases released into the phagosome following its fusion with cytoplasmic 

granules (Segal e/a/., 1981).

The importance of NADPH oxidase enzyme in immunological defence is best 

exhibited in patients suffering from Chronic Granulomatous Disease (COD). These 

patients have neutrophils that are defective in superoxide production but show normal 

chemotaxis, degranulation and phagocytosis (Smith and Cumutte, 1991). CGD 

patients suffer from chronic inflammation with granuloma formation (on the skin, 

lung, liver, lymph nodes, spleen), recurrent and often fatal infections due to organisms 

such as S. aureus, Aspergillus fumigatus (A. fumigatus), C. albicans and especially 

gram negative bacteria which are not usually associated with such disease severity in 

normal subjects. Catalase negative organisms appear to be less of a problem for CGD 

patients perhaps because H2O2 generated by these organisms gets utilised by MPO for 

the production of ROI.

In two thirds of the CGD patients the disease is X-linked resulting from 

inactivation of the gp9I^ '̂"'' subunit of NADPH oxidase (Royer-Pokora et a l, 1986). 

The remaining of the CGD patients have the autosomal form of the disease associated 

most commonly with deficiencies of either p47^ '̂’"̂ or p67^ °̂  ̂(Dinauer, 1993).

Two mouse models of CGD exist (Pollock et al., 1995; Jackson et al., 1995) 

which show symptoms closely resembling those exhibited by the human CGD patients. 

The X-linked CGD mouse model exhibited increased susceptibility to S. aureus and A. 

fumigatus infections and increased numbers of peritoneal exudates in thioglycollate- 

induced peritonitis. The mouse model of autosomal CGD, arising from a mutation in 

the p47̂ °̂"" gene, showed defective bactericidal activity in vitro against S. aureus, 

abnormally high inflammatory responses to thioglycollate-induced peritonitis and 

spontaneously developed severe infections with granulomatous inflammation.

1.4.2 Oxygen-independent killing mechanisms

Oxygen-independent methods of microbial killing involve the action of proteins 

found in the cytoplasmic granules of neutrophils which fuse to the developing 

phagosome during phagocytosis. These proteins can be directly microbicidal or 

potentiate the killing activity of other polypeptides (reviewed by Lehrer and Ganz,
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1990; Gabay and Almeida, 1993). These include the serine proteases (GE, cathepsin 

G, azurocidin and PR3), the defensins, BPI and lysozyme. All these granule proteins 

(apart from lysozyme) are looked at in more detail in the next section.

1.5 Oxygen-independent antimicrobial proteins in azurophil granules

1.5.1 Defensins

Defensins are a class of small (29-43 amino acids), cyclic, antimicrobial 

peptides (reviewed by Gabay and Almeida, 1993; Lehrer and Ganz, 1990; Ganz and 

Lehrer, 1994 and 1995). They are divided into 3 structural groups called ‘classical’, ii- 

and insect defensins. Defensins are found in the azurophil granules of, amongst others, 

human, rat, rabbit, guinea pig and bovine gramilocytes. In humans defensins form 

about 5% of the total granulocyte protein content and about 50% of the denser 

azurophil granule subpopulation content. Mice have been shown to lack myeloid 

defensins but Paneth epithelial cells in the small intestine contain a group of defensin 

proteins called cryptdins (Eisenhauer and Lehrer, 1992; Eisenhauer et al., 1992; 

Selsted et al., 1992).

Defensins are produced as large preprodefensin precursors and maturation is 

achieved through a number of proteolytic cleav-age events (Valore and Ganz, 1992; 

Harwig et al., 1992; Bateman et al., 1991). The cleaved sequences have been 

suggested to neutralise the toxicity of the defensins during intracellular transport 

(Michaelson et al., 1992; Valore et al., 1994).

Defensins have been shown to kill a wide variety o f bacteria, fungi and 

enveloped viruses including human immunodeficiency virus (Ganz and Lehrer, 1995). 

Human defensins are most effective against metabolically active microbial targets but 

the more cationic rabbit and rat defensins can kill metabolically inactive organisms 

equally well. Although not well defined, defensin microbicidal activity appears to be 

mediated by disruption of bacterial membranes (Kagan et al., 1990; Lehrer et al., 

1989). Defensins have also been shown to be chenotactic for monocytes (Territo et 

a l, 1989).
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1.5.2 Bactericidal/pernieabilitv increasing protein

Bactericidal/permeability increasing protein (also known as cationic 

antimicrobial protein 57, CAPS?) is a lysine-rich protein with bacteriostatic and 

bactericidal effects on gram-negative bacteria (Elsbach et al., 1979; Weiss et al., 

1978). It is found exclusively in the azurophil granules of myeloid cells where it 

associates with the membrane (Weiss and Olsson, 1987; Egesten et al., 1994). BPI 

shows considerable amino acid homology to a lipopolysaccharide-binding protein, an 

acute phase protein synthesised by hepatocytes (Tobias et al., 1986 and 1988). Both 

BPI and this LPS-binding protein can bind to the lipid A region of EPS. Microbicidal 

activity was shown to be associated with the N-terminal region of BPI (Ooi et al., 

1987). The C-terminal region of BPI has no microbicidal activity but may function as 

an anchor keeping BPI attached to the granule membrane in the resting neutrophil, a 

fact supported by the identification of a number of potential transmembrane C- 

terminal regions following the cloning of the human BPI cDNA (Gray et al., 1989). It 

is believed that during neutrophil activation the N-terminal microbicidal portion of 

BPI is released following proteolytic cleavage so that it can be secreted through 

degranulation or function within the phagosome. A GE cleavage site identified 

between the C- and N-terminal regions of BPI points to GE as one of the possible 

proteases responsible for this proteolytic event.

The mechanism of BPI bactericidal action is still not completely understood. 

Following binding to EPS, BPI appears to be able to disrupt the integrity of the outer 

membrane of gram-negative bacteria (Weiss et al., 1978; Weiss and Olsson, 1987) and 

also afifectsthe functions of the inner bacterial membrane (in’t Vied et al., 1988).

1.5.3 The serine protease group of peptidases.

Proteases are enzymes whose basic function is the cleavage of peptide bonds in 

(usually) other proteins. Each protease has a characteristic set of functional amino acid 

residues arranged in a special way giving rise to the active she. Based on this and 

requirements for active site function, proteases are generally distinguished into serine 

proteases, sulfhidi^l proteases, acid proteases and metalloproteases. A review of the
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active sites of proteases from an evolutionary point of view is given by Neurath 

(1984).

Serine proteases (i.e. proteases which depend on a serine residue for their 

proteolytic activity) belong to many different families (reviewed by Barrett and 

Rawlings, 1995). Not all serine peptidases have a catalytic triad in their active site or 

even use the same catalytic mechanism. Serine proteases are found in viruses, bacteria 

and eukaryotes. Thirty evolutionary families have been identified so far. Groups of 

families that have evolved from a common ancestor are said to belong to the same 

‘clan’. Five or six clans of serine proteases have been recognised depending on the 

arrangement of the catalytic residues in the linear sequence of the polypeptide chain. 

These are: clan A, B, C, E, F, and (possibly) clan G which contain proteins related to 

chymotrypsin, subtilisin, carboxypeptidase C, D-Ala-D-Ala-peptidase A, the repressor 

of Lex A and the ATP-dependent serine peptidases respectively.

Clan A families, which share a common origin with chymotrypsin, have a 

catalytic triad with the residues involved present in the order His/Asp/Ser in the 

polypeptide chain. The chymotrypsin clan contains ten families (reviewed by Rawlings 

and Barrett, 1994). The chymotrypsin family itself (one of the ten families of the 

chymotrypsin clan) contains members which, with few exceptions, are almost 

exclusively confined to animals. hGE, cathepsin G, PR-3 and the ‘sterile’ protease 

azurocidin belong to this group. Chymotrypsin family proteins are collectively known 

as serprocidins a term which means serine proteases with microbicidal activity. They 

tend to be secreted proteins: either secreted directly (e.g. proenzymes of coagulation 

factors), packaged into vesicles for regulated secretion (pancreatic chymotrypsin) or 

are retained in leukocyte granules (e.g. GE, cathepan G, PR-3 and azurocidin in 

neutrophils and granzymes in cytotoxic lymphocytes). They usually contain a signal 

peptide and require proteolytic cleavage of an N-terminal propeptide leading to the 

assembly o f a functional active site. This propeptide can be as short as two amino 

acids (e.g. hGE, cathepsin G, granzyme B) or much longer.

Azurocidin has no proteolytic activity due to the replacement o f the active site 

serine and histidine. Protein Z and human and rat haptoglobin are more examples of 

such proteolytically inactive enzymes belonging to this family.

35



The genes for hGE, azurocidin and PR3 are organised in a single cluster in a 

50 kbp region on chromosome 19pter (Zimmer et ai, 1992). This has been suggested 

to reflect a common tissue- and time-specific pattern of expression during the 

development of haematopoietic cells. A second cluster of genes encoding 

haematopoietic serine proteases exists on human chromosome 14 at band ql 1.2 and 

consists of cathepsin G, granzyme B and granzyme H  (Hanson et a i,  1990). Out of 

the genes present in this cluster only cathepsin G shows a myelomonocytic-specific 

pattern of gene expression, whilst granzymes B and H are proteases of cytotoxic T- 

lymphocytes. The 5' flanking regions of these genes are minimally related with few 

conserved elements suggesting that each gene may be separately regulated (Heusel et 

a i,  1991).

The intron-exon organisation of cathepsin G, hGE, azurocidin and PR3 is very 

similar with all four genes consisting of five exons and four introns. Based on the 

phase type and distribution of conserved introns (a different method of classification 

to the one mentioned above) hGE, azurocidin and PR3 have been grouped into the 

same (sixth) class of serine protease genes (reviewed by Jenne, 1994).

1.5.3 .1 Azurocidin. PR-3 and cathepsin G

Azurocidin (also known as cationic antimicrobial protein 37, CAP 37) has 

potent gram-negative antibacterial activity and reduced microbicidal activity against 

gram-positive bacteria and fungi (reviewed Gabay and Almeida, 1993; Spitznagel, 

1990; Campanelli et a i,  1990a). The mechanism of action of azurocidin is still unclear 

but appears to involve the inner membrane of susceptible gram-negative bacteria and 

may also involve LPS binding. The first 5 amino acids of azurocidin (fie, Val, Gly, 

Gly, Arg), which are identical to the first 5 amino acids of hGE, and those of cathepsin 

G (Ile, Ile, Gly, Gly, Arg) have been suggested to exhibit microbicidal activity 

(Bangalore g/ a/., 1990).

Azurocidin may also participate in PMN-mediated inflammatory responses as 

purified azurocidin has been shown to be a specific chemoattractant for monocytes 

and to cause contraction of fibroblast and endothelial cell monolayers (Pereira et a i, 

1990a; Ostergaard and Flodgaard, 1992).
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The amino acid sequence of azurocidin has been determined (Pohl et al., 1990) 

and the cDNA has been cloned (Morgan et a i, 1991). Azurocidin is expected to be 

synthesised as a 251 amino acid residue prepropeptide with a putative 19 amino acid 

signal peptide, a 7 amino acid pro>j extension and possibly a 3 amino acid proc 

extension. Sequence analysis has revealed that 2  out of the 3 residues forming the 

'charge relay system' of the active site in serine proteases are mutated in azurocidin so 

that hiŝ  ̂ is replaced by serine and ser̂ ^̂  is replaced by a glycine residue. As a result 

of these mutations azurocidin lacks protease activity (Wilde et a i,  1990; Pereira et a i, 

1990b).
e

PR-3, also known as W eber’s granulomatosis autoantigen, p29b, 

myeloblastin, and azurophil granule protein 7 (AGP7), is present in the azurophil 

granules of neutrophils in amounts comparable to those of hGE (Gabay et a i, 1989; 

Ohlsson et a i,  1990; Wilde et a i,  1990). It can degrade insoluble elastin, and a 

number of ECM proteins including fibronectin, type IV coUagens and laminin and 

exhibits antimicrobial activity against a wide variety of pathogens (Kao et a i, 1988; 

Gabay et a i, 1989; Campanelli et a i, 1990a; Rao et a i, 1991).

Because of its potent proteolytic activity and broad substrate range, PR-3 has 

been suggested to be involved in processes such as basement membrane degradation 

to allow neutrophil movement through and digestion of phagocytosed microbes 

(Henson and Jonston, 1987; Janofif, 1985b). Other potential roles of PR-3 include 

control of maturation of myeloid cells, indicated by the ability of an antisense PR-3 

DNA molecule to induce differentiation of HL-60 cells (Bories et a i,  1989). Since 

PR-3 instillation in hamsters has been shown to cause emphysema it has also been 

implicated in pathogenesis of disease (Kao et a i, 1988). PR-3 is also associated with 

Wegners’ granulomatosis, a systemic necrotising vasulitis (Jennette et a i  ,1989; Rao 

et a i ,  1991).

The cDNA for PR-3 has been cloned (Campanelli et a i,  1990b). This predicts 

a mature PR-3 protein of 228 amino acids and a 24-residue long pre-signal (Takahashi 

et a i,  1988a; Salvesen et a i,  1987). A proc peptide is also expected to be present.

Cathepsin G is a cationic protein of about 27 kDa molecular weight existing in 

a number of isoforms due to variable glycosylation. (Watorek et a i,  1993). Around 3
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Hg of cathepsin can be found per 1 0  ̂ human neutrophils with much smaller amounts 

detected in blood monocytes (Olsson and Venge, 1974; Campbell et al., 1989).

The cDNA and genomic sequences for the human and murine cathepsin G 

gene have been cloned (Salvesen et a i, 1987; Hohn etal., 1989; Heusel et al., 1993).

Cathepsin G has been shown to be microbicidal against bacteria (gram-positive 

being more sensitive than and gram-negative ones) and fungi and has a neutral 

optimum pH (Odeberg and Olsson, 1975, 1976a, 1976b, Lehrer et ai., 1975). 

Cathepsin G bactericidal activity results from its ability to inhibit oxygen consumption 

and energy dependent transport. The microbicidal effects of cathepsin G are not 

dependent on its proteolytic activity as enzymatically inactive cathepsin G retains 

bactericidal and fungicidal activity (Odeberg and Olsson, 1976b; Drazin and Lehrer, 

1977). Other proposed functions of cathepsin G include regulation of inflammatory 

responses directly or indirectly via degradation of immunoglobulins and complement 

components, ECM degradation, induction of thrombogenesis via stimulation of 

platelet activation and aggregation, increase in the permeability of endothelial and 

epithelial cell barriers (Owen et al., 1995b).

1.5 .3 .2 Granulocyte elastase

Human GE (hGE) is termed an ‘elastase’ because of its ability to attack 

insoluble elastin, a highly cross-linked rubber-like macromolecule that modulates the 

structural integrity and mechanical properties of connective tissue matrixes in the lung, 

arteries, skin and ligaments (Janoff and Schere, 1968; Barrett, 1981). hGE, however, 

is a proteolytic enzyme with broad substrate specificity. It can degrade a wide range of 

substrates including cartilage proteoglycan, fibronectin, laminin, coUagens (type I, II, 

and IV) and bacterial ceU waU proteins. It can also degrade plasma factors like 

fibrinogen, fibrin, and anti-thrombin IQ (Keiser et al., 1976; Thome et al., 1976; 

McDonald and Kelley, 1980; Mainardi et al., 1980; CampbeU et al., 1982; Bode et al., 

1986; Pipoly and Crouch, 1987).

The distribution of hGE in cells is a somewhat disputed subject. Kramps et al. 

(1984) have shown by immunostaining that hGE is a specific marker for ceUs of the 

neutrophilic lineage. Only neutrophils stained positive for hGE in samples derived
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from peripheral blood, skin tissue infiltrates and lung tissue sections. In the bone 

marrow all cells of the neutrophilic lineage were positive for hGE starting from the 

promyelocyte stage. Earlier neutrophil precursors, eosinophils, monocytes and their 

precursors were negative. U-937 neoplastic cells (a promonocytic leukaemia cell line 

used for studying characteristics of immature human macrophages) also were shown 

to lack detectable levels of GE.

Research by Senior et al. (1982) however, produced contradictory results. He 

showed that both peripheral blood monocytes and U-937 cells contain an elastolytic 

activity with catalytic characteristics similar to those of hGE that cross-reacted with 

antiserum raised to hGE. Compared to neutrophils, monocytes and U-937 cells 

contained 30 times less elastase activity. The presence of this elastolytic activity in U- 

937 cells is important. hGE in monocytes could be attributed to contaminating 

neutrophils or to hGE internalised via receptors that have been identified on 

monocyte/macrophage cells (Campbell et al., 1979). U-937 cells, however, were 

grown in culture and thus were never in contact with neutrophils. Therefore their 

elastolytic activity (and by extrapolation, that of monocytes) could not be due to 

external sources. Furthermore Takahashi et al. (1988b) isolated the hGE cDNA from 

the U-937 cell line providing support for the expression of hGE in these cells.

The gene for hGE has been cloned and has been shown to consist of 5 exons 

and 4 introns (Farley et al., 1988, Takahashi et al., 1988, Farley et al., 1989). 

Comparison of the genomic sequence of another human protease called medullasin 

and hGE indicated that the two genes are identical (Nakamura et al., 1987). The hGE 

gene exists as a single copy in the haploid human genome and although it was 

originally believed to be localised at 1 lql4 (Takahashi et al., 1988), it was later 

located in the terminal region of the short arm of chromosome 19 in a gene cluster 

together with azurocidin and PR-3 (Zimmer et al., 1992).

The sequence of the hGE protein has been determined by Sinha et al. (1987). 

The mature hGE protein is a single-chain polypeptide of around 30 kDa molecular 

weight consisting o f 218 amino acid residues with four intramolecular disulphide 

bridges. hGE is highly homologous to PR-3 (54%) and azurocidin (44%) and shares 

43% and 37.2% identity to porcine pancreatic elastase and human cathepsin G 

respectively. It contains two asparagine-linked carbohydrate chains at Asn-95 and
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Asn-144. Differences in carbohydrate content of these chains result in the four 

isoenzyme forms of hGE detected by acid gel electrophoresis (Watorek et a l, 1993). 

X-ray crystallography has been used to study the structure of the hGE protein in 

complex with the turkey ovomucoid inhibitor (Bode et a l, 1986).

Studies of the cDNA and genomic sequence of the hGE gene predict that the 

hGE polypeptide is synthesised as a 267 amino acid residue pre-pro-protein with both 

N- and C-terminal extensions being removed during the maturation process. The N- 

terminal extension is 29 residues long. It consists of a 27 amino acid long, highly 

hydrophobic, pre signal peptide and a two amino acid long (Ser, Glu) proN peptide. 

The C-terminal peptide extension (proc) is 2 0  amino acids long consisting of a mixture 

of hydrophobic, acidic and basic residues.

At the 5' of the HGE gene a 19 bp pyrimidine-rich sequence shows a high 

degree of homology (90%) with an analogous region of the MPO gene. There are also 

five more regions which share 75% homology with regions 5' of the proto-oncogene 

c-myc gene. These regions of homology may be important in the temporal and tissue 

specific pattern of expression shown by hGE but their relevance is unknown. Several 

repetitive sequence elements have also been identified at the region 5' of the hGE gene 

which may have a role in regulating hGE expression.

The 2 0 0  bp region 5' of hGE gene has been shown to contain both positive and 

negative transcription regulatory elements as shown by its effect on the expression of 

the reporter gene chloramphenicol acetyltransferase (CAT) gene in a myeloid 

leukaemia cell line (U937) (Han et a l, 1991). The positive regulatory element is 

located within -153 bp of the hGE gene transcription start site and includes the 19 bp 

region of homology with the 5' flanking region of the MPO gene and an additional 30 

bp region of homology with a sequence found 330 bp downstream of the MPO 

polyadenylation site which may function as an enhancer element. The negative 

regulatory element is located between -153 and -196 bp upstream of the hGE start of 

transcription site.

The mouse granulocyte elastase gene (mGEl) is highly related in structure and 

exon sequence to the hGE gene (Nuchprayoon et a l, 1994). A 91 bp region 5' of the 

mGE gene has been shown to be sufficient to direct high level expression in 

differentiating 32D cl3 myeloid cells. Comparison of this region to the promoter
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sequence of the hGE gene has identified three areas of homology that fit the 

consensus sequences for c-Myb and C/EBP family members and for PU. 1 at positions 

-49, -57 and -82 respectively c-M\t), C/EBPa and PU I are able to bind to their 

corresponding functional sites (Oelgeschlager et a i,  1996). The combined action of 

these three factors, none of which is myeloid cell specific, provides a mechanism for 

allowing expression of the mGE gene in a tissue- and time-specific fashion in 

immature myeloid cells.

Although large quantities of hGE are stored in neutrophils (0.5-3 pg/cell) and 

smaller amounts are stored in monocytes (Senior et al., 1982), neither type of cell 

actively synthesises this enzyme as indicated by the lack of detectable levels of hGE 

mRNA transcripts by Northern blot analysis in resting or activated neutrophils and 

monocytes (Takahashi et a i, 1988b). GE mRNA transcripts were detected in bone 

marrow cells, especially in fractions enriched for precursor cells. Resting HL60 cells 

also contained detectable levels of hGE mRNA transcripts. The levels of the 

transcripts increased when HL60 cells were induced with DMSO and hGE mRNA 

was lost when induced with phorbol 12-myristate 13-acetate (PMA). The changes in 

the levels of hGE transcripts were modulated primarily at the level of transcription 

(Yoshimura and Crystal, 1992). It is interesting to note, however, that during 

myelocytic lineage differentiation the half life of the mature hGE mRNA transcript 

showed a marked decrease. If the same is also true during neutrophil development, 

this will enable maturing neutrophils to control hGE gene expression more tightly and 

stop protein synthesis very sharply.

The transcription of hGE gene during bone marrow cell differentiation was 

followed by in situ hybridisation (Fouret at a i, 1989). hGE mRNA transcripts were 

first detected to a limited extent in the myeloblast stage. There was a considerable 

increase in the levels of the hGE transcript seen in cells at the promyelocyte stage of 

development. As the cells mature to become late promyelocytes and myelocytes, the 

levels of hGE mRNA transcript in the cells decrease. By the time the cells mature into 

metamyelocytes the transcript is no longer detectable. No transcript was detectable in 

cells of the eosinophil or erythroid lineages, supporting data that human eosinophils 

lack hGE (Wiedow et a i, 1996, Kramps et a l,  1984). The MPO gene transcript 

expression was also investigated and was shown to closely parallel the distribution of
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the hGE transcript However, there are enough differences to suggest that these genes 

are not co-ordinately controlled.

As hGE is present in promyelocytes (Kramps et al., 1984) but not in 

myeloblasts, this evidence points towards transient expression of GE during myeloid 

cell differentiation, beginning with promyelocyte to myelocyte differentiation and 

ending as metamyelocytes differentiate into mature neutrophils (Takakashi et al., 

1988b).

A number of possible functions have been proposed for GE based largely on its 

ability to digest a wide variety o f substrates. Many of these proposed functions are 

nothing more than mere speculations at best and whilst GE has been shown in vitro to 

be able to carry out some of these functions it is always debatable whether this has any 

physiological significance. Ability to perform a proposed task in an eppendorf tube 

does not constitute proof of its occurrence in a living organism.

Until very recently there was very little evidence showing bactericidal activity 

for hGE. hGE had been shown to be weakly bactericidal against the gram-negative 

bacterium Acinetobacter 199 A. It has also been thought that it may play an indirect 

role in immune responses by activating or enhancing the activities of other 

microbicidal agents in the phagosome. It has been shown to potentiate the action of 

lysozyme (Thome et al., 1976) and the microbicidal activity of cathepsin G in vitro 

independently of its proteolytic activity (Odeberg and Olsson, 1976a).

In bovine neutrophils a serine protease had been suspected to be responsible 

for the cleavage of probactenesins (inactive precursors of antimicrobial polypeptides) 

into mature forms (bactenesins) following the discharge of the contents of azurophil 

granules and the granules storing probactenesins (large granules) into phagocytic 

vacuoles. This maturation step was prevented by pre-treatment of neutrophils with 

serine protease inhibitor phenylmethanesulphonyl fluoride (PMSF) (Zanetti et al.,

1991). It was shown that hGE could cleave probactenesins into mature bactenesins in 

vitro (Scocchi et al. 1992). In humans GE may be involved in the activation of the 

BPI protein by proteolytic cleavage (Lehrer and Ganz, 1990).

hGE has been thought to play a role in the digestion of bacterial degradation 

products (Bode et al., 1986) and to facilitate the penetration of other neutrophil

42



antimicrobial molecules by proteolysis of bacterial cell wall components (Blondin and 

Janoff, 1976).

hGE is capable of activating latent gelatinase, a component of tertiary granules 

in neutrophils, following neutrophil treatment with fMLP in the presence of 

c\toc!klasin B (Vissers and Winterboum, 1988). Under these conditions a full 

complement of proteins is released by the neutrophil into the extracellular medium.

hGE has been hypothesised to play a role in normal tissue turnover and 

remodelling, the clearing of extracellular macromolecular debris during wound 

healing, the regulation of coagulation and immune responses and anti-bacterial 

defences (Okano et al., 1990; Travis and Salvesen, 1983; Janoff, 1985a).

hGE has also been implicated in neutrophil migration across the endothelium 

and ECM to sites of inflammation by processes involving proteolytic degradation of 

tissue and by modulation of integrin-mediated adhesion (Zimmerman and Granger, 

1990; Owen et al., 1995a; Woodman etal., 1993; Cai and Wright, 1996).

Cell surface-bound GE and cathepsin G have been discovered on activated 

human neutrophils (Owen et al., 1995a). Interestingly, GE was shown to be 

enzymatically active against physiologic substrates and to be resistant to inhibition by 

naturally occurring protease inhibitors such as ai-protease inhibitor, the most potent 

inhibitor of human GE (Beatty et al., 1980). Cell surface binding of proteases has been 

suggested to allow sharp focusing of proteolytic activity on the surfece of neutrophils 

and provides a mechanism by which proteases can not only facilitate neutrophil egress 

across the endothelium and tissue barriers but also achieve local degradation of 

ECM proteins with little injury to surrounding tissue.

After neutrophil attachment to the endothelium, detachment of adhesion 

molecules allows migration out of the blood vessels. Detachment of CR3 is believed 

to require the involvement of other components. Cai and Wright (1996) suggest that 

hGE is one of these components. They showed that CR3 was able to bind hGE and 

that anti-hGE antibodies decreased neutrophil detachment and chemotaxis in vitro. 

Cai and Wright also suggested that hGE may release CR3 integrins from their 

substrate either by competitive binding to CR3 or by cleavage of CR3 substrate 

ligands.
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hGE has been found to be a marker of breast cancer with prognostic value 

(Yamashita et al.  ̂ 1995) If the suggested involvement of hGE in cell migration is 

correct then hGE may play a pathological role in facilitating cancer invasion and 

metastasis by degradation of the tumour matrix.

1.6 Pathological conditions mediated by neutrophils and GE

Neutrophils are increasingly becoming implicated in inflammatory pathological 

conditions such as emphysema, rheumatoid arthritis, myocardial reperfusion injury and 

respiratory distress svudromes (reviewed by Weiss, 1989). In this section the 

involvement of neutrophils and GE in emphysema, the disease which initially propelled 

GE into fame, and in wound healing deficiencies are described. Chediak-Higashi, a 

disease resulting from dysregulation of granule formation and is accompanied by lack 

of GE and cathepsin G. is also mentioned here.

1.6.1 Emphysema

Emphysema is defined as an abnormal permanent enlargement of the airspaces 

distal to the terminal bronchioles, accompanied by destruction of their walls without 

obvious fibrosis (Snider et al., 1986). A historical overview of emphysema is provided 

by Snider (1992).

The current hypothesis concerning the development of pulmonary emphysema 

is based on a disruption in the protease-antiprotease balance in the lower respiratory 

tract. GE was the first enzyme suggested to play an important role in the generation of 

emphysema based on early studies showing that individuals suffering fi'om a deficiency 

in serum a  1-antitrypsin (a  1-antiprotease inhibitor), the primary inhibitor of GE, were 

more hkely to show early onset of this disease (Laurel and Eriksson, 1963; Carrell et 

a l, 1982; Wewers et a l, 1987). Induction of emphysema in experimental animals 

following intratracheal instillation of GE or proteases with elastolytic activity provided 

corroborative data (Senior et a l, 1977; Janoff et a l, 1977; Snider et a l, 1986). The 

broad substrate specificity of GE supports the proposal that GE is a key element in the

44



aetiolog>- of emphysema as this could account for much of the tissue damage observed 

in emphysema.

The majority, 95%, of emphysema sufferers are smokers. In these individuals 

increased numbers of neutrophils are believed to provide higher levels of elastase 

which, in combination with the oxidative inactivation of a  1 -antiprotease inhibitor by 

oxidants (both by cigarette smoke and neutrophil-derived oxygen free radicals) result 

to an even greater protease-antiprotease imbalance (Carrell et a l, 1982). Secretory 

leukoprotease inhibitor, the other major inhibitor of GE in the lung, is similarly 

inactivated (Kramps etal., 1991).

The pallid and tight-skin mice are examples of animal models with an inherited 

deficiency of serum a,-antiprotease inhibitor which develop spontaneously occurring 

emphysema (Martorana et a l, 1993; De Santi et al., 1989). Tight-skin mice develop 

emphysema early on in life, within two weeks to two months after birth (Martorana et 

a l, 1989). Although defects in connective tissue metabolism are believed to accelerate 

emphysema development (Martorana et al., 1989 and 1993; Rossi et a l, 1984), the 

fact that GE was found to be associated with lung elastin in the alveolar septa of tight- 

skin mice suggested that GE is one of the factors responsible for the rapid 

development of emphysema (De Santi et al., 1989).

Pallid mice on the other hand develop emphysema late in life at about twelve 

months of age. In these mice elastase is also associated with elastin on the alveolar 

walls (De Santi et al., 1995). Data obtained suggest that emphysema development in 

pallid mice is associated with increased elastase levels in the alveolar interstitium and 

with loss of lung elastin. It also appears that increased elastolytic burden in the lung 

does not necessarily correlate to increases in neutrophil numbers in BAL fluids or vice 

versa. This is in support of data by Snider et al. (1991) indicating that release of 

elastase into the lung interstitium rather than alveolar spaces is important for lung 

elastin degradation.

The importance and involvement of elastase in the development of emphysema 

however is far from undisputed. Individuals with ai-antiprotease inhibitor/represent 

only 1% o f all emphysema patients (Snider, 1989) and there are several important 

differences between elastase-induced animal models and human emphysema 

(D’Armiento et a l, 1992). Several studies have failed to show a correlation between
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increased tissue levels of elastase and emphysema development (Damiano et al., 1986; 

Fox et al., 1988; Snider et al., 1991) or increased levels of elastase in bronchoalveolar 

lavage (BAL) samples and disease (Smith et al., 1985; Fera et a i, 1986; Tetley et a i, 

1989)

Neutrophil involvement in emphysema is probably not mediated solely through 

elastase. Cathepsin G and PR-3, two more serine protease enzymes stored and 

secreted in a similar fashion to elastase and with similar substrate specificities, are 

likely to synergise with elastase in emphysema development. Cathepsin G and elastase 

have been shown to synergise in extracellular matrix degradation and intratracheal 

instillation of PR-3, which is also inhibited by ai-antiprotease inhibitor, can cause 

emphysema in experimental animals (Boudier et a i, 1991; Rao et a i, 1991).

Collagenase, gelatinase and metalloproteinases are additional proteolytic 

enzymes stored in inactive proforms in neutrophil granules (Murphy and Docherty,

1992). GE, cathepsin G and oxidants generated by stimulated neutrophils have been 

shown to activate collagenase and gelatinase (Weiss, 1989) which in turn are able to 

degrade coUagens, fibronectin and elastin (Murphy and Docherty, 1992). Transgenic 

mice expressing a human collagenase transgene developed a pathological condition 

very similar to human emphysema (D’ Armiento et a i, 1992). Tissue inhibitors of 

metalloproteinases (TIMPs) are susceptible to inactivation by GE (Okada et al., 1988; 

Itoh and Nagase, 1995) which could therefore potentiate metaUoproteinase activity. 

Similarly ai-antiprotease inhibitor can be inactivated by mouse macrophage 

metaUoelastase (Banda and Werb, 1981) and thus GE activity might be enhanced. An 

increase in lung neutrophils means that there will be a parallel increase in aU the 

proteinases mentioned above and not just in GE It therefore seems possible that 

neutrophil proteinases co-operate in the proteolytic events that lead to emphysema, 

particularly if the cells undergo necrosis rather than programmed cell death.

In cigarette smoke-induced emphysema the importance of neutrophils and GE 

is also under challenge. In the smokers’ lungs macrophages account for over 90% of 

the inflammatory ceUs that accumulate there. Macrophage metalloproteinases 

(collagenase, stromelysins and gelatinase) can degrade matrix coUagens, 

proteoglycans, elastin, fibronectin, laminin and gelatin (Welgus et a i, 1990; Chapman 

et a i ,  1984 and 1994; Shapiro, 1994).

46



One of the macrophage enzymes, designated macrophage metaUoelastase 

(MME) can solubilise many extracellular matrix proteins including elastin (Belaaouaj 

et al., 1995). A line of mice deficient in MME has been generated and macrophages 

from these mice, although fully capable of exhibiting chemotaxis were found to be 

unable to degrade elastin or penetrate a reconstituted basement membrane, in contrast 

to wild type macrophages (Shipley et al., 1996). MME-deficient mice were subjected 

to long term exposure to cigarette smoke to determine the contribution of MME to 

the pathogenesis of smoke-induced emphysema (Hautakami et al., 1997). After six 

months of smoke exposure wild type mice exhibited signs of emphysema while the 

MME-deficient mice were virtuaUy unaffected. This indicated that MME is probably 

sufihcient for the development of cigarette smoke-induced emphysema.

It appears that emphysema is a stereotyped response of the lungs to a wide 

variety of insults as seen by the fact that experimental emphysema can be caused by a 

wide variety of agents. It is quite clear that not all airspace enlargement results from 

elastin degradation and that injury and repair of connective tissue play a central role in 

all diseases leading to airspace enlargement (Snider, 1992).

1,6.2 Wound healing deficiencies

Normal wound healing follows a pattern of inflammation, granulation tissue 

formation and remodelling. During this process proteolysis, occurring in a tightly 

controlled temporal and spatial manner, is very important in re-epithelialisation, 

angiogenesis and wound remodelling (reviewed by Royce and Steinmann, 1993). 

Excessive or uncontrolled proteolytic activity can result in matrix degradation and 

impaired wound healing (Weiss, 1989). Chronic leg ulcers, the majority of which 

occur in elderly people, do not follow the normal pattern of wound repair but remain 

in a chronic inflammatory state with no healing. An animal model of acute wound 

healing has indicated that age slows down the rate of wound repair (Ashcroft et al., 

1997). The levels of fibronectin, a major component in the wound matrix necessary 

for cell migration to the wound, were reduced in both venous ulcers in humans and 

acute wounds in aged animals compared to normal skin and acute wounds in young 

animals (Herrick et al., 1992; Ashcroft et al., 1997). GE was found to be the 

predominant protease involved in fibronectin degradation in venous ulcers and acute
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wounds of elderly subjects (Herrick eî a i, 1997). Normal (unwounded) skin of young 

and elderly subjects had similarly low levels of elastase which increased considerably 

following acute wound formation. GE levels, however, were much higher in acute 

wounds of elderly people compared to acute wounds in young subjects. This could 

result from decreased levels of elastase inhibitors at the wound sites. Ahhough levels 

of serine protease inhibitors were not investigated in acute wounds of aged subjects, it 

has been shown that the a - 1  proteinase inhibitor is degraded in chronic wounds 

(Grinnell and Zhu, 1996; Rao et a i, 1995).

Therefore, although normal wound healing is associated with increased levels 

of elastase at the site of the wound, abnormalities in elastase down-regulation could be 

responsible for the transition to chronic wound states in the aged.

1.6.3 Chediak-Higashi syndrome (CHS)

CHS is a rare autosomal recessive disorder whose most striking characteristic 

is the presence of giant cytoplasmic granules in all granule-containing cdls of sufferers 

resulting from dysregulated homotypic fusion (reviewed by Blume and Wolff, 1972; 

Lehrer and Ganz, 1990). Other symptoms include partial albinism and frequent 

pyogenic infections which can often prove fatal. Similar disorders have been described 

in a number of other species including mice, called beige mice, (Lutzner et a i ,  1967; 

Gallin et a i ,  1972). Lyst is a candidate gene responsible for the beige mutation in mice 

and may encode for a protein regulating microtubule-mediated lysosomal transport. A 

homologous human gene, LYST, has also been identified (Barbosa et a i, 1996).

Neutrophils of CHS patients have normal levels of most azurophil granule 

components but have greatly reduced levels of neutral proteases including cathepsin G 

and elastase (Vassalli et a i, 1978; Takeuchi et a i, 1986; Ganz et a i ,  1988). 

Surprisingly, considerable levels of cathepsin G and elastase (60% of normal levels) 

are found in neutrophil precursors in the bone marrow of beige mice but activity is lost 

as the neutrophils mature (Takeuchi et a i, 1987). Loss of neutral protease activity 

may be due to preferential inactivation by inhibitors in the more mature neutrophils 

(Takeuchi and Swank, 1989). Neutrophils of CHS patients exhibited normal rates of 

phagocytosis and production of reactive oxidants but displayed defects in chemotaxis 

and degranulation together with a delay in the killing of phagocytosed bacteria.
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particularly staphylococci (Root et a i, 1972; Stossel, 1972; Clark and Kimball, 1971). 

Similar results were obtained in experiments using beige mice (Gallin et a i ,  1974).

A number of researchers have expressed the opinion that lack of cathepsin G 

and elastase plays an important role in the aetiology of CHS and the reduction in the 

ability of CHS neutrophils to kill bacteria effectively. Undoubtedly this deficiency does 

play some role. However, given the complex set of abnormalities seen in CHS patients 

and beige mice it is difficult to gauge the importance of this deficiency or attribute 

particular functions to these proteases. Certainly beige mice cannot be used as a 

substitute for mice deficient in either cathepsin G or elastase or both.

1.7 Gene Targering

1.7.1 Standard gene targeting

1 7.1.1 Introduction

Gene targeting is one of the most powerful tools that can be used for studying 

gene function m vivo. Gene targeting allows us to gaierate specific modifications in 

any endogenous locus in the mammalian genome. This together with the ability to 

effectively maintain and manipulate mouse embryos and embryonic stem ceU (E.S. 

cells) in vitro has led to the development of lines of mice with specific gene 

modifications.

The desired modification must first be introduced into a cloned gene sequence. 

Homologous recombination between this modified sequence and the target 

chromosomal gene is then used to specificaUy modify the target locus in E.S. ceUs. 

E S. cells are introduced into mouse embryos where they become assimilated, forming 

part of the developing embryo and subsequent adult mouse (a chimeric mouse). 

Chimeras with germline cells derived from these modified E.S. ceUs can transmit the 

mutated allele to their progeny which can then be bred to homozygocity for the

49



disrupted allele. The principles of gene targeting have been reviewed by Joyner, 

(1993).

1.71.2 Replacement targeting vector

Targeting vectors are segments of DNA which, once introduced into the 

nucleus of E.S. cells, can recombine with a particular chromosomal locus and bring 

about specific modification events. Successful targeting vectors require a region of 

homology to the endogenous locus, contain the desired gene modification and provide 

a means of selection of clones that have been successfully targeted. The features of a 

typical replacement vector are described below. With replacement vectors, vector 

sequences containing the desired gene modifications replace the homologous region in 

the chromosome. Figure 1 shows the components of a typical replacement vector, 

together with the resulting homologous recombination event and the location of PCR 

primers allowing its identification.

(a) Region of homology to endogenous locus: A necessary feature of the targeting 

vector is a substantial region of homology (5-10 kbp) to the endogenous sequence to 

be mutated. This allows for the homologous recombination to take place. The gene 

inactivating mutation lies within this region of homology practically dividing it up into 

two regions (arms) of homology. Usually one arm of homology is quite small (short 

arm of homology), about 0.5-2 kbp long. Its small size is important for allowing 

screening for homologous recombination events by the polymerase chain reaction 

(PCR). The long arm of homology on the other hand is between 5-8 kbp long. 

Generally the greater the region of homology the greater the chances of homologous 

recombination (Thomas and Capecchi, 1987). The long arm of homology, however, 

must not be so long as to make vector manipulation too difficult. Reduced 

polymorphic variation between the targeting vector and the endogenous sequences 

also enhances the chances of recombination (te Reile et al., 1992) therefore the cloned 

region of homology in the targeting vector and the E.S. cell clones are usually derived 

from the same mouse strain.
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Figure 1
Structure of a general replacement targeting vector. The targeting vector, genomic allele 
and the resultant mutated allele following homologous recombination are shown. The 
locations of primers used for identifying homologous recombination events by PCR are 
noted by arrowheads. |  and — - represent exon and intron sequences respectively.

Crosses show the sites of homologous recombination, neo^ stands for the neomycin 

resistance gene (positive selection marker) and HSY-tk stands for the negative selection 
marker Herpes simplex virus thymidine kinase gene.



(b) Gene modifications; The desired modification is another critical feature contained 

within the targeting vector. If a null mutation is needed, one of the ways to achieve 

this is by inserting the positive selection marker in one of the gene exons. It is possible 

that insertion of the selection marker into an exon may cause skipping of that exon 

during RNA splicing due to the large size of the exon (Robberson et al., 1990). 

Depending on the phase of that exon, this may lead to the formation of a truncated 

protein which retains biological activity. Since disruption of the gene by insertion of a 

selectable marker does not always guarantee loss of function, a second mutation may 

be included in another region of the gene as a precautionary measure.

(c) Positive selection marker: The role of the positive selection marker is to allow 

for easy selection of transfected cells from the majority of treated (but untransfected) 

cells. This has to be an efficient system of selection as the integration of the targeting 

vector DNA into the E.S. cell chromosome can be a rare event occurring at a 

frequency of 10"*. The neomycin phosphotransferase or neomycin resistance gene 

{neo' gene), a gene of bacterial origin, is one of the most commonly used positive 

selection markers. E.S. cells which incorporate the neo'  ̂ gene become resistant to 

selection with 0418. As it is advantageous for the selection marker to be capable of 

strong, constitutive expression in E.S. cells, the neo'̂  cassette, which is commercially 

available, contains the neo'' gene driven by a strong viral promoter, has a viral 

enhancer region, an efficient translation initiation signal and a poly(A) addition signal 

(Thomas and Capecchi, 1987).

In some cases however, these regulatory elements may interfere with the 

expression of neighbouring genes wiiich in turn can affect the phenotype of the 

generated knock-out mice. To avoid this, the positive selection marker can be excised 

following successful targeting of the E.S. cells (Pham et al., 1996).

(d) Negative selection marker: Negative selection markers facilitate the elimination 

of various unwanted subpopulations of transfected cells, allowing for selection against 

clones which have integrated the targeting vector DNA randomly rather than by 

homologous recombination. The Herpes simplex virus thymidine kinase gene (HSV/A:
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gene) is a common negative selection marker and is selected against using 

Gancyclovir. The negative selection marker is located outside the region of homology 

usually at the end of the long arm of homology. Homologous recombination normally 

leads to the loss of the negative selection marker but random integration usually leads 

to its incorporation into the genome. When selection is imposed, clones incorporating 

the negative selection marker will be killed while recombinant clones will survive.

(e) Linearisation site; The targeting vector needs to be linearised at the end of the 

region of homology prior to transfection as this has been shown to increase the 

frequency of homologous recombination (Hasty et al., 1991a).

(f) Bacterial plasmid sequences: The targeting vector also may contain sequences 

derived from plasmids used for manipulation and maintenance in bacterial cells during 

vector construction. Such sequences can be removed but as this would confer no 

advantage for homologous recombination it is easier to leave these regions 

undisturbed (Hasty et a i, 1991b).

1 .7.1.3 Generation of a line of mutant mice

Following construction and linearisation, the targeting vector is then 

transfected into E.S. cells. This is most commonly achieved by electroporation. 

Electroporation is a simple procedure which involves the application of a high voltage 

electrical pulse to a suspension of cells and targeting vector DNA (Potter et a i, 

1984). The vector DNA can then enter the E.S. cells through pores created on the cell 

membrane. Electroporation has a low transformation efficiency and a low (50%) cell 

survival rate. Transfected E.S. cells are then plated out and subjected to positive and 

negative drug selection.

Colonies that are identified to be positive for homologous recombination by 

drug selection are subjected to more stringent screening by PCR. The PCR primers 

are designed so that a PCR product can only be amplified when homologous 

recombination has taken place. Typically one of the PCR primers anneals to the 

positive selection marker and the other anneals to a region on the chromosome just

53



past the short arm of homology of the targeting vector (figure 1). The PCR conditions 

must be carefully worked out and optimised. This requires the generation of a control 

vector which contains both the positive selection marker (i.e. the annealing site of the 

first primer) and the annealing site of the second primer juxtaposed in such a way as to 

mimic the product of the homologous recombination event. E.S. cell lines containing 

one copy of the control vector are generated and used to determine the conditions of 

the screening PCR reactions. Genomic DNA from clones that test positive by PCR is 

then subjected to further testing using Southern blot analysis to ensure that no 

unwanted mutations, like deletions or duplications have taken place at the targeted 

locus

After generation of E.S. cell clones that are correctly targeted, the E.S. cells 

are used for the production of mice which will incorporate the desired genetic 

modification. This involves the introduction of the targeted E.S. cells into mammalian 

embryos. Mammalian embryos in the early stages of development are very resilient 

and capable of incorporating foreign cells which contribute to the developing embryo 

E.S cells, provided that they have been maintained under the right culture conditions, 

are totipotent (i.e. able to develop into cells of all types) and capable of meiosis so 

they can contribute to all aspects of embryo development (Evans and Kaufman, 1981). 

There are two methods of introduction of E.S. cells into embryos, microinjection or 

morulae aggregation. With microinjection the E.S. cells are injected into the blastocyst 

and are introduced into the blastocoelic cavity. This requires a complicated and 

expensive micromanipulator apparatus and considerable effort must be invested into 

mastering this technique. Morulae aggregation on the other hand requires very little 

apparatus and no sophisticated manual skills. This involves little more than placing 

together in an aggregation well E.S. cells and embryos that have their outer layer, the 

zona pellucida, removed.

The manipulated embryos are then transferred into the uterus of 

pseudopregnant female mice. These have been mated with sterile males so that they 

will display the hormonal profile of pregnant females mice and will allow embryo 

implantation and maintenance. At the end of the gestation period foster mothers give 

birth to chimeric mice i.e. mice derived partly from E.S. cells and partly from the 

original embryos. If the embryos and E.S. cells are derived from animals with different
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coat colours then the degree of chimerism, and E.S. cell contribution, can be 

determined visually by coat colour observation. In general the degree of coat colour 

chimerism correlates with the degree of germline contribution by the E.S. cells. 

Animals with a high degree of chimerism are mated to test whether they can transmit 

the mutated allele to their offspring. Coat colour can be used to test for transmission. 

Half the offspring of the appropriate coat colour will be heterozygous for the modified 

allele and can be bred to homozygosity. Homozygous animals need to be tested at the 

RNA and protein level to ensure loss of gene function.

1.7.2 Conditional gene targeting

1.7.2 .1 Introduction

The gene targeting approach described so far leads to the introduction of a 

(null) mutation into the germ line of the animals. This takes effect in all the cells of the 

homozygous animals fi'om the very start of embryo development. Although it is an 

extremely useful tool, it fails to address questions concerning gene function in a 

specific tissue, cell lineage or stage of animal development. Conditional gene 

targeting, which allows such tissue- and time-specific inactivation of genes, is better 

suited to answer such questions especially when null mutations in the germ line result 

in a lethal phenotype (reviewed by Kühn and Schwenk, 1997).

1.7.2.2 The CxdloxP system of conditional gene targeting

Conditional gene targeting using the CidloxP  system to tissue-specifically 

inactivate a mouse gene was first carried out by Gu et al. (1994) who disrupted the 

DNA polymerase 8 gene in T-cells. Cre recombinase (Cre) is a PI bacteriophage 

protein whose function is to separate by site-specific recombination any PI phage 

genomes which become joined to each other. Cre-mediated site-specific recombination 

occurs at short, 34 bp long DNA sequences called loxP sites (Hoess et al., 1986). If a 

segment of DNA is flanked on either side with lox P  sites (‘floxed’) facing in the same 

orientation, Cre recognises and binds to the loxP sites, lines them up and excises the 

intervening DNA sequence leaving behind a single loxP site. If the loxP sites are in 

opposite orientation to each other then inversion of the floxed sequence results 

instead.
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For conditional gene targeting it is necessary to have a transgenic mouse line 

expressing Cre specifically in the tissues that gene targeting needs to take place. The 

cre gene can either be placed under the control of an endogenous promoter or can be 

inserted into the genome with its own exogenous tissue-specific control elements. A 

second mouse line containing the whole or part of the target gene floxed in a way that 

does not interfere with its expression is also necessary. This can be achieved by the 

introduction of a floxed positive selection marker and a third loxP site in the target 

gene in the E.S. cells. Following transient Cre expression the positive selection marker 

is removed leaving behind one loxP site (figure 2). Thus there will be two loxP sites 

available, floxing the target gene in the mice generated. A breeding program leading to 

the generation o f mice homozygous for the floxed gene and hetero- or homozygous 

for the cre transgene is then initiated. In such oSspring CvdloxP site-specific 

recombination will take place in the tissues expressing the cre gene thus inactivating 

the floxed targeted gene whilst tissues not expressing the cre gene will retain a 

functional floxed gene (figure 3).

For successful conditional gene targeting it is necessary to have high levels of 

tight, tissue-specific Cre expression. If not, the floxed gene will be incompletely 

deleted in the tissue of interest and low levels of deletion will take place in unwanted 

tissues leading to problems in analysing the resulting phenotype. Therefore the choice 

of the right promoter is crucial. Enhancing the expression of Cre will also help in 

deleting more efficiently the floxed gene sequences. The cre gene, being a prokaryotic 

gene, is suboptimally expressed in mammalian cells. Genetic manipulations such as the 

introduction of a Kozak sequence, and nuclear localisation signal (Gu et al., 1993) 

may help to increase the level of Cre expression.

Tissue-specific Cre expression may be combined with the ability to induce Cre 

activity enabling researchers to mutate genes at specific time points during 

development or in adult animals (Zhang et al., 1996). Cre has been fused with a 

modified hormone binding domain of the murine oestrogen receptor. In the absence of 

a ligand (tamoxifen) for the hormone binding domain, Cre is inactive due to binding to 

heat shock proteins. Addition of tamoxifen leads to Cre activation. If such a Cre 

construct is introduced into mice, Cre activity can be switched on at any time in Cre
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Gene 'floxing' for the introduction of tissue-specific gene modifications.
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Figure 3
Tissue-specific gene targeting. In tissues expressing Cre the 'floxed' gene is 
inactivated. Non-Cre expressing tissues retain a functional 'floxed'gene.
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expressing tissues if tamoxifen is administered in the drinking water of transgenic 

animals.

Although conditional gene targeting has not been used in this project, the 

opportunity was taken to introduce a cre transgene under the control of the GE 

promoter. This will allow us in the future to dissect in more detail the maturation 

pathway for granulocytes and monocytes and provide a strain of mice expressing Cre 

tissue-specifically in cells of the myelomonocytic lineage.
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1.8 Aims of the project

GE is protein found in abundance in the azurophil granules of neutrophils. A 

variety of functions have been proposed for this protein, some of these functions are 

mere speculations based on the proteolytic activity of GE, others are supported by in 

vitro data. The aim of this thesis was to increase our knowledge concerning the 

possible roles of this protein in living organisms. Therefore we set out to generate a 

line of mice deficient in GE by gene targeting and to analyse the resulting phenotype. 

The analysis would concentrate mainly on the effects of the GE-deficiency on the 

granulocyte population and the immunological responses of the mutant animals. The 

opportunity to build on the GE inactivation procedure was also taken by attempting to 

generate in parallel a line of tissue (granulocyte)-specific crg-transgenic mice These 

mice can be used in future experiments for the production of granulocyte-specific gene 

mutations using the CvdloxP system.
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MATERIALS AND METHODS 

CHAPTER 2

2.1 Piasmid cloning

Unless otherwise specified, chemicals were bought from Sigma-Aldrich or BDH.

Autoclaving of solutions for sterilisation was carried out for 20 minutes (min) at 15 

lb square inch.

Filtration of solutions for sterilisation was carried out through 0.22 micron filters 

(Sartorius).

The water was deionised (dH20) by passing through ELGAS TAT cartridges SC32, 

SC6 and SC2. This was then double distilled (ddH20) and was used to prepare all 

solutions.

Plasmid cloning techniques were based on Sambrook et al. (1989) and manufacturers’ 

instructions.

2.1.1 Bacterial strains

Escherichia coli {E.coli) of the following genotypes were used;

X^^ScL'.deoR, endAX, gyrA96, hsdR 17 (rK-, mK+), recAl, relA l, supE44, thi-l, 

A(lacZYA-argF)^ (\>S0dlacZAMl5, F, V (CLONTECH).

JM109: endAl, recAl, gyrA96, thi, hsdR\7 (rx-, mK+), relAl, supE44, A{lac- 

proAB), [F% traD26, proAB, /ac/^ZAMlS] (Promega).

BL21 (DE3): F , ampT, hsdSsirB-, me-), dcm, gal, (DE3) (Promega).
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2.1.2 Commercial plasmid vectors 

pTZ19: (Pharmacia)

pUC19: (GIBCO-BRL)

pSP72: (Promega)

pGEX2T: (Pharmacia)

pET28b(+): (Novagen)

2.1.3 Antibiotics

Ampicillin (Amp): lOOOX stock solution, 100 mg/ml in ddH20.

Kanamycin (Kan): lOOOX stock solution, 20 mg/ml in ddHzO

The antibiotic stock solutions were sterilised by filtration and stored in aliquots at 

-20°C.

2.1.4 Bacterial culture media and plates

2YT medium: Premixed powder (GIBCO-BRL) was dissolved in the appropriate 

amount of ddHzO and autoclaved.

s e e  medium: 20 g of bacto-tryptone, 5 g of bacto-yeast extract, 0.5 g of NaCl and 

10 ml of a 250 mM KCl solution were dissolved in 950 ml of ddHzO The pH was 

adjusted to 7.0 with 5 N NaOH, the volume was made to 1 litre with ddH20 and the 

solution was sterilised by autoclaving. Just before use, 5 ml of sterile 2 M MgCb 

solution and 20 ml of filter-sterilised 1 M glucose solution were added.
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Luria-Bertani (LB) medium: 10 g bacto-tr>'ptone. 5 g bacto-yeast extract and 10 g 

NaCl were dissolved in 950 ml of ddH20 and the pH adjusted to 7.0 with 5 N NaOH. 

The volume was made up to 1 litre with ddH20 and the medium was sterilised by 

autoclaving

Agar plates: Bacto-agar was added to media prepared as above to a final 

concentration of 1.5% weight for volume (w/v) and then autoclaved. The solution was 

allowed to cool down to around 50°C before any antibiotic (see below) was added 

The medium was poured into 10 cm petri dishes, allowed to solidify at room 

temperature (rt) and stored inverted at 4°C.

2.1.5 Preparation of competent bacteria

Transforming buffer (TB): 10 mM PIPES, 55 mM MnCE, 15 mM CaCL, 250 mM 

KCl. All the components except for MnCL were mixed in 950 ml ddH20 and the pH 

adjusted to 6.7 with KOH After the addition of MnCE, the volume was made up to 1 

litre, the solution filter-sterilised and stored at 4°C.

E. coli were streaked onto an agar plate from a frozen glycerol stock and 

grown overnight at 37°C. SOC culture medium (250 ml) was inoculated with 10-15 

colonies and incubated at rt (18-25°C) on a shaker at about 200 rotations per minute 

(rpm). When the optical density at 600 nanometres (nm) (ODgoo) reached a value 

between 0.4 and 0.8, the bacterial culture was spun down (2,000 g, 4°C, 10 min). 

The pellet was resuspended in 84 ml of cold TB and left to stand on ice for 10 min. 

The suspension was then spun down as before and the pellet resuspended in 20 ml of 

cold TB. After addition of 1.5 ml of DMSO, the suspension was inverted several times 

to ensure good mixing and incubated on ice for 10 min. The suspension was divided 

into 200 |il aliquots and snap frozen in liquid nitrogen. The aliquots were stored at - 

70°C. All manipulations of the bacteria after the initial centrifugation step were carried 

out in a walk-in cold room and all the equipment used was pre-cooled to ensure that 

the bacteria were always kept at 4°C to prevent compromising their competence.
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2.1.6 Transformation of competent bacteria

Aliquots of competent cells were thawed on ice and the plasmid DNA (20-100 

ng) to be transformed was added The cells were mixed gently and placed back on ice 

for 15 min. The cells were subsequently heat-shocked at 42°C for 2 min and put on ice 

for another 5 min. The cells were then transferred into a 15 ml falcon tube containing 

800 jul of medium without any antibiotics and incubated at 37°C with shaking (-200 

rpm) for 30 min. At the end of the incubation period the cells were transferred into a 

sterile 1.5 ml eppendorf tube and spun at 3,500 g for 1 min. The bacteria were 

resuspended in 200 gl of medium then spread onto agar plates containing the 

appropriate antibiotic and incubated overnight at 37°C.

2.1.7 Preparation of bacterial givcerol stocks

A single bacterial colony was inoculated into culture medium and grown until 

the ODôoo reached approximately 0.6. The bacterial cells were supplemented with 

glycerol to 15% volume for volume (v/v) and stored frozen at -70°C.

2.1.8 Isolation of plasmid DNA from bacterial cultures

Glucose buffer: 50 mM glucose, 25 mM Tris.Cl (pH 8.0), 10 mM EDTA (pH 8.0). 

Lysis buffer: 200 mM NaOH, 1% (w/v) sodium dodecyl sulphate (SDS).

High-salt buffer: 3 M potassium acetate, 5 M acetic acid.

LiCl solution: 5 M LiCl, 50 mM morpholinopropanesulfonic acid (MOPS). The pH 

was adjusted to 8.0 using 5 M NaOH before making up the solution to the final 

volume.
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Sodium acetate (pH 5.2): A 3 M stock was prepared and acidified with glacial acetic 

acid to the desired pH.

EDTA solution (pH 8.0): A 0.5 M stock was made with the disodium salt of 

ethylenediaminetetraacetate in ddH:0 and the pH adjusted to 8.0 with NaOH pellets.

Tris.Cl stock solution: An 1 M stock solution was prepared with

Tris[hydroxymethyl]amino-methane and adjusted to the appropriate the pH with 

concentrated hydrochloric acid.

Tris-EDTA (TE) buffer: 10 mM Tris.HCl (pH 8.0), 1 mM EDTA (pH 8.0). The 

buffer was sterilised by filtration.

Tris-equilibrated phenol: Solid phenol (BDH AnalaR) was melted at 50°C, 

equilibrated by the addition of an equal volume of ddHzO and shaken vigorously. 

Water-saturated phenol was mixed thoroughly with an equal volume of 1 M Tris.Cl 

(pH 8.5) and then centrifuged at 1500 g, for 5 min. The aqueous phase (top) was 

removed by aspiration and the pH tested to ensure it was above 7.5. The tris- 

equilibrated phenol was stored under TE at 4°C, in a dark bottle.

Phenol-chloroform: Equal amounts of chloroform and tris-equilibrated phenol were 

mixed and stored under TE at 4°C, in a dark bottle.

RNAse A stock solution: A 10 mg/ml stock was made up in 10 mM Tris.Cl (pH 7.5), 

boiled for 15 min and then allowed to cool slowly to room temperature (rt) before 

storing at -20°C.

2 1.81 Mini scale preparation (for bacterial culture volumes of 1.5-3 ml)

LB or 2YT medium (2-3 ml) was inoculated with individual bacterial colonies 

and shaken vigorously overnight at 37°C. The bacteria were pelleted by centrifugation 

at 3,500 g for 1 min. The supernatant was aspirated away and the bacterial pellet was 

resuspended in 100 |ul of glucose buffer. Lysis buffer (200 pi) was added and the tubes
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inverted 3-4 times to mix the contents High salt bufifer (150 gl) was added and mixed 

as before. The nucleic acids were phenol-chloroform extracted (see below) and 

ethanol precipitated (see below). The nucleic acid pellet was air-dried for 5-10 min 

before resuspending in 20 pi of TE buffer containing RNAse A at 20 pg/ml. The 

solution was finally incubated at 37'C for 30 min to facilitate RNAse A activity and 

dissolution of the DNA.

2.1 8.2 Medium scale preparation (for bacterial culture volumes of 50-100 ml)

Bacterial medium (50-100 ml) containing the appropriate antibiotic was 

inoculated with 0.5-1 ml of fresh culture (prepared as above) and incubated at 3^"C 

with vigorous shaking. The bacteria were harvested by centrifugation at 2100 g for 15 

min (4°C) and the pellet was resuspended in 5 ml of glucose buffer. Lysis buffer (10 

ml) was added, the tube was inverted rapidly 3-4 times and incubated on ice for 5 min. 

High-salt buffer (7.5 ml) was added, the tube was inverted several times and stored on 

ice for another 10 min. Following a centrifugation step (10 min, 2,100 g, 4°C). the 

supernatant was passed through two layers of nylon stockings to remove any 

paniculate matter and collected in a fresh tube. Isopropanol (10 ml) was added, 

mixed and the tube centrifuged as before. The pellet was resuspended in 2 ml of 

ddH20 and an equal volume of LiCl solution was added. The tube was stored on ice 

for 30 min and then spun for 5 min at 1500 g, 4°C. The supernatant was transferred to 

a fresh tube and an equal volume of phenol-chloroform (4 ml) was added. The tube 

was vortexed and centrifuged for 5 min. 3,000 rpm, 4°C. The top aqueous phase 

containing the nucleic acids was collected and ethanol precipitated. The pellet was 

resuspended in 500 jj.1 TE buffer containing 20 p.g/ml RNAse A and incubated at 37°C 

for 1 hour. A second round of phenol-chloroform extraction and ethanol precipitation 

was carried out and he pellet was resuspended in 200-250 fil TE buffer. Yields of 100- 

150 fig of plasmid DNA were obtained per 50 ml of cell culture medium.

2 1 8.3 Isolation of PI plasmid DNA

This was isolated according to the Triton Lysis protocol’ provided by Genome 

Svstems.
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2.1.9 Ethanol precipitation of DNA

Unless otherwise stated 2 volumes of 100% ethanol and one tenth volume 3 M 

sodium acetate (pH 5.2) were added to the DNA solution and mixed before incubating at 

-20°C for 15-30 min The precipitate was centrifuged at 10,000 g for 10 min at 4°C and 

the supernatant was removed by gentle aspiration. 70% ethanol was added to the pellet 

and centrifuged as in the previous step. The supernatant was removed and the pellet was 

allowed to dry for 5 min before redissolving in TE buffer.

2.1.10 Phenoi/chloroform extraction of DNA

Phenol-chloroform extraction was used to remove protein contamination from 

aqueous solutions containing DNA. An equal volume of phenol-chloroform was 

thoroughly mixed with the solution containing DNA and centrifuged to separate the 

organic and aqueous layers (10 min, 10,000 g, rt). The DNA was ethanol precipitated 

from the aqueous phase and resuspended in an appropriate volume of TE buffer.

2.1.11 Polymerase Chain Reaction (PCR)

PCR kit: This contained lOX PCR buffer, 50 mM MgCE and Taq DNA polymerase 

(5 u/pl) (GIBCO-BRL).

dNTPs: A 2 mM working stock was prepared in ddHzO from a 100 mM stock 

solution and stored in aliquots at -20°C (Pharmacia).

Primers: 10 pM working solutions were prepared in ddHiO from concentrated stocks 

and stored in aliquots at -20°C (Genosys and Oligo Express).

Paraffin liquid: (BDH SpectroL).

A Biometra TRIO-Thermoblock PCR machine was used.
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A hot-start PCR method was employed whereby the PCR reagents were added

to already denatured template DNA at a high temperature, 80°C, in order to minimise

non-specific priming The total reaction volume employed was 50 |al.

The appropriate amount of DNA template (less than 1 ng for plasmid DNA and

200 ng for genomic DNA), 2.5 |al I OX PCR buffer, and ddH20 to a volume of 25 [i\

were added in a 0.5 ml eppendorf tube, mixed and overlaid with 1-2 drops of mineral

oil. The DNA template was denatured by heating to 94°C for 30 seconds and then

kept at 80°C until the PCR reagents were added.

The PCR reagents were prepared by mixing together 2.5 îl of lOX PCR
lO

buffer, 2-5 pi 2 mM dNTPs, 1-3 pi 50 mM MgCb, 2-5 pi of/pM  forward primer, 2-5 
10

pi oC/ipM reverse primer, 0.5 pi Taq DNA polymerase and ddH^O to 25 pi. The PCR 

reagents were preheated to 80°C for 1 min then transferred to the tube containing the 

DNA template underneath the layer of paraffin oil, mixed and the PCR program was 

started.

The melting temperature (Tm) of the primers was calculated using the 

following equation; Tm = 4 X (G+C) + 2 X (A+T) - 4“C. The Tm was used as a 

rough guideline for selecting the annealing temperature for the PCR reaction. When a 

set of primers was used for the first time, the PCR reaction was set up at a number of 

annealing temperatures (generally between 55-65°C) and MgCl2 concentrations (1-3 

pM). In this way the optimal set of conditions was worked out. The annealing step 

was between 30-60 seconds (sec) long. The extension temperature was 74°C with 1 

min extension time allowed for each kbp of PCR product. 30-40 cycles were usually 

carried out.

The specific PCR reaction conditions and sequences of primers used in this 

project are shown below:

2.1.11.1 Primer sequences and PCR conditions for analysis of the mGE gene 

Primer sequences

mel388F (5' primer/exon 4): 5' GOT ACC ATT AAC GCC AAC GTG CAG G 3' 

mel556R (3' primer/ exon 4): 5' CCA GAG TGC ATA CGT TCA CAC GAC G 3\
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Hel2048F (5' primer/exon I): 5' GAT GAA TTC CCT TCA TOG tgT CGC TGC

AGc3'

This primer was originally designed based on the human GE sequence and is not 

identical to the mouse sequence. Letters in bold represent a 3 base stuffer region. 

Underlined bases indicate the introduction of an EcoRI site. Bases in small letters are 

different between the mouse and the human sequence.

mell2F (S' primer/exon 1): S' CAT GGC CCT TGG CAG ACT ATC CAG 3'

mel787R (3' primer/exon S): S' CTA GTT GGT CCT GCC CTC TCG GTC 3'

Primer pairs, templates and PCR conditions

Primer pair; mel388F and melSS6R (PCR within exon 4) 

template: SOO ng E-14 E.S. cell genomic DNA, 2 ng pel3He or pel9HA

Primer pairs: mel388F and mel787R (PCR across exons 4 and S) 

mel 12F and melSSôR (PCR across exons 1 and 4) 

Hel2048F and melSS6R (PCR across exons 2 and 4) 

template: SOO ng E-14 E S. cell genomic DNA, 2 ng peDHs or pel9HA

Primer pair: mel 12F and mel787R (PCR within exons 1 and S) 

template: SOO ng E-14 E.S. cell genomic DNA, 1 ng pel3He or pel9HA

See next page for table of PCR conditions.
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Primer pairs

mel388F & mel388F & mell2F & Hel2048F & mel 12F &

melSS6R mel787R melSSôR melSS6R mel787R

MgCb I S mM I S mM I S mM I S mM I S mM

dNTPs 0.2 mM 0 .2 mM 0.2 mM 0.2 mM 0.2 mM

S'primer 1 |iM 1 pM 1 pM 1 pM 1 pM

3'primer 1 |iM 1 pM 1 pM 1 pM 1 pM

Taq polym. 2.S u 2.Su 2.S u 2.S u 2.Su

dénaturation 94°C 94°C 94°C 94°C 94°C

step 30 sec 1 min 1 min 1 min 30 sec

annealing ss°c 6S°C 6S°C 6S°C 60°C

step 1 min 1 min 1 min 1 min 1 min

polymer. 72°C 72°C 72°C IT Q 7S°C

step 1 min 2.S min 2.S min 2.S min 1 min

no. of cycles 3S 30 30 30 30

product size 193 bp S41 bp ~ ISOO bp ~ 1080 bp ~ 18S0 bp

Table 1: PCR conditions for analysis of the mGE gene.

2.1.11.2 Primer sequences and PCR conditions for modifying the cre recombinase 

gene

Primer sequences

Cre IF (5' primer): 5' tta etc gac ATG aaa cgc ccc agg cca ICC AtT cTg CTG ACC 

G ig  CAC 3'

CrelR (3' primer): 5' cAG gTA ATc tct cAC ATC ctC AGG 3'

Cre2F (S' primer): S' CTg TAT CTg CAG GCt aGa GGT CTG 3'

Cre2R (3' primer): S' GCT GGT GGC AGA TGG aGC aGC AAC 3'

Cre3F (S' primer): S' CAG CTg TCc ACT aGa GCC CTG GAA G 3'

Cre3R (3' primer): S' CAG CtC taG CCA TAT CTC atG CaG CTC 3'
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Cre4F (5' primer) 5' GAG TTT CAA TcC CcG AGA TCA TGC 3'

Cre4R (3' primer): 5' GAC GAC CTT CTA CCG CTA ATC Gag etc att 3'

Small letters (plain underlined, bold underlined, plain and bold) indicate modifications 

introduced into the PI cre recombinase sequence in order to generate a cre gene (e- 

cre) with enhanced expression in mammalian cells. Bold letters indicate mutations 

introduced to prevent méthylation. Plain letters indicate mutations introduced to 

change rarely used codons to more frequently used ones. Bold underlined letters 

indicate the nuclear localisation signal (NLS). Underlined letters indicate regions 

containing new restriction enzyme sites and 3 base pair stuffer regions for allowing 

easier cloning of the PCR fi'agments; primer Cre IF introduced a new Sail site 5' of the 

cre recombinase gene, primer Cre4R introduced a new Xhol she 3' of the gene.

Primer pairs, templates and PCR conditions 

Primer pair: Cre IF and CrelR 

template 2 ng plasmid DNA pGcre 

Because Cre IF has a large region of non-homology to the DNA template, the PCR 

reaction was modified so that primer CrelR was added first to the reaction mix for the 

first 5 cycles so as to generate more single stranded template for the Cre IF. Cre IF 

was then added and the PCR reaction was carried out at a low annealing temperature 

for 10 cycles before this was increased for the remaining 25 cycles o f the reaction.

Primer pair: Cre2F and Cre2R

template: 2 ng plasmid DNA pNcreFneo (#4, 100494)

Primer pair; Cre3F and Cre3R 

template: 10 ng plasmid DNA pGcre

Primer pair: Cre4F and Cre4R

template: 2 ng plasmid DNA pNcreFneo (#4, 100494)

See next page for table of PCR conditions.

71



Primer pairs
Cre IF & 
CrelR

Cre2F & 
Cre2R

Cre3F & 
Cre3R

Cre4F & 
Cre4R

MgCl2 1.5 mM 1.5 mM 1.5 mM 1.5 mM
dNTPs 0.2 mM 0.2 mM 0 .2 mM 0.2 mM
5'primer 1 |iM 1 pM 1 pM
3'primer 1 pM 1 (iM 1 pM 1 pM
P.F.U. polym. 2.5 u 2.5 u 2.5 u 2.5 u
dénaturation
step

94°C 
30 sec

94°C 
30 sec

94°C 
30 sec

94°C 
30 sec

annealing
step

55°C 
1 min

60°C 
1 min

55°C 
1 min

60°C 
1 min

polymer.
step

75°C 
1 min

75°C 
2 min

75°C 
1 min

75°C 
2 min

no. of cycles 5 35 35 35
5'primer 1 ^iM
dénaturation
step

94°C 
30 sec

annealing
step

50°C 
1 min

polymer.
step

75°C 
1 min

no. of cycles 10
dénaturation
step

94°C 
30 sec

annealing
step

55°C 
1 min

polymer.
step

75°C 
1 min

no. of cycles 25
Product name 

size
Cl
250 bp

C2
540 bp

C3
150 bp

C4
125 bp

Table 2; PCR conditions for modifying the cre recombinase gene.

2.1 ■ 11.3 Primer sequences and PCR conditions for amplifying the first 240 bp of the e- 

cre recombinase gene 

Primer sequences

mcrenlsF (5' primer); 5' TGA AAC GCC CCA GGC CAT CCA ATC 3'

72



CrelR (3' primer): see section 2.1.11.2 ‘Primer sequences and PCR conditions for 

modifying the cre recombinase gene’

template; 2 ng plasmid DNA pXcreB18.36A 

PCR product: 240 bp.

For PCR conditions see table 3.

2 1.11.4 PCR for identification of E.S. cells that have undergone homologous

recombination

Primer sequences

ela2PCR (5' primer): 5' CTG AGC CAG AGA GAT TGG CCT TCA G 3'

Cre5R (3' primer): 5' GAC CGA CGA TGA AGC ATG TTT AGC 3'

template 1,000-50,000 E.S. cells 

PCR product: 1220 bp.

For PCR conditions see table 3.

2.1.11.5 PCR reaction for sequencing around the region of the mutation in exon 2 of 

the mGE gene 

Primer sequences

neo#2541 (5' primer):5' TCG CCT TCT ATC GCC TTC TTG ACG AG 3'

mel684R (3' primer): 5' TGG CAC CAC AGA AAT GAC CTC CAC 3'

template: 300 ng E.S. cell genomic DNA 

PCR product: 700 bp.

For PCR conditions see table 3.
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2 111.6 PCR reaction to identify the removal of the fieo' gene from E.S. cells 

Primer sequences

Cre4F (5' primer): see section 2.1.11.2 ‘Primer sequences and PCR conditions for 

modifying the cre recombinase gene’

mel684R (3' primer): see section 2 111.5 ‘PCR reaction for sequencing around the 

region of the mutation in exon 2 of the mGE gene. ’

template: 10,000 E.S. cells

PCR product: when the neo' gene is removed 2000 bp

PCR product: before deletion of the neo' gene 3400 bp (too large to be obtained 

under the conditions used)

For PCR conditions see table 3.

2.1.11.7 PCR to identify cre mediated deletion of stop codon in the I5-2al!+ transgenic 

GEI+ mutant mice

Primer sequences

LacZF (S' primer): 5' CGA ACA CGC AGA TGC ACT CG 3'

LacZR (3' primer): S' GCC ACA TAT CCT GAT CTT CC 3' 

template: 300 ng mouse genomic DNA

PCR product: 741 bp after Cre-mediated deletion of the stop codon

1121 bp before Cre-mediated deletion of the stop codon 

For PCR conditions see table 3.

2.1.11.8 PCR reaction to amplify the coding sequence of the mGE gene

Primer pair: mell2F and mel787R (PCR within exons 1 and S), see section 2.1.11.1.

template: 1 ngpUC19mel3

PCR product: 798 bp

For PCR conditions see table 3.
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Primer pairs

mcrenlsF ela2PCR neo#2541 Cre4F & LacZF & meil2F &

& CrelF & Cre5R meI684R mel684R LacZR mel787R

MgCb 1.5 mM 2.0 mM 2 .0 mM 2.0 mM 1.5 mM 1.5 mM

dNTPs 0.2 mM 0 .2 mM 0 .2 mM 0.2 mM 0.2 mM 0.2 mM

5' primer 1 pM 0.2 pM 0 .4 pM 0.4 pM 0.4 pM 1 pM

3' primer 1 pM 0.2 pM 0.4 pM 0.4 pM 0.4 pM 1 pM

DNA P.FU. Taq Taq Taq Taq VENT

polym. 2.5 u 2.5 u 2.5 u 2.5 u 2.5 u 2.5 u

denatn 94°C 94°C 94°C 94°C 94°C 94°C

step 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec

annealing 60°C 68°C 60°C 60°C 65°C 65°C

step 1 min 1 min 30 sec 30 sec 30 sec 1 min

polymer. 75°C 75°C 75°C 75°C 75°C 75°C

step 1 min 2 min 1.5 min 2.5 min 1.5 min 1 min

no. of cycles 35 35 30 35 40 30

Table 3: PCR conditions for remaining reactions (Sections 2.1.11.3-2.1.11.8).

2.1.12 Blunt-ending cohesive DNA termini

Klenow enzyme: (Boeringher Mannheim).
/

T4 DNA polymerase: (Boeringher Mannheim).

Deoxynucleotide triphosphate mix (dNTPs): 1 or 2 mM working solutions 

prepared in ddHzO from a 100 mM stock of each dNTP (Pharmacia).
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2.1 ■ 12.1 Filling in recessed 3' termini

Filling in recessed 3' termini was carried out using the polymerase activity of 

the Klenow fragment of E. coli DNA polymerase I in the presence of dNTPs. After 

digestion of 0.5-1 fig of DNA in 20 fil of reaction volume with the appropriate 

restriction enzyme, 1 pi of a solution containing all four dNTPs at a concentration of 1 

mM was added together with 1 unit of Klenow enzyme for each pg of DNA. The 

reaction mixture was incubated at rt for 15 min. The Klenow and restriction enzyme 

were inactivated by heating at 75°C for 10 min followed by phenol-chloroform 

extraction and ethanol precipitation of the DNA.

2.1.12.2 Removing protruding 3' termini

Removal of protruding 3' termini was carried out using the bacteriophage T4 

polymerase enzyme in the presence of a high concentration of the four dNTPs. 

Following the digestion of 0.5-1 pg of DNA in a 20 pi reaction volume, 1 pi of a 2 

mM dNTP solution was added together with 1-2 units of T4 polymerase per pg of 

DNA in the reaction. The reaction mixture was incubated for 15 min at 12-15°C. The 

enzymes were inactivated by heating at 75°C for 10 min and the DNA was phenol- 

chloroform extracted and ethanol precipitated.

2.1.13 Restriction endonuclease digestion of DNA

Restriction endonucleases: enzymes were bought from a number of companies 

GIBCO-BRL, New England Biolabs (NEB), Boeringher Mannheim, Pharmacia and 

UCL stores. Each was provided with an appropriate buffer and, wherever necessary, 

with bovine serum albumin (BSA).

The amounts of DNA involved in RE digestions were greatly variable 

depending on the purpose of the digestion (e.g. digestion of vector plasmid DNA or 

E S. cell genomic DNA for Southern blot analysis). Most commonly, RE digestions 

involved 1-5 pg of plasmid DNA. 5-10 units of enzyme (i.e. a five- to ten-fold excess) 

were used for each pg of DNA in the appropriate buffer and the reaction mixture was 

incubated for 1 hr at the optimum temperature.
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2.1.14 DNA Ligation

T4 DNA Ligase: This was provided with a lOX ligase buffer (Boeringher 

Mannheim).

Adenosine triphosphate (ATP) stock: 0.1 M stock solution made up in ddH20 and 

the pH adjusted using 0.1 N NaOH.

Ligations were usually performed to insert a DNA fragment into a linearised 

vector. About 20 ng of vector DNA was used with a five-fold molar excess of the 

desired insert DNA fragment. Ligase buffer (lOX) was added to make up 1/lOth of 

the final volume. ATP was added to a final concentration of 1 mM, together with 1-2 

units of T4 DNA ligase. The volume was made up to 10-20 pi with ddH20. If the 

ligation involved cohesive DNA ends then the reaction mixture was set up at 15°C 

overnight (or a minimum of six hours) whilst blunt end ligations were set up at rt for 

an overnight incubation. For blunt end ligations no extra ATP was added. The ligase 

was inactivated by heating at 75°C for 10 min before proceeding.

2.1.15 Déphosphorylation of DNA fragments

Calf intestinal phosphatase (CIP) : 10 u/pl (Boeringher Mannheim).

Dephosphorylation of linearised vector DNA was used in cloning procedures 

to prevent vector self-ligation thus favouring the insertion of DNA fi*agments into the 

plasmid vector instead. About 2-4 pg of vector DNA was completely digested with an 

appropriate restriction enzyme in a volume of 20 pi. A small sample (100-200 ng) was 

run on an agarose gel to test for complete digestion. GIF (1 unit) was added to the 

mixture and incubated at 37°C for 1 hr. CIP was inactivated by heating for 10 min at 

75°C, followed by phenol-chloroform extraction and ethanol precipitation.

77



2.1.16 Introduction of new restriction enzyme sites by linkers 

Linkers: Phosphorylated linkers were used (NEB).

Sail pCCGGTCGACCGG 

Xhol pCCCTCGAGGG 

BamHI pCGGATCCG

T4 DNA polymerase: (Boeringher Mannheim).

Linkers were used for the introduction of a specific RE site into DNA 

molecules. Plasmid DNA (1-2 pg) was linearised by RE digestion and the DNA was 

gel purified (see section 2.1.18 ‘Purification of DNA from agarose gels’). If the 

enzyme used produced cohesive ends then these were converted to blunt-ended 

termini before DNA purification. Linker DNA (1-2 pg) was added together with 5 

units of T4 DNA ligase and lOX ligation buffer. An overnight ligation reaction was set 

up at rt. A small sample of the ligation reaction was run on a high concentration 

agarose gel to test for the presence of a smear at the bottom of the gel consisting of 

linker concatemers. This was an indication that the tinkering reaction had been 

successful. The ligase was then heat-inactivated and the DNA digested with the 

specific RE which recognises the site introduced by the linkers. RE (10-20 units) was 

used for 2-3 hours in a volume of 100 pi. The DNA was then purified using the Gene 

clean kit so as to remove the unused linkers. The plasmid was then religated to itself 

with the production of the new RE site.

2.1.17 Agarose gel electrophoresis

50X Tris-acetate-EDTA (TAE) stock: 242 g Tris[hydroxymethyl]amino-methane,

57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA (pH 8.0), adjusted to 1 litre with 

ddHzO.

Agarose: Ultra pure electrophoresis grade (IBI Kodak).

3:1 NuSieve Agarose: (Flowgen).
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Molecular weight markers (MWM): 1 kilobase pair (kbp) ladder (GIBCO-BRL), 

Bacteriophage lambda DNA digested with Hind III (X Hind III) (Promega), 

Bacteriophage OX 174 DNA digested with Hae III ((%)XI74 Hae III) (Promega).

Ethidium bromide stock: 10 mg/ml stock solution.

5X Ficol loading dye: 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanole 

FF, 15% (w/v) ficol 400.

Routinely 0.7 % ( w/v) agarose gels were prepared. For electrophoresis of low 

molecular weight DNA samples, high concentration (1.5-3%) gels were prepared 

using Nusieve Agarose 3:1. The appropriate amount of agarose was added to IX 

TAE and heated in the microwave oven until all the solid had dissolved. Ethidium 

bromide was added to a final concentration of 0.5 ^ig/ml and the agarose was poured 

into a gel casting tray with combs used to generate well spaces. The agarose gels were 

allowed to solidify at rt before they were used. TAE without any ethidium bromide 

was used as the running buffer. DNA samples with IX ficol loading dye were loaded 

in the wells of the gel and run at 1 GO volts.

The DNA was then visualised using an ultraviolet (UV) light source. By 

comparing the distances migrated by molecular weight standards and bands of sample 

DNA the size o f the DNA was established. Quantitation was provided by comparing 

the band intensity of the sample DNA to band intensities of known amounts of 

molecular weight standard DNA.

2.1.18 Purification of DNA from agarose gels 

Gene clean kit: (USB).

QIAEX kit: (Qiagen).
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The DNA fragment was visualised using a low energy UV light source (as this 

is less likely to cause mutations), excised from the gel using a scalpel blade and 

purified using either the Gene clean or QIEX kit according to the manufacturer’s 

instructions.

2.1.19 Colony hybridisation 

Hybond-N^ filters: Amersham.

Denaturing solution: 0.5 N NaOH, 1.5 M NaCl.

Neutralising solution: 1.5 M NaCl, 0.5 Tris Cl (pH 7.4).

Prewashing solution: 5X SSC, 0.5% (w/v) SDS, 1 mM EDTA (pH8.0).

IX Bovine Lacto Transfer Technique Optimiser (BLOTTO): 5% (w/v) non-fat 

dried milk, 0.02% (w/v) sodium azide.

SDS stock solution: A 10% weight to volume (w/v) stock was prepared in ddHiO 

20X SSC stock: 3 M NaCl, 0.3 M sodium citrate, pH 7.0.

Prehybridisation solution: 6X SSC, 0.5X BLOTTO, 0.5% volume to volume (v/v) 

nonidet p-40 (NP40).

Bacterial cells were plated on 15 cm dishes at a density that would give well 

spread, single colonies and incubated overnight at 37°C. Hybond-N^ filters were 

placed in contact with the colonies on the plates until they were completely wet. The 

filters and plates were marked to allow subsequent re-alignment of positions on the 

filters and bacterial colonies. The filters, colony side up, were placed on a sheet of 

Whatman 3MM paper saturated with 10% SDS for 3 min (to limit difiusion of plasmid 

DNA during subsequent steps thus giving a sharper signal). The filters were

80



transferred onto Whatman paper saturated with denaturing solution and left there for 

5 min, followed by a 5-min incubation on Whatman paper saturated with neutralising 

solution. The filters were then transferred to a sheet of 2X SSC-impregnated 

Whatman paper for 5 min, air-dried at rt on a clean piece of Whatman paper and the 

DNA fixed by baking for 2 hr at 80°C.

The filters were wetted in 2X SSC and incubated in prewashing solution for 30 

min at 50°C. This was followed by a 2-hr incubation at 65°C in prehybridisation 

solution. The DNA probe was radioactiveiy labelled (see section 2.3.2 ‘Random 

primed labelling of DNA’), denatured by boiling with 100 |il of prehybridisation 

solution, and introduced to the prehybridisation solution and filters. Hybridisation was 

allowed to continue overnight at 65°C. The filters were rinsed for 5 min in 2X SSC 

and 0.1% SDS at rt to remove excess radioactivity before washing twice for 15 min in 

2X SSC and 0.1% SDS with agitation at 65°C. The filters were air-dried wrapped in 

Saran wrap and placed against X-ray film overnight at -70°C. After developing, the 

film was aligned with the plates in order to identify the positive colonies

2.2 DNA sequencing

DNA sequencing was carried out according to the manufacturer’s instructions 

using the PRISM™ Ready Reaction DyeDeoxy™ Terminator Cycle Sequencing Kit 

(Perkin Elmer) and an automated ABI 373 DNA sequencer (Perkin Elmer). The 

results were analysed with the Wisconsin GCG program.

2.3 Southern blot analysis of DNA

2.3.1 Apparatus set up

Southern blot analysis was carried out based on Sambrook et al. (1989) and the 

manufacturers’ instructions.

Gene screen Plus membrane: (NEN® Research products).
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Prehybridisation/hybridisation buffer: 8.46 ml ddH20, 1 g dextran sulphate 

sodium salt (M\V 500,000) and 1 ml 10% (w/v) SDS were heated for 30 min at 65°C. 

0.58 g NaCl was added and the solution heated for 15 more min at 65°C.

Sheared carrier DNA (salmon sperm DNA): Salmon sperm DNA (Sigma type III 

sodium salt) was dissolved in ddHzO at a concentration of 10 mg/ml. and the NaCl 

concentration was adjusted to 0.1 M. The DNA was sheared by sonication until the 

solution was no longer viscous. The solution was boiled for 10 min and stored in small 

aliquots at -20°C.

X-ray film: (IBI Kodak).

Genomic DNA (7.5-15 pg) or 40 ng of PI plasmid DNA was digested with 

ten-fold enzyme excess and then fractionated by agarose gel electrophoresis together 

with MWM. The gel was soaked in 0 25 N HCl for 10 min with gentle rocking to 

depurinate the DNA and assist the transfer of long DNA fragments. The gel was then 

rinsed with ddH20 to remove the excess HCl and then agitated for 30 min in 0.4 N 

NaOH/0.6 M NaCl. This was followed by another 30 min of agitation in 1.5 M 

NaCl/0.5 M Tris HCl pH 7.5. The gel was then placed on top of a solid support on a 

wick composed of 3 sheets of Whatman 3MM paper (pre-soaked in lOX SSC) 

immersed at the ends in a reservoir of lOX SSC transfer solution. The nylon 

membrane, cut to the same size as the gel, pre-wetted in ddH2 0  and equilibrated in 

lOX SSC, was laid on top of the gel and air bubbles were rolled out using a pipette. 

Three sheets o f pre-wetted (in lOX SSC) Whatman paper were laid on top of the 

nylon membrane and air bubbles removed as before. A stack of paper towels (about 5 

cm high, weighed down by a 500 g weight) was placed over the Whatman paper to 

provide the capillary force. Saran wrap was placed over the exposed surface of the 

wick to prevent the paper towels from touching the wick and short-circuiting the 

capillary transfer. This ensures that the buffer can transfer from the gel to the paper 

towels only by passing through the gel and membrane. The transfer was allowed to 

proceed overnight.
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The next day the membrane was peeled away from the gel (after marking on it 

the position of the wells) and soaked in 0.4 N NaOH with gentle agitation for 1 min to 

denature the DNA. The membrane was neutralised by agitating for 1 min in 0.2 M 

Tris.HCl pH 7.5/lX SSC. Finally the DNA was fixed to the membrane, either by 

baking at 80°C for 2 hours or by UV cross-linking the wet membrane with 1,200 

p.W/cm^ at 254 nm for about 40 sec. The membrane was stored at rt until used.

Prehybridisation buffer (30-40 ml) containing 200 |ig/ml sheared salmon sperm 

DNA was placed for 10-15 min in a beaker of boiling water. The membrane was 

wetted in 2X SSC, placed in a hybridisation cylinder and the prehybridisation 

buffer/sheared salmon sperm DNA mixture added. The membrane was prehybridised 

at 65°C for a minimum period of 2 hours in a hybridisation oven. After the random 

prime labelling of the DNA probe was completed (see section 2.3.2 ‘Random primed 

labelling of DNA’), 100 |il of prehybridisation buffer was added to the probe. The 

probe was denatured by boiling for 10 min and immediately added to the membrane. 

Hybridisation was carried out overnight at 65°C.

At the end of the hybridisation period, the membrane was washed with a 0.1% 

SDS solution containing progressively reduced amounts of salt (2X, IX, 0.5X, 0.2X 

and 0. IX SSC, i.e. progressively more stringent conditions). Washes were carried out 

at 65°C for 10-20 min with each washing solution.

Radioactivity on the membrane was monitored using a Geiger counter and 

washing was stopped at 5-10 count per min (cpm). The membrane was wrapped with 

Saran wrap and placed against an X-ray film in an autorad cassette for several hours 

to several days at -70°C and then the film developed using an automated developer 

(Velopex).

Membranes can be re-used if they are not allowed to dry with a probe attached 

to them. The membranes must be stripped of the old probe before re-use. This was 

achieved by boiling the membranes for 10-15 min in 0.1% SDS.

2.3.2 Random primed labelling of DNA probes 

Random primed DNA labelling kit: (Boeringher Mannheim).
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[a ’̂P] dCTP: (Amersham).

The DNA probe to be labelled (25 ng) was denatured by heating at 98°C for 10 

min and subsequently cooling on ice containing salt. All the liquid was collected to the 

bottom of the tube by spinning at 10,000 g for a few seconds and then the following 

reagents were added; 3 |al of a dNTP mixture containing dATP, dGTP and dTTP each 

at a concentration of 0.5 mmol/1, 2 pi of a hexanucleotide mixture in lOX reaction 

buffer, 3 pi of [a^^P] dCTP (30 pCi), ddHzO to a final volume of 19 pi and 1 pi of 

Klenow enzyme (2u/pl). The reaction mixture was incubated at 37°C for 1 hr before 

the reaction was stopped by heating at 65°C for 10 min. Unincorporated dNTPs were 

not removed.

2.4 Reverse transcription

This was carried out according to the manufacturer’s instructions.

2.4.1 DNase treatment of RNA samples 

RQl RNase-free DNase (1 u/ml): (Promega).

DNase I OX Buffer: (Promega).

1 pi of RQl RNase-fi'ee DNase was added for every 5 pi of RNA sample 

together with 1 pi of lOX DNase buffer. The volume was made up to 10 pi with 

ddH20 and the sample incubated 37°C for 30 min. At the end of the this period the 

DNase was inactivated by heating the sample to 60°C for 5 min. The RNA was 

extracted with phenol-chloroform and concentrated by salt and alcohol precipitation.

2.4.2 First strand DNA synthesis

Moloney Murine Leukaemia Virus Reverse Transcriptase (M-MLV RT): 200

u/pl (Promega).
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Reaction 5X RT buffer: (Promega).

Oligo (dT)15 primer: 0.5 ng/^I (Promega). 

dNTPs: (Pharmacia).

RNasin Ribonuclease inhibitor: 20-40 u/pl (Promega).

Oligo (dT)15 primer (2 pi) was added to 1-5 pg of total RNA sample in a final 

volume of 11 pi. The tube was heated to 70°C for 5 min to melt secondary structures 

within the template and then quickly transferred on ice. The sample was collected to 

the bottom of the tube by a quick centrifugation step and then 1 pi M-MLV RT, 4 pi 

reaction 5X RT buffer, 2 pi dNTPs and 1 pi RNasin Ribonuclease infiibitor were 

added. The tube was mixed gently by flicking and incubated at 42 C for 1 hr. The 

sample was stored at -20°C until needed.

2.5 RNA isolation and Northern blot analysis

This was carried out based on Chomczynski and Sacchi (1986) and the manufacturer’s 

instructions.

2.5.1 Isolation of total RNA from bone marrow cells

Denaturing solution: 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.1 M 2- 

mercaptoethanol.

Sarcosyl: (Sigma)

Disposable, single-use plastic tubes were used whenever possible. Glassware 

was extensively washed with detergent and 10% (v/v) SDS, rinsed with autoclaved
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ddH20 and autoclaved. This was stored in containers allocated for RNA work (treated 

as described above) and autoclaved.

Bone marrow cells (1x10*) were resuspended in 500 pi of denaturing solution 

followed by the addition of sarcosyl to 0.5% (v/v). One tenth of the volume of 2 M 

sodium acetate (pH 4.0), an equal volume of water-saturated phenol and one fifth of 

the volume of chloroform; isoamyl alcohol (49:1) were added with thorough mixing by 

inversion after the addition of each reagent. After the addition of the last reagent, the 

mixture was shaken vigorously for 10 sec and cooled on ice for 15 min The mixture 

was then centrifuged at 10,000 g for 15 min at 4°C. After centrifugation, the top 

aqueous phase containing the RNA was transferred to a new tube, an equal volume of 

isopropanol was added and the tube placed at -20°C for 1 hr. The RNA was 

sedimented by centrifugation at 10,000 g for 15 min at 4°C and washed twice in 70% 

ethanol before dissolving it in 600 pi of denaturing solution. The RNA was re

precipitated with one volume of isopropanol at -20°C for 1 hr and pelleted by 

centrifugation at 10,000 g for 15 min at 4°C. The pellet was washed twice in 70% 

ethanol, air-dried for 5 min, dissolved in 200 pi of autoclaved ddH20 and heated to 

65°C to facilitate dissolution of the RNA.

2.5.2 Gel preparation and electrophoresis of RNA

lOX MOPS/EDTA buffer: 0.2 M MOPS, 50 mM sodium acetate, 10 mM EDTA, 

adjusted to pH 7.0 and autoclaved.

Electrophoresis buffer: IX MOPS/EDTA buffer, 0.2 M formaldehyde.

Gel loading buffer: 0.75 ml deionised formamide, 0.15 ml lOX MOPS/EDTA buffer, 

0.24 ml formaldehyde stock, 0.1 ml autoclaved ddH20, 0.1 ml glycerol, 0.08 ml 10% 

(w/v) bromophenol blue. Stored at -20°C in small aliquots.

RNA was electrophoresed on 1% agarose gels. For the preparation of 100 ml 

of an 1% agarose gel, 1 g of agarose was dissolved in 10 ml lOX MOPS/EDTA buffer 

and 85 ml of autoclaved ddH20 and allowed to cool. Formaldehyde (1.55 ml of a 37%
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(w/v) stock solution) was added to the agarose in a fume hood, mixed gently and the 

gel poured into a gel casting tray Gel casting trays and combs were washed with 

soapy water, rinsed in autoclaved ddHzO and soaked in 3.7% formaldehyde for 30 

min before use. The RNA sample was adjusted to 5 pi with autoclaved ddHzO and 25 

pi of gel loading buffer was added .After heating the sample at 65°C for 15 min, 1 ml 

of ethidium bromide stock solution (10 mg/ml) was added, mixed thoroughly and the 

sample loaded onto the gel. Electrophoresis was carried out at 75V for 1-1.5 hr. 

Following electrophoresis the RNA was visualised using a UV transilluminator and 

photographed.

2.5.3 Northern blot analysis

After electrophoresis of 0.1-10 pg of RNA on an 1% gel, the gel was prepared 

for transfer by soaking for two 20-min periods in lOX SSC at rt with gentle shaking. 

During this time the membrane (pre-cut to the same size as the gel) was prepared by 

wetting in ddHzO for 5 min followed by a 5-min soak in lOX SSC. The RNA was 

transferred to the membrane overnight by capillary action using lOX SSC as the 

transfer buffer (see section 2.3.1 'Apparatus set-up’). The RNA was fixed to the 

membrane by UV cross-linking (1200 pW/cm^ for 2 min). The membrane was washed 

briefly in 2X SSC and prehybridisation and hybridisation were carried out as for 

Southern blotting.

2.6 Expression and purification of fusion proteins

This was carried out based on the manufacturers’ instructions, Sambrook et al. (1989) 

and Matsudaira (1993).

2.6.1 Preparation of SDS polyacrylamide gels

Acrylamide stock solution: ultra pure grade, 30% (w/v) acrylamide, 0.8% (w/v) bis- 

acrylamide (National diagnostics).
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lOX SDS running buffer: 30 g Tris base, 144 g glycine, 10 g SDS made up in 1 litre 

ddHzO, pH adjusted to 8.9.

lOX SDS gel sample buffer: 2 g SDS, 1.54 g dithiothreitoi (DTT), 2.1 ml 3 M Tris- 

C1 pH 6.7, 2 ml 0.2% (w/v) bromophenol blue in 50% sucrose, 5 ml 200 mM EDTA 

pH 7.0, made up to 10 ml with ddH20 and kept in aliquots at -20°C.

Ammonium persulphate (APS): a fresh 10% (w/v) stock was prepared when needed 

(Bio-Rad).

N,N,N’,N’-tetramethylethylenediamine (TEMED): (Bio-Rad).

W ater-saturated butan-l-ol: this was prepared by mixing equal volumes of butan-1- 

ol and ddHzO.

Apparatus: Bio-Rad

SDS polyaciylamide gels (10-15% w/v) were prepared in batches of 5 or 10. 

The gels were kept in Saran wrap at 4°C until they were used

The gel plates were washed with detergent, rinsed in ddHzO and wiped dry 

with 70% ethanol. The gel casting apparatus was set up and checked for any leakages 

before use. The SDS-polyacrylamide solution for the separating gel was then 

prepared. The following amounts were used for the production of five 12.5% (w/v) 

SDS-PAGE gels: 9 ml 1.5 M Tris.Cl (pH 8.9), 11.4 ml ddHzO, 15 ml acrylamide 

stock solution, 0.36 ml 10% (w/v) SDS solution, 0.27 ml 10% (w/v) APS solution 

and 0.036 ml TEMED. The SDS-polyacrylamide solution was mixed thoroughly and 

poured into the gel caster, overlaid with water-saturated butanol and allowed to set. 

The butanol was then washed away with ddH20, the polyacrylamide stacker gel was 

prepared and poured over the separating gel and the combs inserted. The 

polyacrylamide stacker gel solution for five gels was made up of 5 ml 0.5 M Tris.Cl 

(pH 6.8), 12 ml ddHaO, 3 ml acrylamide stock solution, 0.2 ml 10% (w/v) APS and
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0.02 ml TEMED, Once the stacker gel was set, the combs were removed, the 

apparatus dismantled and the gels stored at 4 C

2.6.2 SDS-Polvacrvlamide gel electrophoresis (SDS-PAGE)

lOX SDS-PAGE running bufTer: 30 g Tris base, 144 g glycine, 10 g SDS made up

to 1 litre with ddH20 and the pH adjusted to 8.9.

MW'M: (Pharmacia) The contents of a Low Molecular Weight Calibration kit vial 

(containing 100 |ig of each protein) were dissolved in a final volume of 600 |il of 2X 

SDS gel sample buffer and heated to 98°C for 5 min. This was fi'ozen in aliquots at -

20=C.

Coomassie blue stain: 0.5% (w/v) Coomassie brilliant blue R-250, 20% (v/v) acetic 

acid and 50% (v/v) methanol.

Destain: 1% (v/v) acetic acid, 30% (v/v) methanol.

Protein samples containing IX SDS gel sample buffer were prepared and 

loaded into the wells along with 5 pi MWM. Electrophoresis was carried out at 30 

mA per gel for 30-45 min. The electrophoresis apparatus was dismantled and the gel 

soaked in Coomassie blue stain with gentle shaking at rt for 20 min. The gel was then 

transferred into destain solution where it was soaked with shaking until all the 

background stain was washed away leaving behind clearly stained protein bands. The 

destain solution was changed several times during this procedure. The gel was then 

placed on a piece of 3 MM Whatman paper (wetted with ddH20) and dried fiat under 

vacuum for 1 hr at 80°C.

2.6.3 Expression of Glutathione S transferase-tagged mCE fusion protein (GST 

mGE)

B-D-isopropyl-thiogalactopyranoside (IPTG): 1 M stock kept at -20°C.
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Lysis bufTer: 50 mM Tris-Cl (pH7.5), 50 mM NaCl, 5 mM MgCL, 2 5 mM CaCb, 1 

mM DTT

Leupeptin: lOOOX, 1 mg/ml stock solution in ddH20.

Pepstatin A: lOOOX, 1 mg/ml stock solution in DMSO.

Na-p-Tosyl-L-Iysine Chloromethyl Ketone (TLCK): 1000X, 1 mg/ml stock 

solution in DMSO.

Diisopropyl Fluorophosphate (DEFF): lOOOX, 1 mg/ml stock solution in DMSO.

Phenylmethylsulfonyl Fluoride (PMSF): 500X, 1 M stock in DMSO

Recombinant JM109 bacteria were plated on LB/Amp agar and stored in the 

fridge. A single colony was used to inoculate 50 ml of LB/Amp broth and grown 

overnight. The overnight culture was diluted to 500 ml with prewarmed LB/Amp 

medium and grown at 37°C for 1 hr to an ODôoo -0.6. IPTG was added to a final 

concentration of 1 mM to induce the protein expression and the culture was incubated 

at 37°C for a further 4 hours. The bacteria were collected by centrifugation at 2,500 g 

for 15 min and resuspended in 10 ml of cold lysis buffer. Protease inhibitors (PMSF, 2 

mM; pepstatin A, Ipg/ml; leupeptin, Ipg/ml; DIFP, Ipg/ml and TLCK, Ipg/ml) were 

added and the cells sonicated thoroughly on ice (3x 40 sec, 20 microns). The cell 

lysates were centrifuged at 10,000 g for 10 min at 4°C. The supernatant was separated 

from the pellet which was resuspended in lysis buffer in a volume similar to the 

supernatant. Small samples of the pellet suspension and supernatant were analysed by 

SDS-PAGE to identify the faction in which the recombinant protein was found.
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2.6.4 Expression of His-tagged GE fusion protein (His-mGE)

Cultures of recombinant BL21 bacteria were generated and induced to express 

recombinant protein in the same way as for recombinant JM109 bacteria (with kan 

being used as the antibiotic). BL21 cells (500 ml) induced to express the target 

protein were harvested by centrifugation at 2,500 g for 15 min. The supernatant was 

decanted and the cell pellet was resuspended in 20 ml ice-cold binding buffer. The 

cells were lysed by sonication on ice and the insoluble material was separated by 

centrifugation at 10,000 g for 10 min at 4°C. Aliquots of the pellet and supernatant 

fractions were run on an SDS polyacrylamide gel to determine whether the target protein 

was expressed in a soluble or insoluble form. The insoluble fraction, containing the target 

protein, was resuspended in 20 ml IX binding buffer containing 6M urea and the pellet 

was incubated on ice for 1 hr to dissolve the protein as much as possible. Any remaining 

insoluble material was removed by centrifugation at 10,000 g for 20 min.

2.6.5 Purification of insoluble fusion proteins from SDS-PAGE gels by 

electroelution

Dialysis solution: 5 mM ammonium bicarbonate, 0.01% (w/v) SDS; pH 8.4 adjusted 

using ammonia solution.

Dialysis tubing: 12-14 kDa mesh size (Medicell International). The dialysis tubing 

was boiled for 10 min in 1.5 litres of 2% (w/v) sodium bicarbonate, 1 mM EDTA and 

then rinsed thoroughly in ddH20. The tubing was then boiled for a second 10-min 

period in 1 mM EDTA (pH 8.0) and allowed to cool down to rt before storing at 4°C 

totally submerged in 1 mM EDTA.

Following SDS-PAGE (of the insoluble fraction obtained after bacterial lysis) 

the gel was briefly stained with Coomassie blue stain and destained to visualise the 

protein bands. The band corresponding to the fiision protein was excised using a razor 

blade and cut into small pieces. The SDS polyacrylamide gel pieces were placed inside 

the dialysis tubing together with 3 ml of IX SDS-PAGE running buffer. The dialysis 

tubing was sealed with clips and placed into an agarose gel electrophoresis apparatus. 

The dialysis tubing was covered in IX SDS-PAGE running buffer and electrophoresis
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was carried out for 2-3 hr at 30 mA Just before dismantling the apparatus, the 

polarity was reversed and electrophoresis carried out for a few min to allow the 

protein to come off the walls of the dialysis tube. The running buffer containing the 

eluded protein was collected from inside the dialysis tubing and the inside walls of the 

tubing and the gel pieces were washed once with ffesh SDS-PAGE running buffer in 

order to collect as much of the eluded protein as possible (but keeping the volume to a 

minimum). The running buffer with the fusion protein was placed into fresh dialysis 

tubing and dialysed overnight at rt against 5 litres of dialysis solution with stirring. 

This was repeated using fresh dialysis solution for another overnight period at 4°C. 

The contents of the dialysis bag were collected and stored in aliquots at -20°C.

2.6.6 Purification of His-mGE using His-bind resin under denaturing conditions 

His-bind resin: (Novagen) Prepared according to the manufacturer's instructions.

8X Binding Buffer: 40 mM imidazole, 4 M NaCl, 160 mM Tris-HCl; pH 7.9.

8X Wash Buffer: 160 mM imidazole, 4 M NaCl, 160 mM Tris-HCl; pH 7.9.

4X Elute Buffer: 1.2 M imidazole, 2 M NaCl, 80 mM Tris-HCl; pH 7.9.

The urea soluble fraction containing His-tagged GE was filtered through a 0.45 

micron filter and loaded onto a 5 ml His-Bind resin matrix column (prepared as 

instructed by the manufacturers to allow purification under denaturing conditions). 

The column was washed with 10 column volumes of IX binding buffer containing 6 

M urea and then 6 volumes of 1X wash buffer containing 6 M urea. Finally the protein 

was eluted with 6 volumes of 1X elute buffer containing 6 M urea. After purification 

the urea was removed by dialysis against 5 mM ammonium bicarbonate(pH 8.4).

2.6.7 Removal of GST tag

lOX thrombin buffer: 500 mM Tris-Cl (pH 8.0), 1.5 M NaCl, 50 mM MgCb, 25 

mMCaCb, lOmMDTT.
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T h r o m b in :  B o v i n e  T h r o m b i n  ( H i g h  p u r i t y ) ,  l u / p l  s t o c k  ( I C N ) .

The GST-mGE fusion protein was mixed with lOX Thrombin buffer and 

thrombin was added 1 unit of thrombin was used per 5 pg of GST fusion protein. The 

reaction mixture was incubated at 25°C for 20 min and then run on an SDS- 

polyacrylamide gel for analysis.

2.6.8 Protein blotting onto PVDF (polwinvlidene difluoride) membranes for 

sequencing

Immobilon PVDF transfer membrane: (Millipore).

The PVDF membrane was wetted in 100% methanol for a few seconds and 

then immersed in ddH20 for 1-2 min to elude the methanol. The membrane was then 

soaked for a few min in transfer buffer and the blotting apparatus was set up as for 

western blotting using normal nitro-cellulose membrane. At the end of the transfer, the 

PVDF membrane was rinsed 2-3 times in ddH20 to reduce levels of contaminants 

(Tris and glycine) from electrophoresis and electroblotting to background levels.

The proteins were visualised with Coomassie stain and the membrane was 

rinsed with several changes of ddHzO and air-dried. The appropriate bands of protein 

were cut out and sent to Dr Fred Esch (UCL) for sequencing.

2.6.9 Trichloroacetic acid (TCAl precipitation of proteins

One-ninth of the total volume of the protein solution of 100% trichloroacetic 

acid was added and the sample was incubated for 30 min on ice. The sample was 

centrifuged (10,000 g, 10 min) to pellet the protein. The protein pellet was washed 

twice with 100% of cold acetone and then air-dried.
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2.7 Antiserum production in GE-deficient mice 

Complete Freund's adjuvant (CFA): (Calbiochem).

Incomplete Freund’s adjuvant (IFA): (Calbiochem).

TCA-precipitated GST- and His-mGE fusion proteins were used for 

immunisation of GE-deficient mice for the production of anti-mGE antibodies. CFA 

was used for the first injection whilst subsequent injections made use of EFA. 

Immunisation procedures were based on Harlow and Lane (1988).

IX mPBS (100 pi) was added per 10 pg of TCA precipitated protein (which 

was insoluble) together with 100 pi of Freund's adjuvant (either complete or 

incomplete depending on the injection) and sonicated (3x 5 seconds, 15 microns) to a 

thick paste. 200 pi of this paste was injected subcutaneously into each mouse. Mice 

were given boost injections at 2-3 week intervals.

Two weeks after each injection the animals were tail-bled and antiserum %%s 

prepared. After collection, blood was allowed to clot for 1 hr at rt. The clot was 

separated from the sides of the tube using a pasteur pipette and placed overnight at 

4°C to allow it to contract. The anti serum was then removed from the clot after 

centrifugation (10,000 g, 10 min, 4°C) and stored at -20°C. Serum from uninjected 

GE-deficient mice served as negative control.

2.8 Western blot analysis of mouse cellular proteins

2.8.1 Preparation of cellular proteins for SDS-PAGE and Western blotting

Bone marrow cells were resuspended in 2X SDS gel sample buffer containing 

protease inhibitors leupeptin (1 pg/ml), pepstatin A (1 pg/ml), TLCK (1 pg/ml), DIFP 

(1 pg/ml) and PMSF (2 mM). The cells were broken up by sonicating for 2x 20 sec at 

5-10 microns in a Soniprep 150 (MSE) sonicator on ice and stored at -20°C until 

needed. Before loading, the samples were thawed and heated at 95°C for about 2 min. 

To facilitate better running on the gel, samples were briefly sonicated 2x 5 sec (5
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microns) and insoluble debris pelleted by centrifugation at 10,000 g for 1 min. The 

supernatant was then loaded on an SDS-PAGE gel.

2.8.2 Western blotting

Reinforced cellulose nitrate membrane: (Schleicher and Schuel).

Ponceau stain: A lOX stock solution was diluted in ddH20 to make an IX working 

solution.

Transfer buffer: IX SDS-PAGE running buffer, 10% methanol.

TBS/TWEEN: 11.7 g NaCl, 6 g Tris base, 0.5 ml of 0.05% (v/v) Tween 20 made up 

to 1 litre with ddHzO

Block: 5% (w/v) non-fat milk powder, 1% (w/v) BSA, 0.01% (w/v) sodium azide in 

TBS/TWEEN

Antibodies: Rabbit anti-GST, anti- rabbit Alkaline Phosphatase conjugate (Sigma), 

mouse anti-mGE, anti- mouse Horse Radish Peroxidase conjugate (Sigma)

5-amino-2,3-dihydro-l,4-phthalazinedione (luminol) stock solution: 16.6 g

luminol, 0.5 ml ethanol, 0.5 ml I M Tris-Cl (pH 8.9), 4.0 ml ddHzO

Para-iodophenol (pIP) stock solution: 20 mg pIP, 1.0 ml ethanol.

Enhanced chemiluminescence (ECL) mix: 0.5 ml 1 M Tris-Cl (pH 8.9), 1.5 ml 

luminol stock solution, 150 |il pEP stock solution, 5 pi 30% (v/v) hydrogen peroxide, 

12.85 ml ddHzO

Nitro blue tétrazolium (NBT) solution: 50 mg/ml NBT in 70% (v/v) N-N-dimethyl 

fformamide.
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5-bromo-4-chloro-3-iodolyl-phosphate (BCIP) solution: 50 mg/ml BCIP in 100% 

(v/v) dimethyl formamide.

Alkaline phosphatase substrate: 100 mM Tris-Cl (pH 9.5), 100 mM NaCl, 5 mM 

MgCb, 60 pi NBT solution, 30 pi BCIP solution was made up fresh each time in 10 

ml with ddH2 0  and kept away from light.

TBS: 11.7 g NaCl, 6 g Tris base made up to 1 litre with ddH20.

Western blot analysis was carried out based on established procedures (Towbin 

et al., 1979, Burnette, 1981). Six sheets of Whatman 3MM paper and nitro-cellulose 

membrane were soaked for a few min in transfer buffer. Three sheets of Whatman 

paper were laid on the blotter, the nitro-cellulose membrane was placed on top 

followed by the SDS-PAGE gel and three sheets of Whatman paper. Air bubbles were 

removed from between the layers of paper, membrane and gel. Blotting was carried 

out for 1 hr at 100 mA per gel. At the end of the transfer the edges of the gel were 

marked on the membrane which was soaked in IX Ponceau stain for 5 min. Excess 

stain was washed away with tap water and the position of the MWM was marked on 

the membrane. The membrane was blocked by incubation in block solution for 1 hr at 

rt with gentle rocking and incubated overnight at 4°C with shaking in fresh block 

solution containing the primary antibody at the appropriate concentration. The 

membrane was washed 3 times, 10 min each time, with TBS/TWEEN before 

incubation with the secondary antibody (Horse Radish Peroxidase- or Alkaline 

Phosphatase-conjugated) diluted in TBS/TWEEN for 1 hour at rt with shaking. The 

membrane was washed 3 times with TBS/TWEEN (5 min) and then developed using 

either ECL or alkaline phosphatase.

The ECL mix was prepared fresh each time. The membrane was soaked in it 

for 5 min and wrapped in Saran wrap. This was then placed in a developing cassette 

and X-ray film was exposed to it for a variable amount of time (5 sec-5 min) 

depending on the intensity of the signal.

For developing with alkaline phosphatase the membrane was washed twice 

with TBS for a few min and then placed in the alkaline phosphatase substrate with
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gentle shaking. When the colour developed sufficiently, the reaction was stopped by 

the addition of tap water. The membrane was then air-dried and kept as a record of 

the experiment.

2.9 Tissue culture

E.S. cell medium: 500 ml Delbecco’s modified Eagle’s medium (DMEM) (GIBCO- 

BRL), 15% foetal calf serum (FCS) (Boeringher Mannheim), IX non-essential amino 

acids (lOOX stock, GIBCO-BRL), 1 mM sodium pyruvate (lOOX stock, GIBCO- 

BRL), 2 mM glutamine (lOOX stock, GIBCO-BRL), 1000 lU/ml penicillin and 1000 

pg/ml streptomycin (lOOX stock GIBCO-BRL), Leukaemia Inhibitory Factor (LEF) 

(lOOOX stock. Dr J. Roes).

Embryonic fibroblast medium (feeder medium): same as E.S. medium but without 

any LIF and only 10% FCS.

lOX mouse Phosphate-Buffered Saline (mPBS): 40 mM NaH2? 0 4 , 160 mM 

Na2HP0 4 , 1500 mM NaCl.

1% (w/v) gelatine stock in IX mPBS: a working solution of 0.1% gelatine was 

prepared in IX mPBS.

lOX Trypsin-EDTA stock: an IX trypsin-EDTA working solution was prepared in 

IX mPBS (GIBCO-BRL).

Freezing medium: E.S. medium supplemented with 10 mM HEPES (pH 7.0) 

(GIBCO-BRL), 10% (v/v) DMSO.

Geneticin® (G418): a lOOOX stock solution of 175 mg/ml of active G418 was 

prepared in IX mPBS and filter sterilised (Boehringer Mannheim).
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Mitomycin C: a lOOOX stock solution was prepared at 1 mg/ml in IX mPBS, divided 

into 500 )il aliquots and stored at -70°C (light sensitive) (Sigma).

Gancyclovir: a lOOOX stock solution was prepared at 0.55 mg/ml in IX mPBS and 

filter sterilised. This was prepared fresh each time (UCH pharmacy).

Tissue culture disposables: (Falcon Labware, Marathon Laboratory supplies, 

Starstedt, Costar).

Tissue culture work was carried out in a class 2 tissue culture hood which was 

routinely washed with 70% ethanol before and after use. The solutions used were 

either filter sterilised or autoclaved. Procedures were based on Roes (1993).

2.9.1 Plating and expansion of embryonic fibroblast cells

The fibroblasts were derived from transgenic mice expressing the n ed  gene so 

that the fibroblast cells can survive in G418 containing medium thus allowing for 

selection of transfected E.S. cells growing on them. The fibroblast cells were provided 

by Dr J. Roes.

A frozen vial of fibroblast cells was thawed quickly by adding feeder medium 

to the vial and taking the cells up and down several times in a pipette. The contents of 

the vial were plated on two 150 mm dishes in 25 ml of feeder medium. The plates 

were put in a humidified 37°C incubator at 5% CO2 The medium was changed the 

next day to remove the DMSO (present in the freezing medium). When a confluent 

monolayer was formed (three days after plating) the cells from each plate were 

expanded by splitting them into five 150 mm plates in the following way; The medium 

was aspirated away from the confluent plates and the plates were washed once with 

25 ml of IX mPBS. IX Trypsin-EDTA in mPBS (10 ml) was added per plate and the 

plates were returned to the incubator for about 5 min. When trypsinisation was 

complete (i.e. when cell clumps were easily dislodged from the bottom of the plate 

after gentle agitation), 10 ml of feeder medium was added to quench the trypsin
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solution. The cells were broken up into single cell suspension by taking the solution up 

and down a pipette several times The contents of each plate were plated onto five 

new 150 ml plates in a final volume of 25 ml. Three days later when the feeder cells 

formed a confluent monolayer again, they were mitotically inactivated and used to 

produce a fibroblast monolayer on which E.S. ceil can be grown.

Embryonic fibroblasts can undergo only a limited number of cell divisions 

before senescence, at which stage they are no longer useful. Although the feeder 

plates could be split a second time this was generally avoided to ensure that they were 

not senescent before used for E.S. cell plating.

2.9.2 Preparation of mitotically inactive feeder monolayers

150 mm dishes with a confluent embryonic fibroblast monolayer had the feeder 

medium aspirated away. Fresh feeder medium (10 ml) containing 100 pi of a 1 mg/ml 

solution of mitomycin C was added. The medium was evenly distributed and the plates 

incubated for 2-4 hours at 37°C (5% CO2, humidified atmosphere). The plates were 

washed three times with 25 ml mPBS to remove all traces of mitomycin C. The cells 

were trypsinised with 10 ml of trypsin as above and the trypsin quenched with an 

equal amount of feeder medium. The cell clumps were broken up and cell numbers 

were calculated using a haemocytometer. The cells were centrifuged at 1500 g in a 

bench-top centrifuge or 1000 rpm in a Mistral 3000i for 5 min at rt. The cell pellet 

was resuspended in feeder medium and the cells plated on gelatinised plates; 10  ̂cells 

in 5 ml of medium on 6 cm dishes or 2.7 x 10̂  cells in 15 ml of medium on 10 cm 

dishes.

(Gelatinised plates were produced by covering the bottom of a dish with 0.1% 

gelatin solution, allowing to stand for a few min and then aspirating the gelatin 

solution away. The plates were used before the gelatin coating dried out). The cells 

were allowed to attach to the plate for a minimum of 2 hours before the feeder 

medium was replaced with E.S. medium and E.S. cells were plated.

Mitomycin C treated feeders can be used for up to seven days with medium 

changes every 3-4 days.
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2.9.3 Plating and expansion of E.S. cells

Thawing of E S. cells was carried out in the same way as for feeder cells (but 

plated on two 6 cm dishes on a feeder monolayer instead). The E.S. medium was 

changed every other day or when an observable colour change was noticed.

The E.S. cells were passaged when confluence was reached, generally every 3 

days. The E.S. medium was aspirated away and the plate washed once with mPBS. 

The cells were trypsinised with 1 ml of IX trypsin solution. E.S. medium (2 ml) was 

used to quench trypsin and the cell aggregates were broken into single cell suspension. 

After counting, the cells the cells were centrifuged at 1000 g for 5 min and the 

medium replaced with fresh E.S. medium. The cells were resuspended and plated on 

new 6 cm plates at a density of 10  ̂cells per plate.

2.9.4 Freezing E.S. cells

Generally a confluent 6 cm dish was used to provide a single vial of frozen cells 

(10^ cells per vial). The protocol was the same as for passaging E.S. cells but instead 

of resuspending the cell pellet in E.S. medium, the pellet was resuspended in 1 ml of 

freezing medium and transferred to a cryogenic vial. The vial was placed in a 

polystyrene box and placed at -70°C overnight with the aim of slowly freezing the 

cells. The vial was then stored in liquid nitrogen.

2.9.5 Electroporation of E.S. cells

Introduction of DNA into E.S cells was carried out by electroporation. 

Application of a high voltage electrical pulse to a cell suspension leads to the 

production of pores in the cell membrane allowing DNA into the cells 

Electroporation was carried out in E.S. medium on 10̂  cells each time with 20-30 pg 

of vector DNA. If the DNA to be electroporated was a targeting vector or the positive 

control vector for establishing the screening PCR conditions then the DNA was 

linearised. The transient expression vector was not linearised prior to electroporation. 

The DNA was digested with the appropriate restriction enzyme, phenol/chloroform
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extracted, ethanol precipitated and resuspended in a 20 pi of filter sterilised TE (pH

7.5).

E.S. cells were electroporated 2 days after passaging. To get confluent plates 

at 2 days after passaging, the initial plating density was set up at 2 x 10̂  cells rather 

than the normal 10̂  cells per 6 cm dish The cells were trypsinised and broken up into 

single cell suspension, their numbers counted and then pelleted by centrifugation. The 

medium was aspirated away, the cells resuspended at a density of 10̂  cells per 0.8 ml 

of E.S. medium and transferred into a 0.4 cm electroporation cuvette. The vector 

DNA was added and the cells electroporated at 500 pFD and 250 V. After 

electroporation 1 ml of E.S. medium was added to the cuvette and the cells were 

allowed to stand for 10 min in the tissue culture hood. The contents of the cuvette 

were plated onto two 10 cm dishes (i.e. 5 x 10*̂  cells per dish - numbers do not take 

into account cells that died during electroporation) if a targeting vector was 

electroporated. If an expression vector was electroporated into E.S. cells, the cells 

were diluted in E.S. medium and 1,000, 5,000 and 10,000 cells were plated onto 

separate 10 cm dishes (again numbers do not take into account cells killed by the 

electroporation procedure).

2.9.6 G418 and gancvclovir selection for homologous recombinant E.S. cell 

clones

Two days after electroporation with the targeting vector, G418 selection was 

started. G418 stock was diluted in E.S. medium and applied to the cells. This selects 

for cells that have integrated the targeting vector DNA, either by homologous 

recombination or random integration. Negative selection (enriches for homologous 

recombination) using 0.55 pg of ganc>^clovir per ml of E.S. medium (in addition to 

G418 selection) was started two days after G418 selection.

One plate was put under G418 selection alone and another one was not placed 

under any sort of selection so that transfection efficiency can be worked out.
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2.9.7 Screening for homologous recombination by PCR

Seven days after the beginning of G418 selection, E.S. colonies derived from 

single E.S. cells were seen and were big enough to pick easily. The colonies were 

picked and trypsinised. Half of each colony was plated in a 48-well plate (on feeder 

cells) and the other half used in a PCR reaction designed to test for true homologous 

recombination events.

The E.S. medium was aspirated away and 15 ml of mPBS added to the dish. A 

colony was scratched off the plate surface using a Gilson and transferred with 40 |il of 

mPBS into the well of a 96-well plate containing a drop of trypsin-EDTA 

Trypsinisation was allowed to proceed for 10 min before 100 td of E.S. medium was 

added to quench the trypsin. The colony was broken up, then half the mixture was 

plated onto a 48-well plate and the other half put into a 0.5 ml eppendorf tube. Four 

half colonies were pooled in each tube for the PCR reactions (see section 2.9.9 PCR 

reactions on E.S. cells). The PCR conditions were previously worked out so that

1,000 PCR-positive cells mixed with 50,000 PCR-negative cells could give a 

distinguishable PCR product. The pools of cells contained less than 50,000 cells 

because PCR carried out on more that 50,000 cells is not very specific.

The colonies which gave positive PCR results for the pooled experiment were 

expanded into 12-well plates and PCRs were carried out on individual samples from 

each colony ( lOpOO cells per sample). When the positive colony fi’om each pool was 

identified it was expanded into 6 cm dishes. Clone samples were fi^ozen and genomic 

DNA isolated fi'om the cells for Southern blot analyses.

2.9.8 Screening for e-Cre-mediated recombination by PCR

The transient expression vector contains the e<re recombinase gene which is 

transiently expressed in the E.S. cells. The transient transfection vector was also 

introduced into E.S. cells by electroporation in the same manner as for the targeting 

vector. The Cre recombinase recognises loxP sites flanking the neo' marker gene 

leading to the excision of the ned  gene. Such colonies lose their ability to grow in 

G418-containing medium. These colonies were identified in the following way: seven 

days after electroporation colonies were picked and split into two halves as before but
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in this case each half of the colony was plated onto separate 48-well plate i.e. 

duplicate plates were set up. One set of the duplicate colonies was grown normally on 

E.S. medium and the other set had G418 (400 |ig/ml) added to the medium 1 day after 

plating. The colonies which die are the ones that have lost the neo’̂ gene and hence the 

ones wanted. The corresponding colonies on the duplicate set of plates were 

expanded, cell samples collected for testing by PCR (see section 2.9.9 PCR reactions 

on E.S. cells), clones frozen and genomic DNA extracted.

2.9.9 PCR reactions on E.S. cells

The cells, collected into 500 pi eppendorf tubes in E.S. medium, were pelleted 

by centrifugation at 13000 rpm for 2 min and washed once with 200 pi of IX mPBS. 

The cells pelleted again as before, the PBS removed and the pellet frozen at -20°C for 

30 min in order to break up the cells. The pellet was finally resuspended in 25 pi of IX 

PCR buffer, overlaid with a few drops of mineral oil and boiled for 10 min. Proteinase 

K (1 pi of 10 mg/ml stock) was added and heated to 55°C for 30 min to degrade 

bacterial proteins. Proteinase K was in turn inactivated by heating at 96°C for 10 min. 

This inactivation step was used as the first DNA dénaturation step. The remaining 

steps of the PCR reaction were identical to PCRs on DNA templates.

2.9.10 Extraction of genomic DNA from E.S. cells

Nuclei lysis buffer: 10 mM Tris-Cl (pH 8.0), 400 mM NaCl, 2 mM EDTA (pH 8.0).

Proteinase K: a 10 mg/ml stock.

Saturated NaCI solution: approximately 6 M.

This was based on a protocol by Miller et a l  (1988). E S. cells used for the 

isolation of genomic DNA were grown on gelatinised plates in the absence of feeder 

cells. E.S. cells were collected in E.S. medium as before and counted. The cells were 

pelleted by centrifugation at 1500 rpm in a Megafuge TOR centrifuge and
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resuspended in 3 ml of lysis buffer. No more than 10  ̂ cells were used per 3 ml of lysis 

buffer to ensure good DNA quality. Protease K was added, 100 pi of a 10 mg/ml 

stock, followed by gentle mixing. 10% SDS solution (60 pi) was added next, the 

solution mixed and incubated at 55°C for 3 hours. Saturated NaCl (1 ml) was added 

and the tube shaken vigorously for 15 seconds. This was followed by a spin at 3200 

rpm (Megafuge TOR) for 10 min. The supernatant was transferred to a fresh tube and 

two volumes of cold 100% ethanol added. The tube was inverted several times until 

the DNA came out of solution. The DNA was washed once in 70% ethanol and 

dissolved in 200 pi of ddH20. Dissolution was aided by incubation at 37°C for several 

hours. This procedure generated DNA of good enough quality for PCR, RE 

digestions and Southern blotting.

2.10 Generation of mouse chimeras

Protocols were based on Joyner (1993) and Hogan etal. (1986).

2.10.1 Isolation of embryos fmorulae) for aggregation 

Pregnant mare serum: 2,000 lU/ml. Sigma; working stock.

Human chorionic gonadotrophin: 10,000 lU/vial. Sigma; working stock.

M2 medium: Irvine Scientific.

M16 medium: Irvine Scientific.

mineral oil: Sigma; embryo tested grade.

BSA (embryo grade): Sigma.

The mice were superovulated to increase the number of embryos obtained per 

mouse. Four week old female c57B16 mice were injected at mid-day with 5 units of
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pregnant mare serum, 46 hours later the mice were injected with 5 units of human 

chorionic gonadotrophin and on the evening of the same day they were mated with 

male c57B16 mice. On the morning of the following day the mice were checked for 

vaginal plugs. The mated females (plug positive) were kept for morulae isolation The 

day of plug checking was designated day 0.5. Two days later (i.e. on day 2.5) the mice 

were killed and their uteri dissected out. The morulae were isolated by introducing a 

bevelled 13 gauge needle into the infundibulum and flushing the uteri with M2 

medium supplemented with 4 mg/ml BSA (embryo grade). The morulae were 

collected by mouth pipetting, placed in a drop of Ml 6 medium under mineral oil and 

stored in an incubator at 37°C, 5% CO2 in a humidified atmosphere.

2.10.2 Isolation of embryos (blastocysts) for microiniection

c57B16 female mice were induced to superovulate and produce embryos 

following the same hormone injection protocol and mating schedule as for morulae 

isolation but embryos were isolated on day 3.5. The uteri were dissected out and 

blastocysts isolated in feeder medium supplemented with 33 mM Hepes. This was 

achieved by inserting a 23 gauge needle into the uterus close to the ovaries and 

flushing it with feeder medium/Hepes. The blastocysts were collected using a mouth 

pipette and placed into a drop of feeder medium/Hepes under mineral oil. Embryos 

which were clearly expanded into blastocysts were kept on the bench at rt, embryos at 

an earlier stage of development were stored in a humidified incubator, at 37°C, 5% 

CO2 to encourage their development into blastocysts.

2.10.3 Preparation of E.S. cells for aggregation

Before aggregation E.S. cells were passaged twice in the absence of feeders. 

For the last passage cells were placed into 24-well plates. Two days later the E.S. cells 

were trypsinised as before, collected, washed twice in IX mPBS and resuspended in 

200 |il of M2 medium without any LEF.
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2.10,4 Preparation of morulae for aggregation 

Tyrode's acid: Irvine Scientific.

The zona pellucida was removed from the morulae by treatment with Tyrode's 

acid in the following way. The lid of a 10 cm tissue culture plate was used to hold 

Tyrode's acid and media used for the treatment of the morulae. One drop of M2 

medium, 3 drops of T>Tode's acid, 2 drops of M2 medium and 1 drop of M16 medium 

were placed on the tissue culture lid in a single file. About 10 morulae were placed in 

the first drop of M2, then transferred to the first drop of Tyrode's acid and left there 

for 10-15 sec. The morulae were transferred to the second drop of Tyrode's acid, left 

for another 10-15 sec before transferring to the final drop. When the zona pellucida 

was completely dissolved, M2 medium was added to quench the acid. The morulae 

were then washed with the M2 and M l6 media by transferring them into the last 3 

media drops on the tissue culture lid. A single morula was then placed into each well 

of an aggregation plate. The aggregation plate was prepared by placing several drops 

of pre-equilibrated M16 medium into a 10 cm tissue culture dish and overlaying them 

with embryo tested paraffin oil. Then a few indentations (aggregation wells) were 

made per M l6 medium drop using a dull-tipped sewing needle. The plate was then 

pre-equilibrated in a humidified incubator, 37°C, 5% CO] prior to use. Fresh drops of 

Tyrode's acid, M2 and M16 media were used for every 10 morulae.

2.10.5 Aggregation of morulae with E.S. cells

Using a mouth pipette, 4-6 E.S. cells were placed on top of each morula in the 

aggregation wells and the plate was incubated overnight at 37X, 5% CO] in a 

humidified atmosphere. The next morning aggregated morulae/E.S. cells which had 

successfully expanded into blastocysts were collected and transferred into the uteri of

2.5 day pseudopregnant foster mice.
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2.10.6 Microiniection of E.S. cells into blastocysts 

Kunitz DNAsel: Sigma.

Microinjections were carried out using a Leitz Labovert FS microscope and 

Leitz micromanipulators. Embryo holding and E.S. cell injection pipettes were 

prepared from boro silicate capillary tubes (Clark Electromedical instruments) with 1 

mm outer diameter using a pipette puller.

E.S. cells in an exponential growth phase were collected and washed twice to 

remove all traces of LLF. The cells were then maintained as a single cell suspension in 

feeder medium with 33 mM Hepes and 700 Kunitz u/ml DNAse I.

Well expanded blastocysts and several hundred E.S. cells were transferred onto 

an injection chamber in a drop of medium (DMEM, 10% PCS, 33 mM Hepes) under 

oil. Ten to fifteen E.S. cells were collected in a tight column in the injection pipette 

and injected slowly into the blastocoel cavity of a blastocyst immobilised at the tip of 

the holding pipette. The injection was performed at a point on the equator of the 

blastocyst, opposite the inner cell mass.

Injected embryos were re-expanded for 2-3 hours (in medium, under oil, 37°C, 

5% CO2) before transfer into pseudopregnant foster mice.

2.10.7 Uterine transfer of embryos to pseudopregnant female mice 

Avertin: A 40X stock was prepared as an 1 g/ml solution of tribromoethyl alcohol in 

tertiary amyl alcohol and stored at 4°C in the dark. The IX working solution was 

made up in IX mPBS.

Size 3.0 surgical suture: Ethicon Ltd.

Embryos were transferred to the uterine horns of FT hybrid pseudopregnant 

females 2.5 days after being mated with vasectomised CDl males.

The transfer capillaries were prepared first. These were Pasteur pipettes that 

had been pulled out to about 200 pm in diameter and then flame-polished. Using 

mouth pipetting, the capillary was first filled with embryo-tested paraffin oil to the
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shoulder, A small air bubble was then taken up, followed by a small amount of 

medium, a second air bubble. 8-10 embryos in a minimal amount of medium, a final air 

bubble and a small amount of medium at the tip of the pipette. Two such capillaries 

were produced for each animal, one for each uterus

The recipient mouse was anaesthetised by an intraperitoneal injection of 15-20 

|il of IX Avertin per gram of body weight. The back of the animal was wiped with 

70% ethanol and a small longitudinal incision was made in the skin, in the middle of 

the back, at the level of the ovaries. The skin was detached from the body wall and the 

left ovary was first located. A small incision was made in the body wall just above the 

ovary and was stretched with a pair of scissors. The fat pad attached to the ovary was 

gently pulled out through the incision, exposing the ovary, oviduct and the upper part 

of the uterus. Using a 23-gauge needle, a small hole was made at the top of the uterus. 

The transfer capillary was inserted about 0.5 cm into this hole and the embryos, along 

with the marker air bubbles, were blown into the uterus. The fat pad, ovary and uterus 

were pushed back through the body wall which was sewn with two stitches using size 

3 .0 surgical suture. This procedure was repeated for the right uterus and the skin was 

closed using a body stapler. The mouse was covered with saw dust to keep warm and 

returned to its cage.

Chimeric mice bom to the recipient FI hybrid mice were easily distinguishable 

from non-chimeric litter mates by coat colour. Chimeric animals had patches of cream 

coat colour and in some cases red eyes whilst non-chimeric mice were black. This was 

because the E.S. cell used in these experiments were derived from 129 ola mice 

(cream coat colour and red eyes), whilst the embryos assimilating the E.S. cells were 

derived from c57B16 mice with black coat and eyes.

2.10.8 Extraction of genomic DNA from mouse tails

Lysis buffer: 100 mM Tris-Cl (pH 8.5), 5 mM EDTA (pH 8.0), 0.2% (w/v) SDS, 

200 mM NaCl.

Ethyl chloride; (Syntex)
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This was based on a protocol by Laird eî a}. (1991). Small tail samples, 0.5-1 

cm in length, were snipped off mice using a sharp pair of scissors and placed into 1.5 

ml eppendorf tubes. Ethyl chloride was used as a local anaesthetic. Lysis buffer (0.5 

ml) was added and the tubes were incubated at 55°C for several hr/ovemight with 

agitation Following lysis, the tubes were vortexed and then centrifuged for 10 min at

10,000 g. The supernatant was then poured into a fresh tube containing 0.5 ml 

isopropanol. The samples were mixed by inverting several times until the DNA 

precipitated out of solution. The DNA was recovered and dissolved in 200 |il of TE 

buffer. Dissolution was aided by incubation at 37^C for several hours.

2.11 Isolation and analysis of murine white blood cell populations

2.11.1 Isolation of bone marrow cells

Femur and tibia bones were used for the isolation of mouse bone marrow cells. 

The bones were dissected out and cleaned from flesh using a scalpel. The heads of the 

bones were cut off and the bone marrow cells flushed out using a syringe and a 23 

gauge needle in about in 2 ml of DMEM medium or PBS containing 5 u/ml of heparin. 

Pieces of bone debris were removed and quick red blood cell lysis was carried out if 

necessary (see section 2.11.5 ‘Quick red blood cell lysis’). The bone marrow cells 

were made into a single cell suspension and counted with a haemocytometer.

Cells to be used for flow cytometric analysis were washed once with PBS 

containing 0.5% BSA and 0.01% sodium azide (PBS/BSA/Azide) that had been 

filtered sterilised and then resuspended in a small volume of PBS/BSA/Azide for 

staining.

2.11.2 Isolation of peritoneal exudate cells

Elicitation of peritoneal exudate cells was based on a protocol by Baron and 

Proctor (1982). Mice were injected intraperitoneally with 1 ml of 3% thioglycolate 

broth in sterile IX mPBS. Four hours later the mice were killed by CO2 inhalation and 

the contents of the peritoneal cavity washed with 10 ml of DMEM supplemented with
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5% FCS and 5 u/ml of heparin Ceil lysis was carried out if necessary (see section 

2 11.5 'Quick red blood cell lysis'). Cells to be used for flow cytometric analysis were 

treated in a similar fashion as the bone marrow cells in the previous section

2.11.3 Isolation of leukocytes from peripheral blood

Slow red blood cell (RBC) hsis buffer: 17 mM Tris.Cl (pH 7.65), 139.5 mM 

NH4CI. This was prepared by combining 170 mM Tris.Cl and fresh 155 mM NH4CI in 

a ratio of 1:9.

Mouse blood, obtained either through heart puncture or tail bleeding, was 

collected in an eppendorf tube containing a drop of heparin (1000 u/ml) 5 ml of slow 

RBC lysis buffer was added for every 200 |ul of blood and the sample was incubated 

for 10 min at 37°C. 10 ml of IX PBS, 0.5% BSA or DMEM, 5% FCS was used per 5 

ml of lysis buffer to stop the lysis. The cells were pelleted and the supernatant 

containing the cell debris was removed.

This protocol was used for lysis of red blood cells from heavily contaminated 

cell samples.

2.11.4 Ficol precipitation of neutrophils

Ficol: NYCOMED. Lymphopresp, density 1.077+0.001 g/ml.

Following quick red blood cell lysis, peritoneal exudate cells from a single mouse were 

pelleted and resuspended in 1.5 ml of IX mPBS/BSA. The cells were underlain with 3 

ml of ficol and spun at 1,000 g for 10 min at rt. Monocytes form a band at the 

interface between the mPBS and ficol whilst neutrophils form a pellet at the bottom of 

the tube. Neutrophils were collected and resuspended in 1 ml of IX mPBS/BSA.

2.11.5 Quick RBC Ivsis

Quick RBC lysis buffer: 155 mM NH4CI, 0.27 mM EDTA, 1 mM KHCO3.
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Quick RBC lysis protocol was used for the removal of small amounts of 

contaminating blood from cell samples. The cell pellet was resuspended in 2 ml of 

quick RBC lysis buffer and incubated for 2 min at rt. Further lysis was prevented by 

the addition of 10 ml of IX mPBS, 0.5% BSA or DMEM, 5% FCS. The cells were 

pelleted and the supernatant removed.

2.11.6 Flow cytometry

Flow cytometric analyses of samples were performed on a Beeton Dickinson 

FACS machine. Single-cell suspensions of bone marrow, peritoneal exudate cells and 

leukocytes from peripheral blood were stained using standard procedures 

recommended by the antibody manufacturers. Fluorescein isothiocyanate (FITC)- 

CDl lb/Mac 1 (anti M ad) (Pharmingen) and biotin-GRl (anti GRl) (Pharmingen) 

monoclonal antibody conjugates were used for staining. Streptavidin cy-chrome 

(Pharmingen) was used to detect biotinylated antibodies. GRl is found on the surfaces 

of granulocytes and Mac-1 is found on myelomonocytic cells (Spangrude et al., 1988; 

Springer gr a/., 1979; Ault and Springer, 1981)

2.11.7 Inflammatory response

Wild type and homozygous mutant animals were injected intraperitoneally with 

1 ml of 3% thioglycolate broth and peritoneal lavage samples taken 0 , 1 , 2  and 5 hr 

after the injection. Cell numbers were determined and the cells analysed by flow 

cytometry after staining with FITC-conjugated anti-GRl monoclonal antibodies.

2.11.8 Opsonisation of latex beads

The latex bead mixture (bacto latex 0.81, DIFCO, 10̂ ° beads/ml) was vortexed 

to resuspend the beads and 1 ml was taken. After washing twice in IX mPBS, the 

beads were opsonised by resuspending in 100 pi of IX mPBS/mouse serum (50% 

mixture) and incubating at 37°C for 1 hr with shaking. The beads were washed once
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in IX mPBS and resuspended in mPBS at a concentration of 10*' beads/ml. The 

opsonised latex beads were kept on ice until needed Opsonised beads were prepared 

fresh each day (Chanarin, 1988).

2.11.9 Degranulation of neutrophil-enriched white blood cell populations 

Resuspension buffer: IX mPBS, 0.5% (w/v) BSA, 5 uml heparin, 5 mM glucose.

Cytocalasin B: a lOOOX stock of 10 mM was prepared in DMSO.

LPS (E. coli): Sigma.

Peroxidase substrate: 0.6 mM guaiacol, 0.1% (v/v) TritonX-100, 2mM 3-Amino- 

1,2,4-Triazole in 50 mM sodium phosphate buffer (pH 7.4).

Peritoneal exudate cells were isolated (see section 2.11.2 ‘Isolation of 

peritoneal exudate cells’), washed once in resuspension buffer and resuspended in the 

buffer at a concentration of 4xl0^cells/ml. Samples contaminated with red blood cells 

were discarded as RBC lysis can lead to cell stimulation and degranulation.

The cells were incubated with 10 |iM cytoplasm B for 10-15 min at 37°C with 

shaking. LPS and mouse plasma were added at a final concentration of 100 ng/ml and 

2% (v/v) respectively. The cells were incubated for a further 10 min at 37°C with 

shaking. Opsonised latex beads were added at a concentration of 100 beads per cell 

and the sample incubated at 37°C with shaking for another 20 min. At the end of the 

incubation period the cells were put on ice for 5 min and then pelleted by spinning at

3,000 g for 15 min at 8°C. The supernatant was collected and 1/10th volume of 10% 

(v/v) TritonX-100 was added to it, mixed and kept on ice. The pellet was resuspended 

in resuspension buffer (final volume equal to the supernatant), the cells lysed by the 

addition and thorough mixing of 1/10th volume of 100% TritonX-100 and kept on 

ice.

The presence of peroxidase in the supernatant and cell lysate was tested. For 

each reaction 50 |il of cell lysate and supernatant (i.e. the equivalent of 2x10^ cells)
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were added, in separate tubes, to 150 pi of peroxidase substrate and mixed 

thoroughly. The substrat e/cell lysate samples were then centrifuged at 5,000 g, for 10 

min to remove the cell debris and latex beads. The reaction mixtures were then placed 

in a flat-bottomed 96-well plate and incubated at 37°C for 10 min in a humidified 

chamber. The plate was transferred to an ELISA plate reader (Anthos htll) and the 

reaction was started by the addition of H2O2 to a final concentration of 0.2 mM. The 

reaction was followed for 10 min by taking readings at 450 nm at 20 sec intervals with 

2 sec shaking in-between (Chanarin, 1988).

2.12 S. aureus infection studies

2.12.1 Preparation of bacterial cultures for animal infection

A clinical isolate of S. aureus (gift of Dr Grûneberg, University College 

Hospital), was grown on horse blood LB agar plates and single colonies were 

inoculated in LB broth. Bacteria in midlogarithmic phase of growth were collected, 

chilled on ice and their numbers estimated from the absorbance at 620 nm using a 

growth standard curve previously obtained (the concentrations of bacterial 

suspensions used for the infections were confirmed by viable bacterial counts on agar 

plates after a 24-hr incubation period at 37°C). The bacteria were harvested and 

resuspended in cold sterile IX mPBS at a concentration of 10* bacteria/ml. GE- 

deficient and control 129 Sv mice were injected intravenously with a sublethal dose of 

10̂  bacteria in a 100 pi volume.

2.12.2 Determination of numbers of bacterial colony-forming units in the organs 

of infected mice

Mice intravenously infected with S. aureus were killed by CO2 inhalation 1 hr, 

6 hr, 1 day (d), 2 d, 5 d, 10 d, 22 d and 43 d post-infection. The animals were 

immediately bled by heart puncture and the spleen, kidneys, liver and lungs were 

collected. The blood and organs were kept on ice until they were weighed and then 

homogenised in 1 ml cold IX mPBS using a Kinematica GmbH (POLYTRON©)
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homogeniser Bacterial counts were determined by plating serial dilutions of blood or 

homogenised organ samples on blood agar plates Small sections of organ samples 

were kept in formalin solution for histological examination.
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RESULTS 

CHAPTER 3

3.1 Generation of recombinant E.S. cell clones

3.1.1 Cloning of the mGE  gene

The mGE gene was cloned by screening a murine embryonic stem cell genomic 

DNA library in a PI vector system The screening procedure was carried out by a 

commercial company (Genome Systems) whilst the subcloning and characterisation 

were performed in the lab

3.1.1 1 Screening of a murine E.S. cell genomic DNA PI library for the mGE gene

The cDNA sequence of the mGE gene (figure 4) together with a plasmid 

containing the mGE cDNA clone, pUC19MLE3 (figure 5), were provided by Dr 

Masanobu Naruto (Torray industries, Japan). Comparison of the mouse and the 

human cDNA GE sequences revealed an identity of 72.9% (figure 6). Based on this 

high level o f identity and the fact that all members of the neutral serine protease family 

have a similar gene structure of five exons and four introns, the mGE sequence was 

assigned the same exon boundaries as the human GE gene (figure 6). The coding 

regions of the genomic sequence of mGE, which was later submitted to the GenBank 

database (Nuchprayoon et al., 1994), is 98.1% identical to the mGE cDNA sequence 

by Dr Naruto and the exon boundaries we assigned correspond to the intron/exon 

junctions o f the published genomic sequence (Appendix 1).

A PCR reaction was carried out on mouse genomic DNA isolated from E l4-1 

E.S cells using primers mel388F and mel556R, located within exon 4 (figures 4 and 8; 

section 2.1.11.1 for PCR conditions), to generate a probe for screening a murine 

genomic DNA library. The PCR reaction generated a product of 193 bp, as expected, 

and restriction endonuclease analysis confirmed its authenticity (data not shown). This 

PCR product was used by Genome Systems as a probe for screening a murine 

embryonic stem cell genomic DNA library in a PI vector system. Three clones were 

identified, named 1161, 1162 and 1163 with an approximate size of 100 Icbp. PCR 

analysis confirmed the presence of exon 4 within these clones (data not shown).
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mel12F

ACACAGCCCACCATGGCCCTTGGCAGACTATCCAGCCGGACTCTGGCTGCCATGCTACTG 6 0  
M A L G R L S S R T L A A M L L

GCATTGTTCCTGGGTG 
A L F L G G

GCCCAGCACTGGCCTCAGAGATTGTTGGTGGCCGGCCGGCCCGG 1 2 0  
P A L A i S E ^ I  V  G G R P A  R

Hel2048R ^  N mel684R

CCCCATGCTTGGCCCTTCATGGCATCCCTGCAGAGGCGTGGAGGTCATTTCTGTGGTGCC 1 8 0  
P H A W P F M A S L Q R R G G H F C G A

ACCCTCATTGCCAGGAACTTCGTCATGTCAGCAGCCCACTGTGTGAACGGCCT 
T L  l A R N F V M S A A H C V N G L

AAATTTC 2 4 0  
N F

CGGTCAGTGCAGGTAGTGCTGGGAGCCCATGACCTGCGGCGACAGGAGCGCACTCGACAG 3 0 0  
R S V Q V V L G A H D L R R Q E R T R Q

ACCTTCTCTGTGCAGCGGATCTTCGAGAATGGCTTTGACCCATCACAACTGCTGAACGAC 3 6 0  
T F S V Q R I F E N G F D P S Q L L N D

mel388F

ATTGTGATTATCCAG 
I  V I  I  Q

CTCAATGGCTCCGCTACCATTAACGCCAACGTGCAGGTGGCCCAG 4 2 0  
L N G S A T I N A N V Q V A Q

CTGCCTGCCCAGGGCCAGGGCGTGGGTGACAGAACTCCATGTCTGGCCATGGGCTGGGGC 4 8 0  
L P A Q G Q G V G D R T P C L A M G W G

AGGTTGGGCACAAACAGACCATCACCCAGTGTGCTACAAGAGCTCAATGTGACAGTGGTG 5 4 0
R L G T N R P S P S V L Q E L N V T V V

+
_______ melSSSR__________

ACTAACATGTGCCGCCGTCGTGTGAACGTATGCACTCTGGTGCCACGTCGGCAGGCAGGC 6 0 0  
T N M C R R R V N V C T L V P R R Q A G

ATCTGCTTC
I G F

GGGGACTCTGGCGGACCCTTGGTCTGTAACAACCTTGTCCAAGGCATTGAC 6 6 0  
G D S G G P L V C N N L V Q G I D

TCCTTCATCCGAGGAGGCTGTGGATCTGGATTGTACCCAGATGCCTTCGCCCCTGTGGCT 7 2 0  
S F I R G G C G S G L Y P D A F A P V A

GAGTTTGCAGATTGGATCAATTCCATTATCCGAAGCCATAATGACCACCTTCTTACCCAT 7 8 0  
E F A D W I N S I I R S H N D H L L T H

mel787R

CCCAAAGACCGAGAGGGCAGGACCAACTAGGACCTGTCTGCACTCCCACCCCGCTCCCCT 8 4 0  
P K D R E G R T N *

TGCTCCCTTGCTCCCCCCTCTACCAGAGACCTCTCCATTTTACTACAATAAAAGCAGCCT 9 0 0  

TTGTTTTGT 9 0 9  

Figure 4
mGE cDNA sequence. The consensus polyadenylation sequence is underlined. indicates 
the predicted signal sequence cleavage site generating the pro-protein, indicates the 

predicted cleavage site generating the active protein. His ^1, Asp^S and Ser^^^ making up the 

charge relay system are underlined and in bold. Potential N-linked glycosylation sites at Asn^5 

and Asnl44 are denoted by +. (Sequence and information provided by Dr Masanobu Naruto). 

Exons are separated by vertical lines. Locations of primers mell2F, Hel2048F, mel684R, 
mel388F, mel556R and mel787R are indicated by arrows above the cDNA sequence.
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X X

pUC19-Q co I  CC ■ "Q
cW mGE cDNA E g  c
^  g  m %

909 bp

PUC19MLE3

Figure 5
Map of pUC19MLE3. This plasmid contains the mGE cDNA cloned as an Xbal 
fragment. Q  represents the mGE cDNA, [ ]  represent the pUC19 multiple cloning 
site (MCS). The pUC19 vector backbone is indicated by a thin horizontal line ( ------).
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ATGACCCTCGGCCGCCGACTCGCGTGTCTTTTCCTCGCCTGTGTCCTGCCGGCCTTGCTG 60
III nil I II nil I I I  11 II I II I III III I

ATGGCCCTTG.. . GCAGACTATCCAGCCGGACTCTGGCTGCCATGCTACTGGCATTGTTC 57

CTGGGGG

CTGGGTG

GCACCGCGCTGGCCTCGGAGATTGTGGGGGGCCGGCGAGCGCGGCCCCACGCG 1 2 0
II I II llllllll llllllll II lllllll II llllllll II

GCCCAGCACTGGCCTCAGAGATTGTTGGTGGCCGGCCGGCCCGGCCCCATGCT 1 1 7

TGGCCCTTCATGGTGTCCCTGCAGCTGCGCGGAGGCCACTTCTGCGGCGCCACCCTGATT
iiiiiiiiiiiii iiiiiiiii III inn II inn n nnnn in

TGGCCCTTCATGGCATCCCTGCAGAGGCGTGGAGGTCATTTCTGTGGTGCCACCCTCATT

1 8 0

1 7 7

GCGCCCAACTTCGTCATGTCGGCCGCGCACTGCGTGGCGAATGT
II IniiiI nilIII II II inn in i

GCCAGGAACTTCGTCATGTCAGCAGCCCACTGTGTGAACGGCCT

AAACGTCCGCGCGGTG 2 4 0
III nil I III

AAATTTCCGGTCAGTG 2 3 7

CGGGTGGTCCTGGGAGCCCATAACCTCTCGCGGCGGGAGCCCACCCGGCAGGTGTTCGCC
I II

CAGGTAGTGCTGGGAGCCCATGACCTGCGGCGACAGGAGCGCACTCGACAGACCTTCTCT

3 0 0

2 9 7

GTGCAGCGCATCTTCGAAAACGGCTACGACCCCGTAAACTTGCTCAACGACATCGTGATT 3 60
llllllll llllllll II nil inn i i nn nnnn nnn

GTGCAGCGGATCTTCGAGAATGGCTTTGACCCATCACAACTGCTGAACGACATTGTGATT 3 5 7

CTCCAG
inn

ATCCAG

CTCAACGGGTCGGCCACCATCAACGCCAACGTGCAGGTGGCCCAGCTGCCGGCT 4 2 0
inn II II II inn ininninininninni ini  n

CTCAATGGCTCCGCTACCATTAACGCCAACGTGCAGGTGGCCCAGCTGCCTGCC 4 1 7

CAGGGACGCCGCCTGGGCAACGGGGTGCAGTGCCTGGCCATGGGCTGGGGCCTTCTGGGC 4 8 0
I nil I II nn n i i n  nnnnnnnnn inn

CAGGGCCAGGGCGTGGGTGACAGAACTCCATGTCTGGCCATGGGCTGGGGCAGGTTGGGC 4 7 7

AGGAACCGTGGGATCGCCAGCGTCCTGCAGGAGCTCAACGTGACGGTGGTGACGTCCCT. 5 4 0
I III I nil II II II nnnn inn nnnn i i

ACAAACAGACCATCACCCAGTGTGCTACAAGAGCTCAATGTGACAGTGGTGACTAACATG 5 3 7

. . CTGCCGTCGCAGCAACGTCTGCACTCTCGTGAGGGGCCGGCAGGCCGGCGTCTGTTTC 5 9 7
I lllllll inn nnnn in i nnnn in nn in

TGCCGCCGTCGTGTGAACGTATGCACTCTGGTGCCACGTCGGCAGGCAGGCATCTGCTTC 5 9 7

TCTGCTCCCCACCCGCTCCCAGCCCGGACT GGGGACTCCGGCAGCCCCTTGGTCTGCAAC 6 5 7
llllllll III I lllllllllll III

GGGGACTCTGGCGGACCCTTGGTCTGTAAC 6 2 7

GGGCTAATCCACGGAATTGCCTCCTTCGTCCGGGGAGGCTGCGCCTCAGGGCTCTACCCC 6 1 7
II nil II nn nnni nn nnni i i 11 ii i inn

AACCTTGTCCAAGGCATTGACTCCTTCATCCGAGGAGGCTGTGGATCTGGATTGTACCCA 6 8 7

GATGCCTTTGCCCCGGTGGCACAGTTTGTAAACTGGATCGACTCTATCATCCAACGCTCC 7 7 7
llllllll inn inn nnn i i nnn i n n nn i n

GATGCCTTCGCCCCTGTGGCTGAGTTTGCAGATTGGATCAATTCCATTATCCGAAGCCAT 7 4 7

GAGGACAACCCCTGTCCCCACCCCCGGGACCCGGACCCGGCCAGCAGGACCCAC
I III III I nil III nn n nnnn n

AATGACCACCTTCTTACCCATCCCAAAGACCGAGA................GGGCAGGACCAAC

8 3 1

7 9 5

Figure 6

Comparison between the human and mouse GE coding sequences. The human GE coding region (top lanes) was assembled 

from the published genomic sequences, GenBank database accession numbers: M20199, M20200, M20201, M20202, 

M20203.The mouse GE cDNA sequence was provided by Dr Naruto (bottom lanes). Stop codons are not shown for either 

sequence.Thick long vertical lines correspond to exon boundaries in the human sequence. The same exon boundaries were 

also assigned to the mouse sequence. Sequence comparison was performed using the Gap comparison program of the 

Genetics Computer Group (GCG) package with a Gap weight of 5.000 and a length weight of 0.300.
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3.1.1.2 Analysis of the PI clones and subcloning of the mGE gene into plasmid 

vectors

DNA from the PI clones was digested with a wide variety of restriction 

enzymes and analysed by Southern blotting using the mGE cDNA as a probe in order 

to identify suitable restriction enzyme sites for subcloning the mGE gene (figure 7). 

Southern blot analysis indicated that Hindin digestion of the PI clone DNA released 

the mGE gene as two fragments of 3.5 and 9.0 kbp and it was decided to use these 

sites for subcloning. Subcloning of the gene as two fragments rather than one will 

allow easier manipulation during the construction of the homologous recombination 

vector.

The 3 .5 and 9.0 kbp fragments were subcloned into the Hindlll site of vector 

pTZ19 generating plasmids peBHe and pel9HA respectively (figure 8). Bacterial 

colonies carrying the correct inserts were identified by colony hybridisation. This was 

confirmed by restriction enzyme digestion and Southern blot analysis of bacterial 

plasmid DNA (data not shown).

The distribution of exons in peBHg and pc19Ha was studied by PCR. cDNA 

sequence data indicated that there was no Hindlll site within the exons of the mGE 

gene, therefore complete exons were expected to be located within each of the 

Hindlll subclones. PCR performed with primers mel388F and mel556R which are 

located in exon 4 (figures 4 and 8; section 2.1.11.1 for PCR conditions) showed that 

this exon was found in pel9HA PCR across exons 4 and 5, using primers mel388F and 

mel787R (figures 4 and 8; section 2.1.11.1 for PCR conditions) placed exon 4 and 

exon 5 in pel9HA. Inability to get a PCR product when using primers mell2F and 

mel556R which are located in exons 1 and 4 respectively (figures 4 and 8; section

2.1.11.1 for PCR conditions) or primers Hel2048 and mel556R which are located in 

exons 2 and 4 (figures 4 and 8; section 2.1.11.1 for PCR conditions) proved that 

exons 1 and 2 were not located in pel9HA As a positive control, all PCR reactions 

were carried on E.S. cell genomic DNA and PCR products were obtained with all 

primer pairs used. At this stage the mGE genomic DNA sequence was submitted in 

the GeneBank database (accession numbers; U06076, U04962; Nuchprayoon et al., 

1994) and confirmed the exon distribution results. The GeneBank sequence together 

with restriction enzyme analysis of the subcloned DNA showed that pel9HA contained
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mmft
K b p

23.13

9.42

6.56
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2.03
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1.08
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EroKI EcoRV Haell H in d i H indlll Kpnl M lul Mspl
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61 63 61 63 61 63 61 63 61 63 61 63 61 63 61 63

Figure 7
Southern blot analysis of PI clone DNA. DNA from clones 1161, 1162 and 1163 was digested with a variety of restriction enzymes 
(shown at the top of each panel ), run on a 0.7% agarose gel, blotted and probed with the mGE  cDNA. The data shown here is for 
clones 1161 and 1163 (indicated as 61 and 63). Clone 1162 produced similar results.
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Figure 8
Subcloning of the mGE gene. Two Hindlll fragments of 3.5 and 9.5 kbp molecular weight containing the mGE gene were 
subcloned into vector pTZ19 to generate plasmids pelBHB and pel9HA respectively. The most important of the restriction

enzyme sites identified are shown. The locations of primers mell2F, Hel2048F, mel388F, mel556R and mel787R are 
indicated by arrowheads above the exons in which they are found. Exons are shown as dark rectangles ( |  ) marked I-V, the 
rest of the mouse chromosome is indicated by a thick horizontal line (■ » ) .  The scale does not apply to the MCS ( I 3  ) or the 
vedbr backbone (------ ).



exons 4 and 5 whilst pelSHg contained exons 1-3 Further restriction enzyme analysis 

allowed mapping of unique or rare sites outside the published genomic sequence that 

w ere utilised in the generation of the targeting vector (figure 8).

3.1.2 Modification of the cre recombinase gene

The cre recombinase gene was used in the targeting vector to enable the 

development of a granulocyte-specific DNA recombination system in the future. The 

cre gene was modified to allow better expression in mammalian systems: a nuclear 

localisation signal (NLS) was added to direct localisation of the Cre protein to the cell 

nucleus where it will carry out site-specific recombination (Lyons et al., 1987). GCGC 

méthylation sites were modified by silent mutations to prevent cre gene méthylation 

which can hinder gene expression (Lewin, 1994; El-Naggar el al., 1997). These 

modifications were introduced by PCR. When designing the primers the opportunity 

was taken to change rarely used codons into ones used more frequently in mammalian 

systems in order to enhance the rate of translation of the Cre protein. The sequences 

of the primers used as well as the PCR conditions employed are shown in section 

2 1.11.2. The cre gene modified for enhanced expression in mammalian cells was 

called e-cre.

Figure 9A shows the cre primer pairs used to generate four PCR products, 

named Cl, C2, C3 and C4 containing the desired modifications and encompassing the 

entire e-cre recombinase gene. Primer pair Cre IF and CrelR was used for the 

introduction o f the NLS and for improved codon usage. Primer pairs Cre2F and 

Cre2R, and Cre3F and Cre3R were used for mutating possible méthylation sites and 

for improving codon usage (Aota et a l, 1988; Sharp et at., 1988) Finally primer pair 

Cre4F and Cre4R was used for codon usage improvement. A Sail site was introduced 

at the 5' end of the e-cre recombinase gene and an Xhol site was introduced at the 3' 

end by Cre IF and Cre4R respectively for subcloning of the PCR products.

The four PCR products (Cl, C2, C3 and C4) were cloned as three fragments 

into pSP72 vectors (figure 9B) in the following way: C2 was digested with BamHI 

giving two fragments, C2a and C2b, whilst C3 was digested with Clal giving C3a and 

C3b. Fragments Cl and C2a were cloned into vector pSP72 digested with Sail and
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Figure 9
Construction of pXcreB18.36A containing the e-cre recombinase gene. (A) Map of the cre recombinase 
gene showing the location of the primers used for the introduction of the mutations (CreIF, CrelR, 
Cre2F, Cre2R, Ce3F, Cre3R, Cre4F, Cre4R) the expected PCR products (Cl, C2, C3, C4) and the 
restriction enzyme sites used in the assembly of the gene. (B) Subcloning the e-cre recombinase PCR 
products into pSP72 vectors to generate pSP72creSB, pSP72creBC and pSP72creCX. (C) Maps of 
pSP72creSC and pXcreB18.36A. and I 1 (part A only) indicate the cre gene coding
sequence, ------ and H  indicate the pSP72 vector backbone (not to scale) and MCS sites
respectively. The same scale applies to all parts of the figure.
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BamHI to generate plasmid pSP72creSB (figure 9B.I). Fragments C2b and C3a were 

cloned into pSP72 digested BamHI and Clal to produce plasmid pSP72creBC (figure 

9B.II). Plasmid pSP72creCX was generated following the ligation of fragments C3b 

and C4 into Clal-Xhol digested pSP72 vector (figure 9B.III). The three subclones, 

pSP72creSB, pSP72creBC and pSP72creCX, were assembled together to generate 

pXcreBI8.36A, containing the e-cre recombinase gene, (figure 9C) as follows: the cre 

insert was released from pSP72creBC as a BamHI-Clal fragment and was cloned into 

pSP72creSB digested with BamHI and Clal to generate plasmid pSP72creSC (figure 

9C). Plasmids pSP72creCX and pSP72creSC were digested with Xhol and Clal to 

release their respective cre inserts which were ligated into an Xhol-cut pSP72 vector. 

This recombinant plasmid, designated pXcreB18.36A, contains the complete and e- 

cre recombinase gene (figure 9C).

3.1.3 Construction of the mGE targeting vector

The construction of the targeting vector was divided into 3 sections: (A) 

insertion of the e-cre recombinase gene upstream of the mGE gene coding sequence, 

(B) introduction of an intron, a polyadenylation signal, and a neo’̂ cassette 

downstream of the e-cre recombinase gene, (C) inactivation of the mGE gene and 

assembly of the targeting vector. The complete targeting vector (pTvec) is shown in 

figure 10.

3 .1.3 .1 Insertion of the e-cre recombinase gene upstream of the mGE gene

A schematic representation of the steps leading to the cloning of the e-cre gene 

5' of the mGE gene and the construction of plasmid pMcreX is shown in figure 11. 

Plasmid peBHe was digested with Ncol, the 5' overhangs filled in and then religated 

to generate an Nsil site (plasmid pNela). The Bglll site in pNela was replaced with an 

Xhol site by digesting with Bglll, blunt-ending and Xhol-linkering to generate 

pXNeia. The e-cre recombinase gene was excised fi’om pXcreB18.36A as a Sail 

fragment and introduced into the Sail site of pXNela to generate pXNelacre. 

pXNelacre was digested with Nsil and the 3' overhangs cut back to produce blunt 

ends. This was followed by an Age! digestion which removed mGE exons I-III
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Map of pTVec, the targeting vector used for homologous recombination in E.S. cells. The five mGE exons are shown as shaded 
boxes ( 0  ) and are labelled I-V. Restriction enzyme sites that have been destroyed in order to generate the inactivating mGE 
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together with 60 bp at the 5' end of the e-cre recombinase gene. A PCR product 

encompassing the first 240 bp of the e-cre recombinase gene was generated using 

primers mcrenlsF and CrelR (section 2,1.11.3 for primer sequences and PCR 

conditions). The PCR product was digested with Agel to release the 60 bp fragment 

removed from the e-cre recombinase gene in pXNelacre. This fragment was purified 

and ligated to the Nsil/Agel digested pXNelacre to generate plasmid pMcre. In pMcre 

the ATG start of translation signal of e-cre recombinase has directly replaced the start 

of translation signal of mGE. The Xhol site at the 3' end of the e-cre gene was then 

deleted by subjecting pMcre to partial Xhol digestion, blunt-ending and religation. 

The resulting plasmid was called pMcreX.

3 .1.3 .2 Cloning of a p-globin intron. a polyadenylation signal and the neo' cassette 3' 

of the e-cre gene

A schematic representation of the DNA manipulation steps leading to the 

insertion of a B-globin intron, a polyadenylation signal and a neo^ gene cassette 3' of 

the e-cre recombinase gene is shown in figure 12. The rieo'̂  gene cassette was isolated 

as an Xhol-Sall fragment form pL2Xneo^ plasmid and inserted into Sall-digested 

pUC18 (to generate pUC ISneoloxP). The neo’̂ gene cassette contains the Thymidine 

Kinase promoter derived from the Herpes Simplex virus, a tandem repeat of the 

enhancer sequence from polyoma virus Py F441, a synthetic translation initiation 

sequence, the neol gene from Tn5 and a polyadenylation signal. This cassette was 

flanked on either side with loxP sequences facing in the same direction The B-globin 

intron and a polyadenylation signal, to allow for enhanced expression of the e-cre 

recombinase gene, were excised from plasmid pUGHlO-3 as a BstUI fragment and 

inserted into the BamHI site of pUCISneoloxP which had been filled-in to produce a 

blunt end. The resulting plasmid (pipAneoloxP) was digested with Smal and Xhol- 

linkered to generate pXipAneoloxP. The neo'  ̂ gene cassette and the intron-polyA 

cassette were excised as a Sall-Xhol fragment and inserted into the Sail site at the 3' 

end of the ere recombinase gene in pMcreX (figure 11) generating pXCINL.
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Figure 12

Construction of pXCINL. This vector contains the e-cre recombinase gene followed by a 

p-globin intron together with a polyadenylation signal (ipA) and a neo  ̂gene cassette flanked by 
loxP sites ( - ^  ). Q  and B  represent the MCS. The scale does not apply to the vector 
backbone (----- ).
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3 ] .3 .3 Inactivation of the mGE gene and assembly of the targeting vector.

A schematic representation of the steps leading to the construction of the 

targeting vector (pTvec) is shown in figure 13. pelHe was digested with Ncol, the 5' 

overhangs were filied-in and the plasmid religated leading to the loss of the Ncol site 

and its replacement with an Nsil site. The new plasmid generated was called pel3HN 

(and pNela).

Following EagI digestion (a restriction enzyme site located only in exon 2) and 

religation of pelSHN, a number of plasmids were found to have lost the EagI site. 

Sequencing of this region identified a four base pair deletion including the first base 

pair of the EagI site This four base pair deletion was used for the introduction of a 

frameshift mutation in exon 2. Plasmids incorporating this mutation were labelled 

pel3HNE.

pel3HNE was digested with Nsil, the 3' overhangs cut back and Xhol-linkered. 

This led to the loss of the ATG start of translation site in exon I thus introducing the 

second inactivating mutation in the mGE gene. The new plasmid was called pel3HXE 

Exons 1-3 were excised as an Xhol-Hindlll fragment from plasmid peBHXE. Exons 4 

and 5 were excised as a 6.5 kbp Hindlll-Clal fragment from plasmid pel9HA (figure 

8). The two fragments were introduced into XhoI-Clal-cut plasmid pGTK (a plasmid 

which contains the HSV-TK gene) to generate pelXCTK. The complete targeting 

vector (pTVec) was assembled by placing an Xhol-Sail fragment derived from 

pXCINL (figure IX) containing the e - c r e  recombinase gene (including 700 bp of the 

region 5' upstream of the mGE gene which serves as the short arm of homology), the 

3 - g l o h in  intron, the polyadenylation signal and the n eo "  cassette into pelXCTK 

digested with Xhol. The Xhol site is a unique site and is used for the linearisation of 

the targeting vector prior to transfection

3.1.4 Construction of the transient e-Cre recombinase expression vector

Following homologous recombination between the targeting vector and 

chromosomal DNA in E.S. cells, the floxed neo'' cassette was removed by a C tq-IoxP  

site-specific recombination event. The e-Cre recombinase protein responsible for this
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Construction of pTVec This is the homologous recombination targeting vector. Restriction enzyme 

sites that are crossed out have been lost during the manipulation of the DNA. S  represents the pTZ19 

MCS. 0  indicate mutated mGE exons. The scale does not apply to the vector backbone ( ----- ).
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was provided by a transient expression \ ector which had been electroporated into the 

E.S cells.

The e-Cre expression vector, pCEV, consists of a promoter and enhancer 

region, the e-cre recombinase gene, a 3-globin intron and a polyadenylation signal. 

Figure 14 shows the DNA manipulation events involved in the construction of this 

transient transfection vector. The Thymidine Kinase gene promoter of the Herpes 

Simplex virus, together with the enhancer region from polyoma virus Py F441 (P/E), 

were isolated as an XhoI-PstI fragment from pMClneoPolA vector and inserted into 

an XhoI-Pstl-cut pSP72 vector to generate pP/ESP72. pUGHlO-3 was digested with 

Asel and the 5' overhangs filled in followed by digestion with Xbal leading to the 

excision of a 8-globin intron and polyadenylation signal as an Xbal-blunt end 

fragment. This fragment was ligated into pP/ESP72 (Xbal-Smal cut) to give pP/EipA. 

pP/EipA was digested with PstI and the 3' overhangs cut back followed by Xbal 

digestion. The ere recombinase gene, isolated as a BstUI (blunt end)-Xbal fragment 

from the pTVec, was inserted into pP/Esp72 to generate the e-Cre transient 

expression vector pCEV

3.1.5 Construction of the positive control vector for establishing PCR screening 

conditions

Following G418 and gancyclovir selection of transfected E.S. cells (see section 

2 9.6 'G418 and gancyclovir selection for homologous recombinant E.S. cell clones’), 

PCR was used to identify colonies that have undergone homologous recombination. 

The PCR conditions must be tested on appropriate controls. Control colonies are 

generated by transfection of E.S. cells with a positive control vector which once 

integrated (either by homologous recombination or random integration) will always 

result in the generation of the PCR substrate. Here the positive control vector must 

contain the ere recombinase gene (where one of the PCR primers binds) and at least 

the 800 bp upstream of the mGE start of translation site (where the second primer 

binds).

To generate this positive control vector the 2.5 kbp DNA fragment upstream 

of mGE exon 1 was excised as a HindQI-XhoI fragment from plasmid peBHXE and
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ligated into plasmid pFCneo that had been digested with Hindlll and Sail. The 

resulting positive control plasmid was called pela+creneo (figure 15).

To test for homologous recombination by PCR, one of the primers must bind 

to a site inside the targeting vector and the other must bind to a site outside the vector 

on the mouse chromosome. When homologous recombination takes place the two 

primer sites are brought together in the same chromosome close enough for the PCR 

product to be generated. The primer binding inside the vector does so in the e-cre 

recombinase gene and is the 3' primer. The short arm of homology of the targeting 

vector consists of the 700 bp upstream of exon 1 of the mGE gene with the Bglll site 

at the 5' end of it being converted into an Xhol site (figure 8 and 10). Since no 

information was available about the DNA sequence upstream of the Bglll site, a small 

section of the mouse genomic DNA upstream of the Bglll site was sequenced. The 

DNA section to be sequenced was purified as a 1.8 kbp Bglll-EcoRI fragment 

isolated from pelSHe and inserted into pUC19 vector generating plasmid pS'ela (figure 

16). Reverse sequencing primer (-21) #1201 was used for sequencing the DNA 

fragment from the Bglll site towards the EcoRI site. The sequence information 

obtained is shown in figure 17. The PCR primers chosen were given the names 

ela2PCR (S' primer) and CreSR (3' primer). Primer sequences and PCR conditions 

can be seen in section 2.1.11.4. The locations of the primers in relation to each other 

are shown in figures 18B and C.

D3XL E.S. cells were transfected with Hindlll linearised positive PCR control 

vector (pela+creneo). Ten G418 resistant colonies were picked and PCR reactions 

were carried out on the cell samples (10,000 cells per PCR reaction). Eight out of the 

ten colonies were positive for DNA incorporation (data not shown). Three of the 

colonies giving the weakest positive PCR signal were kept (as these were more likely 

to have incorporated a single copy of the positive control vector) and cell samples 

frozen. The ability of the PCR reaction to identify positive colonies under more 

demanding conditions was tested by carrying out the reaction using 1,000 PCR 

positive cells in a population of 50,000 PCR negative (untransfected cells).
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ela2PCR
 ►

TGTGTTGCTGTTATTACTATACCTGAGGTAAACTGAGCCAGAGAGATTGGCCTTCAGATA 6 0

TAAGTTGTAGATTAGGGCACCAAGTGGGCACGGAGGTGCTCACCATCATCCCAGCACTCA 120 

CGAGGTGGAAGCAGGGGGATTAAGGGTTTGAGACTAGCCTGGGCTACGTGAGATTTTGTT 180 

TGTTTGTTTATATATTTATTTACTTATTTAATTTTGAGATAGGGTTTCTTTGTCTAGCCC 240 

TGGTTATCCTGGAACTAGATC ----------- ►  mGE gene 700 bp downstream 261

Figure 17
DNA sequence 5' of the short arm of homology. DNA sequence information 
obtained by sequencing a short section of the mouse chromosomal DNA upstream 
of the Bglll site 700 bp 5' of the mGE gene exon 1. The sequence is presented in a 
forward direction towards the mGE gene. The location of ela2PCR, the 5' primer 
for testing for the homologous recombination event in E.S. cell clones, is indicated 
by an arrow.
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3.1.6 Generation of homologous recombinant E.S. ceil clones

E l 4-1 E S cells were electroporated with Xhol-linearised targeting vector. 

pTVec, with a transfection efficiency of 1.334X10“*. Transfection efficiency refers to 

the proportion of transfected E.S. cells that have integrated the targeting vector DNA, 

either by homologous recombination or random integration, i.e. E.S. cells which are 

G418 resistant. Transfection efficiency can be calculated by dividing the number of 

G418 resistant colonies by the total number of electroporated E.S. cells.

Following drug selection with G418 and gancyclovir, 288 resistant colonies 

were picked. The colonies were grouped together in pools of 4 containing about

10,000 cells from each colony and screened by PCR for homologous recombination. 

Six pools of colonies were PCR positive (data not shown). The colonies from each 

pool were then individually tested by PCR and the positive colony from each group 

was identified.

The positive colonies were also tested for the incorporation of the 4 bp 

deletion in exon 2. A region encompassing the site of this mutation was generated by 

PCR using genomic DNA isolated from these E.S. clones as template. The primers 

used for this PCR reaction were neo#2541 (5' primer) and mel684R (3' primer). The 

exact location of mel684R in the mGE gene is shown in figure 4 whilst a schematic 

representation of the location of both primers is shown in figure 18B. The PCR 

conditions are detailed in section 2.1.11.5. Primer neo#2541 binds in the neo' gene 

and mel684R binds in mGE exon 2, downstream of the 4 bp deletion site. This means 

that only the chromosome that has undergone homologous recombination can be used 

as a template for this PCR reaction. The PCR product was purified and digested with 

EagI. PCR products from clones which had incorporated the deletion were not 

susceptible to EagI digestion. Only 1 of the six clones (clone 26.4) had incorporated 

the exon 2 inactivating mutation. The PCR product of clone 26.4 was sequenced over 

the region of the deletion to ensure that no unwanted mutations had been introduced 

(data not shown).
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3.1.7 e-Cre-mediated deletion of the neo' marker from homologous recombinant 

E.S. cells

Electroporation of the pCEV (transient transfection vector) was carried out on 

clone 26.4 cells. One week after electroporation, 360 colonies were picked and tested 

on duplicate plates for loss of G418 resistance. Eighty of the colonies appeared to be 

G418 sensitive. PCR analysis of 24 of the colonies indicated that one colony (clone 

#71) had lost the neo' gene (data not shown). The primers used for the PCR analysis 

were Cre4F and mel684R and they prime on either side of the neo' cassette. The 

location of the two primers in relation to each other is shown in figure 18B and C. 

PCR conditions and primer sequences are shown in section 2.1.11.6. The PCR 

conditions for this experiment were tested on genomic DNA of an E.S. clone^orm 

a previous experiment^which had lost the neo' gene cassette.

3.1.8 Southern blot analysis of homologous and e-Cre site-specific recombinant 

E.S. cell clones

The E.S. cell clones that had been shown by PCR analysis to be positive for the 

homologous recombination (and had incorporated the 4 bp deletion in exon 2) and the 

E.S. cell clone that had additionally undergone e-Cre-mediated deletion of the neo' 

gene were analysed by Southern blotting to ensure that no unwanted deletion or 

rearrangement events had taken place during the DNA manipulation processes 

(figures 18 and 19). Recombinant E.S. cell clones have one wt chromosome and one 

chromosome that has undergone recombination, therefore Southern blot analysis of 

recombinant E.S. cell clones will show the same pattern of bands as the control wt 

clones plus any extra bands resulting from the recombination events.

Following Hindlll digestion and Southern blot analysis of the E.S. cell DNA, 

the wt allele gives a 9.0 and a 3 .5 kbp band visualised using the complete mGE cDNA 

as a probe (figure 18A). These two bands are seen in the control lane (figure 19A, 

lane labelled CD 19creneo), and for the wt alleles of the homologous and the e-Cre- 

mediated recombination clones (figure 19A lanes 26.4 and #71 respectively). The 

allele that has undergone homologous recombination (in clone 26.4) shows, as 

expected, an extra 4.0 kbp band (figure 18B, and 19A lane 26.4) whilst the allele that

138



1.4 kbp PCR product

=  ela2PCR -►

1 1) 
X BamHI m

-^-m el684R 

iS Hindlll

I II III IV V
i H H m m

3.5 kbp cDNA probe
------------------------------- 1 7.5 kbp

wild type chrom osom e

9.0 kbp

1.2 kbp PCR product
C

ela2PCR -►

3.4 kbp PCR product

CreSR -► Cre4F

m

neo#2541 ■ mel684R

=  E

B J-U
e-cre ipA ne(y

CO o

J I

2.2 kbp

e-cre probe

L.8 kbp ^

H  H
4.0 kbp

II III IV V

mGE  cDNA probe
Homologous recombination 
event

3.3 kbp
7.2 kbp

1.2 kbp PCR product 2 kbp PCR product

ela2PCR C^R 
1 ,1 1

■ mel684R

]— L
o i  m

=  Im CO
_L_U

e-cre IpA
I II III IV V

e-cre probe

ela2PCR
3
-^-crelX

2.7 kbp

0.9 kbp PCR 
product

mGE  cDNA probe

— I
5.8 kbp

e-Cre-mediated
recombination
event

Scale " : 1 kbp

Figure 18
Maps of the wt mGE allele and the 
expected outcome of the 
homologous and e-Cre-mediated 
recombination events. Part A, B and 
C respectively show the locations 
of the probes used for the Southern 
blot analysis of E.S. cell DNA and 
the expected band sizes. The 
location of primer pairs neo#2541 
and mel684R, used for checking the 
mutation in exon II; Cre4F and 
mel684R, used to identify loss of

the neo^ gene following e-Cre- 
mediated recombination; ela2PCR, 
mel684R and Cre IX, used to 
identify mutant GE mice; ela2PCR 
and Cre5R, used to identify E.S. 
cells that had undergone 
homologous recombination, as well 
as the expected sizes of the PCR 
products are also shown on this 
map.



o < /
â  26.4 #71

9 kbp Hind HI
probe: mGE cDNA

B

4.0 kbp 
3.5 kbp
2.7 kbp

BamH I
7.2 /7.5 kbp probe: mGE cDNA
5.8 kbp

BamH I
2.2 kbp probe: e-cre recombinase gene

^  0.8 kbp 

Figure 19
Southern blot analysis of E.S. cell clones. The control E.S. cell clone, the homologous recombinant E.S. cell clone 26.4 and the e-Cre- 
mediated recombinant E.S. cell clone #71 are shown in lanes bearing the names of the respective clones. The probes and restriction 
enzymes used are indicated next to each blot (A, B, and C) together with the sizes of the bands obtained.



has also undergone e-Cre-mediated recombination (in clone #71) shows an extra 2.7 

kbp band instead (figure 18C and 19A lane #71). The control lane contains genomic 

DNA derived from an E S. cell clone that has integrated a cre ned  cassette at the 

CD 19 locus (Rickert et a l , 1995) and is wt for the GE locus.

Using the same probe on BamHI-digested E.S. cell DNA, the wt allele is 

expected to show a 7.5 kbp band (figure 18A). The homologous recombinant allele 

(figure 18B) is expected to show an extra 7.2 kbp band and the e-Cre-mediated 

recombinant allele (figure 18C) is expected to show an extra 5.8 kbp band (figure 19B 

lanes CD19creneo, 26.4 and #71 respectively). The 7.2 and 7.5 kbp bands of the 

homologous recombinant allele are impossible to distinguish because they run very 

close to each other. These Southern blots test for large deletions and rearrangements 

occurring at the 3' end of the targeting vector following homologous recombination as 

the bands recognised by the probes extend beyond the 3' end of the vector.

The coding sequence of the e-cre gene was used as a second probe on BamHI- 

digested E.S. cell genomic DNA. This Southern blot checks for problems at the 5' end 

of the homologous recombination event. The control E.S. cell lane contains a 2.2 kbp 

band (figure 19C lane CD19creneo) and acts as a positive control showing that, as 

expected, this probe can bind to the e-cre recombinase gene. The wt allele does not 

bind to this probe as it lacks the cre gene. Both the homologous (figure 18B) and the 

e-Cre-mediated recombinant alleles (figure 18C), as expected, show the same size 

bands at 2.2 and 0.8 kbp (figure 19C lanes 26.4 and #71 respectively). The fact that 

the 2.2 kbp band in the control lane is of the same size as one of the bands present in 

the recombinant alleles is coincidental.

These Southern blots indicate that the homologous and e-Cre-mediated 

recombination events have taken place successfully and that the E.S. clones can be 

used for the generation of GE-deficient mice.
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3.2 Generation of GE-deficient g-crg-transgenic mice

3.2.1 Production of chimeras and homo- and heterozygous animals

E.S. cell clone #71 was introduced into mouse embryos both by microinjection 

and by aggregation. Seven good male chimeras were generated ranging from about 

25% to 100% chimerism. The two best chimeras, showing 100% chimerism, were 

obtained by the aggregation method. These chimeras were slow to reach sexual 

maturity but were able to reproduce successfully a few weeks later than anticipated. 

They were bred to c57B16 mice and all their offspring had agouti fur colour indicative 

that these two chimeras were capable of 100% germline transmission. PCR analysis 

showed that almost 50% of their progeny were heterozygous for the mutation, 

following the expected 1:1 ratio of transmission of the mutation (35 heterozygous 

mutant animals:41 wild type progeny). Mating of the heterozygous progeny was used 

to generate homozygous GE-mutant mice. The ratio obtained for wild type, 

heterozygous and homozygous mutant progeny was close to the ratio of 1:2:1 

(22:38:19 animals of each genotype). This indicates that the mutation did not affect 

mouse embryo development adversely. Such progeny have a mixed genetic 

background. The chimeras were also mated with 129 SV mice in order to get the GE- 

mutation on the 129 background. Such animals will have reduced genetic variation 

and provide more uniform and reproducible experimental data.

3.2.2 Generation of mGE antiserum and Western blot analysis of bone marrow 

lysates

In order to test for the absence of a GE protein in GE-deficient mice, antisera 

had to be raised against the mGE protein. The mGE gene was cloned into pET and 

pGEX vectors and expressed as a GST- and His-tagged fusion protein. The purified 

fusion proteins were then injected into GE-mutant mice (identified by PCR) to 

generate GE anti sera. Wild type mice would be unsuitable for the generation of the
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antisera as they would exhibit immunological tolerance to the mGE part of the fusion 

proteins and not produce antibodies against it.

3 .2.2.1 Cloning, expression and purification of the GST-mGE fusion protein

The full length mGE cDNA was generated as a 798 bp PCR fragment using 

oligonucleotides mel 12F and mel787R as primers and plasmid pUC19mel3 as template 

(see figure 4 for the location of the primers and section 2.1.11.8 for the primer 

sequences and PCR conditions). The PCR product was cloned into Smal-digested 

vector pGEX2T, to produce pGEX2Tela (figure 20). In this way the mGE cDNA was 

placed in frame with the GST tag. This was confirmed by DNA sequence analysis 

(data not shown). pGEX2Tela was transformed into JM109 E.coli bacterial cells and 

expression was induced with EPTG. Aliquots were collected after four hours from 

induced pGEX2Tela cultures and control cultures of empty pGEX2T vector. The cells 

were lysed, separated into soluble and insoluble fractions and analysed by SDS-PAGE. 

As shown in figure 21 a novel ~48 kDa protein (labelled a) was expressed in the 

insoluble (lane 2) but not in the soluble fraction (lane 1) derived from the induced 

pGEX2Tela-transfbrmed cells. As expected, the control samples express the GST 

protein as a ~26 kDa protein in the soluble fraction of the bacterial pellet (lane 3, 

labelled b). The 48 kDa band is close to the expected size of the GST-mGE fusion 

protein, where GST is 26 kDa and mGE is 30 kDa.

The distribution of GST-mGE exclusively in the insoluble fraction meant that it 

could not be purified using a glutathione bead affinity column. The fusion protein 

therefore had to be purified by excision from SDS polyacrylamide gels and 

electroelution (see section 2.6.5 'Purification of insoluble fusion proteins from SDS- 

PAGE gels by electroelution’). After electroelution, the contaminating SDS running 

buffer was removed by dialysis. The low levels of SDS (0.01% w/v) in the dialysis 

solution allowed GST-mGE to remain soluble. A sample of the purified fusion protein 

is shown in figure 22. A lane 6.

The 48 kDa protein was partially sequenced to confirm that the GST-mGE 

fusion protein had indeed been expressed and purified. In order to carry out N- 

terminal Edman degradation sequencing, the GST portion of the fusion protein was 

cleaved using bovine thrombin, leaving the mGE start-of-translation methionine only
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Figure 21

SDS-PAGE analysis of soluble and insoluble fractions of IPTG-induced JM 109 E.coli 

cells transformed with pGEX2Tela and pGEX2T. Following induction, aliquots from 

each culture were collected after 4 hrs of growth, sonicated, separated into soluble and 

insoluble fractions and analysed by SDS-PAGE. Lanes 1 and 2 represent the soluble 

and insoluble fractions of pGEX2Tela-transformed cells whereas lanes 3 and 4 

represent the soluble and insoluble fractions of pGEX2T-transformed cells. The 

molecular w ei^t markers are in lane 5 with the sizes indicated on the right of the 

figure. Arrows labelled a and b indicate the position of GST-mGE and GST proteins 

respectively.
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Figure 22
SDS-PAGE and Western blot analysis of cleavage of the GST-mGE fusion protein by 
bovine thrombin. Following thrombin cleavage the samples were run on a 12.5% SDS 
polyacrylamide gel. (A) Lanes 1-5 show 1 fxg of GST-mGE digested with 1.0, 0.5, 
0.1, 0.05 and 5 units of thrombin respectively. Lane 6 contains 1 |ig of undigested 
GST-mGE whilst lane 7 contains 5 units of thrombin only. Molecular weight markers 
were loaded in lane 8. (B) Western blot analysis of the SDS-PAGE from part A. 
Rabbit anti-GST (1:1,000 dilution) and alkaline phosphatase anti-rabbit (1:10,000) 
antibodies were used as the primary and secondary antibodies respectively.
Arrows on the left side of the pictures indicate the positions of GST-mGE fusion 
protein, thrombin and the 26 and 29 kDa bands corresponding to the GST and mGE 
peptides. Molecular weight marker sizes are indicated on the right side of the pictures.
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three amino acids away from the N-terminal end of the polypeptide. Following 

thrombin cleavage, the 48 KDa band (figure 22. A, lane 6) was replaced by a 26 kDa 

and a 29 kDa band (figure 22.A, lanes 1-5) corresponding to the GST, and mGE 

peptides respectively. Bovine thrombin was also visible as a 35 kDa band (figure 22.A, 

lanes 1-5 and 7). This result was further confirmed by Western blotting analysis. An 

SDS polyacrylamide gel identical to the one in figure 22. A was blotted and probed 

with antibodies against GST. The GST antibody recognises a 48 kDa protein (figure 

22.B. lanes 1-6) and in the samples where thrombin was added (figure 22.B, lanes 1- 

5) the released 26 kDa GST fragment but not the 29 kDa fragment is also identified 

The control sample in lane 7 containing 5 units of thrombin only is negative.

3.2 2 2 Protein sequence analysis of the GST-mGE fusion protein

The thrombin-cleaved GST-mGE fusion protein was electroblotted onto PVDF 

membrane and protein bands were visualised with Coomassie stain. The band 

corresponding to the mGE peptide was excised and sequenced. Sequencing was 

carried out by Dr Fred Esch (UCL).

Sequence analysis could only identify eight amino acids. These were. X, X, 

Pro. Met, Ala, Leu, Gly (or Leu), Arg, Leu, Ser (where X is an unidentified amino 

acid) As noted before, three amino acids (Gly, Ser, Pro) N-terminal of the mGE 

peptide are derived from the pGEX2T vector. X, X and Pro must correspond to these 

three amino acids. The remaining seven amino acids, with Gly being the fourth amino 

acid after Met, correspond to the mGE sequence. This confirmed that the fusion 

protein expressed and purified was the GST-mGE.

3 .2 .2 .3 Cloning, expression and purification of the His-mGE fusion protein

mGE was also expressed as a partial His-tagged fusion protein containing the 

114 C-terminal mGE amino acids. The entire mGE cDNA was generated by PCR as 

before (see section 3.2.2.1 'Cloning, expression and purification of the GST-mGE 

fusion protein') and the PCR product was cloned into Smal-digested pSP72 vector to 

produce pSP72ela (figure 23.A). pSP72ela was digested with MscI and BamHI to 

release the a 341 bp fragment at the 13' end of the mGE cDNA. This fragment was 

then cloned into pET28b(+) that had been Ndel digested, blunt-ended and then
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Figure 23

Maps of pSP72ela (A) and pET28bela (B)

(A) pSP72ela was generated by cloning the mGE cDNA sequence into the Smal site of 

pSP72.

(B) pET28bela was generated by cloning the 341 bp MscI-BamHI mGE cDNA 

fragment from pSP72ela into pET28b(+) that had been Ndel digested, blunt-ended, 

and then BamHI digested.

Q , and I  indicate the mGE cDNA sequence, the MCS, and the 60 bp His tag 

sequence respectively. The MCS and vector backbones (----- ) are not drawn to scale.
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BamHI digested, to generate pET28bela (figure 23 B) Thus the His-mGE fusion 

protein consists of 26 amino acids containing the hexa-histidine tag derived from the 

pET28b(+) vector and the 114 C-terminal amino acids of the mGE

DNA sequence analysis of the insert/vector junctions ensured that no mutations 

had been introduced during the manipulation of the DNA (data not shown). 

pET28bela and the empty parent vector pET28b(+) were then transformed into BL21 

E.coli bacteria which were induced by the addition of IPTG. Aliquots were taken four 

hours after induction, sonicated, separated into soluble and insoluble fractions and 

analysed by SDS-PAGE for expression and location of the His-mGE fusion protein 

(figure 24).

A novel 16 kDa protein was observed in the insoluble fi'action derived from the 

induced cells transformed with pET28bela (figure 24.A, lane 2). The control samples, 

soluble and insoluble, derived from induced bacterial cells containing the empty 

parental vector pET28b(+) lacked this band (figure 24.B, lanes 1 and 2). The 

molecular weight of this band corresponds to the expected weight of the His-mGE 

fusion protein.

The His-mGE fusion protein was purified on a His-bind resin column (see 

protocol section 2 .6.6 Purification of His-mGE using His-bind resin under denaturing 

conditions') or by excision from SDS polyacrylamide gels in an identical fashion to 

GST-mGE A sample of the His-mGE fusion protein purified on a His-bind resin 

column is shown in figure 24.C lane 2. The 16 kDa band is by far the most prominent 

band but bacterial protein contaminants are also visible. The His-mGE fusion protein 

was then dialysed to remove urea or SDS running buffer depending on the purification 

procedure used.

3.2.2.4 Immunisation of mice and anti serum production

mGE antibodies were raised against the GST-and His-mGE fusion proteins in 

GE mutant mice that had been identified as homozygous mutants by PCR (see section 

2.7 'Antiserum production in GE-deficient mice’). Mice were injected subcutaneously 

with the purified GST-mGE fusion protein every 2-3 weeks for a total of 5 injections. 

Sera isolated from these mice failed to recognise any specific proteins from wt mouse 

bone marrow cell lysates when tested by Western blotting (data not shown). The
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Figure 24

Expression and purification of the His-mGE fusion protein. Aliquots from IPTG- 

induced bacterial cultures, collected after 4 hrs of growth, and a purified sample of the 

His-mGE fusion protein were analysed by SDS-PAGE on 15% polyacrylamide gels.

(A) Lanes 1 and 2 show the soluble and insoluble fractions of induced, pET28bela- 

trans formed E. coli bacteria respectively. The arrow at the side of the picture indicates 

the location of the novel 16 kDa protein. Lane 3 contains the molecular weight 

markers.

(B) Lanes 1 and 2 show the induced soluble and insoluble fractions of pET28b(+)- 

transformed bacteria. The molecular weight markers were run in lane 3.

(C) Lanes 2 contains a sample of the His-mGE fusion protein after purification on a 

His-resin column. Lane 1 contains the molecular w ei^t markers.
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immunisation protocol was followed by 3 injections of the His-mGE fusion protein 

carried out every 2-3 weeks Sera isolated from the mice at this stage were able to 

recognise a specific protein in wt bone marrow cell lysates (see next section).

3.2.2.5 Western blot analysis of bone marrow lysates with mOE antisera

Bone marrow cells from wi and GE mutant mice were isolated, sonicated in 

sample buffer containing a cocktail of protease inhibitors (see section 2,8.1 

'Preparation of cellular proteins for SDS polyacrylamide gel electrophoresis and 

Western blotting’) and run on a 15°o SDS polyacrylamide gel which was blotted and 

analysed for the presence of mOE by Western blotting using the mOE antisera 

generated in the previous section.

In the cell lysates derived from wt mice (figure 25. A, lane 1) the anti serum 

identified a single 27 kDa peptide which corresponds to the mOE protein. The cell 

lysate sample derived from mutant mice was completely blank and contained no such 

band (lane 2). Thus to the level of sensitivity provided by Western blot analysis we 

could not detect any trace of GE in GE-deficient mice.

Roughly equal loading of protein samples was indicated by a Coomassie- 

stained SDS-PAGE gel that had been generated in the same way as the gel used for 

Western blot analysis (figure 25.B). In fact the mutant sample (lane 2) appeared to 

contain more protein compared to the wt sample (lane 1). Therefore the lack of a 

visible band in the Western blot for the mutant sample cannot be attributed to 

inadequate protein loading

3.2.3 Isolation and Northern blot analysis of mouse bone marrow total RNA

Homozygous GE-mutant mice identified by PCR were then tested for absence 

of the GE mRNA by Northern blot analysis. Bone marrow cells were isolated from 

mutant and wt control animals and total RNA was extracted and run on an agarose gel 

(figure 26. A). The two prominent bands observed in lanes 1 and 2, (containing wt 

RNA) and lanes 4 and 5 (containing mutant RNA) are the 28S and 18S rRNA bands. 

The gel was then blotted and probed with the complete mGE cDNA (figure 26.B). A 

band was detected below the 18S rRNA band which was only visible in the lanes
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Figure 25

Western blot analysis of bone marrow cell lysates from wt and mutant GE mice.

(A) Bone marrow cell lysates from wt (lane 1) and mutant mice (lane 2) were run on a 

15% SDS gel and blotted onto a nitro-cellulose membrane. The blot was probed with 

antiserum raised in mutant mice against GST-mGE and His-mGE (1:250 dilution, 

overnight) and developed using anti-mouse HRP conjugated antibodies (1:5000).

(B) Coomassie stain of an SDS-PAGE gel that had been loaded in an identical fashion 

to the gel used for Western blot analysis.

In all e>q)eriments, cell lysates equivalent to 1X10  ̂bone marrow cells were run. The 

positions of protein molecular weiÿit markers are indicated on the left of each panel.
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Figure 26

Northern blot analysis of total RNA from bone marrow of wt and GE-deficient mice. 

For all parts of this figure lanes 1, 2, and 3 contain 10, 1, and 0.1 )J,g of wt RNA and 

lanes 4, 5, and 6 contain 10, 1, and 0.1 jig of mutant RNA. (A) Agarose ^1 

electrophoresis of the RNA samples, (B) Northern blot analysis of the RNA samples 

using the complete mGE cDNA as the probe, (C) control Northern blot analysis using 

a fragment of the mouse genomic IgM gene as a probe aiming to show equal RNA 

loading for wt and mutant samples.
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containing wt RNA (figure 26.B, lanes 1, 2, 3) In contrast, the samples from the GE- 

deficient mice (figure 26. A, lanes 4, 5. 6) had no such \isible band. This indicates that, 

at the level of detection of this experiment, the GE-deficient mice do not produce any 

GE mRNA Since we could observe a band in the wl sample containing 0.1 pg of 

RNA (lane 3) but not in the wt sample containing 10 pg of RNA (lane 4), wt mice 

express at least 100 times more GE mRNA than the mutants

Equal loading of wt and mutant RNA samples is apparent from the agarose gel 

picture (figure 26.A). This was further tested in a second Northern blot experiment 

whereby the original membrane was stripped of the rnOE cDNA probe and reprobed 

with a genomic fragment of the mouse IgM  gene (figure 26. C).

3.2.4 Expression of a functional e-cre recombinase transgene

Mice carrying the 3~galactosidase {lac Z) gene as a transgene were provided 

by (Zhang et a i, 1996). The structure of the lac Z gene in these animals is shown in 

figure 27. A. The lac Z gene cannot be expressed in these mice because the ATG start 

of translation codon and the coding sequence of the lac Z are separated by a DNA 

segment containing a stop codon (TGA) and a polyadenylation signal flanked by loxP 

sites. The lac Z gene can only be expressed after e-Cre-mediated deletion of the 

disrupting DNA segment, when the start codon and the lac Z coding sequence are 

brought together.

Homozygous lac Z transgenic and GE mutant (e-cz^-transgenic) mice were 

crossed to generate mice heterozygous for the lac Z transgene and the GE mutation 

{lacZ!+, GEI-  ̂ mice). In tissues where the e-Cre recombinase is present as an active 

protein, the /oxP-flanked TGA stop codon and polyadenylation signal will be deleted. 

Since the e-cre recombinase transgene is under the control of the GE promoter and 

enhancer elements, its expression should be confined to promyelocytic precursor cells 

and its presence detected in these precursors and cells derived from them 

(granulocytes, monocytes and macrophages). Deletion of the floxed DNA segment 

was studied by PCR. using primers LacZF and LacZR which span the floxed DNA 

segment (figure 27.A and B). Following deletion, a 741 bp PCR product is obtained 

(figure 27. B) as opposed to a 1121 bp PCR product in non-deleted samples (figure 

27. A). PCR was used as a method of detection of deletion rather than expression of
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Figure 27

Map (not to scale) of the B-galactosidase (lacZ) transgene before (A) and after (B) e-Cre-mediated deletion of the disruptive, 

/oxf-flanked, segment of DNA containing a stop codon and polyadenylation signal. The location of primers LacZF and 

LacZR used for identification of the e-Cre-mediated deletion together with the expected sizes of the PCR products are shown. 

pA stands for polyadenylation signal.
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Figure 28

Expression of a functional e-cre recombinase transgene. PCR reactions were carried 

out on genomic DNA isolated from skeletal muscle (Sk), heart (H), kidney (K), liver 

(Li), brain (B), spleen tissue (Sp), and neutrophils (N) isolated by ficol gradient 

purification from lacZ/-i-,GE/-i- heterozygous mutant mice. The positive control PCR 

(4-) was carried out on a plasmid template containing the non functional B-gal gene.



the lac Z gene as the level of lac Z expression was found to vary in different tissues.

Heart, kidney, liver, brain, skeletal muscle, spleen and neutrophil-rich 

peritoneal exudate cells purified through a ficol gradient were isolated and genomic 

DNA extracted from each tissue. PCR was carried out on the DNA samples using 

primers LacZF and LacZR. The PCR conditions employed are shown in section

2.1 11.7. In all the PCR reactions both the 1121 and the 741 bp products were 

obtained. As seen in figure 28, the heart, kidney, liver, brain, skeletal muscle and 

spleen samples had a very strong PCR product derived from the non-deleted lac Z 

gene and a weak PCR product derived from the deleted gene. In the neutrophil-rich 

sample, the PCR product derived from the deleted Lac Z gene was the strongest of 

the two, as one would expect. The 741 bp product seen in the rest of the samples is 

probably due to contaminating granulocytes from blood.

This experiment indicates that in the GE mutant mice a functional e-Cre 

recombinase protein is expressed with recombinase activity prominent in cells of 

promyelocytic origin.

157



3.3 Analysis of GE mutant mice

3.3.1 Flow cytometric analysis of leukocyte populations

GE is a protein expressed at a very early stage during the development of 

granulocytes. It is possible that GE expression is a prerequisite for normal granulocyte 

development and maturation. Therefore, the numbers of granulocytes in mutant and 

wild type mice were compared by FACS analysis. Numbers of granulocytes were 

investigated in peripheral blood (circulating mature granulocytes), in the bone marrow 

(non-circulating mature and maturing granulocytes) and in the peritoneum (migrating 

granulocytes, following a sterile inflammatory stimulus). Granulocytes were identified 

by staining with antibodies against GRl (found on the surfaces of granulocytes) and 

M ad (found on myelomonocytic cells) (Spangrude et a / , 1988; Springer et al., 1979; 

Ault and Springer, 1981).

Animals were killed by CO2 inhalation and blood was immediately collected by 

heart puncture. Following RBC lysis, the white blood cells (WBC) were stained with 

antibodies. Bone marrow was collected by flushing the femur and the tibia bones of 

mice with IX mPBS containing heparin (5 u/ml). Contaminating RBC were lysed and 

the remaining bone marrow cells were stained with antibodies. In order to isolate 

peritoneal exudate cells (PEC), WBC were induced to migrate to the peritoneum by 

injecting 3% (w/v) sterile thioglycollate medium into the peritoneum. PEC were 

collected from the peritoneum 4 hrs later. Contaminating RBC were lysed and the 

WBC were stained with antibodies as before.

Four wild type 129 SV and four GE mutant 129 SV mice were used in each 

case except for the peripheral blood experiment where five animals of each genotype 

were used. Figures 29. A, B and C show typical G Rl/M ad stainings of peripheral 

blood-, bone marrow- and PEC-derived WBC respectively. Table 4 shows mean 

values for total numbers of WBC and percentages of granulocytes in each sample 

group. Total cell numbers and percentage of granulocytes in the bone marrow are 

similar for wt and mutant mice. The same is true for the peripheral blood-derived 

samples. Total numbers of cells in the peritoneum of mutant animals are higher than 

for wt animals but the percentage of granulocytes is still very similar.
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Figure 29

Flow cytometric analysis of white blood cell (WBC) populations from GE deficient 

and wild type mice (129 SV background). WBC from peripheral blood (A), bone 

marrow (B) and the peritoneum (C) were double stained with GRl and M ad 

antibodies. Four animals of each genotype were used for parts (B) and (C). Five 

animals were used in part (A). The mean percentage of double staining cells and the 

standard deviation for each group of animals is indicated in the panels.
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Sample Total WBC numbers % of granulocytes

wt mutant wt mutant

peripheral 2.8xl0^± 7.8x10^ 2x10^ 20.8 ±4.9 25.9 ±2.9

blood n=2 n=l n=5 n=5

bone marrow 9.4xlO^± 2.3x10^ 1.2x10’ ±4.7x10^ 42.9 ± 0.9 37.96 ±2.0

n=4 n=4 n=4 n=4

peritoneal 3.8x10^ ± 1.5x10^ 6.2x10^ ±2.8x10^ 73.2 ±4.5 69.9 ±7.4

exudate cells n=4 n=4 n=4 n=4

Table 4

Granulocyte composition of peripheral blood, bone marrow and peritoneal exudate 

cells of wt and GE-deficient mice. Mean values and standard deviation for the total 

number of WBC isolated are shown together with percentage granulocyte 

composition of each sample.

3.3.2 Granulocyte migration in response to an inflammatory stimulus

The previous experiment indicated that at the end of the four hour period 

following the intraperitoneal stimulation the percentage of granulocytes migrating to 

the peritoneum was similar for wild type and mutant animals. However, it is possible 

that mutant neutrophils migrate more slowly than wild type neutrophils in the early 

stages of the inflammatory response with these diflerences evening out by the time the 

samples were collected. So it was decided to follow migration into the peritoneum 

over^a five hour period taking samples at 0, 1, 2, and 5 hrs after thioglycollate 

injection. At every time point each group consisted of 3 animals. c57B16 wild type 

animals and GE-deficient mice of a mixed genetic background were used for these 

experiments. The percentage of granulocytes in the PEC population was determined 

by GRl staining and FACS analysis.

The total numbers of cells in the peritoneum are similar for wild type and 

mutant animals (table 5). The mutant samples always have slightly more cells but the 

degree of variation is also greater. The percentage of migrating granulocytes is similar 

at 0 and 5 hrs after stimulation. At 1 and 2 hrs the mutant samples have a higher
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percentage of migrating granulocytes but these values are wildly variable as is shown 

by standard deviation values equal to those of the mean percentage values. Based on 

the total WBC numbers and the percentage of granulocytes in the peritoneum a graph 

of the numbers of granulocytes in the peritoneum at different time points after 

inflammatory stimulation was drawn (figure 30). This indicates that granulocyte 

numbers for wild type and mutant mice are similar throughout the 5 hr period during 

which PEC samples were taken. This experiment shows that GE is not essential for 

granulocyte migration in vivo across a matrix/membrane barrier.

Total WBC numbers % of granulocytes

Time (hr) wt mutant wt mutant

0 4.8xlO'±2.8xlO-' 2.6xl0"±8.1xl0- 0.5+0.2 0.4±0.13

1 3.6x10^+1.6x10" 7.1xl0"±2.7xl0" 11.0±5.5 19±20.1

2 6.8xl0"±9.0xl0" 8.4xl0"±1.5xl0" 9.8±2.7 16.0±14

5 I.0xl0 '±2.6xl0" I.lx l0 '± 1 .6xl0" 48.0±5.8 45.5±7.4

Table 5

Granulocyte composition of peritoneal exudate cells of wt and GE-deficient animals at 

different time points. Mean values for the total numbers of cells isolated and for the 

percentage of granulocytes in each sample group are shown.

3.3,3 S. aureus infection studies

The involvement of GE in host immune response against bacterial infection was 

investigated by studying bacterial clearance tissues of wild type and GE mutant mice. 

Animals were intravenously injected with a sublethal dose of 1x10  ̂ cells of a clinical 

isolate of S. aureus. Both wt and mutant animal groups survived this challenge. The 

animals were killed 1 hr, 6 hr, 1 d, 2 d, 5 d, 10 d, 22 d and 43 d post infection (p i.) 

and the spleen, kidney, liver and lungs of infected animals were collected. Following 

homogenisation of the tissue samples, serial dilutions of the tissues were plated on 

blood agar plates to determine numbers of bacterial colony forming units (cfu).
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Figure 30

Migration of granulocytes to the peritoneum of wild type and GE-deficient mice. GE- 

deficient mice of a mixed genetic background and c57B16 wild type mice were used in 

this experiment. O and #  represent results derived from wild type animals and 

mutant animals respectively.
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Figure 31 showed that throughout the experiment wild type and mutant mice 

had similar numbers of S. aureus bacteria accumulating in the liver and spleen. A 

gradual reduction in the number of bacteria was observed as the experiment 

progressed and by day ten the bacteria were largely cleared from the livers and spleens 

of wt and mutant mice

The bacterial clearance data for lung show a high degree of variability within 

each group. There is, however, a discernible pattern of reduction in the bacterial load 

at the later sampling points, particularly by day 10 p i. (figure 31).

In the kidney samples a completely different response was observed with the 

bacterial load steadily increasing to reach a maximum by day five p i. A slow reduction 

of bacterial numbers was noted after day five with a few wild type and mutant animals 

being able to completely clear the infection by day twenty-two.

Histological examination of kidney samples from wild type and mutant animals 

infected with S aureus indicated that by day five the animals had developed severe 

acute pyelonephritis in response to the infection and the large number of PMN present 

in the kidneys Massive chronic inflammatory infiltrate and extensive tissue destruction 

and fibrosis were apparent in the kidneys of GE-deficient and wild type mice which 

were indistinguishable (data not shown).

The GE mutant mice do not show any gross reduction in their ability to clear S. 

aureus from their tissues compared to wild type controls. This shows that mGE is not 

an essential element of the immune response against this pathogen but does not 

exclude the possibility- of a more important function in protection against other 

pathogens.

3,3.4 Neutrophil degranulation studies

The ability of neutrophils, isolated from wt and mutant animals, to release the 

contents of cytoplasmic granules into the extracellular space was investigated. This 

was used as an indication of the ability of neutrophils to degranulate properly i.e. to 

release the contents of the cytoplasmic granules into phagocytic vacuoles (Chanarin, 

1989). In this experiment Cytocalasin B was used to inhibit microfilament function, 

thus preventing phagocytosis. The neutrophils were then primed by incubation with 

EPS followed by stimulation with opsonised latex particles. Since under these 

circumstances the neutrophils cannot phagocytose, the granule contents are released
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Figure 31
Clearance of S. aureus bacteria from mouse tissues. The graphs show the number of S. 
aureus colony forming units (cfu) per gram of mouse tissue. Liver, spleen, lung and 

kidney tissues were tested. 129 SV wt and mutant mice were used. The scale on the y 

axis is logarithmic, h stands for hour and d stands for day. o indicate wt animal results 

and •  indicate mutant animal results.
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Figure 32

Standard curve for determining amounts of myeloperoxidase released by peritoneal 

exudate cells.
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Figure 33

Myeloperoxidase release by peritoneal exudate cells of wt and GE-deficient mice. The 

mean values and standard deviation of amount of myeloperoxidase released are shown. 

Unst sup and unst pell stand for unstimulated supernatant and pellet data. Latx sup and 

latx pell stand for latex-stimulated supernatant and pellet data respectively.
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onto the latex particles to which the cells are attached. The released granule contents 

and neutrophils are then separated and the granule components can be measured both 

in the cells (pellet fragment) and the released granule material (supernatant) 

Myeloperoxidase, found in the azurophil granules, was used as the marker of the 

granule components. Myeloperoxidase activity was measured spectrophotometrically 

by following guaiacol peroxidation in the presence of hydrogen peroxide (see section 

2 11.9 ‘Degranulation of neutrophil-enriched white blood cell populations’).

Using commercially available mouse myeloperoxidase a standard curve was 

drawn based on the initial (maximum) rates of guaiacol peroxidation reaction (figure 

32). This was used to estimate the amount of myeloperoxidase released by 

neutrophils. Figure 33 shows the amount of myeloperoxidase released by stimulated 

and unstimulated wild type and mutant PEC derived from animals of 129 SV 

background. FACS analysis of the PEC populations showed that 72% of the GE~ 

mutant and 76.1% of the wild type PEC were granulocytes. Both the supernatant 

(released granule component) and the pellet fragment (non-released granule 

component in the cells) are very similar for wt and mutant cells. In the supernatant 

fraction of the unstimulated wild type cells there is very little myeloperoxidase 

detected, about 8X10*  ̂units. Slightly more myeloperoxidase, 2.7X10'^ units, is seen in 

the equivalent mutant cell sample. Following latex stimulation the amount of 

myeloperoxidase released by the wild type cells rose to 6.9X10'^ units. The mutant 

sample also showed an increase to 7.9X10'^ units. The amount of non-released 

myeloperoxidase present in wild type cells was similar for the stimulated and 

unstimulated samples (0.0190 and 0.0189 units respectively ) a result closely matched 

by the mutant cells (0.0202 and 0.0199 myeloperoxidase units before and after 

stimulation respectively). This result indicates that presence of mGE is not a 

prerequisite for neutrophil degranulation.
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CHAPTER 4 

DISCUSSION

The aim of this project was primarily to generate a line of granulocyte dbstase 

(GE)-deficient mice by gene targeting and to analyse their resulting phenotype The 

results obtained indicate that GE is not necessary for normal mouse or neutrophil 

development. GE also appears not to be necessary for immune responses against S. 

aureus, a gram positive bacterium. We have not, as yet discovered any deficiencies in 

the neutrophil functions of these mice, possibly a consequence of the redundancy of 

individual serine proteases in granulocytes.

4.1 Generation and analysis of GE-deficient g-crg-trans2 enic mice

The mGE gene was cloned from a mouse embryonic stem cell library and used 

for the construction of a replacement targeting vector. The mutations for inactivating 

the GE gene included a 4 bp deletion in exon 2, prior to the active site catalytic triad 

amino acids (Mis'*', Asp**, and Ser̂ '̂*) and deletion of the start of translation site. 

Finally the ere recombinase and ned  genes were used to disrupt the GE gene by being 

inserted between the coding region and the promoter and enhancer elements of GE. 

This also brought the ere gene under the transcriptional control of these elements, ere, 

being a PI bacteriophage gene was also modified for better expression in mammalian 

systems by silently mutating possible méthylation sites that could prevent expression 

and by modifying some codons that are rarely used in mammalian systems for more 

common ones. An intron was also introduced at the 3' end of the gene to aid with 

expression since ere was an intronless gene. To enable the e-Cre (Cre recombinase 

protein enhanced for expression in mammalian cells) protein to carry out its function 

more effectively, a nuclear localisation signal was added to direct the mature protein 

to the cells’ nucleus where it will catalyse site-specific recombination events.

The targeting vector was transfected into E S cells and successfully targeted 

clones were obtained. Transient expression of the e-ere recombinase by an exogenous 

vector was used to remove the ned  gene which was present as a floxed gene. In this 

way possible interference by the ned^ control elements with e-cre expression was
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avoided Targeted E S. cell clones were tested by PCR, DNA sequencing and 

Southern blotting to ensure that the desired mutations had been introduced into the 

chromosomal DNA whilst unwanted mutations were avoided. The E S cell clones 

were introduced into blastocysts by microinjection and aggregation and chimeric mice 

capable of germ line transmission were generated. Homologous GE-mutant e-cre- 

tansgenic mice were subsequently produced from their progeny.

Homozygous GE-deficient animals were shown by Northern blot analysis to 

lack detectable GE mRNA in the bone marrow. Similarly Western blots showed 

absence of any detectable amounts of the GE polypeptide demonstrating that the GE- 

mutant mice indeed lacked functional GE.

The expression of e-Cre recombinase protein was investigated by looking at 

the presence o f Cre activity in vivo, e-cre transgenic mice were mated with mice 

containing a floxed DNA segment to generate animals heterozygous for both 

chromosomal mutations. PCR was used to test for the deletion of the floxed DNA 

sequence. e-Cre was found to be active with Cre activity prominent in neutrophil- 

enriched samples providing evidence supporting granulocyte specific expression of the 

e-cre gene driven by the GE transcriptional control elements.

The GE mutant mice generated were phenotypically normal, reproduced 

successfully and, under the conditions kept in the animal house, were healthy and not 

susceptible to environmental pathogens.

Given that GE is a protein produced so early in the developing granulocytes 

(Fouret et al., 1989) and the fact that PR-3 (a closely related serine protease also 

found in azurophil granules) has been implicated in the regulation of maturation of 

myeloid cells (Bories et al., 1989), the white blood cell composition of the peripheral 

blood, bone marrow and peritoneal exudate cells of the GE-deficient mice was 

analysed by flow cytometry. The total number of white blood cells was similar for wild 

type and mutant animals as was the percentage of granulocytes. Since GE-deficient 

mice do not show any abnormalities in granulocyte development, this demonstrates 

that GE is not necessary for granulocyte maturation.

Data by Zimmerman and Granger (1990), Owen et al. (1995a), Woodman et 

al (1993) and Cai and Wright (1996) indicated that GE may be involved in neutrophil 

migration across tissue matrix and membrane barriers. The GE mutant mice we
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generated permitted us to test this hypothesis in an in vivo model. The migration of 

granuloc\les into the peritoneum was followed at regular intervals for a period of 5 

hours after thioglycollate-induced peritonitis. White blood cells of wild type and 

mutant animals showed similar migratory responses. Comparable numbers of white 

blood cells collected to the peritoneal cavities of both sets of animals at each time 

point and similar proportions of these cells were granulocytes. Since GE-deficient 

mice did not exhibit a defect in granulocyte migration across the peritoneum we may 

conclude that GE does not have a major role in this aspect of granulocyte function.

GE has also been suggested to be involved both directly and indirectly in the 

immune responses of neutrophils (Lehrer and Ganz, 1990). The contribution o f GE in 

combating bacterial infections was assessed by studying the clearance of an S. anreus 

infection fi"om tissues of wild type and mutant mice. The mice were given an 

intravenous injection of 1X10  ̂cfu of S. aureus and tissue samples were collected and 

analysed over a period of 43 days post infection. During this time both wild type and 

mutant animals survived this pathological challenge. Both groups of animal were 

equally competent at clearing pathogens from the liver, spleen, lungs, and kidneys. 

This was tested by plating samples from these tissues and counting S. aureus cfu This 

experiment indicated that GE is not necessary for combating S. aureus infections. Also 

both wild type and mutant mice developed acute but not fatal pyelonephritis and 

histological samples obtained from these mice were indistinguishable. Lack o f GE is 

therefore unable to protect against kidney inflammatory damage indicating that the 

role of GE in renal inflammatory tissue destruction is not as extensive as hypothesised 

by Oda et al. (1997). Oda has shown that patients with tissue damage in crescenting 

glomerulonephritis have an abundance of aggregated neutrophils and extracellularly 

localised GE in renal tissues together with high urinary GE levels. Based on this it was 

suggested that GE plays a major role in the development of glomerular damage, a 

conclusion which may have been a hasty one since no data concerning the activation 

state of GE was provided.

Finally the involvement of GE in neutrophil degranulation was investigated by 

following the release of myeloperoxidase fi'om zymosan-induced cells. Peritoneal 

exudate cells derived from mutant mice were able to degranulate equally well to wild 

type peritoneal exudate cells. This indicates that intracellular granule migration and
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fusion are not defective in the mutant mice and that GE is not required for these 

functions.

Belaaouaj et al., (1998) have also produced a line of GE-deficient mice. Like 

ourselves Belaaouaj has produced mice which are phenotypically normal in the 

absence of an inflammatory stress. He, too, showed that granulocyte numbers were 

normal for mutant mice as was granulocyte migration during intraperitoneal bacterial 

infection. The respiratory burst in neutrophils from mutant animals was also 

unaffected. When challenged with an S. aureus infection mutant mice did not show 

any defects in their immune responses which supports our data. However when the 

mice were challenged with Klebsiella pneumoniae {K. pneumoniae) and E. coli (both 

gram negative bacteria), GE-deficient mice were shov^u to be more susceptible to 

these infectious agents compared to wt controls Since bacteria were recognised, 

bound and phagocytosed normally by mutant neutrophils increased susceptibility was 

attributed to inability of neutrophils to kill internalised bacteria. Incubation of purified 

hGE with each of the bacteria tested indicated direct microbicidal activity against K. 

pneumoniae and E. coli but not against S. aureus. Garcia et al. (1998) have shown 

that hGE is in fact the only one of the human granule proteins to be microbicidal on its 

own against another gram negative bacterium, Borrelia burgdorferi {B. burgdorferi), 

in an in vitro assay. Additionally weak intrinsic antimicrobial activity by GE has been 

demonstrated against a third gram negative bacterium Acinetobacter 199A (Thome et 

al., 1976). Taken together these data suggest involvement of GE in immune responses 

specifically against gram negative bacteria.

Analysis of the GE-deficient e-cr<?-transgenic mice was carried out by Dr 

Power and Dr Roes to determine the specificity of e-cre expression and level of 

deletion of floxed genes achievable in these mice. GE e-cre mutant mice were mated 

with strains of mice containing floxed alleles for a number of genes {B-gal, n ed  and 

csk). DNA from granulocytes, lymph nodes, spleen, Ifver, spleen and heart was tested 

for the level of deletion of the floxed genes using Southern blotting and densi tometric 

analysis. Granulocyte-specific expression was demonstrated with a 70% level of 

deletion of heterozygous floxed alleles (personal communication). Levels of deletion 

dropped to 40% in homozygous floxed alleles.
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csk encodes a tyrosine kinase which downregulates Src family tyrosine kinases 

by phosphorylating them and is important for survival since generation of csk knock

out animals resulted in embryonic lethality (Imamoto and Soriano, 1993). The 

granulocyte-specific csk knock-outs, however, were viable and this has enabled 

researchers to show a role for csk in these cells. These animals exhibited a ten-fold 

increase in tyrosine phosphorylation in granulocytes and some of the mutant mice 

developed pneumonia and have shown conjunctivitis combined with inflammation of 

the feet, ears and genitals (Power and Roes, personal communication). Therefore the 

GE e-cre mice have helped show that csk plays a role in granulocyte function which 

was not possible to do with complete csk knock-outs.

4.2 Future work

Immunological challenge

In this study the gram positive bacterium S. cnireus has been used to challenge 

the immunological response of the GE mutant mice. It is important therefore to test 

these animals using a variety of gram positive bacteria for example Listeria 

monocytogenes and Streptococcus pneumoniae (Dalrymple et a i, 1995) as it is still 

possible that lack of GE may result in increased susceptibility to other gram positive 

bacteria that have not been tested. Given the possible involvement of GE in gram 

negative bactericidal responses it will be very important to test the immune responses 

of our GE-deficient mice against K. pneumoniae, E. coli, B. burgdorferi and other 

gram negative bacteria in order to establish whether increased susceptibility is a 

widespread phenomenon against gram negative bacteria in general or is restricted to 

those few strains tested so far (Belaaouaj et al., 1998). It will also be interesting to 

look at the effect of the EPS chain length to pathogen susceptibility by including both 

rough and smooth strains of gram negative bacteria in the infection studies Fungal 

pathogens such as A. yhm  igatus and C albicans (Pollock et a l, 1995; Romani et a l, 

1996) should also be included in the list of organisms for challenging the GE-deficient 

mice. The route of infection used (intraperitoneal, intravenous or intranasal) may also 

affect the outcome of the infectious challenge (Hopken et a l, 1996), so it will be good
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to test a variety of infection routes. Specific strains of infectious organisms rather than 

clinical isolates should be used with known pathogenicit>' in wild type animals.

Phagocytosis and in vitro killing

If any of the microbes used are shown to have enhanced pathogenicity in GE- 

deficient mice then the cause of this should be investigated. Functions such as 

neutrophil phagocytosis and in vitro killing of phagocytosed microbes can be 

examined in an attempt to pinpoint the specific cause of increased susceptibility 

(Chanarin, 1989).

Digestion of phagocytosed bacteria

Although GE-deficient mice are able to clear infectious S. aureus equally well 

compared to wild type animals, perhaps the inactivation of a protease with such broad 

a substrate range might result in reduced rates of clearance of bacteria once they have 

been ingested and killed. It is possible to investigate in vitro bacterial digestion by 

monitoring the release of radioactively labelled bacterial breakdown products 

following neutrophil phagocytosis (Chanarin, 1989).

Induction of inflammatory diseases

GE is thought to be involved in a variety of inflammatory disorders. It will be 

interesting to investigate how much GE contributes to such diseases. A model of 

cigarette smoke-induced emphysema has already been studied in mice deficient in 

macrophage metalloelastase (Hautakami et a l, 1997). A similar set up can be used for 

GE-deficient mice too. Cigarette smoke is not the only agent to cause emphysema, a 

number of inflammatory mediators have also been shown to cause this disease in 

animal models (Snider, 1992). So the relevance of GE in the development of 

emphysema caused by different disease mediators can also be studied.

Wound healing studies

During wound repair tightly controlled proteolysis at the site of injury is an 

important component of the healing process (Royce and Steinmann^I993). In the aged 

defects in the wound healing process can result in chronic inflammation without
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healing. Studies by Herrich et al. (1997) indicate that high levels of GE (resulting from 

abnormalities in downregulation) may be involved in such pathological conditions We 

can use the GE mice to test this hypothesis and to examine the role of GE in wound 

healing in both young and aged animals by looking at rates of acute wound healing 

(Ashcroft et al., 1997) in mutant GE mice, pallid mice (Martorana et al., 1993) and wt 

control animals

Generation of a granulocvte serine protease-deficient mouse

Serine proteases in granulocytes (GE, PR-3, azurocidin, cathepsin G) are very 

closely related and probably evolved from a single ancestral gene. It is therefore highly 

likely that a degree of redundancy exists amongst these proteins. Perhaps the lack of a 

more severe phenotype in GE-deficient mice can be attributed to this reason. More 

long-term experiments perhaps should involve the generation of mouse knock-outs for 

several of these proteases. If as in the humans GE, PR-3 and azurocidin are found in a 

gene cluster it may be possible to inactivate ail three genes concomitantly perhaps by 

taking advantage of the Cvt-loxP system to delete the whole gene cluster. This may, in 

fact, be the only reasonable alternative if the genes are too close together to allow 

production of doubly (multiply) deficient mice by mating singly deficient animals.

Cathepsin G-deficient mice have already been generated and mating of these to 

the GE mutant animals has resulted in the production of the first double granulocyte 

serine protease knock-out line of mice. These animals appear phenotypically normal 

under standard animal husbandry conditions (Tkalchevic and Roes, personal 

communication). These mice now need to be tested for neutrophil abnormalities and 

deficiencies in their immune responses.

4.4 Concluding remarks

This thesis has described the generation and analysis of mice lacking detectable 

levels of GE mRNA or polypeptide and expressing a functional e-cre recombinase 

transgene. The contribution of this work in the field of science has been two-fold. 

Primarily it provides a tool for studying the role of GE in vivo. This knock-out animal 

model will enable us and other researchers to sieve through the highly speculative and 

hypothetical list of functions proposed for this protein. It will also allow us to establish

174



any involvement of GE, a protein which is probably more famous as an agent of 

disease than as a useful physiological molecule, in pathological conditions. 

Additionally these mice can be used for the generation of animals deficient in two or 

more serine proteases in an attempt to establish the role of this group of proteins in 

granulocyte function. A caihepsiu G/GE double knock-out has been bred so far. Such 

animals may eventually enable us to study the relation and importance of the oxidative 

and non-oxidative microbicidal systems in neutrophils.

Secondly this work is giving us the opportunity to generate granulocyte- 

specific knock-out lines of mice by making use of the CxdloxP system of conditional 

gene targeting. Already a csk granulocyte-specific knock-out has been produced, the 

complete knock-out of which has been lethal.

Our analysis has shown that GE-deficient mice are phenot\-pically normal in the 

absence of an immune challenge in the animal house. The granulocytes of these 

animals are normal in numbers, show no defects in degranulation or migration to the 

peritoneum and the GE deficiency does not make these mice more susceptible to S. 

aureus infections. However, in the light of data indicating a possible role for GE 

combating gram negative bacterial infections the immunological responses of the GE- 

deficient animals need to be studied more extensively. The lack of a more obvious 

phenotype might be partly attributed to redundancy due to the presence of a number 

of very similar serine proteases in neutrophils and is a tribute to the variety of very 

efficient microbicidal mechanisms exhibited by neutrophils, all designed to ensure the 

continued function of neutrophils even under suboptimal conditions.
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ATGGCCCTTGGCAGACTATCCAGCCGGACTCTGGCTGCCATGCTACTGGCATTGTTCCTG 60
I I I  1 1  N i l  I I I  1 1  U l l l l  I U l l l l  I N i l  I I 1 1  U l l l l  I U l l l l l  I M l  I I 1 1  U

ATGGCCCTTGGCAGACTATCCAGCCGGACTCTGGCTGCCATGCTACTGGCATTGTTCCTG 60

GGTG I GCCCAGCACTGGCCTCAGAGATTGTTGGTGGCCGGCCGGCCCGGCCCCATGCTTGG 1 2 0
I I I ! !  I l l l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

GGTG11 GCCCAGCACTGCCCTCAGAGATTGTTGGTGGCCGGCCGGCCCGGCCCCATGCTTGG 1 2 0

CCCTTCATGGCATCCCTGCAGAGGCGTGGAGGTCATTTCTGTGGTGCCACCCTCATTGCC 1 8 0
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

CCCTTCATGGCATCCCTGCAGAGGCGTGGAGGTCATTTCTGTGGTGCCACCCTCATTGCC 1 8 0

AGGAACTTCGTCATGTCAGCAGCCCACTGTGTGAACGGCCT |  AAATTTCCGGTCAGTGCAG 2 4 0
l l l l l l l l l l l l l l l l l l l l l l  I I I  l l l l l l l l l l l  I

AGGAACTTCGTCATGTCAGCAGTCCATTGTGTGAACGGTCT 11 AAATTTCCGGTCAGTGCAG 2 4 0

GTAGTGCTGGGAGCCCATGACCTGCGGCGACAGGAGCGCACTCGACAGACCTTCTCTGTG 3 0 0
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

GTAGTGCTGGGAGCCCATGACCTGCGGCGACAGGAGCGCACTCGACAGACCTTCTCTGTG 3 0 0

CAGCGGATCTTCGAGAATGGCTTTGACCCATCACAACTGCTGAACGACATTGTGATTATC 3 60
I I I  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

CAGGGGATCTTCGAGAATGGCTTTGACCCATCACAACTGCTGAACGACATTGTGATTATC 3 6 0

CAG I CTCAATGGCTCCGCTACCATTAACGCCAACGTGCAGGTGGCCCAGCTGCCTGCCCAG
II ! i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

CAGII CTCAATGGCTCCGCTACCATTAACGCCAACGTGCAGGTGGCCCAGCTGCCTGCCCAG

4 2 0

4 2 0

GGCCAGGGCGTGGGTGACAGAACTCCATGTCTGGCCATGGGCTGGGGCAGGTTGGGCACA 4 8 0
l l l l l l l l  l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

GGCCAGGGGGTGGGTGACAGAACTCCATGTCTGGCCATGGGCTGGGGCAGGTTGGGCACA 4 8 0

AACAGACCATCACCCAGTGTGCTACAAGAGCTCAATGTGACAGTGGTGACTAACATGTGC 5 4 0
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

AACAGACCATCACCCAGTGTGCTACAAGAGCTCAATGTGACAGTGGTGACTAACATGTGC 5 4 0

CGCCGTCGTGTGAACGTATGCACTCTGGTGCCACGTCGGCAGGCAGGCATCTGCTTC
I l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l

CCCCGTCGTGTGAACGTATGCACTCTGGTGCCACGTCGGCAGGCAGGCATCTGCTTC

GGG
I I I

GGG

6 0 0

6 0 0

GACTCTGGCGGACCCTTGGTCTGTAACAACCTTGTCCAAGGCATTGACTCCTTCATCCGA 6 6 0
M M M I M M M M M M M M M M M M M M M M M M M M M M M I M M M

GACTCTGGCGGACCCTTGGTCTGTAACAACCTTGTCCAAGGCATTGACTCCTTCATCCGA 6 6 0

GGAGGCTGTGGATCTGGATTGTACCCAGATGCCTTCGCCCCTGTGGCTGAGTTTGCAGAT 7 2 0
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  l l l l l l l l  n i l

GGAGGCTGTGGATCTGGATTGTACCCAGATGCCTTCGCCCCTGTGGGTGAGTTTGTAGAT 7 2 0

TGGATCAATTCCATTATCCGAAGCCATAATGACCACCTTCTTACCCATCCCAAAGACCGA
l l l l l l l l l l l I I

TGGATCAATTCCATTATCCGAAGGCATAATGACCACCTTCTTACCCATCCCAAAGACCGT

7 8 0

7 8 0

GAGGGCAGGACCAAC
I I  l l l l l l l l l

AGAGGGAGGACCAAC

7 9 5

7 9 5

Appendix 1
Comparison between coding region of the cDNA sequence for mGE provided by Dr Naruto (top lanes) and
the coding region of the mGE genomic DNA sequence published in the GenBank database (bottom lanes)
assembled from sequences U06076 and U04962. Sequence comparison was performed using the Gap
comparison program of the Genetics Computer Group (GCG) package with a Gap weight of 5.000 and a
length weight of 0.300. Stop codons are not shown for either sequence. The actual exon boundaries,
indicated by blank rectangles ( c = i ) and those assigned to the mGE sequence based on the human GE
exon boundaries, indicated by filled-in rectangles ( mmm ), are an exact match.
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