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Abstract
The NADPH oxidase generates O2 in phagocytes such as neutrophils. The system is
dormant in resting cells and activated on exposure to stimuli following the assembly
o f the cytosolic components

p47^^°^, p67^^®^ and rac2 with cytochrome b558

in the membrane. A region of homology of about 100-110 residues in length exists
between the N-termini of p40^^"^ and p47^^^^ and has been termed the PX domain,
the role of which is unknown.
To further understand the role of this domain with respect to the cytosolic factor
proteins p40^^°^ and p47^^®^of the NADPH oxidase, we have carried out expression,
purification, characterisation and crystallisation trials of the PX domain of p40^^‘’^ and
and full-length p47^^"^. We also expressed and purified the full-length p40^*‘^^
and truncated p67^^^^ (302-460). A complex of full-length p40^^‘^^ and p67^*'’^ (302460) has been made and the binding has been characterised. Numerous attempts to
crystallise this complex have been carried out and protein crystals have been obtained.
We also identified a PX domain binding partner in neutrophils using affinity column
made from recombinant PX domain of p40^^"^. Actin was found to bind to PX
domains of p40^^^^ and p47^^"^. In vitro binding studies confirmed PX domains bound
to the side of F-actin. Significantly, PX domains co-localised with F-actin when PX
domain of p40^^®^ and p47^^®^ constructs were microinjected into fibroblasts nuclear,
suggesting a positive role of actin filaments in the NADPH oxidase activation.
Recent evidence shows that specific lipid microdomains, “rafts”, are involved in
signal transduction and in activation of many cells. Here we have examined the
contribution of lipid rafts to NADPH oxidase activation in neutrophils. We found that
the NADPH oxidase components in neutrophils associated with membrane rafts.
Stimulation of neutrophils with PMA or via Fc receptors induced cytosolic

components and PKC isotypes to be recruited to membrane rafts. Treatment of
neutrophils with a cholesterol depletion drug—MpCD resulted in less efficient
activation of the NADPH oxidase by PMA and IgG coated S. aureus, hence pointing
to a function of membrane rafts as a “trap” to concentrate molecules and increasing
the efficiency of cross-talking between molecules.
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Chapter 1

Introduction

1.1 Neutrophils and host defence
Professional phagocytic cells (neutrophils, eosinophils, monocytes and macrophages)
play a crucial role in host defence by killing and digesting bacteria within the host.
For this purpose, they are equipped with the molecular machinery to generate reactive
oxygen species (ROS), and containing a unique composition of granule proteins.
Among these cells, neutrophils have attracted the most attention because of their
abundance and efficient capacity to kill and digest bacteria. Unlike the long-lived
macrophage, which reside in tissues and acquire their cytotoxic potency after some
delay, circulating neutrophils are short-lived cells, which are readily mobilised by
exposure to a variety of stimuli.

1.1.1 Chemotaxis
All bacteria produce chemotactic substances that attract neutrophils. Formylmethionyl peptides are among the best-known stimuli. They are released from
bacteria at the site of infection and diffuse into the blood vessels located in close
proximity. At nanomolar concentrations, they bind to specific receptors on the surface
of the circulating neutrophils (Schiffmann et al., 1975 a and b). This binding process
governs the chemotactic response, which consists of a series of sequential events
including the adhesion of the circulating neutrophils to the endothelium of
neighbouring capillaries, transport across the endothelium, migration along the
formylpeptide gradient towards the infection tissues where the formylpeptide

concentration is in the micromolar range, and finally engulfinent of the bacteria by
phagocytosis (Bevilacqua et al., 1987; Snyderman et al., 1981; Morel et al., 1991).
Additionally, certain components of the complement system are chemotactic, for
example C3a and C5a (Ward et al., 1965; Fernandez et al., 1978). Once phagocytosis
has begun, neutrophils release compounds, including prostaglandin E2, which draw
more phagocytes to the inflammatory site (Bray et al., 1981).

1.1.2 Phagocytosis
The importance of phagocytosis as a defence mechanism in multicellular organism
was first observed by Metchnikoff in 1891 (Metchnikoff, 1968). Since then,
phagocytosis has served as the classic model of irmate immune interaction, and
enormous progress has been made toward understanding this process. However, the
diversity of phagocytic mechanisms presents a challenge to those who strive to
elucidate the underlying principles of the process. Phagocytes express a broad
spectrum of receptors that participate in particle recognition and internalisation.
Some of these receptors are capable of transmitting intracellular signals that trigger
phagocytosis, while other receptors appear primarily to participate in binding or to
increase the efficiency of internalisation. Nonetheless the efficient engulfinent of
bacteria depends upon a process known as opsonisation (derived firom the Greek word
‘opsonin’, which means ‘to prepare food for’). Fab fi*agments of IgG class bind to
surface antigen of bacteria and the IgG molecules form a bridge between bacterium
and plasma membrane of neutrophils. IgG-opsonised particles are recognised by
several surface receptors that bind to the Fc region of IgG (FcRs) (Daeron, 1997;
Ravetch and Bolland, 2001). Complement proteins in the serum can opsonise bacteria
through antibody-dependent and antibody-independent mechanisms; complement-

opsonised particles are recognised and internalised via specific complement receptors.
In addition to the variety of Fc-receptors and complement receptors that participate
separately in particle internalisation, it has been observed for more than 25 years that
complement receptor and Fc-receptor co-ligation can produce co-operative effects
(Ehlenberger and Nussenzweig, 1977).
The other receptors involved in phagocytosis including Scavenger Receptors, defined
originally by their ability to bind and internalise modified lipoproteins such as
acetylated low-density lipoprotein, scavenger receptors additionally bind such diverse
ligands as polyribonucleotides, lipopolysaccharide, and silica particles (Platt et al.,
1999).
Mammalian phagocytes also express a wide variety of surface lectins that mediate
detection of self and foreign carbohydrates, and these receptors co-operate in
detection o f bacteria. The mannose receptor (that binds a-mannan) and dectin-1 ( that
binds p-glucan) have been demonstrated to mediate phagocytosis of yeast and
zymosan (Ezekowitz et al., 1990; Brown and Gordon, 2001). Other integrins, both
fibronectin and vitronectin can non-specifically opsonise pathogens and cell debris.
Phagocytes recognise and ingest these particles primarily through aS p l and avp3
integrins, and this activity can be reconstituted by expressing the receptors in nonphagocytic cells (Blystone et al., 1994 and 1999). This uptake process creates an
intracellular phagocytic vacuole or primary phagosome (Fig 1.1) (Hed et al., 1983).
By far phagocytosis via Fc receptors and complement receptors is the clearest
example of internalisation regulated by Rho family GTPase. Phagocytosis involves
the actin dependent endocytosis of large particles. It falls into two classes, in type I
phagocytosis, IgG coated particles are more actively engulfed by the pseudopodia
projected fi*om the cell surface, this is mediated by co-ordinated actions of Cdc42 and
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Rac. In type II, complement opsonised particles tend to sink into actin-lined
invaginations in the plasma membrane without any prominent membrane protrusions,
and is dependent on Rho A (Allen, 1996; Caron and Hall, 1998).

1.1.3 Mechanism of Killing
Concomitantly with phagocytosis, two important processes are brought to play. The
first process, known as the respiratory burst (Baldridge and Gerard, 1933), consists of
a sudden and marked activation of oxidative metabolism, resulting in the production
of O2 (Babior et al., 1973 and 1975) and derived reactive oxygen species. The second
process, known as degranulation, corresponds to the fusion of cytoplasmic granule
membrane with the phagosome membrane to form a secondary phagosome. In this
way the battery of granule-hydrolytic and bactericidal enzymes is released into the
phagosome.
Significant progress has been made toward understanding the mechanisms involved in
killing bacteria since Metchanikoff. It was recognised at an early stage that killing
was effected by the contents of the cytoplasmic granules released into the
phagocytotic vacuoles in which ingested bacteria were encapsulated (Hirsch and
Cohn, 1968). This scheme was supplanted by the discovery of the NADPH oxidase
and the killing agents reactive oxygen species (ROS) (Sbarra and Kanovsky, 1959;
Mandell, 1974; Babior et al., 1973 and 1975). It was ever since accepted that
neutrophils killing ingested bacteria by subjecting them to high concentrations of high
toxic ROS and bringing about myeloperoxidase (MPO)-catalysed halogénation
(Sbarra and Kanovsky, 1959; Mandell, 1974; Babior et al., 1973 and 1975; Klebanoff,
1975). Upon activation the NADPH oxidase in neutrophils generates superoxide (O2 ),
superoxide can then take part in various oxidation or reduction reactions, which often
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lead to the formation of other reactive species, for example singlet oxygen (O2 *),
hydroxyl radical (OH*) and H 2 O2 . All these can kill bacteria directly by reacting with,
for instance, proteins, so denature them, or by oxidising lipids to lipid peroxides,
thereby damaging membranes. In addition, in the presence of H 2 O2 and a halide, MPO
forms hypochlorite and other derivatives, which halogenate bacteria and kill them.
The killed bacteria are then enzymaticaliy digested. According to this simple scheme,
a lack of proteases should not affect the killing ability of neutrophils. Although earlier
studies had shown a requirement for neutrophil elastase to kill some Gram-negative
bacilli (Belaaouaj et al., 1998), and for both cathepsin G and elastase to protect
against infection by Aspergillius fumigatus (Tkalcevic et al., 2000). A mouse model
made deficient in neutrophil-granule proteases but normal in ROS production and
iodinating capacity were unable to resist staphylococcal and candidal infections
(Reeves et al., 20002).
Neutrophils have at least four different granule or vesicle types (Bainton, 1999;
Robinson et al., 1999; Kjeldsen et al., 1999; Sengelov et al., 1999). These are the
primary or azurophilic granules that contain MPO, bactericidal proteins, and
proteases; the secondary or specific granules that store lactoferrin and enzymes such
as collagenase and gelatinase; the tertiary or gelatinase granules that, like specific
granules, contain tissue-degrading enzymes; and the secretory vesicles, an easily
mobilizable compartment, that contain alkaline phosphatase and plasma proteins such
as human serum albumin (Table 1.1). The 4 granule types are mobilized at different
stages of the inflammatory process; secretory vesicles are more readily secreted than
the other granule types. Currently, it is believed that secretory vesicles release their
content when neutrophils establish the primary rolling contact with the endothelium.
Because the membrane of secretory vesicles is enriched with proteins such as Mac-1,
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complement receptor 1 (CD35), and urokinase-type plasminogen activator receptor,
the fusion of this compartment with the plasma membrane leads to an up-regulation of
important receptors and adhesion factors to the neutrophil surface (Borregaard and
Cowland, 1997). Tertiary and secondary granules contain tissue-degrading enzymes
and are less easily mobilized than secretory vesicles. Possibly, these compartments
are involved in the regulation of the tissue remodeling processes that occur during the
egress of neutrophils from the vasculature and into the tissue. Finally, azurophilic
granules contain bactericidal proteins such as bactericidal permeability increasing
protein, cathepsins, defensins, elastase, lysozyme, and protease. These proteins have
important functions at the site of infection, where azurophilic granules fuse with
phagosome compartments (Tapper, 1996; N ’Diaye et al., 1998) in some instances,
these granules release their content extracellularly to achieve microbial killing.
The granules contain a strongly anionic sulphated proteoglycan matrix, which is
strongly complexed to basic proteins, including cationic proteases. It has been
proposed that the proteoglycans regulate the activity of proteases released into the
pericellular domain (Kolset and Gallagher et al., 1990).
Based on these observations and works carried out in his own laboratory, Segal
proposed a new model that the generation of negative charged reactive oxygen species
by NADPH oxidase causes charge imbalance across the vacuole. To compensate for
this, positive charged ions, mainly potassium, are pumped into the vacuole with an
attendant rise in pH to the optimal level for the activity of the granule proteases.
Moreover, the increasing ion strength in vacuole causes cationic proteases releasing
from the anionic proteoglycan matrix on the granules surface to become active and
causes osmotic swelling of the vacuole (Segal et al., 1981; Reeves et al., 2002).
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Table 1.1 major components o f neutrophil granules (Borregaard et al., 1995; Borregaard,
1997)

Peroxidase-positive

Peroxidase-negative

Component

Azurophil

GelatinaseSpecific containing

bactericidal
Myeloperoxidase
Defensins
BPI
Cathepsin G
Elastase
Protease 3
Azurocidin
Lysozyme

+
+
+
+
+
+
+
+

+

Hydrolases
p-glucuronidase
a-mannosidase
a-fucosidase
p-glucosamidase
Phopholipase A2
Phopholipase C
Phopholipase D

+
+
+
+
+
+
+

low

Receptors
FMLP
CR3
gpl50, 95
CD45
CRl
Laminin
Others
Cytochrome b
p2 -microglobulin
Gelatinase
Collagenase
Diamine oxidase
-ATPase
Vitamin B 12-binding protein
Tetranectin
DAG lipase
Alkaline phosphatase
Albumin
Acetyl CoA: lysoPAF acetyl
Transferase

Secretory
vesicle

+
+
+

+
+
+
+

+

+

+

+
+
+

+
+
+
+

+
+

+

+
+
+
+
+
latent

+

+
+
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1.2 NADPH oxidase
1.2.1 The discovery of NADPH oxidase
NADPH oxidase
Baldridge and Gerard (1933) had first discovered that canine leukocytes exposed to
bacteria exhibited a “burst” of oxygen consumption. The metabolic response was
initially attributed to increased generation of mitochondrial energy during
phagocytosis, and called ‘the extra respiration of phagocytosis’. It was not until 1959
that it was realised that this specific increase in oxygen consumption was resistant to
conventional inhibitors of mitochondrial respiration (Sbarra and Kamovsky, 1959).
The fimction of the reaction remained obscure until it became apparent that the ability
o f phagocytic cells to kill certain bacteria in vitro was markedly diminished under
anaerobic conditions, and cells fi’om patients with CGD in which the ‘respiratory
burst’ is absent also exhibited the same microbicidal deficiency in the presence of
oxygen (Quie et al., 1967). The reaction is that the oxygen is reduced to the
superoxide free radical by addition of a single electron (Babior et al., 1973) (Fig. 1.1).
Subsequent identification and purification of individual molecules that involved in the
process of electron transfer showed that NADPH, generated by the hexose
monophosphate shunt, was the natural substrate. As a result, the enzyme responsible
for the production of superoxide has become known as the Nicotinamide Adenine
Dinucleotide Phosphate oxidase (NADPH oxidase) (Rossi, 1986).

Cytochrome b
Although early reports identified the existence of b-type cytochrome, cytochrome bssg
in neutrophils, and suggested that it might be related to the NADPH oxidase (Hattoi,
1961; Shinagawa et al., 1966; Ohta et al., 1966), it was not until 1978 that the
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SH3 domain

PC motif
Û

TPR motif
PBl domain

Poly-proline motif

PX domain

Polybasic region

Fig. 1.2 Model depicting organisation of the NADPH oxidase components in an active
and inactive state of the complex. This summarises most of the information elucidated
by biochemical studies on the spatial organisation of the cytosolic phox proteins with
respect to the membrane bound flavocytochrome. The model presented here shows
the potential path of activation by which p67^^®^ and rac2 activate the
flavocytochrome directly by binding to gp91^^°^ and allowing its substrate NADPH to
bind and initiate the electron transport chain. The point of interaction is postulated to
the residues 484 to 505 which may form a a-helical region within gp91^^"^(Segal et
Al., 1999; Lapouge et al., 2002).
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molecular basis o f the NADPH oxidase was fully established (Segal and Jones, 1978).
In an attempting to identify the nature of the NADPH oxidase in human neutrophils,
Segal and Jones ‘rediscovered cytochrome bssg’, showed that it was missing in some
patients with CGD, and identified it as the terminal electron transporting components
o f the NADPH oxidase.

Purification and Biography o f subunits
Two reliable methods now exist for the purification of this cytochrome (Harper et al.,
1984; Parkos et al., 1987), both of which result in the purification of two proteins with
apparent molecular weights on SDS-PAGE of 23 (a-subunit) and 76-92 kDa (psubunit) respectively. The p-subunit is heavily glycosylated (Harper et al., 1985).
Thus, they are also called

(a-subunit) and gp91^^®^ (P-subunit, gp for

glycoprotein). The interaction between these two molecules has been established by
their co-purification with the haem of the cytochrome, their association on gel
filtration chromatography, sucrose density and pH gradients, and in cross-linking
studies. However, the nature of this interaction has yet to be determined.
The cDNAs o f both subunits of cytochrome bssg have been cloned and sequenced
(Royer-Pokora et al., 1986; Teahan et al., 1987; Parkos et al., 1988; Dinauer et al.,
1990). The a - subunit p22^^®^ contains 195 amino acids, has a molecular mass of
about 22 kDa, and is very hydrophobic, most of the molecule being composed of two
predicted hydrophobic, possibly transmembranous helices (Parkos et al., 1987). The
C-terminus has a proline rich tail that appears to be very important for the binding of
activating cytosolic factors. The cytochrome b A (CYBA) gene encoding p22^^^^ is
located on human chromosome 16q24 (Volpp et al., 1988). The p subunit gp91^^"^of
cytochrome bssg contains 570 amino acids (Royer-Pokora et al., 1986; Teahan et al..
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1987). The molecular mass of non-glycosylated protein is about 58 kDa, the
glycosylated precursor has a molecular mass of about 65 kDa (high mannose type)
(Yu et a l, 1997) and mature protein has a rough molecular mass of about 91kDa
(complex type). It can be grossly divided into two main functional domains: a
relatively hydrophilic c-terminal half, flavin- and NADPH-binding globular domain
which is exposed to the cytosol; a hydrophobic, membrane spanning, glycosylated,
heme binding N-terminus, containing a number of predicted transmembrane helices
and three N-linked glycosylation sites (Wallach et al., 1997). The cytochrome b B
(CYBB) gene encoding gp91^^‘’^ is located on the short arm of the human X
chromosome at Xp21.1, it encompasses 30kb and contains 13 exons (Teahan et al.,
1987; Dinauer et al., 1987). The stability of flavocytochrome bssg is dependent on co
expression of both gp91^^‘’^and p22^^®^ (Parkos et al., 1987 and 1989).

1.2.2 Location of the Cytochrome b and Spectroscopic and electrochemical
properties
In resting neutrophils, it has been well established that -85% of the cytochrome b is
found in the membranes of specific granules and gelatinase-containing granules with
the remainder residing in the secretory vesicles and plasma membrane (Borregaard et
al., 1984; Yu et al., 1997).
The name of cytochrome bggg is based on its optical spectrum with an absorbance
peak at 558 nm (Segal et al., 1979 andl987; Parkos et al., 1987). This protein is also
known as cytochrome b .2 4 5 for its unusual low midpoint potential at -245 mV (Cross
et al., 1981), which is the lowest recorded for any mammalian cytochrome b and is
low enough to induce direct reduction of oxygen to superoxide (Wood et al., 1987).
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But subsequent analysis indicated that this was in fact a composite of two hemes with
Em7 .o o f -225 and -265mV (Cross et ah, 1995).

1.2.3 Location of cofactor in the cytochrome
Hemes
The NADPH oxidase is a type b cytochrome as evidenced by spectroscopy in alkaline
pryridine which reveals the spectrum of a protoheme pyridine hemochrome (Segal
and Jones, 1979). The heme is present in a molar ratio of 2:1 to FAD (Segal et ah,
1992; Shatwell et ah, 1996). The hemes are both located on the p-subunit (Shatwell et
ah, 1996; Yu et ah, 1998), and were predicted to be located in transmembrane helices
about 12 amino acids apart, where there were two pairs of histidines conserved in
other cytochrome, an ideal organisation to locate the two hemes at either side of the
membrane (Talyor et ah, 1993).

NADPH
Using NADPH dialdehyde, Minakami and co-worker identified a prominent
membrane protein of 66 kDa on SDS-PAGE representing the oxidase nucleotide
binding site (Umei et ah, 1986). However, Babior, Cumutte and colleagues believed
the NADPH-binding site to be on a cytosolic protein that translocated to the
membrane (Smith et ah, 1989). In good agreement with predicted binding site from
homology data for ferredoxin-NADP reductase (FNR) family (Taylor et ah, 1993),
Segal and colleagues (1992), Ravel and Lederer (1993) used the NADPH analogues
2-azido-NADPH and pyridoxal 5’-diphospho-5’-adenosine to affinity label the psubunit of the flavocytochrome, thus confirming the location of the NADPH-binding
site.
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Flavin
Flavins are the redox cofactor usually linked to NAD(P)H and are capable of coupling
a two-electron donor to a one-electron transporter. Early observations indicated that a
flavoprotein was an essential component of the oxidase (Cagan and Kamovsky, 1964;
Babior and Kipnes, 1977; Light et al., 1981). The most convincing evidence,
however, was the detection of a FAD semiquinone free radical by electron
paramagnetic resonance (BPR) after the addition of NADPH to membranes from
activated but not non-activated neutrophils (Kakinuma et al., 1986). Analysis of the
flavin content o f this membrane revealed that it consisted almost exclusively of noncovalently bound FAD. The initial indication of binding o f the flavin co-factor to the
p-subunit was revealed by the homology between the C-terminal half of the p-subunit
and membranes o f the FNR flavoenzyme family (Taylor et al., 1993). This binding
was directly demonstrated using the photoaffmity ligand [^H]NAP4 -FAD (Doussiere
et al., 1995).

1.2.4 The reaction
NADPH oxidase accepts electrons from NADPH at the cytosolic side of the
membrane and donates these to molecular oxygen at the other side of the membrane.
In this way, a one-electron reduction of oxygen to superoxide anion is catalysed, at
the expense o f NADPH.
2O2 + NADPH +

2O2' ' + NADP"^ + 2H*

The superoxide generated by this enzyme serves as the starting material for the
production of a vast assortment of reactive oxidants.
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Interaction between two molecules of superoxide in dismutation reaction results in the
formation of oxygen O2 and peroxide O2 " (Weiss et ah,1989). Spontaneous
dismutation occurs optimally at pH 4.8, and is rapid at physiological pH
2 O 2 '->02 + 0 2 "

At physiological pHs the peroxide is protonated to form hydrogen peroxide
O2 " + 2H^ ^

2

H 2 O2

All these reactive species can kill bacteria directly by reacting with proteins to
denature them, or by oxidising lipids to lipid peroxides, thereby damaging
membranes. In addition, in the presence of H2 O2 and a halide, MPO forms
hypochlorite and other derivatives, which halogenate bacteria.

1.2.5 Chronic granulomatous disease (CGD)
The importance of the NADPH oxidase in human host defence is exemplified by
patients suffering from chronic granulomatous disease (CGD). CGD is an inherited
immunodeficiency syndrome characterised clinically by severe recurrent bacterial and
fungal infections (Janeway and Gitlin, 1954; Berendes et ah, 1959). Biochemically,
CGD is characterised by the failure of O2 ’ production by phagocytes needed for the
killing of phagocytosed micro-organisms (Quie et ah, 1967; Segal, 1991). The disease
is caused by mutations that result in the loss or inactivation of one of the core subunits
of the oxidase. CGD patients can be classified as X-linked CGD and autosomal CGD.
All the patients with the X-linked, cytochrome b negative form CGD have a defect in
the

o f the NADPH oxidase (Teahan et ah, 1987; Dinauer et ah, 1987),

whereas patients with autosomal recessive, cytochrome b negative CGD are defective
in

(De Boer et ah, 1992; Dianuer et ah, 1991., Roos et ah, 1993), and patients
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with autosomal recessive, cytochrome b positive CGD have a defect in cytosol
components namely p47^^°^ or p67^^°^ (Rodaway et a l, 1990; De Boer et al., 1994).

1.3 The cytosolic components of the NADPH oxidase
Four cytosolic components partitioning the NADPH oxidase have been identified:
p4(/''“ p47'’*“ , p67'’*°^and the small GTP binding protein Rac.

1.3.1 p47'’*“
The p47'’*‘’^ gene, also called NCFl (neutrophil cytosolic factor 1), codes for a protein
of 390 amino acids with a molecular weight of about 44 kDa. It is located on human
chromosome 7 at 7 q ll.23 (Franke et al., 1990).
subunit chiefly responsible for transporting the cytosolic complex fi-om
the cytosol to the membrane during oxidase activation. Before the cytosolic oxidase
components can be transferred to the membrane, p47^^^^ must be extensively
phosphorylated. This phosphorylation is one of the characteristic events of oxidase
activation. P 4 7 ^^"^, however, is not an absolutely indispensable factor for the oxidase
activation in vitro. In a detergent-activated “cell-free system” (details see section
. . 1 ) containing cytochrome bggg and recombinant cytosolic factors, p47^^®^can be

1 6

omitted as long as the system contains high concentrations of p67^^°^ and Rac
(Freemen et al., 1996; Koshkin et al., 1996). P47^^‘’^ contains a N-terminalphox (PX)
domain, two Src homology 3 (SH3) domains in middle and a poly-proline or proline
rich sequence (PRS) at the C-terminus (Pouting, 1996).

1.3.2
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The

gene, also called NCF 2, codes for a protein of 526 amino acids with a

molecular weight of 61 kDa, which is located on human chromosome lat lq25
(Franke et al., 1990).
Unlike p47^^®^, p67^^^^ is absolutely required for oxidase activity. In a detergent
activated “cell-free system”, a cytosol lacking p47^^‘'^but containing p67^^‘’^ was able
to support NADPH oxidase activation. P67^^"^ contains four Tetratricopeptide repeats
(TPR) that are found at its N-terminus, two SH3 domains, a PBl domain between the
two SH3 domain and a Poly-proline motif between the fourth TPR and first SH3
domain (Ponting, 1996). The contact region between Rac and p67^*‘’^on p67^^°^has
been mapped to the areas created by the loops that connect TPRl with TPR2, and
TPR2 with TPR3 and the p hairpin insertion between TPR3 and TPR4 (Lapouge et
al., 2 0 0 0 ).

1.3.3
A third cytosolic phox protein p40^*‘’^ was shown to be complexed with p67^^®^ in the
cytosol of resting neutrophils. The p40^^®^ gene, also called NCF 4, codes for a protein
of 339 amino acids with a molecular weight of 39 kDa (Wientjes et al., 1993). The
function o f p40^^"^has been a mystery. On the one hand, K562 cells co-transfected
with recombinant p40^^"^ and other oxidase components produced only about half the
amount of O 2 generated by cells not expressing p4(f^°^ (de Mendez et al., 1995).
Similarly, adding p40^^''^ to a detergent-activated cell-free system inhibits 0%
production. These results suggest that p4(f^^^ is an inhibitory oxidase subunit. On the
other hand, interfering with the binding of p40^^‘’^to p67^^‘^^reduces by 50% the
production o f O 2 in a detergent-activated cell-free system, a result implying that
is a stimulatory subunit (Tsunawaki et al., 1996). P40^^^^ contains a PX
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Fig. 1.1 The NADPH oxidase becomes located in the wall in the phagocytie
vacuole. It pumps electrons from NADPH into the vacuole to form superoxide
(Segal et al., 1999).
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domain at its N-terminus, a SH3 domain in the middle and a PC

and Cdc24)

motif at the C-terminus of this molecule (Ponting, 1996).

1.3.4 p21 Rac
Rac belongs to the Rho family of small GTPases, which are involved in a large
variety of cellular processes. Like all small GTPases, Rac is active in its GTP-bound
form and able to interact with a host of downstream effectors to induce specific
cellular responses (Van Aelst and D ’Souza-Schorey, 1997; Hall et al., 1998).
A crucial step in the assembly and the activation of the NADPH oxidase is the
binding of Rac to p67^^‘^^(Abo et al., 1991; Knaus et al., 1991; Diekmann et al.,
1994). Inactive, GDP-bound Rac exists as a cytosolic complex with Rho guanine
nucleotide dissociation inhibitor (RhoGDI) fi*om which it dissociates upon the
activation to translocate to the plasma membrane. The interaction of Rac with p67^^‘’^
is strictly GTP dependent (Heyworth et al., 1994; Kleinberg et al., 1994; Dusi et al.,
1996).

1.4 Domains / motifs important for protein-protein interaction
1.4.1 SH3 domain
The SH3 domain was first discovered in the Src family of kinases and termed the Srchomology 3 domain (SH3). SH3 domains are commonly found in signalling
molecules, such as the Src family of tyrosine kinases, the Crk adaptor protein, and
phospholipase C-y (Mayer et al., 1988; Stahl et al., 1988); in cytoskeletal components,
such as Nek and myosin 1 and in NADPH oxidase components, p40^^"^, p47^^°^ and
(Moreau et al., 2000; Mayer, 2001; Pawson and Gish, 1992). Early studies
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Fig. 1.3 The domain structure o f the cytosolic phox proteins. Schematic
showing the known domains as elucidated by sequence homology and
expression and functional studies o f the truncated proteins.
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indicated that this -60-residue region binds to proline-rich motifs and identified
PXXP as a core conserved binding motif (Ren et al., 1993). The SH3 domain is the
best-characterised member of the family of protein-interaction modules. By binding
with moderate affinity and selectivity to proline-rich ligands, these domains play
critical roles in a wide variety of biological processes such as: The regulation of
enzymes by intramolecular interactions; increasing the local concentration or altering
the subcellular localisation of components of signalling pathways; mediating the
assembly o f large multiprotein complexes such as SH3 mediated protein interactions
between NADPH oxidase components during its activation (Segal et al., 1993), and in
nucléation o f actin filaments by the proteins of WASP family (Mayer et al., 2001).

1.4.2 Poly-proline motif (PRS)
Poly-proline motifs are regions of between seven and ten residues containing the core
motif PXXP (where Ps are conserved proline residues and Xs are generally aliphatic
residues) and as mentioned above, the poly-proline motif binds specifically to SH3
domains (Ren et al., 1993). Biochemical and structural studies reveal that SH3
domain bears a relatively flat, hydrophobic surface which consists of three shallow
pockets or grooves defined by conserved aromatic residues. The ligands adopt an
extended, lefl;-handed helix conformation termed the poly-proline H (PPII) helix (Kay
et al., 2000). The poly-proline motif fall into two classes, which can fit into three
hydrophobic sites within the SH3 domain-binding surface in either forward or reverse
orientation. Class I ligands contain an Arg residue N-terminal to the PXXP motif,
whereas the Arg residue lies C-terminal to core motif in class II ligands (Feng et al.,
1994). Although the affinity of SH3 domains for their ligands is quite low, there is
solid evidence for specific biologically significance of SH3-poly-proline interactions.
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such as the recruitment of Pak kinase by the Dock SH2-SH3 adaptor during retinal
axon migration in Drosophila (Hing et al., 1999); the recruitment of NADPH oxidase
cytosolic components to the phagocytotic vacuole by cytochrome b^gg (Segal et al.,
1993; Babior, 1999) as discussed below.
Because the core PXXP scaffold restricts the variability that can be used to generate
specificity, recent efforts have addressed how selectivity can be achieved both in vivo
and in vitro. The obvious potential source of specificity is the third selectivity pocket
o f the domain (Wu et al., 1995; Ren et al., 1993; Weng et al., 1995). There is evidence
that the residues outside the core binding motif can also contribute specificity by
interacting with surfaces on the SH3 domain outside the PPII binding groove (Feng et
al., 1995; Zhao et al., 2000).

1.4.3 Tetratripeptide repeat (TPR)
Tetratripeptide repeats (TPR) are degenerate 34 residues present in tandem arrays of
3-16 motifs, which form scaffolds to mediate protein-protein interactions and often
the assembly of multiprotein complexes (Das et al., 1998). TPR-containing proteins
include a wide variety of proteins such as the subunits of anaphase promoting
complex (APC), C dcl 6 , Cdc23 and Cdc27, which target cell cycle proteins for
ubiquitin-dependent degradation at both the onset of anaphase and at the exit of
mitosis (Hirano et al., 1990; Sikorski et al., 1990; King et al., 1995), protein
phosphatase 5 (Becker et al., 1994; Chen et al., 1994; Chinkers, 2001) and the
NADPH oxidase subunits p67^^‘^^(Ponting, 1996). P67^^^^ bas been shown to contain
four TPR motifs at the N-terminal 200 amino acids, which forms the binding surface
for Rac (Ponting, 1996; Lapouge et al., 2000).
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1.4.4 PC motif /Octicosapeptide repeat (OPR)
The interaction between

and

requires the C-terminus of p40^^‘^^, which

involves the Octicosapeptide repeat (OPR) comprised of 20 amino acids with the
consensus sequence of #XYXDEDGDX#X#XSDED/E#X (where # is hydrophobic
and X is any amino acid) (Wientjes et ah, 1993; Ponting, 1996; Nakamura et ah,
1998). OPR m otif is also called PC motif {ghox and Cdc) based upon the fact that the
motif also occurs in yeast Cdc24p (a GTP exchange factor of Cdc42). Cdc24p
associates with budding yeast protein Bemlp, which functions in polarity
establishment. The PC motif has also been found in a variety of signalling proteins
such as Zeta interact protein (Zip, a protein linking the atypical PKC isoform Ç to REP
and /or potassium channels) (Puls et ah, 1997; Gong et ah, 1999; Sanz et ah, 1999),
MEK5 (a MAP kinase kinase implicated in EGF induced cell proliferation) (English
et ah, 1995; Zhou et ah, 1995) and fission yeast scdl (a homolog of Cdc24p) (Chang
et ah, 1994).

1.4.5 PBl domain
Analysis o f the amino acid sequence of the PC motif-binding regions of Bempl and
p67 ^^"^has led to identification of a novel protein binding module, PBl (ghox and
Bem) domain (Ito et ah, 2001). The biological function of the association of p40^^®^
and p67^^"^ through the PC-PBl module is still unclear. The interaction between PBl
domain of Bempl and the PC motif of Cdc24p is crucial for the establishment of
polarity in yeast during budding and mating (Tsunawaki et ah, 1996). A database
search has revealed that the PBl domain also exists in various proteins fi-om plants to
mammals (Ito et ah, 2001). Among them, the PBl domain of PKC^ binds to the PC
motif of the adaptor protein Zip (Ito et ah, 2001), which might be involved in
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recruitment of PKCÇ to a signalling complex containing receptor inhibitor protein
(RIP) and /or potassium channels.

1.4.6 PX domain
There exists a region of homology between the N-terminus of p40^^'’^ and p47^^'^^
which on further analysis reveals an approximately

1 0 0 -1 1 0

residues domain termed

PX domain (Ponting, 1996). It is very difficult to predict from the sequence of the PX
domain what it might interact with, but the PX domain containing proteins are often
associated with the processes involving the actin cytoskeleton, membrane and / or
GTP binding proteins. For example, S. cereviae protein Bemlp and S. pombe Scd2,
appear to coordinate rearrangement of the cortical cytoskeleton during cell
polarisation in response to mating factor (Chenevert et al., 1992; chang et al., 1994).
Bem lp directly interacts with Cdc24p, a guanine nucleotide exchange factor for the
Rho-family GTPase Cdc42 (Peterson et al., 1994). A similar interaction has been
identified for Scd2 in S. Pombe (Chang et al., 1994). Recently, a novel Src-substrate,
Fish (five SH3 domain protein), which contains a PX domain, was isolated. Fish is
involved in signalling by tyrosine kinases and may have a specialised role in the actin
cytoskeleton (Lock et al., 1998). The Cpk class of phosphatidylinositol 3-kinases that
also contains a PX domain was described in mouse and Drosophila (MacDougall et
al., 1995; Molz et al., 1996; Virbasius et al., 1996). Other PX domain-containing
proteins with known functions include phospholipase D l, which is involved in
membrane-associated phospholipid metabolism (Ponting et al., 1996), S. cerevisae
SNAP-like protein Vam7, which is involved in vacuolar morphogenesis (Wada et al.,
1992; Sato et al., 1998), and the members of the sorting Nexin family, which involved
in vesicular trafficking (Haft et al., 1998).
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Originally, it was suggested that PX domain might bind SH3 domain because PX
domain contains a conserved poly-proline motif that is identical to the left-hand polyproline type n helices that bind mainly to SH3 domain (Pawson et ah, 1995). A recent
NMR study o f the PX domain from p47^^^^ revealed that the poly-proline motif in this
domain does indeed act as the ligand for the C-terminal SH3 domain from the same
protein (Hiroaki et ah, 2001). Moreover, several recent functional studies pointed to
the PX domain as a phosphoinositide binding module (Cheever et ah, 2001; Ellson et
ah, 2001; Kanai et ah, 2001), implicating its function in targeting proteins to specific
cellular membranes.
The structure of p47^^®^ PX has a flat, compact shape. It consists of three strands, p i
(amino acid 6-16), p2 (amino acid 24-32), P3 (amino acid 37-42) in N-terminus, and
four helices, a l (amino acid 44-57), a l (amino acid 61-65), a3 (amino acid 84-102)
and a4 (amino acid 108-119), in the C-terminus. The three strands form an
antiparallel p sheet structure, side chains of the hydrophobic residues, most of which
are conserved in the PX family, pack the interior of the PX domain. The poly-proline
motif (amino acid 70-76) is held by a2 and a4 helices and present on the molecular
surface for access by SH3 domain (Hiroaki et ah, 2001).
The crystal structure of the PX domain from p40^^®^ bound to phosphatidylinositol 3phosphate revealed that the fold of the p40^^^^ PX domain is similar to the NMR
structure of the p47^^‘^^ PX domain (Bravo et al 2001). However, the poly-proline
motif of the liganded p40^^^^ PX domain has a fairly different conformation from the
unliganded p47^^‘^^PX domain. The two-proline residues of 87-PXXP-90 in the
PX domain are both buried (Hiroaki et ah, 2001 ; Bravo et al 2001).
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1.5 Protein-protein interaction between the NADPH oxidase
components
The major interactions among the components that have been mapped to date are
illustrated in Fig. 1.2. The interactions themselves are well established, but the
proposed allocation of the various interactions to the resting versus the activated state
is strictly hypothetical, although it is based on evidence that rearrangements of the
cytosolic complex take place during activation (Park et al., 1997; Swain et al., 1997).

1.5.1 Protein-protein interaction between the cytosolic components
Interaction between

and

Both p 4 7 ^^^^ and p67^^"^ contain two SH3 domains, which mediate specific interaction
between the components. The tandem SH3 domains of p47^*®^ seem to play a very
important role in activation process. It is proposed that in the resting state, p47^^^^ is
folded in a masked conformation involving intramolecular interactions in which the
tandem SH3 domains interact with the polybasic region and possibly the PX domain.
Its poly-proline motif also interacts with C-terminal SH3 domain of p67^^"^ (Hiroaki.,
et al., 2002, Lapouge et al., 2002). Upon activation, phosphorylation of p47^*‘'^
disrupts the SH3 domain mediated intramolecular interaction and p47^^^^ adopts a
conformation that allows its N-terminal SH3 domain to interact with the poly-proline
motif in p22^*°^, bringing p67^^"^ into proximity with cytochrome bggg (Huang et al.,
1999).
The p67^^"^-p47^^®^ interaction is not required for activation of the NADPH oxidase in
the cell fi-ee assay (Leusen et al., 1995 and section 1.6.1) and the C-terminal half of
p^yphox

ts two SH3 domain can be deleted without effect on the cell-firee

2

oxidase activity. However, both domains are necessary for oxidase activity in an in
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vivo model in which p67^^‘'^constructs were transfected into

deficient EBV

cell lines (de Mendez et ah, 1994),

Interaction between
^^çphox

and

to both p67^^‘’^ and p47^^°^ (Wientjes et ah, 1996) although the p4(f

and p67^^"^ interaction is of significantly greater affinity with a dissociation constant
of 13nM (details see Chapter 4). The interaction regions between p4(f^®^ and p67^^^^
are as follows. The main binding area on

for p4(f^^^ was shown to be the

jjjter-SH3 region (amino acids 300-460), termed PBl domain (Fuchs et ah,
1996; Nakamura et ah, 1998; Sathyamoorthy, 1997; Terasawa et ah, 2001; Ito et ah,
2001). The p67^^^^ binding region on p40^^^^ was shown to be the C-terminal half of
the protein (amino acids 260-339), termed PC motif (Fuchs et ah, 1996; Nakamura et
ah, 1998; Wientjes et ah, 1996; Ito et ah, 2001). Although the complete C-terminal
region of p40^^^^ was necessary for the binding to the PBl domain of p67^^^^, the PC
motif (amino acids 285-306) is especially important. Although p40^^®^ constitutively
associates with p67^^°^, the biological role of the association is still not clear. But it is
suggested to be physiologically relevant by the observation that p40^^^^ and p67^^"^
both reduced in quantity in p67^^®^ deficient CGD patient (Tsunawaki et ah, 1994),
and disruption the interaction by specific antibody suppresses the NADPH oxidase
activation in vitro (Tsunawaki et ah, 1996). However, no CGD patients with p40^*°^
deficiency have been described.

Interaction between

andp47^^^^

The p40^^"^ and p47^^‘^^ interaction is again a SH3-Poly-proline one. The SH3 domain
of p40^^®^ was shown to bind to the C-terminus of p47^^°^ (Fuchs et ah, 1995 and
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1996; Ito, et al., 1996; Wientjes et al., 1996) and the same poly-proline as in the
SH3 domain binding was involved. Competition between the two SH3
domains for this poly-proline was observed.

Interaction between Rac and
The interface between Rac and p67^^®^ has been extensively studied biochemically in
an effort to define the regions responsible for binding and NADPH oxidase activation.
The binding site for Rac in p67^^°^ has been localised to the N-terminal 200 amino
acids (Diekmann et al., 1994; Han et al., 1998; Koga et al., 1999). Recently structural
studies of N-terminal p67^^^"^ (amino acids 1-203) complexed with Rac-GTP revealed
a Rac binding site on p67^^®^. The p67^^"^ N-terminal fragment contains nine a
helices, eight of which form four TPR motifs. Each repeat fold into two antiparallel a
helices (termed helix A and B), which pack together in a similar manner to that of
protein phosphatase 5(PP5) and the adaptor protein Hop (Das et al. 1998; Scheufler et
al., 2000; Lapouge et al., 2000). The binding surface presented by the p67^*®^ TPR to
Rac is confined to one face of the TPR domain and is created by the p hairpin
insertion and the loops that connect TPR 1 with TPR 2, and TPR 2 with TPR3
(Lapouge et al., 2000).
In good agreement with biochemical and structural studies, N-terminal (residues 2245) and C-terminal (residues 143-175) regions of Rac have been shown to be involved
in Rac / p67^^"^ complex formation as well as oxidase activation (Diekmann et al.,
1994 and1995; Xu et al., 1994; Freeman et al., 1996; Nisimoto et al., 1997; Joneson
and Bar-Sagi, 1998; Toporik et al., 1998; Lapouge et al., 2000).

1.5.2 Interactions between cytosolic components and cytochrome bsgg
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Interaction between

and cytosolic components

As mentioned above, in the activated state p47

undergoes a conformational

change allowing its N-terminal SH3 domain to interact with the C-terminal polyproline motif of p22^^®^ (amino acids 149-162). The mutation Prol56-Glu, found in a
p22-related CGD patient disrupted the binding of p47^^®^ SH3 domain and p22^^®^. An
Arachidonic acid/SDS dependent binding of p47^*‘’^ and

has also been

reported (Leto et al., 1994; Sumimoto et al., 1996; de Mendz et al., 1996).

Interaction between gp9F^"^ and cytosolic components
Although the interactions between the cytosolic components themselves and the
cytosolic components with p 2 2 ^^"^ are reasonably defined, interacting domains
between gp91^^"^ and the reminder of the oxidase components are uncertain. Phage
display libraries have identified certain p47^^‘^^peptides that recognise gp91^^‘^^
(Haskell et al., 1995), and examination of hydrophobic domains has identified certain
peptides in gp91^^®^ that could be important to oxidase activation (Park et al., 1996).
For a number of years an interaction involving seven residues near the C-terminus of
(rg v H F IF ) was though to be of considerable functional significance
because a peptide with this sequence was found to be a potent inhibitor of oxidase
activity in an SDS-dependent cell-free system. Recently, however, it was shown that
mutations of this sequence had no effect on oxidase activity in a gp91^^"^-deficient
leukemia line (Zhen et al., 1998). Nevertheless, a peptide derived from this region of
gp9 ^;?Aox

appear to bind to p47^^"^, and the structure of a complex between

and the 17-mer gp91^^'’^ 551-568 has been solved by 2-D NMR (Adams et al.,
1997). This contradicts the model of gp91^^''^ based on modelling (Taylor et al., 1993)
which has the C-terminus bound to the inner surface of the plasma membrane.
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Studies with synthetic peptides of gp91^^®^ also suggest that p67^^"^ associates with
cytochrome bggg during the activation. Some gp91^^°^ peptides inhibit the
translocation of p67^^^^ more than that of p47^^"^ in a cell-free system. Furthermore,
NADPH oxidase could be activated by exposing cytochrome bssg to a high
concentration of p67^^"^ in the absence of p47^^'^^but in the presence of Rac
suggesting a direct interaction between cytochrome bggg and p67^^°^ (Koshkin et al.,
1996). The interaction has been conformed by far-western blot and GST fusion
protein pull down assays (Dang et al., 2001), but the regions involved in the
interaction remain unsolved.

1.6 Activation of NADPH oxidase
1.6.1 Activation in cell free system
The “cell free” system is an in vitro assay in which oxidase activity is induced in
broken cell preparations or using recombinant components in the presence of
NADPH, and has provided an important tool for the elucidation of many aspects of
oxidase biology. The system can only be reconstituted in the presence of certain
amphiphiles such as SDS or arachidonate, and requires the presence of Rac in its
GTP-bound form.
The dependence on GTP-loaded Rac suggests a direct action on one or more of the
components. Direct binding of Rac and p67^^®^ has been observed concomitant with
oxidase activation (Diekmann et al., 1994). Perhaps Rac binding results in a
conformational change in p67^^®^ allowing productive protein interactions with the
other components. Alternatively, or as well, membrane binding of p67^^®^ may be
mediated by Rac since membrane interaction of Rac occurs upon its activation (Kreck
et al., 1996).

36

The mechanism of stimulation of activity by amphiphiles is less straightforward. The
explanations come to light by an important observation that it is possible to activate
the oxidase in the reconstituted system in the absence of amphiphiles by presenting
pre-phosphorylated p47^^^^ (Park et a l, 1997). This suggests that the biological action
o f the amphiphile is very similar to that of the phosphorylation event. Direct evidence
for this has been provided by in vitro studies using purified p47^*®^ in which
amphiphile induced conformational changes which are very similar to those occurring
on phosphorylation (Park and Babior, 1997; Swain et al., 1997). Thus, at the
molecular level, amphiphiles or phosphorylation open up the p47^^®^ structure by
displacing its C-terminus, thereby allowing interaction with other oxidase
components. However amphiphiles may target components other then p47^^‘^^ and
perhaps induce other conformational changes as well, since the level of oxidase
activity induced by phosphorylated p47^^^^ in the absence of ATP is not the same as
that induced by amphiphiles (Park et al., 1997).

1.6.2 Cellular activation and signalling pathways
NADPH oxidase activity in vivo is regulated at the level of enzyme assembly. There
are multiple signal transduction pathways leading to the activation of the NADPH
oxidase. The most likely reason for this complexity is the very large numbers of
neutrophils that infiltrate sites of acute inflammation and the potential of their
enzymes to damage autologus tissues if released fi-om cells in a fieely soluble, active
form (Reeves et al., 2002). For example, the implication of cathepsin G and elastase
in the tissue damage that normally occurs in endotoxin shock in which damage to the
endothelium by the endotoxin is followed by neutrophil attack (Tkalcevic et al.,
2 0 0 0 ).
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In resting neutrophils, NADPH oxidase is dormant with unassembled subunits located
in the plasma membrane and cytosol. On stimulation, cytosolic components
translocate to plasma membrane and associate there with the cytoplasmic domains of
and p22^^^^ (Babior, 1999., Lambeth, 2000). The NADPH oxidase can be
activated by receptor-mediated and by receptor-independent manners. Typical
receptor-dependent stimuli are the complement fragment C3b/C3bi, chemotactic
tripeptide N-formyl-Met-Leu-Phe (fMLP), and immune complexes (Roos et al.,
1996). Receptor- independent stimuli include long-chain unsaturated fatty acids and
phorbol 12-myristate 13-acetate (PMA).
Receptor-ligand interaction leads to the activation of a large number of signalling
pathways. The proximal events resulting from this interaction are dependent on the
type of receptor. Serpentine receptors such as the fMLP receptor induce activation of
the heterotrimeric G-proteins Gi and Gq (Offermanns and Simon, 1996), while
receptors like the p-adrenergic receptor activate the heterotrimeric G-proteins Gs
(Offermanns and Simon, 1996). Fey receptors employ tyrosine kinases and tyrosine
phosphorylation as part of their signalling response (Daeron et al., 1997; Ravetch,
1997). This in turn activates several downstream effectors. The signalling events
induced by these different classes of receptor overlap considerably. For instance
serpentine receptors as well as Fey receptor activate phospholipase C, Pl-3 kinase and
tyrosine kinases (Naccache et al., 1990; Grinstein and Furuya, 1991; Liang and
Huang, 1995; Jiang et al., 1996; Daeron et al., 1997). Receptors coupled to Gs
activate adenylate cyclase, however these receptors can also affect other signalling
system through their GPy subunits (Tang and Gilman, 1991; Tang et al., 1992; Harry
et al., 1997).
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PI-3 kinase
Neutrophils contain several isoforms of PI-3 kinases that can be activated directly by
GPy subunit of heterotrimeric G- protein or by recruitment to receptor tyrosine kinase
(Stephens et al., 1994; Daeron, 1997; Vanhaesebroeck et al; 1997a,b). PI-3 kinase
regulates a number of signalling processes including the activation of kinases such as
protein kinase B and phosphoinositide-dependent kinase, small GTP-binding proteins
such as Rac and Ras which themselves regulate cascades of kinases. Furthermore PI-3
kinase could effect the NADPH oxidase through its products directly binding to the
PX domain of p4(y*“ and p47'’*“ (Ellson et al., 2001 ; Kanai et al., 2001).

Small GTP-binding proteins
As mentioned, Rac has a direct function in activating the oxidase. It has been shown
that Rac directly binds to the N-terminus of p67^^®^ and activates NADPH oxidase.
There is evidence that Rac directly interacts with cytochrome b
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g (Heyworth et al.,

1994; Nisimoto et al., 1997; Diebold and Bokoch, 2001), but the mechanism by which
Rac becomes activated in neutrophils remains unsolved. It is likely that in common
with other small GTP-binding proteins, exchange factors are involved in Rac
activation. A Rac exchange activity activated by the subunits of the heterotrimeric Gprotein Gi has been described in neutrophil extracts, activation of which leads to Racmediated dissociation of actin/gelsolin (Arcaro and Wymann, 1993). Rac can be
stimulated in neutrophils by fMLP when activation of the Rac target PAK is used as a
read-out (Knaus et al,, 1995). fMLP activation of PAK is inhibited by pertussis toxins,
suggesting the involvement of PI-3 kinase. Such regulation is compatible with recent
literature suggesting activation of several Rac exchange factors by the product of PI-3
kinase, PI(3,4,5)Pg (Parker, 1995).
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MAP kinase
P 4 '7Mojt contains a number of consensus phosphorylation sites for proline-directed
kinases implying regulation by one or more members of the mitogen-activated protein
kinase (MAP) kinase family (ERK, p38, INK stress-activated protein kinase [SAPK]).
Many members of this family are present in neutrophils and their activation in various
studies correlates with oxidase activation (Torres et al., 1993: Worthen et al., 1994;
Nick et al., 1997; Rane et al., 1997; Sue et al., 1997). Although INK is present in
human neutrophils, pro-inflammatory stimuli do not increase JNK activity (McLeish
et al., 1998; Nick et al., 1996). The pathway leading to ERK phosphorylation in
neutrophils is well characterised. It is initiated by the small GTP-binding protein Ras
and involves the sequential phosphorylation of three layers of kinases. Ras activates
two kinases, Raf-1 and MAP/ERK kinase kinase-1 (MEKK-1), which in turn activate
the MAP/ERK kinases (MEK-1 and MEK-2) which activate ERK-1 and ERK-2
(Kyriakis and Avruch, 1996). A second MAP kinase cascade in neutrophils leads to
phosphorylation of p38, the mammalian homology of the yeast protein HOG (Rane et
al., 1997). The relevance of p38 for oxidase activation was assessed using a specific
inhibitor and it was shown that the fMLP induced respiratory burst but not PMA
induced burst was inhibited (Nick et al., 1997). This suggests that oxidase activation
may require a p38 mediated event, however circumstances exist in which a p38
independent response may exist. Both ERK and p38 have been shown to be involved
in the activation of NADPH oxidase via Fey receptors and complement receptor 3
(CR3) (Mcleish et al., 1998; Coxon et al., 2000).

Phospholipase C
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Like the isoforms of PI-3 kinase, phospholipase C isoforms are regulated by
serpentine receptors as well as Fey receptors (Lias et al., 1992; Rhee and Bae, 1997).
Phospholipase C activation leads to formation of membrane diacylglycerol that
activates PKC, an important activator of the NADPH oxidase. The action of
phospholipase C also generates inositol-1,4,5-triphosphate resulting in mobilisation of
Ca^^ from intracellular store, and later from sustained entry across the plasma
membrane (Bird et al., 1993). Ca^^ is important for the respiratory burst induced by
receptor activation.

Phospholipase D
PI-3 kinase regulates phospholipase D (PLD). Activation ofPLD requires PIP2
(Hammond et al., 1995; Lopez et al., 1998). PLD hydrolyses phosphatidylcholine to
liberate phosphatidic acid and choline (Exton, 1994). A role for phosphatidic acid as a
key intracellular signaling molecule has been proposed. It has been shown to directly
activate protein kinases (Waite et al., 1997; Rizzo et al., 1999), protein tyrosine
phosphatase (Zhao et al., 1993; Cui et al., 1997; Kishikawa et al., 1999),
phospholipase C (Jackowski et al., 1989), phosphoinositol-4-kinase (Moritz et al.,
1992), sphingosine kinase (Olivera et al., 1996), and small GTPase-activating proteins
(Tsai et al., 1989). Phosphatidic acid has also been shown to promote the release of
calcium from intracellular compartments (Limas et al., 1980; Xu et al., 1996), and in
neutrophils, to activate the NADPH oxidase (Olson et al., 1996; Waite et al., 1997).
Phosphatidic acid itself can also act as a precursor for other intracellular signaling
molecules. Phosphatidic acid can be converted into diacylglycerol (DAG) by
phosphatidic acid-phosphohydrolase or to the mitogen lyso-phosphatidic acid (LPA)
by phospholipase A2 (Fleming et al., 1997; English, 1996). DAG is an established

41

activator of conventional and novel PKC isoforms (Nishizuka, 1988; Hug and Sarre,
1993) and LPA, which, following release from cells, acts on G-protein-coupled
receptors to further stimulate cells or adjacent cells (Guo et al., 1996).

Protein Kinase C
The contribution of PKC to oxidase activation has long been recognised but remains
ill-defined. PKC comprises a family of isoenzymes that play a key role in signaling
events and cell functions (Nishizuka, 1992). PKC has been classified into the
following three subgroups on the basis of their molecular structure and mode of
activation: "conventional" PKCs (a, p i, pH, and y), which require phosphatidylserine
(PS) and are activated by calcium and diacylglycerol (DAG); "novel" PKCs (6 , s, r|,
and 0), which require PS and DAG but not calcium for activation; and "atypical"
PKCs (Ç,tA-), which are calcium-independent and are not activated by DAG
(Nishizuka, 1992; Dekker and Parker, 1994). Among the atypical PKCs, PKC-Ç can
be stimulated by phospholipids, including phosphatidic acid (PA),
phosphatidylinositol trisphosphates, and ceramides. Activation of PKCs in intact cells
is generally associated with the translocation of the enzyme from the cytosol to
particulate compartments (Wolfson et al., 1985; Dang et al., 1994; Sergeant and
McPhail, 1997).
Human neutrophils express five PKC isoforms: a, p i, pH, ô, and Ç (Dang et al., 1994;
Kent et al., 1996; Makowske et al., 1988; Pontremoli et al., 1990; Majumdar et al.,
1991; Smallwood and Malawista, 1992). The respective contribution of each
PKC isoform in regulating the neutrophil respiratory burst has not yet been
elucidated.
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PKC may impinge on the oxidase in many ways including by direct phosphorylation
of oxidase components (Segal and Allison, 1978; El Benna et al. 1996; Reeves et al.,
1999; Dekker et al., 2000). PKC may also stimulate the oxidase indirectly. Targets for
PKC in neutrophil that have been observed include phospholipase D (Lopez et al.,
1995), several of the microtubule-associated kinases such as ERK and p38 (Grinstein
et al., 1994; Downey et al., 1996; Nick et al., 1997). PKC also modifies the actin
cytoskeleton and influences receptor-effector coupling through phospholipase C and
adenylate cyclase.

1.7 Phosphorylation of oxidase components
p

4 jP h o x

Phosphorylation is an essential element in the activation of the NADPH oxidase.
Phosphorylation of p47^^®^ during oxidase activation has been recognised for many
years. The phosphorylation of p47^^®^ during NADPH oxidase activation has been
most thoroughly studied. It exhibits extensive phosphorylation, with

8

to 9 serines in

the C-terminus o f the molecule acquiring phosphates (Faust et al., 1995). According
to current models, phosphorylation of p47^^‘^^ is vital to the assembly and
translocation of the cytosolic components as well as the NADPH oxidase activation
(Park et al., 1997 and 1999; Shiose et al., 2000). The conclusion drawn fi*om the
mutation studies was that during oxidase activation, S359 and /or S370 has to be
phosphorylated first, S379 then acquires a phosphate, allowing the cytosolic complex
to translocate to cytochrome b 558, and finally, S303 and/or S304 are phosphorylated,
endowing the oxidase with full catalytic activity (Faust et al., 1995; El Benna et al.,
1996; Inanami et al., 1998). Several kinases are known to phosphorylate p47^^"^ in
vitro, among them cAMP-dependent protein kinase A (PKA), protein kinase C, PAK,
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a number of proline-direct kinases, an unknown phosphatidic acid (PA)-activated
kinase, and four renaturable kinases that are activated by phosphatidylinositol (PI-3kinase) (El Benna et al., 1994a and 1996a, b; Dang et al., 1995 and 1996; Knaus et al.,
1995; Prigmore et al., 1995; Waite et al., 1997; Dang et al., 2001).

p4(f''”‘
P4(/*“ is in a basal phosphorylated state in resting cells and undergoes further
phosphorylation on multiple sites upon stimulation of the NADPH oxidase by either
PMA or by fMLP, and the extent of phosphorylation is strongly correlated with the
level of superoxide production. (Fuchs et al., 1997). The phosphorylation sites on
p 4 ()P^o;c are located at threonine 154 and serine 315. In vitro phosphorylation and
inhibitor studies point to a role for PKC in the phosphorylation of p4(f^^^ (Bouin et
al., 1998; Someya et al., 1999).

Phosphorylation of p67^^^^ was shown to increase two- to three-fold upon stimulation
by PMA, fMLP or serum-opsonized zymosan. Phosphopeptide mapping showed one
major tryptic peptide for p67^^°^ immunoprecipitated from resting or stimulated cells.
In vitro phosphorylation of

by isolated cytosol or MAP kinase also generated

the same phosphopeptide. Thr233 has been identified as the major phosphorylation
site o f p67^^®^ (Forbes et al., 1999a and 1999b). The phosphorylation of p67^^"^ is
independent of p47^^"^, and is regulated by PKC dependent and independent pathway
(El Benna et al., 1997).

Cytochrome b
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Both subunits of cytochrome b558 are also phospoproteins (Garcia et ah, 1988). It has
been shown that p 2 2 ^^^^ is an in vitro substrate for both a phosphatidic acid-activated
kinase and conventional protein kinase C isoforms (Regier et al., 1999). In vivo,
several neutrophil agonists (PMA, opsonized zymosan, and fMLP) induce p22^^"^
phosphorylation in intact neutrophils (Regier et al., 2000). In agreement of in vitro
studies, stimulus-induced phosphorylation of p22^^‘’^ is on Thr residue(s), the
mechanisms of which could be PLD dependent and PLD independent (Regier et al.,
2000). At present the contribution of phosphorylation of these components to NADPH
oxidase activation is not known.

1.8 Involvement of Actin cytoskeleton
The ability to destroy invading micro-organisms is critically dependent on the
chemotactic and phagocytic properties of neutrophils. The phagocytic process is
primarily triggered by two recognition mechanisms: one in which complement
receptors (CR) recognise the C3b/C3bi fragments of the complement system and
another in which the Fc receptor (FcR) recognise the Fc domain of IgG. C3b/C3bi
opsonised particles tend to sink into the cell without any prominent membrane
protrusions, whereas IgG coated particles are more actively engulfed by the
pseudopodia projected from the cell surface (Allen and Aderem, 1996). The motile
events are driven by a continuous re-modelling of the actin filaments within the
neutrophil cytoskeleton (Stossel, 1993).
Several lines of evidence support a role for the cytoskeleton in NADPH oxidase
assembly both during phagocytosis and in response to soluble stimuli. First, in
activated neutrophils, p 4 7 ^^^^ interacts with the cytoskeleton before membrane
binding (Nauseef et al., 1991; Allen et al., 1999). Second, the C-terminus of
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binds to coronin (Grogan et al., 1997). Third, actin filaments are required for
complete translocation o f cytosolic phox proteins to the membrane (Dusi, 1996; Allen
et al., 1999) and an efficient respiratory burst in response to tumour necrosis factor
(TNF). Fourth, Rac2, a protein that is involved in actin modulation is required for
NADPH oxidase activation (Abo et al., 1991; Hall et al., 1992; Deleo et al., 1996;
Knaus et al., 1991 and 1992; Leusen et al., 1996; El Benna et al., 1994). Fifth,
and p67^^^^ fractionate with the detergent-insoluble cytoskeleton of resting and
activated neutrophils, together with stimulated NADPH oxidase activity (Nauseef et
al., 1991; Wcodman et al., 1991; El Benna et al., 1999). Sixth, labelling of
cytoskeletal structures was observed with antibodies to p47^^°^ and p67^^®^ (Wientjes
et al., 1997). Finally, in the cell-free system, actin was shown to enhance the
activation o f NADPH oxidase, and disruption of F-actin by actin depolymerising
reagents facilitated deactivation of the NADPH oxidase (Morimastsu, 1997; Tamura
et al.,

2 0 0 0

).

All these findings suggest a positive role for actin filaments in the regulation of
NADPH oxidase, and possibly direct interactions between actin filaments and
NADPH oxidase components.

1.9 Membrane rafts
Plasma membranes of many cell types, including hematopoetic cells, contain
specialised membrane microdomains known as membrane rafts. These membrane
microdomains are enriched in sphingomyelins, glycosphingolipids and cholesterol
(Brown and London, 1998; Hooper et al., 1999). Due to their high concentration of
sphingolipids and cholesterol, membrane rafts exist in a liquid-ordered (lo) phase,
different from the rest of the plasma membrane, which mainly consists of
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phospholipids in a liquid-disordered phase. The tightly packed long saturated acyl
chains of sphingolipids in the rafts are responsible for their high melting temperature
and resistance to non-ionic detergents. Based on these properties, membrane rafts are
also known as detergent-insoluble membranes (DIGs or DRMs). Due to their low
buoyant density, membrane rafts can be separated from the rest of the membranes by
ultra-centrifiigation on a sucrose density gradient.
Proteins can associate with membrane rafts via at least three different models.
1. Partition into the outer leaflet of lipid bilayer via glycosyl-phosphatidylinositol
(GPI) anchors (Mayor et al., 1994; Varmas and Mayor, 1998; Parkin et al., 2001).
2. Association with the inner leaflet via acylation with myristoylation or
palmitolyation, or direct interaction with cholesterol (Shenoy-scaria et al., 1994;
Patron et al., 1996; Mumby et al., 1997).
3. For transmembrane proteins, partition into membrane rafts due to the intrinsic
properties o f transmembrane domains, such as a stretch of hydrophobic residues in
contact with the outer leaflet of the plasma membrane (Scheiffele et al., 1997).
Caveolae are specialised rafts that are <70nm in size and contain a restricted number
of membrane proteins and lipids. Membrane rafts can exist independently of caveolae
(Ikonen et al., 1998), and can also fuse to form larger and more stable complexes or
move to pre-existing caveolae (Harder et al., 1997). Caveolae are morphologically
defined as flask-shaped, non-coated invaginations of the plasma membrane (Shaul
and Anderson, 1998). They are stabilised by oligomers of the integral membrane
protein caveolin (VIP21), which binds to cholesterol in a roughly equal molar
stoichiometry (Patron and Simons, 1995; Patron et al., 1996; Scheiffele et al., 1998).
Membrane rafts/caveolae have been implicated in cellular signalling mechanisms,
where they have been proposed to serve as scaffolds to facilitate the association of
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signalling complexes, increase the rate of interactions, and enhance crosstalk of
networks (Okamoto, 1998). The best known of these are Src-family kinases in T cell
signalling (Thomas and Brugge, 1997; Wilde et al., 1999).
It has been suggested that membrane rafts/ caveolae function to sort lipid and protein
in the secretory and endocytic pathways. Internalisation, the budding-off membrane
vesicles from the plasma membrane, represents the first step of endocytosis. Several
different mechanisms of internalisation have been described. The most well-studied of
these is clathrin-dependent endocytosis, in which receptors are clustered into clathrincoated pits, which are then pinched off to form coated endocytic vesicles (Lamaze et
al., 1996). The potential role for actin in this is unclear. Studies with actin
depolymerising agents have shown that minor depolymerisation of the actin
cytoskeleton can stimulate vesicle budding, and greater depolymerisation prevent
budding of clathrin-coated vesicles, thereby supporting the idea that local remodelling
of the actin cytoskeleton, a combination of polymerisation and depolymerisation, is
required (Lamaze et ah, 1997). This could represent the site of action of Rac and /or
Rho A.
Several clathrin-independent mechanisms of internalisation have also been described
in mammalian cells. Uptake through these pathways can be stimulated by activated
Rac and Rho A (Schmalzing et ah, 1995; Ridley et ah, 1992). The vesicles are coated
in the Rac-signalling partner, PAKl (Dharmawardhane et ah, 1997). Actin
rearrangment would seem to be required for the generation of pinocytic vesicles and
might also be involved in their intracellular movement (Merrifield et ah, 1999).
Another clathrin-independent internalisation pathway involves membrane rafts /
caveolae. Membrane rafts / caveolae concentrate a large number of receptors and
other signalling machinery, and it has recently been demonstrated that the activated
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Rac and Rho A localised to caveolae (Michaely et al., 1999). By far the clearest
example of regulation of internalisation by Rho family GTPases comes from the
specialised case of phagocytosis. Phagocytosis involves the actin-dependent
internalisation of large particle such as bacteria. Recently two distinct mechanisms
have been defined. In type I phagocytosis, plasma membrane protrusions extend to
engulf the particle and drag it into the cells; this is mediated by coordinate actions of
Cdc42 and Rac. In type II phagocytosis, particles sink into actin-lined invaginations in
the plasma membrane; and internalisation is dependent on Rho A (Caron et al., 1998)
The most striking feature of the phagocytosis is that it concomitants with NADPH
oxidase activation and the translocation of its components. Hence, investigation of the
relationship between components of the NADPH oxidase and membrane rafts is
particularly interesting, and could help us to further understand the mechanisms of the
activation of the NADPH oxidase.

1.10 Aim
The PX domain is a protein module that is found in an increasing number of
eukaryotic gene products. The aim of this project is to further understand the role of
this domain with respect to the cytosolic proteins p4(y'^"^ and p47^^^^ of the NADPH
oxidase. The specific aims are to:
•

Establish recombinant bacterial expression system for PX domain from human
p 4 0 P^o^ and p47^^"^, and further purify recombinant PX domains for crystallisation
study.

•

Establish recombinant bacterial expression system for human full-length p47^^^^
and further purify full-length p47^^^^ for crystallisation study.
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•

Establish recombinant bacterial expression system for human full-length
and PBl domain from p67^^'’^, and further purify and generate full-length
and PBl domain heterodimer for crystallisation study.

•

Investigate PX domain binding partner using an affinity column made of
recombinant p4(f^^^ PX domain and identifying its binding protein(s) by MALDITOF.

•

Further characterise the interaction(s) between PX domains and its binding
partner(s) in vitro and in vivo.

•

Determine the role of membrane rafts in activation of the NADPH oxidase in
neutrophils.
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Chapter 2

Materials and methods

2.1 Molecular Biology:
2.1.1 Primer design:
Hisp40PX

Forward: 5 ’-CGCGGATÇÇATGGCTGTGGCCCAGCAGCTG-3 ’
BamHI
Reverse: 5’-CCGGAATTCTCAGGTGCGCGGGCGGAGCCG-3’
EcoRI

Hisp47PX

Forward: 5’-CGCGGATCCATGGGGGACACCTTCATCCGT-3’
BamHI
Reverse: 5’-CCG GAATTCTCAATCTTTGGGCATCAAGTA-3'
EcoRI

Hisp47

Forward: 5 ’ -GGTACC TGATCAATGGGGGACACCTTCATC-3 ’
Kpnl

Bell

Reverse: 5’ -AAGCTTTCAGACGGCAGACGCCAG-3 '
Hindm
P40PX (pTYB4 constructs)
Mouse

Forward: 5’-CATGCCATGGGCTTCACCAGCCACTTT-3 ’
Ncol
Reverse: 5 ’-TCCÇÇÇGGGTGCAGACTGATAGAAGAA-3 ’
Smal

Human

Forward: 5 ’-CATGÇÇATGGGCTTCACCAGCCACTTT-3 ’
Ncol
Reverse: 5’-TCCCCCGGGCGACTGGTAAAAGAAGAT-3 ’
Smal

2.1.2 FCR:
The PCR reaction was performed on a Quatro TC-40 model thermoblock. The
mixture contains 4pl of 25pM dNTP, 12pl of lOpM forward and reverse primers,
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10|j,l of DMSO, 20|o,l of 10 X pfii buffer, Ipl of template (usually lO-lOOng), 140pl of
ddHzO, Ipl of pfu (2.5U /pi Promega). The mixture was then spliced into 50pl each
and covered with mineral oil. The program used for PCR was 1 cycle of 93°C for 3
minutes, 50°C for

1

minute, 72°C for 2 minutes, and then 30 cycles of 93°C for 30

seconds, 55°C for 30 seconds, 72°C for 2 minutes, finally 1 cycle of 93°C for 1
minute, 55°C for 30 seconds, 72°C for Sminutes. PCR products were separated by 1
% (W/V) agarose gel electrophoresis and visualised with ethidium bromide.

2.1.3 Agarose gel electrophoresis:
DNA separation was performed by standard agarose gel electrophoresis using gels
containing 0.8-1.0% (w/v) agarose depending on the DNA size, Ix TAB, 0.5pg/ml of
ethidium bromide. Mini-Sub® Cell GT (Bio-Rad) was used for electrophoresis, using
1 X TAB as running buffer and operated at -5-10 mA/cm. DNA Markers were from
Promega and DNA bands were visualised on a Transilluminator (Syngene).

2.1.4 Restriction enzyme digestion:
The DNA (typically 2 pg) was mixed with reaction mixture containing 1 x reaction
buffer, lOu of restriction enzyme(s) (lOu/pl, Promega) and H 2 O to give a final volume
of 20 pi. The mixture was incubated at 37°C (or according to manufactures) for 2-4
hours. The reaction was stopped by adding 0.5M BDTA pH 8.0 stock to give a final
concentration of ImM. The DNA was then purified by agarose gel electrophoresis or
phenol/choroform extraction followed ethanol precipitation.

2.1.5 DNA recovery from agarose gel:
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PCR products or restriction enzyme digested plasmid were separated by agarose gel
electrophoresis. The band of the correct size was cut from gel and weight. The DNA
was extracted from the agarose Using QIAEXII kit followed the protocol provided by
the manufacturers (QIAGEN). The purified DNA was ethanol precipitated on dry ice
for 2 hours, pellet by centrifugation at 13,000 x g for 10 minutes, washed in 70%
ethanol and air- dried. The DNA was then resuspended in appropriate volume of H 2 O;
Ipl of DNA was taken for agarose gel electrophoresis and roughly quantified by
comparing to the band with the closest molecular weight in SmartLadder
(EUROGBNTEC) in the same gel.

2.1.6 Add an Adenine to PCR products:
To sub-clone PCR products to pGEM-T (Promega), an adenine was added to the
DNA fragments, the process was as follows. 3pi of purified DNA were mixed with
ip l of lOxTaq buffer, ip l of 25mM MgCl], 2pl of ImM dATP, 2pl of ddH2 0 and ip l
of Taq DNA polymerase (5u/pl), and incubated at 72°C for 20 minutes.

2.1.7 ligation:
Standard DNA ligation was performed in lOpl system containing 1 x ligation buffer,
200ng vector, 3u ligase (3u/ml Promega) and appropriate amount of insert DNA to
give a molar ratio of insert DNA: vector of 3:1.
To PCR products cloning, 2pl of DNA with an adenine at its 3’ end were mixed with
Ipl of pGEM-T vector (50ng/pl), 5pl of 2 x ligation buffer, Ipl of T4 DNA ligase
(Promega), Ipl o f ddH2 0 and incubated at 16°C for 12 hours.

2.1.8 Transformation:
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1 -1 0

f4,l of )al of ligation mixture was mixed with 50-200|rl of competent cells on ice

for 30 minutes, heat shocked at 42°C for 45-90 seconds and cooled on ice for 2
minutes. 1ml of SOC medium was added to mixture and left at 37°C with shaking for
1 hour. Cells were then collected by centrifugation at 6,000 x g for 5 minutes. Excess
medium was removed with 200pl left in tubes to resuspend the cells and plate to LB
agar plate with appropriate antibiotic(s). For blue-white selection, 5pi of lOOmM
TPTG and 5% X-gal were added to cell suspension before plating. The plates were
incubated at 37°C for 16hours.

2.1.9 Positive colony identification:
To identify positive colonies, white colonies (With blue-white selection) or randomly
picked colonies (without blue-white selection) were inoculated in 5ml of LB broth at
37°C for 16hr. Plasmid purified from the overnight culture was then digested with
appropriate restriction enzymes and positive colonies were recognised by the inserts
of the correct size on 1 % agarose gel.

2.1.10 Plasmid preparation:
Plasmid mini-preparation was performed using 5ml of overnight cultures and
Wizard® plus SV minipreps DNA purification system (Promega) according to the
protocol provided by manufacturer.
Plasmid midi-preparation was performed using 100ml of overnight cultures and
Plasmid Midi kit (QIAGEN) according to the protocol provided by manufacturer.

2.1.11 DNA sequencing:
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DNA sequencing was performed using 373 DNA sequencing system (Applied
Biosystems) and Termo Sequenase ™ Dye Terminator Cycle Sequencing Pre-Mix Kit
(Amersham) according to the protocol provided by Manufacturers. The primers used
for sequencing are listed as follow:
pBluescript constructs:
T7: 5’-TAATACGACTCACTATA-3’(forward)
M13: 5’-GTTTTCCCAGTCACGAC-3’ (reverse)
pTYB4 constructs:
T7: 5’-TAATACGACTCACTATA-3’ (forward)
Intein: 5’-GAGGTTGGTAATAAGGTCATGGGT-3’ (reverse)
Full-length p47^^“ :
Primer 1: 5’-GTTTTCCCAGTCACGAC-3’
Primer 2: 5’-GTTCCCTATTGAGGCAG-3’
Primer 3: 5’-GAGATGGCTCTGTCCAC-3’
Primer 4: 5’-CTTTCCGTCCATGTACC-3’

2.2 Protein expression and purification:
2.2.1 His6 fusion proteins:
PQE 9 constructs which contain human full length p40^^®^, p47^*‘^^, p4(/*°^ PX (1154), p47^^°^ PX (1-144) and p67^^‘^^ (302-460) cDNA were transfected into BL21 E.
coli [pREP 4] competent cells (Invitrogen). The transformation mixtures were plated
on LB plates containing lOOpg/ml Ampicillin (Sigma) and 25qg/ml Kanamycin
(Sigma), and incubated at 37°C overnight. Single colonies were picked from the
plates and inoculated in 100ml LB media containing lOOpg/ml Ampicillin and
25p,g/ml Kanamycin and grown at 37°C overnight with vigorous shaking. Overnight
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cultures were diluted to 4 L of defined media which contains 3.5g/l K 2 HPO 4 , 5g/l
KH 2 PO 4 , 3.5g/l (NH4 )2 HP 0 4 , lOg/1 Yeast extract, lOg/1 glucose, 0.5g/l MgCl2 -6 H 2 0 ,
100p.g/ml Ampicillin and 25pg/ml Kanamycin in a fermentation tank. The culture
was left grown at 37°C with air-flow of 3L/min and stirring of 300rpm until OD6 oo=l2 (2-3 hour). Protein expression was induced by adding 1ml of IM IPTG
(CALBIOCHEM®) to give a final concentration of 0.25mM. The cultures were
grown at 30°C for an additional 4-5 hours. Cells were harvested by centrifugation for
15 minutes at 2,500xg and kept at -20°C until further use.
10ml of packed Cells were resuspended in 50ml of lysis buffer containing 20mM
HEPES, pH7.0, 300mM NaCl, 30mM imidazole (pH7.0) and 1mg/ml lysozyme
(Sigma), and incubated at 4°C for 45minutes. The lysate was homogenised in a
Down’s homogeniser to break down DNA. The lysate was then cleared by
centrifugation at 28,500 x g (Sorvall, ss-34 rotar) at 4°C for 30 minutes. The
supernatant was incubated with 4-6ml of 50% slurry Ni^^-agarose beads (Invitrogen)
which has been pre-equilibrated with 5 bead volume of equilibration buffer (20mM
HEPES, 300mM NaCl, 30mM Imidazole, pH7.0) at 4°C for 30 minutes. Beads were
collected by centrifugation at 1,000 x g for 5 minutes at 4°C, washed twice with 5
bead volumes of equilibration buffer and allowed to settle in a syringe. After settling
of the beads, proteins were eluted with 4 bead volumes of elution buffer (20mM
HEPES, 300mM NaCl, 300mM Imidazole, pH 7.0).
Eluates were then dialysed against Pump A buffer (20mM HEPES, lOOmM NaCl,
pH7.0) overnight, proteins were further purified by loading onto a SP Sepharose 4B®
fast flow column (bed volume 5ml) and eluted with a linear gradient of NaCl (pump B
buffer 20mM HEPES, IM NaCl, pH 7.0) in a FPLC machine (Pharmacia).
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2.2.2 GST fusion proteins:
The expression o f human p4(f'"" PX (1-154) and p47'’*“ PX (1-144) and p67''''“
(302-460) GST fusion proteins was similar as described above except that BL21 was
used as host E. coli strain and all the plates and the media contained lOOpg/ml
Ampicillin.
To purify GST fusion proteins, 10ml of BL21 cells were resuspended in 50ml of PBS
containing 1mg/ml lysozyme and incubated at 4°C for 45 minutes. The cell lysate was
homogenized and cleared by centrifugation at 28,500 x g for 30 minutes. The
supernatant was incubated with 8 ml of a 50% slurry of Glutathione-Sepharose
4B®(Pharmacia), pre-equilibrated with 5 bead volumes of PBS, at 4°C for 30
minutes. Beads were then collected by centrifugation at 1,000 x g for 5 minutes at
4°C, washed twice with 5 bead volumes of PBS, once with elution buffer without
reduced glutathione and allowed to settle in a syringe. After the beads settled, proteins
were eluted with 4 bed volumes of elution buffer (20mM HEPES, lOOmM NaCl,
lOmM reduced form glutathione, pH 7.0).
Proteins were further purified by loading onto a SP Sepharose 4B® fast flow column,
and eluted with NaCl gradient (Pump B buffer 20mM HEPES, IM NaCl, pH7.0).

2.2.3 p40^*“ and p67'’*“ (302-460) complex:
Two methods have been adopted in this study to make the complex:
1. Hisp40P*‘’^ in complex with Hisp67'’''‘'^ (302-460)
Purified Hisp40'’*“ and Hisp67''*“ (302-460) (see section 2.2.1) were mixed at 1:1
molar ratio in 20mM HEPES, 200mM NaCl, pH7.0, the mixture was then
concentrated and loaded onto a Sephacryl S-200® gel filtration column (1.6 x 70cm,
Pharmacia) using a Pharmacia FPLC system. The complex was eluted with 20mM

57

HEPES, 200mM NaCl, pH 7.0, at a flow rate of 0.25ml/min. Fractions were collected
and 5 pi of each fraction was analysed by SDS-PAGE. Fractions showing the 1:1
molar ratio of the complex were pooled, concentrated to 0.5 ml and dialysed overnight
against 20mM HEPES, lOOmM NaCl, pH 7.0 at 4°C. The solution was cleared by
centrifugation at 15,000 x g for 5 minutes and NaNs (3M stock) was added to give a
final concentration of 30mM. The complex was stored at 4°C for up to 4 weeks.

2. Hisp40^^^^ in complex with p67^^®^ (302-460) from thrombin digestion of GST
fusion protein
GST-p67^*°"' (302-460) expression and Glutathione-Sepharose 4B® affinity
purification as described section 2.2.2. The beads were washed with 20mM HEPES,
300mM NaCl, pH 7.0, resuspended in the same buffer to make a 50% slurry and two
aliquots of 50pl of 50% slurry resin was taken for a thrombin digestion test. In test
tubes, 0.25U of thrombin (Sigma) was added to each tube, one tube was kept at 4°C
overnight, the other was incubated at room temperature for 30 minutes. After
digestion, the beads were removed by centrifugation at 1,000 x g for 5minutes, the
supernatants and beads were analysed by SDS-PAGE.
For large-scale preparation, 5OU thrombin was added to the 10ml of 50% slurry resin
and the resin was left at room temperature for 30 minutes. To deactivate thrombin,
lOpl of lOmg/ml TLCK and 0.2M PMSF (Sigma) were added, and beads were
removed by centrifugation at 1,000x g for 5 minutes at 4°C. Thrombin was then
removed by incubating the supernatant with anti-thrombin m agrose (Sigma) and
analysed by SDS-PAGE.
To make the Hisp40^*“ and p67'''"’'‘ (302-460) complex, Hisp40^'""and p67'’''“ (302460) in 20mM HEPES, lOOmM NaCl, pH 7.0 were mixed at a molar ratio of 1:1.5,
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the mixture was then loaded onto a SP Sepharose 4B® column and proteins bound to
the column were eluted by a NaCl gradient. Fractions were pooled, concentrated and
dialysed against 20mM HEPES, lOOmM NaCl, pH 7.0 at 4°C overnight. The protein
solution was cleared by centrifugation at 15,000 x g for 5 minutes at 4°C, and NaNg
was added to give a final concentration of 30mM. The complex was stored on ice for
up to 4 weeks.

2.2.4 Chitin fusion proteins:
2.2.4.1 Protein expression:
pTYB4-mp40PX and pTYB4-hp40PX were Transfected into E. coli ER2566 (New
England Biolabs) or BL21.
A single colony was picked and inoculated in 2ml of LB broth with lOOpg/ml of
Ampicillin at 37°C for 12 hours. The overnight culture was diluted into 100ml of
fresh LB broth with lOOpg/ml of Ampicillin and left at 37°C with shaking until
O.D .6 0 0 ^ 0 .5 . IM IPTG stock was added to the culture to give a final concentration
of 0.5M and continuously incubated at 30°C for 5 hours. 0.5ml of diluted induced
culture and un-induced culture (same O.D) were centrifuged at 15,000 x g for 1
minute. Pellets were recovered and resuspended in 50pl of Ix SDS-PAGE sample
buffer, incubated at 95®C for 5 minutes, then briefly sonicated and centrifuged at
15,000

X

g for 5 minutes. 5p i of each sample was subjected to SDS-PAGE and

western blot analysis.

2.2.4.2 Dénaturation and renaturation of Chitin fusion proteins:
Inclusion body preparation:
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Cells from 4L culture were resuspended in 50ml of lysis buffer (20mM HEPES,
150mM NaCl, 1 mg/ml lysozyme, pH 7.6) at 4®C for 30 minutes and homogenised
using a Down’s homogeniser. The lysate was then centrifuged at 28,500 x g at 4°C for
30 minutes. The pellet containing inclusion bodies was washed twice with 20mM
HEPES, 300mM NaCl, 1% Triton X-100, pH7.6 and once with 20mM HEPES,
300mM NaCl, pH7.6. Pellet was then collected by centrifugation and kept at -20°C.

1. Dénaturation and renaturation in 8 M urea:
The inclusion bodies prepared above (equal to 2L bacterial culture) were incubated in
25 ml of 20mM HEPES, 8 M Urea, ImM DTT, 0.5mM EDTA, pH 7.6 at 20°C for 1
hour and the extract was cleared by centrifugation at 28,500 x g for 30 minutes. The
supernatant was slowly diluted 4 times by pumping 20mM HEPES, ImM DTT, pH
7.6 into the supernatant at a flow rate of Iml/min, the diluted supernatant was dialysed
against dilution buffer at 4°C overnight. After removing precipitate by brief
centrifugation, the protein concentration of the solution was measured using Bradford
assay (Biorad).

2

. Sarkosyl dénaturation and renaturation:

The inclusion bodies (equal to 2L culture) were incubated in 2ml of 20mM HEPES,
1.5% Sarkosyl (Sigma), ImM DTT, 300mMNaCl, 0.5mM EDTA, pH7.6 at 20“C for
30 minutes. The resulting extract was cleared by centrifugation at 28,500 x g for 30
minutes and the supernatant was diluted 10 times with dilution buffer (20mM HEPES,
0.15% Triton X-100, ImM DTT, 300mM NaCl, 0.5mM EDTA, pH7.6). This solution
was then mixed with 4ml of 50% slurry pre-equilibrated chitin beads and incubated at
4°C for 30 minutes. The beads were washed with dilution buffer and loaded to a
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syringe, and quickly rinsed with 1 bed volume of cleavage buffer (20mM HEPES,
300mM NaCl, 40mM DTT, pH 7.6). The flow was stopped, 1 bed volume of cleavage
buffer was added, the beads were resuspended and left in the column at 4°C
overnight. Proteins were eluted with column buffer (cleavage buffer without DTT),
and 3 bed volumes of the eluate were collected. Finally, the column was stripped with
2 volume of colunrn buffer containing 1% SDS.

2.3 Protein analysis:
2.3.1 Protein concentration assay:
Crude protein:
1-lOpl of samples was mixed with 1ml of 5 times diluted Bradford protein assay
reagent (Biorad). The OD was measured at 595nm and the protein concentration was
obtained from a standard curve using BSA.
Pure protein:
Proteins were diluted to OD2 8 0 of around 0.5-1 and scanned in a spectrophotometer for
absorbance from 400nm to 240nm. The protein concentration was calculated
according to Lambert-Beer law: A = e.c.l
Thus

c = A 2 8 0 X dilution factor / 8 2 8 0 (Extinction coefficient)

The Extinction coefficients of proteins in this study were calculated using Expasy
proteomic tools

fhttp://ca.expasv.org/tools/)

Protein

and are as follows:
8280

(mM'Vm'^)

Hisp40PX

14.5

Hisp47PX

19.2

Hisp67 (301-460)

19.1
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Hisp40

39.5

Hisp47

60.0

GSTp40PX

66.5

GSTp47PX

71.1

2.3.2 Protein gel electrophoresis and Western Blot:
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS/PAGE) was
carried out by standard Laemmli methods (Laemmli, 1970), using 30% (w/v)
acrylamide/0.8% (w/v) bisacrylamide solution (Protogel, National Diagnostic) for a
final concentration of 8.0-12.5% acrylamide depending on the protein size and
required resolution. Hoefer Mighty Small II apparatus was used for electrophoresis,
operated at -30m A per gel. Molecular weights were from Pharmacia or Sigma and
gels were stained with Coomassie-blue R-250 (Sigma).
Immunoblotting was performed with a Biorad Trans-Blot semidry electroblotter
using reinforced cellulose nitrate membrane. Generally, 100mA per blot was applied
for 1 hr, followed by staining with Ponceau stain (0.5% Ponceau in 3% TCA solution.
Sigma). Non-specific binding was blocked by incubating the membranes with
TBS/Tween-20 with 5% of milk powder (block buffer) at room temperature for Ihour.
The membranes were then incubated with first antibody in block buffer at room
temperature for 1 hour or at 4®C overnight. After washing in TBS/Tween-20, blots
were incubated in horse radish peroxidase (HRP) conjugated second antibody
(Amersham) for 1 hour at room temperature. Blots were developed using an enhanced
chemiluminescence method (ECL, Amersham).

2.3.3 Analytical gel filtration:
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Analytical gel filtration was performed using a Smart system (Pharmacia). Briefly,
20pl of 150pM purified Hisp40PX and Hisp47PX in 20mM HEPES, lOOmM NaCl,
ImM DTT, pH 7.0 were loaded onto Superdex® 75 PC 3.2/30 and eluted at 4°C at a
flow rate of 50pl/min in the same buffer.

2.3.4 Circular Dichroism:
Circular Dichroism spectroscopy of Hisp40PX and Hisp47PX (in 20mM HEPES,
lOOmM NaCl, pH 7.0) were performed in an Aviv 62A DS Circular dichroism
spectrometer at 25°C with a path length of 1mm on samples containing lOOpM to
200pM proteins.

2.3.5 Mass spectrometry:
Purified recombinant proteins were desalted by reverse-phase (SC 2.1/10 Pharmacia)
liquid chromatography using a Smart system. The peak fraction was collected and
vacuum-dried. Samples were dissolved in 50% methanol 0.1% TEA and the real
molecular weight of the recombinant proteins were measured by ESI-MS (model LCQ
(Finnigan MAT).

2.3.6 In-gel Trypsin digestion and MALDI-MS:
Protein bands of interest were cut out of the gel, destained with 40% ethanol and were
further cut into 1mm cubes. The gel pieces were then soaked in 2 aliquots of 20pl of
25mM N H 4 H CO 3 for 15 minutes each. The supernatant was removed and 3 aliquots
of 25|il of 100% acetonitrile (Sigma) were added to the pellet for 10 minutes each.
Gel pieces were dried in a speed vac, then 5pi of trypsin at a concentration of 75ng/pl
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in 25mM NH 4 CO 3 (sequence grade, Sigma) was added to the gel pieces. After the
liquid was absorbed by gel pieces, 10-15pl of 25mM NH 4 CO 3 was added to cover
them. Acetonitrile was added to give a final concentration of 10% and incubated
overnight at 30°C. 0.5 pi of the mixture was loaded onto the target and air-dried. 0.5 pi
of matrix [1% (w/v) a-cyno-4-hydroxycinnamic acid in 0.1%trifluroacetic (v/v) and
50% acetonitrile (v/v)] was overlaid onto the spot and air-dried. Tryptic peptide
masses were obtained by using a BIFLEX^^ El MALDI-TOF mass spectrometer
(Bruker). The instrument was calibrated using external peptides dissolved in 0.1%
TFA. For interpretation of the MALDI spectra, a list of mass-to-charge ratios was
acquired for each protein digest and processed using four different browsers (MS-Fit
at falcon.ludwig.ucl.ac.uk/ucsfhtml3.2/msfit.html. Peptident at
www.exnasv.ch/tools/nentident.html. Mascot at www.matrixscience.com and
ProFound at nrowl.rockefeller.edu/cgi-bin/ProFound) and analysed by comparison
against three separate databases [Owl, National Centre for Biotechnology Information
(‘NCBI’) and SwissProt]. Mass tolerance was limited to a relative value of 200p.p.m.
And proteins were matched according to probability scores deduced by each browser.

2.4 Protein interaction study:
2.4.1 Binding assay on affinity column:
2.4.1.1 Binding assay using HiTrap column:
Reactivation of the HiTrap column (Pharmacia) was performed according to
manufacturer’s instructions. 1ml of Hisp40PX or BSA (fraction V, Sigma) at a
concentration of 3mg/ml in 0.2M NaHC 0 3 ,0.5M NaCl, pH 8.0 was then passed
though the column using a 1 ml syringe and the column was sealed and left at room
temperature for 30 minutes. Unbound proteins were washed out of the column with
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3ml of 0.2M NaHCOs, 0.5M NaCl, pH8.0. The protein concentration in the washing
buffer was measured and the coupling efficiency was calculated. The excess active
sites on the column were then deactivated according to the manufacturer’s
instructions.
Three ml o f neutrophil cytosol at a concentration of 20mg/ml was passed through the
BSA-HiTrap 3 times to absorb out non-specific binding proteins. One ml of this pre
absorbed cytosol was then loaded onto the BSA-HiTrap control column or Hisp40PXHiTrap column and both columns were left at 4°C for 30 minutes. After incubation,
the columns were washed with 9ml of LBB (see section 2.6.2), 3ml of LBB plus
200mM NaCl, 3ml of LBB plus IM NaCl and 3ml of lOOmM glycine, pH2.5. The
glycine eluate was immediately neutralised by adding 1/10 volume of the IM Tris,
pH8.0. All the eluates were de-salted by dilution, concentrated to lOOpl using a
Centricon device (Vivascience) and analysed by 10% SDS-PAGE gel electrophoresis.

2.4.1.2 Binding assay using Ni^-agarose:
Img purified Hisp40PX was rebound to 300pl of Ni-agarose Beads, and the beads
were equilibrated with LBB. The neutrophil cytosol was incubated with Ni^^-agarose
for 30 minutes at 4°C and the beads were removed by centrifugation at 1,000 x g for 5
minutes. The pre-absorbed cytosol was incubated ether with Hisp40PX-Ni^^-agarose
or Ni^^-agarose at 4°C for 30 minutes. Two methods were used to elute proteins
bound to the column. 1.The beads were washed with LBB containing 30mM
imidazole, and eluted with LBB buffer containing 300mM imidazole followed by
boiling in lx SDS-PAGE sample buffer. 2. The beads were washed with LBB buffer,
and eluted with LBB buffer plus IM NaCl followed by boiling in Ix SDS-PAGE
sample buffer. Samples were analysed by 10% SDS-PAGE gel electrophoresis.
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2.4.1.3 Binding assay using Glutathione-Sepharose 4B®:
The neutrophil cytosol at a concentration of 10 mg/ml was incubated with
Glutathione-Sepharose 4B® for 30 minutes at 4°C and the beads removed by
centrifugation at 1,000 x g for 5 minutes. The pre-absorbed cytosol (1ml) was
incubated ether with 0.1ml of GSTP40PX-Glutathione-Sepharose 4B® or 0.1ml of
GST-Glutathione-Sepharose 4B® (with 20pM GST or GSTP40PX on beads) for 1
hour at room temperature. Beads were washed with LBB and resuspended ini x SDSPAGE sample buffer and samples were analysed by 10% SDS-PAGE gel
electrophoresis.

2.4.2 Actin binding assay in vitro:
2.4.2.1 G-actin binding assay — non-denaturing gel electrophoresis:
G-actin at a concentration of 20pM (Cytoskeleton Ltd), GSTp40PX and GSTp47PX
at a concentration of 50pM were dialysed against lOmM Tris, 0.5mM CaCL, 0.2mM
ATP, pH 8.0 at 4°C overnight. After dialysis, proteins were centrifuged at 100,000 x g
for 30 minutes at 4°C. 5pi of G-actin was then mixed with an equal volume of either
GSTp40PX or GSTp47PX and incubated at 4°C for 30 minutes. Non-denaturing
polyacrylamide gel electrophoresis was performed in gels containing 25mM Tris,
194mM glycine, 0.2mM ATP, 7.5% acrylamide, 0.2% N, N ’methylenebisacrylamide, 0.03% N, N, N ’, N ’-tetramethylethylenediaminutese, and
0.1% ammonium persulfate. The electrode buffer contained 25mM Tris, 194mM
glycine, O.SmM CaCb, and 0.2mM ATP. Gels were pre-run at 20-25 V/cm for Ihour
at 4°C; the electrode buffer was poured off and replaced, and samples were then
loaded and run at 20-25 V/cm at 4°C. Bromophenol blue (Sigma) was used as the
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tracking dye, but was not mixed with protein samples. After electrophoresis, gels were
stained with Coomassie brilliant Blue R-250.

1.4.2.2 F-actin binding assay—High speed co-sedimentation assay:
20pM of G-actin was polymerised at 20°C for 1 hour in F-buffer (20mM HEPES,
lOOmM NaCl, ImM MgCh, 0.2mM ATP, 0.5mM DTT, pH 7.0). PX domains were
dialysed against F-buffer overnight at 4°C and centrifuged at 100,000 x g at 20°C for
30 minutes (Beckmann, TLA100.2 rotar). 50pl of supernatants were then mixed with
an equal volume of F-actin and incubated at 20°C for 1 hr and centrifuged at 100,000
X

g for 30 minutes at 20°C. The supernatants were carefully removed, the pellets were

rinsed with lOOpl F-buffer and resuspended in lOOpl F-buffer. Equal volumes of
supernatants and resuspended pellets were electrophoresed through 8 % or 12.5%
SDS-PAGE gels.

2.4.2.3 Actin cross-linking assay—low speed co-sedimentation assay:
lOpM of G-actin was polymerised at 20°C for 1 hr in F-buffer. PX domains were
dialysed against F-buffer and cleared by centrifugation at 15,000 x g for 5 minutes.
lOpl of supernatant was mixed with an equal volume of F-actin, incubated at RT for
Ihr and centrifuged at 15,000 x g for 5minutes. The supernatants were carefully
removed. The pellets were rinsed with 20pl F-buffer and resuspended in 20pl Fbuffer. Equal volumes of supernatants and resuspended pellets were electrophoresed
through 8 % or 12.5% SDS-PAGE gels.

2.4.2.4 Electron microscopy:
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G-actin at a concentration of 5fiM was polymerised in F-buffer at room temperature
for 30 minutes. 5pi of F-actin were then mixed with an equal volume of either Fbuffer or 20pM of Hisp40PX and Hisp47PX in F-buffer and left for 30 minutes. The
mixtures were immediately diluted 2 0 fold before a 3pi aliquot was applied to a
weakly glow-discharged, carbon-coated, 400 mesh/inch copper grid. The sample was
allowed to absorb for 1 minutes, washed and negatively stained with 0.75% (W/V)
Uranyl formate. Specimens were examined in a conventional transmission electron
microscope (TEM) operated under low-dose conditions at an accelerating voltage of
lOOkV and at a magnification of 40,000x.

2.4.3 Microcalorimetry:
Microcalorimetry was performed to quantify the Hisp40^^®^and p67^^^^ (300-460)
interaction. In general, Hisp40 and p67 (300-460) were extensively dialysed in 20mM
HEPES, ISOmM NaCl, pH 7.0 (in same flask), the proteins were then cleared by
centrifugation at 15,000 x g for 5 minutes at 4°C. Protein concentrations were
estimated using a spectrometer with extinction coefficients at 280nm (detail see
section 2.3.1). The proteins were diluted using the buffer from the flask to give 5pM
of Hisp40 and 50pM of p67 (300-460). 2ml of 5pM Hisp40 were loaded into the
microcalorimetry cell and 0.7ml of 50pM p67 (300-460) was loaded into the syringe.
Binding assays were performed at 25°C, data was collected and analysed using non
linear least squares regression software provided by the instrument manufacturer.

2.5 Crystallisation:
2.5.1 Preparation of proteins for crystallisation:
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Purified proteins were concentrated and dialysed against 20mM HEPES, lOOmM
NaCl, pH 7.0. The precipitate was removed by centrifugation at 15,000 x g for 5
minutes. NaN] was added to a final concentration of 30mM. Proteins were kept at 4°C
for up to 4 weeks.

2.5.2 Preparation of crystallisation trays:
A uniform layer of vacuum grease was applied to the rims of 24-well crystallisation
trays. 500pl o f solutions from the crystallisation screen Kit (see appendix 1) was
added to the wells. The trays were incubated at room temperature. For the screen
carried out at 4°C, trays were incubated in the cold room for at least 1 hr before
setting drops.

2.5.3 Setting up hanging drop:
Ipl o f concentrated protein solution was placed in the centre of a 2 2 mm^ glass
coverslip. With a new tip, 1 pi of solution was taken from the first well and added to
the 1 pi o f the protein solution. The coverslip was flipped over so that the drop was
hanging down from the bottom of the coverslip and the coverslip was placed over the
appropriate well solution. To seal the interface between the coverslip and the well, the
edges o f the coverslips were gently pushed down onto the grease using the bottom of
a 1 ml pipette tip.

2.5.4 Setting up sitting drop:
1.5pi o f concentrated protein solution was placed into the centre of a microbridge.
With a new tip, 1.5pi of solution was taken from first well, added onto the 1.5pi
protein solution. A coverslip was then placed over the well and the coverslip-well
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interface was sealed by placing the edges of the coverslip onto the grease using the
bottom of the 1 ml pipette tip.

2.5.5 Setting up microbatch:
A 96 well Grenier plate was covered with mineral oil, 1.5pl of protein and 1.5pl of
structure screen solutions (Molecular Dimensions Limited) were mixed in the well
under oil.

2.5.6 Additive screen:
A 96 wells Grenier plate was covered with mineral oil, l.Spl protein, 1.2pl of screen
solutions (Molecular Dimensions Limited) and 0.3pl of additives were mixed in the
well under oil. The oil trays were then kept at 4°C, 16°C and 22°C respectively.

2.5.7 Crystal freezing:
Crystals were transferred into cryosolution by a stepwise transfer into mother liquid
containing 25% glycerol or 30% MPD. Crystals were then frozen by immersing into
liquid nitrogen and kept in liquid nitrogen until further use.

2.5.8 Data collection:
Data were collected at the SRS, Daresbury, UK with a synchrotron beam line to 2.4-Â
spacing on station 7.2 (7,=1.448 A) at -175°C on a MAR Research image detector.

2.6 Cell Biology:
2.6.1 Preparation of neutrophils:
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Neutrophils were prepared from huffy coat residues, huffy coats or freshly drawn
heparinised blood from healthy volunteers. For binding assays, huffy coats or huffy
coat residues were used (North London Blood Transfusion Service). The blood was
diluted by adding 1/3 volume of 0.9 % (w/v) NaCl (1 x saline) with 5 units/ml
heparin. To sediment erythrocytes, 10% dextran (w/v) (ICN) in saline was added to
the diluted blood to give a final concentration of 1%. The mixture was then left to
stand in a tall, narrow cylinder for 1 hour. The upper plasma layer containing most of
leukocytes was centrifuged through a cushion of 1/10 volume of Ficoll Hypaque
(Nycomed) at 2,000rpm (900 x g) for 10 minutes at 20°C in a benchtop Mistral 30001
(MSB) centrifuge with swing-out buckets. The erythrocytes in the pellet were lysed by
gently resuspending the cells in water for a few seconds after which the tonicity was
restored by adding an equal volume of 1.8% NaCl. Centrifiigation at 1, 500rpm (400 x
g) for 3 minutes at 20°C, yielded a pellet which consisted of 95% pure neutrophils.
The cells were resuspended in HEPES-buffered Jam’s F-12 culture medium (Sigma)
or phosphate-buffered saline containing 5mM glucose, and counted using a
microscope haemacytometer.

2.6.2 Preparation of neutrophil cytosol:
Neutrophils were resuspended in 4 volumes of LBB (lOmM HEPES, 5mM NaCl,
lOmM KCl, 5 mM MgCb, pH 7.0). Cells were lysed using a Nitrogen Cavitation
Bomb at 50 bar for 30 minutes at 4°C and centrifriged at 400 x g for 10 minutes. The
post -nuclear supernatant was centrifuged at 417,000 x g for 30 minutes at 4°C. The
supernatant (cytosol) was used immediately or stored at -70°C.
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2.6.3 Nuclear micro-injection of EFplink-p40PX and EFpIink-p47PX constructs
into Swiss 3T3 fibroblast:
Swiss 3T3 cells were maintained in DMEM media (GIBCO BRL®) containing 10%
PCS (fetal calf serum) (GIBCO BRL®) and lOOu/ml of penicillin and lOOpg/ml of
streptomycin (GIBCO BRL®) at 37°C in a cell culture incubator containing 5% CO2 .
1 day before micro-injection, cells were digested with 0.25% of trypsin (GIBCO
BRL®) and resuspended in DMEM at a cell density of 5x10^. Cells were then
incubated at 37°C in a cell culture incubator containing 5% CO2 .
Fine glass pipettes (Clark Electroinstruments) with a bore of 1.2pm were pulled using
a programmable pipette puller (Campden Instruments) individually programmed to
obtain very fine pipettes, the tips of which were approximately 0.5-1.0pm in diameter.
Plasmids of EFplink-p40PX, EFplink-p47PX and control EFplink were prepared
using endotoxin-free plasmid extraction Kit (QIAGEN). Plasmid was then diluted
with PBS (without Ca^^ and Mg^^, Sigma) to give a final concentration of 1mg/ml.
Micro-injection was carried out using the manual mode and the pipettes cleared at
pressure of 3,000-6,000 kPa briefly before injecting the cells. A working pressure of
between 100 and 350 kPa was generally used for micro-injection.
After micro-injection, cells were incubated for 2-4 hour. The coverslips were fixed
for 30 minutes at 22°C with 4% paraformaldehyde and 0.1% glutaraldehyde/PBS, and
washed 4 times for 5 minutes with PBS. Cells were then permeabilised for 10 minutes
at 22°C with 0.2% Triton X-100/PBS, and washed 4 times with PBS for 5 minutes.
After blocking for 1 hour at 22°C with PBS containing 1% BSA and 0.05% sodium
azide, coverslips were incubated with anti-myc monoclonal antibody (9E10, 1:500
dilution, Santa Cruz Biotechnology) at 22°C for 1 hour and washed 5 times with PBS
for 5 minutes and once for 30 minutes. Subsequently, coverslips were incubated with
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FITC labelled goat anti-mouse secondary antibody (1:400 dilution, Jackson
Immunoresearch laboratories Inc.) and TRITC-labelled Phalloidin at 22°C for 1 hour.
Coverslips were then washed 4 times with PBS for 5 minutes and mounted on slides
with 5 [l\ of Mowiol (Calbiochem) mounting solution containing 0.1% pphenylenediaminutese as antiquench. Images were taken on a Zeiss confocal
microscope.

2.6.4 Neutrophil treatment:
2.6.4.1 PMA stimulation:
Neutrophils were resuspended in PBS containing 5mM glucose at a density of 5x10^
cells/ml. Cells were then pre-incubated at 37°C for 5 minutes and stimulated by
adding PMA to give a final concentration of Ipg/ml. Stimulation was terminated by
addition of 10 volumes of ice cold PBS, cells were collected by centrifugation at 4,00
X g for 5 minutes at 4°C.

2.6.4.2 IgG opsonised Staphylococcus aureus Stimulation:
A single colony of Staphylococcus aureus (from the Department of Microbiology,
University College London) was picked from a LB plate and inoculated in 5 ml of LB
broth at 37°C for

8

hour. The culture was then diluted to 200 ml of LB medium at a

ratio of 1:100 and grown at 37°C overnight. Cells were collected by centrifugation at
3,000

X

g for 30 minutes and washed 3 times with PBS. Cells were then resuspended

in PBS, boiled for 10 minutes and cooled. For opsonisation, cells were resuspended in
PBS containing lOmg/ml of human IgG (Grifols) at a density of 1x10^^ cells/ml and
left at room temperature for 1 hour. The excess IgG was removed by centrifugation at
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3,000

X

g for 30 minutes and the cells were washed with 3 times with PBS. The

opsonised S. aureus particles were stored in PBS at 4°C up to 1 week.
Neutrophils were resuspended in PBS containing 5mM glucose at a density of 5x10^
cells/ml. Cells were then pre-incubated at 37°C for 5 minutes and stimulated by
adding IgG opsonised S. aureus to give a ratio of 50:1 (IgG opsonised S. aureus :
neutrophil). Stimulation was terminated by the addition of 10 volume of ice cold PBS
and cells were collected by centrifugation at 1,500 x g for 5 minutes at 4°C.

2.6.4.3 Methyl-p-CycIodextrin (MpCD) treatment:
Neutrophils were resuspended in serum-free RPMI-1640 medium containing lOmM
MpCD (Sigma) at a density of 1x10^ cells/ml, and left at 37°C for 30 minutes, cells
were then washed twice with PBS. For rafts preparation, cells were incubated on ice
for 10 minutes. For NADPH oxidase activity assay, cells were used immediately.

2.6.5 Rafts study:
2.6.5.1 Neutrophil rafts preparation:
5x10^ neutrophils were lysed for 30 minutes at 4°C in 0.5ml of HNE buffer (20mM
HEPES, 150mM NaCl, 5mM EDTA, pH 7.0, lOpg/ml of Leupeptin, lOpg/ml of
TLCK, lOpg/ml of Aprotinin, ImM DFP, 0.2mM PMSF, 25mM NaF, lOmM sodium
pyrophosphate and 5mM P-glycerophosphate) containing 1% Triton X-100, and
homogenised by 100 up and down strokes in a Down’s homogeniser. The cell lysate
was then mixed with an equal volume of 80% sucrose (w/v) in HNE to give a final
concentration 40%. 0.8ml of mixture was then placed at the bottom of the centrifuge
tube and sequentially overlaid with 1.2ml of 30% and 0.4ml of 5% sucrose in HNE
buffer. The gradient was spun in a TST 55 rotor for 2.5hour at 250,000 x g at 4°C.
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After centrifugation, 0.24 ml fractions were collected from the top of the tube. The
pellets were resuspended in 200pl of HNE buffer and sonicated.

2.6.S.2 Rafts analyse:
To visualise membrane rafts, equal amount of each fraction were analysed by SDSPAGE and immunoblotting. Proteins were transferred to PVDF membrane as
described previously and blots were incubated with appropriate primary antibodies
either at 22°C for 1 hour or at 4°C overnight. Caveolin molecules were detected using
purified rabbit anti-human polyclonal antibody (1:5000, 4°C overnight, TransLabs,
inc.). Flotillin molecules were detected using anti-human monoclonal antibody
(1:500, 4°C overnight, TransLabs, inc.). gp91^^°^ molecules were detected using
rabbit anti-human antiserum PEP37 (1:500,4°C overnight) or monoclonal antibody
mAb 48 (gifts from prof. D. Roos, Amsterdam,!:200 dilution, 4°C overnight). P22^^"^
molecules were detected using rabbit anti-human antiserum MC2 or monoclonal
antibody mAb 449 (gifts from prof. D. Roos, Amsterdam, 1:200 dilution, 4°C
overnight). P40^^^^ molecules were detected using affinity purified rabbit anti-human
antibody (1:1000, 4°C overnight). P4 7 ^^“ and

molecules were detected using

affinity purified goat anti-human antibodies (1:1000, 22°C 1 hour), and PKCô (C20,
Santa Cruz Biotechnology), pi (C l 6 , Santa Cruz Biotechnology) and pH (C l 6 , Santa
Cruz Biotechnology) molecules were detected using affinity purified rabbit anti
human antibodies (1:1000, 4°C overnight). The immunoblots were developed using
HRP-conjugated secondary antibodies (1:2000, 22°C 1 hour, Pharmacia) followed by
ECL (Amersham).

2.6.6 Assay of NADPH oxidase activity with an oxygen electrode:
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Neutrophil oxygen consumption was measured using a Clark oxygen electrode (Dual
digital model 200, Rank Brothes Ltd). For reference, 1ml of H 2 O was placed into the
sample chamber with a magnetic stirrer and warmed for 2 minutes, a few granules of
sodium dithionite were then added. The read out on the recorder corresponds to 220
nmol

0 2

/ml H 2 O. To measure NADPH oxidase activity, 1ml of non-treated or MpCD

treated neutrophils at density of 2 x 1 0 ^ cells/ml was placed into the sample chamber
and warmed for 2 minutes, cells were then stimulated with PMA or IgG opsonised
Staphylococcus aureus. The sample chamber was closed immediately and oxygen
consumption of neutrophils upon stimulation was continuously monitored and
recorded.
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Chapter 3

Preparation, characterisation and crystallisation trials of PX
domain of p40P*“ ,

and full-length

3.1 Introduction
Proteins have evolved to perform specific fimctions that depend on their three
dimensional structure. These three dimensional structures are directly related to amino
acids sequences (primary structure) of the proteins. Different segments of the primary
structure form units of secondary structure, such as a helices or p pleated sheets. The
tertiary structure refers to the three dimensional arrangement of all the atoms that
constitute a protein molecule. It is defined by the precise spatial co-ordination of the
component secondary structural elements. The tertiary structure of proteins can
usually be divided into domains which are comprise of distinct compact folding units.
A fold refers to the characteristic spatial assembly of secondary structure elements
that comprise a domain; they are usually common to many proteins (Coligan et al.,
2000).
Several technologies can be employed to study the three-dimensional structure of
proteins, such as electron microscopy (EM), X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy.
In this chapter, methods to express and purify recombinant Hisp40PX, Hisp47PX and
Hisp47 were established (His refer to His6 tag), and the properties of Hisp40PX and
Hisp47PX in solution were characterised. In addition, crystallisation trials were
carried out.
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3.2 Results
3.2.1 Expression, purification and characterisation of Hisp40PX and Hisp47PX
The predicted PX domain extends from residues 37 to 140 in the case of p40^^‘'^and
from residues 20 to 125 in the case of p47^^^^. In both cases, it is very difficult to find
the start and stop of PX domains around those regions without destroying the putative
secondary structure. Therefore we initially engineered the recombinant Hisp40PX and
Hisp47PX to encompass residues 1-154 and residues 1-144 respectively. I chose the
His-tag vector pQE9 in which there is no protease cleavage site between the PX
domain and the His-tag. I did not intend to insert such a site between the His tag and
PX domain, since this tag is very small - only 12 amino acids - and we observed that
the PX domains themselves are very sensitive to thrombin protease. Furthermore,
proteins containing his tags have been crystallised in the past.
In order to use BamHI and Hindlll sites in pQE9, the DNA fragments encoding
p40PX and p47PX were amplified by PCR with BamHI site at N-terminal and EcoRI
site at C-terminal. PCR products were purified from agarose and digested with
BamHI and EcoRI, then sub-cloned into pBluescript vector. The positive colonies
were identified by blue-white selection and verified by sequencing using T7 and M l3
primers. The pBluescript-p40PX and pBluescript-p47PX were digested with BamHI
and Hindlll, the -450 bp fragments were purified and sub-cloned into pQE9.
It was then possible to go ahead with expression studies. Freshly transformed BL21
(pREP4) cells were always used, and transformed cells were kept on LB plate
containing lOOpg Ampicillin and 25pg Kanamycin at 4°C for up to 1 month.
Overnight cultures were prepared from single colonies and inoculated in 10ml of LB
containing antibiotics as indicated above and grown at 37°C. These overnight cultures
were seeded into 50ml of defined media as described in Materials and methods at a
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dilution of 1:100. Cultures were left to grow at 37°C until O.D. 6oo nmreached about
0.6-0.8 and were then induced with 0.5mM IPTG at 30°C for 3 hours. 500p,l of non
induced cells were kept for gel analysis. Induced cells were diluted to the same
O.D .6 0 0 nmas the non-induced cells and SOOpl of diluted cells was also kept for
analysis. The rest of cells were collected by centrifugation and lysed in 5ml of lysis
buffer (20mM HEPES, pH 7.0, 300mM NaCl, 30mM imidazole, 1 mg/ml lysozyme)
on ice for 30 minutes and briefly sonicated. Cell lysates were cleared by
centrifugation at 15,000 x g for 5 minutes and lOpl of supernatants and resuspended
pellets were taken for SDS-PAGE gel analysis. After a sample was taken, the
supernatants were incubated with 1ml of 50 % slurry ofNi^^- agarose at 4°C for 30
minutes. After incubation, the beads were collected by centrifugation at 700 x g for 5
minutes, and 10p,l of the supernatant was taken for analysis. The beads were then
washed 1ml of lysis buffer without lysozyme for 3 times and proteins bound to the
beads were eluted with 20mM HEPES, pH 7.0, 300mM NaCl, 300mM imidazole. Fig.
3.1 showed that both Hisp40PX and Hisp47PX were expressed at very high levels and
that the recombinant proteins were partially soluble. For Hisp47PX, almost half of the
protein was soluble, however Hisp40PX was less soluble. These results suggested that
the truncated proteins had appropriately folded structure.
For the large-scale preparation, 100ml of overnight culture were used and these
cultures were diluted into 4L defined media as described in Materials and methods
(section 2.2.1). E. coli is able to reach very high concentrations when it is grown in a
fermenter, thus the growth curve is much different from that obtained from cultures in
a flask. The point in the growth curve at which to induce the protein expression is
crucial to the final yield. In order to maximise the protein production, 50ml of culture
grown in the fermenter was taken at different O.D. and induced with IPTG at 30°C
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H isp40PX

H isp47PX

kDa

i

i

«

Fig. 3.1 Expression o f His tag PX domains. Single colonies were picked from LB
agar plates containing Am picillin and Kanamycin and inoculated into 10ml o f LB
broth (A m picillin and kanamycinand) at 37°C overnight. The overnight cultures
were then diluted 1:100 into 50ml o f fresh defined medium as described in
Materials and M ethods and left grow to until the

reached about 0.5. Protein

expression was induced by adding IM IPTG to give a final concentration o f 0.5 mM
and left to grow at 30°C for further 3hr. Cells were collected by centrifugation and
lysed in 5ml o f lysis buffer, samples from each step were taken and m ixed with
SDS-PAG E sample buffer. 10pi o f the samples were analysed by SDS-PAG E and
stained with Coom m assie Blue R-250. Arrows indicate PX domains.
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Fig. 3.2 A, Growth curve o f BL21 co-transfected with pREP4 and pQE9-p40PX in
the fermenter. Arrow heads indicate the time points at which 50ml o f culture was
taken. B, After induction, cells from each time point were collected by centrifugation
and lysed in 5ml o f lysis buffer. The cell lysate was cleared by centrifugation and
lOpl o f total lysate and supernatant were analysed by SDS-PAG E and stained with
Coom assie Blue R-250. Arrow indicates PX domain.

81

Table 3.1 Summary of the fermentation experiment

Sample

volume of:

start OD.

final O.D.

1

1.16

5.88

5

2

1.8

9.2

7.8

3

2.7

9.7

8.2

4

4.0

9.9

8.3

5

5.8

10.2

8.5

6

7.4

10.7

9.1

7

10.32

11.52

9.8

for 3 hours. Samples from every time point were analysed. Judged by SDS-PAGE gel,
it appeared that inducing cells at high O.D. significantly reduced total Hisp40PX, as
well as soluble Hisp40PX expression. Based on the final yields of cells and soluble
Hisp40PX (Fig. 3.2 and Table 3.1), we chose to start induce at CD. of 1.5-2.0.
The theoretical PI of Hisp40PX and Hisp47PX are 8.83 and 9.21 respectively, hence
PX domains are able to bind to anionic matrix. Following Ni^^-agarose affinity
chromatography, proteins eluted from the column were dialysed against 20mM
HEPES, lOOmM NaCl, pH 7.0 and further purified by SP Sepharose 4B® cation
exchange. The final purity of recombinant PX domain was more than 95% (Fig. 3.3),
judged by SDS-PAGE. The apparent molecular weights of the reduced form
Hisp40PX and Hisp47PX on SDS-PAGE were about 22kd and 20kd respectively.
In order to determine the solution properties of the PX domains, 20p,l of 150p,M
Hisp40PX and Hisp47PX were loaded to Superdex-75® in a Smart system, and the
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Fig. 3.3 Purification o f H isp40PX and Hisp47PX. Cells from IL culture were lysed in
50ml o f lysis buffer and cleared by centrifugation. The supernatants were incubated
with 5ml o f 50% slurry Ni^^-agarose. Proteins bound to the Ni^^-agarose were eluted
with 20mM HEPES, 300m M NaC l, 300mM im idazole, pH 7.0 and dialysed against
20m M HEPES, pH 7.0, lOOmM NaCl overnight. After dialysis, samples were cleared
by centrifugation and loaded onto the SP Sepharose 4B ® cation exchange column.
Proteins bound to SP Sepharose4B® were eluted with NaCl gradient. Arrows indicate
PX domains.
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apparent molecular weight of Hisp40PX and Hisp47PX was measured by plotting
molecular weight markers as standard curve. As shown in Fig. 3.4, both Hisp40PX
and Hisp47PX predominately existed as monomers, since the molecular weight of
Hisp40PX and Hisp47PX in solution appeared to be about 28kd and 25kd.

Table 3.2 Biochemical characterisation of Hisp40PX and Hisp47PX

Hp40PX

Hp47PX

9.21

8.83

Theoretical

19,485.3

19,308.2

SDS-PAGE

22,000

20,000

Gel filtration

28,000

25,000

Mass spectrometry

19,485.1

19,308.7

Theoretical PI
Molecular weight (Da)

I then measured the real molecular weight of purified Hisp40PX and Hisp47PX by
mass spectrometry. Ten different charge states were chosen from the data collected,
and from these the average molecular weight of purified Hisp47PX was calculated to
be 19,308.7 Da and that of Hisp40PX to be 19,485.1 Da. This is almost exactly the
same as their theoretical masses (Table 3.2).
In order to verify that the recombinant proteins had assumed appropriately folded
structures, we analysed the secondary structure of the PX domains in high salt
solution by circular dichroism (CD) spectrometry. The PX domains exhibited the
characteristic double-minimum spectrum indicative of high a-helical content (Fig.
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3.4). The real secondary structure contents are very difficult to measure since in low
salt solution, Hisp40PX and Hisp47PX tend to stick to the cuvette (phase separation).
Therefore the signal obtained may not be reliable under this condition. A high salt
solution can prevent the protein sticking to the cuvette but affects the signal under
200nm. The predicted secondary structure by GOR 4 and H NN software (Expasy
proteomic tools (http://ca.expasy.org/tools/) is shown in Table 3.3.
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Fig. 3.4 Hisp40PX and Hisp47PX are monomeric in solution. 20|xl o f H isp40PX
and Hisp47PX at a concentration o f 150 pM in 20m M HEPES, pH 7.0, ISOmM
NaCl were loaded onto Superdex G -75® and eluted with same buffer at a flow
rate o f 50 pl/min. Symbol: Hisp40PX (— ), H isp47PX (........) and low molecular
weight marker (— ): Ribonuclease A, 14kDa; Chymotrypsinogen A , 25 kDa;
Ovalbumin, 43kDa, and Albumin, 67kDa.
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Fig. 3.5 Far U V circular dichroism Spectra o f H isp40PX (A) and H isp47PX (B).
223 pM o f purified H isp40PX and lOOpM o f purified H isp47PX was analysed at
25°C with a path length o f 1mm. The double-minimum speetrum indicated the
existence o f a-helix.
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Table 3.3 Predicted secondary structure of Hisp40PX and Hisp47PX

a-helix

P-structure

Random coil
G0R4

HNN

%

44%

35%

3%

59%

59%

G0R4

HNN

G0R4

Hisp40PX

39%

43%

16%

Hisp47PX

26%

36%

14%

HNN
2 0

3.2.2 Crystallisation trial
The initial crystallisation screens were set up with Hisp40PX, in 20mM HEPES,
lOOmM NaCl, pH 7.0, ImM DTT using a Hampton Kit 1 and 2, at room temperature
and 4°C. Two different protein concentrations were used, 5mg/ml and 2mg/ml based
on the fact that 5mg/ml is the highest concentration that can be obtained. I used
hanging drops, with 0.5ml reservoir solution and 1+1 pi drops. Within three days,
about two thirds of drops had precipitated at room temperature. At 4°C about 40% of
the drops in the 5mg/ml trays and 2 0 % of the drops in the 2 mg/ml trays had
precipitated. Therefore the protein concentrations were lowered and 0.5mg/ml protein
was used at room temperature. Under this condition, most of the drops remained clear.
All the trays were regularly checked, no signs of nucléation or protein crystals were
observed until it dried. Thus this first trial did not give us an obvious indication as to
how to proceed.
During protein preparation, I observed that Hisp47PX appeared more soluble than
Hisp40PX. It reached 12 mg/ml in 20mM HEPES, lOOmM NaCl, pH 7.0. Therefore,
it might have a better chance of crystallising. I carried out hanging drop screens with
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double drops of Hisp47PX (protein concentration lOmg/ml and 2.5mg/ml
respectively) on the same coverslip using the Hampton screen kit, at room
temperature. Within three days about two thirds of the drops containing high
concentrations of Hisp47PX had precipitated whilst only 10% of the low
concentration drops showed a precipitate. No nucléation and crystals have been
observed over a long period of incubation. The screen was repeated, using lower
protein concentrations of 5mg/ml and 7mg/ml of Hisp47PX. However, no
crystallisation was observed.
Ammonium sulphate is the single most effective crystallisation reagent ever used.
More than 700 macromolecules have been crystallised with ammonium sulphate as
the primary precipitant. Grid Screen Ammonium Sulphate uses a single precipitant at
four different concentrations versus six precise levels of pH between 4 and 9. The
conditions are based upon precipitant concentrations and buffer pH of those most
frequently reported to offer success, with a range coarse enough for thorough
sampling but fine enough for complete coverage. Based on our understanding of
Hisp47PX, the conditions were slightly adjusted as follows. The protein itself was in
20mM HEPES, lOOmM NaCl pH 7.0 and buffers at pH of 5.6 (lOOmM MES), 6.5
(lOOmM MES), 7.5 (lOOmM HEPES), 8.5 (lOOmM Tris), 9.5 (lOOmM CHES) and
10.5 (lOOmM CAPS) were used in the first dimension. (NH4 )2 S0 4 at concentration of
OM, 0.75M, 1.5M and 2.25M was used in the second dimension and 7mg/ml of
Hisp47PX was put in the hanging drop. As we expected, Hisp47PX was stable
between pH 5.6-10.5 without (NH4 )2 S0 4 . Adding (NH4 )2 S0 4 forced Hisp47PX out of
solution forming either a precipitate or phase separation. We repeated same
experiment with 0.2% P-OG to reduce the phase separation. However, none of the
conditions showed signs of crystallisation.

In a high NaCl buffer such as 300mM, both PX domains could reach as high as
20mg/ml. Therefore when a volatile alcohol is used, the hanging drops will expand.
The consequence is that in the drops the alcohol concentration increases whilst NaCl
concentration decreases, thereby forcing the proteins out of the solution. Nucléation
might occur during this process. A lOmg/ml o f Hisp40PX and 16mg/ml of Hisp47PX
in 300mM imidazole, pH 8.0, 300mM NaCl were screened. This time reagents 1-12
from Magic Screen #1 which containing different concentration of ethanol and
isopropanol were used, at room temperature. However, no crystallisation was
achieved.
Details of crystallisation study were summarised in appendix 2.

3.2.3 Dénaturation and renaturation of chitin fusion protein
The most critical parameter for obtaining macromolecular crystals that are suitable for
structure determination using X-ray crystallography is the macromolecular sample
itself. In general, homogeneous, compact, mono-disperse macromolecular samples are
more likely to crystallise, while non-homogeneous, polydisperse samples with flexible
domains, or samples that tend to aggregate non-specifically, are very difficult to
crystallise (Ferre-D’Amare and Burley, 1994). As mentioned before, apart from the
extra amino acids from the vector, the recombinant PX domains used in the study are
larger than that predicted, thus it might form a compact core with two flexible ends.
To obtain potentially well ordered proteins, smaller constructs of human and mouse
p40PX were made using pTYB4 conistructs.
The Impact™ (Intein mediated purification with an affinity chitin-binding tag) T7
system we chosen, utilises a protein splicing element, termed intein, from the
Sacharomyces cerevisiae VMA gene. The systems were developed based on
mechanistic studies of protein splicing. Protein splicing involves the precise excision
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of an internal protein segment, the intein, from a precursor protein followed by the
concomitant ligation of the flanking N- and C- terminal region, the exteins, yielding
two new proteins (Chong et al., 1996, 1997 and 1998 a,b). The intein has been
modified such that it can undergo a self-cleavage reaction at its N-terminus at low
temperatures in the presence of thiols such as a-Dithiothreitol (DTT), PMercaptoethanol (p-ME) or cysteine. The gene encoding the target protein is inserted
into the multiple cloning site of a pTYB vector to create an in-frame fusion between
the N-terminus of the target gene and the C-terminus of the gene encoding intein. The
DNA encoding a small 5 kd chitin binding domain from Bacillus circulans has been
added to the C-terminus of the intein for the affinity purification of the three part
fusion protein. The assumed PX domains released from these fusion proteins would
only have 2 extra amino acids at its C-terminus. Because there is no disulfide bond
involved in the PX domain, DTT will not affect the PX domains’ folding. The entire
process provides a proteinase-free method to remove the tag.
Based on the predicted secondary structure, it is very difficult to choose the start and
the end within residues 1-144 of p47^^^^ that do not disrupt the secondary structure.
We did manage to find a possible fragment of p40PX that may not affect it secondary
structure. The cDNA encoding mouse and human p4(f^^^ PX domain encompassing
amino acids from 37-147 was amplified by PCR. PCR products were purified and
sub-cloned into pGEM-T PCR cloning vector as described in Materials and Methods.
The positive colonies were identified by blue-white selection and verified by DNA
sequencing.
We chose Ncol and Small to insert PX domains into pTYB4 to reduce the extra amino
acids introduced by cloning. DNA sequencing revealed that all the pGEM-T-PXs had
an orientation so that the N-terminal Ncol site was very close to the Ncol site in the
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Fig. 3.6 Expression and western blot analysis of human and mouse intein fusion
p40PX domains. Non-induced and induced cells were lysed in SDS-PAGE sample
buffer and resolved by SDS-PAGE gel. The proteins were then transferred to
Hybond™-P membrane and blotted using anti-intein antibody and visualised by
ECL. Arrows indicate PX domains.
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multiple cloning site (MCS) of the pGEM-T vector. To eliminate possible
interference, pGEM-T-PXs were firstly digested with SacII between two Ncol,
ethanol precipitated and dissolved in ddHiO. The linear plasmids were then digested
with Ncol and Smal, the ~350bp fragments were purified from gel and sub-clonedinto
the pTYB4. The positive colonies were identified by digesting plasmids which gave a
~350bp fragment. The pTYB4-PXs were then transfected into ER2566 E. coli
(provided in the Kit). Small-scale expression tests were performed as follows. Single
colonies were picked and inoculated into 2ml of LB containing lOOpg/ml of
ampicillin at 37°C overnight. The overnight cultures were then diluted into 50ml of
LB (plus ampicillin) at a ratio of 1:50 and left to grow at 37°C until an

O .D ô o o

of

about G.5-0.7. Protein expression was induced by adding IM IPTG to give a final
concentration of 0.5 mM and the culture was incubated at 30°C for a further 3 hrs.
500pl samples before and after induction were taken and diluted to the same OD for
analysing by SDS-PAGE gel electrophoresis and by western blotting with an antibody
to intein. The rest of the induced cultures were centrifuged and the cells were lysed in
5ml of lysis buffer (20mM HEPES, pH 7.6, 150mM NaCl, 1mg/ml lysozyme) on ice
for 30 minutes. Cell lysate was then cleared by centrifugation at 28,500 x g for 30min
and the supernatant was incubated with 1ml of a 50% slurry of chitin-agarose beads
on ice for 30 minutes, and washed with column buffer (20mM HEPES, pH 7.6,
150mM NaCl). Beads were then treated with column buffer containing 40mM DTT in
column buffer to cleave the fusion proteins, and finally the beads were stripped by 1 %
SDS in column buffer. At each step, lOpl samples were taken for gel analysis.
Western blots confirmed that the correct fusion constructs had been made (Fig. 3.6.)
and that the fusion proteins did express in host E.coli. Small-scale protein preparation
showed that the fusion proteins were predominantly in the pellet. No detectable fusion
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proteins were found bound to the chitin-agarose column. Attempts to make soluble
proteins included reducing culture temperature (protein expression was induced at
25°C for 6 hr or at 16°C overnight), reducing IPTG concentrations to 0.3 mM or
0.1 mM and changing the host strain. None of these improved the solubility of the
recombinant proteins.
In order to refold the fusion proteins, we prepared inclusion bodies. Large-scale
expression was used to make inclusion bodies. The procedure was similar to smallscale preparation except for the use of defined media as described in Materials and
Methods (section 2.2.1) and the induction of protein expression at 37°C. Cells from
2L cultures were lysed in 50ml of lysis buffer (20mM HEPES, pH 7.6, 150mM NaCl,
1mg/ml lysozyme) on ice for 30 minutes. Pellets were then collected by centrifugation
at 28,500 X g for 30 minutes and washed twice with 20mM HEPES, pH 7.6, 150mM
NaCl, 1% Triton X-100 and once with the same buffer without Triton.
The first attempt at dénaturation and renaturation of PX domains was using urea. The
inclusion bodies (from 2 1 of initial cell culture) prepared as described above were
extracted in 25ml of 20mM HEPES, pH 7.6, ImM DTT, 0,5mM EDTA, 8 M urea and
left shaking at room temperature for

1

hourr, the extracts were then cleared by

centrifugation at 28,500 x g for 30min. The supernatant was divided into two aliquots,
one of which was slowly diluted 4 times with 20mM HEPES, pH 7.6, ImM DTT,
0.5mM EDTA and then dialysed against 20mM HEPES, pH 7.6, ImM DTT, 0.5mM
EDTA. The other was slowly diluted with HEPES buffer from 8 M to 4M to 2M to IM
and finally to 0.5M urea. Fusion proteins formed a heavy precipitate from the
solution after removing the urea by dialysis or reducing urea concentration by further
dilution. No detectable soluble protein was present in the solution. I then repeated the
whole process using HEPES buffers containing 300mM NaCl. However, this did not
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significantly improve the solubility. The last effort I made was to renature the fusion
protein on a column, by binding the fusion protein to chitin-agarose and then
removing urea. However the fusion proteins could not bind to chitin-agarose beads in
the presence of 2M urea or even IM urea.
Sarkosyl, an anionic detergent, was then chosen as the solubilisation agent since it
does not denature the protein as the use of urea would (Frankel et al. 1991). Sarkosyl
has been reported to solubilise actin and GST fusion proteins overexpressed in
bacteria (Frankel et al. 1991; Frangioni et al. 1993). The procedure was carried out as
follows: the inclusion bodies (from 2 1 of initial cell culture) were resuspended in
20mM HEPES, pH 7.6, ImM DTT, SOOmM NaCl, O.SmM EDTA and made up to
18.5ml. To this, 1.5 ml of 20% Sarkosyl in 20mM HEPES, pH 7.6 was added to give
a final concentration of 1.5%. This solution was left at room temperature for 30
minutes and centrifuged at 28,500x g for 30 minutes. The cleared extracts were then
slowly diluted 10 times with 20mM HEPES, pH 7.6, 0.15% Triton X-100, 300mM
NaCl, ImM DTT, 0.5mM EDTA. The addition of Triton X-100 is necessary to
sequester sarkosyl as the protein-sarkosyl complex prevents binding of the protein to
the resin (Fangioni et al. 1993). After addition of TritonX-100, 10ml of 50% of chitinagarose slurry, which had been pre-equilibrated with same buffer, was added and
incubated at 4°C for 1 hour. After incubation, the beads were collected and washed
with column buffer (20mM HEPES, pH 7.6, 300mM NaCl, ImM DTT, 0.5mM
EDTA) and protein cleavage was induced by resuspending the beads with 1 bead
volume of column buffer containing 40mM DTT on ice overnight. At each step, lOpl
samples were taken for SDS-gel analysis. The fusion proteins appeared to be soluble
in sarkosyl and able to bind to chitin beads, but no cleavage products were found in
DTT elution fractions. The full-length fusion proteins were recovered in the SDS
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Pig. 3.7 Preparation of inclusion bodies and sarkosyl dénaturation and renaturation of
human (left) and mouse (right) intein fusion p40PX. Cells were lysed in lysis buffer
and inclusion bodies were recovered by centrifugation. The inclusion bodies were
then washed with lysis buffer without lysozyme with 1% Triton. The inclusion bodies
were extracted with 1.5% sarkosyl and cleared by centrifugation. The supernatant was
then diluted 10 times with buffer containing 0.15% Triton and incubated with 10ml of
chitin-agarose at 4°C for 30min. The beads were washed, then rinsed with an equal
volume of cleavage buffer, resuspended in equal volume of cleavage buffer and kept
at 4°C overnight. After cleavage, the beads were collected by centrifugation and
washed 3 times with equal volumes of cleavage buffer without DTT. Finally, the
beads were eluted by 2 volumes of buffer containing 1% SDS. lOpl of samples
from each step were separated by SDS-PAGE gel electrophoresis and stained by
Coomassie blue R-250. Arrows indicate PX domains.
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elution fractions (Fig. 3.7). I then re-examined the DNA sequences around the -1
position of the cleavage site to see if some amino acid residues were present which
may inhibit the intein cleavage activity. However, the residue was glycine and no
mutation was found. The results indicated that at least the intein portion of the fusion
protein was not properly refolded.

3.2.4 Preparation and crystallisation of His tag full-length
In the resting state, the N-terminus of p47^^‘’^ is thought to be fold back to bind onto
its C-terminal SH3 domain and the entire molecule to form a packed hairpin structure
(Hiroaki et al., 2001). Therefore, full-length p47^^"^ m aybe more homogenous and
compact than its PX domain, we then decided to crystallise full-length p47^^‘^^.
The GST fusion full-length p47^^°^, which had already been widely used by our group
and other groups, showed severe degradation on cleavage by thrombin. I found that
His tag p47PX showed less degradation than its GST version. I hoped that by
changing the system, the problem could be overcome.
was amplified by PCR and an adenine was added to its 3’end. The
products were then sub-cloned into pGEM-T PCR cloning vector. Positive colonies
were identified by blue-white selection and verified by DNA sequencing. Because
p47^^‘'^ has internal BamHI and Bglll sites, in order to using BamHI site in pQE9, the
N-terminus of p47^^°^ was designed to use Bell, which cuts non-methylated DNA and
generated compatible 5’ overhanging with BamHI. To generate non-methylated DNA,
pGEM-T-p47^^^^ was transformed to E. coli SCS 110 (Stratagene) competent cells
(dam and dcm). pGEM-T-p47^^"^ purified from SCSI 10 was digested by Bell and
Hindm, and sub-cloned into pQE9 cut by BamHI and HindlH. Colonies were picked
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Fig. 3.8 Expression (A) and purification of Hisp47 (B and C). A, Coomassie blue
R-250 stained SDS-PAGE gel of total non-induced, and induced cell lysates and
proteins bound to Ni2+-agarose. B, proteins from Ni2+-agarose were dialysed
against 20mM HEPES, pH7.0, lOOmM NaCl, and further purified by SP Sepharose
4B® chromatography. C, Coomassie blue R-250 stained SDS-PAGE gel of the
fractions from SP Sepharose 4B®. Arrow indicates Hisp47.
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and plasmid mini-prep was carried out, and plasmid was digested with EcoRI and
Hindm. Positive colonies gave a -1.2 kb band.
The pQE9-p47^^^^ was transfected into BL21 (pREP4) and Hisp47 expression was
performed as described in Materials and Methods (section 2.2.1). As shown in Fig.
3.8, the expression level of His47 was very high and the recombinant protein was
soluble. However, about two thirds of Hisp47 that eluted from Ni^^-agarose was
degraded. The degradation products still bound to the Ni^^-agarose and migrated very
close to the non-degraded protein on SDS-PAGE gel, suggesting that the degradation
occurred at the C-terminal which was supported by the fact that only the C-terminus
of p47^^^^ appeared heavily degraded and other parts remained almost intact in GST
fusion proteins. No single site of degradation was found.
The proteins eluted from Ni^^-agarose were dialysed against 20mM HEPES, lOOmM
NaCl, pH 7.0 overnight. The sample was cleared by centrifugation and loaded onto a
large SP Sepharose 4B® column (1.6 x 15cm). The Hisp47 were partially separated
from the degradation products (Fig. 3.8), and the recovery of pure full-length Hisp47
was low because of overlap with the degradation products. The fractions were pooled
and concentrated to about 0.4ml, and dialysed against 20mM HEPES, lOOmM NaCl,
pH7.0 at 4°C overnight. After dialysis, proteins were cleared by centrifugation at
15,000

X

g for 5 minutes, and NaNg was added from a 3M stock to give a final

concentration at 30mM, I managed to get about 400pl Hisp47 at a concentration of
12

mg/ml.

Hanging drop screens were carried out using Hampton Screen Kits. Double drops
were used at protein concentrations o f 6 mg/ml and 12mg/ml of Hisp47 in 20mM
HEPES, lOOmM NaCl, pH 7.0. Trays were kept at room temperature. Less than half
of the drops had precipitated in the first week at both concentrations, indicating that
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the concentration of Hisp47 was relatively low. Grid Screens with (NH4 ) 2 S0 4 were
also carried out, this time buffers at pH of 8 . 6 (lOOmM CHES),

8 .8

(lOOmM CHES),

9.0 (lOOmM CHES), 9.2(100mM CHES), 9.4 (lOOmM CHES) and 9.6 (lOOmM
CHES) were used in the first dimension and (NH4 )2 S0 4 at concentrations of CM,
0.75M, 1.5M and 2.25M were used in the second dimension. The results were very
similar to that of Hisp47PX. To reduce phase separation, crystallisation attempts were
performed under the same conditions but in the presence of p-OG. All these attempts
failed to produce crystals. The Stura footprint screen, which mainly consists of
different types and concentration of PEG combining with a reasonable pH screen was
also carried out, however no crystals were obtained in this screen (details see
appendix 2 ).

3.3 Discussion
In this study, PX domains of p4(f^°^ and p47^^^^ have been expressed with a His6 tag
in E.coli. All these recombinant proteins are highly expressed and soluble, and
crystallisation studies of these proteins were carried out.
Recombinant Hisp40PX and Hisp47PX proteins predominantly existed as monomers
in solution and assumed a stable, a-helical structure. Numerous attempts were made
to crystallise these domains. However, these domains did not form crystals alone.
Before PX domain was discovered, it had been hypothesised by researchers (Drs. F.
Wientjes and N. Keep) in our lab that a novel domain might exist at N-termini of
p 4 0 P^o^ and p47^^°^. Expression experiment with constructs around these areas
identified that p40^^"^PX (1-154) and p47^^^^PX (1-144) were the most stable
constructs in E. coli. The structure alignment revealed that the PX domain is much
smaller (Pouting, et al., 1996), hence we suspected that the Hisp40PX and Hisp47PX
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might form a compact core with two flexible ends. Based on structure alignment and
secondary structure prediction, I made smaller human and mouse p40^^"^PX (37-137),
these constructs were insoluble and expressed at low level. Since they have a big tag
at their C-terminus, we initially thought that the absence of a N-terminal tag and the
large C-terminal tag might contribute to its insolubility and low expression. However,
this did not prove to be the case in dénaturation and renaturation experiments. The
amino acids removed from the original constructs contained a a-helix and p-strand.
The p-strand partitions the PX domain folding revealed by p47^^"^PX domain and
p 4 QP^o^ PX (in complex with PI3P) structures. The N-terminal residues preceding the
PX domain including the a-helix is thought to be essential to obtain soluble
expression 'mE. coli (Hiroaki et al., 2001; Bravo et al., 2001). The main different
between the p47^*‘^^PX NMR structure and p40^^‘’^PX crystal structure is the
availability of its poly-proline motif, therefore it is still not clear that the PX domain is
also a protein-protein binding motif based on these publication. As we showed in
chapter 5, both PX domains bind to F-actin. It would also be very interesting to
investigate the structure of a PX domain liganded with F-actin using cryo-EM.
In the resting state, it was suggested that the C-terminus of p47^^"^ fold back to bind to
its SH3 domains (Sumimoto et al., 1994). In contrast, a recent study using truncated
proteins showed that its PX domain also specifically bound to the C-terminal SH3
domain (Hiroaki et al., 2001). It is not clear whether or not the PX domain can bind to
the C-terminal SH3 domain in the full-length protein. Nevertheless these results did
suggest that p47^^"^ may form a very compacted structure. The C-terminal of Hisp47
appeared heavily degraded. We do not know whether it was due to the protein failing
to fold properly during expression, or to it being unstable. I did manage to purify non
degraded Hisp47, but the crystallisation screen did not give us indication that this
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protein is crystallisable. Previous studies using truncated recombinant proteins and
Surface Plasmon Resonance showed that p47^^°^ bound to p67^^^^ with a pM level
affinity (Wientjes et ah, 1996). We considered the option to co-crystallise p47^^^^^ and
QQ^Yiplex. Recent microcalorimetry studies suggested the binding between the
unmodified proteins was vary strong with a Kd of lOnM (Lapouge et ah, 2002). It is
therefore provide a very ideal complex to co-crystallise. However, recombinant
^^qphox

p^ypAoz

heavy degraded at its C-terminus, although it is possible to

separate undegraded proteins fi-om bulk of degraded proteins, but yields are very low.
This problem may be solved by co-expression. Two approaches are currently used,
one is to co-transfected two constructs, each with a different antibiotic selection
marker, into the host cell. Anther is to sub-clone two cDNAs into the same plasmid.
This method may improve protein folding and stability especially of those proteins
not properly folded or unstable in E. coli.
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Chapter 4

Preparation, characterisation and crystallisation study on a
complex of full-length p40^^"^ with p67^*^^ (302-460)

4.1 Introduction
In many cases, protein-protein complexes or protein-substrate/inhibitor/coenzyme
complexes may be different from the protein itself in their solubility or physical
properties. This may provide a second or third chance at growing crystals if the
individual protein is intransigent. Complexes may be naturally occurring, or may be
contrived by the investigator. In structural terms, such complexes are far more
important than individual proteins because of the biological interest (McPherson,
1999). Some additional issues have to be taken into account to crystallise the
complexes, in particular the stability of the two macromolecules and the purity of the
complexes.
In the case of the NADPH oxidase cytosolic proteins, p40^^°^ and p67^^^^ form a very
tight complex in resting neutrophils as well as in activated cells. Such a strong
binding complex provides an opportunity to crystallise full-length p40^^"^ in a
complex with

4.2 Results
4.2.1 Preparation of a complex of human p4(/’*‘'^ (full-length) and p6^*"^ (302460)
Previous study using surface plasmon resonance (BIAcore) showed that Ml-length
tightly to p40^^°^ with a dissociation constant (Kd) of 43nM and a
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stoichiometry of 1:1 (Wientjes et al., 1996). Recent binding assays using micro
calorimetry showed that such binding is much stronger than previous reported, with a
Kd o f 13nM (personal communication). The main binding area on p67^^®^ for p40^^®^
was shown to be the p67 inter-SH3 region (amino acids 300-460), termed PBl
domain (Fuchs et al., 1996; Nakamura et al., 1998; Sathyamoorthy et al., 1997; Ito et
al.,

2 0 0 1

).

The expression of full-length p67^^‘^^ fused to Hisô or GST was very low, and the
protein always ran as very close double bands on SDS-PAGE gel. A truncated p67^^"^
termed p67^^^^ (302-460) which encompasses the binding region of p40^^®^ on p67^^"^
had already been sub-cloned into pGEX-2T in our laboratory. I sub-cloned p40^^°^
and p67^^°^ (302-460) into pQE9 vector as follows. To gain the Hindm cloning site,
pGEX-2T-p40^^'^^ (ABamHI) construct was digested with BamHI and EcoRI, the
~1.3kb fragment was gel purified and sub-cloned into pBluescript. The resulting
construct was digested with BamHI and Hindm, the ~1.3kb fragment was then gel
purified and sub-cloned into pQE9 vector.
Similarly, pGEX-2T-p67^^°^ (302-460) was digested with BamHI and EcoRI, the
~500bp fragment was gel purified and sub-cloned into pBluescript. The resulting
construct was then digested with BamHI and Hindm and sub-cloned into pQE9
vector.
The expression and preparation procedure of Hisp40 and Hisp67 (302-460) were
described in Materials and Methods (section 2.2.1). As shown in Fig. 4.1, both
proteins were soluble and proteins eluted from Ni^^-agarose were very pure as judged
by SDS-PAGE gel, and with little obvious protein degradation. The molecular weight
o f Hisp40 is about 40kDa and that of Hisp67 (302-460) is about 26kDa as judged by
SDS-PAGE. The real molecular weight of Hisp40 and Hisp67 (302-460) were
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Fig. 4.1 Expression and purification of His tag full-length p40^*"^ (Hisp40) (left) and
His tag p67^^°^ (302-460) (Hisp67 (302-460)) (right). Samples from each step was
analysed by SDS-PAGE gel electrophoresis and stained by Coomassie blue R-250.

40,435.8 Da and 20,260.1 Da respectively as measured by electrospray mass
spectrometry.
Table 4.1 summarises the properties of recombinant proteins made in this chapter.
Two different methods have been used to make the p4CP^^^ and p67^^"^ (302-460)
complex. First, the Hisp40 and Hisp67(302-460) in 20mM HEPES, 150mM NaCl, pH
7.0 were directly mixed at a molar ratio of 1:1, the mixture was then concentrated and
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Fig. 4.2 A. Gel filtration profile of the Hisp40 and Hisp67 (302-460) complex on
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a flow rate of 0.5ml/min. B. Coomassie blue R-250 stained SDS-PAGE gel of the
fractions from the column.
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106

loaded onto Sephacryl S-200 and fractions were collected and analysed by SDSPAGE. A shoulder peak appeared in the column profile (Fig. 4.2A), and some of the
fractions did not show the right stoichiometry as judged by SDS-gel (Fig. 4.2). It is
possible that two proteins just overlap on gel filtration, or formed complex partially
and gel filtration was unable to separate the complex from un-complexed proteins.
Two His tag proteins also have very close Pis (Table 4.1) and showed overlap on SP
Sepharose (Fig. 4.3).
The second method used to make the complex was by using p67 (302-460) cleaved
from GST fusion protein, which has a theoretical PI of 5.99. At pH 7.0, p67 (302-460)
does not bind to the SP Sephrose 4B. We therefore used an excess of p67 (302-460) to
saturate Hisp40 and subsequently to remove the excess p67 (302-460) by cation
exchange chromatography. A very homogenous complex preparation could in theory
be achieved by this method.
The construct pGEX-2T-p67 (302-460) was transfected into BL21 cells and GST
fusion p67 (302-460) was prepared as described in Material and Methods (section
2.2.2). The GST fusion p67 (300-460) was soluble (Fig. 4.4A). To assess thrombin
cleavage conditions, cells from 100ml of culture were resuspended in 5ml of PBS
containing 1mg/ml of lysozyme and left on ice for 30 minutes. After incubation, the
lysate was homogenised and cell debris was removed by centrifugation at 28,500 x g
for 30 minutes at 4°C. The supernatant was incubated with 1ml of 50% GlutathioneSephrose® 4B slurry at 4°C for Ihr. The heads were washed by 20mM HEPES,
pH7.0, 300mM NaCl and resuspended in 0.5ml of the same buffer. Two aliquots of
50pl of 50% slurry beads were taken. 0.25u of thrombin was added to each tube, one
of which was left at 4°C overnight. The other was brought to room temperature, and
left to shake for 30 minutes. After thrombin cleavage, protease inhibitors TLCK and
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Thrombin digestion
Supematant Beads

kDa
9467-

m

43^

30-

GSTp67
(302-460) 2 0 -

s - 1

GST

14-

Fig. 4.4 Expression (left) and thrombin digestion of GST-p67 (302-460) (right).
Induced cells were lysed in PBS containing 1mg/ml of lysozyme on ice for 30min.
The lysate was cleared by centrifugation and the supernatant was incubated with
glutathione-Sepharose® 4B beads. After incubation, the beads were washed and
resupended in 20mM HEPES, pH7.0, 300mM NaCl. Thrombin was then added to
the suspension. The digestion was performed either at room temperature for 30
min or at 4°C overnight. After thrombin digestion, the beads were removed by
centrifugation and samples from each step were analysed by SDS-PAGE gel
electrophoresis and stained by Coomassie blue R-250. The arrow indicates the
position of GST.
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PMSF were added. The beads were removed, washed and the eluates were pooled.
5pi of each sample was taken for gel analysis. As shown in Fig. 4.4, overnight
digestion caused massive protein degradation whilst only one predominant band
appeared after the quick digestion. After digestion by thrombin for 30 minutes, almost
all the fusion protein was digested. The molecular weight of p67 (302-460) also
appeared to be about 26 kDa as judged by SDS-PAGE gel electrophoresis (Fig. 4.4).
The real molecular weight of p67 (302-460) was 18,852.0 Da, as measured by
electrospray mass spectrometry. The measured molecular weight of the p67 (302-460)
was very close to that of the theoretical one of 18,851.1 Da.
P67 (302-460) was then diluted with two volumes of 20mM HEPES, pH 7.0, and
loaded onto a SP Sepharose® 4B column. As predicted, it passed through the column,
and no proteins were found (Fig. 4.6 A).

Table 4.1 summary of the properties of Hisp40, Hisp67 (302-460) and p67 (302-460)

Theoretical MW (Da)

real MW (Da)
Mass

SDS-PAGE

Theoretical PI

Hisp40

40,439.2

40,435.0

40,000

7.76

Hisp67 (302-460)

20,260.7

20,260.1

26,000

7.13

P67 (302-460)

18,851.1

18852.0

26,000

5.99
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Fig. 4.5 Isothermal titration calorimetry measurement of the binding of Hisp40
and p67 (302-460). A. Row data of the titration of p67 (302-460) (50pM) in
Hisp40 (5p,M) at 25°C. B. Integrated heat changes, corrected for the heat of
dilution and fitted curve, based on the singe-site binding model.
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In order to determine the binding properties of p67 (302-460) and Hisp40, micro
calorimetry was performed. In brief, Hisp40 and p67 (302-460) were extensively
dialysed in the same buffer (20mM HEPES, 150mM NaCl, pH 7.0) to minimise the
background signal. After dialysis, proteins were cleared by centrifugation at 15,000 x
g for 5 minutes at 4°C. The protein concentration was determined using co-extinction
efficiency factor as listed in Materials and Methods. Proteins were then diluted to the

Table 4.2 Properties of the binding of Hisp40 and p67 (302-460)

Kd (pM)

Average

AH

N

AS

(cal/mol)

(cal/mol/deg)

15.2 nM

0.96

-8408

7.56

12.5 nM

0.91

-9607

5.74

13.9 nM

0.94

-7891

9.48

Kd=13.87±0.780nM

desired concentration using the buffer from the dialysis beaker. Two ml of Hisp40 at a
concentration of 5 pM was used in the reservoir of the calorimeter and 0.7ml of p67
(302-460) at a concentration of 50 pM in the micro-syringe. The beat released from
the protein-protein interaction in every injection was measured and a binding curve
was obtained (Fig. 4.5 A, B and Table 4.2). It showed that p67 (302-460) tightly
bound to Hisp40 with a dissociation constant (Kd) of 13.87±0.780 nM and a 1:1
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Fig. 4.6 Chromatography profile o f p67 (302-460) (A), Hisp40 (B) and Hisp40
and p67 (302-460) mixture (molar ratio 1:1.5) on SP Sepharose® 4B. The peak
eluted from the SP Sepharose® 4B (C) was analysed by SDS-PAG E and stained
with Coom assie blue R -250 (D).
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stoichiometry which are the same as were found with the full-length proteins. Data
suggested that the truncated
binding to

contained all the domains required for the tight

and thrombin digestion did not destroy the protein structure. As

showed in Fig. 4.5 B with a molar ratio slight above 1:1, Hisp40 would be saturated
byp67 (302-460).
A large-scale protein preparation was then made. Hisp40, eluted from Ni^^-agarose
was dialysed against 20mM HEPES, lOOmM NaCl, pH 7.0 at 4°C overnight and p67
(302-460) released from beads was diluted 3 times with 20mM HEPES, pH 7.0. The
two proteins were mixed at a molar ratio of 1:1.5 [Hisp40: p67 (302-460)] and the
mixture was loaded onto SP Sepharose® 4B. After washing out non-bound proteins,
the proteins bound to the column were eluted by a NaCl gradient. Fractions from the
column were pooled, 5pi of pooled fraction and equal amount (molar) of free p67
(302-460) and Hisp40 were loaded onto SDS-PAGE gel. This showed that Hisp40
bound to the column but p67 (302-460) did not (Fig. 4.6A, B). Excess p67 (302-460)
directly passed through the column. The peak eluted from the column contained both
proteins at a stoichiometry of roughly 1:1 (Fig. 4.6 C, D).
The pooled fractions were concentrated to 500pl, and dialysed against 20mM HEPES,
lOOmM NaCl, pH 7.0 at 4°C overnight. After dialysis, the sample was cleared by
centrifugation at 15,000 x g for 5 minutes at 4°C and the protein concentration was
determined by absorption at l=280nm to be about 30mg/ml. In this, Hisp40 accounts
for about two thirds of the total proteins, amounting to roughly 2 0 mg/ml; it alone
never reached that concentration in low salt solution. The complex formation
dramatically improved the solubility of the Hisp40, a very promising sign for
crystallisation.
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4.2.2 Crystallisation of Hisp40 in complex with p67 (302-460)
Vapour diffusion sitting drops (Microbridge) were set up, using MDL (Molecular
Dimensions Limited) kits (formulation see appendix 1). The protein complex
concentration was at 30 mg/ml and 1.5 +1.5pi drops were used. The trays were then
incubated at 4°C. About half of the drops precipitated in first three days, suggesting
the protein concentration was in the right range and ready to crystallise. Micro-batch
trials were then set up, using the same drop conditions under mineral oil. After 3 days
only one third of micro-batch drops had precipitated. On day 11, No 36 (0.2M NaCl,
O.IM NaAC, pH 4.6, 30%MPD) of screen 2 formed quasi crystals (Fig. 4.7).
To force quasi crystals to form real crystals, a screen around the condition using
different concentrations of NaCl and MPD was carried out. It did not change the quasi
crystals. In the mean time, micro-dialysis was carried out. In this, 5pi of the complex
at a concentration of 30mg/ml was dialysed against 20mM HEPES, 50mM NaCl, pH
7.0. Phase separation occurred during dialysis, but no crystals formed. To test the
effects of NaCl concentrations on the complex, 1.5pl of 30mg/ml complex in 20mM
HEPES, lOOmM NaCl, pH7.0 was mixed with an equal volume of 20mM HEPES
pH7.0 containing different concentrations of NaCl — 0.25M, 0.5M, 0.75M, IM,
1.25M, 1.5M, 1.75M, 2M, 2.25M, 2.5M, 2.75M and 3M, again under oil. All the
drops remained clear for several months.
The major success was achieved by the addition of additives and detergent. It has
been suggested that perhaps the least rational aspect of macromolecular crystallisation
is the variety of small molecules that can affect the crystallisation of macromolecules.
These small molecules are suspected to perturb and manipulate sample-sample and
sample-solvent interaction, as well as perturb water structure. It is suspected that
additives can stabilise or engender conformity by specific interaction with the
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macromolecules. In any event, there are numerous reports of the use of additives to
improve the quality and size of macromolecular crystals (Michel, 1991; Ducruix and
Giege, 1992). The detergents are capable of manipulating hydrophobic sample-sample
interaction that can lead to non-specific aggregation and prevent or interfere with
sample crystallisation. Non-specific aggregation is a common deterrent to the
crystallisation of both soluble proteins as well as, membrane proteins (Michel, 1991;
Ducruix and Giege, 1992). Including detergents in the crystallisation trays effectively
prevents non-specific hydrophobic interaction and hence improves crystallisation.
Additive and detergent screens were carried out at 4°C, under oil, at a complex
concentration of 30mg/ml. Condition 36 of MDL-2 was used as mother liquid
(formulation described in appendix 1). I used 1.5pl of protein and 1.2pl of MDL2-36.
Additives and detergent (Hampton research, additive screen kit 2 and 3, detergent
screen kit 1 , for details see appendix 1 ) were added according to the instruction of the
kits, which is 10% of the total drop volume- 0.3pl.
When additives were included, most of the drops formed phase separation or phase
separation plus quasi crystals, with few drops showing precipitation or clear solution.
Almost all the detergents caused the complex to precipitate. After 10 weeks
incubation, additive number 14, 30% 1,8-diaminooctane, looked promising, since
crystals appeared at this condition (Fig. 4.8), albeit mainly thin plate crystals.
To increase the speed of crystal growth, optimisation screens were carried out. This
time a 42mg/ml and a 30mg/ml complex were screened at different pHs-lOOmM
NaAc pH4.25, lOOmM NaAc pH 4.6 and lOOmM NaAc pH 5.1 vs different MPD
concentration- 26%, 28%, 30%, 32%, 34% and 36%. In the same tray, 5 wells of
MDL-2 36 from the kit plus 1,8-diaminooctane and 1 well of that condition without
additive were also set up as control. The oil tray was kept at 4°C. No visible change
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occurred in 2 weeks. The same condition with a 42mg/ml complex was then set up at
22°C.
After 7 weeks incubation at 22°C, the optimisation screen around MDL2-36 with 1,8diaminooctane produced several small crystals in the repeat condition and in
condition lOOmM NaAc, 200mM NaCl, 26% MPD, pH 4.6. There was a larger but
badly shaped crystal in condition lOOmM NaAc, 200mM NaCl, 28% MPD, pH4.6.
Two days after, very nice looking crystals (Fig. 4.10) appeared in condition lOOmM
NaAc, 200mM NaCl, 26% MPD, pH 5.1, and lOOmM NaAc, 200mM NaCl, 28%
MPD, pH 4.26. These crystals were fi*ozen in lOOmM NaAc, 200mM NaCl, 30%
MPD (pH according to condition they were grown). After this, more crystals appeared
in other conditions of the same tray. In order to grow more crystals, three more trays
has been set up. One was exactly same as the one under which crystals grow and the
other two with slight modification. One of the two trays was incubated at 16°C
instead of 22°C. I observed that crystals appeared when the volume of the drops was
slightly smaller than the beginning. So I set up one tray with same condition and
replace the mineral oil with mineral oil and paraffin at a ratio of

1 :1

(volume) and

incubated at 22°C. Plates appeared in all the condition under mineral oil and paraffin
liquid mixture at 22°C after 7 weeks. No crystal appeared in the other 2 trays.
Since no crystals turned up quickly in these cases, two sets of whole MDL screens
with additive 1 ,8 -diaminooctane were carried out using a protein concentration of
42mg/ml, either at 4°C or 22°C. In both cases, half of the drops had precipitated
within 2 hrs. After 10 days incubation, two-dimensional crystals appeared at O.IM
sodium citrite 0.5M (NH4 )2 S0 4 , IM Li2 S0 4 , pH 5.6 (MDL2 condition 30) (Fig. 4.9),
at 22°C. The shape of the crystals looked soft, very different firom the salt crystal
obtained by others in the same condition and in reasonable size. Screen around the
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condition was then carried out, but most of drops as well as the repeat drops
precipitated heavily almost immediately. Initially I suspected that the complex might
have denatured, because the complex had been already kept at 4°C for 4 weeks.
However, aliquots kept at -20°C and -70°C showed the same behaviour although no
visible precipitation had been seen after defrosting and centrifugation.
A freshly prepared complex at a concentration of 42mg/ml was then used in the same
optimisation screen, in micro-batchs and hanging drops. Précipitation did not occur
immediately, however it eventually appeared after a week. Although I strongly
suspected the crystals obtained in this condition to be salt, I did freeze some of the
crystals obtained from O.IM sodium citritate, 0.5M (NH4 )2 S0 4 , IM Li2 S0 4 , pH 5.6 in
mother liquid containing 25% glycerol for the diffraction in case they represented real
protein crystals.
Details of crystallisation study were summarised in appendix 3.

Synchrotron diffraction:
All the crystals were sent to the SRS, Daresbury, UK or ESRK (Grenoble, France).
Data were collected with a synchrotron beam line at -175°C on a MAR Research
image detector.
The results indicated that all the crystals were salt and not protein. What may have
happened was that a film of protein formed, trapping a small amount of solvent inside.
This then dried faster than the main drop forming salt crystals. When the crystals
were mounted, a fairly thick protein skin had to be removed to get to them.
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Fig. 4.7 Quasi crystals of Hisp40 in complex with p67 (302-460) obtained in
O.IM NaAc, pH 4.6, 200mM NaCl, 30% MPD. A x 2. B x 4.
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Fig. 4.8 Crystals mostly two-dimensional grown in O.IM NaAc, pH 4.6, 0.2M NaCl,
30% MPD, 3% diaminooctane.
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Fig. 4.9 Crystals grown in O.IM sodium citrate, pH 5.6, 0.5M Ammonim
sulphate, l.OM Lithium sulphate, under oil and incubated at 22°C.
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Fig. 4.10 Crystals grown in O.IM NaAc, pH 4.6, 0.2M NaCl, 30% MPD, 3%
1,8 -diaminooctane (A), and in O.IM NaAc, pH 4.6, 0.2M NaCl, 32% MPD,
3% diaminooctane (B).
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4.3 Discussion
His tag

(Hisp40) was highly expressed and very homogenous, however

Hisp40 has similar behaviour in solution as that of its PX domain.
binds tightly to p67^^^^ (Fuchs et al., 1996; Nakamura et al., 1998;
Sathyamoorthy et al., 1997.) and the binding of p67^^^^ and p4(f^°^ has been mapped
and characterised. It showed a very strong binding between two proteins (Kd=13nm,
stoichiometry 1:1) (Wientjes, un-published data). The expression of full-length
is very low in E. coli, therefore a truncated version which encompasses the
p 4 QP^o^ binding site on p67^^^^ (FBI domain) was made. A binding study showed the
truncated proteins contained all the binding domain it needed for p4(f^°^ binding since
it had almost the same affinity and stoichiometry to

the full-length. The

formation of the complex did dramatically improve the solubility of p4(f*^^ in low salt
solution compared to p40^^®^ alone. It also showed the potential to be crystallised. As
shown, it formed quasi crystals in the first trials, and formed plates in the solution
containing the additive 1,8-diaminooctane. But screens around the condition failed to
produce three-dimensional crystals for further structural determination. I believe that
with few changes it is still possible to crystallise this in the future. The concentration
of the complex we used in this study was in the range of 30-45 mg/ml. During
preparation of the complex, I observed that the concentration could be elevated
further, to 60mg/ml (about ImM). It is worth to at least try one screen at this
concentration. Another option would be to use truncated p40^^"^ encoding the p67^^^^_
binding region on p40^^°^ (its C-terminal) with p67 (302-460) rather then full-length
proteins. This complex would be much more compact than the one we used.
PI- (3) P liganded p40^^®^PX domain has been crystallised (Bravo et al., 2001). The
construct used in their study was almost identical to the one we used, therefore
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liganding PX domain dramatically improved physical properties of the PX domain for
crystallisation. It is conceivable that PI-(3)P may have similar effects on the p40^^"^
and truncated p67^^^^ complex, and provide the correct condition for crystallisation of
this complex.

124

Chapter 5

Binding studies of the PX domain
5.1 Introduction
The 120 amino acid homology domain termed the phox (PX) domain was initially
found within the N-terminus of both

and

(Ponting, 1996). A PX

domain can also be found in other proteins including proteins involved in cell
signalling pathways (phospholipases D1 and D2, PI3-kinase), vesicular trafficking
and yeast vacuolar morphology (human sorting nexins; yeast VpsSp, Vpsl7p, Vam7p
and M vplp), and control of yeast bud emergence and cell polarity (Bemlp and
Bem3p) (Ponting, 1996). Some of these are found to be associated with the
cytoskeleton (Lock et al., 1998). At present 57 human and 15 yeast proteins have been
identified as containing a PX domain (Schultz et al., 2000).
Recent evidence suggests that PX domains are phosphoinositide binding modules
(Cheever et al 2001; Xu et al., 2001; Kanai et al., 2001). However, a protein
interacting fimction has not been excluded. In fact, there is good evidence that the PX
domain containing proteins p40^^^^ and p47^^^^ associate with cytoskeletal partners
(Nauseef, 1991; Wcodman, 1991; Grogan et al., 1997; El Benna, 1999; Allen et al.,
1999). Therefore we investigated whether the PX domain in these two phox proteins
represents a cytoskeletal localisation signal, or a protein-protein binding module. An
affinity chromatography approach has been used to find a binding partner, using
recombinant PX domain.
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5.2 Results
5.2.1 PX domain binding partner in neutrophils
In this study, three different affinity columns were used.
First, Hisp40PX (for preparation of this protein, see chapter 3) was directly coupled to
HiTrap-NHS activated columns. In brief, 3mg of Hisp40PX or BSA in 1ml of 0.2M
NaHCOs, 500mM NaCl, pH8.0 were passed through activated HiTrap-NHS (1ml)
columns. Uncoupled proteins were washed away and excess activated sites were
blocked with ethanolamine. The coupling efficiency was calculated by comparing the
protein put into the column with that eluted fi’om the column after coupling. In both
cases the coupling efficiency was around 90%. Neutrophil cytosol at a protein
concentration of 20mg/ml was pre-absorbed on a column to which BSA had been
coupled. The cytosol was then passed through either a Hisp40PX or a BSA column.
The columns were then washed and eluted with NaCl and then glycine at low pH. As
shown in Fig. 5.1, proteins that bound to Hisp40PX column also bound to the BSA
control column. The only difference appeared to be quantitative; less protein bound to
the BSA column. No protein was found to bind specifically to Hisp40PX. One
explanation for this result may be that the coupling procedure itself resulted in
dénaturation of the protein we tried to couple. Alternatively, sites on the PX domain
involved in the putative protein interactions may have become occupied by activated
groups on the affinity matrix so that they are no longer accessible to binding partners.
Also, the cytoskeleton might be binding to both the Sepharose and to the PX domain.
To avoid direct binding of the PX domain to the activated groups, two alternative
immobilisation methods were tried. The first method involved binding of Hisp40PX
to Ni^^-agarose via its His tag. Pre-absorbed neutrophil cytosol (prepared as described
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in the Materials and Methods section) was then incubated with Hisp40PX-Ni^^agarose or Ni^^-agarose without Hisp40PX. After washing the column with LBB
buffer containing 150mM NaCl, the beads were divided in two aliquots. One aliquot
was eluted with 3 bed volumes of LBB containing IM NaCl and then the beads were
boiled with sample buffer. The other was further washed by LBB containing 150mM
NaCl and 30mM imidazole, pH7.0 and eluted by 20mM HEPES, 300mM NaCl,
300mM imidazole, pH7.0. The IM NaCl eluate was diluted 3 fold in LBB buffer and
concentrated, followed by analysis of the samples by SDS-PAGE gel electrophoresis.
The result (Fig. 5.2) showed that most cytosolic proteins appeared to specifically bind
to the Ni^^-agarose matrix itself. They could not be eluted by IM NaCl and but could
be removed by 30mM imidazole. Therefore, these proteins are possibly divalent
cation binding proteins that bound to Ni^^ with moderate affinity. The proteins in
300mM imidazole eluates present in both the PX column and the control column
could be proteins that strongly bind to Ni^^.
Finally, we chose Glutathione-Sepharose® 4B as matrix with GST-p40PX as ligand
and GST as control. The pGEX-2T p40PX and pGEX-2TK p47PX had been made in
our laboratory. GST and GST fusion proteins were isolated as described in Materials
and Methods (section 2.2.2) except that instead of thrombin digestion, fusion proteins
were eluted from Glutathione-Sepharose® 4B with PBS containing lOmM reduced
Glutathione. The fusion proteins were further purified by Q Sepharose® 4B column
chromatography and re-bound onto the Glutathione-Sepharose® 4B beads. Neutrophil
cytosol was pre-absorbed by incubating it with Glutathione-Sepharose® 4B beads at
4°C for 30 minutes and followed by centrifugation. The supernatant was split into two
aliquots, one o f which was incubated with GST-p40PX-Glutathione-Sepharose® 4B

127

Hisp40PX-HiTrap

Eluates

BSA-HiTrap

Eluates

i
PX domain

Fig. 5.1 Specificity of the Hisp40PX-HiTrap affinity column. Neutrophil cytosol
at a concentration of 20mg/ml was passed through a BSA-HiTrap column three
times, 1ml of pre-absorbed cytosol was then injected into either a Hisp40PX-HiTrap
or a BSA-HiTrap column and incubated at 4°C for Ihr. After incubation, columns
were washed with LBB buffer and subsequently eluted with 3ml of LBB+0.2M NaCl,
3ml of LBB+IM NaCl and 3ml of lOOmM glycine pH 2.5. The glycine eluates were
quickly neutralised by adding 1/10 volume of IM Tris pH 8.0. All the eluates were
desalted and concentrated to lOOfxl, lOpl of each eluates was then mixed with sample
buffer and the proteins were separated by SDS-PAGE electrophoresis, and stained by
Coomassie blue R-250.
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Fig. 5.2 Specificity of the Hisp40PX-Ni^^-agarose. Neutrophil cytosol at a
concentration of lOmg/ml was incubated with Ni^^-agarose. Ni^^- agarose
was then removed by centrifugation and

1

ml of pre-absorbed cytosol was

incubated either with lOOpl of Hisp40PX- Ni^'^- agarose or Ni^'^- agarose
beads. After washing with LBB+ 150mM NaCl, the beads were split into
two. A. The first aliquot was eluted with 3 x lOOpl of LBB+IM NaCl and
then beads were boiled in 150pl of Ix sample buffer. B. The second aliquot
was first washed with 20mM HEPES, 300mM NaCl, 30mM Imidazole, eluted
with 3 X lOOpl of 20mM HEPES 300mM NaCl, 300mM Imidazole, and the
beads were then boiled in 150pl of 1 x sample buffer. lOpl of each eluates
were analysed by SDS-PAGE and stained with Coomassie blue R-250. Arrows
indicate Hisp40PX.
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Cytosol
GST
GSTp40PX

Fig. 5.3 Isolation of p40PX binding proteins in neutrophils. Neutrophil cytosol
at a concentration of 1Omg/ml was incubated with Glutathione-Sepharose® 4B
beads and the beads were then removed by centrifugation. 1 ml of pre-absorbed
cytosol was incubated either with GSTp40PX-Glutathione-Sepharose® 4B
beads or GST-Glutathione-Sepharose® 4B beads at room temperature for Ihr.
After washing with LBB buffer, beads were boiled in 150pl of 1 x sample buffer
and lOpl of each sample was resolved by SDS-PAGE. The gel was stained with
Coomassie blue R-250. Proteins marked by arrows were cut from the gel and
digested in-gel by trypsin at 30°C for 12hr. The digests were analysed by
MALDI-TOF.

130

Table 5.1 Tryptic peptides observed in the MALI-TOF spectrum of the excised 40kDa protein
Observed mass spectra were searched against databases of predicted peptide profiles. The peptide profile expected for p-actin is identical to that
observed in the spectrum. For each matching peptide, the position and sequence is shown.
[M +Hf
Observed

Expected

AMass

795.53

794.52

0.05

329-335

HAPPER

976.52

975.51

0.07

19-28

AGFAGDDAPR

1132.57

1131.55

0.03

197-206

GYSFTTTAER

1161.64

1160.63

0.02

316-326
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0.14

292-312

DLYANYVLSGGTTMYPGIADR

2231.20

2230.19
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3199.71
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0.10

148-177

TTGIVMDSGDGVTHTVPIYEG*

position

* One m ethionine residue oxidised.
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Table 5.1 Tryptic peptides observed in the MALI-TOF spectrum of the excised 40kDa protein
Observed mass spectra were searched against databases of predicted peptide profiles. The peptide profile expected for p-actin is identical to that
observed in the spectrum. For each matching peptide, the position and sequence is shown.
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and the other with GST-Glutathione-Sepharose® 4B. The beads were washed and
resuspended in 1 x sample buffer and analysed by SDS-PAGE gel. Fig. 5.3 shows a
gel profile stained with Coomassie blue-R 250. A dominant 40 kD protein specifically
bound to the PX domain. This protein band was cut from the gel and subjected to in
gel trypsin digestion and MALDI Mass spectrometry. This analysis identified the
protein retained on GST-p40PX column as P-actin (Fig. 5.3 and Table 5.1). The
molecular weight of this protein on SDS-PAGE gel was slightly lower than 43 kDa,
suggesting degradation may have occurred during the experiment.
As mentioned in the introduction, actin exists as monomer actin (G-actin) or polymer
actin (F-actin). The filaments are helical polymers of G-actin connected by noncovalent bonds. Within the cells, G-actin is in dynamic equilibrium with the filaments,
being added to, or leaving, the two ends of the filaments. Their ends are described as
barbed and pointed. The concentration of G-actin in resting neutrophils is around
300|j,M and that of F-actin is lOOpM (Polland et al., 2000). During preparation of the
cytosol, F-actin was removed by ultracentrifugation. The cytosol prepared above was
diluted approximately 5 times, thus the concentration of the G-actin in this cytosol
preparation was about 60pM. At that concentration, G-actin would polymerise in
LBB buffer due to the presence of high concentrations of Mg^^ (LBB buffer
containing lOmM HEPES, lOmM KCl, 3mM NaCl and 5mM MgCb). It should be
noted that the cytosol preparation also contains G-actin binding proteins such as
profilin or Tp4, which counteract polymerisation. Altogether, it is not clear how much
actin would polymerise, therefore both forms of actin may co-exist in the cytosol and
interact with the PX domain.

5.2.2 PX domains bind to F-actin not G-actin in vitro
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Fig. 5.4 GSTp40PX and GSTp47PX bind to F-actin not G-actin. A, G-actin
binding assay. 5pi of G-actin at a concentration of 20pM was mixed with an
equal volume of 50pM of GSTp40PX or GSTp47PX and incubated at 4°C for
30min, and 2 x sample buffer was then added to the mixture and 5pi of samples
were analysed by non-denature gel electrophoresis. B, F-actin binding assay.
20pM of F-actin was mixed with an equal volume of 50pM of GSTp40PX,
GSTp47PX, GST or F-buffer to a final lOOpl and left at room temperature for
30min, the mixtures were then centrifuged at 100,000 x g for 30min. The pellets
were resuspended in lOOpl F-buffer and lOpl of each samples was analysed by
SDS-PAGE and stained with Coomassie blue R-250.
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To examine the properties of the interaction between the PX domain and actin under
defined conditions in vitro, G-actin and F-actin binding assays were performed using
GST-p40PX, GST-p47PX, GST and purified platelet actin (non-muscle actin or pactin).
In the G-actin binding assay, GST-p40PX and GST-p47PX were dialysed against Gbuffer (5mM Tris, pHS.O, 0.2mM ATP, 0.5mM CaCl2 and 0.5mM DTT) overnight.
G-actin was re-constituted by adding lOOpl water to the frozen dried powder to a
concentration of 1Omg/ml (232pM) in G buffer, diluted to 20|iM with G-buffer and
left at 4°C for Ihour. All solutions (including proteins) were cleared by centrifugation
at 100,000 X g for 30 minutes at 4°C before use. 5pi of G-actin was mixed with 5pi of
GST-p40PX or GST-p47PX at a concentration of 50pM and incubated at 4°C for 1
hour. Samples were then analysed by non-denature gel electrophoresis as described in
material and methods (section 2.4.2.1). If an interaction occurred, then we would see
the extra band(s) on the gel and the amount of both firee G-actin and GST-p40PX or
GST-p47PX would decrease. As shown in Fig. 5.4 A, compared to the control no
extra band was found, and the amount of both fi*ee G-actin and GST-p40PX or GSTp47PX did not show decreases, therefore PX domains are not G-actin binding
domains.
Next, an F-actin binding assay was performed. The experiment is based on the fact
that purified G-actin can polymerise under physiological condition to form filaments.
The amount of actin that exists in each state is directly measured by simple assays that
rely on the large differences in size between actin monomers and polymers.
Centrifugation is a crude but very simple method to measure the interaction of actin
and its binding proteins. At high g-force (100,000 x g for 20 minutes), actin filaments,
but not actin monomers, sediment into the pellet. Thus a protein or a domain of a
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protein which binds to actin filaments will to co-sediment with the actin filaments.
Briefly, G-actin (232pM) was diluted to 20pM with F-buffer (20mM HEPES, pH 7.0,
lOOmM NaCl, ImM MgClz, 0.5mM DTT and 0.5 mM ATP) and polymerised at room
temperature for 30 minutes. 50pM of GST-p40PX, GST-p47PX or GST in F-buffer
were pre-cleared by centrifugation at 100,000 x g for 30 minutes and mixed with an
equal volume of the F-actin solution to give a total volume of lOOpl, and left for
another 30 minutes. Samples were then centrifuged at 20°C for 30 minutes at 100,000
X

g, the supernatants were taken and the pellets were resuspended in an equal volume

of F-buffer, and both supernatant and resuspended pellet were subjected to gel
analysis (Fig. 5.4B). There was a significant shift of GST-p40PX and GST-p47PX
from the supernatant to the pellet in the presence of F-actin, whilst no such shift was
found for the tag GST itself. Suggesting that the PX domains interact with F-actin.
F-actin binding proteins can be classified according to the type of interaction with
actin. There are F-actin end-binding (capping) proteins such as CapZ (Caldwell et al.,
1989), side binding proteins (non-crosslinking) such as tropomyosin (Cote et at.,
1981), and crosslinking proteins such as a-actinin (Blanchard et al., 1989), and Factin severing proteins (depolymerisation) such as cofilin (Maciver, 1998). Compared
to the negative control, the presence of GST-p40PX and GST-p47PX did not change
the ratio of actin between the pellet and supernatant (see Figure 5.4B). Thus the PX
domains are not F-actin depolymerising factors.
It is well documented that GST as well as GST fusion proteins form dimers in
solution. GST-p40PX and GST-p47PX could therefore possibly cross-link F-actin if
the PX domains bind to the side of F-actin. F-actin can be crosslinked to form bundles
or a network. Bundles of F-actin consist of several hundred filaments cross-linked into
a semi-crystalline array (DeRosier and Tilney, 1982). Networks, like bundles, also
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Fig. 5.5 GSTp40PX and GSTp47PX bind to the side of F-actin. A, Coomassie
blue R-250 stained SDS-PAGE gel of pellet (P) and supernatant (S) resulting
from low-speed co-sedimentation assay. 10 pM of F-actin was mixed with or
without an equal volume of additional proteins to a final volume of 2 0 pl and
incubated at room temperature for 30min. The mixtures were then centrifuged
at 15,000 X g for 5min. The pellets were resuspended in 20pl of F- buffer and
5pi of each sample was analysed by SDS-PAGE. B, Cross-linking activity curve
of GST-p40PX and GST-p47PX. The bands on Commassie blue R-250 stained
gel were quantified using Sicon image software.
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consist of crosslinked actin filaments but unlike bundles, filaments in a network are
arranged in a three-dimensional tangle. The formation of bundles or networks will
dramatically alter the properties of F-actin allowing it to be pellet by a low g-force
(10,000 X g). To test this, low speed co-sedimentation assays were performed. In
general, 5 pi of F-actin at a concentration of lOpM was incubated with 5pi of various
concentrations of GST, GST-p40PX or GST-p47PX and left at room temperature for
30 minutes. The mixture was centrifuged at 15,000 x g for 5 minutes, and the
supernatant and pellet were taken for gel analysis (Fig. 5.5). In the presence of GSTp40PX and GST-p47PX, F-actin shifted from the supernatant to the pellet whilst in
the control experiment most of the F-actin was present in the supernatant. This
suggests that in the presence of GST-PX domain, F-actin formed bundles or networks.
As show in Fig. 5.5B the maximum crosslinking activity of PX domains occurred at a
molar ratio of F-actin and PX of 1:5.
Although formally the crosslinking activity may be due to GST dimérisation, the data
confirmed the side binding of GST-p40PX and GST-p47PX with F-actin. To further
investigate function of the binding of the PX domain with F-actin, Hisp40PX and
Hisp47PX were used for co-sedimentation studies. As shown in Chapter 3, at
concentration of 150pM in 20mM HEPES, lOOmM NaCl pH7.0, His-tagged p40PX
and p47PX appeared as monomers with a molecular weight of 28 KD and 25 KD
respectively, as revealed by Superdex G-75 gel filtration. CD experiment revealed that
Hisp40PX and Hisp47PX exhibited the characteristic double-minimum spectrum
indicative of a-helical content (Fig. 3.5). Therefore each recombinant PX domain
assumed a stable and a-helical structure. High speed co-sedimentation assay showed
that both Hisp40PX and Hisp47PX bound to F-actin. A control protein Hisp67 (302460) which has the same His tag and binds to the PC motif of p40^^"^ did not bind to
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actin (Fig. 5.6). Low speed co-sedimentation assay showed that Hisp40PX and
Hisp47PX did not bundle or crosslink F-actin under the conditions as GST-p40PX
and GST-p47PX (F-buffer containing ImM Mg^"^). However it could bundle or
crosslink F-actin in F-buffer containing 5 mM Mg^^ and maximum bundle activity
occurred at 1:4 molar ratio (Fig. 5.7 and 5.8). Electron microscopy showed that in the
presence of Hisp40PX and Hisp47PX in F-buffer containing 5mM Mg^^, F-actin
formed bundles (Fig. 5.7).
Mg^"^ did not cause the dimérisation of Hisp40PX and Hisp47PX, as shown in Fig.
5.9. Hisp40PX and Hisp47PX appeared to have the same molecular weight in the
absence and in the presence of 5mM Mg^^as revealed by gel filtration. Nor did Mg^"*"
cause structural changes of Hisp40PX and Hisp47PX (Fig. 5.10). Thus, it is unlikely
that the PX domain contains two F-actin binding sites, one of which that is not
accessible in the absence or low concentration of Mg^^. The mechanism of the
bundling activity of the PX domain is therefore likely to be electrostatic. Under
physiological conditions, F-actin is negative charged, by which helps F-actin stay
crystalline in solution (Tang and Janmey, 1996 and 1998). Positive charged PX
domains bind to F-actin thereby changing the surface charge of F-actin and
destabilising the crystalline state, causing F-actin to form bundles. This mechanism
can also explain the synergistic effects ofMg^^.

5.2.3 PX domains co-localise with F-actin in vivo
While the affinity column and co-sedimentation experiments indicated that PX
domains of p40^^"^ and p47^^®^ bound to F-actin directly in vitro, we explored whether
these interactions were functionally relevant in vivo. To obtain additional evidence in
support of an interaction between p40PX and p47PX and the actin filaments in vivo,
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Fig. 5.6 Binding of monomer p40PX and p47PX (His tag) and F-actin. 20 pM of
F-actin was mixed with an equal volume of lOOpM of Hisp40PX, Hisp47PX and
His p67 (302-460) (His tag control) to a final volume of lOOpl and incubated at
room temperature for 30min. The mixtures were then centrifuged at 100,000x g
for 30min. The pellets were resuspended in lOOpl of F-buffer and lOpl of each
sample was analysed by SDS-PAGE and stained with Coomassie blue R-250.
(P) pellet and (S) supernatant.
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Fig. 5.7 Hisp40PX and Hisp47PX cross-link F-actin in the presence of 5mM
Mg^^. Upper panel, Coomassie blue R-250 stained SDS-PAGE gel of the pellet
(P) and supernatant (S) that resulted from low-speed co-sedimentation assay as
described in Fig. 5.5. Lower panel, electron microscopy of negatively stained
actin filaments and bundles. 5pi of F-actin (5pM) were mixed with an equal
volume of either F-buffer or 20pM of Hisp40PX and Hisp47PX in F-buffer
and left for SOmin.The mixtures were immediately diluted 20 fold before a 3pi
aliquot was applied to a weakly glow-discharged, carbon-coated, 400 mesh/inch
copper grid. The samples were allowed to absorb for Imin, washed and negatively
stained with 0.75% (W/V) Uranyl formate. Specimens were examined in a
conventional transmission electron microscope (TEM) operated under low-dose
conditions at an accelerating voltage of lOOkV and at a magnification of 40,000 x.
Scale bar: 0.2pM.
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Fig 5.9 No dimérisation or oligmerisation of Hisp40PX and Hisp47PX observed in
the presence of Mg^^. 20pl of each proteins, at a concentration of 150pM in 20mM
HEPES, pH 7,0, 150mM NaCl, 0.5mM DTT with 5mM Mg^^ (o) or without Mg^^
(•) were loaded onto Superdex G-75® and eluted with same buffer at a flow rate of
SO^Emin. A and B, Hisp40PX; C and D, Hisp47PX.
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we examined the localisation of a myc-p40PX and myc-p47PX by nuclear micro
injection of relevant PX domain constructs into Swiss 3T3 fibroblast cells.
The cDNA encoding of p40PX and p47PX were cut from pGEX-2T-p40PX and
pGEX-2Tk-p47PX by Ncol and EcoRI, fragments purified from the gel were ligated
into EFplink vector and transfected to XL 1Blue. The resulting colonies were screened
by digesting the plasmid made from these colonies with Ncol and EcoRI, positive
colonies gave a -450 bp fragment. The p40PX and p47PX were fused in frame to a
myc tag and could be detected with an anti-myc monoclonal antibody.
Swiss 3T3 cell was seeded onto coverslips at a density of 5x 10^ cells/ml, one day
before micro-injection, and starved in serum free medium for

1

hour before micro

injection. Plasmids were purified using an endotoxin free plasmid purification Kit and
freshly diluted from a stock to 1mg/ml with PBS (Sigma). After micro-injection, cells
were incubated at 37°C for 2-4 hours. The cells were then fixed with
paraformaldehyde, permeabilised with Triton X-100 and double labelled with TRITCphalloidin as a marker for F-actin and anti-myc monoclonal antibody followed with
FITC labelled goat anti-mouse secondary antibody to identify the expression of PX
domains. On the basis of immunofluorescence, Swiss 3T3 cells were judged not to
contain myc epitope in the absence of micro-injection. We did not find FITC signals
in the control experiments in which at least 50 cells on each coverslip has been micro
injected with EFplink empty vector. Therefore the small peptide it encoded appears
unstable and is quickly degraded, or is not efficiently fixed and has been washed
away. The patterns of myc-p40PX and myc-p47PX and TRITC-Phalloidin were found
to coincide, suggesting the exogenous PX domains were associating with F-actin
containing structures in the microinjected cells.

145

F-actin

anti-myc

merge

Control

P40PX

«

f

P47PX

Fig. 5.11 p40PX and p47PX co-localise with F-actin in vivo. 1mg/ml of EFplink-p40PX
or EFplink-p47PX were micro-injected into the nuclear of Swiss 3T3 cells. After micro
injection, the cells were incubated for 2 hr and then double stained with anti-myc antibody
followed with FITC labelled goat anti-mouse secondly antibody, and TRITC-Phalloidin
for F-actin stain.
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5.3 Discussion
The NADPH oxidase is unassembled and dormant in resting cells. Upon stimulation,
the cytosolic proteins translocate to the plasma membrane where they associate with
cytochrome bssg to constitute a functioning enzyme. Several regions in the
cytoplasmic domains of the cytochrome bg^g subunit gp91^^'’^ and p 2 2 ^^^^ serve as
docking sites for this assembly. Although strong evidence suggested that actin
cytoskeleton plays a positive role during the NADPH oxidase assembly (Nauseef et
al., 1991; Wcodman et al., 1991; El Benna et al., 1999; Wientjes et al., 1997;
Morimastsu, 1997; Tamura et al., 2000), little is known about the interactions of the
NADPH components and actin cytoskeleton.
In this study, we used a p40^^^^ PX domain affinity column to resolve its binding
partner. The PX domain of

was found to bind to actin. Co-sedimentation assay

in vitro confirmed that p40^^°^ PX domain as well as the p47^^^^ PX domain bound to
the side of F-actin, but not to G-actin. Nuclear microinjection of p40^^‘’^ PX domain
and p47^^‘’^ PX domain constructs showed that these domains co-localised with Factin in vivo. In this study, we present for the first time, evidence of direct interaction
between actin filaments and NADPH oxidase components. These observations are
supported by previous report that p40^^"^, p47^^®^ and p67^^‘^^directly interact with the
cytoskeleton (Wientjes et al., 1997; El Benna et al., 1999) and in a cell-free system Factin filaments were found to enhance the activity of the NADPH oxidase (Minoru et
al., 2000). Thus, our data suggest several modifications of the current model of the
NADPH oxidase. The current understanding is that the flavocytochrome b is required
for the stable membrane binding of p 4 7 ^^°^ and p67^^®^, but not for their association
with the cytoskeleton or for transport to the cell periphery (Allen et al., 1999). With
the discovery that cytosolic components adopt PX domains of p4(f^^^ and p47^^"^ as

147

their cytoskeleton docking sites, and target themselves to the cell periphery upon the
stimulation, it becomes clearer that p47^^"^ might be required for transportation of the
cytosolic components. Previous studies showed that p47^^°^ is required for activation
o f NADPH oxidase in v/vo, but not in the cell free system, only Rac and the Nterminal o f p67^^®^ are essential (Freeman and Lambeth 1996, Catkin et al., 1997).
Our data support the theory that p47^^"^ facilitates the assembly of the complex and
thus could be regarded as an adapter protein. P4(y^^^ could play the same role. The
interactions between the cytosolic components and actin cytoskeleton may be crucial
in targeting these proteins to the phagosome and retaining these proteins in the periphagosomal area before stable association with the cytochrome bggg.
This targeting mechanism is reminiscent of the accumulation of a-actinin in adhesion
plaques via its association with actin filament and integrin p-subunits (Clark et al.,
1995). It is therefore our belief that apart from taking part in the activation of NADPH
oxidase, the cytosolic components may play other roles during the phagocytosis. It is
well know that upon stimulation, the cytosolic components of p4(f^^^, p 4 7 ^^^^ and
p67^^"^ form a complex with a molecular weight of about 240 kD of undetermined
stoichiometry (Grogan et al., 1997). Our proposal is that the proteins in the complex
o f p40^^°^, p47^*‘^^ and p67^^®^ act as actin cross-linkers around the phagosome.
Actin bundles appear to fimction in part as a scaffold to support évaginations and
invagination o f the plasma membrane. There is evidence that each specific cellular
structure contains its own complement of actin cross-linking proteins. Actin crosslinking proteins typically display a modular organisation. The ability to cross-link
actin filaments requires that a protein contains two or more actin binding sites per
monomer or that it exists as dimer or multimer. The spacer between the actin-binding
sites as well as the modules can regulate cross-linking activity (Bartles et al., 1998).
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The

and p67^^®^ complex fits this model well. There are two actin

binding sites (PX domains of p40^^®^ and p47^^®^), p67^^^^ acts as the bridge molecule
that connects p47^*°^ and p4(/^‘^^(Lapouge et al., 2002). Phosphorylation of p47^^‘^^
releases its masked PX domain (Karathanassis et al., 2002). Recently, reports from
other groups showed that PX domains also bound to phosphoinositides (Ellson et al.,
2001; Cheever et al., 2001; et al 2001).
PI (4 ,5 )P 2 bas a pivotai role in the phosphoinositide cycle that drives signalling,
cytoskeleton organisation, and membrane trafficking. It is the most abundant inositol
lipid and is the precursor of the second messenger I( 1 ,4 ,5 )P 3 and PI(3,4,5)Ps.
Numerous actin-binding proteins directly bind to PIP 2 . They include the gelsolin
family o f proteins (Janmy and Stossol, 1987), profilin (Lassing and Lindberg, 1985),
capping protein (Schafer et al., 1996), ADF/cofilin (Yanezawa et al., 1990), a-actinin
(Fukami et al., 1992), vinculin (Hiro et al., 1996), and WASP family proteins (Miki et
al., 1996). The latter three proteins are activated by PIP2 , whereas the first four are
inactivated by PIP2 . However, the PX domain of p40^^‘’^ and p47^^®^ has different
preference of the phosphoinositide species. For example, although under certain
conditions gelsolin also binds to PI (3 ,4 )P2 and PI (3,4,5)P], gelsolin prefers PI(4 ,5 )P 2
to PI (3,4,5)P] (Lu et al., 1998 and 1999), whereas the PX domain of p40^^"^ and
Vam7 specifically binds to PI (3)P (Ellson et al, 2001; Cheever et al., 2001). In
contrast, p47^^‘’^ PX domain showed different binding specificity from the PX domain
o f p40P^^^and Vam7, which is PI(3 ,4 )P2 >PI(3 ) P » P I( 3 ,5 )P 2 =PI(3 ,4 ,5 )P (Kanai et al.,
2001 ).
It is not known whether the dual binding of phosphoinositide and F-actin is
synergistic or competitive. It is more likely that phosphoinositide and F-actin may
share a binding sites, or have a overlapping binding site on the PX domain, since both
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phoshoinositide and F-actin are negative charged, and therefore they may compete for
the positively charged group on the PX domain surface. Thus the identification of the
PX domain as a phosphoinsoitide binding module provides an important regulatory
mechanism for its actin binding.
The biological importance of the direct interaction of cytosolic components with actin
filaments is that the products of the activated NADPH oxidase are highly destructive.
Therefore it is important to tightly contain such toxic reagents in the vacuole to
prevent or limit the damage caused by their leakage. Taken together, upon activation,
the actin cytoskeleton could target the cytosolic components to cell membrane to form
activated enzyme. The complex along with other actin cross-linkers could bundle and
stabilise the actin filaments thereby stabilising the vacuole. The direct interaction of
cytosolic components with actin filament also provides an extra regulation mechanism
that is actin filaments stabilise the enzyme complex. The cytoskeleton might also be
involved in terminating activity of the oxidase. Once actin filaments depolymerised
fi"om the vacuole, the NADPH oxidase might become less stable and deactivated.
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Chapter 6

Membrane rafts and the NADPH oxidase
6.1 Introduction
It is widely accepted that the activation of the NADPH oxidase in vivo occurs at the
level of its components assembly. Extensive studies have been carried out world wide
in an effort to define the cellular signalling pathways involved in oxidase activation.
There is circumstantial evidence that NADPH oxidase components may be linked to
so- called ‘membrane rafts’, a specific plasma membrane compartment, enriched in
sphingomyelins, glycosphingolipids and cholesterol, in a liquid-ordered phase (Brown
and London, 1998; Hooper et al., 1999). Membrane rafts are proposed to be very
important to signal transduction and intracellular protein and lipid transport (Simons
and Ikonen, 1997). Rafts have unique properties: they are resistant to non-ionic
detergents at 4°C, have low buoyant density and contain unique molecular markers
such as caveolin, flotillin and GPI-anchored protein (Fra et al 1995; Parkin et al.,
1999 and 2001). Their physical characteristics allow their separation fi*om the rest of
the plasma membrane by extracting cells at low temperature with detergent such as
Triton X-100 followed by floatation and centrifugation. This technique has been
widely used to study the involvement of rafts in signalling via IgE receptor and T cell
receptor (TCR) as well as in antigen presentation (Anderson et al., 2000; Holowka et
al., 2000; Bi et al., 2001)
In this chapter, we have investigated a possible link between NADPH oxidase
activation and membrane rafts in human neutrophils. We have found that the
molecular architecture of the raft is likely to be important in the activation and
regulation of the NADPH oxidase.
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6.2 Results
6.2.1 Membrane rafts are present in neutrophils
To determine the presence of membrane rafts in neutrophils, we performed floatation
experiments in sucrose gradients in the presence of Triton X-100 and analysed the
behaviour of known membrane rafts markers. Neutrophils were lysed in HNE buffer
(20mM HEPES, pH7.0, 150mM NaCl, 5mM EDTA), containing 1% Triton X-100, on
ice for 30 minutes, homogenised, and 80% sucrose stock was added to the cell lysate
to give a final concentration of 40% sucrose. The mixture was then layered under a
sucrose step-gradient (30% and 5%) and centrifuged at 250,000 x g for 2.5 hours at
4°C. Detergent-insoluble, cholesterol-rich membrane ft-actions, representing
membrane rafts, float to the interface between 5% and 30% sucrose whilst solubilised
proteins or cytoskeleton-associated, detergent-insoluble proteins remain at the bottom
of the gradient (Neame et al., 1995; Perschl et al., 1995; Ilangumaran et al., 1998).
After centrifugation, the gradient was recovered by fractionating from the top. To
visualise membrane rafts proteins, part of the each fraction was precipitated with TCA
and resolved by SDS-PAGE. Only a tiny fraction of the total cellular proteins was
present in the floating membrane rafts (fraction 2, Fig. 6.1 A).
As a first step we determined how membrane rafts markers behaved according to the
Triton-insolubility criterion. Caveolin (Dietzen et al., 1995), placental alkaline
phosphatase (PLAP) (Verkade et al., 1999) and flotillin (Dermine et al., 2001; Salzer
et al., 2001; Parkin et al., 1999; Tunner et al., 2000) have all been shown to be
enriched in membrane rafts and have been widely accepted as raft markers.
In recent past, two contradicting papers about the existence of caveolin in neutrophils
have been published (Yan et al., 1996; Sengelov et al., 1998). We tested this using the
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Fig. 6.1 Isolation and analysis of neutrophil rafts. Neutrophils treated with
or without MpCD were homogenised in 20mM HEPES, pH7.0, 150mM
NaCl, 5mM EDTA, 1% Triton X-100 and the homogenate centrifuged in a
5% and 30% discontinuous sucrose density gradient. Fractions from top to
bottom were collected. A, 200pl of fraction 1-5 and 50pl of fraction 6-10
were precipitated with TCA and analysed by SDS-PAGE electrophoresis
and stained with Coomassie blue R-250. B, lOpl of each fraction was
resolved by SDS-PAGE electrophoresis. Proteins were electroblotted and
probed with anti-human caveolin antibody. 5pg of total human endothelial
lysate was used as Positive control. C, the same analysis as under B using
anti-human flotillin monoclonal antibody. D, Distribution of flotillin by
quantitative densitometry of the western blot as detected in panel C.
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same anti-caveolin antibody as used by those groups. An endothelial cell lysate was
included as positive control. As shown in Fig 6 . IB, no caveolin was detected through
out the whole gradient even after long exposures of the blot. The positive control
showed a very strong signal. The amount of proteins we loaded on the gels was as
high as previously reported and 10 times higher than the positive control. Thus, we
could not detect caveolin in neutrophils. By contrast, flotillin was easily detected in
the gradient (Fig. 6 .1C). Flotillin was highly enriched in fi*action 2. Based on this
marker analysis, the method used in this study was effective in separating membrane
rafts (fi'action 2) fi'om the bulk of solubilised membrane (fraction 7-10).
In order to justify our observation further, we performed the same experiment at 25°C,
under which condition the rafts are lost (Brown and London, 1998). When neutrophils
were extracted in Triton X-100 at 25°C (Fig. 6.1 C and D) flotillin became partially
soluble. At 4°C, almost 80% of the total flotillin was enriched in fraction 2 with the
rest of it in fraction 3-6. By contrast, at 25°C, flotillin became evenly distributed from
fraction 2-10 (Fig. 6.1 D).
Methyl-p-cyclodextrin (MpCD) binds to cholesterol with high specificity and can be
used to deplete cellular cholesterol and thereby disrupt lipid rafts (Keller and Simons
1998). MpCD has been used to investigate the importance of cholesterol in regulating
signalling pathway in T cells. It induced profound changes in the activity of certain
signalling cascades, indicating a critical role for cholesterol in the regulation of
several signalling pathways in T cells. To determine the effect of MpCD on
neutrophil rafts, neutrophils were treated with lOmM MpCD for 30min at 37°C. The
treatment did not kill the neutrophils, as MpCD-treated cells still excluded trypan
blue. Cells were then washed twice with ice-cold PBS and kept on ice for lOmin. The
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cells were then lysed at 4°C in Triton X-100. As shown in Fig. 6.1 C and D, MpCD
treatment significantly decreased flotillin association with fraction 2 (membrane rafts)
and the majority was shifted to fraction 3 (Fig 6.1 C and D). In many cell types,
treatment with MpCD at lOmM for 30 minutes induced the release of less than 50%
o f the total cellular cholesterol (Elisabeth et al., 1995), and cholesterol will quickly
redistribute after removal of MpCD. Therefore, total disappearance of the rafts was
not expected. However, our data suggest a change in density of the floating fraction
upon MpCD treatment, compatible with the notion that the floating fraction contains
cholesterol and as such may represent lipid rafts. Taken together, the evidence shows
that membrane rafts do exist in neutrophils and the fractionation profile does not
appear to be an artificial effect of Triton X-100.

6.2.2 Cytochrome bggg is present in membrane rafts
The distribution of gp91^^'’^ and p22^^^^ in this gradient was then tested using
polyclonal (PEP37 for gp91^^"^ and MC2 for p22^^°^), and monoclonal (mAh 48 for
gp91^^®^and mAh 449 for p22^^®^) antibodies. In resting neutrophils, a fraction of
gp 9

floated to fraction 2, identified above as the raft fraction (Fig. 6.2

A). Quantitative densitometry of the immunoblots showed this was about 9.5% of
total gp91^^^^^ present in the cells, whereas about 19.9% of total p22^^®^ was present in
rafts in resting neutrophils (Fig. 6.2 B). In contrast to previous studies (Parkos et al.,
1987), gp91^^®^ and p22^*^^ did not always appear as heterodimer, only 30% of total
p22^^°^ was Triton soluble, whereas 85% of gp91^^®^ was Triton soluble (Fig. 6.2 A
and B).
We also assessed the distribution of the cytosolic components, using polyclonal
antibodies against p40^^^^, p47^^"^ and p67^^*’^. We found that a fraction of p40^^®^
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Fig. 6.2 Distribution of

and gp91^^®^. Neutrophils treated with or

without PMA were homogenised in HNE buffer containing 1% Triton X100 and fractionated by centrifugation in a 5-30% discontinuous sucrose
density gradient. Fractions were collected from top to bottom. A, lOpl of
each fraction was resolved by SDS-PAGE electrophoresis and proteins
were electroblotted and probed with anti-human gp9H^®^ and p 2 2 ^'^°^
polyclonal and monoclonal antibodies. B, Quantitative densitometry of the
western blot obtained under panel A.
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(10.1%) and

(5.2%) was present in membrane rafts (Fig. 6.3 A and B),

however, no p47^^°^ was detectable. Because no link between p40^^®^ or p67^^''^ with
membranes has been established, it is not clear how these proteins associate with
membrane rafts,

6.2.3 NADPH oxidase components recruit to rafts upon stimulation
The biological activity of the NADPH oxidase is dependent upon the assembly of its
components. The system is dormant in resting neutrophils. Upon stimulation,
cytosolic components translocate to the membrane where they bind to cytochrome
b 5 5 8 , thereby activating the NADPH oxidase (Segal et al., 1993). To investigate the
relevance of lipid rafts to the activation process, the association of NADPH
components with membrane rafts was studied after stimulation of neutrophils with
PMA, a known pharmacological activator of the NADPH oxidase. As shown in Fig.
6.2 and Fig. 6.3, the levels of the individual NADPH oxidase components - gp91^*‘’^,
p 2 2 ^ojc,

p67^^"^ - in membrane rafts increased upon PMA stimulation.

Furthermore, p47^^°^ became associated with the raft fraction. This observation was
confirmed in a stimulation time-course experiment. Neutrophils were either left
unstimulated or stimulated with PMA for 1 minute, 3 minutes and 5 minutes and raft
fractions were collected by floatation centrifugation. Total proteins recovered firom
these fractions were measured and Ipg of raft proteins from the different time points
was loaded onto a SDS-PAGE gel and immunoblotted with antibodies. As shown in
Fig. 6.5 A and B, PMA stimulation resulted in time dependent recruitment of total
protein to the rafts resulting in doubling of the raft protein content observed in resting
cells. In resting neutrophils, p47^^°^ was not detectable in membrane rafts, but it was
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readily detectable after stimulation with PMA for Imin, 3min and 5min. Over this
time period, gp91^^°^’

and p67^^®^ slightly increased in membrane

rafts.
The engulfinent of invading microorganisms by phagocytic cells such as neutrophils
is an essential component of the innate immune response (Hed et al., 1983). The
microorganisms or particles are opsonised by IgG and complement factor and are
ingested by neutrophils through occupation of the receptors for these factors. Fey
receptors and complement receptors. We then investigated the distribution of NADPH
oxidase components during phagocytosis of IgG-opsonised particles, representing
biologically relevant cellular stimulation through Fey receptors. Staphylococcus
aureus bacteria were killed by boiling in PBS for lOmin and opsonised with human
IgG. Neutrophils were then stimulated with these particles at ratio of 50:1 (particles:
neutrophils). Stimulated and non-stimulated cells were lysed in Triton X-100 and
fractionated as above to isolated raft associated proteins. As shown in Fig. 6.6A and
B, Fey receptor stimulation resulted in an increase in gp9P ’’°’^, p40^^^^, p67^^®^ and
levels in the raft fraction.

6.2.4 PKC isoforms recruit to membrane upon stimulation
PKC is one o f the most important regulators of NADPH oxidase. PKC can directly
phosphorylate oxidase components or activate other signalling pathways thereby
indirectly regulating the oxidase (Segal and Allison, 1978; El Benna et al 1996).
Phosphorylation of the cytosolic components results in their assembly at the
cytochrome b on the membrane to form an activated enzyme. Previous reports have
shown that antigen-induced translocation of PKC-0 to membrane rafts is required for
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9

10

T-cell activation (Bi et al 2001), and may PKC iso forms have also been shown to
translocate from cytosol to membrane rafts upon PM A stimulation (Parolini et al.,
1999). Human neutrophils express at least 3 PKC isoforms PKC-ô, PKC-pi and PKCp n (Dekker et al, 2000). To investigate the membrane rafts recruitment of PKC
isoforms in neutrophils upon stimulation, neutrophils were stimulated with PMA, and
flotation experiment and immunoblots were carried out as described above. In the
absence o f PMA, the PKC isoforms were undetectable in membrane rafts and
localised in Triton X-100 soluble fractions (fraction 7,8,9,10) (Fig. 6.4). However,
stimulation with PMA induced small amount of the PKC-ô, p i, pn translocation to
the raft fraction (fraction 2). Quantitative densitometry showed about 14.7%, 4.4%
and 8.9% o f total PKC-Ô, PKC-p I and PKC-P U translocated to membrane rafts upon
PMA stimulation. This observation was further confirmed by a time course after
stimulation as shown in Fig. 6.4.
We also found that PKC-ô translocated to membrane rafts upon stimulation with S.
aureus for 2 minutes at which time the NADPH oxidase reach maximum rate as
monitored by oxygen consumption, but the level was much lower than after PMA
stimulation. Only 1.2% of the total PKC-ô translocated to membrane rafts upon S.
aureus stimulation compared with 14.7% upon PMA stimulation. We did not find that
PKC-p I or PKC-P n translocated to membrane rafts in this condition (Fig. 6.4 and
Fig. 6.6).

6.2.5 Rafts localisation and efficiency of NADPH activation
It has been suggested that the importance of membrane rafts as physiological
regulators o f cell function (such as signalling molecules) lies in their ability to “trap”
and concentrate proteins within this structure (Montixi et al., 1998). Therefore it was
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Fig. 6.8 Effects of MpCD on NADPH oxidase activation. A, Oxygen
consumption of neutrophil treated with 1OmM MpCD (a, c, e) or without
MpCD (b, d, f) upon PMA stimulation, (a) and (b) with 100 ng/ml PMA.
(c) and (d) with 50 ng/ml PMA. (e) and (f) with 25 ng/ml PMA. B, Analysis
of onset time, time to maximum and maximum rate of oxygen consumption
as obtained under panel A. Data given as mean ± SB (n=3).
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likely that the localisation of NADPH oxidase components in membrane rafts served
to concentrate NADPH oxidase components and that this might facilitate enzyme
activation. Under this mechanism, it might be expected that the effect of raftdisrupting agents would be most pronounced at a low stimuli density and potentially
could be overcome at high stimuli density.
To test this, the neutrophils were treated with lOmM MpCD for 30 minutes and then
stimulated with various ratios of S. aureus. The NADPH oxidase activity was then
measured by oxygen consumption as described in Materials and Methods (Section
2.6.4.6). As shown in Fig. 6.7, MpCD did not activate NADPH oxidase itself.
However, the onset time and time to maximum rate showed significant delay in
MpCD treated cells compared to that in untreated cells when stimulated with 25pi
(25:1) and 50pl (50:1) S. aureus. MpCD did not have effects on the maximum rate in
both cases. The onset time, and time to maximum rate, fully recovered when the cells
were stimulated with high numbers of particles (lOOpl particles, 100:1) (Fig. 6.7). It
may be that MpCD affects NADPH oxidase activity indirectly through an effect on
phagocytosis. However, the delay of the onset time, and time to maximum rate, under
high density stimulation was not affected by MpCD, therefore it is more likely that
MpCD affects the efficiency of NADPH oxidase complex formation after
phagocytosis. To further underline our conclusion, neutrophils were left untreated or
treated with lOmM MpCD for 30 minutes. After treatment, cells were stimulated with
various concentrations of PMA after which NADPH oxidase was measured in an
oxygen consumption assay. As show in Fig. 6.8, MpCD did not show any effects on
the maximum rate compared to the control neutrophils mock-treated with DMSO
(PMA solvent). There was a significant delay of onset time and time to maximum rate
in MpCD treated cells when stimulated with 25ng/ml PMA, and both recovered when
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stimulated with 50ng/ml and lOOng/ml PMA. These data demonstrated that disrupting
NADPH oxidase component association with membrane rafts is most detrimental at
relatively low-density stimuli and strongly suggest that the association of NADPH
oxidase components with membrane rafts is necessary for its regulation and function.

6.3 Discussion
Specialised membrane microdomains, also known as membrane rafts or DIGs
(detergent insoluble membrane), play an important role in signal transduction, and
intracellular protein and lipid transportation (Brown and London, 1998). Therefore we
set out to determine whether NADPH oxidase components are present in membrane
rafts, and whether disrupting these membrane structures in neutrophils affected its
activation. Biochemical fi'actionation of human primary neutrophils demonstrated for
the first time that the subunits of cytochrome bssg, the heterodimeric membrane
components of the NADPH oxidase, are present in these rafts. This is in agreement
with a previous study that showed cytochrome bssg molecules are present in distinct
plasma membrane patches in resting and PMA stimulated neutrophils (Wientjes et al.,
1997), although in these previous studies the nature of these microdomains was not
known. We observed the constitutive presence of cytochrome b558 in membrane rafts
in resting neutrophils as well as in activated neutrophils. Most importantly, in addition
to identifying cytochrome bssg molecules as components of membrane rafts, we found
that disruption of these membranes with MpCD dramatically inhibited NADPH
oxidase activation upon the PMA and opsonised S. aureus stimulation. Thus these
finding provide evidence for the importance of membrane compartmentalisation of
cytochrome bssg in NADPH oxidase activation.
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The activation of the NADPH oxidase requires the assembly of its cytosolic
components to the membrane (Nauseef et al., 1999), and therefore we investigated the
relationship of the cytosolic components and membrane rafts in resting and stimulated
neutrophils.

and

were found to constitutively associate with rafts in

resting neutrophils, they are recruited from cytosol to the rafts. In contrast, p47^^®^ is
not associated with rafts in resting cells and is recruited to rafts upon PMA and
opsonised S. aureus stimulation. The substantial amount of the cytosolic components
localised in the Triton soluble portion does not contradict this finding, as it should be
expected that some of rafts associated components is dissociated from rafts during
isolation o f the rafts, or due to the natural deactivation process. Unlike the subunits of
the cytochrome bsss, p4(f^°^, p47^^^^ and p67^^‘’^ are not membrane proteins. Previous
studies showed that p4(f^^^ and p67^^"^ associated with the cytoskeleton in resting and
activated neutrophils (El Benna et al., 2000), whereas p47^*^^ only associated with the
cytoskeleton upon PMA stimulation. We also showed in chapter 5 that both p40^^‘’^
and p47^^'’^ directly interacted with actin filament via their PX domain. Although PX
domains also bind to PI3P (Kanai et al., 2001; Ellson et al., 2001), unlike the PIP2,
PI3P and other PIP2 derivatives do not co-localise with caveolae (Waugh et al.,
1998). Thus the presence of the p40^^^^ and p67^^°^ in membrane rafts in resting cells
could be due to association with the cytoskeleton. Paradoxically, although the
cytoskeleton is often required for certain molecules to associate with rafts (Rodgers et
al., 2001; Snezhana et al 1999), it is also may deter floatation since the cytoskeleton
remains in the bottom fractions. In addition, although Triton X-100 insolubility is, in
most cases, used to identify proteins associated with membrane rafts, this detergent is
also known to disrupt protein-rafts interactions (Brown et al., 1992), as we observed
that gp91^^"^ and p22^^"^ did not always appear as a heterodimer in the fractious. It is
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more likely that Triton disrupts the cytochrome bssg heterodimer. Taken together, the
biochemical measurement of the extent of the association of NADPH oxidase
components with rafts in our studies is almost certainly an underestimate of the actual
amount present. It is possible that all the mature cytochrome bssg resides in rafts. It is
very difficult to predict the portion of cytosolic components residing in rafts since it
may well depend on the intensity of the stimuli. This will have to be addressed by
other biochemical or cell biological techniques.
Protein Kinase C (PKC) is essential for the activation of NADPH oxidase in
neutrophils (Segal and Allison 1978; El Benna et al., 1996); it directly phosphorylates
cytosolic components and thereby activates NADPH oxidase. Neutrophils express at
least three isoforms of PKC—PKC-P 1, pH and 8 (Dekker et al., 2000). All these PKC
isoforms were in non-rafts fractions in resting cells and recruited to rafts upon PMA
stimulation. Although PKC-Ô has been reported to be localised in rafts during T cell
activation (Bi et al., 2001), our finding is the first report that isoforms of PKC
translocate to rafts during neutrophil activation. This observation raises the possibility
that PKC molecules as well as cytosolic components associate with rafts
intracellularly and then traffic to the plasma membrane as a complex. It is therefore
possible that raft localisation facilitates the phosphorylation of the NADPH oxidase
components and NADPH oxidase activation.
Activation of neutrophils with opsonised S. aureus also showed the recruitment of
NADPH oxidase components and PKC-8 to rafts. Although localisation of the Fey
receptor with rafts was not addressed in this study. However, the molecules involved
in the Fey receptor-signalling pathway, Src-family protein tyrosine kinases, are
constituatively present in rafts (Field et al., 1995 and 1997). PKC-p has been shown
to be involved in NADPH oxidase activation (Dekker et a., 2000), but did not present
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in the rafts upon opsonised S. aureu stimulation for 2min (Fig. 6.6). It may well be the
case that only PKC-5 is involved in initial activation of the NADPH oxidase, PKC-P
becomes involved in the late stage. This hypothesis is supported by the conclusions of
phosphorylation studies. Phosphorylation of p47^^"^ is vital to the assembly
and translocation of the cytosolic components as well as the NADPH oxidase
activation (Park et al., 1997 and 1999; Shiose et al., 2000). It exhibits extensive
phosphorylation, with 8 to 9 serines in the C-terminal of the molecule acquiring
phosphates (Faust et al., 1995). During oxidase activation, S359 and /or S370 of
has to be phosphorylated first, S379 then acquires a phosphate, allowing the
cytosolic complex to translocate to cytochrome b 558, and finally, S303 and/or S304
are phosphorylated, endowing the oxidase with full catalytic activity (Faust et al.,
1995; El Benna et al., 1996; Inanami et al., 1998). Thus, it may implicate the
involvement of different PKC isoforms during the process. Membrane rafts study may
also provide a tool to elucidate the respective contribution of each PKC isoform in
regulating the neutrophil respiratory burst.
Also noteworthy is that although membrane rafts play an important role in NADPH
oxidase activation, the molecular mechanisms that regulate clustering of PKC-p 1, p n
and Ô into these specialised membrane microdomains and stabilise them are not
known. It has been shown that rafts association of PKC-8 was targeted by its Nterminal regulatory domain (Bi et al., 2001). Hence, the interaction of PKC with a
membrane or cytoskeleton component plays a vital role in the process of PKC
clustering, for example, PKC-ô directly binds to F-actin via its C2 domain (Lopez et
al., 2001).
Disruption of rafts by MpCD showed significantly less efficiency of activation of
NADPH oxidase both upon opsonised S. aureu and PMA stimulation, which pointed
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to the importance of the local concentration of NADPH oxidase proteins and its
activation molecules. The physiological importance of NADPH oxidase localisation
to rafts as revealed by this study is that rafts may play an integral role in coupling the
NADPH oxidase and its activation molecules. The fundamental behind this idea is
that disruption of rafts on neutrophils is most detrimental to NADPH oxidase
activation after low level stimulation. Under these conditions, only few molecules
involved in the activation of NADPH oxidase components, are recruited. Local high
concentration of relevant NADPH oxidase components and molecules involving in
the NADPH oxidase activation would allow them to communicate quickly, whereas
disruption of rafts decreases the density of NADPH components to the point at which
cross-talking becomes very difficult between the molecules involved in NADPH
oxidase activation. In contrast, after high level stimulation, disruption of raft integrity
does not inhibit NADPH oxidase activation as the density of relevant molecules is
great enough to provide efficient communication between molecules.
Our data suggest that membrane rafts may play an important role in modulation of the
physiological function of NADPH oxidase in vivo, in which the concentration of
NADPH oxidase components is enhanced to allow maximum activation of NADPH
oxidase upon low intensity stimulation.
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Chapter 7
General discussion

7.1 Protein-protein interaction modules within cytosolic components
Research into the NADPH oxidase has come a long way since the extra respiration of
phagocytosis was first discovered by Baldridge and Gerard in 1933. Since the first
reported findings suggesting the existence of such an enzyme in neutrophils (Sbarra
and Kamovasky, 1959), research over 40 years period has led to a clearer
understanding of the nature of the interaction between the various components
proteins and the role of this system in host defence.
The enzyme comprises six components - p40^^“ , p47^*°^, p67^^®^, p22^^®^, gp91^*°^
and the small GXP binding protein Racl or Rac2 (Babior 1999). P22^^^^ and gp91^*°^
are located in the plasma membrane and in the membranes of secretory vesicles and
specific granules, where they form a heterodimeric flavohemoprotein known as
cytochrome bggg. In the resting cell, p40^^^^, p47^^®^, p67^^°^ and Rac are located in
cytosol, and translocate to the membrane where they bind to cytochrome bggg upon
stimulation. The minimum complex to generate superoxide anion requires p67^^^^,
p 2 2 ^o^,

and Rac. P47^^^^ is required in vivo but not in a cell free system. The

additional cytosolic factor, p40^^"^, is known to associate with

(Wientjes et al.,

1993), although its regulatory role is uncertain.
The NADPH oxidase has provided a unique biological model with which to explore
the biochemistry and biology of the regulation and activation of a multi-component
enzyme system. The cytosolic components contain Src homology 3 (SH3) domains
and p67^^3, poly-proline motif (p47^^‘^^ and p67^^°^ and
tetratricopeptide repeats (TRPs) (p67^^^^) (Ponting, 1996). The presence of novel
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domains/motifs has also been recorded, namely, PX domain {phox domain,
(Ponting, 1996), PC motif {gAOF^°^ and cdc24p) (English et al., 1995) and

and
PBl domain

and Bemlp) (Ito et al., 2001; Hiroaki et al, 2001).

SH3 domains mediate multiple association with poly-proline motifs within the
NADPH oxidase complex (Fuchs et al., 1995; de Mendez et al., 1996). P47^^‘’^ and
p67^^‘’^both contain two SH3 domains, p40^^®^ contains a single SH3 domain, whilst
p47^*®^, p67^^'^^and p22^^"^ each display a single poly-proline motif. With so many
SH3 domains and poly-proline motifs around there are many possibly interactions
between the phox proteins. The current understanding is that in the resting cell,
(displays the auto-inhibitory states in which the polybasic region and possibly
N-terminal PX domain interact with the tandem SH3 domains (Sumimoto et al., 1994;
Huang et al., 1999; Kanai et al., 2001). P67^^^^ adopt an elongated shape in solution
(Lapouge et al., 2002). P67^^°^ is the bridge connects p47^^‘^^ and p40^^°^, and these
molecules form a heterotrimeric complex which contains one copy of each protein
(Lapouge et al., 2002). In the activated state, intensive phosphorylation at the Cterminal of p47^^®^ allows its N-terminal SH3 domain to bind to the poly-proline motif
in p22^^®^. The

and p47^^^’^ interaction is again a SH3-PRS (proline rich

sequence) one. It has been reported that C-terminal SH3 domain of p67^^°^ binds to Cterminal PRS of p47^^^’^, and PRS of p67^^®^ binds to C-terminal SH3 domain of
p 4 '7/>^ojr ^itj^ough the interaction of p67^^^^ and p47^^°^ is essential in vivo, but is not
required for activation NADPH oxidase in the cell-free system (Leusen et al., 1995;
de Mendez et al., 1994; lapouge et al., 2002).
Ÿ^jphox

shown to contain four TPRs within its N-terminal, this region is also known

to bind to Rac. This interaction is thought to be vital for activation of NADPH oxidase
both in vitro and in vivo (Kwong et al., 1995; Koga et al., 1999; Lapouge et al., 2000).
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A novel domain PBl in the budding yeast protein Bemlp, which functions in polarity
establishment, and p67^^"^ has been identified. Each of these specifically recognises
an evolutionarily conserved PC motif to interact directly with Cdc24p (an essential
protein for cell polarisation) and p4(f^°^, respectively. The PBl of Bem lp shares a
modest homology with that of p67^^®^, and has a compact structure containing two ahelices and a mixed p-sheet composed of four strands (Terasawa et al., 2001). PBl
domain and PC motif seem to mediate functional protein-protein interaction in a
variety of biological processes. Bemlp and Cdc24p interaction plays a crucial role in
polarity establishment (Madden and Snyder 1998; Chant, 1999). The PBl domain of
PKCÇ is necessary and sufficient to interact with the PC motif of the adaptor protein
zeta-interacting protein (ZIP), this interaction may be required for recruitment of the
kinase to a signalling complex containing receptor inhibitor protein (RIP) or
potassium channel (Gong et al., 1999; Sanz et al., 1999). PC motif might play a role
in differential cellular localisation of MEK5 isoforms by mediating interaction with
an as yet unidentified PBl domain containing protein. The interaction of p67^^‘^^ and
is also mediated by this module (Nakamura et al., 1998), its role in NADPH
oxidase activation is not clear as p4(f^°^ is not required.
Until recently, little is known about the PX domain, a region of homology between
the N-terminus of p4(y^^^ and p47^^°^. PX domain containing proteins are often
associated with processes involving the actin cytoskeleton, membrane and / or OTP
binding proteins. For example, S. cerevisiae protein Bemlp and S. pombe Scd2,
appear to co-ordinate rearrangement of the cortical cytoskeleton during cell
polarisation in response to mating factor (Chenevert et al., 1992; chang et al., 1994).
Bem lp directly interacts with Cdc24p, a guanine nucleotide exchange factor for the
Rho-family GTPase Cdc42 (Peterson et al 1994). A novel Src-substrate- Fish (five
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SH3 domain protein), which contains a PX domain, was isolated. Fish is involved in
signalling by tyrosine kinases and has a specialised role in the actin cytoskeleton
(Lock et al., 1998). The Cpk class of phosphatidylinositol 3-kinase that also contains a
PX domain was described in mouse and Drosophila (MacDougall et al., 1995; Molz et
al., 1996; Virbasius et al., 1996). Phospholipase D1 is involved in membrane
associated phospholipid metabolism (Pointing, 1996). S. cerevisiae SNAP-like
protein Vam7 is involved in vacuole morphogenesis (Wada et al., 1992; Sato et al.,
1998); and the members of the sorting Nexin family are involved in vesicular
trafficking (Haft et al., 1998).
The most recent fimctional studies pointed to the PX domain as a phosphoinositide
binding module (Cheever et al., 2001; Ellson et al., 2001; Kanai et al., 2001),
implicating a fimction in targeting proteins to specific cellular membranes.
The NMR structure of p47^^°^ PX has a flat, compact shape. It consists of three
strands in N-terminal, and four helices in the C-terminal. The three strands form an
anti-parallel p sheet structure, side chains of the hydrophobic residues, most of which
are conserved in the PX family, pack the interior of the PX domain. The poly-proline
motif presents on the molecular surface for access by SH3 domain (Hiroaki et al.,
2001 ).
The crystal structure of the PX domain jfrom p40^^®^ bound to phosphatidylinositol 3phosphate revealed that the fold of the p40^^®^ PX domain is similar to the NMR
structure of the p47^^®^ PX domain. However, the poly-proline motif of the liganded
PX domain has a fairly different conformation firom the unliganded
p47^^‘’Momain. The two-proline residues of 87-PXXP-90 in the p40^^®^ PX domain
are both buried. It suggests either that the p4(f^^^ PX domain does not bind to an SH3
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domain or that there is a conformational change in the PX domain that exposes
proline(s) in the absence of bound PI(3)P (Bravo et ah, 2001).
A function of the PX domain as a protein-protein interaction module is not clear so
far, it is conceivable that it may interact with other protein(s). To help clarify the
potential role of the PX domain in protein-protein interaction, we used a PX domain
from p40^^^^to produce an affinity column to which actin was found to bind. In vitro
and in vivo binding assay showed that the PX domains of both p40^*®^ and p47^^°^
bound to F-actin. Under physiological conditions, the activation of the NADPH
oxidase is coincident with phagocytosis which is primarily triggered by two
recognition mechanisms: one involving complement receptors (CR) and another
involving the Fc receptor (FcR) (Daeron, 1997; Ravetch and Holland, 2001;
Ehlenberger and Nussenzweig, 1977). The motile events are driven by a continuous
re-modelling of the actin filaments within the neutrophil cytoskeleton (Stossel, 1993).
Many observations support the idea that actin filaments may directly interact with
NADPH oxidase components. For example, in activated neutrophils, p47^^^^ interacts
with the cytoskeleton before membrane binding (Nauseef 1991; Allen et al., 1999).
Actin filaments are required for complete translocation of cytosolic phox proteins to
the membrane (Dusi, 1996; Allen et al., 1999) and for an efficient respiratory burst in
response to tumour necrosis factor (TNF). P40^^‘^^ and p67^^^^ fractionate with the
detergent-insoluble cytoskeleton of resting and activated neutrophils, as well as with
p47^*®^ upon stimulation (Nauseef, 1991; Woodman, 1991; El Benna, 1999). In the
cell-free system, actin was shown to enhance the activation of the NADPH oxidase,
and disruption of F-actin by actin depolymerisation reagents facilitated deactivation of
the NADPH oxidase (Morimastsu, 1997; Tamura et al., 2000). Research in Segal’s
group (Wientjes et al., 1997) demonstrated that labelling of cytoskeletal structures
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was observed with antibodies to

and

but not to antibody to gp91^^®^.

The effect of the interplay of the lipids binding and cytoskeleton-binding on the
temporal and spatial activation of NADPH oxidase remains to be elucidated.

7.2 Involvement of membrane rafts in NADPH oxidase activation
As mentioned before, progress has been made in delineating the composition,
assembly, and function of the NADPH oxidase of phagocytes. However, many
previously unanticipated and unresolved issues have arisen, such as the identification
o f the function of the cytosolic constitution and the determination of the topology of
cytochrome b^gg in the membrane.
According to the fluid-mosaic model, the lipid molecules are distributed
homogeneously in each leaflet of the bi-layer (Singer and Nicolson, 1972). However
recent evidence has accumulated for the concept that lipids in biological membranes
are asymmetrically distributed over the exo-plasmic and cytoplasmic leaflets (Brown
and London, 1998; Hooper, 1999). Detergent-insoluble membrane fragments can be
isolated from the cell suggesting that phase-separated “rafts” exist in the cell
membrane. Rafts or caveolae have been characterised as Sphingolipid and cholesterol
-rich domains and have been proposed to fimction in signalling through proteins
anchored by GPI, and sorting and trafficking through the secretory and endocytic
pathways.
The existence of membrane rafts in vivo has been controversial because of the
concern that biochemically fractionated DIGs may represent artefacts caused by
detergent extraction. However, recent studies strongly support the existence of rafts.
By measuring the extent of energy transfer, Varma and Mayor found that the GPIanchored folate receptor isoform localised to sub-pixel-size cell surface domains.
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which were <70nm in diameter and were disrupted by cholesterol depletion (Varma
and Mayor et al., 1998). Others used chemical cross-linking also proves the existence
of membrane microdomains of GPI-anchored proteins at the living cell surface
(Friedrichson and Kurzchalia, 1998).
Wientjes et al (1997) had noted that in an unroofed neutrophil, cytochrome protein is
distributed in the patches of the membrane having a pebbled appearance that the rest
of the cytoplamic side of the membrane lacks. The cytosolic oxidase components
were grouped together with Rac and translocated into the gp91^^®^-containing patches
upon PMA stimulation. This observation is supported by the experiment that the
NADPH oxidase activity was confined within a sub-fi*action of the membrane peak in
the sucrose gradient (Quinn et al., 1994). However, the exact context of the membrane
in these experiments is unknown.
Many PKC isoforms have been shown to translocate from the cytosol to membrane
rafts upon PMA stimulation (Parolini et al., 1999). PKC-8, an isoform that is
selectively expressed in T cells, can translocate to membrane rafts, which localise to
the T cell synapse in antigen-stimulated T cells. This translocation is thought to be
important for the proper ftmction of PKC-8 (Bi et al., 2881). PKC family also plays
critical roles in regulation of NADPH oxidase in neutrophil (Segal and Allison, 1978;
El Benna et al. 1996; Reeves et al., 1999; Dekker et al., 2888).
These findings led us to examine the relationship among the NADPH oxidase
components, PKC and membrane rafts in the context of activation of the NADPH
oxidase. We found that the heterodimeric membrane components of NADPH oxidase,
are constitutively present in this rafts fraction whilst the cytosolic components are
present in small amount in the case of p48^^°^ and p67^^®^ or not at all in that of
p47^^°^. Activation of the cells results in the recruitment of all three cytosolic
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components to the membrane raft fraction. Disruption of the rafts with M(3CD
reduced the efficiency of NADPH oxidase activation by phorbol ester and receptor
stimulation, pointing to the relevance of this membrane compartment to the activation
process.
PKC-P 1, p n and ô are not present in the rafts in resting cells but are recruited to the
rafts upon stimulation. Taken together, our observations suggest that NADPH
oxidase activation is dependent upon the presence of lipid rafts and that recruitment of
PKC isoforms to the rafts may underline the activation process.

7.3 Membrane rafts, actin cytoskeleton and neutrophil functions
The proper function of neutrophils requires intact ftmction of the actin cytoskeleton
that regulates neutrophils moving towards and engulfing the invaded microorganisms
and NADPH oxidase that activates proteases to kill microorganisms (Reeves et al.,
2002 ).
The fimctional importance of membrane rafts in neutrophils has not been flilly
addressed, our findings is the first attempt to demonstrate the involvement of
membrane rafts in neutrophil fimction in respect to NADPH oxidase. Beyond that,
little is know regarding other functions of these structures in neutrophils.
It is well established that the actin cytoskeleton plays a pivotal role in phagocytosis
(Caron and Hall, 1998), and the actin cytoskeleton is also essential for NADPH
oxidase assembly, a process leading the formation of an activated complex
(Morimastsu, 1997; Tamura et al., 2000). It is now clear that membrane rafts, as well
as actin cytoskeleton, play important role in the intracellular protein and lipid
trafficking, although the exact role of the actin cytoskeleton in this process remains
controversial (Qualmann et al., 2000). Nevertheless, a number of studies suggest that
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membrane rafts and the actin cytoskeleton are ftmctionally, if not physically, linked.
For instance, membrane rafts and actin cytoskeleton are co-localised to the contact
area between T cell and anti-CD3/CD28 coated beads or to the T-cell-APC area in
antigen-stimulated T cells (Viola et ah, 1999; Bi et ah, 2001). Furthermore,
polymerised actin is enriched in membrane rafts patches induced by cross-linking of
membrane-bound cholera toxin B in T cells (Harder and Simons, 1999). However, the
functional relationship between the two intracellular compartments is often
contradictory. On the one hand, some evidence exists to support the notion that the
actin cytoskeleton plays role in recruiting or stabilising lipid rafts (Dustin and Cooper
et ah, 2000). On the other hand, some studies suggest that membrane rafts clustering
can be dissociated from actin cytoskeleton reorganisation. For example, T cells
treated with PPl, a selective inhibitor of Src-family kinases that are required for actin
cytoskeleton reorganisation, did not prevent CTx-induced patch formation (Hardar
and Simons, 1999). Nor did latrucullin, an inhibitor o f actin polymerisation, prevent T
cells from forming membrane rafts upon CTx-mediated GMl cross-linking, albeit
these patches are less condensed than in untreated cells (Harder and Simons, 1999).
Human neutrophils express two structurally distinct Fey receptors, FcyRIIa and
FcyRUIb (Hulett et ah, 1994; Kimberly et ah, 1995). FcyRUa is transmembrane
receptors expressing an intracellular tyrosine activation motif (ITAM) in the
cytoplasmic domain (Cambier, 1995; Isakov 1997). FcyRUIb receptor is GPIanchored receptor and is expressed at a ten times higher density than FyRRa
(Unkeless et ah, 1995). Because of absence of transmembrane and cytoplasmic
domain (Lim et ah, 1996), FcyRIHb receptors have been proposed to act co
operatively with complement receptor 3 (CR3) in the activation of respiratory burst
activity (Zhou and Brown, 1994) or with FcyRIIa in mediating phagocytosis or
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respiratory burst activity (Salmon et al., 1991; Zhou et al., 1995; Huizinga et al.,
1989). The localisation of the FcyRs with membrane rafts have not been addressed.
However, it has been reported that FcyRIHb receptor was in Triton insoluble fi*action
(Cain et al., 1995). It is also noteworthy that the molecules involved in the FcyR and
CR3 signalling such as Src family kinases are enriched in membrane rafts (Sheets et
al., 1999; Holowaka et al., 2000). Therefore, in future studies it will be important to
analyse the role of membrane rafts and FcyR and CR3 signalling.
The precise relationship among actin cytoskeleton, membrane rafts and neutrophil
function is another important area for future studies. In this regard, the experimental
approaches need to be improved and new methodologies need to be developed to
make it possible to address how actin cytoskeleton reorganisation, and membrane
rafts clustering, co-ordinate in the regulation of neutrophil functions such as
phagocytosis, NADPH oxidase activation and degranulation.
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Appendix 1
Crystal screen reagent formulation
Hampton screen 1
Tube Number Salt

Tube Number Buffer

Tube Number Precipitant

1. 0.02 M Calcium Chloride dihydrate
2. None
3. None
4. None
5. 0.2 M tri-Sodium Citrate dihydrate
6. 0.2 M Magnesium Chloride hexahydrate
7. None
8. 0.2 M tri-Sodium Citrate dihydrate
9. 0.2 M Ammonium Acetate
10. 0.2 M
11. None
12. 0.2 M Magnesium Chloride hexahydrate
13. 0.2 M tri-Sodium Citrate dihydrate
14. 0.2 M Calcium Chloride dihydrate
15. 0.2 M
16. None
17. 0.2 M Lithium Sulfate monohydrate
18. 0.2 M Magnesium Acetate tetrahydrate
19. 0.2 M Ammonium Acetate
20. 0.2 M Ammonium Sulfate
21. 0.2 M Magnesium Acetate tetrahydrate
22. 0.2 M Sodium Acetate trihydrate
23. 0.2 M Magnesium chloride hexahydrate
24. 0.2 M
25. None
26. 0.2 M
27. 0.2 M tri-Sodium Citrate dihydrate
28. 0.2 M
29. None
30. 0.2 M
31. 0.2 M
32. None
33. None
34. None

1. 0.1 M Sodium Acetate trihydrate pH 4.6
2. None
3. None
4. 0.1 M Tris Hydrochloride pH 8.5
5.0.1 M H EPES-N a pH 7.5
6. 0.1 M Tris Hydrochloride pH 8.5
7. 0.1 M Sodium Cacodylate pH 6.5
8. 0.1 M Sodium Cacodylate pH 6.5
9. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
10. 0.1 M Sodium Acetate trihydrate pH 4.6
11. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
12.0.1 M HEPES - Na pH 7.5
13. 0.1 M Tris Hydrochloride pH 8.5
14. 0.1 M H EPES-N a pH 7.5
15. 0.1 M Sodium Cacodylate pH 6.5
16. 0.1 M H EPES-N a pH 7.5
17. 0.1 M Tris Hydrochloride pH 8.5
18. 0.1 M Sodium Cacodylate pH 6.5
19. 0.1 M Tris Hydrochloride pH 8.5
20. 0.1 M Sodium Acetate trihydrate pH 4.6
21. 0.1 M Sodium Cacodylate pH 6.5
22. 0.1 M Tris Hydrochloride pH 8.5
23. 0.1 M HEPES - Na pH 7.5
24.0.1 M Sodium Acetate trihydrate pH 4.6
25. 0.1 M Imidazole pH 6.5
26. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
27.0.1 M H EPES-N a pH 7.5
28. 0.1 M Sodium Cacodylate pH 6.5
29. 0.1 M H EPES-N a pH 7.5
30. None
31. None
32. None
33. None
34. 0.1 M Sodium Acetate trihydrate pH 4.6

1. 30% v/v 2-Methyl-2,4-pentanediol
2. 0.4 M Potassium Sodium Tartrate tetrahydrate
3. 0.4 M mono-Ammonium dihydrogen Phosphate
4. 2.0 M Ammonium Sulfate
5. 30% v/v 2-Methyl-2,4-pentanediol
6. 30% w/v Polyethylene Glycol 4000
7. 1.4 M Sodium Acetate trihydrate
8. 30% v/v iso-Propanol
9. 30% w/v Polyethylene Glycol 4000
10. 30% w/v Polyethylene Glycol 4000
11. 1.0 M mono-Ammonium dihydrogen Phosphate
12. 30% v/v iso-Propanol
13. 30% v/v Polyethylene Glycol 400
14. 28% v/v Polyethylene Glycol 400
15. 30% w/v Polyethylene Glycol 8000
16. 1.5 M Lithium Sulfate monohydrate
17. 30% Polyethylene Glycol 4000
18. 20% Polyethylene Glycol 8000
19. 30% v/v iso-Propanol
20. 25% w/v Polyethylene Glycol 4000
21. 30% v/v 2-Methyl-2,4-pentanediol
22. 30% w/v Polyethylene Glycol 4000
23. 30% v/v Polyethylene Glycol 400
24. 20% v/v iso-Propanol
25. 1.0 M Sodium Acetate trihydrate
26. 30 % v/v 2-Methyl-2,4-pentanediol
27. 20% v/v iso-Propanol
28. 30% w/v Polyethylene Glycol 8000
29.0.8 M Potassium Sodium Tartrate tetrahydrate
30. 30% w/v Polyethylene Glycol 8000
31. 30% w/v Polyethylene Glycol 4000
32. 2.0 M Ammonium Sulfate
33. 4.0 M Sodium Formate
34. 2.0 M Sodium Formate

223

35. None

35. 0.1 M H EPES-N a pH 7.5

36. None
37. None
38. None
39. None
40. None
41. None
42. 0.05 M Potassium dihydrogen Phosphate
43. None
44. None
45. 0.2 M Zinc Acetate dihydrate
46. 0.2 M Calcium Acetate hydrate
47. None
48. None
49. 1.0 M Lithium Sulfate monohydrate
50. 0.5 M Lithium Sulfate monohydrate

36. 0.1 M Tris Hydrochloride pH 8.5
37. 0.1 M Sodium Acetate trihydrate pH 4.6
38. 0.1 M H EPES-N a pH 7.5
39. 0.1 M H EPES-N a pH 7.5
40. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
41.0.1 M H EPES-N a pH 7.5
42. None
43. None
44. None
45. 0.1 M Sodium Cacodylate pH 6.5
46. 0.1 M Sodium Cacodylate pH 6.5
47. 0.1 M Sodium Acetate trihydrate pH 4.6
48. 0.1 M Tris Hydrochloride pH 8.5
49. None
50. None

35.
0.8
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

0.8 M mono-Sodium dihydrogen phosphate
M mono-Potassium dihydrogen phosphate
8% w/v Polyethylene Glycol 8000
8% w/v Polyethylene Glycol 4000
1.4 M tri-Sodium Citrate dihydrate
2% v/v Polyethylene Glycol 400, 2.0 M Ammonium Sulfate
20% v/v iso-Propanol, 20% w/v Polyethylene Glycol 4000
10% v/v iso-Propanol, 20% w/v Polyethylene Glycol 4000
20% w/v Polyethylene Glycol 8000
30% w/v Polyethylene Glycol 1500
0.2 M Magnesium Formate
18% w/v Polyethylene Glycol 8000
18% w/v Polyethylene Glycol 8000
2.0 M Ammonium Sulfate
2.0 M mono-Ammonium dihydrogen Phosphate
2% w/v Polyethylene Glycol 8000
15% w/v Polyethylene Glycol 8000

Hampton Screen 2
Tube Number Salt
1. 2.0 M Sodium chloride
2. 0.01 M Hexadecyltrimethylammonium Bromide

Tube Number Buffer
1. None
2. None

3.
4.
5.
6.
7.

3.
4.
5.
6.
7.

None
None
2.0 M Ammonium Sulfate
None
None

8. 1.5 M Sodium Chloride
9. None
10. 0.2 M Sodium Chloride
11. 0.01 M Cobaltous Chloride hexahydrate
12. 0.1 M Cadmium Chloride dihydrate
13. 0.2 M Ammonium Sulfate
14. 0.2 M Potassium Sodium Tartrate tetrahydrate
15. 0.5 M Ammonium Sulfate
16. 0.5 M Sodium Chloride
17. None
18. 0.01 M Ferric Chloride hexahydrate
19. None
20. None

None
None
None
None
None

8. None
9. 0.1 M Sodium Acetate trihydrate pH 4.6
10. 0.1 M Sodium Acetate trihydrate pH 4.6
11. 0.1 M Sodium Acetate trihydrate pH 4.6
12. 0.1 M Sodium Acetate trihydrate pH 4.6
13. 0.1 M Sodium Acetate trihydrate pH 4.6
14. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
15. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
16. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
17. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
18. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
19. 0.1 M tri-Sodium Citrate dihydrate pH 5.6
20. 0.1 M MES pH 6.5
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Tube Number P recipitant
I. 10% w/v PEG 6000
2 0.5 M Sodium Chloride,
0.01 M Magnesium Chloride hexahydrate
3. 25% v/v Ethylene Glycol
4. 35% v/v Dioxane
5. 5% v/v iso-Propanol
6. 1.0 M Imidazole pH 7.0
7. 10% w/v Polyethylene Glycol 1000
10% w/v Polyethylene Glycol 8000
8. 10% v/v Ethanol
9. 2.0 M Sodium Chloride
10. 30% v/v MPD
II. 1.0 M 1,6 Hexanediol
12. 30% v/v Polyethylene Glycol 400
13. 30% w/v Polyethylene Glycol Monomethyl Ether 2000
14. 2.0 M Ammonium Sulfate
15. 1.0 M Lithium Sulfate monohydrate
16. 2% w/v Ethylene Imine Polymer
17. 35% v/v tert-Butanol
18. 10% v/v Jeffamine M-600
19. 2.5 M 1,6 Hexanediol
20. 1.6 M Magnesium Sulfate heptahydrate

21. 0.1 M Sodium dihydrogen phosphate mono

21. 0.1 M MES pH 6.5

22. None
23. 1.6 M Ammonium Sulfate
24. 0.05 M Cesium Chloride
25. 0.01 M Cobaltous Chloride hexahydrate
26. 0.2 M Ammonium Sulfate
27. 0.01 M Zinc Sulfate heptahydrate
28. None
29.0.5 M Ammonium Sulfate
30. None
31. None
32. 0.1 M Sodium Chloride
33. None
34. 0.05 M Cadmium Sulfate hydrate
35. None
36. None
37. None
38. None
39. 0.2 M Magnesium Chloride hexahydrate
40. None
41. 0.01 M Nickel(n) Chloride hexahydrate
42. 1.5 M Ammonium Sulfate
43. 0.2 M mono Ammonium dihydrogen Phosphate
44. None
45. 0.01 M Nickel(U) Chloride hexahydrate
46. 0.1 M Sodium Chloride
47. None
48. 2% v/v Dioxane

22. 0.1 M MES pH 6.5
23.0.1 M MES pH 6.5
24. 0.1 M MES pH 6.5
25. 0.1 M MES pH 6.5
26. 0.1 M MES pH 6.5
27. 0.1 M MES pH 6.5
28. None
29. 0.1 M HEPES pH 7.5
30. 0.1 M HEPES pH 7.5
31.0.1 M HEPES pH 7.5
32. 0.1 M HEPES pH 7.5
33.0.1 M HEPES pH 7.5
34. 0.1 M HEPES pH 7.5
35. 0.1 M HEPES pH 7.5
36. 0.1 M HEPES pH 7.5
37. 0.1 M HEPES pH 7.5
38. 0.1 M HEPES pH 7.5
39. 0.1 M TRIS pH 8.5
40. 0.1 M TRIS pH 8.5
41.0.1 M TRIS pH 8.5
42. 0.1 M TRIS pH 8.5
43.0.1 M TRIS pH 8.5
44. 0.1 MTRIS pH 8.5
45. 0.1 MTRIS pH 8.5
46. 0.1 M Bicine pH 9.0
47. 0.1 M Bicine pH 9.0
48. 0.1 M Bicine pH 9.0

21. 2.0 M Sodium Chloride
0.1 M mono-Potassium dihydrogen Phosphate
22. 12% w/v Polyethylene Glycol 20,000
23. 10% v/v Dioxane
24. 30% v/v Jeffamine M-600
25. 1.8 M Ammonium Sulfate
26. 30% w/v Polyethylene Glycol Monomethyl Ether 5000
27. 25% v/v Polyethylene Glycol Monomethyl Ether 550
28. 1.6 M tri-Sodium Citrate dihydrate pH 6.5
29. 30% v/v MPD
30. 10% w/v Polyethylene Glycol 6000, 5% v/v MPD
31. 20% v/v Jeffamine M-600
32. 1.6 M Ammonium Sulfate
33. 2.0 M Ammonium Formate
34. 1.0 M Sodium Acetate
35. 70% v/v MPD
36. 4.3 M Sodium Chloride
37. 10% w/v Polyethylene Glycol 8000, 8% v/v Ethylene Glycol
38. 20% w/v Polyethylene Glycol 10,000
39. 3.4 M 1,6 Hexanediol
40. 25% v/v tert-Butanol
41. 1.0 M Lithium Sulfate monohydrate
42. 12% v/v Glycerol anhydrous
43. 50% v/v MPD
44. 20% v/v Ethanol
45. 20% w/v Polyethylene Glycol Monomethyl Ether 2000
46. 20% w/v Polyethylene Glycol Monomethyl Ether 550
47. 2.0 M Magnesium Chloride hexahydrate
48. 10% w/v Polyethylene Glycol 20,000

Stura footprint screen
1.15% PEG 600
0.2M Imidazole maleate pH 5.5
2. 10% PEG 4000
0.2M Imidazole maleate pH 7.0
3. 7.5% PEG 10000
0.2M Imidazole maleate pH 8.5
4. 0.75M (NH4)2S04
0.15M Na Citrate pH 5.5
5. 0.8M phosphate

7..24% PEG 600
0.2M Imidazole maleate pH 5.5
8. 15% PEG 4000
0.2M Imidazole maleate pH 7.0
9. 12.5% PEG 10000
0.2M Imidazole maleate pH 8.5
10. l.OM (NH,)2S04
0.15M Na Citrate pH 5.5
1 1 .1 .32M phosphate

13.33% PEG 600
0.2M Imidazole maleate pH 5.5
14. 20% PEG 4000
0.2M Imidazole maleate pH 7.0
15. 17.5% PEG 10000
0.2M Imidazole maleate pH 8.5
16. 1.5M (NH4)2S04
0.15M Na Citrate pH 5.5
17. 1.6M phosphate

NaH2P04-K2HP04

NaH2P04-K2HP04

NaH2P04-K2HP04

6. 0.75M Citrate
lOmM Na Borate pH 8.5

12.
l.OM Citrate
lOmM Na Borate pH 8.5

18. 1.25M Citrate
lOmM Na Borate pH 8.5
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19. 42% PEG 600,
0.2M Imidazole maleate pH 5.5
20. 25% PEG 4000
0.2M Imidazole maleate pH 7.0
21.22.5% PEG 10000
0.2M Imidazole maleate pH 8.5
22. 2.0 M (NH4)2S04
0.15M Na Citrate pH 5.5
23. 2.0M phosphate

NaH2P04-K2HP04
24. 1.5M Citrate
lOmM Na Borate pH 8.5

stura footprint screen
1. 30% PEG MME 550
O.IM HEPES pH 8.2
2. 18% PEG 600
O.IM HEPES pH7.5
3. 18% PEG MME 2K
O.IM Na Cacodylate pH6.5
4. 8% PEG 4000
0.2M Imidazole maleate pH 6.0
5. 12% PEG MME 5000
O.IM Na Acetate pH 5.5
6. 9% PEG 10000
O.IM NHt acetate pH4.5

7. 40% PEG MME 550
O.IM HEPES pH 8.2
8. 27% PEG 600
O.IM HEPES pH7.5
9. 27% PEG MME 2K
O.IM Na Cacodylate pH6.5
10. 15% PEG 4000
0.2M Imidazole maleate pH 6.0
11. 18% PEG MME 5000
O.IM Na Acetate pH 5.5
12. 15% PEG 10000
O.IM NHt acetate pH4.5

13. 50% PEG MME 550
O.IM HEPES pH 8.2
14. 36% PEG 600
O.IM HEPES pH7.5
15. 36% PEG MME 2K
O.IM Na Cacodylate pH6.5
16. 20% PEG 4000
0.2M Imidazole maleate pH 6.0
17. 24% PEG MME 5000
O.IM Na Acetate pH 5.5
18.22.5% PEG 10000
O.IM NHt acetate pH4.5

19. 60% PEG MME 550
O.IM HEPES pH 8.2
20. 45% PEG 600
O.IM HEPES pH7.5
21.45% PEG MME 2K
O.IM Na Cacodylate pH6.5
22. 30% PEG 4000
0.2M Imidazole maleate pH 6.0
23. 36% PEG MME 5000
O.IM Na Acetate pH 5.5
24. 27% PEG 10000
O.IM NHt acetate pH4.5

Molecular Dimensions Limited—Structure screen 1
Tube Number Salt
1. 0.02M Calcium chloride dihydrate
2. 0.2M Ammonium acetate
3. 0.2M Ammonium sulphate
4 . none
5 . none
6 . none
7. 0.2M Ammonium acetate
8. 0.2M Ammonium acetate
9. none
10. none
11. 0.2M Calcium chloride dihydrate
12. none
13. 0.2M tri-sodium citrate dihydrate
14. 0.2M Ammoniium sulphate
15. 0.2M Magnesium acetate tetrahydrate
16. 0.2M Magnesium acetate tetrahydrate
17 .none
18. 0.2M Sodium acetate trihydrate
19. 0.2M Zinc acetate dihydrate
20. 0.2M Calcium acetate hydrate
21. 0.2M tri-sodium citrate dihydrate
22. 0.2M Magnesium chloride hexahydrate
23. 0.2M Calcium chloride dihydrate
24. 0.2M Magnesium chloride hexahydrate
25. 0.2M tri-sodium citrate dihydrate

Tube Number Buffer
1. O.IM Na Acetate trihydrate pH 4.6
2. O.IM Na Acetate trihydrate pH 4.6
3. O.IM Na acetate trihydrate pH 4.6
4. O.IM Na acetate trihydrate pH 4.6
5. O.IM Na acetate trihydrate pH 4.6
6. O.IM Na acetate trihydrate pH 4.6
7. O.IM tri-sodium citrate dihydrate pH 5.6
8. O.IM tri-sodium citrate dihydrate pH 5.6
9. O.IM tri-Sodium citrate dihydrate pH 5.6
10. O.IM Na Citrate pH 5.6
11. O.IM Na acetate trihydrate pH 4.6
12. O.IM Na Cacodylate pH 6.5
13. O.IM Na Cacodylate pH 6.5
14. O.IM Na Cacodylate pH 6.5
15. O.IM Na Cacodylate pH 6.5
16. O.IM Na Cacodylate pH 6.5
17. O.IM Imidazole pH 6.5
18. O.IM Na Cacodylate pH 6.5
19. O.IM Na Cacodylate pH 6.5
20. O.IM Na Cacodylate pH 6.5
21. O.IM Na Hepes pH 7.5
22. O.IM Na Hepes pH 7.5
23. O.IM Na Hepes pH 7.5
24. O.IM Na Hepes pH 7.5
25. O.IM Na Hepes pH 7.5
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Tube Number Precipitant
1. 30% v/v 2-methyl-2-4- pentanediol
2. 30% w/v PEG 4000
3. 25% w/v PEG 4000
4. 2.0M Sodium formate
5. 2.0M Ammonium sulphate
6. 8% w/v PEG 4000
7. 30% w/v PEG 4000
8. 30% v/v 2-methyl-2-4-pentanediol
9. 20% w/v 2-propanol- 20% w/v PEG 4000
10.1 .OM Ammonium dihydrogen phosphate
11. 20% v/v 2-propanol
12. 1.4M Na acetate trihydrate
13. 30% v/v 2-propanol
14. 30% w/v PEG 8000
15. 20% PEG 8000
16. 30% v/v 2-methyl-2-4-pentanediol
17. 1.OM Sodium acetate trihydrate
18. 30% w/v PEG 8000
19. 18% w/v PEG 8000
20. 18% w/v PEG 8000
21. 30% v/v 2-methyl-2-4-pentanediol
22. 30% v/v 2-propanol
23. 28% v/v PEG 400
24. 30% v/v PEG 400
25. 20% v/v 2-propanol

2 6 .none
2 7 .none
2 8.none

26. O.IM Na Hepes pH 7.5
27. O.IM Na Hepes pH 7.5
28. O.IM Na Hepes pH 7.5

29. none
30. none
3 1 .none
3 2 .none
33. 0.2M Magnesium chloride hexahydrate
34. 0.2M tri-sodium citrate dihydrate
35. 0.2M Lithium sulphate monohydrate
36. 0.2M Ammonium acetate
37. 0.2M Sodium acetate trihydrate
3 8 .none
39. none
40. none
41. none
42. 0.2M Ammonium sulphate
43. 0.2M Ammonium sulphate
4 4 .none
4 5 .none
46. 0.05M Potassium dihydrogen phosphate
4 7 .none
4 8 .none
49. 1.OM Lithium sulphate monohydrate
50. 0.5M Lithium sulphate monohydrate

29. O.IM Na Hepes pH 7.5
30. O.IM Na Hepes pH 7.5
31. O.IM Na Hepes pH 7.5
32. O.IM Iris HCl pH 8.5
33. O.IM Tris HCl pH 8.5
34. O.IM Tris HCl pH 8.5
35. O.IM Tris HCl pH 8.5
36. O.IM Tris HCl pH 8.5
37. O.IM Tris HCl pH 8.5
38. O.IM Tris HCl pH 8.5
39. O.IM Tris HCl pH 8.5
40. None
41. None
42. None
43. None
44. None
45. None
46. None
47. None
48. None
49. None
50. None

26. 0.8M K- Na tartrate tetrahydrate
27. 1.5M Lithium sulphate monohydrate
28. 0.8M Na dihydrogen phosphate
0.8M K monohydrogen phosphate
29. 1.4M tri-Sodium citrate dihydrate
30. 2% v/v PEG 400- 2.0M Amm sulphate
31. 10% v/v 2-propanol- 20% w/v PEG 4000
32. 2.0M Ammonium sulphate
33. 30% w/v PEG 4000
34. 30% v/v PEG 400
35. 30% w/v PEG 4000
36. 30% v/v 2-propanol
37. 30% w/v PEG 4000
38. 8% w/v PEG 8000
39. 2.0M Ammonium dihydrogen phosphate
40. 0.4M K- Na Tartrate tetrahydrate
41. 0.4M Ammonium dihydrogen phosphate
42. 30% w/v PEG 8000
43. 30% w/v PEG 4000
44. 2.0M Ammonium sulphate
45. 4.0M Sodium formate
46. 20% w/v PEG 8000
47. 30% w/v PEG 1500
48. 0.2M Magnesium formate
49. 2% w/v PEG 8000
50. 15% w/v PEG 8000

Molecular Dimensions Limited—-Structure screen 2
Tube Number Salt
1. O.IM Sodium chloride
2 . none
3. 2% w/v Dioxane
4. 0.2M Magnesium chloride hexahydrate
5. none
6. 0.0 IM Nickel chloride hexahydrate
7. 1.5M Ammonium sulphate
8. 0.2M Ammonium phosphate monobasic
9. none
10. 0.0 IM Nickel chloride hexahydrate
11. 0.5M Ammonium sulphate
12 .none
1 3 .none

Tube Number P recipitant
1. 30% w/v PEG monomethylether 550
2. 2.0M Magnesium chloride hexahydrate
3. 10% w/v PEG 20000
4. 3.4M 1-6 Hexanediol
5. 25% v/v tert-Butanol
6. 1.OM Lithium sulphate
7. 12% v/v Glycerol
8. 50% v/v MPD
9. 20% v/v Ethanol
10. 20% w/v PEG monomethylether 2000
11. 30% v/v MPD
12. 10% w/v PEG 6000- 5% v/v MPD
13. 20% v/v Jeffamine M-600

Tube Number B uffer
1 .O.IM Bicine pH 9.0
2. O.IM Bicine pH 9.0
3. O.IM Bicine pH 9.0
4. O.IM Tris pH 8.5,
5.0.IM Tris pH 8.5
6. O.IM Tris pH 8.5
7. O.IM Tris pH 8.5
8. O.IM Tris pH 8.5
9.0.1M Tris pH 8.5
10. O.IM Tris pH 8.5
11. O.IM Hepes pH 7.5
12. O.IM Hepes pH 7.5
13. O.IM Hepes pH 7.5
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14. O.IM Sodium chloride
15. none
16. 0.05M Cadmium sulphate octahydrate
17. none
18. none
19. none
20. none
21. O.IM Na phosphate monobasic
22. none
23. 1.6M Ammonium sulphate
24. 0.05M Cesium chloride
25. O.OIM Cobalt chloride hexahydrate
26. 0.2M Ammonium sulphate
27. O.OIM Zinc sulphate heptahydrate
2 8 .none
29. 0.2M K/Na Tartrate
30. 0.5M Ammonium sulphate
31. 0.5M Sodium chloride
3 2 .none
33. O.OIM Ferric chloride hexahydrat
34. O.OIM Manganese chloride tetrahydrate
35. none
36. 0.2M Sodium Chloride
37. O.OIM Cobalt Chloride hexahydrate
38. O.IM Cadmium chloride
39. 0.2M Ammonium sulphate
40. 2.0M Sodium Chloride
41. O.OIM Cetyl trimethyl ammoniumbromide
42. none
43. none

14. O.IM Hepes pH 7.5
15. O.IM Hepes pH 7.5
16. O.IM Hepes pH 7.5
17. O.IM Hepes pH 7.5
18. O.IM Hepes pH 7.5
19. O.IM Hepes pH 7.5
20. O.IM Mes pH 6.5
21. O.IM Kphosphate monobasic
22. O.IM Mes pH 6.5
23. O.IM Mes pH 6.5
24. O.IM Mes pH 6.5
25. O.IM Mes pH 6.5
26. O.IM Mes pH 6.5
27. O.IM Mes pH 6.5
28. O.IM Hepes pH 7.5
29. O.IM Sodium citrate pH 5.6
30. O.IM Sodium citrate pH 5.6
31. O.IM Sodium citrate pH 5.6
32. O.IM Sodium citrate pH 5.6
33. O.IM Sodium citrate pH 5.6
34. O.IM Sodium citrate pH 5.6
35. O.IM Sodium acetate pH 4.6
36. O.IM Sodium acetate pH 4.6
37. O.IM Sodium acetate pH 4.6
38. O.IM Sodium acetate pH 4.6
39. O.IM Sodium acetate pH 4.6
40. None
41. 0.5M Sodium chloride
42. None
43. None

14. 1.6M Ammonium sulphate
15. 2.0M Ammonium formate
16. l.OM Sodium acetate
17. 70% v/v MPD
18. 4.3M Sodium chloride
19. 10% w/v PEG 8000,8% v/v Ethylene glycol
20. 1 6M Magnesium sulphate heptahydrate
21. O.IM Mes pH 6.5 / 2.0M Sodium Chloride
22. 12% w/v PEG 20000
23. 10% v/v Dioxane
24. 30% v/v Jeffamine M-600
25. 1.8M Ammonium sulphate
26. 30% v/v PEG monomethylether 5000
27. 25% w/v PEG monomethylether 550
28. 20% w/v PEG 10000
29. 2.0M Ammonium sulphate
30. l.OM Lithium sulphate
31. 4% w/v polyethyleneimine
32. 35% v/v tert-butanol
33. 10% v/v Jeffamine M-600
34. 2.5M 1-6 Hexanediol
35. 2.0M Sodium chloride
36. 30% v/v MPD
37. l.OM 1-6 Hexanediol
38. 30% v/v PEG 400
39. 30% w/v PEG monomethylether 2000
40. 10% w/v PEG 6000
41. O.IM Magnesium chloride hexahydrate
42. 25% v/v Ethylene glycol
43. 35% v/v Dioxane

44. 2.0M Ammonium Sulphate

44. None

44. 5% v/v Isopropanol

4 5 .none
46. none
47. 1.5M Sodium Chloride
48. none
4 9 .none
5 0 .none

45. None
46. None
47. None
48. None
49. None
50. None

45.
46.
47.
48.
49.
50.
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l.OM Imidazole pH 7.0
10% w/v PEG 1000- 10% w/v PEG 8000
10% v/v Ethanol
1.6M Sodium citrate pH 6.5
15% w/v Polyvinylpyrolidone
2.0M Urea

Additive screen 2
Tube Number Additive
1. Sodium Iodide
2. L-cysteine
3. Ethylenediaminetetraacetic acid Na Salt
4 . 13-Nicotinamide adenine dinucleotide
5. Adenosine-5'-triphosphate disodium salt
6. D(+)-Glucose monohydrate
7. D(+)-Sucrose
8. Xylitol
9. Spermidine
10. Spermine tetra-HCl
11. 6-Aminocaproic Acid
12. 1,5-Diaminopentane di-HCl
13. 1,6-Diaminohexane
14. 1,8-Diaminooctane
15. Glycine
16. Glycyl-glycyl-glycine
17. Hexaminecobalt Trichloride
18. Taurine
19. Betaine monohydrate
20. Polyvinylpyrrolidone K15
21. Non-detergent Sulfo-betaine 195
22. Non-detergent Sulfo-betaine 201
23. Phenol
24. Dimethyl Sulfoxide

MW
Classification
ion
149.89
reducing agent
121.16
chelator
co-factor
co-factor
carbohydrate
carbohydrate
carbohydrate
polyamine
polyamine
linker
linker
linker
linker
linker
organic
polyamine
linker
linker
polymer
non-detergent solubilizing agent
non-detergent solubilizing agent
Chaotrope
dissociating agent

372.24
663.43
551.15
198.17
342.30
152.15
142.25
348.18
131.18
175.10
116.21
144.26
75.07
189.17
267.48
125.15
135.16
10,000
195
201
94.11
78.13

Concentration
l.OM
O.IM
O.IM
O.IM
O.IM
30% (w/v)
30% (w/v)
30% (w/v)
O.IM
O.IM
30% (w/v)
30% (w/v)
30% (w/v)
30% (w/v)
l.OM
0.3M
O.IM
O.IM
0.1
5% (w/v)
3.0M
3.0M
O.IM
30% (v/v)

suggested drop concentration
O.IM
O.OIM
O.OIM
O.OIM
O.OIM
3% (w/v)
3% (w/v)
3% (w/v)
O.OIM
O.OIM
3% (w/v)
3% (w/v)
3% (w/v)
3% (w/v)
O.IM
0.03M
O.OIM
O.OIM
O.OIM
0.5% (w/v)
0.3M
0.3M
O.OIM
3% (v/v)

concentration
l.OM
l.OM
l.OM

suggested drop concentration
O.IM
O.IM
O.IM

Additive screen 3
Tube Number Additive
1. Ammonium sulfate
2. Cesium chloride
3. Potassium chloride

Classification
salt
salt
salt

MW
132.14
168.36
75.56
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4. Lithium chloride
5. Sodium chloride
6. Sodium fluoride
7. Sodium thiocyanate
8. Dextran sulfate, sodium salt
9. Jeffamine M-600 pH 7.0
10. 2,5 Hexanediol
11. (±)-l,3 Butanediol
12. Polypropylene glycol P 400
13. 1,4 Butanediol
14. tert-Butanol
15. 1,3 Propanediol
16. Acetonitrile
17. Gamma butyrolactone
18. n-Propanol
19. Ethyl acetate
20. Acetone
21. Dichloromethane
22. n-Butanol
23. 2,2,2 Trifluoroethanol (TFE)
24. 1,4-Dithio-DL-threitol (DTT)

salt
salt
salt
salt
polymer
organic, non-volatile
organic, non-volatile
organic, non-volatile
organic, non-volatile
organic, non-volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
organic, volatile
reducing agent volatile

42.39
58.44
41.99
81.07
-5,000
-600
118.18
92.12
400
92.12
74.12
76.12
41.05
86.09
60.10
88.11
58.08
84.93
74.12
100.04
154.25

l.OM
2.0M
0.5M
2.0M
30% (w/v)
50% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
40% (v/v)
5% (v/v)
40% (v/v)
0.25% (v/v)
7% (v/v)
40% (v/v)
O.IM

O.IM
0.2M
0.05M
0.2M
3% (w/v)
5% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
4% (v/v)
0.5% (v/v)
4% (v/v)
0.025% (v/v)
0.7% (v/v)
4% (v/v)
O.OIM

Detergent Screen 1
Tube number detergent
l.C .zE ,

Classiflcation
nonaethylene glycol monododecyl ether, nonaethylene glycol monolauryl ether,
polyoxyethylene (9) ether
octaethylene glycol monododecyl ether, octaethylene glycol monolauryl ether,
2 .C 12E8
polyoxyethylene (8) lauryl ether
3. Dodecyl-P-D-maltoside
n-Dodecyl-B-D-maltopyranoside
4. Sucrose monolaurate
Laurie acid sucrose ester
5. CYMAL®-6
Cyclohexyl-pentyl-6-D-maltoside
6. Triton® X-100
Nonaethylene glycol octylphenol ether
7. CTAB
Cetyltrimethylammonium bromide
8. Deoxy BigChap
N, N-bis(3-D-gluconamidopropyl)-deoxycholamine
9. n-Decyl-P-D-maltoside
Decyl-S-D-maltopyranoside
10. LDAO
Lauryldimethylamine oxide
11. CYMAL®-5
Cyclohexyl-pentyl-B-D-maltoside
12. ZWITTERGENT® 3-12
n-Dodecylsulfobetaine, 3-(Dodecyldimethylammonio)propane-l-sulfonate
13. Nonyl-P-D-glucoside
Nonyl-6-D-glucopyranoside
14. 1-s-octyl-P-D-thioglucoside Octyl-B-D-thioglucopyranoside', OSG
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MW
583.1

CMC (mM)
0.08

[Actual] (mM)
0.8

Type
N

539.1

0.11

1.1

N

510.6
524.6
508.5
631.0
346.5
862.1
482.6
229.4
494.5
335.5
306.4
308.4

0.17
0.20
0.56
0.90
1.0
1.40
1.8
2.00
2.40
4.00
6.50
9.00

1.7
2.0
5.6
9.0
10.0
14.0
18.0
20.0
24.0
40.0
65.0
90.0

N
N
N
N
I
N
N
N
N
Z
N
N

15. DDAO
16. HECAMEG
17. n-Octanoylsucrose
18. Heptyl-P-D-thioglucoside
19. n-Octyl-P-D-glucoside
20. CYMAL®-3
21.C-HEGA-10
22. ZWITTERGENT® 3-10
23. MEGA-8
24. n-Hexyl-p-D-glucoside

N,N-Dimethyldecylamine-B-oxide
Methyl-6-0-(N-heptylcarbamoyl)-a-D-glucopyranoside
Sucrose monocaproylate, n-Octanoyl-6-D-fructofuranosyl-a-D-glucopyranoside
Heptyl-B-D-thioglucopyranoside
Octyl-li-D-glucopyranoside, OG
Cyclohexyl-propyl-B-D-maltoside
Cyclohexylbutanoyl-N-hydroxyethylglucamide
n-decylsulfobetaine, 3-(Decyldimethylammonio)propane-l -sulfonate
Octanoyl-N-methylglucamide, OMEGA
Hexyl-B-D-glucopyranoside

* N=non-ionic, l=ionic, Z =Z W ITT E R IO N IC
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201.4
335.4
468.5
274.3
292.4
466.5
363.5
307.6
321.4
264.3

10.4
19.5
24.4
30.0
24.5
34.5
35.0
40.0
79.0
250.0

104.0
195.0
244.0
300.0
245.0
345.0
350.0
400.0
790.0
2500.0

N
N
N
N
N
N
N
Z
N
N

Appendix 2

Scoring sheet 1

Sample: Hp40PX
Reservoir volume: 0.5ml
Method: hanging drop

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sample+lpl Reservoir

5mg/ml
P
P
0
P
P
ps
P
P
ps
p
ps
p
c
p
p
p
ps
p
p
p
p
p
p
p
ps
p
p
p
ps
p
p
p
p
p
p
ps
p
p
p
p
p
c
p
ps
p
p
p
p

RT
2mg/ml
p
c
c
p
p
ps
c
p
p
p
p
p
0
p
p
p
ps
p
p
p
p
p
0
p
p
p
p
p
p
p
p
p
p
c
p
p
p
p
p
p
p
c
p
c
p
c
p
p

p
p

p
p

Hampton screen 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.5mg/ml
c
c
c
p
p
c
p
p
p
p
p
p
c
c
p
p
c
c
p
p
p
p
c
p
c
c
c
p
ps
p
p
p
p
p
p
p
ps
p
p
c
p
c
p
c
p
c
p
p
0

p
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5mg/ml
c
c
c
c
c
P
c
c
p
p
c
c
c
c
p
c
p
p
p
p
c
p
c
p
c
c
c
p
c
p
p
c
p
0
c
c
c
p
c
p
p
p
p
c
p
p
p
c

4®C
2mg/ml
0
c
c
c
c
p
c
c
c
p
c
c
c
c
p
c
c
p
c
p
c
c
c
c
c
c
c
p
c
p
p
c
p
c
c
c
c
c
c
p
c
c
p
c
c
c
c
c

c
c

c
c

0.5mg/ml

-

-

-

-

Scoring sheet 2
Sample: Hp40PX
Reservoir volume: 0.5ml

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sançle+lpl Reservoir

Method: hanging drop
Hampton screen 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46
47
48

5mg/ml
c
P
P
P
P
P
ps
P
P
P
P
P
P
P
P
c
P
P
P
c
p
p

RT
2mg/ml
c
p
p
p
p
p
ps
0
p
p
p
p
p
p
p
ps
p
c
p
c
c
p

0.5mg/ml
c
p
p
p
p
c
c
c
p
p
c

p
c
p
p
c
p
p
ps
c
c
p

5mg/ml
c
c
P
P
c
c
p
c
p
c
c
c
p
p
c
c
p
c

c
c
c
p
0

4°C
2mg/ml
c
c
c
c
c
p
c
c
c
p
c
c
c
c
p
c
c
p
c

p
c
c
c

p
p
p

c

c

p
p

p

c

p

ps

c

p
p
p
p
p
p

p
p
p
p
p
p
p

c
c
c
c
c

p
p
p
p

c
c
c

p

0

c

0

c
c
c
c

p
p

c

p
p
p
p
ps+p
ps

p
p
p
p
p
p
p

c

p
p
p
p
p
p
p
p
p
p
p
c

ps

ps

p

p

c

p
c
c
c
c
c
c
c
c
c
c

p
c

0

p
p
c
c

0
c
c

p+ps
c

p
p
p

p
c
c
c

c
c

233

c

p
c
c
c
c
c
c

p
c
c

p
c
c
c
c

p

0.5mg/ml
-

-

Scoring sheet 3
Sample: Hp47PX
Reservoir volume: 0.5ml

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sample+lpl Reservoir

Method: hanging drop

room temperature

Hampton screen 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

2.5mg/ml
c
P
P
c
c
p
p
c
ps
c
Ip
c
c
c
ps
ps
ps
Ip
c
c
c
c
Ip
c
p
c
p
ps
ps
c
c
c
c
c
c
c
c
c
ps
ps
c
c
c
Ip
c
c
c
c
p
p

lOmg/ml
P
P
P
P
c
P
P
P
ps
p
p
p
p
p
ps
ps
ps
p
p
p
p
p
p
p
p
p
p
ps
ps
p
p
p
p
p
p
p
p
p
ps
ps
p
p
p
p
p
p
p
p
p
p
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Scoring sheet 4
Sample: Hp47PX
Reservoir volume: 0.5ml

Method: hanging drop

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sample+lpl Reservoir

room temperature

Hampton screen 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

lOmg/ml
P
c
P
c
p
c
p
p
p
p
p
p
p
p
ps
p
p
p
p
p
p
p
ps
p
p
ps
p
p
p
ps
p
ps
p
p
p
ps
p
p
p
p
p
ps
p
p
p
p
p
p

2.5mg/ml
Ip
c
Ip
c
c
c
c
Ip
c
c
c
c
c
c
ps
p
c
Ip
c
p
p
Ip
ps
Ip
c
ps
c
c
c
ps
c
ps
p
c
Ip
ps
p
Ip
c
c
c
ps
c
0
c
Ip
p
Ip
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Scoring sheet 5
Sample: Hp47PX (7mg/ml)
Reservoir volume: 0.5ml

Method: hanging drop
Conditions
100 mM MES pH 5.6
0.75M ammonium sulfate
lOOmM MES pH 5.6
1.5M ammonium sulfate
lOOmM MES pH 5.6
2.25M ammonium sulfate
lOOmMMES pH 5.6
lOOmM MES pH 6.5
0.75M ammonium sulfate
lOOmMMES pH 6.5
1.5M ammonium sulfate
lOOmM MES pH 6.5
2.25M ammonium sulfate
lOOmM MES pH 6.5
lOOmM HEPES pH7.5
0.75Mammonium sulfate
lOOmM HEPES pH7.5
1.5M ammonium sulfate
lOOmM HEPES pH7.5
2.25M ammonium sulfate
lOOmM HEPES pH7.5
lOOmM Tris pH 8.5
0.75M ammonium sulfate
lOOmM Tris pH 8.5
1.5M ammonium sulfate
lOOmM Tris pH 8.5
2.25Mammonium sulfate
lOOmM Tris pH 8.5
lOOmM CHES pH 9.5
0.7 5Mammonium sulfate
lOOmM CHES pH 9.5
1.5Mammonium sulfate
lOOmM CHES pH 9.5
2.25Mammonium sulfate
lOOmM CHES pH 9.5
lOOmMCAPS pH 10.5
0.755Mammonium sulfate
lOOmM CAPS pH 10.5
1.5Mammonium sulfate
lOOmM CAPS pH 10.5
2.25Mammonium sulfate
lOOmM CAPS pH 10.5

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sample+lpl Reservoir

room temperature
without 0.2% P-OG
c
c

with 0.2% p-OG
c
c

IP

Ip

Ip

Ip

Ip
c

Ip
c

Ip

Ip

P

p

IP
Ip

Ip
Ip

Ip

Ip

P

p

Ip
Ip

Ip
Ip

ps

c

p

p

p
Ip

p
Ip

ps

ps

Ip

Ip

ps
Ip

Ip

c

c

c

236

Scoring sheet 6
Sample: Hp40PX and Hp47PX
Reservoir volume: 0.5ml

Method: hanging drop
Conditions

Sample: 300mM NaCl 300mM Imidazole pHS.O
Drop volume: 1pi san^le+l pi Reservoir

room temperature
16mg/ml Hp40PX

5% Isopropanol
O.IM HEPES pH 7.5
0.2M NaCl
5% Isopropanol
O.IM Tris pH 8.5
5% Isopropanol
O.IM Cacodylate pH 7.0
0.2M Zinc acetate
5% Isopropanol
0. IM Na phosphate / citrate
pH 4.0
0.2M Lithium sulphate
5% Isopropanol
O.IM MES pH 6.0
0.2M Calcium acetate
5% Isopropanol
O.IM imidazole pH 8.0
15% Ethanol
O.IM CHES pH 9.5
15% Ethanol
O.IM Imidazole pH 8.0
0.2M Magnesium chloride
15% Ethanol
O.IM HEPES pH 7.5
0.2M Magnesium chloride
15% Ethanol
O.IM Sodium citrate pH 5.5
0.2M Lithium sulphate
15% Ethanol
O.IM Tris pH 7.0
15% Ethanol
O.IM MES pH 5.9
0.2M Zinc acetate
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lOmg/ml Hp47PX

Scoring sheet 7
Sample: Hp47
Reservoir volume: 0.5ml
Method: hanging drop
Hampton screen 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl sample+l}xl Reservoir
room temperature
12mg/ml
P
c
c
P
c
ps
c
p
ps
p
c
p
p
p
ps
c
ps
p
p
p
ps
ps
p
p
c
ps
p
ps
c
p
ps
p
p
p
c
ps
p
c
ps
ps
ps
p
p
c
p
p
p
p
ps
ps

6mg/ml
c
c
0
c
c
ps
c
c
ps
p
c
c
c
0
ps
c
ps
p
p
p
ps
ps
Ip
p
c
ps
p
ps
c
p
ps
p
c
p
c
ps
p
c
ps
ps
ps
p
p
c
p
p
p
p
ps
ps
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Scoring sheet 8
Sample: Hp47
Reservoir volume: 0.5ml
Method: hanging drop
Hampton screen 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: 1pi sample+1 pi Reservoir
room tenq)erature
12mg/ml
P
c
P
c
p
c
p
p
p
p
p
p
p
p
c
c
p
p
p
c
c
ps
ps
p
p
ps
ps
c
ps
ps
p
ps
p
p
p
c
p
p
p
ps
c
ps
p
p
p+ps
p
ps
ps

3mg/ml
P
c
p
c
c
c
p
p
p
p
p
p
p
p
c
c
p
p
p
c
c
ps
ps
p
p
ps
ps
c
ps
ps
p
ps
p
p
p
c
p
p
p
ps
c
ps
p
p
ps
p
ps
ps
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Scoring sheet 9
Sample: Hp47
Reservoir volume: 0.5ml
Method: hanging drop
Stura footprint Screen
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Sample: 20mM HEPES lOOmM NaCl pH7.0
Drop volume: Ipl san^le+lpl Reservoir
Room tenperature
3mg/ml
c
ps
ps
c
c
c
c
ps
ps
c
c
c
0
p
p
0
c
c
p
p
p
c
c
c
ps
p
ps
c
ps
p
ps
p
ps
c
ps
p
p
p
ps
ps
ps
p
p
p
p
ps
p
p

12mg/ml
P
ps
ps
c
c
c
p
ps
' ps
c
c
c
p
p
p
c
c
c
p
p
p
c
c
p
ps
p
ps
c
ps
p
ps
p
ps
ps
ps
p
p
p
p
ps
ps
p
p
p
p
p
p
p
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Scoring sheet 19
Sample: Hp47
Reservoir volume: 0.5ml
Method: hanging drop
G .lM C H E S p H 8.6
G.IMCHES pH 8.8
G.IMCHES pH9.G
G.IMCHES pH 9.2
G.IMCHES pH 9.4
G.IMCHES pH 9.6
G.IMCHES pH 8.6
G.75M (NH4)2S04
G.IMCHES pH 8.8
G.75M (NH4)2S04
G.IMCHES pH9.G
G.75M (NH4)2S04
G.IMCHES pH 9.2
G.75M (NH4)2S04
G.IMCHES pH 9.4
G.75M (NH4)2S04
G.IMCHES pH 9.6
G.75M (NH4)2S04
G.IMCHES pH 8.6

Sample: 20mM HEPES IGOmMNaClpHV.G
Drop volume: Ipl sample+lpl Reservoir
Room temperature
With P-OG
c
c
c
c
c
c
ps

Without P-OG
c

ps
ps
ps

ps

ps

1.5M(NH4)2S04
G.IMCHES pH 8.8

1.5M(NH4)2S04
G.IMCHES pH9.G
1.5M (NH4)zS04
G.IMCHES pH 9.2
1.5M (NH4)2S04
G.IMCHES pH 9.4
1.5M (NH4)2S04
G.IMCHES pH 9.6
1.5M (NH4)2S04
G.IMCHES pH 8.6
2.25M (NH4)2S04
G.IMCHES pH 8.8
2.25M (NH4)2S04
G.IMCHES pH9.G
2.25M (NH4)2S04
G.IMCHES pH 9.2
2.25M (NH4)2S04
G.IMCHES pH 9.4
2.255M (NH4)2S04
G.IMCHES pH 9.6
2.25M (NH4)2S04
p=precipitate, lp=light precipitate, ps=phase separation, c=clear drop.
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Appendix 3

Scoring sheet 1

Sample: Hp47-p67 (300-460)
Reservoir volume: 0.5ml
Protein concentration: 30mg/ml

Buffer: 20mM HEPES lOOmMNaCl pH7.0
Drop size: 1.5pl +1.5pl
Tenperature: 4°C

MDL screen 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Micro-bridge
(evaporate sitting drop)
P
P
ps
P
P
P
ps
P
ps

Micro-batch
(non-evaporate sitting drop)
P
P+ps
ps
P
P
ps
ps
c
c
c

P
P
P
P
ps
ps
P
P
ps
P
ps
c
P
P
P
c
c
ps
ps+p
p
c
ps
ps
ps
c
ps
ps+p
ps
c

p
p
c
ps
ps
c
c
ps
sk
c
c
c
c
c
c
c
c
p
ps
ps
ps
ps
ps
c
ps
c
ps
ps

p
c
c

p
c
c
p+ps
ps
c
c
ps
ps
ps
c

p
ps
ps
p
c
p
c
p
p

p
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Scoring sheet 2
Buffer: 20mM HEPES lOOmMNaCl pH7.0
Sample: Hp47-p67 (300-460)
Reservoir volume: 0.5ml
Drop size: l.Spl +1.5pl
Protein concentration: 30mg/ml
Temperature: 4°C
Micro-batch
MDL screen 2
Micro-bridge
(non-evaporate sitting drop)
(evaporate sitting drop)
1
ps
P
2
c
c
3
c
ps
4
c
c
5
c
c
6
c
ps
7
c
c
8
c
p
9
ps
c
sk+ps
10
p
11
c
p
ps
12
c
c
13
c
14
c
c
c
15
c
16
p
p
17
p
p
c
18
c
c
ps
19
20
c
c
21
c
c
22
ps
c
c
23
c
24
c
p
25
c
p
26
ps
ps
27
c
ps+p
28
ps
ps
29
c
p
30
c
p
31
c
c
32
c
p
33
c
c
34
c
c
ps+p
35
p
36
quisa
p
37
P
p
38
ps+p
p
39
c
ps
40
p
P
41
ps
P
42
c
c
43
c
p
44
ps
p
45
c
p
46
c
c
47
c
c
48
ps
p
49
c
ps
50
c
c
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Scoring sheet 3
Sample; Hp47-p67 (300-460)
Drop size: 1.5 |li 1 + l.Spl
Protein concentration: 30mg/ml

Buffer: 20mM HEPES lOOmMNaCI pH7.0
Temperature: 4°C
Method: micro-batch

O.lM NaAC pH4.6
0.2M NaCl 24% MPD
O.lM NaAC pH4.6
0.2M NaCl 26% MPD
O .lM NaAC pH4.6
0.2M NaCl 28% MPD
O .lM NaAC pH4.6
0.2M NaCl 30% MPD
O .lM NaAC pH4.6
0.2M NaCl 32% MPD
0. IM NaAC pH4.6
0.2M NaCl 34% MPD
0.1M N aA C pH 4.6
0.05M NaCl 30% MPD
O.lM NaAC pH4.6
0.1M NaC130% MPD
O.lM NaAC pH4.6
0.15M NaCl 30% MPD
O.lM NaAC pH4.6
0.2M NaCl 30% MPD
O .lM NaAC pH4.6
0.25M NaCl 30% MPD
O.lM NaAC pH4.6
0.3M NaCl 30% MPD
O.lM NaAC pH4.6(Kit)
0.2M NaCl 30% MPD
O.lM NaAC pH4.6(Kit)
0.2M NaCl 30% MPD

ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
ps+quisa
s+quisa
ps+quisa

0.25M NaCl
0.5M NaCl
0.75M NaCl
l.OMNaCl
1.25M NaCl
l.SM N aC l
1.75M NaCl
2.0M NaCl
2.25M NaCl
2.5M N aC l
2.75M NaCl
3M NaCl

c

0
c
c
c
c
c

0
c
c
c
c
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Scoring sheet 4
Sample: Hp47-p67 (300-460)
Buffer: 20mM HEPES 100mMNaClpH7.0
drop size: protein l.Spl + MDL-2 (36) 1.2pi +0.3pl additive or detergent
Protein concentration: 30mg/ml
Method: micro-batch
Temperature: 4°C
Additive screen 2
1
P
2
p+ps
p+ps
3
4
p+ps
5
P
6
ps
7
P
8
P
ps
9
10
ps
11
ps
12
c
13
ps
14
ps
15
ps+quisa
16
ps+p
17
P
18
ps
19
ps
20
ps
21
ps
22
ps
23
P
24
ps

Additive screen 2
1
P
2
ps
3
ps
4
P
5
P
6
ps+quisa
7
ps
8
ps+quisa
9
c
10
ps
11
ps
12
P
13
ps
14
plates
15
ps+quisa
16
ps+quisa
17
ps
18
ps
19
ps
20
ps
21
ps+p
22
P
23
ps+quisa
24
ps
Detergent screen 1
1
ps
2
ps
3
ps
4
ps+p
5
ps+p
6
ps
7
P
8
ps
9
P
10
P
11
P
12
P
13
P
14
P
15
P
16
P
17
P
18
P
19
P
20
P
21
P
22
P
23
P
24
P
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Scoring sheet 5
Sample: Hp47-p67 (300-460)
Buffer: 20mM HEPES lOOmMNaCl pH7.0
Drop size: protein 1.5fxl + Screen buffer 1.2|il +0.3pi 30% 1,8-diaminooctane
Method: micro-batch
4°C
30mg/ml

22°C
42mg/ml
O .lM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O .lM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
(without additive)
O.IM NaAc pH 5.1
0.2M NaCl 26%MPD
O .lM N aA c pH 5.1
0.2M NaCl 28%MPD
O .lM NaAc pH 5.1
0.2M NaCl 30%MPD
O.IM NaAc pH 5.1
0.2M NaCl 32%MPD
O.IM NaAc pH 5.1
0.2M NaCl 34 %MPD
O.IM NaAc pH 5.1
0.2M NaCl 36%MPD
O.IM NaAc pH 4.6
0.2M NaCl 26%MPD
O.IM NaAc pH 4.6
0.2M NaCl 28%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 32%MPD
O.IM NaAc pH 4.6
0.2M NaCl 34%MPD
O.IM NaAc pH 4.6
0.2M NaCl 36%MPD
0. IM NaAc pH 4.25
0.2M NaCl 26%MPD
O.IM NaAc pH 4.25
0.2M N aC l 28%MPD
O .lM N aA c pH 4.25
0.2M NaCl 30%MPD
O.IM NaAc pH 4.25
0.2M NaCl 32%MPD
O.IM NaAc pH 4.25
0.2M NaCl 34%MPD
O.IM NaAc pH 4.25
0.2M NaCl 36%MPD

42mg/ml

ps

plates

ps

plates

rod cluster

plates

rod cluster

plates

rod cluster

plates
ps+quisa

rod cluster

plates

rod cluster

plates

rod cluster

c

rod cluster

c

Ip

plates

Ip

Plates

rod cluster

c

c

c

c

Plates

rod cluster

Plates

rod cluster

c

rod cluster

c

rod cluster

Plates

rod cluster

Plates

rod cluster

Plates

Ip

c

rod cluster

c

Ip

c
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Scoring sheet 6
Sample: Hp47-p67 (300-460)
Buffer: 20mM HEPES lOOmMNaCl pH7.0
Drop size: protein 1.5pl + MDL 1.2pl + 0.3pl 30% 1,8-diaminoocatne
Protein concentration: 42mg/ml
Method: micro-batch
MDL screen 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

22°C
P
P
P
P
ps
P
P
c
c
ps
p
p
c
p
p
p
p
p
p
p
ps
p
p
p
c
p
p
p
p
c
ps
c
p
ps
p
ps
p
c
p
ps
p
p
p
c
p
ps
ps
p
p
p

4°C
p
sk
P
P
c
p
ps+p
c
c
c
p
p
p
p
p
p
ps+p
ps+sk+p
P
c
p
p
p
p
p
p
p
c
p
ps
p
ps
p
ps
p
p
p
c
p
c
c
sk
P
c
p
p
p
p
p
p
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Scoring sheet 7
Sample: Hp47-p67 (300-460)
Buffer: 20mM HEPES lOOmMNaCl pH7.0
Drop size: protein 1.5|il + MDL 1.2pl + 0.3pl 30% 1,8-diaminoocatne
Protein concentration: 42mg/ml
Method: micro-batch
MDL screen 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

4°C
c
p
p
sk
c

22°C
ps
P
P
P
ps
P
c
c
ps
ps
ps
ps
ps
ps
p
p
c
p
ps

P
ps
p
ps
c
c
p
ps
ps
ps
p
c
p
p
p
p
p
ps
ps
c
p
c
p
c
c
c
c
c
c
c
plates
c

p
p+ps
ps
c
c
ps
p
c
ps
c
crystal
ps
ps
ps+p
ps+p
ps
ps
ps+p
P
P
P
P
c
c
c
ps
c
c

P
P
P
P
ps
ps
ps
c

p
c
c

p
c
c

p
c
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Scoring sheet 8
Buffer: 20mM HEPES lOOmMNaCl pH7.0
Sample: Hp47-p67 (300 -460)
Drop size: protein 1.5|il + Screen buffer 1.2pl +0.3pi 30% 1,8-diaminooctane
Protein concentration: 42mg/ml
Method: micro-batch

O.IM NaAc pH 4.6
0.2MNaC130% MPD
O.IM NaAc pH 4.6
0.2M N aC l 30%MPD
0. IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O .lM N aA c pH 5.1
0.2M NaCl 26%MPD
O .lM N aA c pH 5.1
0.2M NaCl 28%MPD
O .lM N aA c pH 5.1
0.2M NaCl 30%MPD
O .lM NaAc pH 5.1
0.2M NaCl 32%MPD
O .lM N aA c pH 5.1
0.2M NaCl 34 %MPD
O.IM NaAc pH 5.1
0.2M NaCl 36%MPD
0. IM NaAc pH 4.6
0.2M NaCl 26%MPD
O .lM NaAc pH 4.6
0.2M NaCl 28%MPD
O.IM NaAc pH 4.6
0.2M NaCl 30%MPD
O.IM NaAc pH 4.6
0.2M NaCl 32%MPD
O.IM NaAc pH 4.6
0.2M NaCl 34%MPD
O.IM NaAc pH 4.6
0.2M NaCl 36%MPD
O.IM NaAc pH 4.25
0.2M NaCl 26%MPD
O.IM NaAc pH 4.25
0.2MNaC128%MPD
O.IM NaAc pH 4.25
0.2MNaC130%MPD
O.IM NaAc pH 4.25
0.2M NaCl 32%MPD
O .lM NaAc pH 4.25
0.2M N aC l 34%MPD
O.IM NaAc pH 4.25
0.2M NaCl 36%MPD

mineral oil

22°C
mineral oil +paraffin liquid (1:1)

16°C
mineral oil

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

c

plates+p

c

c

plates+p

c

c

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

needles

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c

ps

plates+p

c
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Scoring sheet 9
Sanç>le: Hp47-p67 (300-460)
Buffer: 20mM HEPES 1OOmMNaCl pH7.0
Drop size: protein 1.5pl + Screen buffer 1.2pl +0.3pl 30% 1,8 -diaminooctane
Protein concentration: 42mg/ml
Temperature: 22°C
O.IM Sodium citrate pH 5.6
O.IM Sodium citrate pH 5.6
0.5M LizSO^
O.IM Sodium citrate pH 5.6
0.75M Li2S04
O.IM Sodium citrate pH 5.6
I.O M U 2SO 4
0. IM Sodium citrate pH 5.6
1.25M Li2S04
O.IM Sodium citrate pH 5.6
1.5M Li2S04
0. IM Sodium citrate pH 5.6
0.5M (NH4)2S04
O.IM Sodium citrate pH 5.6
0.5M(NH4)2S04 0.5M Li2S04
O.IM Sodium citrate pH 5.6
0.5M(NH4)2S04 0.75M Li2S04
O.IM Sodium citrate pH 5.6

Micro-batch
ps

Hanging drops
c

p

p

p

p

p

p

p

p

p

p

ps

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

0.5M(NH4)2S04 1.0MLi2SO4
0. IM Sodium citrate pH 5.6
0.5M (N H 4)2S 04 1 .2 5 M L i2 S 0 4

0. IM Sodium citrate pH 5.6
0.5M(NH4)2S04 I. 5 M U 2SO4
0. IM Sodium citrate pH 5.6
0.75M(NH4)2S04
0. IM Sodium citrate pH 5.6
0.75M(NH4)2S04 0.5M Li2S04
O.IM Sodium citrate pH 5.6
0.75M(NH4)2S04 0.75M Li2S04
O.IM Sodium citrate pH 5.6
0.75M(NH4)2S04 l.OM Li2S04
O.IM Sodium citrate pH 5.6
0.75M (N H 4)2S 0 4 1 .2 5 M L i2 S 0 4

O.IM Sodium citrate pH 5.6
0.5M(NH4)2S04 1.5M Li2S04
O.IM Sodium citrate pH 5.6
1.0M(NH4)2S04
0. IM Sodium citrate pH 5.6
1.0M(NH4)2S04 0.5M Li2S04
O.IM Sodium citrate pH 5.6
1 .0 M (N H 4 )2 S 0 4 0 .7 5 M L i2 S O 4

O.IM Sodium citrate pH 5.6

1.0M(NH4)2S04 1.0MLi2SO4
O.IM Sodium citrate pH 5.6
1.0M(NH4)2S04 1.25M Li2S04
O.IM Sodium citrate pH 5.6

1.0M(NH4)2S04 1.5MLi2S04
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Continue

O.IM HEPES pH6.5
O.IM HEPES pH6.5
0.5M U 2SO 4
O.IM HEPES pH6.5
0.75M Li2S04
O.IM HEPES pH6.5
l.OM Li2S04
O.IM HEPES pH6.5
1.25M Li2S04
O.IM HEPES pH6.5
1.5M Li2S04
O.IM HEPES pH6.5
0.5M (NH4)2S04
O.IM HEPES pH6.5
0.5M(NH4)2S04 0.5M Li2S04
0. IM HEPES pH6.5
0.5M(NH4)2S04 0.75M U 2SO4
O.IM HEPES pH6.5
0.5M(NH4)2S04 1.0MLi2SO4
O.IM HEPES pH6.5

Micro-batch
c

Hanging drops
c

p

p

p

p

p

p

p

p

p

p

p

c

p

c

p

c

p

c

p

p

p

p

c

c

p

c

0.5M(NH4)2S04 1.25MLi2S04
O.IM HEPES pH6.5
0 .5 M(NH 4) 2S 0 4 I. 5 M U 2SO 4
O.IM HEPES pH6.5

0.75M(NH4)2S04
O.IM HEPES pH6.5
0.75M(NH4)2S04 0.5M Li2S04
O.IM HEPES pH6.5
0.75M(NH4)2S04 0.75M Li2S04
O.IM HEPES pH6.5

p

c

p

p

p

p

p

p

c

c

c

c

p

c

p

p

p

p

p

p

0.75M(NH4)2S04 1.0MLi2SO4
O.IM HEPES pH6.5
0 .7 5 M (N H 4 )2 S 0 4 1 .2 5 M L i2 S 0 4

O.IM HEPES pH6.5
0.5M(NH4)2S04 I. 5 M U 2 SO4
O.IM HEPES pH6.5
1.0M(NH4)2S04
O.IM HEPES pH6.5
1.0M(NH4)2S04 0.5M Li2S04
O.IM HEPES pH6.5
1.0M(NH4)2S04 0.75M Li2S04
O.IM HEPES pH6.5
1.0M(NH4)2S04 l.OM Li2S04
O.IM HEPES pH6.5
1.0M(NH4)2S04 1.25M Li2S04
O.IM HEPES pH6.5

1.0M(NH4)2S04 1.5MLi2S04
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Continue
Micro-batch
O.IM Sodium acetate pH 4.6

P

Hanging drops
c

O.IM Sodium acetate pH 4.6
0.5M Li2S04
O.IM Sodium acetate pH 4.6
0.75M Li2SÛ4
O.IM Sodium acetate pH 4.6
l.OM Li2S04
O.IM Sodium acetate pH 4.6
1.25M Li2S04
O.IM Sodium acetate pH 4.6
1.5MLi2S04
O.IM Sodium acetate pH 4.6
0.5M (NH4)2S04
O.IM Sodium acetate pH 4.6
0.5M(NH4)2S04 0.5M Li2SÛ4
O.IM Sodium acetate pH 4.6
0.5M(NH4)zSO4 0.75M Li2S04
O.IM Sodium acetate pH 4.6
0 .5 M(NH 4) 2S0 4 I.O M U 2SO 4
O.IM Sodium acetate pH 4.6

0.5M(NH4)2S04 I.2 5 MU 2SO4
O.IM Sodium acetate pH 4.6
0.5M(NH4)2S04 1.5M U 2SO4
O.IM Sodium acetate pH 4.6
0.75M(NH4)2S04
O.IM Sodium acetate pH 4.6
0.75M(NH4)2S04 0.5M U 2SO4
O.IM Sodium acetate pH 4.6
0.75M(NH4)2S04 0.75M Li2S04
O.IM Sodium acetate pH 4.6

0.75M(NH4)2S04 1.0MLi2SO4
O.IM Sodium acetate pH 4.6
0 .7 5 M (N H 4 )2 S 0 4 1 .2 5 M L i2 S 0 4

O.IM Sodium acetate pH 4.6

0.5M(NH4)2S04 1.5MLi2S04
0. IM Sodium acetate pH 4.6
1.0M(NH4)2S04
0. IM Sodium acetate pH 4.6
1 .0 M(NH 4) 2S0 4 O.5 M U 2SO4
O.IM Sodium acetate pH 4.6
1.0M(NH4)2S04 0.75M Li2S04
O.IM Sodium acetate pH 4.6

p + crystals (salt)

1.0M(NH4)2S04 1.0MLi2SO4
O.IM Sodium acetate pH 4.6

p + crystals (salt)

1.0M(NH4)2S04 1.25MLi2S04
O.IM Sodium acetate pH 4.6
1.0M(NH4)2S04 1.5M Li2S04
*p=precipitate , lp=light precipitate, ps=phase separation, c=clear drop
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Appendix 4
Sequence of cytosolic factors
Human p40"'""'

1 mavaqqlrae sdfeqlpddv aisaniadic cki-gflshlv 1\ icvklkgg skyliyrryr
PX domain
61 qlhalqsklc crlgpdskss alacllpllp akv> vg\ kqc iacmripaln ayniksllsip

121 vvvvlnidcdv r ilTyqspyds eqvpqairrl rprtrkvksv spqgnsvdrm aapraealtd
SH3 domain
181 ftgnskleln Ikagdvifll srinkdwleg Ivrgalgifp Islvkilkdf peeddptnwl
PC motif
241 rcyyyedtis tikdiaveed Isstpllkdl leltrrefqr edialn\ rda egdlvrllsd

301 cd\ alm\ iqa rglpsqkrlf pwklhitqkd nyrvyntmp

Human
PX domain

1 mgdltirhia llgfckrlX p sq hy\ym ll\ kw qdlsokw \ ri llciycrhkllkcmfpi

61 oagainpcnr iiplilpapkw Idgqraaciii qglllcycsl Imslplkisr cplilldflkv

121 rpddlklptd nqtkkpetyl mpkdgkstat ditgpiilqt yraiadyekt sgsemalstg
SH3 domain
181 dvvevveksc sgwwfcqmka krgwipastl epldspdete dpepnyagep yvaikaytav
SH3 domain
241 egdevslleg eavevihkll dgwwvirkdd vtgyfpsmyl qksgqdvsqa qrqikrgapp

301 rrssimahs ihqrsrkrls qdayrrnsvr flqqrrrqar pgpqspgspl eeerqtqrsk
Polyproline motif
361 pqpa\ pprps adlilnrcse stkrklasav

253

Human p67'"""'

1 m s l v e a i s l w n c g v l a a d k k dvvkgaldafs a v q d p h s r i c fn i g c m y ti l k n m t e a e k a f
T P R domain
61 Irsinrdkhl a v a y f q r g m l y y q l e k y d l a ikdlkealiq Ir gnq lid yk i l g l q f \ I f a

121 c e v l y n i a f m y a kke ev vkka e e q l a l a t s m k s e p r h s k i d k a m e c v w k q k l y e p v v i p v g
polyproline motif
181 k l f r p n e r q v a q l a k k d y l g k a t v v a s w d q d s fs g f a p i q p q a a c p p p r pk tp eifra i
SH3 domain
241 e g e a h r v l f g fv p e tk e e lq v m p g n i v f v l k k g n d n w a t v m f n g q k g l v p c n y l e p v e l r

301 i h p q q q p q e e s s p q s d i p a p p s s k a p g k p q I s p g q k q k e e p k e v k l s \ pni p\ tlk\ h\ k\
PBl dmoain
361 ivMiiklqpgl p\ sq\ rdiii\ s kklclrlchl klsx rprdsn c l \ p l s c d s m k d a w g q x kii\

421 c lilw cc iitv g d q g f p d e p k e s e k a d a n n q t t e p q l k k g s q v e a l f s y e a t q p e d l e f q e
SH3 dom ain
481 gd iilv ls k v neevviegeck g k v g i f p k v f v e d c a tt d le strrev
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