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In the midst of the word he was tying to say,
In the midst of his laughter and glee,

He had softly and suddenly vanished away-
For the Snark was a Boojum, you see.

From “The Hunting of the Snark” by Lewis Carroll



ABSTRACT

One of the crucial stages in bacterial killing by neutrophil phagocytes is the generation of
superoxide (O,) by the enzyme complex known as the NADPH oxidase. The
phosphorylation of one of the cytosolic components, p47°***, is viewed as a crucial step in
oxidase activation but, to date, the exact nature of the kinase(s) responsible remains to be
elucidated. Studies have shown that activation of neutrophils by formyl-peptides (fMLP)
and phorbol esters (PMA) leads to the activation of the extracellular regulated /mitogen
activated protein kinase (ERK /MAPK) system. More recently the related p38 MAP kinase
pathway has been shown to be activated by both these substances in other cell systems.
The role of these pathways in the activation of the NADPH oxidase of human neutrophils,
however, has not been elucidated.

In this study, a functional p38 MAPK pathway was identified in human neutrophils and its
rapid and potent activation upon stimulation of the neutrophil NADPH oxidase by either
fMLP or PMA demonstrated. Treatment with SB 203580 (a specific inhibitor of the p38
MAPK pathway) produced complete inhibition of this activation and a partial suppression
of the production of O,. The concentration of SB 203580 that suppressed both activation
and O, production was similar to that which inhibited p38 MAPK in vitro. The effect on
O, production was not due to an inhibition of neutrophil priming, phosphorylation of
p477**, or the translocation of the oxidase components p47°**%, p677*** or p2lrac to the
plasma membrane. Inhibition of the ERK pathway (with the inhibitor PD 098059) did not
influence the production of superoxide.

Since neither p38 MAPKnor ERK were responsible for the phosphorylation of p477*%*,
recombinant p477"* was used as substrate to detect other potential p47°*** kinases. Activity
was detected on the membranes of neutrophils activated by either PMA or fMLP with a
time course similar to O,” production. The responsible kinase was not intrinsic to the
neutrophil membrane and could be eluted with 0.5 M NaCl. The activity was partially
purified and was found to be distinct from previously suggested kinases, including PKC
isotypes, MAPK and PKB. Gel filtration, renaturation in substrate gels and labelling with
FSBA suggested a molecular weight of between 45 and 55 kDa. The kinase activity was
independent of calcium and lipids but potently inhibited by staurosporine. Treatment with
protein phosphatase 2Ac suggested that the kinase was activated by serine /threonine
phosphorylation. Finally, phospho-amino acid analysis and phospho-peptide mapping
indicated that the kinase phosphorylated p477*>* on similar residues and sites to those
found in vivo.

These data indicate that although neutrophils possess a functional p38 MAPK pathway it is
not directly involved in the phosphorylation of p47°***. It may modulate the NADPH
oxidase indirectly, perhaps via effects on the cytoskeleton. It has been shown that
activation of neutrophils by PMA results in the activation of a novel membrane associated
kinase that is likely to play a direct role in the regulation of the neutrophil NADPH oxidase
through its ability to phosphorylate p477*°* on biologically relevant sites.
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1.0: Neutrophil polymorphonuclear leukocytes

The white cells of the blood (leukocytes) are the effector cells of the immune system,

providing defence against invading pathogens by means of both specific and non-specific

mechanisms.

1.0.1: Leukocyte classification

Leukocytes are divided broadly into two classes:

Lymphocytes: Concerned with antigen specific cellular (T-cells) and humoral (B-cells)
immunity. T-cells act as the co-ordinators of the immune response, producing various
chemokines (for example, the interleukins) responsible for the stimulation of other
immune cells, whilst B-cells produce specific immunoglobulins directed against the

individual antigenic epitopes of invading pathogens.

Phagocytes: The process of ingestion and degradation of foreign material is termed
phagocytosis. Lymphocytes are poorly able to perform this vital function which is

instead accomplished by the specialised class of leukocytes known as phagocytes.

Phagocytes are further divided into two categories initially based upon light microscopy

appearances but later found to reflect different functional roles.

Monocyte-macrophages: In addition to the phagocytosis of foreign material, these cells
are capable of processing ingested antigens and expressing them on their cell surface in
conjunction with class I HILA antigens (Harding and Unanue, 1990; Sprent and
Schaefer, 1990). After the appropriate exchange of intercellular messengers
(interleukins) this process, of antigen presentation, allows T-helper cells to recognise
and react to foreign antigens. Macrophages are also important in the immunity to
certain intracellular pathogens, such as Mycobacteria, and are the predominant cell type

in the granulomata characteristic of such chronic infections.
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Granulocytes: So called because of their granular cytoplasm, and also known as
polymorphonuclear leukocytes because of their nuclear morphology, these are
specialised cells with highly developed mechanisms for the killing and digestion of
phagocytosed pathogens. They are also concerned with the production of inflammatory

chemicals for the attraction and stimulation of other immune cells.

Neutrophils, possessing cytoplasmic granules that stain with both acidic and basic
dyes, form the predominant peripheral blood cell type within the granulocyte class and
represent the primary cell in the response to most bacterial pathogens. Two other cell
types exist within this group, Eosinophils (acidic staining granules) and Basophils
(basic staining granules) but are present in peripheral blood in much lower numbers.
The importance of neutrophils in the fight against disease is well illustrated by the life-
threatening infections suffered by patients with low neutrophil counts (Howard,

Strauss et al., 1977).

1.0.2: Neutrophil Formation

Neutrophils are formed in the bone marrow from stem cells capable of self-renewal and

able to differentiate into all forms of mature blood cells. These pleuripotential cells

(originally identified in mice and later termed CFU-GEMM, Suda, Suda et al., 1983)

initially lose the ability for self-renewal before progressive differentiation into increasingly

committed progenitor cells until the stage of myeloblast is reached. The myeloblast is the

first of the committed myelopoietic cells from which mature neutrophil formation occurs

(figure 1.0). Once formed, the mature neutrophil is either held in storage within the bone

marrow, or released to circulate in peripheral blood in large numbers (approximately 5 x

10° cells /).
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1.0.3: Neutrophil migration

In order to reach the sites of invading pathogens, neutrophils must first leave the

circulation and migrate through the interstitium. This process has a number of distinct

stages:

Adhesion to capillary blood vessel wall.

A three stage process (Butcher, 1991) which allows the cell to first marginate (adhere
loosely to the endothelium) and sample the chemical milieu prior to a more specific and
stronger interaction. In the healthy human, marginated neutrophils represent a distinct
pool of cells approximately equal in size to that of the circulating pool (Dancey,

Deubelbeiss et al., 1976):

1. Loose adhesion mediated via cell surface selectin molecules.

Selectins are a group of cell surface carbohydrate receptor molecules (Bevilacqua and
Nelson, 1993) and selectin mediated binding occurs within minutes of tissue injury
and is characterised by neutrophils “rolling” along the endothelial surface (Lawrence
and Springer, 1991). Studies using antisera to L-selectins (expressed on neutrophils;
von Andrian, Chambers et al., 1991) and knockout mice for E- and P-selectin
(expressed on endothelial cells; Bullard, Kunkel et al., 1996; Fernette, Mayadas et al.,
1996) suggest all three classes are involved and a degree of functional redundancy

exists within the system.

2. Induction of specific cell surface molecules

The initial adhesion via selectins is swift but transient as neutrophil L-selectin is rapidly
cleaved (Walcheck, Kahn et al., 1996). It serves to delay the neutrophil’s transit and
allow it to be activated by appropriate chemokines (such as TNF-a, interleukins,
complement components and bacterial derived peptides) if present. This activation
leads to a rapid increase in the adhesiveness of the neutrophil through both increased

cell surface adhesion molecule expression, via translocation from intracellular stores
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(Lawrence and Springer, 1991; Tosi and Zakem, 1992), and increased avidity of the

expressed molecules (Vedder and Harlan, 1988).

3. Tight integrin mediated endothelial cell-neutrophil adhesion

Integrins consist of a heterodimer of o and B subchains with ligand binding occurring
at a site involving interaction between both subunits (Hynes, 1987). Neutrophils
express the B,-integrins (Mac-1, LFA-1 and gp150,95) which share a common §, chain
but differ in the nature of the a chain (o, o, and a, respectively). Mac-1 is also
capable of binding the hydrolysed complement component iC3b and hence is in
addition known as complement receptor-3, CR3. After activation, binding via
neutrophil f,-integrins (of which Mac-1 is probably the most important) leads to a tight
adherence to the intercellular adhesion molecule, ICAM-1, expressed on activated
endothelial cells (Diamond, 1991; Lawrence and Springer, 1991) halting the neutrophil
at the site of inflammation and allowing it to spread over the endothelium and to
migrate into the interstitium (diapedesis). Defects in this interaction caused by
deficiencies in the expression of B,-integrins result in a condition known as ‘Leukocyte
adhesion molecule deficiency.” Sufferers have raised numbers of circulating
leukocytes, but suffer frequent infections and are unable to form pus. Neutrophils
from these patients are incapable of adhering to the endothelium and passing to sites of

infection (Springer, Thompson et al., 1984; Anderson, Schmalsteig et al., 1985).

Chemotaxis

Chemotaxis is the process by which neutrophils move down a gradient of chemical
signal (chemotactant) towards the site of inflammation (Haston and Wilkinson, 1987).
Cell surface receptors for chemotactants such as fMLP or the complement component,
C5a trigger cytoskeletal changes leading to cell polarisation by the formation of
lamellapodia at the leading edge and a retractile uropod posteriorly. Reversible
adherence to the substrate and cyclical condensation of globular G-actin into actin
filaments (F-actin) lead to these shape changes and movement towards the source of

the signal molecule (Howard-and Oresajo, 1985). The regulation of this process is
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uncertain, but its abolition by protein kinase inhibitors (such as erbstatin and H-7) and
phosphatase inhibition suggests that serine /threonine and /or tyrosine phosphorylation
is involved (Gaudry, Perianin et al., 1988; Gaudry, Caon et al., 1991; Harvath, Balke
etal., 1991). Several intracellular second messengers have also been implicated, most

notably the phosphoinositides PIP, and PIP, (Janmey and Stossel, 1989).

1.0.4: Phagocytosis

The engulfment of pathogens by leukocytes is termed phagocytosis and is dependent on

several factors:

1. Opsonisation of invading microbes

Immunoglobulins and substances such as the complement component C3b coat the
pathogen and enable it to bind to the leukocyte via an interaction with specific receptors
on the neutrophil cell surface. Receptors for complement, CR1 (binding C3b) and CR3
(binding iC3b) enable tight adherence, whilst receptors for the Fc component of
immunoglobulins (FCRII and FCRIII) promote internalisation (Rosales and Brown,
1991).

2. Direct binding to bacterial cell walls

Some bacterial cell wall components are capable of interacting with neutrophil surface
receptors without the need for opsonins. Receptors on the neutrophil cell surface
interact directly with carbohydrate residues in the bacterial cell wall and promote both

attachment and phagocytosis (Rodriguez-Ortega, Ofek et al., 1987).

3. Internalisation

The interaction of the neutrophil receptors with the opsonin /bacterial ligand triggers the
activation of the phagocytic process. Polymerisation of actin in the region of contact
induces the extension of pseudopodia around the microbe leading, ultimately, to its

complete enclosure within a specialised phagosome. Fusion of granules with the
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phagosome heralds the formation of the specialised structure termed the phagolysosome

within which bacterial killing and digestion occur.
1: Neut i bacteri

Once the bacterium is contained within the phagolysosome, the process of bacterial killing
can take place. There are two types of bactericidal mechanism, oxidative and non-oxidative

killing.
1.1.1: Non-oxidative mechanisms of bacterial killing

The cytoplasmic granules of neutrophils contain a number of chemical substances capable
of destroying the ingested bacteria. These are released into the phagolysosome by fusion
of its membrane with that of the granule. There are at least three types of granules with

distinct contents :
1. Primary granules

These are the first granules to appear during neutrophil maturation and contain large
quantities of myeloperoxidase (see §1.1.2 and figure 1.0) and a large number of
antibacterial substances (see Table 1.1). They are not formed in the later stages of
maturation and hence their numbers decline as the myelocyte divides and distributes

granules amongst its daughter cells.
2. Secondary or specific granules

Secondary granules appear later during neutrophil maturation and stain only with
specific dyes. They are smaller and less dense than primary granules and contain most
of the lysozyme, lactoferrin, Vitamin B,, binding protein and, within the membrane,

flavocytochrome b .
3. Tertiary granules

Tertiary granules have been visualised using electron microscopy and closely resemble

specific granules. They are rich in gelatinase and appear during the myelocyte stage.
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4, Secretory vesicles

Secretory vesicles contain albumin, but more importantly are a source of pre-formed
membrane bound receptors (CR3, gp150,95 and flavocytochrome) allowing their rapid
upregulation via fusion of their membranes with that of the neutrophil plasma

membrane or phagolysosome.
1.1.2: Oxidative mechanisms of bacterial killing

The production by the neutrophil of toxic oxygen free radicals is of prime importance in

bacterial killing. Two mechanisms are involved.

1. The respiratory burst enzyme.

One of the crucial stages in bacterial killing is the so called “respiratory burst,” in
which phagocytes markedly increase their oxygen uptake (Sbarra and Karnovsky,
1959), using it to generate the molecular oxygen ion, superoxide (O2- ; Babior,

Kipnes et al., 1973):

NADPH + 20, — NADP* + 20, + H*

Superoxide exerts its toxic effects by several different mechanisms.

* First, by direct peroxidation of bacterial cell wall lipids

* Second, by acting as a precursor for other toxic substances (Root and Metcalf,
1978; Rosen and Klebanoff, 1979) such as the hydroxyl ion, hydrogen peroxide

and the hypohalous acids produced by the action of myeloperoxidase.

40, + 4H' — 2H,0, + 20, — 40H + 20, —> 2H,0 + 30,

* Third by raising the pH of the phagolysosome to a level closer to the ideal

functional pH of the contents of the granules (Segal, Geisow et al., 1981).

20



This process is vital for the efficient killing and digestion of phagocytosed organisms.
Patients with the various forms of the group of inherited conditions Chronic
Granulomatous Disease (CGD), who lack a functional oxidase, suffer frequent
infections and show defective killing of certain strains of bacteria (Holmes, Quie et al.,

1966; Holmes, Page et al., 1967).
. Myeloperoxidase

This 150 kDa glycosylated cationic protein comprises of a heavy, 59 kDa, a-subunit
and lighter, 13.5 kDa, B-subunit (Fenna, 1987). It represents one of the major
neutrophil proteins (2-5% of total protein content) and its green colour is responsible
for the characteristic hue of purified neutrophils and pus. Although the «,f,
heterodimer possesses enzymatic activity (Andrews and Krinsky, 1981), the enzyme
in fact exists as an a,, tetramer with each dimer linked by a disulphide bond between
heavy units (Nauseef and Malech, 1986). The enzyme is produced during the
promyelocytic stage of neutrophil development and is bound in azurophillic granules.
Haeme is bound to the heavy subunit (Jacquet, Deleersnyder et al., 1992; Jacquet,
Garcia-Quintana et al., 1994) and catalyses the reaction of hydrogen peroxide in the

presence of halide ions to form the highly toxic hypohalous acids:

H,0, + X"+ H" — H,0 + HOX <> H" + OX"; where X = any halide ion

In neutrophils, the chloride ion is probably the most plentiful and is therefore the prime
halide ion involved in this reaction although bromide and iodide can also be utilised
(Weiss, Lampert et al., 1983). Deficiency of myeloperoxidase is, surprisingly, one of
the commonest neutrophil abnormalities with an incidence for partial deficiencey of
approximately 1 in 2000 and for complete deficiency of 1 in 10,000 (Nauseef, 1990).
The condition does not, however, seem to be linked with an increased susceptibility to
infection, although neutrophils lacking myeloperoxidase appear to kill bacteria more

slowly in vitro.
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Component

Primary granule

Secondary granule

Antimicrobial

Myeloperoxidase +

Defensins +

Bacterial Permeability +

Inducing factor

Cathepsin G +

Elastase +

Proteinase +

Azurocidin +

Lysozyme + +
Hydrolases

p-glucoronidase +

Phospholipase A, +

Phospholipase C +

Phospholipase D +

Receptors

fMLP +
CR3 (complement) +
CR1 +
CD45 +
Others

Flavocytochrome b +
Collagenase +
Vitamin B,, binding protein +
DAG lipase +
Alkaline phosphatase + +

Table 1. 1: Major componeﬁts of neutrophil granules (After Edwards, 1994)
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1.2: The molecular basis of the NADPH Oxidase

The NADPH oxidase is the name given to the enzyme complex responsible for the
generation of superoxide in stimulated neutrophils. Early cell fractionation experiments
demonstrated that oxidase activity could be induced in broken cells by the administration of
amphiphiles such as arachidonic acid or detergents (Bromberg and Pick, 1984; Bromberg
and Pick, 1985; Curnutte, 1985) and indicated that both membrane and cytosol associated
factors were required (Curnutte, Kuver et al., 1987; Babior, Kuver et al., 1988).
Subsequent studies using this cell free sytem have succeeded in identifying these factors
and cloning the genes responsible. At the molecular level, the oxidase is now known to
consist of a membrane bound flavocytochrome b ., (a 1:1 hetero dimer, Wallach and
Segal, 1996) consisting of a large, heavily glycosylated a-subunit, gp917***, and a smaller
B-subunit p22"’"’" (Segal and Jones, 1978; Parkos, Allen et al., 1987; Segal, 1987; Segal,
West et al., 1992) and several cytosolic component proteins; p47°*** (Segal, Heyworth et
al., 1985; Heyworth and Segal, 1986; Cumnutte, Berkow et al., 1988; Bolsher, van
Zwieten et al., 1989; Volpp, Nauseef et al., 1989; Rodaway, Teahan et al., 1990; Teahan,
Totty et al., 1990), p67”"‘”‘ (Curnutte, Berkow et al., 1988; Volpp, Nauseef et al., 1988;
Leto, Lomax et al., 1990) and p40"'“’" (Wientjes, Hsuan et al., 1993). In addition, a small
GTP binding protein p21lrac (p21rac2 in humans; Abo and Pick, 1991; Abo, Pick et al.,
1991; Bokoch, 1994; El Benna, Ruedi et al., 1994; Kreck, Uhlinger et al., 1994) has been
shown to be essential in a cell free model and is required to be in the GTP bound form

(Abo, Boyhan et al., 1992; Fuchs, Dagher et al., 1994; Kreck, Uhlinger et al., 1994).
tivatio the neutrophi idas
1.3.1: Assembly of the neutrophil NADPH oxidase

In the resting state, the NADPH oxidase exists in an inactive form. The flavocytochrome is
contained within the membranes of specific and secretory granules whilst the p477**,
p677*°*, p40P"** and p21rac remain in the cytosol. Activation of the oxidase requires a final
common sequence of events, which leads to the assembly of a fully functional oxidase

from these separate components (see figure 1.1, §1.3.2 and reviewed in; Nauseef, 1993;

Segal and Abo, 1993; Channock, El Benna et al., 1994).
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1.3.2: Translocation of -phox proteins & assembly of a functional oxidase

Upon neutrophil activation, the cytosolic components p47°*** and p677*** associate and
translocate to the membrane where they dock with the flavocytochrome (Heyworth,
Curnutte et al., 1991; Nauseef, Volpp et al., 1991; Wientjes, Hsuan et al., 1993;
Sumimoto, Kage et al., 1994). This process does not occur in cells from patients with
autosomal recessively inherited CGD which lack the p477*** component (Lomax, Leto et
al., 1989) suggesting the p677*** is incapable of translocating to the membrane on its own.
The p47°** may thus either carry the p67”*** to the membrane or facilitate its binding to the
flavocytochrome in some way. Support for an adaptor protein role for the p47°** is
provided by the observation that high concentrations of p67°*°* and p21rac are capable of

hox

supporting oxidase activity in a cell free system in the absence of p477"”* (Freeman and
Lambeth, 1996). The exact role of the cytosolic components in activating the oxidase is
uncertain but the flavocytochrome b, shows strong homology to the plant
flavocytochrome FNR but with the presence of a a short, 20 amino acid, segment
predicted to overly the nucleotide binding site (Taylor, Jones et al., 1993). It is possible

that the cytosolic factors function by displacing this segment and thus allowing the

nucleotides to bind.
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1.3.3: Phox protein interactions

As represented in figure 1.2, both p477*** and p67”*** contain the important functional
domains termed SH3 (Src Homology domains, because of their homology to domains
originally identified in the Src kinase, Feller, Ren et al., 1994) which bind to proline rich
segments either within the same protein or on others. Early studies showed the p477*** and
p677*** to exist in association with one another in resting neutrophil cytosol (Park, Benna
et al., 1994) and subsequent studies in vitro have indicated a number of interactions

between these and the other components of the NADPH oxidase (see figure 1.2):

* The first, N-terminal SH3 domain of p47°*** can bind to proline rich regions on the
p22°*** (Sumimoto, Hata et al., 1996; de Mendez, Homayounpour et al., 1997) and
possibly the larger flavocytochrome component, gp917*** (Leto, Adams et al., 1994;

Sumimoto, Kage et al., 1994).

* The second SH3 domain of p47”*°* can bind to the proline rich region within its own
C-terminus (de Mendez, Garrett et al., 1994; Sumimoto, Kage et al., 1994) and the

p677*** (de Mendez, Homayounpour et al., 1997).

* A novel region within the C-terminus of the p47”"** (residues 319-332) has been
shown by several groups to interact with both p677*** and p227*** (Nauseef,

McCormick et al., 1993; Deleo, Nauseef et al., 1995; De Leo, Ulman et al., 1996).

e The SH3 domains of p67°*** can bind to the proline rich domain of the p477*>* C-
terminus (Finan, Shimizu et al., 1994; Leusen, Fluiter et al., 1995; Fuchs, Dagher et

al., 1996) and possibly also to its own proline rich domain.

* p67°"°* can bind to p2lrac, although this does not appear to involve either of the
p677*** SH3 domains (Diekmann, Abo et al., 1994) (Freeman, Kreck et al., 1994;
Kreck, Freeman et al., 1996).

More recently a third SH3 containing cytosolic component, p40”*”*, has been identified

showing a striking 67% homology to the N-terminus of the p477*** when conservative
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1.3.4: The role of rac

p21rac is a member of the ras related small GTP binding proteins, and exists in either an
inactive, GDP bound, or active, GTP bound, form. Transformation from one form to the
other is dependent on the balance between the influence of GTPase Activating Factors
(GAPs) promoting hydrolysis of GTP to GDP and GDP Dissociation Inhibitors (GDIs) on
the one hand, and G-protein Exchange Factors (GEFs) encouraging the exchange of GDP
for GTP on the other (Boguski and McCormick, 1993).

In human neutrophils the predominant isotype is p2lrac2 (Heyworth, Bohl et al., 1994)
and it is found mainly in association with Rho-GDI, an interaction which requires the post-
translational isoprenylation of its C-terminus (Chuang, Bohl et al., 1993; Bokoch, 1994).
This complex stabilises rac in the inactive GDP bound form and, therefore, regulates
activity. Dissociation of Rho-GDI can be brought about by arachidonic acid and
phosphatidic acid (Chuang, Bohl et al., 1993; Bokoch, 1994; Parker, 1995) which have
been used to activate the cell free system and are also produced in activated neutrophils by
the action of Phospholipase A, and Phospholipase D respectively (Agwu, McCall et al.,
1991; Agwu, McPhail et al., 1991; Gelas, Von Tscharner et al., 1992; Perry, Hand et al.,
1992; Thelen, Dewald et al., 1993; Edwards, 1994; Houle and Bourgoin, 1996). Many
studies have confirmed the absolute requirement for GTP bound p2lrac in the cell free
model of the NADPH oxidase system (Abo, Boyhan et al., 1992; Kreck, Uhlinger et al.,
1994), but evidence for an in vivo role comes from the inhibitory affects of the over-
expression of dominant negative forms in transformed HL-60 cells (Gabig, Crean et al.,

1995).

1.3.4.1: Translocation of p21rac

Translocation of p2lrac also appears necessary for in vitro activation of the NADPH
oxidase. GTP bound rac translocates to the membrane in the cell free system (Sawai,
Asada et al., 1993; Heyworth, Bohl et al., 1994), but this process is separable from the
translocation of other phox protein components and is insufficient to cause activation of the

NADPH oxidase per se (Sawai, Asada et al., 1993; Heyworth, Bohl et al., 1994;
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Dorseuil, Quinn et al., 1995; Phillips, Feoktistov et al., 1995). It probably interacts with
the flavocytochrome via an amino-terminal site distinct from that of the GTP binding site,
within a region homologous to the effector domain of the closely related ras (Freeman,
Kreck et al., 1994; Kwong, Adams et al., 1995) since mutations within this region reduce
both translocation and activation of the NADPH oxidase in vitro. A second potential site of
interaction lies within the C-terminal region, and may be specific to phox protein
interaction since mutations within this site abolished the ability of the rac protein to support
oxidase activity but not its ability to interact with another target, p65™* (Joseph and Pick,
1995; Freeman, Abo et al., 1996; Kreck, Freeman et al., 1996). The exact role of this
putative domain is not yet known. Hence it would appear that activation of rac almost
certainly requires a separate and distinct signal to that inducing the translocation of the

other phox proteins.

The function of rac in the NADPH oxidase remains uncertain. It may regulate the
association of the other phox components with the membrane as inhibitory peptides based
on it reduce (although do not abolish) translocation of p477*** /p677*°* (Kreck, Uhlinger et
al., 1994; Gabig, Crean et al., 1995) and p67""‘”‘ has been shown to bind rac-GTP
(although with a relatively low affinity, Diekmann, Abo et al., 1994; Prigmore, Ahmed et
al., 1995; Dorseuil, Reibel et al., 1996). It may function in the regulation of protein
kinases since the neutrophil homologue of p65™¥ is activated by binding of rac-GTP
(Martin, Bollag et al., 1995; Prigmore, Ahmed et al., 1995 and see §1.9), but this does
not explain the requirement of rac irn vitro since kinase activity is not present. Finally, rac
may provide a link between activation of the NADPH oxidase and the extensive
cytoskeletal re-organisations that take place simultaneously (Grogan, Reeves et al., 1997)
since, in other cell systems, rac is intimately involved in the co-ordination of membrane

ruffling (Ridley, Paterson et al., 1992).
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1.4: Protein phosphorylation and protein kinases

1.4.1: Signalling through protein phosphorylation

In order for all cells to function there exists the need to react to changes in the extra-cellular
environment by modifying aspects of cellular function, for example by changing cell shape
/movement or altering the range of genes transcribed. This process is achieved by way of
specific receptors (either intracellular or on the cell surface) binding to complementary
ligands and directly or indirectly (via so called ‘second messenger’ substances) triggering
a series of intracellular switches. One of the commonest form for this molecular switch to
take is the (reversible) covalent modification of a protein by the addition of a y-phosphate
group from the ubiquitous donor ATP (or less commonly, GTP) to either a serine,
threonine or tyrosine residue. This process is catalysed by a class of enzyme known as
‘protein kinases’ (see Woodgett, 1994). Addition of the phosphate group leads to an
alteration of intra- or inter- molecular interactions and leads to the exposure of previously

hidden sites or dissociation of subunits. This may have one or more effects:

* Provide a binding site for other molecules (for example, binding of SH2 or PTB
domains to phosphorylated tyrosine residues; Buday and Downward, 1993; Buday,
Egan et al., 1994; Feller, Ren et al., 1994; Kavanaugh and Williams, 1994; Lemmon
and Schlessinger, 1994).

* Change the localisation of a molecule (Inagaki, Ito et al., 1994).

* Alter the activation state of the molecule. For example the activity of ERK is increased
by phosphorylation by MEK (Howe, Leevers et al., 1992; Kyriakis, Force et al.,
1993) whereas the phosphorylation of raf by PKA fixes it in the inactive state (Marx,
1993).

In most cells the arrangement of protein kinases and protein phosphorylation is in the form
of cascades, where phosphorylation and activation of one kinase leads to phosphorylation

and activation of a ‘down-stream’ kinase and so forth. This has several implications:

30



1. It serves to amplify the initial signal, such that minimal receptor occupancy can lead to

a powerful down-stream signal.

2. It provides the ability to broaden the response, with occupancy of a single receptor

type leading to a multitude of down-stream effects.

3. It allows integration of responses with several different upstream signals leading to
activation of a set pattern of down-stream responses or the outcome of one signal

being modulated by the activation of other pathways.

In most cases the activation of protein kinases is limited by either a process of negative
feedback, in which the kinase has an inhibitory effect on an upstream component of its
own signalling pathway, or by the activity of another group of enzymes, protein
phosphatases, which directly antagonise the action of kinases by de-phosphorylating the

target proteins or the kinase itself.
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1.5: Protein Kinases

Protein kinases, the class of enzyme responsible for catalysing the phosphorylation of
other molecules, play a vital role in the function and differentiation of cells. They are found
throughout the evolutionary chain and indicative of the essential functions they perform,
many features of their structure remain highly conserved. Around 2% of the mammalian
genome is thought to code for protein kinases (approximately 4000 in total, Hunter and
Plowman, 1997). They have been broadly divided into 3 groups, Serine /Threonine,
Tyrosine and dual specificity on the basis of the amino acid residue to which the y-

phosphate is transferred.

6: The Protei inase a

The first member of this large family of protein kinases to be identified was, in fact, the
proteolytically derived catalytic fragment, termed PKM (Inoue, Kishimoto et al., 1977;
Takai, Kishimoto et al., 1977). Subsequent screening of genetic libraries identified the
complete protein and since that time further structurally related mammalian proteins have
been identified. Currently 10 different isotypes have been described (for reviews see

Parker, 1994; Jaken, 1996).

1.6.1: Basic structure

The basic structure of most of the PKC isotypes has now been delineated. As shown in
figure 1.3, the protein contains a number of distinct domains each with specific functions,

Viz.:

1. The pseudo-substrate domain: The amino terminal region of all protein kinase C
isotypes contains a region of amino acids that closely resemble the target protein but
with one important exception - the position of the serine residue that is normally
phosphorylated is replaced by a non-phosphorylatable alanine. This region is
presumed to fulfil an auto-inhibitory function by occupying the catalytic site while the
protein is in the inactive form, but being shifted away upon activation (House and

Kemp, 1987).
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2.

4.

5.

The lipid binding (C1) domain: This lies immediately adjacent to the pseudosubstrate
region and contains a number of cysteine residues in a ‘zinc finger’ motif in a tandem
repeat. It is responsible for the binding of diacylglycerol (DAG) and the same or a
closely apposed region is probably also involved in the binding of the phorbol esters

used to activate PKC attificially e.g. PMA (Newton, 1995)

The calcium binding (C2) domain: The domain was originally defined in PKC and has
since been found in many calcium binding proteins. Its crystal structure was solved for
the domain found in synaptotagmin (Shao, Davletov et al., 1996) and an autonomous
calcium binding motif consisting of 5 aspartate residues capable of binding two Ca **
ions identified. The second Ca®* is bound more loosely, perhaps to allow interactions
with other molecules. The same authors confirmed similar properties for the C2
domain of PKC-f. This region is also responsible for the binding of the acidic
phospholipid, phosphatidylserine.

The hinge region: Allowing the protein to fold over so that the catalytic site is brought
into proximity to the pseudosubstrate domain. This region is sensitive to proteolysis

and is cleaved to produce the catalytic fragment termed PKM

The catalytic region: An ATP (C3) and substrate binding (C4) domain which orientates

the molecules to allow the transfer of the y-phosphate group from the former to the

latter.

These so-called “constant” regions are separated by “variable” regions which differ

between isotypes. Furthermore not all the constant regions are present in each isotype and

this is thought to result in their differing activation characteristics (see below).
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to make them incapable of binding diacylglycerol. They are, therefore, independent of
both these cofactors. In addition, both the aPKC and nPKC isotypes contain an
extended amino-terminal region with, as yet, unknown functions.

1.6.3: Activation

Activation of cPKCs is dependent upon the presence of the 2 cofactors, calcium and DAG.
Both of these could be provided by the action of the enzyme Phospholipase C (PLC)
acting upon membrane phosphatidylinositol 4,5-bisphosphate, to form DAG and 1,4,5
inositol trisphosphate (reviewed in; Nakamura and Nishizuka, 1994; Lee and Rhee, 1995;
Spiegel, Foster et al., 1996). The 1,4,5 inositol trisphosphate has been shown to cause the
release of calcium from intracellular stores in the endoplasmic reticulum (Berridge, 1993).
There is evidence that DAG may also be derived from another membrane lipid,
phosphatidylcholine, by the action of Phospholipase D (PLD). This initially produces
phosphatidic acid, which may then be rapidly converted to DAG by the removal of a
phosphate by the enzyme phosphatidic acid phosphohydrolase. In neutrophils, there
appears to be two phases of DAG production. The initial rapid and transient phase seems
to be the result of PL.C activation, whilst the delayed more sustained production would
appear to be the result of PLD activity (Ohtsuka, Hiura et al., 1990; Agwu, McCall et al.,
1991; English and Taylor, 1991; Chabot, McPhail et al., 1992; Gelas, Von Tschamer et
al., 1992; Perry, Hand et al., 1992; Thelen, Dewald et al., 1993; Edwards, 1994; Yasui,
Yamazaki et al., 1994).

The rise in intracellular calcium concentrations causes the translocation of PKC to the cell
membrane where it is brought into close proximity to its lipid cofactor. Binding of DAG to
the kinase releases the pseudosubstrate domain from the catalytic region, freeing it to act
upon its appropriate substrate, and also increasing the affinity of the calcium binding to
within the physiological range (~ 1-2 uM) hence stabilising it in the active conformation
(Kishimoto, Takai et al., 1980). In the case of the nPKCs, activation is achieved by the
binding of DAG only. The mechanism of activation of the aPKCs remains uncertain but is

independent of both DAG and Ca®".
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1.7: MAPK familvy and kinase cascades

The existence of kinase cascades has already been mentioned. Some of the best studied
examples of this arrangement of cellular activation are the Mitogen Activated Protein
Kinases (MAPK). This is a family of protein serine /threonine kinases which share several
features (see; Davis, 1994; Ming, Burgering et al., 1994).

1. They are activated by phosphorylation by an up-stream dual specificity kinase on both
threonine and tyrosine residues (Payne, Rossomando et al., 1991 and see reviews;

Davis, 1994; Cano and Mahadevan, 1995).

2. They phosphorylate target proteins (kinases) on serine /threonine residues with proline
residues at the -2 and +1 position (Gonzalez, Raden et al., 1991). Thus they are often

termed “proline directed.”

Ras cdcd2 / Rac Control
GTPase
V / \
MEKK, Raf SEKK ?PAK Control
Kinase
Y J l Dual
MEK 1, 2 MKK4 / SEK MKK3/RKK Specificity
/ \ Kinase
\4 \ 4
MAPK 1, 2 JNK SAPK p38 MAP/RK MAPK
4 J v
Rsk cJun MAPKAP kinase 2 Effector kinase

Figure 1.4: Parallel MAPK cascades. Each cascade follows a similar pattern, with the
extracellular stimulus (growth factors for the ERK pathway, environmental stressors for
the JNK /SAPK and p38 MAPK pathways) leading initially to the activation of a small
GTP binding protein. This leads to the activation of an initial control kinase, which then
activates a dual specificity tyrosine /serine kinase. This in turn activates the individual
MAPK family member. The specific control of each pathway is still unclear, but may lie at
least in part at the level of the dual specificity kinase. In the case of MEK phosphorylation
takes place in a T-E-Y motif, for MKK4 /SEK in a T-P-Y motif and for MKK3 /RKK in a
T-G-Y motif.
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1.7.1: ERKI and ERK?2

The original cascade to be described in full was that of the Extracellular Regulated Kinases
(ERKs; Boulton, Nye etal., 1991; Howe, Leevers et al., 1992; Marx, 1993; Blumer and
Johnson, 1994; Kyriakis and Avruch, 1994; Treisman, 1996). Activation of the pathway
by growth factors such as EGF (epidermal growth factor) leads to tyrosine
phosphorylation of its receptor. This signal is transmitted to activation of the GTP binding
protein, Ras, by means of a series of ‘adaptor proteins’ (mSOS, a GEF which catalyses
the exchange of GDP for GTP on Ras, and Grb2, which may activate and /or recruit
mSOS; Buday and Downward, 1993; Aronheim, Engelberg et al., 1994; Buday, Egan et
al., 1994; Downward, 1994; Schlaepfer, Hanks et al., 1994). This may activate Raf per se
(Warne, Viciana et al., 1993) or may simply lead to relocation of Raf to the plasma
membrane where it undergoes phosphorylation by Src and other kinases (Daum,
Eisenmann-Tappe et al., 1994; Parker, 1994). Raf then leads into the cascade shown in
figure 1.4. (Gomez and Cohen, 1991; Howe, Leevers et al., 1992; Leevers and Marshall,
1992; Kyriakis, Force et al., 1993; Force, Bonventre et al., 1994; Lange-Carter and
Johnson, 1994). Phosphorylation of the ERKs (p42 ERK1 and p44 ERK2) is within the
motif TEY (Payne, Rossomando et al., 1991).

1.7.2: SAPK and JNK

Other investigators identified a closely similar pathway activated by a series of
environmental stressors such as protein synthesis inhibitors (cyclohexamide) or UV
irradiation and leading ultimately to the amino-terminal phosphorylation of the transcription
factor cJun (cJun N-terminal Kinases, JNKs, or Stress Activated Protein Kinases, SAPK,
see Davis, 1994; Kyriakis, Banerjee et al., 1994). These differ most significantly from the
ERKs in that the up-stream dual specificity kinases phosphorylate within the motif TPY
(Cano and Mahadevan, 1995). As with the ERK pathway, upstream regulation appears to
be via a G-protein, Rac and a unique upstream dual specificity kinase (SEK, see Yan, Dai
etal., 1994).

37



1.7.3: p38 MAPK / RK / HOG

More recently, researchers have identified p38 MAPK or Reactivating Kinase (RK), the
mammalian homologue of the yeast kinase HOG1 (Rouse, Cohen et al., 1994; Raingeaud,
Gupta et al., 1995). This again appears to be activated by ‘stress’, such as osmotic shock,
and leads to activation of the kinase MAPK activated protein kinase 2 (MAPKAP kinase 2)
and thence to the phosphorylation of the small heat shock protein hsp25 /27 (Stokoe,
Campbell et al., 1992; Rouse, Cohen et al., 1994). Again one of the most significant
differences in activation of this pathway is the preference for the dual specificity kinase,

MKK3, to phosphorylate its target within the motif TGY (Cano and Mahadevan, 1995).
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1.8: Kinase involvement in_the activation of the neutrophil NADPH
Oxidase

1.8.1: Upstream events.

The process of activation in intact cells is still unknown. Studies have involved
experiments on neutrophils isolated from the peripheral blood of healthy human
volunteers, or on HL-60 cells (a cultured monocyte cell line) which have been made to
differentiate into neutrophils by the administration of dimethyl sulfoxide (Collins, Rsucetti
et al., 1978). Activation of the neutrophil NADPH oxidase seems to be by (at least) 2
distinct pathways (see figure 1.5 and Thelen, Dewald et al., 1993).

1. Several stimuli are known to act through seven-membrane-spanning domain surface
receptors (formyl-peptides such fMLP, opsonized zymosan, latex beads and
complement components; Watson, Robinson et al., 1991; Goodman and Tenner,
1992; Torres, Hall et al., 1993; Avdi, Winston et al., 1996) and this is likely to be the
case in vivo. These are coupled to G-Proteins (a Gi protein in the case of the fMLP
receptor Grinstein, Butler et al., 1994; Worthen, Avdi et al., 1994) and have been
shown to be calcium dependent (Dewald, Thelen et al., 1988; Watson, Robinson et
al., 1991; Garcia, Whittaker et al., 1992) with activation of these pathways resulting in
a calcium transient, probably released from intracellular stores since it is unaffected by
buffering of external Ca®>* (Dewald, Thelen et al., 1988; Watson, Robinson et al.,
1991; Vlahos, Matter et al., 1995) and is abolished by cellular calcium depletion (Dusi,
Della Bianca et al., 1993). Superoxide generation although slightly delayed, is
increased by treatment with phosphatase inhibitors such as okadaic acid (Ding and
Badwey, 1992; Garcia, Whittaker et al., 1992; Yamaguchi, Sasaki et al., 1993;
Suzuki, Yamaguchi et al., 1995). Inhibitors of Protein Kinase C (PKC) cause only a
moderate inhibition of the activity of the NADPH oxidase, although this may be the
modifying affect of the calcium transient they induce since the phorbol ester response
(v. 1.) is also less sensitive if intracellular calcium levels are raised by pre-treatment

with ionomycin (Kessels, Krause et al., 1993).
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2. Phorbol esters such as PMA have been shown to be powerful activators of the
oxidase, acting intracellularly and without the requirement for surface receptors. This
pathway, however, is powerfully inhibited by treatment with PKC inhibitors (e.g.
staurosporine; Nauseef, Volpp et al., 1991; Ding and Badwey, 1992; Dusi, Della
Bianca et al., 1993) and, unlike receptor pathways, also by phosphatase inhibitors
(Ding and Badwey, 1992; Garcia, Whittaker et al., 1992; Suzuki, Yamaguchi et al.,
1995). This latter inhibition can be overcome by the artificial elevation of intracellular
Ca®" by treatment of the cells with the calcium ionophore (A23187, Garcia, Whittaker
etal., 1992).

1.8.2: Kinase pathways in neutrophils

The exact route by which the above activators lead to superoxide generation is unknown.
Activation of neutrophils by both surface receptor stimulants (e.g. fMLP) or intracellular
kinase activators (e.g. phorbol esters) has been shown to activate both raf (Worthen, Avdi
et al., 1994) and the MAPK family members ERK 1 and 2 (Thompson, Shiroo et al.,
1993; Grinstein, Butler et al., 1994; Worthen, Avdi et al., 1994; Avdi, Winston et al.,
1996). Activation of the latter, as judged by mobility shifts on SDS-PAGE, tyrosine
phosphorylation or activity towards MBP, has been shown to have a differing time course
depending upon which of the activators is used. In the case of fMLP, activation is rapid
and transient whilst for PMA it is slower and more prolonged (Torres, Hall et al., 1993;
Grinstein, Butler et al., 1994) a situation similar to that of the production of superoxide in
response to these two chemicals. Activation by both PMA and fMLP also leads to an intra-
cellular calcium transient although MAPK activation is not affected by extracellular calcium
depletion or intracellular calcium clamping unlike the fMLP induced superoxide response.
PKC isotypes have been identified in neutrophils, with o and B isotypes (predominantly
Br) accounting for 95 % of recoverable PKC activity (Pontremoli, Melloni et al., 1990) but
other isotypes including d, €, n, A, and T have also been identified (Majumbar, Rossi et
al., 1991; Ding and Badwey, 1993; Majumbar, Kane et al., 1993; Kent, Sergeant et al.,
1996).
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etal., 1992; Perry, Hand et al., 1992; Kadri-Hassani, Leger et al., 1995), arachidonic acid
and phosphatidyl-inositol 3,4,5-trisphosphate (Thelen, Wymann et al., 1994) the targets
of which remain to be elucidated (Thelen, Dewald et al., 1993; Edwards, 1994).

1.8.3: Phox protein phosphorylation

Stimuli capable of activating neutrophils have been shown to simultaneously cause
phosphorylation of the phox proteins. Phosphorylation of the p47”*** and its absence in
certain forms of CGD was an early observation (Segal, Heyworth et al., 1985; Heyworth
and Segal, 1986) and this component has since been shown to be particularly heavily
phosphorylated, with up to seven different forms, (Heyworth, Shrimpton et al., 1989;
Rotrosen and Leto, 1990; El Benna, Faust et al., 1994) the most heavily phosphorylated
of which are exclusive to p477*** recovered from the plasma membrane (Rotrosen and
Leto, 1990; Heyworth, Curnutte et al., 1991). The other oxidase components are also
subject to phosphorylation; p67°*** (Okamura, Babior et al., 1990; Dusi, Della Bianca et
al., 1993; Dusi and Rossi, 1993), p40”""" (Fuchs, Bouin et al., 1997) and
flavocytochrome (Garcia and Segal, 1988; Garcia, Whittaker et al., 1992).

Phosphorylation of the p477*°* has been the most extensively studied and that in response
to stimulation of the cells with phorbol esters has been mapped (El Benna, Faust et al.,
1996) to serine residues 303, 304, 320, 328, 345, 359 &/or 370, 379 (see figure 1.6).
The map in cells stimulated with fMLP is said to be similar (El Benna, Faust et al., 1996).
Serine 379 appears to be critical for p477*** function. A single point mutation to alanine at
this site was capable of abolishing p477*** function in transfected B-cells (Faust, El Benna
etal., 1995) although this could be overcome by treatment with SDS in the cell free system

(Park, Royal et al., 1997).
1.8.4: The role of p47°"°* and p67°*** phosphorylation

The function of phox protein phosphorylation is not certain, but that of the p47°*** may be
critical in initiating translocation of the cytosolic components in intact neutrophils, as it
occurs with a similar time course to that of activation of the oxidase (Heyworth and Segal,

1986; Heyworth, Shrimpton et al., 1989; Rotrosen and Leto, 1990; Dusi, Della Bianca et
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al., 1993), and inhibition of neutrophil activation by many strategies results in
simultaneous inhibition of its phosphorylation (Nauseef, Volpp et al., 1991; Curnutte,
Erickson et al., 1994; Ding, Vlahos et al., 1995; Vlahos, Matter et al., 1995). One
possibility is that p47°*** phosphorylation is simply required to overcome charge repulsion
at the flavocytochrome (unphosphorylated p47phox is positively charged; Lomax, Leto et
al., 1989; Nauseef, McCormick et al., 1993). Other experiments have suggested that it
may be required for conformational changes which expose otherwise hidden binding sites.
The phosphorylation sites of the p477*** all lie within the C-terminal region, flanking to the
proline rich domain, and just distal to the second SH3 domain (see figures 1.6 & 1.7).
There is evidence that the p477*** C-terminus containing the proline rich domain may be
capable of binding to its own SH3 domains (Leto, Adams et al., 1994; Sumimoto, Kage et
al., 1994; DeLeo, Yu et al., 1995) rather like the pseudo-substrate domains of some
kinases (See Kemp, Faux et al., 1994; Kemp, Parker et al., 1994). A model could be
proposed in which, in the resting state, the p477** exists in a folded state, stabilised by the
intra-molecular interaction between its C-terminal SH3 and proline rich regions and with
binding and perhaps some phosphorylation sites masked. Phosphorylation of some or all
of the C-terminal serine residues leads to the inhibition of this binding, and the freeing of
these domains to interact with the membrane bound flavocytochrome or other phox
components (Sumimoto, Kage et al., 1994 and figure 1.6). The critical serine residue at
position 379 lies immediately carboxyl- terminal to the proline rich domain to which the
p47°*** SH3 domain has been shown to interact and may be the key phosphorylation event
in permitting this unfolding. A similar situation may exist for the p677*°* component and its

phosphorylation (de Mendez, Homayounpour et al., 1997).
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Figure 1.7: Potential model for the activation of p47”***. Phosphorylation of serine
residues within the carboxxl terminal region leads to inhibition of the intra-molecular
interaction between the p47°*** SH3 and proline rich region allowing them to interact with
the functional domains on other phox proteins.
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The exact nature of the in vivo kinase(s) responsible for the phosphorylation of the p477***
remains the subject of much debate. Phospho-amino acid analysis has demonstrated serine
phosphorylation only (El Benna, Faust et al., 1994; El Benna, Faust et al., 1996), and site
directed mutagenesis (Faust, El Benna et al., 1995) has identified specific serine residues
within the p477** which become phosphorylated upon neutrophil activation (§1.8.3).
Many of these lie within the consensus sequences of known kinases (Lomax, Leto et al.,

1989 and see figure 1.6; El Benna, Faust et al., 1994; El Benna, Faust et al., 1996).

Several known protein kinases have been suggested:
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1. Protein Kinase C (PKC): The fact that PMA (a direct stimulant of PKC) activates the
NADPH oxidase, and that inhibitors of PKC (Staurosporine, H-7 and
pseudosubstrate) inhibit both activation and p477*** phosphorylation (Majumbar, Rossi
etal., 1991; Curnutte, Erickson et al., 1994) has led to the suggestion that PKC is the
enzyme responsible. It is capable of using p477*** as a substrate in vitro (Uhlinger and
Perry, 1992; Ding, Badwey et al., 1993) and the phosphorylated substrate translocates
to the membrane in the cell free system (Park and Ahn, 1995). Stimulation with fMLP,
however, is less sensitive to staurosporine (Kessels, Krause et al., 1993), although
this may be because it produces an intracellular rise in Ca®* (PMA sensitivity to
staurosporine is reduced if intra-cellular Ca2+ is artificially raised using the calcium
ionophore, A23187, Levy, Dana et al., 1994). Alternatively, PKC may lie upstream of

a kinase which both it and the fMLP induced pathways activate.

2. p65™%; This kinase is activated by p21lrac (Manser, Leung et al., 1994), is present in
neutrophils (Prigmore, Ahmed et al., 1995), is activated by fMLP (Knaus, Morris et
al., 1995) and can phosphorylate p477*°* in vitro (Knaus, Morris et al., 1995). It could
provide an explanation for the link between p2lrac and activation of the NADPH
oxidase, although p2lrac is required in the cell free system (Fuchs, Dagher et al.,
1994; Kreck, Uhlinger et al., 1994; Kreck, Freeman et al., 1996) where kinase activity

is not required, suggesting an alternative function.

3. Mitogen Activated Protein Kinases (MAPK): As mentioned, p47°*” contains
recognised MAPK phosphorylation sites, and several members of the MAPK family
have been shown to be rapidly activated after stimulation by fMLP, including
extracellular regulated kinase (ERK; Grinstein, Butler et al., 1994; Worthen, Avdi et
al., 1994). ERK is capable of phosphorylating p477*** in vitro (El Benna, Faust et al.,
1996) but indirect inhibition of ERK activation by the artificial elevation of cAMP does
not inhibit superoxide generation (Yu, Suchard et al., 1995) and prevention of the
intracellular Ca** transient prevents superoxide generation without inhibiting ERK
activation (Grinstein, Butler et al., 1994). Recently a novel MAPK family member,
p38 MAPK has been identified (Rouse, Cohen et al., 1994). Like other MAP Kinases,
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it is proline directed and therefore could phosphorylate at least some of the serine

residues of p477***,

. Potentially novel kinases: Ding and Badwey (Ding and Badwey, 1993; Ding and
Badwey, 1993; Ding, Badwey et al., 1993) have demonstrated the fMLP induced
activation of a number of kinases capable of phosphorylating a peptide based on the
carboxyl terminus of p47°*** and McPhail et al (McPhail, Qualliotine-Mann et al.,
1995) have demonstrated a phosphatidic acid activated kinase(s) capable of causing

p47°"°* phosphorylation in an in vitro system.
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1.10: Objective of this study

The NADPH oxidase of neutrophils presents an ideal system for the study of signal
transduction by protein kinases since it has well established extra- and intra-cellular
activators, documented protein phosphorylation targets and well recognised outcomes
(phox protein translocation and superoxide production). Moreover, unlike systems relying
on the alteration of gene transcription, the NADPH oxidase provides a means to study
rapid transduction of a signal in seconds rather than hours. Finally, the convergence of
several pathways onto a presumed final common pathway affords the opportunity to study

mechanisms of signal integration.

The phosphorylation of the p477*** may represent the critical step in the activation of the
NADPH oxidase perhaps positioned at the confluence of a number of separate upstream
signalling pathways. It has not been established which kinase(s) is /are responsible for this
phosphorylation. The recent identification of the p38 MAPK pathway (Rouse, Cohen et
al., 1994) provides a new possibility which has not previously been investigated. The p38
MAPK shares many of its properties with other members of the MAPK family, but
appears to be differentially regulated in that its activating tyrosine residue lies within a
different amino acid motif to other members of the family (Cano and Mahadevan, 1995).

Its presence and function in neutrophils has not been examined.

I undertook this project to determine the nature of the, as yet unidentified, protein kinase(s)

involved in the critical step of phosphorylating the p477***. Two strategies were employed:

1. Determination of whether neutrophils possessed a functional p38 MAPK pathway and

if so, to what extent it was involved in the phosphorylation of the p47°**,

2. Isolation of a regulated kinase capable of phosphorylating recombinant p47”*** from
neutrophils by chromatographic and other biochemical techniques and subsequently to

determine the nature of such a kinase.



2: MATERIALS AND TH

All chemicals were purchased from Sigma except Superoxide dismutase and Microcystin-

LR from Gibco.

Unless stated otherwise, all chromatographic columns and matrices were obtained from

Pharmacia Biotech Upsalla, Sweden and were run on the FPLC system.

Assay buffer.
A stock solution of kinase assay buffer was made up in 20 mM Tris-HCIl, pH 6.0,
containing: magnesium acetate, 0.24 M; calcium acetate, 0.6 mM; ATP, 120 uM;
Brij 35, 0.025% (v /v); 120 uM ATP containing [y**P]-ATP, 3 xCi /100 pM ATP.
Calcium and /or magnesium were varied in experiments to determine their optimum

concentrations. The final dilution was 1 in 6.

Break buffer.
10 mM Pipes pH 7.0, 10 mM KCl, 3 mM NaCl, 4 mM MgClz, 5 mM Sodium

Pyrophosphate, 25 mM Sodium Fluoride, 1 pg /ml Leupeptin, 1 pug /ml Pepstatin,
0.5 mM PMSF, 0.1 uM Microcystin-LR, 1 xg /ml TLCK.

Heparin-Agarose Buffer A (HA-A).
20 mM Tris-HCI pH 7.0, 0.5 mM EDTA, 1 ug /ml TLCK, 1 pg /ml Pepstatin A,

0.1 M Microcystin-LR, leupeptin 1 g /ml, 0.5 mM PMSF, 0.025% (v /v) Brij
35.

HEPES buffered saline (HBS).
20 mM HEPES-NaOH pH 7.4, 136 mM NaCl, 2.7 mM KCIl, 1 mM MgSO,, 1
mM CaCl,, 5.6 mM Glucose, 0.1 mg /ml BSA.

Lysis buffer.
20 mM Tris-acetate , pH 7.0; 1 mM EDTA; 1 mM EGTA; 0.27 M Sucrose; 1% (v

/v) Triton X-100; 10 mM sodium B-glycerophosphate; 1 mM sodium ortho-
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vanadate; 2 uM Microcystin-LR; 1 mM benzamidine; 4 ug /ml leupeptin; 4 pg /ml
TLCK; 0.1% (v /v) 2-mercaptoethanol.

MAPKAP kinase 2 assay buffer .
50 mM B-glycerophosphate, 0.1 mM EGTA, 0.05 % (v /v) f-mercapto-ethanol,

2.5 uM PKI1, 30 M recombinant peptide substrate’.

Membrane Wash Buffer.
0.5 mM EDTA pH 7.0, 0.5 M NaCl, 1 ug /ml TLCK, 1 ug /ml Pepstatin A, 0.1
UM Microcystin-LR, leupeptin 1 pug /ml, 0.5 mM PMSF.

MiniQ A buffer.
50 mM Tris-HCI, pH 7.4; 1 mM EDTA, 1 mM EGTA, 0.03 % (v /v) Brij 35, S %
(v Iv) Glycerol, 1 mM Benzamidine, 0.1 % (v /v) p-Mercapto-ethanol.

Mono Q Buffer A (MQA).
20 mM Tris-HCI pH 8.0, 0.5 mM EDTA, 5 mM Sodium Pyrophosphate, 25 mM
Sodium Fluoride, 1 pg /ml TLCK, 1 pug /ml Pepstatin A, 0.1 M Microcystin-LR,
leupeptin 1 pg /ml, 0.5 mM PMSF, 0.025% (v /v) Brij 35.

Mono S Buffer A (MSA).
20 mM MES pH 5.0, 0.5 mM EDTA, 5 mM Sodium Pyrophosphate, 25 mM
Sodium Fluoride, 1 yg /ml TLCK, 1 ug /ml Pepstatin A, 0.1 #M Microcystin-LR,
1 pug /ml leupeptin, 0.5 mM PMSF, 0.025% (v /v) Brij 35.

MTPBS.

16 mM Na,HPO,, 4 mM NaH,PO,, 150 mM NaCl, 1.7 mM KH,PO,, 7.2 mM
K,HPO,.

Phosphate buffered saline (PBS).
0.14 M NaCl, 10 mM KCl, 10 mM NaH,PO,, pH 7.4.

! Substrate peptide, KKLNRTLSVA. The serine is phosphorylated whilst the KKL-motif ensures that the
peptide adheres to p81 paper.
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pH 1.9 Electrophoresis Buffer.

50 ml Formic acid (88 % w /v), 156 ml glacial acetic acid, 1794 ml deionized H,O

pH 3.5 Electrophoresis Buffer.

50 ml glacial acetic acid, 5 ml pyridine, 945 ml deionized H,O

TBS
200 mM NaCl, 50 mM Tris.

TBST
TBS + 0.05 % Tween-20

Terrific Broth.

900 ml deionised water, 12 g bacto-typtone, 24 g bacto-yeast extract, 4 ml
glycerol.

Thin Layer phosphochromatography buffer (TLC).
750 ml n-butanol, 500 ml pyridine, 945 ml deionised H,O
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2.2: GENERAL METHODS

The following methods are used throughout the project.

2 ono ipheral blood neutrophi

L Venesection.
Blood was taken under sterile conditions into a syringe primed with heparin to a
final concentration of 5 iu /ml. Mixing was ensured by gentle inversion.

1I. Dextran Sedimentation.

A solution of 10 % Dextran, 0.9 % Sodium Chloride was drawn into the syringe to

a final concentration of 10 % of the blood volume, and the syringe was gently

inverted to ensure mixing. The syringe was then left for 60 minutes to allow

sedimentation.

Ill.  Isolation of neutrophils.

A.

B.

Serum was gently removed into a sterile container.

A cushion of Lymphoprep (Nycomed) was instilled beneath the serum.

The sample was centrifuged at 800 g, 21 °C for 15 minutes.

The supernatant was removed to leave the pellet of neutrophils and residual

red blood cells.

Remaining red cells were removed by brief (less than 15 seconds)
hypotonic lysis with distilled water, before neutralising with an equal

volume of 1.8 % NaCl + 5 iu Heparin /ml.

Neutrophils were pelleted by centrifugation at 300 g, 21 °C for 5 minutes,

and the supernatant removed.
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G. Neutrophils were resuspended in PBS + 5.6 mM Glucose by gentle

pipetting unless cells were for **P-labeling, in which case HBS was used.
IV.  Isolation of neutrophils from buffy coat residues.

The method employed was essentially as detailed above, but the residues were first diluted

by 1/3 using 0.9 % Sodium Chloride + 5 iu Heparin /ml.
.2: Preparation of Recombinant Proteins Using the ste

Recombinant proteins were prepared using the PGEX system (Pharmacia Biotech,
Upsalla, Sweden), producing a recombinant protein attached to a glutathione S transferase

sequence. This enables a one step purification using glutathione linked to Sepharose

beads.

1. A starter culture was prepared by inoculating 100 mls of Terrific Broth? with 1 loop

of bacteria from a petri dish culture. This was then incubated overnight at 37 °C.

2. 50 - 100 mls of the starter culture were then inoculated into each 1 L of Temific

Broth.
3. The culture was then incubated at 37 °C for 2 hours.
4. 200 ul of 1 MIPTG was added to each 1 L of culture broth.
5. The cultures were incubated at 37 °C for a further 3-4 hours.
6.  The cultures were centrifuged at 800g in a Mistral 6L centrifuge for 30 mins at4 °C.

7. The supernatant was discarded, and the pellet resuspended in 200 mls of MTPBS by

gentle pipetting.

8.  The bacteria were repelleted by centrifugation at 1000 g in an MSE Mistral centrifuge
for 25 mins at4 °C.

2 All culture broths contained 0.1 mg /ml Ampicillin.
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o.

The supernatant was discarded, and the bacterial pellets frozen at -20 °C.

Isolation of recombinant protein using Glutathione-Sepharose beads.

All steps were carried out at 4 °C.

1.

The bacterial pellets were thawed and resuspended in MTPBS, containing 1 pg /ml
Leupeptin, 1 g /ml Pepstatin, 0.5 mM PMSF, 0.1 uM Microcystin-LR, 1 pug /ml
TLCK, 1 mM DIFP®.

The bacteria were lysed by sonication on ice using an MSE Soniprep 150 sonicator

(2 bursts of 35 sec on settings 3 /Medium).

Unbroken bacteria and cellular debris were pelleted by centrifugation at 1000 g for

20 mins.

The glutathione-Sepharose beads were washed by repeated resuspension and
centrifugation (at 500g) in MTPBS containing 3 M NaCl (twice) and then MTPBS

alone (3 times).

The lysed bacterial supernatant was added to the washed beads, and incubated on a

roller for 1 hour.

The beads were then washed to remove non-specifically bound proteins by repeated
resuspension and centrifugation (500g) in MTPBS. Washing was considered
adequate when 20 ul of the supernatant failed to cause a significant colour change

when added to 200 ul of Bradford Reagent in a microtitre plate.

Recovery of fusion protein from glutathione-Sepharose beads.

1.

2.

3.

The washed glutathione-Sepharose beads were resuspended in 15 mls of MTPBS.

CaCl, was added from a stock solution to a final concentration of 2 mM.

150 units of Thrombin were added.

3 The pellet resulting from each 1 L of bacterial culture was lysed in approximately 10 mls of MTPBS.
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The solution was incubated for 20 mins at room temperature on a roller.

The beads were pelleted by centrifugation at 500g for 3 mins, and the supernatant

removed.

Further thrombin cleavage was prevented by the addition of 10 ug / ml TLCK before

saving the supernatant on ice.

Further cleavage of recombinant protein from the glutathione-Sepharose beads was
achieved by the repetition of the above steps until insignificant amounts of protein
(as judged by a visual assay using Bradford Reagent in a microtitre plate) were

recovered.

The glutathione-Sepharose beads were regenerated as described previously, although
they were only utilised to isolate the same recombinant protein in the future so as to

avoid potential contamination.

Assessment of recovery and purity was achieved by examining the proteins
recovered and that remaining on the beads by means of SDS-PAGE. Further
purification of proteins was often required, and this was tailored to each individual
protein (e.g. p47°*** was further purified by means of chromatography using

Heparin-linked Agarose).
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.3: CHAP 3 THOD
fecto 098059 and 03580 o trophil activati
Incubation of isolated neutrophils with SB203580 or PD098059.

Inhibitors were made up as stock solutions in DMSO of 20 mM SB 203580 or 50 mM PD
098059 (both were gifts from Prof. P. Cohen, University of Dundee) and diluted to the
appropriate concentration directly into the neutrophil suspension before incubation at room
temperature for 60 minutes. Control neutrophils were treated with an equivalent
concentration of DMSO alone. fMLP was used at a concentration of 1 M after prior
incubation of the cells at 37 °C with 1 ug /ml Cytochalasin B for 5 minutes. PMA was

used at 0.1 pg /ml final concentration.
Superoxide production.

Superoxide generation was monitored by following the superoxide dismutase inhibitable

reduction of flavocytochrome C at 550 nm in a double beam spectrophotometer at 37°C.

1. Neutrophils were pelletted and resuspended in 0.15 M (0.9 % w /v) NaCl containing 5

iu /ml heparin.
2. Neutrophils were again pelletted and resuspended in a small volume of PBS.

3. Inacuvette, 0.9 mls of PBS containing 5 mM glucose, 0.5 mM CaCl,, 1 mM Mg(l,
and 100 uM Flavocytochrome C were warmed to 37 °C in a double beam

spectrophotometer.

4. 5 ul of superoxide dismutase 10 mg /ml (Boehringer) was added to the control

(reference) cuvette.
5. 10° cells were added to each cuvette, in a volume of 20-30 Ul

6. PMA (final concentration 0.1 ug /ml) or fMLP (final concentration 1 M) was added

to both cuvettes.



7. Absorbance was followed at 550 nm for between 3 and 5 minutes.

8. Maximal rate of superoxide production was determined using an extinction coefficient

of 21 mM'em™.

9. The results were expressed as nmol /min /10’ cells.

Preparation of neutrophil lysate.

Neutrophils were incubated for 1 hour with either 50 yM PD 098059 or 20 M SB
203580 at room temperature. Stimulation was then achieved by the addition of 1 M fMLP
(primed with 1 ug /ml Cytochalasin B for 5 minutes) or 0.1 g /ml PMA for 60 seconds.
Stimulation was halted by the addition of an appropriate volume of iced 5x Lysis buffer.
Unbroken cells were then removed by centrifugation at 2000 g for 2 minutes at 4 °C. If
assays were not performed immediately the supernatant was snap frozen in liquid N, and

stored at -70 °C until needed.

The following procedures (up to section 2.3.2.5) were carried out in the MRC Protein

Phosphorylation Unit, University of Dundee in conjunction with Prof. P. Cohen.

Partial purification of p38 MAPK.

Partial purification was achieved using a MiniQ column on the SMART system (Pharmacia

Biotech, Sweden). The column was equilibrated with MiniQ A buffer.

Proteins were loaded onto the column before elution with a gradient of 0-0.7 M NaCl in
MiniQ A buffer over 40 mls. 1 ml fractions were collected. Activity ascribable to p38
MAPK typically elutes at 0.35 M NaCl (Rouse, Cohen et al., 1994).

Immuno-depletion of p38 MAPK activity.

Protein G Sepharose beads were washed 3 times with MiniQ buffer A before incubation
with 3 ul of anti-p38 MAPK sera /5 ul settled volume of beads for 30 minutes at 4 °C. The
beads were washed a further 3 times in MiniQ A buffer. To each 50 ul fraction, 5 ul
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settled volume of antibody coupled beads were added and incubated on a shaker for 90
minutes at 4 °C. The samples were then centrifuged at 500 g for 5 minutes and the

supernatant used in an assay of kinase activity (see below).
Assay of p38 MAPK and MAPKAP kinase 2 activity.
(i) p38 MAPK activity®.

Activity of p38 MAPK was measured by assaying a fraction’s ability to activate
recombinant MAPKAP kinase 2. 4 ul aliquots of fractions were added to an assay mixture
containing 6 pl of inactive recombinant MAPKAP kinase 2 (in 20 mM MOPS pH 7.0, 0.1
mM EGTA, 0.03 % (v /v) Brij 35, 0.1 % (v /v) p-mercapto-ethanol), 2 ul of Mg** ATP
(10 mM and 0.1 mM respectively) giving a final concentration of 0.2 yuM MAPKAP
kinase 2. The mix was incubated at 37 °C for 30 minutes. 5 ul of the assay were

subsequently removed and used to assay for MAPKAP kinase 2 activity.
(ii)  MAPKAP kinase 2 assay.

For direct assays of MAPKAP kinase 2 activity, the kinase was first immuno-precipitated
from the lysate. An aliquot containing 100 ug of protein was incubated for 30 minutes at 4
°C with 5 pl (settled volume) of Protein G Sepharose beads (Pharmacia Biotech, Sweden)
bound to anti-MAPKAP kinase 2. The beads were then pelleted by centrifugation at
13,500 rpm in an Eppendorf bench top centrifuge for 2 minutes, washed in lysis buffer +
1 M NaCl and then 3 times in lysis buffer.

The fraction to be assayed (either S ul from the p38 MAPK assay or the immuno-
precipitated MAPKAP kinase 2) was added to 10 ul of MAPKAP kinase 2 assay buffer,
10 ul [y**P]-ATP Mg** (0.1 mM and 10 mM respectively) and diluted to a final volume of

50 pl. After incubation at 37 °C for 10 minutes, 40 ul of assay was removed and spotted

* Initial assays were carried out by myself, subsequent assays were carried out by Andrew Clifton, MRC

Protein Phosphorylation Unit, Dundee University, Dundee.



onto p81 nitro-cellulose paper (Whatmann) before extensive washing in 75 mM

phosphoric acid. The strips were then washed in acetone, dried and Cherenkov counted.

Activity was calculated in Units (1 unit was defined arbitrarily as the transfer of 1 yMol of
phosphate to substrate /minute) by comparing the count of a known amount of **P with
that of the phosphorylated substrate. Results were then expressed as units /mg of protein
(for comparison between different preparations) or units /ml (for comparisons within a

single preparation).
In vitro SB 203580 dose response curve.

Prior to assay for p38 MAPK activity, the appropriate concentration of SB 203580 was

achieved by the addition of an appropriate volume of SB 203580 stock solution.

Neutrophils were incubated with SB 203580, as described, prior to stimulation with 1 uM
fMLP (primed with 1 pg /ml Cytochalasin B for 5 minutes) for 60 seconds, 0.1 pg /ml

PMA for 90 seconds or left unstimulated. The stimulation was halted with lysis buffer and

p38 MAPK and MAPKAP kinase 2 activity assayed exactly as described previously.

5 pl of recombinant ERK, p38 MAPK or purified MAPKAP kinase 2 were incubated with
2 uM p477*°*, MBP or hsp27 or 0.5 uM p67°"** in the presence of 5 ul MAPKAP kinase 2
assay buffer’ and 5 ul Mg®* ATP (10 uM and 0.1 uM respectively) containing [y*’P]-
ATP. The total volume of the assay was made up to 50 pl with distilled water. After 15
minutes incubation at 30 °C, the reaction was halted by the addition of 5 pl 10x SDS
sample buffer and boiling. The proteins were then separated using SDS-PAGE and the gel

dried and subjected to autoradiography.

* Omitting the substrate peptide.
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Labelling of cells with [**P]-Orthophosphate.

Cells were washed in a phosphate free buffer, HBS, and resuspended at a density of
5x107 cells /ml, before being incubated with 0.5 mCi of [*’P]-orthophosphate /107 cells for
90 mins at 30 °C. Free [**P]-orthophosphate was removed from the cells by washing twice

in HBS, before resuspending them at the original cell density.
Purification of phosphorylated neutrophil -phox proteins from labelled cells.

After stimulation of the labelled neutrophils for 3 minutes with 0.1 ug /ml PMA or for 1
minute with 1 yuM fMLP (primed with 1 pg/ml cytochalasin B), cells were lysed by the
addition of one fifth volume of iced 5x Lysis buffer and vortex mixing, before cooling on
ice. Unbroken cells were removed by a brief centrifugation and the supernatants were then
incubated with antisera raised to recombinant -phox proteins covalently linked to Protein A
Sepharose beads (see Harlow and Lane, 1988 for details). The beads were washed in
Lysis buffer and resuspended in 2x SDS sample buffer. Proteins were separated using
SDS-PAGE and [*?P]-orthophosphate radioactivity counted using a phosphor-imager.
Counts were then corrected for the amount of protein precipitated as quantified by gel

scanning of the Coomassie stained gels with an “Alpha Imager” gel scanner.
2.3.2.6: Effect of SB203580 on -phox protein translocatio

Cold stimulated neutrophil pellets equivalent to 5x10’ cells were resuspended in 150 pl of
break buffer and the cells were lysed by sonication using an MSE sonicator. Cytosol and
membranes were prepared as described (§2.4.2.2). The membrane pellets were
resuspended in 40 ul of SDS sample buffer, and proteins separated by SDS-PAGE before
transfer to nitro-cellulose membranes for Western Blotting using a BioRad semidry blotter.
Proteins were detected using rabbit antisera raised against recombinant p47°***, p67°*** and
rac and developed with horseradish peroxidase conjugated anti-rabbit immunoglobulin

using the ECL system (Amersham). Quantification of protein was then assessed by



incubation with '**I-labeled Protein A (Amersham) and exposed on a phosphor-imager

plate before analysis on a BAS100 scanner (Fuji Co., Japan).

The effect on superoxide generation.

The isolated neutrophils were incubated at 37 °C in the presence or absence of SB 203580
before priming with either cytochalasin B (1 pg /ml) for 5 minutes, 100 u /ml TNFa for 30
minutes, 10 ng /ml GM-CSF for 45 minutes or an equivalent volume of DMSO as
appropriate, prior to stimulation with 1 M fMLP and monitoring of superoxide generation

as described (§2.3.2.1).

The effect on MAPKAP kinase 2 activation.

The neutrophils were incubated with the appropriate priming agent as above, prior to
stimulation with 1 yuM fMLP. The reaction was halted by the addition of 5x Lysis buffer
prior to assay of MAPKAP kinase 2 activity.
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2.4: CHAPTER 4 METHODS
2.4.2.1: Developmentof a p47°** kinase assay
Standard assay of p47 P*** kinase activity .

1. 10 pl of fraction to be assayed was mixed with 3 ul of recombinant p477*** substrate

(containing =~ 1 nMol) and 12 ul of buffer (50 mM Tris-maleate pH 6.0).

2.  The solutions were allowed to reach 30 °C.

3.  The reaction was started by addition of 5 ul of assay buffer followed by brief vortex

mixing and incubation at 30 °C for 15 mins.

4.  The reaction was halted by the addition of 4 ul of 10x SDS sample buffer, followed

by 5 minutes boiling.

After separation of the protein by SDS-PAGE, the gel was stained with Coomassie blue

and phosphorylation of the substrate assessed by one of 2 methods:
a) The gel was dried and then autoradiographed at -70 °C.

b) The p47”*** band was identified, excised and labelling quantified by Cherenkov
counting. The degree of phosphorylation was calculated by comparing the activity
measured with that of a known amount of ATP/ [y**P]-ATP in assay buffer spotted on
to a piece of gel, using the following formula:

Count A x(V1/V2)
Count B /Amount of ATP counted, in pMol

Where: Count A = Count of substrate containing gel

Count B = Count of ATP containing assay buffer

V1 = Volume of assay

V2 = Volume run on gel
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This gave the amount of phosphate (pMol) transferred to substrate.

To allow comparison between different preparations, activity was standardised by
calculating the number of arbitrary units (U) of activity either per ml, or per AU 280 nm,

where 1 Unit =1 pMol Phosphate transferred /minute.
Validation of the Cherenkov method of measuring p47 P*** phosphorylation.
The following incubations were carried out, using the assay technique described above.

1. Material containing p47”"** kinase activity was incubated in the presence or absence of

recombinant p477*%,
2. A portion of gel not containing p477** was also excised and counted.

3. The ability of an aliquot containing p47”*** kinase activity incubated at 100 °C for 5
minutes (kinase negative) to phosphorylate recombinant p477*°* was compared with

untreated material (kinase positive).
2.4 : Activity of p47°*** kinase on neutrophil membranes
Separation of neutrophil cytosol and membranes.
1. Neutrophils were resuspended in ice cold break buffer by gentle pipetting.

2. The cells were then broken by sonication on ice using an MSE sonicator for 3 bursts of

12 seconds (settings 3 /Medium).

3. The sonicate was centrifuged at 1000 g in an MSE Mistral centrifuge, at 4 °C for 15

minutes to remove unbroken cells and nuclei.

4. The supernatant (15 ml) was loaded into tubes containing 5 m! discontinuous cushions
of 15 % and 34 % Sucrose in lysis buffers and then centrifuged at 120 000 g in a

Centrikon centrifuge using an AH627° centrifuge head at 4 °C for 45 minutes.

¢ Smaller volumes were centrifuged using a TLA 55.5 head and a Beckmann benchtop ultra-centrifuge.
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5. Cytosol was represented by the supernatant, and was gently removed with a pipette.

6. Membranes were removed from the interface between the 15 % and 34 % sucrose
cushions and diluted into 4 volumes of ice-cold break buffer before centrifugation at

200 000 g at 4 °C for 45 mins.

This method has previously been shown to provide considerable enrichment for plasma

membrane (Segal and Peters, 1977; Segal, West et al., 1992).
Detection of p47°*°* kinase activity on neutrophil membranes.

1. Neutrophils were treated with 1 xM fMLP (after priming with 1 pg /ml Cytochalasin B
for 5 minutes) or 0.1 pg /ml PMA. After various time intervals aliquots containing
approximately 5x107 cells were removed and the stimulation was halted by the addition

of 4 volumes of iced PBS.

2. The cells were pelleted by centrifugation at 500g for 5 minutes at 4 °C, before
resuspension in break buffer. Cells were then lysed, and membranes and cytosol

prepared as described.

3. Proteins were separated using SDS-PAGE, and the gels subjected to autoradiography.

A " phox

Pellets of membranes each derived from approximately 10° cells were resuspended in one

of the following buffers:

1. 10 mM NaOH (stringent alkali)

2. 0.5 MNaCl, 1 mM EDTA pH 7.0 (high ionic strength)
3. 20 mM Tris pH 10.0 (mild alkali)

4. 10 mM Tris pH 7.0, 5 mM EDTA (low ionic strength)



Each was then incubated for 1 hour end over end before repelleting of the membranes at
200 000 g for 15 minutes. The supernatants were then assayed for p47°*** kinase activity

as described.

All steps were carried out at4 °C

Loading of sample.

Protein concentration was monitored by measuring optical absorbance at 280 nm.

1. Supernatant from the membrane elution stage was diluted 1:5 with MQA buffer and

filtered through a 5 um Sarstedt filter to remove all particulate matter.

2. The Mono Q column (Pharmacia Biotech, bed volume 5 mls) was equilibrated with

MOQA buffer.

3. The sample was pumped onto the column using a “super-loop” at 0.5 ml /min, and

unbound material was collected.

Elution of material

1. The column was washed thoroughly with MQA buffer until the absorption baseline

had returned to zero.

2. Protein was eluted from the column using a O - 1 M NaCl gradient, in MQA, over 25

mls. Flow rates were maintained at 0.5 ml /min, and 1 ml fractions were collected.

All steps were carried out at 4 °C

Loading of sample.

Protein concentration was monitored by measuring optical absorbance at 280 nm.
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1. Mono Q fractions containing the peak of p47°*** activity were diluted 1:10 in MSA

buffer.

2. The Mono S column (Pharmacia Biotech, bed volume 5 mls) was equilibrated with
MSA buffer.

3. The sample was pumped onto the column using a “super-loop” at 0.5 ml /min, and

unbound material was collected.
Elution of material

1. The column was washed thoroughly with MSA buffer until the absorption baseline had

returned to zero.

2. Protein was eluted from the column using a 0 - 1 M NaCl, in MSA, gradient over 25

mls. Flow rates were maintained at 0.5 ml /min, and 1 ml fractions were collected.
2.4.2.6: er omatogra atri

Material from the MonoQ stage of purification was used, and was first desalted into MQA
buffer to remove NaCl. In the case of Phenyl-Sepharose, the aliquot was further modified
by the addition of sufficient NH,SO, to render it 1 M. Several different matrices were
employed. 250 ul bed volumes of each was equilibrated with 20 bed volumes of
equilibration buffer as detailed below. Each resin was then incubated with 1 ml of kinase
containing material end over end for 1 hour at 4 °C. The resins were pelleted by gentle
centrifugation at 500g for 2 minutes and then washed through 20 bed volumes of the
appropriate equilibration buffer. Elution was achieved with the buffer detailed below by a

further 1 hour end over end incubation.



Resin

Equilibration Buffer

Elution Buffer

Cybacron Blue 3GA agarose

Phenyl-Sepharose

Heparin-Agarose

Hydroxy-Apatite

MQA

MQA+1 M NH,SO,

MOQA

MOQA
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Distilled water
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MQA+1 M H,PO,




enyl-Sepharose fractionation of p47”*** kinase activit
All steps were carried out at 4 °C
Loading of proteins.

1. Active fractions from the MonoS stage of purification were pooled and sufficient

NH,SO, added to make the solution 1 M.

2. The fractions were cleared by centrifugation at 100 000g for 15 min at 4 °C in a

Beckmann bench top centrifuge using a TLA 100.4 head.

3. The sample was loaded onto a Phenyl-Sepharose column (bed volume 1 ml)

equilibrated with MQA + NH,SO, in two 2 ml aliquots.
4. The column was washed using MQA + NH,SO,.
Elution of proteins.
1. Proteins were eluted with a decreasing gradient of NH,SO,, 1 to 0 M over 20 mls.

2. 1 ml fractions were collected.

All steps were carried out at4 °C

Loading of sample.
Protein concentration was monitored by measuring optical absorbance at 280 nm.

1. Mono S fractions containing the peak of p477*** kinase activity were desalted into HA-

A buffer using a PD 10 desalting column (Pharmacia Biotech).

2. The Heparin-Agarose column (Pharmacia Biotech, bed volume 1.5 mls) was

equilibrated with H-A A buffer.



3. The sample was injected onto the column at 0.5 ml /min, and unbound material was

collected.

Elution of material.

1. The column was washed thoroughly with HA-A buffer until the absorption baseline

had returned to zero.

2. Protein was eluted from the column using a NaCl gradient generated using 0 - 1 M
NaCl in HA-A, over 15 mls. Flow rates were maintained at 0.5 ml /min and 0.5 ml

fractions were collected.

.4.2.10: Su ate affinit trices

ATP affinity matrices.

Four matrices were employed (A-4793, A-2767, A-9264 and y-linked, Sigma) in a similar

manner. All gave identical results.

1. A mini column of 250 ul bed volume was constructed for the y-linked ATP resin, for

the others, 250 ul (settled volume) of beads was taken.

2. The matrices were equilibrated with 20 bed volumes of MQA buffer (with 4 mM
MgClL,).

3. 1 ml of material eluted from neutrophil membranes was added to the matrix. In the case
of the column, the material was allowed to drain through by gravity. For the other

matrices, end over end incubations of 1 hour at 4 °C were employed.

4. The matrices were washed with 10 bed volumes of MQA + 4 mM MgCl,.

5. Material was eluted from the matrices with 250 ul of equilibration buffer containing 20

mM ATP.

69



6. Each eluate was desalted into MQA buffer (to remove free ATP) using a NAP-5

column (Pharmacia Biotech, Sweden) prior to assay of p477*** kinase activity.
p477"* affinity matrix.
Manufacture of affinity matrix.

HiTrap NHS activated columns (Pharmacia Biotech, Sweden) were covalently bound to

recombinant p477*°* as per the manufacturer’s instructions:
1. The ligand was desalted into coupling buffer (0.2 M NaHCQO,, 0.5 M Na(l, pH 8.3).

2. The HiTrap column was prepared by washing the preservative (iso-propanol) with 1
mM HCI.

3. The ligand solution was recirculated slowly through the column at4 °C for a minimum

of 8 hours.

4. Excess groups were deactivated by 3 alternating cycles (each of three 2 bed volumes
injections) of Buffer A (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3) followed by three
2 bed volumes of Buffer B (0.1 M acetate, 0.5 M NaCl, pH 4.0).

5. The column was then neutralised by the injection of 2 bed volumes of 20 mM Tris-HCl
pH 7.0 containing 0.1 % azide.

6. Prior to usage, the column was equilibrated with 3 bed volumes of the appropriate

experimental buffer.
A similar column was manufactured using fat free milk protein as a control.
Binding material to p47"** affinity beads.
Each experiment was conducted in triplicate.

1. The HiTrap columns were opened, and the beads removed and equilibrated with Assay

buffer.
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2. Non-specific binding was eliminated by first “blocking” the beads with 1 % (v /v)

gelatine, before again washing the beads in assay buffer.

3. Active fractions from the MonoS stage of purification were desalted into Assay buffer

using a PD-10 column (Pharmacia Biotech, Sweden).

4. 300 ul of fraction were incubated with 50 ul (settled volume) of affinity beads, end

over end for 30 minutes at 4 °C.
5. The supernatant was removed and the beads washed in assay buffer (10 bed volumes).

6. Bound protein was eluted by incubation of the beads with 60 ul of Assay buffer + 0.5

M Na(Cl end over end for 30 minutes.

7. The supernatant was subsequently used in an assay of p47”*** kinase activity.

Phox Kinase a

After stimulation of neutrophils for 3 minutes with 0.1 pg /ml PMA and preparation of
cytosol and membranes, the cytosol fraction was used as a starting point for p47°*** kinase

purification, following the procedure detailed in sections 2.4.2.4, 2.4.2.5 and 2.4.2.8.
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Concentration of proteins.

Fractions were concentrated by one of two methods:

1. Precipitation with trichloro-acetic acid (TCA): Sufficient 100 % TCA was added to
render the solution 10 % (v /v) and the solution was incubated on ice for 1 hour.
Precipitate was spun down by centrifuging at 15 000 g for 15 min and the supernatant
removed. The pellets were washed twice with 10 % TCA and finally with 100 %
ethanol prior to air drying. Precipitated proteins were then dissolved in SDS sample

buffer.

2. Concentration with Centrikon-10 membranes (Amikon): Samples were loaded onto
centrikon-10 membranes (10 kDa exclusion) and centrifuged at 15 000 g until the
membranes were almost dry. The remaining sample (approximately 30 ul) was then

taken up in SDS sample buffer.

Western blotting.

Blotting was carried out using a BioRad Semi-dry blotter. Proteins were imaged using
Ponceau’s reagent before blocking in TBST containing 5 % w /v fat free milk. Primary
antibodies were diluted directly into block and incubated with the blots for 1-2 hours at
room temperature on a rocker. After thorough rinsing in TBST, they were incubated with
horseradish-peroxidase conjugated secondary antibodies, again diluted in block, for 1 hour

on arocker. The blots were finally developed using the ECL system (Amersham).

Antibodies from the following sources were employed:

1. PKC isotypes were from Peter Parker (ICRF, London).

2. PKB from James Woodgett (Cancer Institute, Toronto)
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ERK 1 and 2 (antibody ‘124’) from Chris Marshall (Institute of Cancer Research,
London)

Raf from Richard Marais (Institute of Cancer Research, London)

STE-20 (PAK) from Sohail Ahmed (Institute of Neurology, London)

2.5.2.2: Detectionof SAPK

Stress Activated Protein Kinases (SAPK) are members of the MAPK family. They have a

strong affinity for their substrate, the down-stream kinase cJun and this fact was used to

purify them in a simple one step process.

1.

cJun-GST fusion protein was generated as described in §2.2.2, however after
purifying with glutathione beads, they were not cleaved from the glutathione with

thrombin. Glutathione beads ligated to GST were employed as a control.
The beads were washed in 10 volumes of lysis buffer.

250 pl of either activated neutrophil cytosol diluted 50:50 with lysis buffer, or kinase
active fractions from the MonoS stage of purification (after desalting into lysis buffer
to remove NaCl) were incubated with 15 ul (settled volume) of beads end over end for
1 hour at 4 °C. The beads were then removed and washed in lysis buffer (20 bead

volumes).

The beads from the lysate were then employed directly in an assay by the addition of
30 ul lysis buffer containing 40 uM ATP, 10 mM MgAcetate, 10 4Ci [y*2-P]-ATP and
incubation for 15 minutes at 4 °C. The assay was halted by the addition of 6 ul SDS

sample buffer.

The supernatant from the kinase active fractions was used in a standard assay for

p477*° kinase activity.

All samples were then subjected to separation by SDS-PAGE.
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7. Phosphorylation was then determined by autoradiography (from lysates) or Cherenkov

counting (kinase active fractions).

Each assay was performed in triplicate.

2.5.2.3: Sequencing of purified protei

2.5.2.3a:

ermination of the molecular weigsht of the p47°*°* kinase

In Situ Kinase Assay Using PAGE Gels (modified from Kameshita and Fujisawa, 1989;

Gotoh, Nishida et al., 1990; Ding and Badwey, 1993)

L Preparation of the substrate gel.

A.

The desired substrate was fixed in a PAGE gel by addition to the
polyacrylamide gel mix immediately prior to polymerisation, using a final

concentration of approximately 0.5 mg /ml.

B. When using a solid substrate (e.g. Myelin Basic Protein) the mix was
centrifuged prior to polymerisation to remove any undissolved material.

C. The stacker, which did not contain substrate, was added.

D. The samples were run as normal.

/8 Performance of in situ kinase assay

A. SDS was removed from the gel by washing in 2 changes of 100 mls of 20
% (v /v) propan-2-ol in 50 mM Tris-HCI (pH 8.0), 30 minutes each.

B. The gel was then washed once in 250 mlis of S0 mM Tris-HCl (pH 8.0) 5
mM B-mercapto-ethanol for 1 hour.

C. The gel was then denatured in 2 changes of 100 mls of 6.0 M guanidine-

HCl in 50 mM Tris-HCl pH 8.0; 5 mM mercapto-ethanol, 30 minutes each.
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D. Renaturation was then achieved by incubating in 4 changes of 250 mls of
50 mM Tris-HCI pH 8.0; 5 mM mercapto-ethanol; 0.04 % (v /v) Tween 40

for at least 16 hours at 4 °C.

E. The assay was performed at room temperature for 30 minutes using 25 mls
of 10 mM Tris-HCl pH 6.5; 2.0 mM DTT; 0.1 mM EGTA; 20 mM MgCl,;
0.1 mM CaCl,, 50 uCi [y **P]-ATP (1 uCi /ml); 50 uM ATP.

F. The gel was then washed extensively in 5 % (w /v) TCA, 1 % (w /v)
sodium pyrophosphate, until the radioactivity in the wash became

negligible (usually at least 5 changes of 500mls and overnight).
G. The gel was then dried and imaged.
Gel Filtration of p47 *** kinase activity.

This was carried out on a Superdex-75 column using the Pharmacia SMART system.

Protein concentration was monitored at 280 nm.

1. The Superdex-75 column was equilibrated with MQA buffer to which 250 mM NaCl

had been added to minimise protein-protein interactions.

2. 50 pul of the fraction (centrikon-10 concentrated material from the MonoS stage of

purification) were injected onto the column and a flow rate of 40 ul /min maintained.
3. 80 ul fractions were collected.

4. Molecular weight standards were run under exactly similar conditions. Markers used
were: Blue Dextran (void); Bovine Serum Albumin (67 kDa); Ovalbumin (43 kDa);
Chymotrypsinogen-A (25 kDa); Ribonuclease-A (13.7 kDa).
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5. TheK,, for each standard was calculated using the equation:

K,=¥Ye-Vo
Vt-Vo

Where:

Ve = elution volume for protein

Vo = column void volume (i.e. the volume for Blue Dextran)

Vt = total bed volume (2.4 mls for the Superdex-75)

A semi-logarithmic plot of K , (linear) against MW (logarithmic) was made which
gives a linear relationship. The K, for the kinase activity could then be calculated and

its MW estimated using this plot.
Detection of kinases using fluorylsulfonylbenzoyladenosine (FSBA).
Background.

FSBA binds irreversibly to the conserved lysine residues of the ATP binding site of
kinases (Taylor and Radzio-Andzelm, 1994) where it is sensitive to competition from
ATP. This fact can be used to detect possible kinases (Parker, 1993). Protein mixtures are
reacted with FSBA in the presence or absence of ATP, and then subjected to Western
Blotting with anti-FSBA (a gift from Peter Parker, ICRF). ATP sensitive binding of

FSBA indicates a potential kinase.

1. The proteins must be present in solutions which do not contain reducing agents such as

DTT. Where necessary, the buffers were exchanged by desalting.

2. The fraction was incubated with 10 mM Mg** and 1 mM FSBA (from 50 mM stock
solution in DMSO) in the presence or absence of 1 mM ATP.

3. Samples were incubated for 20 mins at 30 °C.

4. Reactions were terminated by the addition of an appropriate volume of 10x SDS

sample buffer and boiling.

Proteins were separated by SDS-PAGE, and then subjected to Western Blotting using
affinity purified anti-FSBA at a dilution of 1/1000.
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.2.2.3b: Sequencing o oteins by nano-electrospray mass spectrometr

The sequencing of proteins was carried out by Dr. Walter Blackstock of Glaxo-Wellcome

Research, Stevenage, Herts.

Sample preparation for in gel digestion.

Bands of interest were excised from Coomassie stained SDS-Polyacrylamide gels and

subjected to in gel tryptic digestion. Peptides were extracted using methanol.

Nano-electrospray tandem mass spectrophotometry.

Peptides were then desalted into 60 % Methanol in 5 % formic acid directly into a
metallised glass capillary tube using self packed nano R1 POROS and used to produce the
nano-electrospray. Tandem mass spectrometry was then used to identify peptides and
match them to known proteins using the DE-MALDI database (References for the method
can be found in; Pappin, Hgjrup et al., 1993; Mann and Wilm, 1995; Wilm and Mann,
1996; Wilm, Shevchenko et al., 1996).

Determination of the linear phase of p47°"*kinase activity.

A standard in vitro kinase assay using 50 times the normal volumes was conducted.
Aliquots of 30 ul were taken from the assay and halted by the addition of SDS sample
buffer at 0, 10, 20, 30, 45, 60, 90 and 120 min and p47”’"”‘ phosphorylation calculated by
Cherenkov counting of the substrate excised from polyacrylamide gels. Each assay was

conducted in triplicate.
Determination of the optimal pH
1. 100 mM Tris-maleate buffer was made up and adjusted to the following pHs:

5.0,5.5,6.0,6.5,7.0,7.5and 8.0
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2. Centrikon-10 concentrated material from the Heparin-Agarose stage of purification
were used in the standard kinase assay using the different buffers. Each assay was

performed in triplicate.

3. Results were obtained by Cherenkov counting of p477*** excised after separation using

SDS-PAGE.
Determination of the optimal concentration of Mg **.

Material from the Heparin-Agarose stage of purification was employed in standard p47°**
kinase activity assays, modified by the omission of Ca** and the addition of an appropriate
volume of 500 mM MgA cetate to achieve the following concentrations; 0, 5 mM, 10 mM,
20 mM, 40 mM, 60 mM, 80 mM and 100 mM. Nominal zero Mg** was achieved by the
use of 5 mM EDTA.

Determination of the optimal concentration of Ca**.

Material from the Heparin-Agarose stage of purification was employed in standard p477**
kinase activity assays modified by the addition of an appropriate volume of 50 mM
Calcium Acetate to achieve the following concentrations; 0, 0.1 mM, 1 mM and 10 mM.
Zero Ca®* was achieved with the addition of 1 mM EGTA. The effect of Ca®* concentration

was studied in the presence of 5 mM and 40 mM Mg** Acetate. Each assay was conducted

in triplicate.
2.5.2.5: Activation of the p47"* kinase
The influence of lipids and PMA.

The following lipids were employed:

1. Phosphatidic acid (PA). Obtained at 140 mM in chloroform. 0.3 ul was dried under
nitrogen and then reconstituted in 30 pl of distilled water (1.4 mM). It was then diluted

into the assay buffer 1:10 to give a working concentration of 140 yM.
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2. Phosphatidyl 3,4,5 trisphosphate (PIP,) was dried under N, and diluted into distilled
water to give a concentration of 160 #M and diluted 1:20 into the assay buffer to give a

working concentration of 8 uM.

3. Mixed Brain Lipids (MBL; methanol /chloroform bovine brain phospholipid extract,
Sigma, Palmer, Dekker et al., 1995; Palmer and Parker, 1995) stock solution of 10 mg
/ml was dried under N, and dissolved in HA-A buffer with the aid of sonication,
before diluting 1:10 into the assay buffer and sonicated, giving a working

concentration of 0.5 mg /ml.

PMA was used at a final concentration of 160 nM.

The assays were conducted in triplicate using centrikon-10 concentrated material from the

Heparin-Agarose stage of purification as follows:

Assay Fraction pa7Ph Lipid HA-A buffer ATP mix
(ul) 2 2y 2 (ul)
Control 15 1.5 0.3 (DMSO) 8.2 5
PIP3 15 1.5 1.5 7 5
PA 15 1.5 3 5.5 5
MBL 15 1.5 3 5.5 5

The assays were repeated in the presence of 160 nM PMA with the volume of HA-A
buffer reduced accordingly. The proteins were separated using SDS-PAGE and the

phosphorylation of the p477*** ascertained by Cherenkov counting.
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The effect of protein phosphatases.

Protein Phosphatase 1y (1200 U /ml) and 2Ac (88 U /ml) were employed (obtained from
Robert Maclntyre, MRC Protein Phosphorylation Unit, Dundee) and each examined in

triplicate experiments.

1. Kinase active fractions from the Heparin-Agarose stage of purification were pooled,
concentrated and buffer exchanged into HA-A buffer (to remove potential phosphatase

inhibition by high NaCl concentrations) using a Centrikon-10 membrane.

2. The kinase active fractions (48 ul) were incubated with phosphatase at a final working
concentration of 10 U /ml at 30 °C for 30 minutes in the presence (control) or absence

of 2 uM Microcystin-LR.

3. At the end of this period Microcystin-LR was added to the other fractions before
initiating kinase activity by the addition of 10 pl of the incubated material to a standard

kinase assay.
4. Activity was ascertained by Cherenkov counting.
The affect of PKC on membrane derived p477*** kinase activity.

Material from the heparin-Agarose stage of purification was employed. PKCg, 3000 U /ml
(from Peter Parker, ICRF, London) was used at a final concentration of approximately
150 U /ml. Mixed brain phospholipids were from Sigma, and were made into a stock of 4
mg /ml in 25 mM Tris-HCI pH 7.0, 5 mM Mg**acetate, and used at a final concentration of

1 mg /ml.



Assays of p477"** kinase activity were measured using the following volumes:

Fraction (ul) pa7P Mixed Brain PKC Assay Buffer
Lipids ‘
(ul) (p) (1)
(1)
10 3 8 1.6 10

In fractions not containing one of the above, an appropriate volume of 25 mM Tris-HCI

pH 7.0, 5 mM Mg**acetate was substituted.

The reaction was halted by the addition of SDS sample buffer, boiled and then subjected to
SDS-PAGE before autoradiography.

The effect of Staurosporine.

1. In vitro affects of conducting the standard p47°*** kinase assay (on material from the
heparin-Agarose stage of purification) in the presence of 0, 0.01 nM, 0.05 nM, 0.1
oM, 0.25 nM, 0.5 nM, 1 nM and 2.5 nM staurosporine were examined.
Phosphorylation of the substrate was performed in triplicate and quantified by

Cherenkov counting.

2. In vivo affects of Staurosporine were conducted by assessing the maximal rate of
superoxide generation of cells pre-incubated at room temperature with 0, 0.125 nM,
0.25nM, 0.375 nM, 0.5 nM, 1 oM, 2 nM, 4 nM staurosporine for 10 minutes, prior
to stimulation with 50 nM PMA.
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Calculation of Km and Vmax for ATP and p477***.

Material from the heparin-Agarose stage of purification was used in standard p477**
kinase assays in the presence of varying concentrations of ATP and fixed p47°**

concentration, or vice versa.

1. The protein concentration of the purified p477*** stock solution was determined to be
2.8 mg /ml using Bradford reagent; this is equivalent to approximately 60 uM. This

was diluted into the assay to the following final concentrations:
0, 0.05,0.1, 0.5, 1.0, 2.5, 5.0, 10.0 uM

Each assay was performed in triplicate in the presence of a fixed ATP concentration
(20 uM), and phosphorylation determined by Cherenkov counting of the labelled
substrate, or the piece of gel at the appropriate MW in assays which was below the

limit of detection of the p47°*** band, excised from polyacrylamide gels.

2. Triplicate assays were performed as standard in the presence of a fixed p47”***

concentration (4 yM) with ATP at the following concentrations:
0, 2.5, 5.0, 10.0, 20.0, 50.0, 100.0, 200.0 xM

The phosphorylation was determined by Cherenkov counting of the labelled substrate

excised from polyacrylamide gels.

3. The results of each set of experiments were then used to construct double reciprocal
plot graphs (Lineweaver-Burke graphs) of 1 /Activity (U /Au 280 nm) against

1/Substrate concentration (M), using linear regression.

4. The x intercept gives -1 /Km, whilst the y intercept gives 1 /Vmax.
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Utilisation of other substrates.

Utilisation of 4 substrates was compared by conducting standard kinase assays, in

triplicate, in the presence of 1 uM of the following:
Myelin Basic Protein, Histonellls, recombinant p47”*** and recombinant p677***,

The phosphorylation was determined by Cherenkov counting after separation using SDS-

PAGE.
2.5.7: Mapping of the p47?*** phosphorylation sites
Purification of phosphorylated material.

1. Invivo phosphorylated p477*>* was isolated from *?P labelled cells exactly as described
previously (§2.3.2.5).

2. In vitro phosphorylated recombinant p47”*** was obtained by conducting a standard
p477*°* kinase assay at double volumes, and in the presence of an excess of

recombinant p477*°* (5 uM).

Phospho-Peptide Mapping (Van der Geer, Luo et al., 1993)
Once proteins had been labelled with 2P either by in vitro or in vivo methods, the

procedure followed was as below:
L Elution of protein from SDS-PAGE gel.

A. The labelled sample was dissolved in SDS sample buffer, and run on SDS
PAGE gel.

B. The gel was dried WITHOUT staining.

C. The gel was marked by fluorescent tracker tape, and then exposed to X-ray
film.



The phosphorylated protein was located on the autoradiograph, and the
corresponding piece of gel was then cut out. The gel was re-exposed to

film to ensure all of the phosphorylated protein had been removed.

The paper was peeled away from the gel (in the case of gels dried onto
cellophane, the gel could be separated by slightly moistening with distilled

water).

The pieces of gel were placed in a 1.5 ml disposable tissue grinder
microcentrifuge tube, and rehydrated in 400 ul freshly prepared S0 mM
NH,HCO,, pH 7.3-7.6 for 5 mins at room temperature.

The swollen gel was ground until the pieces were small enough to pass
through a 200 1 pipette tip, at which point they were transferred to a 1.5
ml screw-top micro-centrifuge tube, and the grinder tube was rinsed twice
with 200 pl of 50 mM NH,HCO,. 40 ul 2-mercaptoethanol and 8 ul 10%
(w /v) SDS, boiled for 2-3 mins, and incubated for a further 90 mins on a

shaker at room temperature.

The tube was centrifuged for 2-3 mins at 10 000 rpm in a microcentrifuge
at room temperature, and the supernatant transferred immediately to a new
1.5 ml microcentrifuge tube. A further 400 1 50 mM NH,HCO, containing
20 pl of 2-mercaptoethanol and 4 ul of 10 % SDS was added to the gel

pieces, vortexed, and shaken again for 90 mins on a shaker.

The tube was centrifuged again for 2-3 mins at 10 000 rpm in a micro-
centrifuge at room temperature. The supernatant was immediately removed
and added to the tube containing the first supernatant. This was then
centrifuged for 5-10 mins at 10 000 rpm in a microcentrifuge at room
temperature to ensure that all gel fragments were removed, and the
supernatant removed to a fresh 1.5 ml microcentrifuge tube. (The
radioactivity in the remaining pellet was checked to ensure that less than 40
% of the starting radioactivity remained).
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The eluate was then cooled on ice and 20 ug of carrier protein (RNA-ase)
was added and mixed well. 250 ul of iced cold 100 % (w /v) TCA was
added and the sample vortex mixed and incubated for 1 hr on ice. The
material was then centrifuged for 15 mins at 10 000 rpm, 4 °C, and the
supernatant removed. Residual fluid was removed by centrifuging at 10
000 rpm, 4 °C, for 1 min. The pellet was then washed in 500 jd of iced 96
% ethanol, vortex mixed and then centrifuged for 5 mins at 10 000 rpm at 4

°C. The supernatant was removed, and the pellet air dried.

Oxidation of methionine and cysteine residues.

A. 9 parts of 98 - 100 % formic acid were mixed with 1 part 30 % (w /v)
hydrogen peroxide, and incubated for 60 mins at room temperature.

B. The performic acid thus formed was cooled to 0 °C.

C. 50 pl of the cold performic acid was added to the ethanol washed TCA
precipitate in a microcentrifuge tube and vortexed. This was then incubated
on ice for 60 mins.

D. 400 pl of deionized water was added, mixed and frozen on dry ice. (At this
point 10 % of the sample was removed for phospho amino acid analysis).

E. The sample was then dried in a Speed-Vac.

Tryptic digestion.

A The dried pellet was resuspended in 50 mM NH,HCO, pH 8.0-8.3. 10 ug
(10 pd of 1 mg /ml stock) TPCK treated trypsin was added, and then
incubated for 3-4 hrs at 37 °C.

B. A further 10 ug of TPCK treated trypsin was added, and incubated for a
further 3-4 hrs at 37 °C.

C. 400 pl deionized water was added, frozen and lyophilised.
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D. The pellet was redissolved in 400 ul of deionized water and lyophilised.

E. The pellet was dissolved in 400 ul of pH 1.9 electrophoresis buffer and
vortexed. The sample was centrifuged for 5 mins at 10 000 rpm in a
microcentrifuge at room temperature, and the supernatant transferred and

then lyophilised.
IV.  thin-layer separation of phosphopeptides (See figure 2.1).
Loading of samples.

A The proteolytically digested protein pellet was dissolved in at least 6 ul of

pH 1.9 buffer by vortex mixing.

B. The sample was spotted onto the origin in small (0.2 ul) volumes with

drying between applications.

C. 0.5 pul of marker dye was applied to the dye origin.

+Dye origin 2nd dimension

;|2cm
@ 15 cm @

+ + Sample origin

3 cm

Ll I
2cm 3 cm 15cm

Figure 2.1: Details of sample application for 2-D phosphopeptide mapping.



1. First dimension (thin-layer electrophoresis).

The following protocol was followed, using an HTLE 7000 system.

1.

A.

B.

G.

Both buffer tanks were filled with electrophoresis buffer pH 1.9.

A Teflon sheet was placed over the cooling plate, and a sheet (35 x 25 cm)
of thin polythene sheeting was placed over this. Two sheets of Whatmann
3MM paper (20 x 14 cm) were wetted with electrophoresis buffer and
placed as wicks in the buffer tanks, and overlapping the cooling plate. A
second sheet of polythene was placed over this, and the apparatus was
closed, and inflated to 10 pounds per sq. inch to expel excess buffer from

the wicks.

The TLC plate was wetted with electrophoresis by gentle rolling of a
double sheet of Whatmann 3MM paper with 1.5 cm holes cut around the

origins which had been pre-soaked in electrophoresis buffer, over the plate.

The plate was placed on the apparatus, and the wick folded over it so as to

cover approximately 1 cm of the edge.

The apparatus was re-assembled and re-inflated to 10 pounds per sq. inch.

The cooling water was turned on, and electrophoresis conducted at 1 kV

for 25 mins.

The plates were air dried using a fan.

Second dimension (Chromatography).

A.

B.

0.5 pl of green marker dye was spotted on the left margin of the plate.

The dried plate was placed upright in the chromatography tank filled with
phosphochromatography buffer, and the air-tight lid replaced.



C. The buffer was allowed to run up the plate to within 1 cm of the top (12

hours approximately).

D. The plate was removed and dried in a 65 °C oven.

E. The plates were marked with radioactive ink, and exposed to a phospho-

imager plate for analysis.

2.5.7c: Phospho Amino Acid Mapping (Van der Geer, Luo et al., 1993)

10 % of the material prepared for phospho peptide mapping (stage IID) above were

employed as follows for mapping of the phospho amino acids.

1. The sample was lyophilised to dryness, and 50 ul of 6 M HCl were added.

2. The sample was hydrolysed by incubation at 110 °C for 1 hour.

3. The HCI was then removed by dilution and lyophilisation to dryness.

4. The pellet was resuspended in 6 ul of pH 1.9 electrophoresis buffer.

5. The sample was briefly centrifuged to remove any undissolved material.

6. The sample was then spotted onto a thin layer chromatography plate 0.5 pl at a time,

with drying in between applications.

7. Phospho amino acid standards were applied at a second site on the plate.

8. The plate was wetted with pH 1.9 buffer.

9. The first dimension was run at pH 1.9, 1.5 kV for 20 minutes using the HTLE 7000

system as described in the previous section.

10. The plate was air dried.

11. The second dimension was run using pH 3.5 buffer at 1.3 kV for 16 minutes.

12. The plate was air dried and the proteins visualised by spraying with acetone.
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INEA THE ROLE OF THE p38 MAPK PAT AYIN THE
ACTIVATIONOF THE NADPH OXIDASE PATHWAY.

Previous studies have shown that activation of neutrophils by fMLP or PMA leads to the
activation of the well characterised extracellular regulated /mitogen activated protein kinase
(ERK /MAPK) pathway (Grinstein and Furuya, 1992; Thompson, Shiroo et al., 1993;
Grinstein, Butler et al., 1994; Thompson, Marshall et al., 1994). As discussed in §1.9,
doubt has been cast on its role in activating the NADPH oxidase. The recently described
p38 MAP Kinase (Rouse, Cohen et al., 1994), a closely related yet differentially regulated
(Cano and Mahadevan, 1995) proline directed kinase, however, has not previously been
investigated in neutrophils. It is likely to have a unique substrate specificity (Raingeaud,
Gupta et al., 1995) which could include p47°***. The possibility that this pathway may
have a role in the activation of the NADPH oxidase of human neutrophils was investigated
by using a specific inhibitor of the activation of the MAPK pathway (PD 098059, Alessi,
Cuenda et al., 1995) and an inhibitor of the p38 MAPK pathway (SB 203580; Cuenda,
Rouse et al., 1995; Cohen, 1997).

Mechanism of action of the inhibitors PD 098059 and SB 203580.

The ERK pathway has been well characterised (Egan and Weinberg, 1993 and see figure
1.4). PD 098059 exerts its inhibitory effect by competitive inhibition of the activation of
MEK by its kinase, Raf or MEKK (Alessi, Cuenda et al., 1995). SB 203580 appears to
specifically inhibit signalling via the p38 MAPK pathway by inhibiting the activation of the
downstream MAPK activated kinase 2 (MAPKAP kinase 2), leaving signalling via the
ERK pathway unaffected (Cuenda, Rouse et al., 1995).
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3.2.1: Effect of inhibitors on superoxide production of neutrophils.

Pre-incubation of neutrophils with the MAPK pathway inhibitor, PD 098059, in
concentrations of up to 50 #M had a minimal effect on superoxide production in response
to either PMA or fMLP (figure 3.1). In contrast to this, the p38 MAPK inhibitor, SB
203580, had effects on production of superoxide in response to stimulation by both these
activators (figure 3.2). The maximal response to PMA was decreased to approximately
75% of control values (p <0.05; figure 3.2B and C), and there appeared to be an increase
in the lag phase from a mean of 22 seconds, to a mean of 48 seconds (p =0.003; figure
3.2D). More strikingly, the maximal response to fMLP was markedly inhibited to
approximately 30 % of control values (p <0.005; figure 3.2A and C). Dose-response
studies (figure 3.3) showed that half maximal inhibition of the fMLP response occurred at
a concentration of approximately 0.6 uM, which accords with values obtained in cultured

fibroblast undergoing stress activation (Rouse, Cohen et al., 1994).
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