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ABSTRACT 

Neutrophil responses to invading microorganisms are controlled by a variety of ce11 

surface receptors that bind to inflamrnatory ligands and initiate a nurnber of intracellular 

biochemical events. In this thesis, 1 examined the control of protein phosphorylation in 

neutrophils following activation by exposure to chemoanractants. 

Activation of the bacterial tripeptide receptor increased the activity of two renaturable 

serinelthreonine kinases (pK65 and PK72) in parallel with tyrosine phosphorylation of 

proteins with simdar molecular masses. Whiie pK65 and pK72 were not phosphorylated on 

tyrosine, their activation was dependent on the activity of upstrearn tyrosine kinases. 

Direct activation of the NADPH oxidase can initiate receptor-independent tyrosine 

phosphorylation of  many cellular proteins, an event dependent on the production of reactive 

oxygen intemediates (ROI) by this enzyme. Activation of tyrosine kinases was observed in a 

manner dependent on their prior tyrosine phosphorylation. NADPH oxidase-derived ROI 

likely play an important role as auto- and paracrine signaliing molecules. 

The tyrosine phosphatase SHP-1 was phosphorylated on senne residues in response to 

inflamrnatory stimuli, concomitant with a decrease in its catalytic activity. Phosphorylation and 

inhibition of SHP-1 were blocked with an inhibitor of Protein Kinase C (PKC) isofoms and 

mimicked in vitro by PKC phosphorylation. These fmdings suggest a new link between PKC 

and the regulation of tyrosine phosphorylation. 

Phosphorylation of another PKC substrate, pleckstrin, was also studied. Several lines 

of evidence suggest that pleckstrin is phosphorylated by a non-conventional isoform of PKC. 

Following phosphorylation. pleckstrin translocated from the cytosol to both membranes and 



the cytoskeleton. Due to its demonstrated ability to interact with biologicaiiy active lipid and 

protein Ligands, pleckstrin may act as an intraceliular adaptorltargetting protein. 

In addition to pleckstrin, other adaptor proteins were identified in neutrophils. 

Onginally described in other systems, VAMP-:! and syntaxin 4 were localized to the secretory 

granules and plasma membrane of neutrophils, respectively. The interaction of these proteins 

(through a tripartite complex with soluble secretory factors such as NSF and SNAP) may play 

a role in reguiating secretion of antimicrobial agents. 
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Cùapter 1: 

Introduction 

Afta a microbe has penetrated our physical baniers, only the immune system stands in 

the way of its rapid multiplication, movement thrwghout the body and ensuing tissue damage. 

An important weapon in the immune system's arsenal for f i g h ~ g  these invaders are the 

polymorphonuclear leukocytes, including neutmphils, eosinophils and basophils. Of these 

cellular defendas, the neutrophil is thought to be crucial for fighting infections, particularly 

those of bacteria and fungi. Indeed, neutrophils (also referrcd to as PMN) constitute 4565% 

of leukocytes in the blood and their nurnbas rapidly increape in response to such infections. 

Being highly motile, the neutrophil is the first immune ceU to arrive at sites of inflammation to 

combat microbial invadns. In fact, dcfects in the ability of PMN to kill their microbial targets 

result in serious and recumnt infèctions. For these reasons, the neutrophil has been hailed as 

the immune system's ' h t  line of defence' against microbial invasion (Edwards, 1994). 

Neutrophils originate and mature in the bone m m w  before king released into the 

bloodstmun. There, they circulate &ly and occasiondly fomi weak interactions that allow 

'rolling' dong the endothelid surface. Exposure to chemoattractants, produced at sites of 

inflammation, causes these cells to inc~ease the surface expression of adhesion molecules and 

interact tightly with the endotheliurn. Neutrophil chemoattractants include molecular 

components of the immune system (e-g.: complement factors and cytokines) as well as 

products of the mimbid targets themselves (e.g.: fmylated bacterial peptides). In response 

to such chemoattractants, neutrophils leave the bloodstrearn via trans-endothelia1 migration and, 

once in the extravascular milieu, migrate (up the chemoattractant gradient) to sites of 

infiammation by a process hown as chemotaxis. In this way, chemoataictants produced at 

sites of infection act as a 'homing signal' fa neutrophils to foilow to tkir targets of action. 

Having nached the site of infection, neutrophils aasck and kill their micmbial targets by 

a variety of biochemical means. This attack may be co f i ed  within the PMN itself by 

engulfment of the microbe into a membrane-bound compamnent called the phagosome 
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Fig. 1.1 Neutrophiis in action at sites of intlammation. 
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g 1.1) Phagocytosis is initiated by recognition of the mimbe by a number of celi surface 

receptors expresseci exclusively in professional phagocytes. Phagocytic receptors may bind the 

unusual surface of the microbe itself or serum proteins that coat this surface. These senirn 

proteins. d e d  'opsoains', include antibodies. complement factors uid fibnectin and serve 

ta make the phagocytic plaxss more efficient 

Neutrophils poasess two principal mechanisms by which tbcy are able to kiil pathogenic 

mganisms. The first mechanism, termed degranulation, involves the exposure of microbes to a 

battery of antimicrobîal substances contained within prefarmed sccrctory organelles. This 

exposure may occur by fusion of these secrctory compartments with the phagosorne, a proccss 

generically called phago/iysosomal fusion. Altematively. the secret~ty compartments may fuse 

directly with the plasma membrane and release their contents into sealed off spaces (e.g.: 

beneath thc adherent leukocyte) or into the extracellular environment. The second mechanism 

involves the production of mxic fîee radicals called reactive oxygen intermediates (ROI) by a 

mdticamponent enqme cornplex, the NADPH oxidase. 

Degranulation. Neutrophils contain at least 4 distinct types of secretory 

compartments, each possessing unique membrane components and matrix contents 

(Bomgaard, et ai., 1993; Borregaard, et al., 1993). First to appear during hematopoiesis are 

the primary (or azurophilic) granules which are identifid by their exclusive content of 

m yeloperoxidase (see Table 1.1). Foiiowing phagocytosis, primary granules preferentially 

fuse with the nascent phagosome, delivering a variety of matrix proteins that facilitate the 

destruction and degradation of foreign invaciers (Tapper, 1996). These m a t h  components 

include cationic proteins such as bactericidai/permeability increasing protein (BPI) and 

defensins which permeam bacteria, Other paimary granule contents are the neutral proteases 

of the serprocidin family, including cathepsin G, elastase and azurocidin. Serprocidins 

demonstrate potent microbicidal activity by an undefined mechanism that is ofkn independent 

of their catalytic activity. Degradation of remaining material is accomplished by the actions of 

various hydrolytic enzymes (Levy, 1996). 



Table 1.1 Components of neuûophil granules and secretory vesicles. (adapteù h m  
''Gran- and vesicles of human ncuirophils. The role of endomembranes as source of plasma 
membrane proteins." by Baegaard et al., E w .  J. Hael l~a t~ l . ,  Vol 5 1,1993) 

h a r y  granules Secondary granules Te~tïary granules Secrem vesicles 

a-mannosidase 
Aanr>cidui . . 
BPI 
B-glucmnidase 
Cathepsins 
Defensins 
Elastase 
Lysoyme 
Myeloperoxidase 
Sialidase 
PLA2 
Ubiquitin 

Abbreviations: BPI, bacteriai pemeability increasing protein; NGAL, neutrophil g e l a h  
associated lipocalin; PL&, phospholipase A2; V-type H+ ATPase, vacuoiar-type proton 
pump;Vit B 12-BP, vitamin B 1 ~binding protein 



5 
Rimary p u l e s  (and otha secretory compartments) also contain a membrane bound vacuolar- 

type H+ ATPase (Nanda, et al., 1996) which mediates phagoscmial acidification following 

phago/iysosomd fusion uapper and Sundler, 1995). 

Twice as abundant as primaxy granules are the secondary (or specific) granules, which 

lack myeloperoxidase. In f!urther contrast to the primary granule. secondary granules fuse 

preferentidly with the plasma membrane and release thcH contents into the cxwctliuiar milieu 

following phagocytosis of opsonized pathogens ('Tapper, 1996). These contents may have a 

bacterios tatic role (e. g. : lysozyme) or may facilitate c hemotaxis by degradation of the 

extracel.iuiar ma& (e.g.: gelathase, collagenase). In addition to delivering their matrix 

contents, secondary granules serve as endomembrane stores for a variety of recepmrs important 

for neutmphil functions (Borregaard, et al., 1993). Exocytosis exposes the adhesion molecule 

Mac-l and aliows tight adhtsion of circulating neutmphils to the vascular endothelium. Also, 

increased surface expression of chemoattrar=tant ~eceptors allows for more sensitive &&on of 

these molecules. 

Tertiary granules are characterized by their high content of gelahase and only recently 

becarne separable h m  secondary granules (Bomgaard, et al., 1993). These secretory 

compartments also contain acetyltransferase and lysozyme. Similar to secondary granules, 

tertiary granules serve as receptor stores and contain fMLP receptors and the leukocyte 

adhesion molecule Mac- 1. 

Secretory vesicles are endocytic vcsicles that c m  be rapidly translocated to the plasma 

membrane in response to chemoattractant These vesicles contain semm proteins such as 

aibumin and tetranectin in their maûix and latent alkaline phosphatase and CD35 (complement 

receptor 1) in their membrane. 

The rnechanisms that control the degranulation process aze unclear. It has been 

suggested that proteins direct the interactions of secretory granules/vesicles with their target 

membranes. One family to be implicated in such a rok is the ~a2+-dependent, phospholipid 

binding family of annexins (bu&, 1992). Members of this family are highly expressed in 

neutrophits and art pnsent in both the cytosol (annexin ï) and/or associami with secretory 
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granules (amexin III on sccondary granules). In vitro studies have &monstratcd the ability of 

annexin 1 to induce fusion of secondary granules with plasma membrane derived phospholipid 

vesicles in a ~a*+-dependent manner (Meers, et al., 1993). No protein ligands for annexins 

have k e n  found and the d e  of these proteins in ncutrophil exocytosis rcmains speculative. 

Recent pmgress has k e n  made in the elucidation of the events that control vesicular 

fusion in other systems. Based primarily on results obtained using synaptic and Golgi 

membranes, as weU as ycast secretion mutants, an attractive mode1 involving specific docking 

proteins has been pmposed (Bark and Wilson, 1994; Rothan, 1994; Schekman, 1992; 

Sudhof, et al., 1993). Bnefly, a core exocytotic complex is believed to exist, cornposed of 

three intrinsic membrane proteins (set Fig. 1.2). These include the vesicular-bound 

synaptobrevin or VAMP (vesicle-associated membrane protein) as well as two proteins found 

in the plasma membrane, syntaxin and SNAP-25 (synaptosome-associated protein). These 

proteins are thought to fo~m a tripartite complex, which in tum cm interact with the soluble 

protein NSF OJ-ethylmaleimidc sensitive factor) through mediation of a connecting protein, 

SNAP (soluble NSF attachent protein). Complexation of the soluble proteins to the 

membrane-bound assembly confers ATP dependence to the docking and fusion event and 

rcnders it Ncthylrnalcirnide sensitive. The ability of the membrane-bound proteins to bind 

SNAP has led to their designation as SNAREs (SNAP ~coeptors). 

Inasmuch as NSF and SNAP are highly conserved and ubiquitous, it is believed that 

specificity during dockinglfusion results h m  the existence of unique SNAREs in the donor or 

vesicular membrane (v-SNAREs) as well as the target membrane (t-SNARE) (Calakos, et al., 

1994). Other pmteins that are not part of the above mentioned cure may participate in xegulation 

of the fusion process. Suggested candidates include synaptotagmin (Jahn and Sudhof, 1994; 

Sollncr, et al., 1993) and synaptophysin (Edehann, et al.. 1995). A new family of proteins 

referred to as secretary carrier membrane proteins (SCAMPs) (Brand and Cas&, 1993; Brand, 

et al. 199 1) could conceivably also fultill a M a r  role. 

It is psently not known whether the paradigrn outlined above applies to the seaetory 

events that occur in activated neumphils. In fact, tk presence of SNAREs or other proteios 
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Fig. 1.2 Proposed mode1 for the SNARE hypothesis. 
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relevant to the secretoly pathway of these aUs has not becn doc~ented. In this regard, 

neumphiis represent a unique and chdznging system. Importantly, the rate and extent of 

sec~tion of each type of organelie are remarkably diffmnt and Vary depending on the stimulus 

used for activation (Kjeldsen, et al., 1994). For example, conditions have been describeci that 

result in virtualiy complete exocytosis of secntory vesicbs, with negligible release of prirnary 

granules (Sengelov, et al., 1993). Also, exocytosis of secretory vesicles occurs within 

seconds whereas release of primary and secondary granules requires many minutes for 

cornpletion. These findings are suggestive of differences in the secretory machinery of 

individual organelies. 

NADPH oxidase. The oxygen-dependent mechanism by which neutrophils 

destroy their targets is mediated by a multi-subunit enzyme complex, the NADPH oxidase 

(Segal, 19%). This complex catalyzes the transfer of one electmn h m  cytosoiic NADPH to 

molecular oxygen (02). producing superoxide (023: 

NADPH + 2- --> 202- + N A D P  + H+ 

m e  02- is a poor oxidant itself, it gives rise to a number of more potent oxidants by a series 

of spontaneous and enzyme catalyd reactions. These include the dismutation of 02- to 

hydrogen peroxide (H2m) which can m u r  spontancously within the acidic environment of 

the phagosome or catalyzed by superoxide dismutase. The iron-catalyzed reaction of Hz02 

with 02- generates hydroxyl radical (OH-), one of the most potent oxidants known. Delivery 

of myelopemxidase h m  p h a r y  granules to the phagosome allows it to interact with HZ@, 

producing hypochlorous acid (HOCI). Reaction of 02- with nitric oxide (NO-) yields 

peroxynitrite (ONOO-) which decomposes into the radicals Nm- and OH-. The latrcr two 

agents are substantiaily more toxic than either 02- or NO-. The importance of NADPH 

oxidase-derived oxidants is undtrliaed by the fact that weii d&ned genetic defects in the 

oxidase lead to life-threatening infections in patients with chronic granulomatous disease 

(CGD). 
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Fig. 1.3 Assembly and activation of the multicomponent NADPH oxidase following 
neutrophil activation. 
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The NADPH oxidase consists of both cytosolic and membrane bound components (sec 

Fig. 1.3). The cytosolic proteins p47~hox (for phagocyte oxidase) and p67~hox were firs t 

identi£ied by their affinity for immobîlized guanosine triphosphate (GTP)(Volpp, et al., 1988). 

This observation. and the finding that the NADPH oxidase required GTP for its activity 

(Gabig, et al., 1987), led to the purification of a third cytosolic factor, the GTP-bhhg (G 

protein) Rac. In unstimulated cells, Rac is nndered soluble within the cytosol via the 

association of its isoprenylated C-terminus with the guanine nucleotide dissociation inhibitor 

(GDI) of its family mcmber Rho (Quinn, 1995). Thc f o d  cytosolic componcnt, p40~hox, 

has recently been isolated by taking advantage of its ability to bind p67phox (Wientjes. et al.. 

1993). Indeed, evidencc suggcsts that al i  four cytosolic components inferact stably and form a 

complex in quiescent cells, perhaps facilitating rapid activation of the oxidase (Iyer, et al., 

199+ Park, et al., 1994). 

The p ~ c i p a l  membrane-bound cornponent of the NADPH oxidase is a novel heme- 

containhg protein complex, cytochrome b558 (so called due to its absorption maximum in the 

reduced state). The heterodimeric cytochrome consists of a heavily glycosylated protein with 

an apparent molecular weight of 91 kDa (gp91~ho~) and a smakr  integral membrane protein, 

p22~h0x (Jesaitis, 1995). Both proteins are intimately associated and required for oxidase 

activity: mutations that abolish the expression of one protein lead to the instability of the other 

protein and resuit in CGD (Parkos. et al., 1989). Cytochrome b558 acts as a flavocytochrome, 

binding flavin adenine dinucleotide (Doussiere, et al, 1995) and rendering th oxidase activity 

sensitive to flavoprotein inhibitors suc h as diphenylene iodonium (DPI) (Doussiere and 

Vignais, 1991). A second small molecular weight G protein, rap 1A , is associatecl with the 

NADPH oxidase (Bokoch and Quilliam. 1990). Unlike Rac, rap 1A is not localized in the 

cytosol of unstimulated neutmphils but rather associates constitutively with the plasma 

membrane and the membrane of secondary granules. While not obligatq for activation of the 

oxidase, rap 1 A hm been sbown to play a modulatory role over its activity (Maly, et ai.. 1994). 

AU three membrane-bound components of the oxidase can be found in the plasma membrane 

but are predominantiy localized to secondary grandes and secretory vesicles in unstimulatexi 
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cells (Borregaard, et al., 1993). Degranulation of these compartments into either phagosomes 

or the plasma membrane targets this oxygen-dependent küüng mechanisrn to its optimal site of 

action. 

Activation of the NADPH oxidase requites translocation of the cytosolic components to 

the phagosomal and/or plasma membrane and assembly of the complete owidase complex. 

Once assembled, the oxidase initiates electron transfer by an undetermined mechanism. This 

assembly process is mediated by numemus protein-protein interactions between and among 

cytosolic and membrane-bound components (De Leo, et al.. 1996; Nauseef, e t  al., 1991). The 

details of how these interactions are regulated are incomplete but appear to involve two 

important events. The f i s t  event is the dissociation of RhoGDI from Rac, exposing its 

isoprenylated C-terminus and allowing it to translocate to the phagosomal and/or plasma 

membrane. As Rac has been found to interact directly with othcr cytosolic components of the 

oxidase (Iyer, et al., 1994; Park, et al., 1994), Rac translocation may represent an important 

event in the assembly pn>ass. 

Phosphorylation of some cytosolic components may also represent a regulatory 

mechanisrn by which NADPH oxidasc assembly is controlled Indeed, p+7phox is rapidiy 

phosphorylated following stimulation of neutrophils with a variety of soluble and particdate 

stimuli (Nauseef, et al., 1990). The highly basic C-terminus of p l 7 ~ h o x  contains many 

potential sites of phosphorylation by Rotein kinase C (PKC) and peptides derived h m  this 

region are efficiently phosphorylated in vitro with purified PKC. PKC ~egulation of oxidase 

asstmbly is suggested by tbe finding that trament of ceils with inhibitors of this kinase blocks 

oxidase activation (Nauseef, et al., 1991). In addition ro PKC phosphorylation, pI7phox may 

be phosphoryhted by prolinedirected kinases of the mimgen-gctivated protein kinase (MapK) 

family and possibly other kinases (el Berna, et al., 1994). 

Phosphorylation of p67~hox has b e n  suggested to occur in activateà neutrophiis. 

however less is known about the role of this event @usi and Rossi, 1993). The 

phosphorylation sites and putative kinases which phosphorylate p 6 7 ~ h o x  remain to be 

determined. Phosphorylation of p47phox and possibly p67~hox may induce a coafmational 
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change in these proteins that facilitates their association with membrane-bound componenu of 

the NADPH oxiâase. 

Each of the cellular responses described above, fiom endothelid adhesion to final 

destruction of the invading microbes, are wntn,Ued by a variety of receptors present on the 

neumphil ce11 surface (see Table 1.2). Interaction of these receptors with their specific ligands 

leads to a number of intracellular biochemical events that serve to intemalize the 'signal' and 

ultimately initiate anti-microbial responses. This section presents a b i e f  review of the 

intraceUular signalling events initiatexi by the fMLP receptor, the focus of my studies. Because 

of the breadth of the signal transduction field, 1 must apologiz. for any omissions a oversighu 

in this review. 

Initiation of bacterial protein synthesis requires the fomylation of aa N-terminal 

methionine residue. Rocessing of the nascent polypeptide often involves cleavage of this 

residue and several adjacent amino acids, generating a variety of fonnylated peptides which are 

released h m  the bactuia into its environment During bacterial invasion, low concentrations 

of these fmylated peptides serve as chernoattractanu. guiding neutrophils and other 

leukocytes to sites of infection. Once at the site of infection, higher concentratations are 

inhibitory for chernotaxis but initiate degranulation and activation of the NADPH oxidase 

(Snycierman and Uhing, 1992). 

The most potent peptide chemoattractant produceci by bacteria is fanmyl-Met-Leu-Phe 

(fMLP) (Allen, et al., 1990). Using photoaffinity labelled derivatives of fMLP, the fMLP 

receptor was found to be a highly glycosylated integral membrane protein of appximately 50- 

70 kDa on âenanning gels. Deglyaxylation of this protein by edoglywsidase treatment prbr 

to electrophoresis reveaied the tme molecular mass of this receptor to be 35 kDa (MarasCo, et 

al., 1984). Quiescent neutrophils posscss =50,000 receptors on their ceii surfidce, a number 

that can be upreguiateû in response to infiammatory stimuli via delivery of an intemal receptor 

pool present in seaetocy granuiesJvesicles (Sengelov, et al., 1994). 



Table 1.2 Regdation of neutrophil responses. 

Rece~ tors Biochemicd Effectors Cellular Res~onses 

chemoamacmt G-pMcin activation shape changes 
-W. L m  PAF, IL-8 -heterOtrimexic & smg 

integrins phosp holipase activation Eirm adhesion to 
-p l , 2  and 3 families PLA2. C, D endc&)itheIiium 

amplement phospholipid lMase act'n chernotaxis 
-Cl¶, CRI, CR3-5a -PI3K 

antibody phosphoryiation events phagocytosis 
- F W ,  FFoPm -ser/thr & tyr phosph'n 

Others production of Rom0 -secretion of granular/ 
GPI-linked e.g. : CD 14 vesicular contents 
-CD45 (ligand?) exposure of stored receptors 
-PDGF 
Glucan (?) 

CAMP, cGMP production production of Rom0 

Abbreviations: CAMP, cyclic W. [cP]~, intramiiular free calcium concentration; CD45, 
cluster of differentiation # 45; cGMP, cyclic GMP; 1 complement rcceptor 1; fMLP, 
f-yl-Met-Leu-Phe; GPI, glycosylphosphatidylinositol; IL-8. interleukin-8; LTB4, 
leuLotriene Bq; NO, nirric O*, PAF, platelet activating factor, PDGF, platelet-derived 
growth factor, ROI, reactive oxygen intermediates, 
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Qoning of the fMLP receptor revealed it to be a member of the G protein-coupled 

receptor famüy (Boulay, et al., 1990). The more than 3ûû receptors of this family are widely 

exp~ssed in mammalian tissues and are highly conserved h m  yeast to man (Neer, 1995). G 

pmtein-coupled nxeptors are characterized by th& 7 transmembrane domain structure and k i r  

abifity to initiate intracellular signailhg through coupling to the hetembl.im&c class of G 

proteins (BaIdwin, 1994). This class of G proteins ngulate a variety of biochemicd effwtors 

(enzymes, ion channels). so d i e d  because changes in their activity ultimately Iead to cellular 

responses, 

Heterotrimeric G proteins consist of 3 subunits (a, and y) and are classified 

according to their type of a subunit The a subunit binds guanine nucleotides (GDP or GTP) 

and is often membrane-associated via lipid modifications such as myristoylation. The and y 

subunits form a stable dimer that only dissociates upon denaturation and can be regarded as a 

functional unit Prenylation of the y subunit is necessary for membrane attachent of the By 

subunit. Most cells express a variety of the 20 known a subunits, 5 subunits and 6 y 

subunits. These different subunits cm fom heterotrirnenc complexes with apparently little 

specificity for binding partners (Qapham and Neer, 1993). 

In neutrophils, the fMLP reccptm has been shown to couple to the G a  heterotrirnenc G 

protein via extensive contact bttween their intrace11ula.r domains (Bommakanti, et al., 1995; 

Schreiber, et al., 1994). This coupling event induces a confoxmational change in the receptor 

itself. increasing its affinity fa ligand (see Fig. 1.4). Coupling of the fMLP receptor with its 

associated heterotrimeric G proteins can be blocked by pretreatment of ceus with Pemissis 

toxin. This toxin catalyzes ADP-ribosylatioa of a conserveci cysteine residue within Gi2 a 

subunits and obliterates ceiiuiar nsponses to fMLP ( J i  et al.. 1996). 

Binding of fMLP to its ritceptor converts the G a  a subunit from its GDP-bound 'off 

state to its GTP-bound 'on' state. This exchange facilitates release of the heterotrimenc 

complex fiom the receptor an& subsequently. the a subwit fiom the py subunit. Signal 

transduction is then initiated by the dinct interaction of both a and py subunits with their 

signalling effcctors and subsequent activation of downstream, indirect signalling effectors. 



low affiiiy 

high affïinity 

Direct Effectors: AC PLC B2 

J- d L 
CAMP IP3 DAG 

J- 
ca2+ 

Indirect Effectors : Ras-related G Proteins 
Lipid signaling molecules 
Inorg anic signaling molecules 

Phosphorylation events 

Cellular Responses 

Desensitization 

Fig. 1.4 Stimulus-response coupling through the fMLP receptor. Abbreviations: AC, 
adenylate cyclase; PLCP2, phospholipase A2; PI3K, phosphatidylinositol-3-kinase; IP3, 
inusitol trisphosphate; DAG, diacylglycerol; PP3, phosphatidylinositol trisphosphate. 
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Having initiated downstream signalling, the intrinsic GTPase activity of thc a subunit mediates 

hydrolysis of bound GTP to GDP, becoming inactive. The GDP-bound u subunit is once 

again able to interact with the By subunit and repeat the G protcin cycle. 

Inhibition of signal transduction through the fMLP receptor, a process called 

desensitization, occurs by a variety of mechanisms. These include segregation of the receptor 

within the plane of the plasma membrane to compartments where signalling is impaire. 

sequestration by endocytosis in clathrin-coated vesicles and down-regulation of the total 

number of receptors via lysosomal degradation (Klotz and Jesaitis, 1994). Some or al1 of these 

mechanisms may require prior phosphorylation of the receptor (Ali, et al., 1993) and/or 

covalent attachent of ubiquitin (Hicke and Riemian, 19%) to mur. 

Effectors of Ci2 activated in response to fMLP receptor signalling include adenylate 

cyclase (AC) (Iannone, et ai., 1989). There are 10 Lnown members of the adenylate cyclase 

family which are dif%e~ntially regulated by both the a and By subunits of heterommeric G 

proteins as well as by other factors (Sunahara, et al., 19%). Which adenylate cyclase isofcmns 

are expressed in neutrophils is undetennined and the regdation of adenylate cyclase(s) may 

thus be through coupling to either the a, By or both subunits. 

Intracellular signalling through the fMLP receptor has also been show to activate 

phospholipase @2 (PLCB2) through direct coupling with the subluiit (Jiang, et al., 1996). 

Hydrolysis of phosphatidylinositol4J-bisphosphate (Pm) by PLCD2 leads to the generation 

of WO important inaicellular signalling molecules: inositol 1.4,s -aisphosphate (IP3) and 

diacylglycerol @AG)(Snydeman and Uhing, 1992). Both molecules play important d e s  in 

mediating neuaophil nsponses to chemoamaftant (see below). 

Recent findings suggest that a novel i so fm of phosphatidylinositol3-hase (PI3K-9 

couples to & subunits of the £MLP receptor (Stephens, et al., 1994). W e  the importance of 

PI3K family members in fMLP nceptor signalling has been weU documented, the d e  of this 

novel isofomi has yet to be &termincd By analogy with 0th- receptor signalling systcms that 

utilizt heterotrimeric G proteins, neutrophils are likeIy to express d e r  ngnalling effectors that 

are activated upon exposure D &LI? (Clapham and Neer, 1993; Neer, 1995). 



17 
Directly activated effecto~s and their production of intraœllular second mesumgas lead 

to the activation of o h ,  secondary, signahg effectors throughout the neutrophil. These 

indirect efftctors/mediatm inch& the Ras supafamily of s m d  G proteins, iipid signaihg 

molecules, inorganic signalling molecules and phosphorylation events. The rest of this review 

will focus on what is known about diese secondary signalIing mechanisms downstream of the 

hlLP Iieceptor. 

The Ras superfamily of GTP-binding proteins are smail(2û-35 kDa) polypeptides that 

regdate a great number of biological processes (Lowy and Willumsen, 1993). Sequence 

alignment of H-, K- and N-Ras reveal these proteins to be 85% identical to each other. Other 

members of the Ras superfamily are 50% or less identical to these G proteins (Boume, et al., 

1991). All Ras-related proteins shan mmmon stmctural motifs that impart their abiiity to bind 

GTP and catalyze its hydrolysis to GDP. Many Ras-related proteins undergo a number of 

pst-translational modificactions at k i r  C-terminus, including isoprenylation (famesylation or 

geranyl-genuiylation), which result in their association with target membranes and/or regdatory 

proteins (e.g.: the association of Rac with RhoGDI, describecl above). 

The 50 known mernbers of the Ras superfhmiiy mediate kir effem in a manner simila. 

to that of heterotrimeric G proteins and the elongation and initiation factors of protein synthesis, 

acting as biological switches that axe "on" when bound to GTP and "off' when bound to GDP. 

Cycling between these active and inactive states is coatrolled by positive and negaîive 

modulatory proteins which interact directiy with the small G proteins (Boguski and 

McCmmick, 1993). Positive modulators, cailed guanine nucleotide exchange fatom, catalyze 

the dissociation of GDP and consequentiy aiiow GTP binding. Negative modulators include 

GTPase activating proteins (which stimulate the nomially low intrinsic GTPase activity of smaii 

G proteins) and guanine nucleotide dissociation inhibitom, which bind to the GDP bound f m  

smaii G proteins and pvent  their activation. 
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The Ras supezfdy of smail G proteins can be divided into 6 famüies (Ras, Rho, Rab, 

Arf, Ran and Rad) based on primary sequena similanty (Quinn, 1995). These G proteins ail 

share a similar structure, including a highly cooserved catalytic domain, GTP-bindùig site and 

two 'switch' regions (Borne, e t  al., 1991). The switch regions are within the nucleotide 

binding pocket and display different conformations depending on whether GDP or GTP is 

bound to the protein. In its GTP-bound conformation, the switch 1 region (amino acids 32-40) 

is the effector binding site which activates âownsûcam biochemical effectors. Amino acid 

sequemes of the switch 1 region are highly conserveci within each Ras-related family but have 

low homology between different families @oume, et al., 1991). The unique structure of each 

G proteins' switch 1 region d o w s  it ü, activate a distinct subset of biocbemical effectars in its 

GTP-bound conformation. Exarnples of such effectors for the Ras and Rho families are s h o w  

in Table 1.3. A brief description of each Ras-related G protein family, theK biochemical 

effectors and theu putative roles in the regdation of neutrophil functions folIows: 

Ras family. Membtrs of the widely expressed Ras family play an important role in 

the control of cellular growth and differentiation. Biochemical effectors that have been 

identifieil for Ras inc1ude the serine/threonine kinase Raf (see Table 1.3). Ras activation serves 

to ûanslocate Raf îrom the cytosol to the plasma membrane where it becomes phosphorylated 

and ectivated by an wiknown kinase (Stokœ, et al., 1994). Activated Ra€ initiates the mitogen- 

activated protein (Map) base signalling cascade, thought u> be important f a  the regulation of 

many cellular processes (see below). Otha Ras effectors include PUK (Rodnguez-Viciana, et 

al., 1996) and PKC (Diaz-Meco, et al., 1994). Activated Ras intaacts with several Ras 

GAP'S (including pl20-RasGAP and neurofbromin) w k h  may initiate downstream signalling 

pathways in addition to d y z i n g  GTP hydrolysis (Downwarcl, 1996). 

Rho family. Small G proteins of the Rho family play dynamic roles in the 

regulation of the actin cymskelemn (Nobes and Hall, 1995), transcriptional control (Hü1, et al., 

1995) and ceii cycle progression (Olson, et al., 1995). The bcst studied membas of the Rho 
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Table 13 Biological d e s  of the Ras and Rho f d e s  of the Ras superfamily of srnaJi G- 
proteins. 

Rho Family 

Ras Rho Rac Cdc42 

Family members H, N, K, R-Ras Rho-A, B,C,G Rac- l,2 Cdc42Hs 

Biological d e s  cell growth 
dfierentiatim 
secretion 

Effec tors Raf 
PI3K 
Ra1 GEF 
PKC 
RasGAP 
Rin 
Rsb 

actin polymer'n actin polymu'n actin polymer'n 
focal adhesions focal adhesions focal adhesions 
stress fikrs niffüng filopodia 
transcnp tioo endocytosis 
œIl cycle pinocytosis 
chemotsuris oxidase act'n 
degranulation degranulation 
endof ytosis 

pl60ROCK pl6ûROCK pl6ûROCK 
MBS PAK65 PAK65 
cimn MLK3 PI3K 
PKN PI3K p l2OACK 
rhophüin tubulin WASP 
rhotekin 
PIPS-kinase 

Myrs 

PLD 

Abbieviations: MBS, myosin-binding su bu ni^ MLK3, rnixed lineage kinase 3; Myr5, 
fifi unconventional myosin h m  rat; PAK65, p21-activated kinase of 65 kDa; PI3K, 
phosphatidylinosito13-kinase; PIPS-hast, phosphatidyiinositol4-phosphate 5-kinase; PKC 
c, protein kinase C c; PKN, protein kinase N; PLD, phospholipase D; p 1 @ROCK, 
RasGap, Ras GTPase-activating protein; Rho activated coiled c d  containing kinase of 160 
ma; Rin, Ras interacting protein; Rsb, Ras binding protein; WASP, Wiskott-Aldrich 
syndrome protein; 
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family are Rho, Rac and -42, all of which initiate actin polymerization and focal cornplex 

formation (see Table 1.3). In Snnition to thest fimctions, Rho itself appears to regulate smss  

fiber assembly (Ridey and Hall, 1992). 

Numerous biochemical effectors mediate the actions of Rho family members on the 

a c ~  cytoskeleton. T k y  include the scrine/threonine kinase pl60ROCK which phospharylates 

myosin light chah on Ser-19, the same residue phosphorylated by myosin light chain kinase 

(Kimura, et al., 1996). Activated, GTP-bound Rho may potentiaîe phosphorylation of this 

nsidue by binding to the myosin-binding subunit of myosin phosphatase and inhibiting its 

activity (Kimura, et al., 1996). Phosphorylation of myosin light chain on Ser-19 is thought to 

initiate myosin-actin interactions and thereby activate myosin ATPase activity. Thus, 

phosphorylation of myosin light chah by pl6ûROCK rnay account for, at least in part, the 

mechanism by which Rho regulates ce11 motility (Amano, et al., 1996). Another 

serine/threonine kinase activated upoa GTP-Rho binding is protein kinase N, which is 

homologous to PKC within its kinase domain. The Rhebinding domain of protein kinase N is 

homolgous to that found in the Rhebinding proteins rhophih and rhotekin, neither of which 

possess catalytic activity but may act as a structural proteins (Watanabe, et al., 1996). A 180 

kDa coiledail containhg pmtein (ciaon) with homology to pl 60ROCK has been isoiated as a 

potential Rho target molecule that may act as a scaf5olding protein to direct cytoskeletal 

rearrangements (Madaule, et al., 1995). Rho rnay also influence the cytoskeleton through 

activation of PPS-kinase (by generation of P m  which causes acth polymerization) (Chong, 

et al., 1994) and phospholipase D (Malcolm, et al., 1994). 

Rac has been shown to regulate membrane ruffling (Ridey, et al., 1992). reœptor- 

mediated endocytosis (Lamaze, et al., 1996) aod pinocytosis (Renshaw, et al., 1996). In 

addition to a c t i v a ~ g  pl6ûROCK (though Rac does not interact with the myosin binding 

subunit of myosin phosphatase), Rac induces the activation of other serine/ùireonine kinases 

including p21-activatecl kinase (PAK) (Knaus, et al., 1995) and mixed lineage kinase 3. The 

latter kinase initiates the stress kinase pathway via phosphorylation and stimulation of the 

stress-activattd protein kinase activatm, SEK-1 (Rana, et al., 1996). Likc Ras, Rac has bccn 
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observeci to bind and activate PI3K (Bokoch, et al., 1996). hterestingly, Rac activatio11 by 

receptor tyrosine kinases is dependent on the activity of PI3K (Hawkins. et al., 1995). likely 

through the abiîity of phosphatidylinositol 3,4,5-trisphosphate to induce the dissociation of 

GDP-bound Rac fi=osn RhoGDI. Thus, the activities of Rac and PI3K may be functionaily 

linked (Parker, 1995). Rac binding to tubulin (Best, et al., 1996) and to an unconventional 

myosin cloned from rat (Reinhard, et al., 1995) have also been descritxxi, psibly providing a 

k t  linL between Rac and the qtoskeleton. 

Cdc42 regdates the fomiation of filamentous actin stmctures cded Nopodia (Nobes 

and Hall. 1995). Unique effectors of Cdc42 inclu& the non-receptor tyrosine kinase 

pl2ûACK which has somc similanty to focal adhesion kinase and inhibits the GTPasc activity 

of Cdc42 (Manser, et al., 1993). Cdc42 has also been shown to bind the Wiskott-Aldrich 

syndrome protein which may regulate m i n  polymerization (S ymons, et ai., 1996). Cellular 

defecu due to mutations in the Wiskott-Aldrich syndrome protein are limited to hematopoietic 

lineages and include cytoskeletal abnomialities of T d s ,  B œils and platelets (Ochs, et al., 

1980). 

Other Ras-related G protein families. The Rab family contains =30 G 

proteins that regulate vesicular tranic within cells (Novick and Brennwald, 1993). Also 

involved in the regulation of vesicular traffic is the ARF family, so named for its ability to 

enhance ADP-ribosylation of Gsa (Moss and Vaughan, 1995). While unique d e s  of the ran 

family have not been described in neutrophils. members of this farnily play an essential role in 

regulating protein impor~ mRNA export and maintenance of nuclear structures in other ceil 

types (Gorich and Maaaj. 1996). The rectntly discovered Rad family is composeü of 29-35 

kDa proteins which exhibit a con region with sequence homology to the guanine nucleotide- 

binding domains of Ras-related proteins but have extendeci regions at their N- and C-temiai 

(Reynet and Kahn. 1993). The exact ruie of Rad famiiy members remains unimown but rnay 

involve regulation of glucose transporters (Moyers, et al., 1996) or the control of ceii 

proliferation (Maguire, et al, 1994). 



22 
Roles of small G proteins in regulaüng neutrophil functions. As Ras- 

relateci G proteins replate many basic cellular processes (cytoskeletal rearragements. cell 

motility and secretion) in many different cell types, it is not sirrprising that these proteins play 

essential roles in the regdation of neutrophil responses to chemoattractaots. 

The cellular d e s  of Ras in neutmphils arc not M y  & f i n 4  Unlikc its family member 

@A, Ras itself is not a component of the NADPH oxidase. Treatment of neutrophils with 

fMLP has been show to act ive  Ras and initiate the Map kinase signalling pathway (Worthen, 

et al., 1994) but the ability of Ras to activate other downstream effectors in neutmphils has not 

been investigated. Microinjection of a coastitutively active mutant of Ras was found to induce 

secretion in mast cells (Bar-Sagi and Gomperts, 1988). suggesting that Ras may also regdate 

secretion in other hematopoietic ce&, including neutrophiîs. 

A role for Rho in mediating neuûophil polarity and chernotaxis has been suggested by 

experiments using exoenzyme C3 h m  Clostridiwn botulinwn. C3 catalyzes the ADP- 

ribosylation of Rho (Ahones. et ai., 1989). causing ceUs to lose their actin stress fibers and 

round up (Ridley and Hall, 1992). Treatment of neutrophils with C3 was found to block 

chemoateaftant-induced migration but had no effect on activation of the NADPH oxidase 

(Stasia, et al.. 1991). The C3 exoenzyme has also been shown to inhibit chemoattmctant- 

induced upregulation of surface adhesion molecules, a process that involves degranulation 

(Laudanna, et ai., 1996). In support of this. microinjection of constitutively active Rho and 

Rac proteins into mast cells was found to initiate degranulation, suggesting that both Rho 

family members regdate secrietion in hematopoietic cells (Price. et ai., 1995). 

In addition to its rolc as a component of the NADPH oxidase (see above), Rac rcgulates 

many important signahg pathways in neutrophils. These pathways inclu& activation of the 

serine/threonine kinase PAK which is capable of phospholylating p47ph05 Phosphorylation 

of p47~hox  by PAK occurs within a putative regulatory domain of this protein and may 

contribute to the regdation of NADPH oxidasc assembly (Knaus, et al., 1995). Rac also 

initiates activation of PI3K in neutrophils, which is important in regulating many cellular 

processes (Bokoch, et al., 1996). In this wntext, it is of interest that mttnent of neutmphils 
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with the fungal metabolite wortmannin (a potent and specific inhibitor of PI3K) induces 

periodic oscillations in actin assembly/disassembly that paralie1 changes in NADPH oxidase 

activity, s u g g e s ~ g  that both events are coordinatey ngulatcd by Rac (Wymann, et al., 1989). 

Neutrophils fimn patients with Wiskott-Aldrich syndrcme display irnpaVed chernotaxis 

(Ochs, et  al., 1980). This suggests that the Widcott-Aldrich syndrome protein is an important 

effector for activated Cdc42 in these œlls. 

The abüity of Rab p~oteins to initiate leukocyte secretion is incikateci by the finding that 

a peptide derived from Rab was able to stimulate mast-ceil degranulation (Oberhauser, et al., 

1992). Phospholipase D is an important effcctm for arf that may play a role in the regdation 

of vesicular trafnc (Cockcroft, 1996). Arf-regulaîed phospholipase D has been demonstrated 

in neutrophils (Lambeth, et al., 1995) and is thought to mediate the activation of various 

responses to chemoattractants (see below). The d e s  of ran and Rad family G proteins in 

regulating neutrophil function await M e r  definition. 

Activation of the fMLP rcceptar leads to the generation of a number of lipid signahg 

molecules &SM). These lipids can have biological effects on their own or can initiate M e r  

downstream signalling by the activation of other biochemical effectors. LSM are &rived h m  

both glycerolipid (e.g. Pm, phosphatidylcholine) and sphingolipid (e.g. sphingomyelin) 

components of cellular membranes (Liscovitch and Cantley, 1994). An ovewiew of the LSM 

produceci by chernoamactant-s tirnulated neutrophils is shown in Fig. 1 .S. The genenition of 

LSM nom both lipid classes, their cellular effecWeffectors and their role in neuûophil 

signalling are briefly discussed below. 

Phmpholipase C. Central to the lipid signalling pathways initiated by the fMLP 

receptor is the hydrolysis of P m  by PLC (sec Fig. 1.5). Hydrolysis of P m  is very rapid 

(within seconds) and gentrates two important signalling molecules, inositol 1.4,s 

-aisphosphate (IP3) and diacylglycerol @AG). Soluble diffuses uiroughout the cytosol 
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Fig. 1.5. Lipid signalling molecules produced by neutrophils in response to the 
chemoattractant WLP. Abbreviations: AA, arachidonic acid; DAG, diacylglycerol; 
DAG-K, diacylglycerol kinase; Cer, ceramide; IP3, inositol 1,4,5-trisphosphate; PA, 
phospha tidic acid; PA-P, phosphatidic acid phosphohydrolase; PC, phosphatidy lcholine; 
PE, phosphatidylethanolarnine; PI, phosphatidylinositol; PLA2, phospholipase A2; 
PLC, phospholipase C; PLD, phospholipase D. 
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while DAO remains associated with the plasma membrane. Binding of to reccptms -nt 

on an interna1 storage cornpartment leads to increased cytosolic concentrations of C& 

(see below). Elevated intracellular ~ a 2 +  has many cellular effectors including the co- 

activation, together with DAG, of conventional isoforms of PKC. The many rdes of PKC 

isofamis in regulating neutrophil function has highlighted the impartance of PLC activation and 

the production of DAG. 

Three classes of PLC have ken describeci: the family which is activated by 

interaction with By subunits of heterotrimenc G proteins, the y class which is regulated by 

tyrosine phosphorylation and the 6 class, the regdation of which is cufcently undefined (Katan, 

1996). In addition to the 82 isofonn of PLC, neutrophils also c o n t .  PU3 $!. Expression of 

this y isoform is thought to be important for immunoglobulin receptor ( F m  and Fcpm)  

and integrin (82) signalling, as tyrosine kinase antagonists are capable of inhibiting 

phosphoinositide hydrolysis initiated by activation of these receptors @usi, et al., 1994; 

Hellberg, et al., 1996). B y contrast, these pharmacologie agents have no effect on fMLP- 

mediated phosphoinositide hydrolysis and intracellular C& transienu (Uings, et al., 1992). 

These findings suggest that PLC y2 does not play a d e  in PIP2 hydrolysis initiated by the 

fMLP mxptor. The expression of 6 isofonns of PLC in ncutrophils has not been documente& 

PUK. Also acting on the lipid precursor PIP2 is PI3K, which preferentidiy 

phosphorylates this phosphoinositide at the D-3 position to generate phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3) (Traynor-Kaplan, et al., 1989). Approxirnately 20% of the 

de- in PP2 foilowing fMLP stimulation is due to its conversion to Pm (Stephens, et al., 

1991). Like PLC hydrolysis of Pm. production of P m  is rapid (maximal within 15 

seconds) and transient, comlating with a number of rapid msponses of neutrophils (Stephens, 

et al., 1991). 

The essentiai rok of PI3K in mediating neutmphil responses to chemoattracauit has 

been elucidated with the use of wortmaxmin. a potent and relatively specific inhibitor of this 

enzyme (Ui, et al., 1995). Wmtmannia matment of cells blocks production of PIP3 (Arcam 
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and Wymann, 1993) and consequently inhibits many neutmphil responses a chemoattractant, 

including degranulation (Dewald, et al., 1988), phagocytosis (Ninomiya, et al., 1994) and 

activation of the NADPH oxidase (Arcaro and Wymann, 1993). 

While cellular targets of Pm =main largely unknown. they likely include PKC. The 

lipid products of PI3K have bewi shown to activate members of both the atypical and novel 

families of PKC (Moriya, et al., 1996; Nakanishi, et al., 1993; Toker, et al., 1994). As 

members of both PKC familes are expressed in neumphils (see below) it is lilcely that these 

serine/thnmnine kinases play a rule in fMLP-mediated signailhg processes. 

Neutrophils possess two types of PI3K: a newly describeci enyme (PI3Ky) that is 

activated by direct interaction with the Wsubunits of heterotrimenc G proteins (Stephens. et 

al., 1994) and the conventional heterodirneric f m  that consists of a p85 regdatory subunit 

and a pl  10 catalytic subunit (Fry and Wamfield 1993). The latter enzyme uui be activated by 

a number of mechanisms in various ce11 types. These include interaction with tyrosine 

phosphorylated growth factor receptors @ivecha and Irvine. 1995). binding to Src family 

tyrosine kinases (Pleiman, et al., 1994) and interaction with smali G proteins of the Ras 

superfamily (Rodnguez-Viciana, et al., 1996). 

The contributions of each PI3K family to chemoattractant signalling remains 

controversial. Because the rmLP nceptor is h o w n  to couple to G proteins, one might expect 

the kregulated fom to predominate in chemoattractant-treated cells. Nevertheless, many of 

the responses of neutrophils to fMLP that an blocked by wortmaanin are also blocked by 

tyrosine kinase antagonists (Berkow, et al., 1989; Kobayashi, et al., 1995), s u g g e s ~ g  that 

activation of P13K may requirc phosphotpsine accumulation. Indeed, a PI3K activity is 

associateci with immunoprexipitates of a tyrosine kinase, Lyn, h m  chemoatnactant stimulated 

neutrophils. This PI3K activity is upregdated in a manner that comlates temporaiiy with the 

very rapid activation/deactivation of Lyn (Ptaswuk, et al., 1995). Moteover, the tyrosine 

kinase inhibitors genistein and radicicol abolished Pm production in response to fMLP, 

indicating that the tyrosine hase  signalling pathway accounts for the majority of this lipid 

signalling molecule (Ptasznik, et al., 1996). In conflict with these fïndings, other groups have 
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found iittle PI3K activity associated with tyrosine phosphmylated proteins foliowing fMLP 

stimulation (Stephens, et al., 1993; Vlahos and Matter, 1992). While the contribution of each 

P13K family remains controvcrsial, the essential nature of P P 3  production to neumphil 

responses has become well established. 

Phospholipsse D. Activation of the fMLP receptor leads to a biphasic 

accumulation of DAG (Reibman, et al., 1988), reflective of the fact that two distinct s o m  art 

utilized for its production (see Fig. 1.5). The first pathway involves the rapid hydrolysis of 

PIpZ by the 82 isofosm of PX, describeci above. AccumuIarion of DAG derived h m  PI& is 

auisient due to in  rapid metabolisrn by a number of mechanisms, including ia  conversion to 

phosphatidic acid (PA) by diacylglyarol kinase (Kanoh, et al., 1990). Inhibition of this 

metabolic pathway is accomplished with pharmacologie agents such as R59022 and 

dioctanoylethylene glycol. These agents have been shown to increase DAG levels foilowing 

fMLP stimulation and potentiatc activation of the NADPH oxidase, possibly via an enhanceci 

activation of DAG-dependent PKC isoforms (Mege, et al., 1988). 

Following PLC $2-mediated hydrolysis of PP2 ,  DAG is generated by a second 

mechanisrn termed the phospholipase D (PD) pathway (Olson and Lambeth, 1996). This 

pathway involves the sequential actions of PLD and phosphatidic acid (PA) phosphohydmlase. 

PLD catalyzes the hydrolysis of phosphatidylcholine to form PA which is then 

dephosphorylated to DAG by the phosphohydrohse (see Fig.1.5). In contrast to its very rapid 

and transient production by PLC, DAG produced by the PLD pathway is sustained, keeping 

DAG levels elevated far periods greater than 1 hr. 

Evi&nce suggests that PLD pathway derived products are important for the regdation 

of neutmphil responses to chemoattractant. Indeai, the PLD pathway is thought to be 

responsible for the rnajority of DAG produced following fMLP production (Billah, et al., 

1989). Inhibition of PLD by treatment of cells with primary alcohols (eg: ethanol and butanol) 

has demonstrated the importance of this lipase to DAG production. Thtse agents cause PLD to 

catalyze a tmsphosp~ylat ion reaction, whaeby the dcohol replaces water in the hydrolysis 
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of phosphatidylcholine and subsequently blocks generation of PA. Treamient of neutmphils 

with primary alcohols inhibits many cellular responses to fMLP, including degranulation 

(Suchard, et al., 1994) and activation of the NADPH oxidase (Bonser, et al., 1989). Recent 

saidies have also implicated PLD in phagocytosis mediateci by complement mptars  (Fallman, 

et al., 1992). 

Whüt DAO production is thought to modulate neutrophil functions via its activation of 

DAG-dependent PKC isofomis, several lines of evidence now suggest that PA is also an 

important signalhg molecule in these cells (Engiish, et ai., 1996). First, levels of PA have 

been found to correlate within the onset of the NADPH oxidase activity (Kofchak, et al., 

1988). Second, inhibition of PA phosphohydrolase with propranolol has been shown to 

potentiate oxidase activity by increasing PA levels in response to fMLP \%ossi. et ai., 1990). 

Finally, PA activates NADPH oxidase activity in a ceii fne, reconstitution assay (Agwu, et al., 

1991). This effect of PA on 02- production was synergistic with added DAG, suggesting uiat 

both PLD products have distinct effectors that mediate activation of the NADPH oxidase 

wmplex (Qualliotint-Mann, et al., 1993). 

A number of potential targets of PA have ken identifid that may mediate its actions in 

neutrophils (English, et al., 1996). These include: protein kinase C (Limatola, et al., 1994). 

other serine/threonine kinases (Ghosh, et al., 1996; McPhail, et al., 1995). 

phosphatidylinositol4phosphate 5-kinase (Moritz, et al., 1992) and phospholipasc C (Jones 

and Carpenter, 1993). In addition, PA causes RhoGDI dissociation nom Rac, possibly 

providing a mechanism for assembly and activation of the NADPH oxidase (Chuang, et al., 

1993). 

Regdation of PLD in neutrophils has been hampered by the fact that it has not been 

cloned in these cells and the reagents neeûed for its thorough study are unavailable. 

Complicating mantrs is the finding that neutrophils express at l e m  two biochemicdy distinct 

PLD activities, present in diBerient inwfelIular locations (Balsinde, et al., 1989). Because of 

these limitations. studies of PLD have provided a very complex and o k n  conflicting picbin of 

its ngulation (Olson and Lambeth, 1996). Nonetheless, the use of phmacologic and celi-fne 
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systcms (in which isolated membranes and cytosol are used to reconstitute PLD activity in 

v i ~ o )  have provided insight into the reguiation of diis important class of signalling molecule. 

Many studies have demoastrated a ca2+ requîrement for PLD. Blocking fMLP- 

induced ca2+ transients in wholc cells by its omission from the extraceUular medium and 

loading cells with the c a 2 + - c h e l a ~ ~  agent Quh 2 was found to block accumulation of PA 

(Gelas, et al., 1992). Similady? ektropermeabilized neutrophils stimulated in the absence of 

ca2+ do not activate PLD. funher suppœting a quirement for this cation (Demis, 1994). 

That alone was not sufficient to fdiy activate PLD 8Ctivity in this study suggests that 

other regulatory mechanisrns govern its activity. 

Severai lincs of evidence implicate tyrosine phosphorylatim as a possible regdatory 

mechanism for PLD. Treatment of cells with a potent tyrosine phosphatase inhibitor, vanadate, 

initiates phosphotyrosine accumulation in conjunction with activation of PLD (Bourgoin and 

Grinstein, 1992). Inhibiton of phosphotyrosine accumulation induced by vanadate (Bourgoin 

and Grinstein, 1992) or fMLP (Uings, et al., 1992) by prier incubation with tyrosine kinase 

inhibitors was found to block PLD activation. Following fMLP stimulation, PLD activity is 

associated with tyrosine phosphq1ated proteins isolated by immunoprecipitation. indicating 

that direct phosphorylatkm of this phospholipase (or an associated regdatory protein) may 

regdate its activity (Gomez-Cambronero, 1995). Activation of PUK by a tyrosine kinase- 

dependent mechanism may also regulate PLD activity. as wortmannin has been shown to 

inhibit elevation of PA levels following fMLP stimulation (Gelas, et al., 1992). 

Phosphqlation of proteins on senne/threonine residues by PKC may also serve to 

regdate the activity of PLD in neupophils. This is suggested by activation of DAGdependent 

isoforms of this kinase by treatment of cells with phorbol esters such as 12-0- 

tetradecanoylphorbol 13-ecetate (TPA). TPA activates PLD activity in intact neutrophils 

(Truett, et ai., 1989) and in a cell fk system (Lapez, et ai., 1995). CeU-free activation of PLD 

was &pendent on ATP and the phosphorylation of a membrane c o m p e n S  pehaps PLD itself 

(Lapez, et al., 1995). B y  contrast, an ATP-independent activation by PKC has also k e n  
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found to regulate PLD isolated from chinese hamster lung fibroblasta, though such a 

mechaoism of PLD regdation has n a  been dtscnbed in neunophils (Conricode, et aL, 1992). 

Ceil-fke assays have demonstrated that PLD is activated by interaction with two small 

G proteins of the Ras m p e r f d y ,  Rho and arf. Both G proteins activate PLD synergistically 

in the presence of an unidentifiexi 50 kDa protein component of the cytosol (Bomnan. et al., 

1993; Kwak, et al., 1995; Lambeth, et al., 1995). In analogy with other systems, PL. may 

also be regulated by interaction with gelsolin, an actin-binding protein (Hwang, et ai., 1996) 

and other unknown cytosolic proteins (Wright, et al., 1990). 

Cloning of the k t  mamrnalian PLD isofom has r#xntly been achieved (Hammond., et 

al., 1995). This enzyme displays many properties similar to those describeci in neutrophils, 

including its selectivity for phosphatidylcholine as a substrate and its activation by the smaü G 

protein arf. Molecular cloning of PLD isofms in neutrophils should facilitate frnthtr saidy of 

this impartant s ignahg  molecule. 

Phos p holi pase A2. Upon stimulation, neutrophils release arac hidonic acid (AA) 

and other fatty acids fmm cellular membranes. This is accomplished by phospholipase A2 

(PLA2)-mediated hydrolysis of phospholipids at their sn-2 position. Production of AA can 

mur by a number of important pathways (see Fig. 1.5). These include: 1) hydrolysis of 

phosphatidylcholine, the prtfemd PLA2 substrate, with concomitant production of ly se  

platelet activating factor (a pracursar of platelet activating factor, a potent inflarnmatory 

mediam). ii) hydrolysis of phosphatidylethaaolamine and/or phosphatidylinositol, generating 

AA and a corresponding lysophospholipid and iii) hydrolysis of PA, producing AA and 

IysoPA. LysoPA has important signalling properties both within cells and extraceUulerly 

where it c m  activate ce11 sUTf8ce receptors of the G proteincoupleci receptor superfamily 

(Moolenaar, 1994). 

Whüt AA was originally thought to fwiction mainly as a precursor of inflammatory 

mediators such as prostagbdins and leuLotrienes (collectively mmed eicosanoids), evidence 

suggesu that this lipid may also serve itself as an intraceliular signalling rnolecule (Cockcroft, 
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1992). AA generatïon is very rapid following fMLP stimulation and correlates with NADPH 

oxidase xtivity. Pharmacologie inhibitors of PL& have been shown to block 02- production 

@ana, et al.. 1994; Hendemn, et al., 1989). Interestingly, these inhibitors had no effkct on 

the phospharylation of p47~hox and p67phox nor theu translocation to thc plasma membrane, 

suggesting that the target(s) of AA action may be subsequent to these events @ana, et ai., 

1994). Indced, direct activation of the NADPH oxidasc in a œil-hx system by annition of AA 

has ken described (Steinbeck et ai., 1991). In addition to a role in reguiating oxidasc activity, 

in vitro studies suggest that PL& may dso promote âegraniIlation (B~a~kwood, et al., 1996). 

Many intracellular targets of AA have been describecl in a variety of cell types 

(Liscovitch and Cantley, 1994). These include isofoms of PKC (Shinomura, et al., 1991), 

the y and 6 isofoms of PLC (Hwang, et al., 1996) and sphingomyelinase (Jayadev, et al., 

1994). Other fatty acids generated by PLAz may also activate other, unidentified 

Serindthreonine kinases (Khan, et al., 1994). 

Neutmphils, liLc other cells, express at least two biochemicaily distinct types of PLA2 

(Demis, 1994). The first is a smail (14 ma), secretory PLA2 that displays a high ca2+ 

requirement (mM) and linle specificity for fatty acid cleaved at the sn-2 position of its 

substrates. This PL& is located within secretory granules (Rosenthal, et al., 1995) and plays 

an important mle in bacterial kiiiing (Wright, et al., 1990). Secretory PL& appears to be the 

predominant source of AA-derived eicosanoids. which are r e 1 d  fkom the cell and serve to 

pmote the infiammatory iiesponst (Barbour and Dennis, 1993; Marshall, et al., 1994). 

A second type of PLA2 (cPLA2) plays an important role in mediating signal 

transduction within these cells (Clark, et al., 1991). This enzyme has a molecuiar mass of 85 

D a  and is present in the cytosol of unstimulated cells. In response to increased cymsolic 

ca2+ concentrations ilM), =PL& translocates to the plasmalemma (Dusth, et al., 1994) and 

the nuclear membrane (Podiot, et aL. 19%). initiating AA release from these membranes. The 

catalytic activity of cPLA2 is also ngulated by phosphorylation by Map icinase (Durstin, et al., 

1994). 
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Sphingomyelinase and ceramide signalling. Initially considered to be an 

inen constituent of cellular membranes, sphingomyelin has recently gained ncognition as an 

important precursor for a number of s i p a b g  molecuks in a variety of ceu types (Ha~un, 

1994). The so-called 'sphingomyelin cycle' is initiated with its hydrolysis by a 

sphingomyelinase, releasing phosphocholine and ceramide. ceramide has many 

important intracellular effectors itself (see bclow), it also gives nse to other important 

metabolites. First, ceramide can be de-acylated to f m  sphingosine. Both sphingosine and its 

phosphorylated product have important signalling functions within most cell types studied 

Altematively, ceramide cm bc utilized to tegentrate sphingomyelin via the actions of 

phosphatidy1choline:ceramide cholinephosphotransferase. This reaction generates DAG, 

haking the sphingomyelin cycle directly to glycerophospholipid merabolism. 

In temiediates of the sp hingom yelin cycle activate a num ber of important signalling 

molecules. Cerarnide has k e n  show to activate serine/threonine kinases, iacluding Raf 

(Huwiier, et al., 1996). PKC I; (Lozano, et al.. 1994) and a novel renanirable kinase, 

ceramide-activated protein kinase (Liu, et al.. 1 994). In addition, ceramide regulates 

phosphorylation via activation of a serinefthreonine phosphatase @obrowsky and Hannun, 

1993). hteres~@y,  the structure of bacterial lipopolysaccharide (an important infiammatory 

mediator) has been found to closely resemble that of naturally occuring ceramides. Treatment 

of neutrophils with lipopIysacchari& activates cefamide-activated protein kinase (Joseph, et 

al., 1994). Thus, in addition to its receptor-driven signalling effects, lipopolysaccharide rnay 

also induce celluler effects by mirnidring ceramide and activathg ceramidedependent Sigalluig 

pathways (Wright and Kolesnick, 1995). Sphingosine and its phosphorylated product b l y  

have important signalling roles, including inhibition of PKC by the former lipid ( H a u n ,  et 

al., 1986). 

The roles of sphingolipids in regulating neutmphil responses to infection are cumntly 

undefined. In response to fMLP, ceramide elevation cornlates with termination of 02- 

pduction by the NADPH oxidase (Nakamurp, et al., 1994). Tmtment of cells with soluble. 

synthetic analogs of cenunide (C2-ceramide) inhibited activation of the oxidase, funher 
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supporting a role f a  ceramide as a negative modulator of this response (Wong, et al., 1995). 

A similar inhibitory effect of ceramide has ôeen suggested to mediate the lag t h e  Mtnessed 

foliowing exposure of adhereot neutrophils to the cytokine tumour necrosis factor prior to 

induction of œil spreadiog and activation of the NADPH oxidase (Fuortes, et al., 1996). In 

conmt to the inhibitory effects of ceramide elevation, sphingosine may serve to potentiate 

cellular responses. Sphingosine levels decnase foiiowing exposure of cells to stimulatory 

agents, including fMLP, and may diminute the inhibitory effcct of sphingosine over PKC 

(Wilson, et al., 1988). 

Thus far, 1 have discussd how changes in the lcvels of certain organic molecules (tg: 

phospholipids) ar their conformation (eg: smd G proteins) can influence neutrophil functions. 

1 will now focus attention on the ability of inorganic signalhg molecules to regdate cellular 

responses to inflammatay stimuli 

Caicium Ionized calcium (ca2+) is the most common signalling element in cells, 

acting on a number of intraceïlular systems (Clapham, 1995). Following exposure of 

neutrophils to chemoattractant, an elevation of the intniceliular frte c&+ concentration 

([&+]i) is one of the earliest events observed. Increased levels of [cG+]~ are achieved by 

two separate mechanisms (Krause, et al., 1990). The first is a rapid release of ca2+ from an 

intemal storage cornpartment under the control of IP3-gated ca2+ channels. Foilowing PU: 

activation, IP3 production and diffusion throughout the cytosol leads to the release of CG+ 
h m  this cornpartment. The second mechanism whereby [Ck2+]i is elevated is Ca2+ infiux 

through the plasma membrane (Demamx, et al., 1994). Activation of the influx pathway 

occurs through depletion of intracellular stores, which causes the latter to release an 

unidentified, putative signalhg molecuie called the "calcium influx factor" (Uapham, 1993). 

Calcium influx factor activates a ca2+ channel pnsent on the plasma membrane by an 

unlmown mechanism. The effect of depletion of the endomembrane smes on ca2+ influx can 



34 
be mimicked by aamicnt of ceUs with thapsigargin, an inhibitor of the c ~ ~ + - A T P ~ s ~  psen t  

on these organelies (Th8strup. et al., 1990). 

Much evidence has supported a mle for C& in regulating neutrophil antirniaobial 

responses, though the exact mechanisms by which this murs  are unclear. CeLi movement on 

surfhœs wated with extradlular matrix pteins (fibronech, vitronecth) appears to be strictly 

dependent on intracellular ~ a 2 +  @laxfield, 1993). Fluorescence microscopy imaging of 

neutrophils placed within an fMLP gradient has demonstrated a comlation between [ca2+]i 

and the speed of these cells as they undergo chemotaxis (Mandeville, et al., 1995). When 

[&+]i msients an inhibited in these cells, they cease to aawl due to an inability of the 

rrccptors rcquired for chemotaxis to recycle to the h n t  of the cell (Lawson and Maxfield, 

1995). 

Elevating [ ~ a Z + ] i  by treatment of celis with ~ a 2 +  ionophores (such as A23187 or 

ionomycin), in the prcsence of extracellular c&, sufices ta initiate the reiease of granular 

contents (Wright, et al., 1977). By varying the extraceiiular concentration of 

experiments of this nature have detemined the [CG+& reqiiirernent for degraniilstion of each 

of the four types of stcretory organelles prcsent in neutrophils. A rank order of sensitivity to 

[caZ+]i was obseved: secretoq vesicles are the most &+-sensitive, followed by tertiary 

granules, secondary granules and primary granules (Sengelov, et al., 1993). While [~a2+]i 

elevation is clearly suffiCient to induce degranulation under these conditions, the absolute 

necessity of f i s  inorganic signalhg molecule has been questioned For instance, TPA is an 

effective secretagogue of some types of granules (Wright, et ai., 1977) but has no effect on 

[~a2+]i (Korchak, et al., 1984). Thus, ~a2+-depen&nt and independent mechanisms are 

likely to influence the seaetory nspoase of neutrophiîs. 

The role of ca2+ in regulating activation of the NADPH oxidase is controversid. 

Increased [ca2+]i correlates temporally with the onset of oxidase activation (Korchak, et al., 

1984) and elevating [ca2+]i by matment of cells with ~ a 2 +  ionophopts suffices to initiate 02- 

production (Pozzan, et al, 1983). In addition, lowering basal [~a2+]i and diminishing the 

fMLP-induced elevafion of [~a2+]i by loading cells with intracellular ~ a 2 +  chelam causes 
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inhibition of CQ- production (Lew, et al., 19û4). These finciings ail suggest an important role 

f a  in the regdation of the NADPH oxidase. 

In wnfiict with these nodings, v e q  low (chernotactic) concentrations of fMLP elicit the 

same increases in @+]i as do highcr concentrations of the chemoattractant but do not 

activate the NADPH oxidase (Korchak, et al., 1984). In addition, elevation of [ca2+]i by 

some agonists Qes not elicit activation of the oxidase (Apfeldorf, et al., 1985). The use of 

electropermeabilj7PA neutmphils has been used to fiather characteriz the C& quirement of 

02- production by these celis (Grinstein and Funiya, 1988). With this system, ceils are 

rendered permeable to smaU((100 Da) molecules by elecûic discharges. This allows effective 

buffering of intracellular Ca2+ to a desired concentration, by suspending cells in solutions 

containing b u f f e ~ g  agents and by depleting intracellula. stœ-es with ca2+ ionophom. Under 

these conditions, fMLP was foud to inducc production at a normal rate when [ca2+li was 

buffered to basal values of 100 nM. B y  contras& lowering below 10 nM had an 

inhibitory effect, indicating that a minimal requirement for this cation exisied Interestingly, 

TPA-induced activation was not inhibited by l o w e ~ g  [ca2+]i. It was concluded that 

activation of the NADPH oxidase, like initiation of degranulation, is regulated by both &+- 

dependent and -independent mechanisms. Thus, [CG+]~ elevation conaibutes to the activation 

of many antimicrobial responses by neuûophils but is not the sole mechanism for their 

regulation. 

Nitric Oxide. Nitric oxide (NO) production has been described in a variety of cell 

types and NO bas been recognized as an important mediator of various cellular processes. 

These inclub regulation of vascular tom, neurotransmission and cd-mediated immune 

responses. NO is produced by two types of NO synthase: one regulated by inducible 

expression and the o h  &pendent on ~a2+/calmodulin for activity. In the presence of 

molecular 02 and required cofacm (NADPH, FAD and FMN), these enzymes catalyze the 

conversion of L-arme to citrdhe, yieldtig NO (Nathan and Xie. 1994). 
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NO is a highly reactive molecule with the ability to modify suIfhydry1 groups, nact  

with the metai centers of heme groups and mvalently modify proteins on tyrosine residues. As 

a consequence, many intracellular targets for NO have boen identified (Stamler. 1994). Thus, 

in addition to its established rolt in microbial Lilling (Malawista, et al., 1992). NO is likely to 

play an important signalling role in iieutrophils. 

Following cxposurc of neutrophils to chernoatt~a~tant, these cells produce NO at an 

approximate rate of 2-20 nmol/min/l06 cells (Wright, et al.. 1989). At low (10-100nM) 

concentrations, NO has a potentiating effect in vizro on many cellular responses, including 

adhesion to endothelial surfaces, chernotaxis (Van Uffelen, et al., 1996) and activation of the 

NADPH oxidase (Morikawa, et al., 1995). By contrast, higher concentrations of NO (5 pM) 

have inhibitory effects on these nsponses. nius. low level NO production by neutrophils may 

serve to potentia~ neutrophil migration to sites of inflammation and antirniaobial activities. To 

limit damage to surrounding tissues, higher rates of NO production by the vascular 

endothelium (Bechan, et al., 1990) and other cell types at sites of inflammation may serve to 

downregdate afute infiammatory reactions produced by neutmphils. In accord with this mode1 

for NO action, inhibition of endothelial NO production by venous pefition with NO synthase 

inhibitors (eg: L-monomethyl-arginine) was found to iiicreasc both neutrophil attachent to 

vascuiar endothehm and emigration to extravascular tissues (Kubes. et al., 1991). 

Reactive oxygen in termediates: In addition to their microbicidal role in 

phagocytes. ROI have been suggested to act as signalliilg molecules in other ceiis (Schreck and 

Baeuerle, 1991). Virtudiy all eulcaryotic ceiis produce ROI. primarily as side products of 

electron ûansfer reactions in mitochondria and the endoplasmic reticdum (Halliwell and 

Gutteridge, 1985). In principle, ROI wnstitute good candidate signalling molecules since they 

are small. rapidly diffusible and highly reactive. Moreover, both inaa- and extracellular 

concentrations of ROI cm be rapidly scavenged by several enzymes, including supefoxide 

dismutase, catdase and the glutathione peroxidase system, allowing tight control o f  ROI 

concentrations and rapid texmination of signals. 
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Little is known about the role of ROI in signalling, but suggested targets includc the 

transcription factor NF- (Schreck, et al., 1991). tyrosine phosphatases (Fialkow, et al., 

1994; Hecht and Zick, 1992), phospholipase A2 (Br, et  al.. 1993) and Ras (Lander, et ai., 

1995). Whik neutrophils are probably the most proficient source of ROI through activation of 

the NADPH oxidase, Little is laiown about the potential mie of these molecules in m a d i a ~ g  

signal transduction. The impomuice of ROIkpendent  signalhg mechanisms is suggested by 

previous findings which demonstrated a d e  for these molecules in potentiating a variety of 

important neutmphil antimicrobial responses, including upngulation of adhesion receptors 

(Simms and D'Arnica, 1995), adhesion to endothelid cells (Fraticelli, et al., 1996). 

phagocytosis (Gresham, et al.. 1988) and apoptosis (Watson, et al., 1996). 

Protein phosphorylation is mgnized as an important post-translational modification in 

the replation of many cellular processes (Krebs, 1994). Phosphorylation cm induce a variety 

of effects on a given protein, including changes in conformation, subcellular distribution and 

enzymatic activity. Transfa of phosphate fiom ATP to the side chahs of target proteins is 

rnediated by kinases, which were initiaily grouped into two classes based on the amino acids 

that they phosphorylattd on their substrates: se~e/threonine b a s e s  and tyrosine kinases. 

More recently, dual specificity kinases have been desaibed In addition, phosphorylation of 

mammaüan proteins on histidine and aspartate residues has aiso been demonstrated in 

mammals, though the rclevancc of thesc modifications are largely unlaiown (Crovtllo, et al., 

199 5). 

Many liaes of evidence suggest that protein phosphorylation is also important for 

initiation of antimicrobial responscs in neutrophils: i) activation of many responses is 

dependent on cytosolic ATP (Grinstein and Funiya, 1988). ü) pharmacologid inhibitors of 

protein kinases block these responses (Berkow, et al., 1989; Lambeth, 1988). iii) 

phosphorylation of many proteins is wimessed upon treatment with infiammatory stimuli, 

concomitant with cellular activation (Andrews and Babior, 1983) and iv) phosphorylation of 
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many effector proteins is requinxi for their activity (eg: phosphorylation of p47~hox, , 
above). The enymes that are thought to influence phosphorylationdependent signalling 

events in neutrophils are briefly summarized below. 

Protein kinase C The PKC family of senae/threonine kinases are widely 

expressed and serve to iransduce signals which promote lipid hydrolysis (Hug and Sam.  

1993). Members of this family art a single polypcpti&, ccmprised of an N-tenninal regdatory 

domain and a C - m i n a i  catalytic domain. A b i s e ~ ~ g  hinge region dows folhg of the 

enzyme and interaction between these two domains under quiescent conditions. In this 

confornarion, catalytic activity is impaired by interaction of an N-terminal domain mimicking 

the consensus sequence motif of PKC substrates (the pseudosubstrate domain) with the 

catalytic core of the protein. Displacement of the pseudosubstrate domain from the catalytic 

c m  is an absdute requirement for activation of kinase activity and is a characteristic reguiatory 

feature of al l  PKC family members (Newton, 1995). 

To date, 11 PKC isofoms have been identifieci and are classified into 3 families based 

on their structtm and wfactor requirements (NishiPiLa, 1995). The first to be characterized 

were rnembers of the conventional PKC family, including the a, $1, PII and y isofoms. 

Cloning of the cPKC family revealed four wnsewed domains (Cl-C4) which ect as functional 

modules: the Cl dornain contains 1-2 cysteine-rich motifs that bind DAG or phorbol estas 

such as TPA; thc C2 domain binds acidic phospholipids (such as phosphatidylserine) in a 

ca2+-dependent manner. and the C3 and C4 domains which form the ATP and substrate- 

bindllig lobes of the kinase domain, nspectively. 

Cellular activation and generation of ligands for Cl  and C2 domains serves to target 

cytosolic cPKC isoforms to the plasma membrane. Membrane binding causes the unfolding of 

these enzymes, removai of pseudosubstrate firom the cataiytic cae and subsequent activation of 

b a s e  activity. Concomitant production of various LSM cm also have an enhancing (eg: AA 

and other frec fatty acids (Khan, et al.. 1995)) or inhibitory (eg: sphingosine) effect on the 

activity of PKC isofomis (see table 1.4). Membrane-bound PKC isoforms are proteolyticdy 



Table 1 4  Reguiation of PKC family membcrs. 

Familv PS DAG Ca2+ AA/FFA PA pIp3 Other 

Abbreviations: AA, arachidonic acid; aPKC, atypical PKC; cPKC, conventional PKC; 
DAG, dîacylglyccrol; FFA, n.ct fatty acids; nPKC, novcl PKC; PA, phosphatidic acid; 
PIP3, phosphatidy IinositoI 3,45-phosphate; PS, p hosp hatidy l s e ~ e ;  Sph. sp hingosine; Tyr- 
P, tymsinephosphorylation. 
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labile within their hinge region. Proteolysis at this site causes the release of a constitutively 

active product @rotcin kinase M) which can phosphqlate iargets throughout the cell. 

While cPKC are dependent cm elevated Ca2+ fa activation, the two other PKC families 

lack a functionai C2 h a i n  and are thus unaffected by ~ a 2 +  levels. First, the novel family of 

PKC (nPKC) is comprisecl of the 6, e, y, 8 and JA isofcnms. In addition to their regdation by 

DAG, members of the nPKC famiiy are also activated by other lipids including PA and PIP3 in 

vitro (Moriya, et al., 1996; Toker, et al., 1994). The finding that PKC 6 can associate with 

PI3K suggests that these lipids are important regdatory facton over PKC iictivity following 

cellular activation (Eainger, et al., 1996). Further regdation of nPKC isofms may corne 

h m  direct tyrosine phosphorylation, as has been describeci for PKC 6 (Haleem-Smith, et al., 

1995; Li, et al., 1994). 

The least understood members of the PKC supcrfamily are tbe atypical kinases (m. 
comprised of the 6 and isofms. Members of this family lack both Cl  and C2 domains and, 

as a consequence, are insensitive to both DAG and inûacellular c&. Like their nPKC 

counterparts, aPKC are activated by LSM including Pm (Nakanishi, et al.. 1993) and frae 

fatty acids, includuig AA (Nakanishi and Exton, 1992). In addition, PA has been shown to be 

an important activator of PKCC, binding tightly to this isoform following cellular activation 

(Limatola, et al., 1994). 

Neutrophils have been found to express the a$I and PII members of the cPKC family, 

while y is not dctectable (Smallwood and Malawista, 1992). Members of the nPKC (6) and 

aPKC (6) are also rep11:sented in these ceils (Dang, et al., 1994; Kent, et ai., 1996). Following 

trieabnent with fMLP, a i i  PKC isoforms are rapidly activated and translocate fiam tbe cytosol to 

the plasma membrane @mg, et ai., 1995; Deii, et al., 1987; Kent, et d, 1996; Wolfson, et 

al., 1985). The functionai relevance of PKC is suggested by the fact tbat several components 

of the antimicrobial reaction can be hitiated by direct activation of PKC with phorbol esters 

(Tauber, 1987) and by the finding that phannacologic inhibition of PKC blocks many of the 

cellular responses induced by fMLP (Heyworth and Badwey, 1990; Lambeth, 1988; 
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Verhoeven, et al., 1993). Despite the importance of PKC in regulating neutrophil function, the 

substrates of this family of bases are ill defined. 

Substrates of PKC. The myrïstoylated, alanine-rich C h a s e  substrate 

(MARCKS) is a major PKC substrate in many different cell types, including neutrophils 

(Blackshear, 1993). In its unphosphorylated state, MARCKS binds to the plasma membrane 

via hydrophobie insertion of its myristate chah into the lipid bilayer and via electrostatic 

interactions of its cluster of basic residues with acidic phospholipids (Swierczynski and 

Blackshear, 1995; Swierczynski and Blackshear, 1996). Membrane associated MARCKS has 

several important functions, including the ability to bind and m s s W  actin (Hartwig, et al., 

1992), binding to calmodulin (Graff, et al., 1989) and sequestering Pm in the plasma 

membrane (Glaser, et al., 1996). These functions are blocked by PKC-mediated 

phosphorylation within the basic region, blocking electrostatic interactions of rhis region with 

the membrane and causing the reluise of MARCKS into the cytosol (Thelen, et al., 1991). 

Dephosphorylation of MARCKS permits its rapid reassociation with the plasma membrane, 

allowing cycling berwccn these two subcellular compartments to occur (Thelen, et al., 199 1). 

The ability of MARCKS to couple the actin cytoskeleton to the membrane in a PKC-inhibitable 

fashion suggests a possible role for this protein in chernotaxis (Thelen, et al., 1991). In 

addition, MARCKS has recently been localized to nascent phagoswies in macrophages (Men 

and Aderem, 1995) whexe it may act to permit fission h m  the plasma membrane (Glaser, et 

ai., 1996). 

Pleckstrin, a 47 kDa protein txpresseà exclusively in hematopoietic cells, was 

originally definecl as a major substrate of PKC in platelets (HaSIam and Lynbam, 1977; Tyers, 

et al., 1988). StnicturaUy, pleckstrin consists of two copies of a recently identifieci motif, the 

pleckstrin hornology (PH) domain (Haslam, et al., 1993; Mayer, et al., 1993). bridged by a 

s hm region that includes PKC phospharylation sites (Abrams, et al., 1995; Craig and Harley, 

1996). To date, p1eckstri.n has not been found to display eazymatic activity and its role is 

unlaiown. Yet, because of its abundance and its susceptibility to rapid phosphorylation by 

PKC, pleckstrin is belicved to play an important rolt in PKC-mtdiated activation. Expression 
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of pleckstrin is high not only in pla teh ,  but also in HL60 promyelocytes differen- dong 

the granulocytic line, where it wnstitutes 0.1% of the total protein (Tyers, et al.. 1987). This 

hding  suggests that pleckstrin may mediate some of the PKC-dependent microbicidal 

responses of neumphils. 

Map Kinase Cascades. Thc mitogen-activated protein (Map) kinase superfamily 

are a widely expresscd and highly consnved group of serine/threonine kinases that initia= 

responses to many extraceliular signals and physico-chernical stresses (Davis, 1994; Kyriakis 

and Avruch, 1996). Because of this signahg diversity, 1 will focus on the role of these 

kinases in mediating neutmphil responses to the chemoattmctant fMLP (summarized in Fig. 

1.6). 

Three families of the Map kinase superfamily have been describeci to date. A unique 

feature of these kinases is their requirement to be phosphorylated on both threonine and 

tyrosine residues in order to becorne activated (Cobb and Goldsmith, 1995). This dual 

phosphorylation occm within the consewed sequence of subdomain Vm in the cataîytic 

region. The amino acid at X is specific to each Map kinase family: TEY for the Extracellular 

signal-regulated kinase (Erk) family; TPY fbr the c-Jun N-terminal kinase (Jnk) family and 

TGY for the p38 family (Kyriakis and Avmch, 1996). 

The f h t  Mapk family to be discovered was the Erk family, with at least 3 isoforms 

identifid to date. The Erk-1 and -2 isof-s are prcdominantly cytosolic proteins (of 44 and 

42 D a  respectively) and have bcwi desaibed in many ceii types, including neunophils. Tkse 

i s o f m s  are rapidly activated upon stimulation of neutmphils with a variety of inflarnmatory 

stimuli, including fMLP, CSa, LTB4, TPA, tumour necrosis factor a and granulocyte- 

macrophage colony stimulating factor (Gomez-Cam bronero, et al., 1993; Gnnstein and 

Furuya, 1992; Okuda, et ai., 1992; Thornpson, et al., 1994). Little is hown about the 62 kDa 

ERK-3 isoform which is constitutively localued to the nucleus in al1 ceii types studied and does 

not appear to phosphorylate typical Erk family substrates (Cheng, et al., 1996). 
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Fig. 1.6. Map Kinase pathways in neutrophils. Abbreviations: cPLA2, cyotosolic 
phospholipase A2; Erk, extracellular-signal regulated kinase; Hsp27, heat shock protein 27; 
Jnk, c-Jun N-termimal kinase; LSP1, lymphocyte specific protein 1; MapKap2, mitogen 
activated protein kinase-activated protein kinasel; Mek, MapErk kinase; Mekk, Mek 
kinase; Pak, p2 1 -ac tivated kinase. 
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A nurnber of cellular proteins have been shown to contain the ErLl and -2 consensus 

phosphorylation motifs, PX(S/T)P or XX(S/L?P (Davis, 1993). In a variety of cell types,these 

substrates include transcription factors (eg: c-Fos, c-Jun), the epidermal gmwth factor receptor, 

and myelin basic protein (Davis, 1993). In neutmphils, important substrates of Erkl and -2 

indu& p90S6KII (Huang, et al., 1994) and p47phox (El Benna, et al.. 19%). 

Dual phosphoqlation of Map kinases is catalyzed by the upsfream activator Mek (for 

Map/Erk Kinase). To date, 6 members of the Mek family have been idcntified and subgrouped 

according to their ability to initiate downstream MapK signaling cascades (Han, et al., 19%). 

Both Mekl and -2 phosphorylate Erkl and -2, with Mek2 king the predominant Erk activator 

in human neuûophils in response to fMLP (Downey, ct al., 1996). Inhibition of the Erk 

pathway can be accomplished with the Mek inhibitor PD98059 (Alessi. et al., 1995). 

Treatment of cells with this compound largely uihibits fMLP-mediated activation of Erkl and -2 

(60-70%), concomitant with an approximately 4 196 inhibition of supemxide production (Avdi, 

et al., 1996). These data suggest that the Erk kinases contribute to activation of the NADPH 

oxidase in response to fML,P. 

Mekl and -2 are activated by phosphorylation of two conserved serine/threonine 

residues (Zheng and Guan, 1994). mediated by at least two different kinases in neutrophils. 

The first is the 72 kDa Raf, a cytosolic protein in unstimulated ceus. In other ceil types, Raf is 

thought to be recruited to the plasma membrane by GTP-bound Ras and activated by an 

unlmown kinase in response to mitogenic stimuli (Stokoe, et al., 1994). Foilowing exposurc 

to chemoataractants and other inflamrnatory stimuli, Ras-induced activation of Raf-1 participates 

in activation of the Erk pathway in neutrophils (WOfthen, e t  al.. 1994). The upstream 

activator(s) of Ras in these ceils rquires M e r  definition. 

In addition to Raf, upstrtam activation of Mekl and -2 can be mediated by Mek kinase 

(Mekk). Mekkl has been identifid in neutrophils and is capable of activating bot .  Mekl and 

-2 following fMLP stimulation (Avdi, et al., 19%). Activation of Mekkl may be &pendent on 

the activation of Ras or a downstrmn efiector of this G protein. Alteniatively, Mekkl may be 

activated downstream of the Ras-relateù smaii G proteins Rac and/- Cdc42 (Minden, et  al., 
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1995). Mem bers of the p2 1 -activated kinase (PAK) fmily are activated upon binding to GTP- 

bound Rac or Cdc42 and are thought to act as upstream activators of Mekk. Neutrophiis 

express at l e s t  two members of the PAK family of seMe/threonine kinases, suggesting that a 

similar pathway of Mekkl activation also occurs in these ceils (Knaus, et al.. 1995). A novel 

Pak-related kinase, hanatopoietic progenitor kinase 1, is widcly expressed in bematopoietic œll 

linmges and ha9 recently been proposed to act as a unique upsaam activator of Mekk though 

this possibility remains to be tested in neutrophils (Hu, et ai., 1996). In addition to Raf and 

Me& neutrophils may also express other activators of Mekl and -2, including the Mos 

protooncogene pmduct which is prisent in other systcrns (Posada, et al., 1993). 

While initially identifid as a sp&c activatm of the Erk cascade, recent studies suggest 

that Mekkl is a m m  potent upstream activator of Jnk and p38 (Xu, et al., 1996). Members of 

the Jnk f d y  arc important mediators of cellular responses to physico-chernical stimuli and 

idammatory cytokines (Kyrialcis and Avmch, 1996). Attempts to identi6 Jnk in human 

neutrophils have b a n  unsuccessful to &te (Nick, et al., 1997). 

The third member of the MapK superfamily, p38, was Uiitiaily isolated as the cellular 

target of the cytokine suppressive and anti-inflamrnatory dmg SK&F 86002 (be, et al., 1994). 

Activation of p38 followhg lipop01ysacchari& stimulation is requiried for translation of TNFa 

by macrophages (Han, et al., 1994). Like other MapK family members such as Erk and Jnk, 

p38 is activated by dual phosphorylation on threonine and tyrosine residues (but within a =Y 

consensus sequence not TEY as for the Erks) (Cobb and Goldsmith, 1995). 

Following treatment of neutrophils with fMLP and 0 t h  agonists, rapid activation of 

p38 has recently been observeci (Krump, et ai., 1997; Nahas, et al., 1996; Nick, et al., 1996). 

Upstream activation of p38 is mediated by MeW (Nick, et ai., 1997) and possibly Mek6 (Han, 

et al., 1996). Upstream activators of these kinases are largely unknown but Wrely inch& Pak 

and Rac/Cdc42 @y analogy with other systems). 

Many important p38 substrates have been describeci in neutrophils. These include 

p47~hox. indicating that p38 may play a role in assembly and activation of the NADPH oxidase 

(El Berna, et al.. 19%). While members of the Erk famüy w e n  initially thought to 
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phosphorylate cPLA2 and contribute to ia activation, rectnt studics have shown that p38 is 

actually the major cPLA2 activator in neutrophils and platelets (El Benna, et aL, 1996, Krarner, 

et al., 1995). Anotha pur@ Erk target, MapK-activatcd protein kinase2 (MapKapZ), is 

also activated by p38 in response to fMLP matment (Knimp, et al., 1997). Two important 

targets of MapKap2 are the heat shock protein Hsp27 (Knimp, et al., 1997) and lymphocyte 

specific protein 1 (Huang, et al., 1997). When phosphorylated, Hsp27 cm contribute to 

agonist-induced reorganization of the actin cytoskeleton (Landry and Hwt, 1995). The ability 

of lymphocyte specific protein 1 to bind F-acM suggests that this p38 substrate also plays a 

role in regulating cytoskeietal dynamics (Huang, et al., 1997). Treatrnent of cells widi the p38 

inhibitor SKgtF8602 was capable of inhibiting fMLP-mediated adhesion to fibronectin, 

chernotaxis and superoxide production (Nick, et al., 1997). Together, these sndies suggest an 

irnporiant role for both the ERIC and p38 membas of the MapK superfamily of se-* 

kinases. 

Renaturable serine/threonine kinases. A family of chemoattractant-activated 

serinelthreonine kinases has been described in rodent and human neutrophils (Ding and 

Badwey, 1993; Ding and Badwey, 1993; Grinsteh, et al., 1993). Following fractionahon by 

electrophoresis in denaturing polyacrylamide gels, these unique enzymes have the ability to 

renature and to phosphorylate themselves or exogenous substrates previously immobilized 

within the matrix of the gel. Four members of this renaturable se~e/threonine kinase family 

have been identifed, with approximate molecular masses of 42, 49, 65 kDa and 72 kDa 

(GrinStein, et al. 1993). nie 42 kDa protein has been i&ntified as a member of the Erk f d y  

(Wstein and Furuya, 1992). Subsequent to the studies presenad in Chapter 3, the 65 and 72 

kUa kinases were identified as mernôers of the Pak family of kinases m g ,  et ai., 1996). The 

identity of the 49 kDa remturable kinase in neutrophils runains to be detemhed. 

Tyrosine phosphorylation. Ont  of the earliest biochemical evtnts which 

foUows receptor engagement is the attachent of phosphate to tyrosine residues of cellular 
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proteins. Inmases in tyrosine phosphorylation can be initiatexi by a variety of soluble and 

particulate stimuli and temporaiiy comlate with the appearance of cellular responses (Berkow 

and Dodson, 1990; Gomez-Carnbronero, et al., 1989; Huang, et al., 1988). The importance of 

tyrosine phosphorylation to neutmphil function is M e r  underlined by the fiding that 

inhibitors of protein tyrosine kinases block many neuaophil responses, including adherenœ 

(McGregm, et ai., 1994), chernotaxis (Gaudry, et al., 1992), phagocytusis (Kobayashi, et al., 

1995) and production of reactive oxygen intexmediates (Berkow, et al., 1989; Kusunoki, et al., 

1992). 

Tyrosine kinases. Phosphotyrosine accumulation is regulated by the competing 

activities of protein tyrosine b a s e s  (PTK's) and protein tyrosine phosphatases (PTP's). 

Increased activity of tyrosine kinases has been demonstrateci in neuaophils ûcateü with 

chernotactic peptides (Ptasmik, et al., 1995). cytokines (Berton, et al., 1994; Corey, et al., 

1993) and other ligands (Asahi, et al., 1993). and has been postulated to account for the 

increased tyrosine phosphorylation observeci following stimulation with these agents. The 

subcellular localization of tyrosine kinases and their substrates may also play a role in 

regulating tyrosine phosphorylation. For example, neutrophils contain at least four types of 

secretory granules within their cytoplasm (BorregaarQ et al., 1993). some of which have been 

shown to contain tyrosine kinases. Following stimulation, granular fusion with the plasma 

membrane a d o r  phagosome may allow associated kinases access to their substrates (Gutkind 

and Robbins, 1989; Mohn, et al., 1995). Some of the tyrosine kinases thought to play 

important roles in neutrophil signalling are discussed below. 

Src family tyrosine kinases. The Src tyrosine kinase was identified as the 

cellular homologue of the prototype oncogenc v-Src (Cantley, et al., 1991). Mutations in the 

Srç gene, capaired in the Rous sarcoma virus, give rise to a constitutively active tyrosine kinase 

that is capable of transfming infected cells. Since the discovery of Src, other closely related 

proteins have been idcntified, including Fyn, Yes, Fgr, Lyn, Hck. Lck, Blk and Yrk. While 
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their individual tissue distribution varies, tyrosine kinases of the Src family are represented in 

aii mammalian celis, pesfonning a gnxt variety of signalling hinctions (Bmwn and Cooper, 

1996). 

Members of the Src family share a common structural organization, with each 

conserved region designated a Src-Homology (SH) domain (set Fig. 1.7). The N-terminus 

contains the SH4 domain which is rnyristoylated and targets the protein to cellular membranes. 

Revenible palmitoylatim within this rtgion has also k n  dcscnbed for m e  family membgs 

(eg: Hck) and can save to localizc these kinases to cholestaol-rich compartments of the plasma 

membrane called caveolae (Robbins. et al., 1995). A region of 50-70 amino acids. unique to 

each Src family kinase, joins the SH4 domain with the SH3 domain. Both SH3 and S H 2  

domains act as fûnctional units that mediate protein-protein interactions. SH3 &mains bind to 

proline-containing peptides in a polyproline type41 (helica) confinmation while SII2 Qrnains 

bind polypeptide segments that contain a phosphotyrosine (Koch, et al., 199 1). Expression of 

SH3 and S H 2  domains is widespread and plays an important rolc in the regdation and function 

of many important signahg proteins. A short ' W e r '  region of 13 amino acids joins the SH2 

domain to the functional catalytic unit, the SHI domain. 

The modular nature of the Src structure provides the basis for regdation of its catalytic 

activity. In the basal state, kinase activity is inhibiteci by two distinct intramolecular 

interactions. The Fi t ,  involves folding of the enzyme to allow intmno1ecula.r binding of the 

SH2 domain with a C-terminal tyrosine phosphorylatcd residue (Y527 in chicken Src). 

Phosphorylation of this residue is catalyzed by another base, C-terminal Src base,  which 

displays a high basal ac tivity within cells (Okada, et al.. 199 1). Several lines of evidence have 

demonstrated the importance of C-texminal phosphorylation in mediating autoinhibition of Src 

f d y  members: i) dephosphqlation of Y527 incnases SR: kinase activiry ii) mutations 

within the C-terminus that remove Y527. including those found in v-Src frmn the Rous 

sarcoma virus, lead to constitutive activation of kinase activity, and, iii) high aftinity bindiag 

of the Src SH2 domain to tyrosine phosphqlated pepti&s incrcases cataiytic activity ( B m  

and Cooper, 1996). 
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Fig. 1.7. Structures of tyrosine kinases expressed in neutrophils. Abbreviations: PH, 
pleckstrin homology domain; SH, Src homology domain; TH, Tec homûlogy domain. 
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E€.ecent structurai analyses have illuminated a second intramolecular inmaction that acts 

to inhibit kinase activity of Src family PTK's in quiescent alls.  Crystal structures of Src, 

phosphorylated at Y527, revealed tight associations between the SH3 domain and probe  

residues of the linker region (Xu, et al., 1997). In addition, two lopps of the SH3 stnictwe 

interacted with the lobes of the kinase domain, causing a confornational shift that is lilrely to 

inhibit catalysis. Solution of the autoinhibited Hck crystal structure pv ides  evidenœ that SH3 

domain-mediated inhibition d caralytic activity is common to all S s  farnily members (Sicheri, 

et ai., 1997). 

Fuli activation of Src appears to require both Y527 dephosphorylation and 

autophosphorylation of a residue within the SHI domain, namely Y416. Solution of the 

crystal structure of activated Lck (Y416 phosphorylated, Y527 dephosphorylated) suggcsts that 

Y416 rnay play a d e  in stabilizing active confmation of the catalytic fold withui the SHI 

domain (Yamaguchi and Hendrickson, 1996). Interestingly, partial activation of Src family 

kinases has been Mmessed when they are doubly phosphorylated on Y416 and Y527 

(Boemer, et al., 1996; D'Oro, et al., 1996). These findings suggest that the stabilizing effect 

of Y416 phosphorylation is capable of partiaIiy overcorning the inhibitory actions of 

inaamolecuiar folding. 

Neutmphils have been found to express members of Src family, including Lyn 

(P tasd ,  et al.. 1995). Hck (Ziegler, et al.. 1987). Fgr (Gutkind and Robbins, 1989)and Yes 

(Corey, et al., 1993). Expression of the other members of the Src family is undetectable 

(Mustelin, 1994). Activation of the Src family kinases exprcssed in neutrophil has been 

observed following treatment with a variety of iaflammatory stimuli, including fMLP (Corey, 

et al., 1993; Gaudry, et al.. 1995; Ptasznik, et al., 1995). The role of these kinases in 

mediating neutrophü functions has been snidied with the use of transgenic m i a  deficient in 

their expression. Mice with targettecl dismptions in the Hck gene displayed an impairment in 

phagocytosis (Loweli, et al., 1994). In addition. adherent neutmphils h m  mice laclcing both 

Hck and Fgr are unable to produce ROI foliowing stimulation with fMLP or tumour necrosis 



factor a (Lowe& et al., 1996). These data suggest an important role for Src family kinases in 

rnediating neutrophil Fesponses to inaammatory stimuli. 

Spleen tyrosine kinase. Spleen tyrosine kinase (Syk), so called because it was 

originally isolated fkom porcine spleen homogenates, is broadly expressed in many 

hematopoietic lineages (Taniguchi, et al., 1991). A unique fe- of Syk (and the related 

kinase ZN-70)  is its tandem SI32 bmain-containing structure (see Fig.1.7). These SH2 

&mains mediate the association of Syk with a variety of immune cell receptors which contain 

immunoreceptor tyrosine-based activation motifs (Chan and Shaw, 1995). Receptor 

phosphoryiation within this motif d o w s  binding of Syk, an event thought to increase Syk 

kinase activity and initiate downstream signalling (Kimura, et ai., 1996). 

Syk association with the Bceli rcceptor is thought to play an important role in B-ceil 

development (Satterthwaite and Witte, 1996). Lymphoid cells lacking Syk expression 

displayed impaired differentiation of B-lineage cells (Cheng, et al., 1995). In addition, mice 

lacking Syk suffed scvtn hcmorraging as embryos, indicating that Syk is involved in 

maintainhg vascular integrity and wound healing during embryogenesis (Cheng, et al., 1995). 

Syk aiso plays an impatant role in the initiation of phagocytosis via Fcy receptors. 

Upon binding to IgG-coated mimbial targets or partides, clustering of these receptors leads to 

their phosphorylation (or phosphorylation of an associateci y subunit) and association with Syk 

(Greenberg, et al., 1996). Activated Syk initiates many important downstream signalling 

events, Uicluding reorganization of the actin cytoslreleton mund the nascent phagosome (Cox, 

et al., 1996). 

Bruton's tyrosine kinase. Like Syk, Bruton's tyrosine kinase (Btk) plays an 

important rolc in B e l l  &velopment (Khan, et al., 1996). Mutations in the gene encoding Btk 

are responsiblc for X-iinked agammaglobulinemia, a primary immunodefciency chmterized 

by a vhually complete absence of circulating B-lymphocytes. Bk belongs to the Tac farnily of 

PTK (comprishg Btk, Tex and Itk), aii of which s h m  a cornmon structure (Fig. 1.7). Like the 

Src family, Tec-nlated kinases contain SH3 and S H 2  domains in addition to the conserveci 
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catdytic domain (SHI). Btk and its ~clatives also possess a PH domain and a wnsavcd region 

(Tec hornology domain) c- by a proLUie-rich region. 

Several models of Btk regulation have been proposed Intramolecular association of the 

Btk SH3 domain with its own pline-rich region has been suggested to repress kinase activity 

in the basal state (Andreotti, et al., 1997). Following stimulation, ligand binding to Btk's SH3 

and SH2 domains might then overwhelm this intramolecular interaction and unfold the kinase 

into an active suut. Phosphorylation of Btk by Src family PTK's has also been shown to 

increase its activity (Rawlings, et al., 1996). Further regulation of Btk may corne h m  the 

association of its PH domain with the fky subunits of G proteinaupled receptors (Langhans- 

Rajaselcaran, et al., 1995). 

Tyrosine Phosphatases. in addition to the effects of tyrosine kinases, decreases 

in the activity of protein tyrosine phosphatases (PTP's) may also lead to an incrcasc in cellular 

tyrosine phosphorylation following exposure of neutrophils to infiammatory stimuli. In 

suppon of this notion, overail neutmphil phosphotyrusine phosphatase activity ha9 k e n  shown 

to decrease following stimulation with the chemoattractant fMLP or with phorbol esters, though 

the identity of the particula. phosphatases responsible for this effect was not determineci 

(Kansha, et al., 1993; Kraft and Berkow, 1987). Similady, the inhibition of tyrosine 

phosphatases with vanadate or its peroxides has been shown to potentiate £MLi?-induced 

superoxi& production in whole cells (Lioyds and Haliet, 1994) and to activate a respiratory 

burst in electroporated œik, providing M e r  evidena that a reduction of phosphatase activity 

may lead to anti-microbial responses in PMN (Grinstein, et al., 1990; Mitsuyama, et al., 

1993). 

Mile thc spectnun of tyrosine phosphatases responsible for reguiating neutrophil 

responses requires furthet definition, one P'IP implicated in neutrophü signalling is CD45 A 

member of the transmembrane class of tyrosine phosphatases, CD45 has been found on 

s m t o r y  granules and the plasma membrane of neunophils (Pulido, et al, 1989). Stimulation 

with a variety of agents has k e n  shown to enhance the expression of CD45 on the plasma 



53 
membrane (Pulido, et al., 1992). a phenornenon thought to contribute to the &sensitization of 

neutrophils following M e r  stimuiation with fMLP (Cui, et al.. 1994). The inminsic activity 

of CD45 is also modulated in neutrophils following production of reactive oxygen 

intermediates by the NADPH oxidase (FialLnw, et al., 1994). The latter finding is thought to 

reflect the oxidation of aitical cysteine residues within the caralytic domain of CD45 (which is 

conservai in a i l  tyrosine phosphatases, see (Fisher, et al., 1991)) and may nqmsent a unique 

mode of auto/pararrine signalling (Schreck and Baeuerle. 1991). Inhibition of CD45 activity 

may also contribute to oxidant-induced activation of Erk ( F i o w ,  et ai., 1994). an enzyme 

thought to represent a subsûate of CD45 (Anderson, et al., 1990). 

In contrast to CD45, Little is known about the role of soluble tyrosine phosphatases in 

neutrophil signai transduction. One such phosphatase, the SHZ-containing tyrosine 

phosphatase-1 (SHP-1, also known as PTPIC, HCP. m - N 6  and SHPTP-1). has been 

extensively studied as a potential rtguiator of the action of growth-promoters in haemopoietic 

celis (Okamura and Thomas. 1995). SHP-1 has been shown to dephosphoryiate and inactivate 

the erythropoietin (Khgmuller, et al., 1995; Yi, et al., 1995). stem ceil factor (Yi and Ihle, 

1993), interleulin-3 (Yi, et al.. 1993). interferon a (Yetter, et al., 1995) epidennai growth 

factor (Tornic, et al., 1995) and B-ceil antigen recepton (Pani, et al., 1995). In addition, loss 

of function mutations in SHP-1 are known to represent the genetic defect responsible for 

serious autoimmune and immunodeficiency defects in motheaten mice (Bignon and 

Siminovitch, 1994; Kozlowski. et al., 1993; Shultz, et al., 1993; Tsui, et al., 1993). 



Increasing evidence has suggested the importance of protein phosphorylation in the 

regulation of neutrophil responses to inflammatory stimuli. To funher understand 

phosphorylation-dependent signalling mechanisms in these œlls, the enzymes that contml 

phosphorylation were examine& While neutmphils express a variety of cell surface recepm 

that often initiate unique signahg cascades, the work in this thesis will focus on the events 

downsûeam of the fMLP receptor. 

Activation of the fMLP receptor increased the activity of two renahirable 

serine/threonine kinases, pK65 and PK72. These kinases have the unique ability to regain 

their catalytic activity following denaturation and electrophoresis in SDS PAGE gels. The 

rapid tirne course of activation of these kinases and their previously demonstrated ability to 

pbosphorylate p47~hox, a subunit of the NADPH oxidase, suggested an important role in the 

initiation of signal transduction by the fMLP receptor. Activation of pK65 and pK72 

paraleled the accumulation of tyrosine phosphate on proteins with similar m o l d a r  masses. 

Treatment of ceils with tyrosine kinase inhibitors nvealed that the renaairable kinases were 

dependent on the activity of tyrosine kinases. However, immunoprecipitation of tyrosine 

phosphorylated proteins demonsaated that pK65 and pK72 are not themselves phosphorylated 

on tyrosine. Thus, activation of tyrosine kinases is a required upstream event in the signal 

transduction cascade leading to the activation of pK65 and PK72. Subsequent to this study, 

the renaturabie kinases were identifed as members of the PAK family of se~e/-Lhreonine 

kinases. 

Recent snidies have suggested an important role for reactive oxygen intemediates 

(ROI) in a variety of signal transduction systems. As neutrophils are capable of producing 

massive amounts of these inorganic molecules via the NADPH oxidase, the effect of 

endogenously produced ROI on neuwphil signalling was addressed. To induce endogenous 

production of ROI widiout other receptor-mediated signalling events, elecmpermeabili7PA celis 

were stimulatcd with non-hydrolyzable analogues of GTP. Direct activation of the NADPH 

oxidase in this manner was found to induce a massive accumulation of tyrosine phosphate on 
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many cellular proteins, in contrast to the characteristic pattern of tyrosine phosphorylation 

witnessed foîiowing tmtment with bacterial tripeptide. 

Phosphotyrosine accumulation is rcgulated by the competing activities of protein 

tyrosine kinases and protein tyrosine phosphatases. Earlier studies had suggested that ROI can 

inhibit the activity of tyrosine phosphatases by oxidation of a mnserved cysteine midue within 

their catalytic domain. While the inhibition of tyrosine phosphatases may account for the 

elevated tyrosine phosphorylation induced by ROI, increased activity of tyrosine kinases could 

also conceivably contribute to the response. The role of tyrosine kinases in mediating 

accumulation of tyrosine phosphate was addresseci by immunoprecipitation of the tyrosine 

kinases identifiecl in neutmphils and measurement of their activity in vitro. Production of ROI 

was shown to activate several tyrosine kinases in a manner dependent on the5 @or tyrosine 

phosphorylation. It was concluded that oxidation of tyrosine phosphatases by oxidase-derived 

ROI mediates their inhibition, allowing tyrosine kinases to be phosphorylated on activating 

tyrosine residues. NADPH oxidase-âerived ROI likely play an important role as auto- and 

paracrine signalling molecules, serving to enhance tyrosine kinase-dependent signalling 

fwictions. 

To M e r  delineate the role of tyrosine phosphatases in the initiation W o r  

modulation of neutrophil responses, 1 have studied the localization, activity and possible modes 

of regdation of SHP-1 in these cells. In addition to their inhibition by ROI, some tyrosine 

phosphatases are also regulated via their phosphorylation. This appears to be uIc case foi 

SHP-1, which was phosphorylated on serine residues in response to inflammatory stimuli. 

Phosphorylation of SHP-1 was associatecl with a concomitant dencase in its catalytic activity 

and an accumulation of cellular tyrosine phosphate. Agonist-mediated phosphorylation and 

inhibition of SHP-1 were blocked by pretreatment of neutrophils with a potent and specinc 

inhibitor of PKC isoforms. indica~g that this kinase may regdate SHP-1 activity in cells. In 

vitro phosphorylation of SHP-1 with purified PKC inhibited its activity, mimicking the efftct 

seen in intact ceus. These findings suggest a new linlr between PKC and the regulation of 

tyrosine phosphorylation. 
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The d e  of PKC in activation of neutrophil responses to chemoattractants is st i l l  

unclear. One PKC substrate thought to play an important role in hematopoietic cells is 

plecksnin, which is highly expressed in these ceils and rapidly phosphorylated in response to 

PKC activation. Using a variety of phacologic mls, the upstream regdation of pleckstrh 

phosphorylation was stuclied. Several lines of evidence suggestcd that plecksmn is 

phosphorylated by a non-conventional isofonn of PKC: phosphorylation was inhibited by 

tyrosine kinase and phosp hatidy linosiml fkinase (PI3K) antagonists, was independent of 

intracellular calcium transients and was prolonged by agents that elevated intracellular 

phosphatidic acid levels. As other PKC substrates (eg: MARCKS) have been demonstrated to 

change theK subcellulat disiribution following phosphorylation, the subcellular localization of 

pleckstrin was also studied. Following phosphorylation, pleckstrin translocattd h m  the 

intraceliular adaptor, targemng PH domain-associated molecules to these subcellular 

compartments in response to inflammatoay stimuli. 

In addition to plecksmn, other adaptor proteins were identifid in neutrophils. 

ûriginally describexi in other systems, VAMP-2 and syntaxin 4 were localized to the secretory 

granules and plasma membrane of neutrophils, nspectively. The interaction of these proteins 

(through a tripartite complex with soluble secretgr factors such as NSF and SNAP) may play 

a role in reguiating secretion of antimicrobial agents. 

Al1 of the work describeci in this thesis has been published. To avoid repetition, 

experimental procedures have been consolidated into Chapter 2. All refaences can be found at 

the end of this document The repetitive portions of introductory segments k m  each 

manuscript have been removed while the absmct, results and discussion remain largely 

untouched Work presented in Chapter 5 was perfmmed with the technical sssistance of Chi 

Kin Chan. In Chapter 6, Fig. 6.4 was done with the help of Dr. Karen L. Craig while Donald 

Ferguson assisted with Figs. 6.2. 6.5 and 6.6. Chapter 7 was a collaboration with Alien 

Volchuk who contributed to Figs. 7.1.7.2.7.3.7.4 and 7.5. Immunoelectmn microscopy in 

Fig. 7.6 was performed by D ~ s .  Anne-Mane Cieutat and Dorothy F. Bahton. A general 
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discussion of this wmk is found in the concluding chapter. The publications contained in this 

thesis are: 

Chapter 3: B m e l l ,  J H  and Grinstein, S. (1994). Serine/threonine base  activation 

in human neutrophils: relationship to tyrosine phosporylation. Am. J. Physiol. 267:C1574- 

Cl58 1. 

Chwter 4; Bnunell, J.H., Burkhardt, A.L., Bolen, J.B. and Grinstein, S. (1996). 

Endogenous reactive oxygen intemediates activate tyrosine kinases in human neutrophils. J. 

Biol. Chem. 271:1455-1461. 

Cha~ter 5; Bnunell, J.H., Chan, C.K. Butler, J., Bomgaard, N., Downey, G.P., 

Siminovitch. KA. and Griostein, S. (1997). Regdation of SHP-1 during activation 

of human neutrophils: Role of Rotein Kinase C. J. Biol. Chem. 272:875-882. 

Cha~ter 6: Brumell, J.H., Craig, K., Ferguson, D., Tyers, M. and Grinstein, S. 

(1997). Phosphorylation and subcellular redistribution of PlecLstM in human neutrophils. J. 

Immunol. 158:4862-487 1. 

Chapter 7; Bnuneil, J.H., Volchuk, A., Sengelov, It, Borregaard, N., Cieutat, A- 

M., Bainton, D.F., Grinstein, S. and Klip, A. (1995). Subcellula. distribution of 

docking/fusion proteins in neutrophüs, seaetory cells with multiple exocytic compartments. J. 

Immunol. 155:5750-5759. 



Chapter 2: 

Experimental Procedures 

t eri a h. N-acetyl cysteine (NAC), aprotinin, EGTA, diamide, 1,2- 

dioctanoylethylene glycol, dithiothreitol (Dm), fibrinogen, fMLP, GTPyS, guanidine 

hydrochlaide, HEPES, histone f2a (type VI-S h m  caif thymus), K-ATP, leupeptin, medium 

RPMI 1640, NADPH, Nonidet P-40 (NP-40). pepstatin A, phenylmethylsulfonyl fluoride 

(PMSF), phosphotyrosine, propranolol, sodium orthovanadate (NaV), and the 4$-fom of 

12-O-tewdecanoylphohol 13-acetate (TPA) were h m  Sigma Hydrogen peroxide (H202) 

was nom Fisher. Ficoll40, d e x m  TSOO, protein A-Sepharose, S e p h s e  beads and FicolI- 

Paque were h m  Phannacia LKB Biotechnology hc. Centrifugation Nters (Centricon) with a 

molecular weight cut-off of 30 kDa were from Amicon Corp. Ultra-pure acrylamide, allrsline 

phosphatase and bovine serum albumin (BSA) were h m  Boehringer-Mannheim. Calyculin A 

was from LC Senices Corporation. Genistein was from BIOMOL. Erbstatin was the generous 

gift of Dr. K. Umezawa (Department of Applied Chemistry, Keio University, Japan). Bis- 

in&lylmaieimide 1 (HM, also known as GF 109203X), wortmannin, ionomycin and Et59022 

were purchased from Calbiochem. Diisopropylfiuorophosphate (DFP) was obtained h m  

Aldrich. The acetoxyrnethylesters of indo-l and BAPTA were h m  Molecular Robes. 

Polywlylidene difluondt (PVDF) film were b m  Millipon. Okadaic a d ,  3 2 ~ - ~ 2 p 0 4 ,  8- 

(N-morpholino) propanesulphonic acid and 3 2 p - y ~ ~ ~  wen  purchascd h m  ICN. The BCA 

protein assay kit and desaiting columns were from Pierce Chemicai Co. Two-chah tetanus 

toxin was a kind gift h m  Dr. E. Habermann (Justus-Leibig Universtat, Giesen, Gemany). 

Diphenylene iodonium @PI) was synthesized in our laboratory as previously described 

(Collette, et ai., 1956). Purified PKC h m  rat brain and the protein tyrosine phosphatase 1B 

(PTP-1B) pre-conjugated to agarose beads were obtained h m  Upstate Biochemicals Inc. 

Tmcated T-ceU phosphatase (TC-PP) was the generous gift of Dr. C. Diltz (Department of 

Biochemistry, University of Washington, Seattle, WA, USA). 



59 
Affkity-purifiecl rabbit polyclonal antibodies to phosphotyrosuie and a 

monoclonal antibody to SHP-1 were obtained from Transduction Laboratories. Monoclonal 

antibodies (43-10 clone) to phosphotyrosinc (fhe or conjugated to agarose btads) were h m  

D I .  Affinity-purifid rabbit polyclonal antibody to Raf-1 was purchascd h m  Santa C m  

Biotechnology Inc. Anti-sera to the Src family tyrosine kinases as weil as Syk, -70 and 

Btk were provided by Bristol Myers Squibb (J. Bolen and A. Burkhardt). A GST-fusion 

protein of wild-type murine SHP-1 encompasshg its two S H Z  domains (amino acids 1-296) 

was generated as previously describeci (Kozlowski, et al., 1993). The recombinant protein 

was used to generate polyclonal antibodies to SHP-1 which w m  affinity purifid and have 

been show to be suitable for immunoblotting and immunoprecipitation (Kozlowski, et al., 

1993; Pani, et ai.. 1995). A GST-fusion protein of wild-type pleckstrin was generated and the 

recombinant protein was used to gemate polyclonal antibodies which were affinity-purifia as 

previously described (Craig and Harley, 1996). Rabbit polyclonal anti-VAMP-2 antisenun 

was raised to a GST-fusion protein encurnpsssing residues 1-96 of the rat VAMP-2 sequence 

and was affinity purifîed. This antibody has b e n  previously shown to react ahost exclusively 

with VAMP-2 (Volchuk, et al., 1995). A polyclonai antibody (aSy4) to a GST-fusion protein 

encompassing residues 1-274 of rat syntaxin 4 was raised in rabbits and affinty-purifid This 

antibody does not react with any of the other recombinant syntaxin isoforms. An affinity- 

purifie- anti-ceuubrevin antiserum (D204) (McMahon, et al., 1993) was generously provided 

by Dr. T. C. Sudhof (Howard Hughes Medical Institute, University of Texas, Dailas, TX). 

An affinity-purified polyclonal anti-VAMP4 antibody and a monoclonal antibody to 

synaptophysin (clone SY38) were kind gifts of Dr. W. Trimble (University of Toronto, 

Toronto, Canada). A monoclonal antibody to SCAMP (SG7C12) was the Lind gifi of Dr. D. 

Casde (Department of Anatomy and Celi Biology, University of Virginia). Antibodies to both 

CD63 and CD67 were the generous gift of Dr. A. J. Verhœven (Red Cross Blood Transfusion 

Centre, Central Laboratary of the Netherlands). A monoclonal antibody designateci SPM-1 

recognizing syntaxin lA/1B was providcd by Dr. T. Abe (University of Niigata, Niigata, 

Japan). A second monoclonal antibody to syntaxin lA/lB (WC-1) was from Sigma Affinity 
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purifid antibodies to the C3b receptor (CD35) were obtained fIom Dako (Denmark). 

Monoclonal anti-SNAP-25 (clone SM1 8 1) was purchased h m  Stemberger Monoclonals Inc. 

Goat anti-rabbit and donkey anti-mouse secondary antibodies coupled to horseradish 

peroxidase used for immunoblotting were from Jackson ImmunoResearch and Amersham. 

respectively. The secondary antibodies used for immunofluorescence, FITC-conjugated 

donkey anti-rabbit and Texas Red-conjugated donkey anti-mouse. were f?om Jackson 

ImmunoResearch. Donicey senun used as a blocking agent for immunofluoiescence was also 

obtained M m  Jackson ImmunoResearçh, 
. w 

r s  of signallinP m. An important t w l  in 

these studies was the tyrosine kinase inhibitor e r b s t a ~ ,  the chernical structure of which is 

shown in Fig. 2.1. Originally isolated from culture filtrates of Streptomyces viridosponrs, 

erbstatin effectively cornpetes with potential substrates for the active site of tyrosine kinases, 

possibly because of its structural simiiarities to tyrosine. Characterization of the effect of 

erbstatin on neutrophil nsponses to chemoattractant was performed by Naccache and 

colleagues (1990). In these studies, it was shown that premtrnent of cells with IOpg/mL 

erbstatin abolished both fMLP-induced tyrosine phosphorylation and superoxide production 

but had no effect on intraceilular calcium msients .  UnWre another tyrosine kinase inhibitor 

ST638, e r b s t a ~  had no effcct on the ability of fMLP to bind its receptor. Superoxide 

production induced by TPA was unaffected by erbstatin pretreatment, confvming many 

previous ripons that demonstrated the inabüity of this compound to affect PKC activity. These 

and other findings rtvealed the potent and specific nature of tyrosine kinase inhibition by 

erbstatin, making it an ideal compound to study the role of p s i n e  bases in neumphil 

signahg pathways. 

M i l e  many pharmacoiogic inhibitors of the PKC farnily have bttn identifie& the 

specificity of these compounâs has often been dubiws at best Stamsporine, the most potent 

PKC inhibitor described to date, demonstrates a nearly complete lack of specificity by 

competing with ATP for the ATP-binding sites of many serine/threonine and tyrosine kinases. 

In an effort to identify mole selective inhibitors of PKC, Toullec et al. (1991) synthesized a 



Erbstatin 

Bis-indol ylmaleimide 

NHCHO 

Fig. 2.1 Pharmacologic inhibitors used in this study. 
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variety of bis-indolyimdeimides (strwturaiiy similar to staurosporine) and assessed their ability 

to inhibit the activity of various kinases in viao. Of the many structures tested, the most porent 

PKC inhibitor was GF 109203X (refend to as BXM thughout text), capable of inhibiting ail 

PKC isofoms (see Fig. 2.1). Irnportantly, BIM inhibited PKC activity with ICSO values 

greater than 5000 times lower than that fm tyrosine bases such as the epiciennal p w t h  factor 

receptor. The effect of BIM on phosphorylation of platelet substrates following thrombin 

stimulation was also determineci by Toullec and colleagues. Retreatment witb 5   LM BIM 

obliterated phosphorylation of pleckstrin with no effect on the phospharyIa.on of myosin light 

chah, suggesting that myosin light chah kinase was unaffected. Similady, the activity of 

PKA in vivo appears a be unaffected by BIM since pretreatment of Swiss 3T3 ceils with this 

compound had no effect on the phosphorylation of Wnentin induced by agents that increased 

inmicellular levels of CAMP. Thus, the demonstrated potency and relative specificity of BIM 

made it an ideal pharmacologie tool for the study of PKC signaüing. 

The study of PI3-kinases has bccn aided by the discovery of womannin. a fungal 

metabolite (reviewed by Ui et al., 1995). This compound is capable of irreversibly inhibithg 

Pi3-kinases by covdently binding to the 110 kDa catalytic subunit of these enzymes, thereby 

obliterating their activity. The use of wortxnannin as an inhibitor of P13-kinases in neutrophils 

was k t  reported by Dewald et al. (1988). Treatrnent of neutrophiis with 100 nM wortmannin 

abolished the production of PIP3 inducd by exposure to fMLP, in addition to inhibiting many 

cellular responses to the chemoatüactant (see above). While wortmannin has been ~leported to 

inhibit the activities of phospholipase D and PI4-kinase in other systems. no inhibition of these 

enzymes was witnessed at the concentrations used during their study. This and Mer hdings 

in a variety of systems have established wortmannin as a useN tool in the study of PU- 

kinases. 

Solutions. Bicarbonate-fkee RPMI 1640 medium was buffacd to pH 7.3 with 25 

m M  Na-HEPES. Powdered PBS was obtained h m  Pierce. The Na+-rich medium used for 

incubation of intact cells contained (in mM) 140 NaCl, 5 KCI, 10 glucose, 1 MgCl2.1 CaClz 

and 10 Na-HEPES (pH 7.3). This medium was dso prepared without ~ a 2 +  by omission of 
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Ca% and addition of 1 mM EDTA. Pemieabilizaton medium contained 140 mM KU, 10 mM 

glucose, 1 m M  MgQ, 1 mM EGTA, 193 p M  C a Q ,  1 m M  K-ATP and 10 mM K-HEPES 

(pH=7.0). AU media were adjusteci to 290 f 5 mOsM with the major salt 

11 i s o l a t i o n a n d  Neutrophils were isolared from fresh 

hepaMized b l d  of healthy human volunteem by dextran sedimentafion. followed by Ficoll- 

Hypaque gradient centrifugation. Contaminating red celis were removed by NH.CI lysis. 

Neutcophils were counted using a Mode1 ZM Coulter Counter, resuspended in HEPES- 

buffered RPMI 1640 medium at 107 ceUs/mL and rnaintained in this medium at room 

temperature until use. To minimize proteolysis following cell lysis, the ceUs were preûeared 

with 2.5 rnM diisopropylfiuomphosphate for 30 min at room temperature. For electroporatim, 

15x 107 ce& were sedimented and resuspended in 1 mL of ice-cold permeabilkition medium. 

This suspension was ûaasferred to a Bio-Rad Pulser cuvette and permeabilized with two 

discharges as described pnviously (GNis te ïn  and Fmya, 1988). The cells were rapidly 

sedimented and resuspended in fresh, ice-cold penneabiüzation medium between discharges. 

Electroporated celis were used immediately. Where indicated, cells were pre-incubateci for 2 

min at 37OC in the presence of 5 pM diphenyltnt iodonium or 2 m M  NAC pria to stimulation. 

t w i V e  Neutmphils (3x106) were resuspended in 30 pL of 

potassium glutamate b a e r  (138 m M  potassium glutamate. 8 m M  MgCl2.0.285 m M  CaC12,l 

m M  dithiothreitol and 20 m M  HEPES, pH 7.15) containhg a cocktail of pmtease inhibitors (1 

m M  PMSF, 10 ~ g / d  apmtinin, 10 pg,mL l e u p e p ~  and 1 ph4 pepstatin A) and boiled for 5 

min. Boiled samples were bnefly sonicated (3 bursts of 10 sec). Freezedried microsornes 

from 37'3-L1 adipocytes (40 pg) and brain homogenate (10 pg) were treated similarly in 

parallel. Samples were allowed to cool after boiling befm addition of Triton X-100 (0.5% 

final) with or without 200 nM pre-activated tetanus toxin. Tetanus toxin was pre-activated by 

incubation with 10 m M  dittiiothreitol at 370C for 1 h (Kistner, et aL, 1993), and diluted 10-fold 

in potassium glutamate buffer. The reaction of membrane or ce11 lysate samples with toxin 

pmceded for 1 h at 370C under constant agitation. and was termhated by addition of 5x 
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concentrated LaemmIi sample b&r, the samp1es boiled for 5 min and subjected to SDS-PAGE 

and immunoblotting. 

f r m  Neutrop hi1 su bcellular frac tionation was performed 

accordhg to Kjeldsen et al. (Kjeldsen, et al., 1994). Briefly. neutmphils were dimpted by 

nitmgen cavitation in disruption buffer (100 m M  KQ, 3 m M  NaCl, 1 rnM NazATP, 3.5 m M  

MgCl2,O.S mM PMSF, 5 m M  NaF, 1 rnh4 NaV04.10 pg/mL aprotinin, 10 pg/mL leupeptin, 

1 ph4 p e p s t a ~  and 10 mM PIPES. pH 7.2). Nuclei and unbroken ceUs were removed by 

centrifugation at 4 o g  for 15 min and the resulting postnuclear supernatant was applied on top 

of a tbree-layer PercoiI gradient (1 .O5/l .Og/I. 12 ghnL). Cenûifugation at 37,000g for 30 min 

yielded 4 separable bands. Three of these correspond to the primary, secondary and Mary  

granules. A founh band contains a mixture of secretory vesicles and plasma membranes 

(sv/pm fiaction). One mL fractions were collected fnmi the gradient and each was assayed for 

markers of the above subcellular compartments. Myeloperoxidase (primary granules), 

lactoferrin (secondary granules), gelatinase (teitiary granules), HLA chus 1 (piasma membrane) 

and albumin (secretory vesicles) were al1 measured by enzyme-linked assay as dcscribed 

(Borregaad, et al.. 1992). PercoIl was removed from the samples by centrifugation and the 

remaining biological material was mixed with boiling, 2x concentratecl LaemmIi sample buf5er 

and equai amounts of protein from each fraction were subjected to SDS-PAGE and 

irnxnunoblotting (see below). 

Isolation o f f .  Neutrophil suspensions were mated with 

or without stimuli, sedimented rapidly and resuspended (2.0 x IO7 ceUs/mL) in disruption 

buffer (see above). The ceUs were then disrupted by s o n i d o n  (3 bursts of 10 sec each with 5 

min cwling between bursts) and nuclei and unbroken ceiis were removed by centrifugation at 

14,ûûûg for 5 min. A high speed pellet, refemd to hereafter as "membranes" was isolated by 

centrifugation of the lysates at 100,ûûûg for 30 min, washed 3x with disruption buffer and then 

boiled in Laemmli sample buffer. Remaining soluble (cytosolic) fiactions were boiled in 2x 

Laemmli sample bu&r and an identical number of celi quivalents (106) h m  both membrane 
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and cytosolic b t i o n s  were subjected to SDS-PAGE and immunoblotting (see below). Equal 

protein loading was confinned by Coomassie staining. 

Neutruphil suspensions were treated with or without stimuli, sedhented and then resuspended 

in lysis buffer (150 m M  NaQ 2 m M  EDTA, 1 m M  NaV04.5 m M  NaF. 1 mM PMSF. 10 

pghnL apmtinin, 10 kg/mL leupeptin and 50 rnM Tris, pH 8.0) containing 1% Triton X-100. 

The samples were vortexed vigorously and left on ice for a minimum of 10 min to ensure 

complete ly sis of cells. Insoluble (c ytoskele ton-associa&) proteins were isolated by 

ccnûifugation at 14.000g for 5 min, washed 3x with lysis buffer and boiled in Laemmli sample 

buffer. Triton-soluble proteins were boiled with 2x concentrated Laemmli samplc bdTer and 

an identical number of cell equivalents (106) h m  both Triton-soluble and -insoluble fractions 

were subjected to SDS-PAGE and immunobloning (set below). Equal protein loading was 

confhned by Coomassie staining. 

S P p .  Samples w e n  separated by SDS-PAGE (12% 

acrylamide) using a BioRad mini-gel sppanihis and then msfened  to PVDF membranes. After 

incubation in b lochg  buffer (0.25% gelatin, 1096 ethanolamine and 0.1 M Tris, pH 9) for 2 h 

at m m  temperature, membranes were exposed to primary antibody in a buffer that contained 

0.25% gelatin, 0.05% NP-40.0.15 M NaCl, 5 m M  EDTA and 50 m M  Tris, pH 7.5 for 2 h at 

rom temperatm. Membranes were washed (3 times for 15 min) with the same buffer and then 

further incubatcd with donkey anti-rabbit or goat anti-mousc antibody conjugated to 

hmeradish peroxidase. Membranes were again washed and detection was made using the 

enhanced cherniluminescence @CL) system from Amersham Corp. Quantitation was 

performed by densitometry of exposed films using a Protein Databases (New York) mode1 

DNA 35 scanner with the Discovery series 1D gel andysis software. 

To visuaiize the mobiiïty shift of phosphorylated pleckstrin by immunoblotting, severai 

important modifications were neœssary for SDS PAGE of ceii lysates. First. longer sepaxation 

distances wen aîlowed by using 18 x 20 cm gels, of which the stackllig gel was no grrater thm 

1 cm in height Because of the larger size of these gels, complete polyrnerization was e n s d  
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only after 8 h at 25% Finally, ninnllig gels overnight (14h at 125V) with cmling providecl by 

a water jacket minimized diffusion and waviness of bands induced by excess heating. 

For immunotitration, full-length GST-fusion proteins w m  electroeluted h m  SDS- 

PAGE gels, excess SDS was removed with a desaiting column and the protein concentration 

was determincd By immunoblotting defined amounts of the fusion proteins dongside 

neutrophil lysates, the content of the respective wild type protein in neutmphils could be 

estimated. This was accomplished by scanning immunoblots (se above), plotting the optical 

densities and intexplathg the band fmm cell lysates. Using an appmximate ceIl volume of 350 

10-%/tell (detennined using a Coulter-Channelyzer), the cellular concentration of the protein 

in neutrophils could be estimated 

Kinase. The ability of renahirable kinases to phosphoq~late an 

exogenous substmot, histone f2a (Sigma, type VI-S), was studied by the method of Kameshita 

and Fujisawa (Kameshita and Fujisawa, 1989). The application of this method to the study of 

neutrophils has been previously described elsewhere @hg and Badwey, 1993; Grinsein, et 

al., 1993). Briefly, histone f2a (0.5 mg/mL) was dissolvecl in 12% SDS PAGE solution prior 

to polymerization. Small amoun ts of undissolved protein were removed b y centrifugation. 

Following polymerizafion. the histone remains fixed within the ma& of the gel and does not 

affect the mobility of proteins that are separated within this gel. After electrophoresis of 

samples, the SDS was removed by treatment with 2û% 2-propanol in 50 m M  Tris (pH 8.0). 

Roteins were fully d e n a d  with 6 M guanidine hydrochloride and then renatured with 

0.04% Tween 40, both in a buffer containing 50 m M  Tris, 50 m M  p-mercaptoethanol. 

Renaaued protein kinases were detected by incubation in kinase buffer (10 m M  HEPES, 5 mM 

MgC12, 1 m M  EGTA, 2 m M  DlT) containing 25 pCi ~ ~ P - ~ A T P  for 60 min at 250C. The 

contribution of kinase autophosphorylation is minimized in this assay by inclusion of ~ ~ 2 +  

and 25 pM non-radioactive ATP, reveaüng primariiy the phosphorylation of the histone. 

Finally, gels were washed extensively with wash b a e r  (5.0 % trichloroacetic acid, 1.0 % 

sodium pyrophosphate). Negligible radioactivity is detected when the exogenous substraîe is 

omitted (Grinstein, et al., 1993). Phosphorylation of the histone was vïsualized by 
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autoradiography of dried gels exposed to Kodak XAR film using an intensifying screen at 

-700C for 16-48 h. Quantitation was perfonned with thc use of either a Molecular Dynamics 

Phosphorimager using Imagequant software or by densitometry with a pdi mode1 DNA 35 

scanner with the Discovery senes 1D gel analysis software. 
W .  . Tyrosine phosphorylated proteins were immunoprecipitated 

following denaniration of cellular proteins. This was accomplishcd by resuspending cells (1 -5 

x 107) in 150 pl of denaturing lysis buffer (150 m M  NaCI, 1 mM EGTA, 1 rnM sodium 

onhovanadate (tyrosine phosphatase inhibitor), 10 mM NaF (serine/threonine phosphatase 

inhibitor), protease inhibitors (1 m M  PMSF, 10 pghL apmtinin, 10 puml leupeptin and 1 pM 

pepstatin), 10% glyccrol and 50 m M  Hepes-Na, pH 7.5) containing 1% SDS and boilllig for 5 

min. Next, 15 ml of icecold lysis b&er containing 1 % NP-40 was added and the suspension 

was sonicated (three bursts of 5 sec). Lysates were centrifugexi at 14,000~ g for 5 min to 

remove insoluble debris and then prc-cleared with 50 pL of Sepharose beads. Antibodies to 

phosphotyrosine precoupled to agarose beads, previously blocked with 10% BSA in lysis 

buffer for >1 h, were incubated with these lysates for 2 h at 40C while rotating end over end. 

For immunoprecipitation of proteins h m  native cell lysates, neutrophil suspensions 

were ûeated with or without stimuli, sedimented rapidly and resuspended in icecold lysis 

buffer (1% Triton X-100, 150 mM NaCl, 2 m M  EDTA, 1 m M  NaVO4,S m M  NaF, 1 m M  

phenylmethylsulfonyl fluoride, 10 p g / d  aprotinin. 10 pg/mL leupeptin and 50 mM Tris, pH 

8.0). Complete cellular lysis was ensured by vortexing the simples for 15 sec and incubation 

on ice for 10 min. Lysates were centnfuged at 14,Og for 5 min and the supematants wexe 

then pre-cleared with 5û of Sephamse beads. Antibodies were incubated with these lysates 

for 2 h at 40C whik rotating end over end h u n e  complexes were precipitated by addition 

of 100 pL of a 50% slurry of protein A-Sepharose btadp, pviously blocked with 1096 BSA 

in lysis buffer, foilowed by incubation at 40C foa 2 h. The hnmunoprecipitates wcrc washed 

4-6 times with lysis b u f k  and then subjected to immune complex assays (sœ below) or SDS- 

PAGE and immunoblotting. 
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Immuneromolex The Thease activity of immune complexes was 

determincd essentidly as describeù (Burkhardt, 1993). In brief, immunoprecipitates h m  

native lysates were washed with 1 mL of kinase buffer (5 m M  MnC12. 20 m M  8-(N- 

morphoho) pmpanesulphonic a d ,  pH=7.0) and autophosphoqdating activity was assayed by 

incubation with 25 pL of base  b a e r  containing 12.5 pCi of [ ~ ~ P E ~ - A T P  and 1 pM K-ATP. 

Where specified, 1 pg of rabbit muscle enolase was included as an exogenous substrate. 

Samples were incubated at 250C in an Eppendorf Thermomixer and reactions were stopped by 

addition of boüing 2x concentrattd Laemmli sample buffcr. The samples wrrc subjtcted to 

SDS-PAGE and the gels were stained with Coomassie blue and dried in gel wrap (Biodesign 

Inc). Dried gels were used for direct quantitation of radioactivity with a Molecdar Dynamics 

Phosphorimager using Imagequant software. or were subjected to radiography with an 

intensifying screen. 

To study the effect of oxidizing agents on the tyrosine kinase activity of Hck, 

immunopncipitates of this kinase were isolated h m  untreated, electroporated celis. After 

washing, immune complexes were treated f a  30 min with 1 m M  diamide or 1 m M  hydrogen 

peroxide at 3WC while shaking in a Thennomixer. As above. identical aliquots were used in 

parallel for immunoblotting and in vitro kinase assay. To study the eEect of reducing agents on 

Hck, immune complexes frmn GTPyS-stimulated cells wcrc treated with 20 mM NAC or 1 

m M  DIT for 30 min at 370C and pmœssed as above. 

For immune complex 

phosphatase assays, immunoprecipitates h m  native lysates were washed once with assay 

buffer (0.5 m M  EGTA, 25 m M  HEPES, pH 7.0) and then incubated with 200 pL of assay 

buffer containing 10 m M  p-nitrophenyl phosphate at 370C for 4-16 hr whik shaicing. 

R e a c h s  were stopped by addition of 800 pL of 0.2 M NaOH, beads were sedimented by 

brief centrifugation and phosphatase activity was assesseci by measuring the absorbante of the 

supernatant at 42û m. 

In Neukinaseophil suspensions were 

treated with or without 1 0 . 7 ~  ' P A  for 10 min, sedimentcd rapidly and then resuspended in 
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icexold lysis buffer. SHP-1 was immunoprecipitated, as above, and immune complexes wem 

washed with kinase assay buffer (1 m M  ~mercaptoethano1, 1 rnM CaQ5 1 m M  Mg@ and 

20 m M  MOPS, pH 7.0). The beads were then incubatcd for 30 min at 300C in Linase buffer in 

the presence of lipid activators (100 nM TPA, 100 pg/mL phosphatidylse~e), purif id  PKC 

(1.6 pglmL), 100 p M  Na2ATP and 400 pCi/mL ~~P-Y-ATP. Control experiments were 

perfbmed in the absence of PKC or with immunopmipitates obtained with non-immune sera. 

Where the phosphatase activity of SHP-I was to be determincd foiiowing PKC 

phosphoryiation, treatments were perfanned in the absence of S2p-~ATIP and 1 mM NaflTP 

was present during the incubation of immunoprecipitates with PKC. 

2 Z u  Neundrop hi1 

suspensions (2.0 x 107 cells/mL) were incubated for 3 h at 370C in Na+-rich medium 

containhg 0.5% BSA in the presence of 32~-labelled orthophosphate (2.0 mCVmL). The cells 

were washed and treated with or without stimuli before lysis and immunoprecipitation. as 

above. The precipitaes were subjected to SDS-PAGE and blotted onto PVDF membranes. 

Quantitation of phosphorylation was performed with a Molecular D ynamics phosphorimager, 

using the ImageQuant software. 

v n n .  Pleckstrin was immunoprecipitated h m  3 2 ~ -  

orthophosphate Iabelled neutrophils or COS4 cells transiently transfected with wiid type 

pleckstrin. Immunoprecipitated samples were subjected to SDS-PAGE, transfemd io 

nitmceUulose and, fouowing exposure to film, the radioactive band was cut out and processed 

exactly as described (Craig and Harley, 1996). nie TLC plates were exposed to a 

Phosphorimager screen or directly to Nm. 

For tyrosine phosphatase marnent  of native 

cell lysates, cells were suspended in 375 pl of ice-cold lysis buffer (O. 1% Triton X-100, 5% 

glycerol, 14.1 m M  2-mercaptoethanol, 1 mM PMSF, 1 puml leupeptin, 1 pg/ml aprotinin, 1 

pM pepstath, 10 mM NaF, 1 mM EGTA and 10 m M  imidazole, pH 7.2) with and without 1 

m M  sodium orthovanadate. The suspension was sonicated ( t h  bursts of 5 sec) and then 

centrifuged for 5 min in an Eppendorf Microfbge at 40C. Next, 10 pi of a 50% suspension of 
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the agaroseconjugated tyrosine phosphatase PTP-1B (1 pg total protein) was added to 100 p l  

aliquots of the supernatant and the mixture was incubated for 3û min at 370C while tumbhg. 

The beads were then removed by centrifugation, concentrated electrophoresis sample buffer 

was added to the supernatant and the solution boiled Samples of phosphatasc-treated extracts 

and the unt~eated, coatrol extracts (1 x 106 cell cquivalents) w m  loaded on0 gels and assayed 

for kinase activity and phosphotyrosine content as described above. Whole ce11 sarnples (1 x 

106 cell equivalents) wen aiso loaded as a derence. 

To prevent inactivation of the remturable kinases by endogenous mechanisms, cell 

lysates were prepared under denanuing conditions, as described above for immunoprecipitation 

of tyrosine phosphorylated proteins. Following dilution of the denatureci supernatant, 30 pl of 

a 50% suspension of the agarose-conjugated tyrosine phosphatase PTP- 1B was added and the 

mixture was incubated for 30 min at 370C while aimbling. The beads were then removed by 

cenûifugation and tk lysate was concentrated by centrifugation ( 4 0 g  fn 2.5 h) at 4OC on 30 

kDa cut-off filters. Electrophoresis sample buffer was then added to the concentrated lysate 

and the solution boiled. Samples of the phosphatase-Ueated and untreated lysates w n t  loaded 

onto gels and assayed for renaturable kinase activity and phosphotyrosine content as described 

To shidy the role of tyrosine phosphorylation in tyrosine kinase activation, 

immunoprecipitates of Hck obtained from GTPyS-treated ceils were incubated at 370C for 30 

min with or without 2 p@mL of TC-PTP. Aliquots of the beads were used fol kinase assays 

and for irnmunoblotting with anti-phosphotyrosine antibodies to confirm the effectiveness of 

dephosphqlation by TC-PTP. 

lmmunoelerCron Neutrophils were fixed in suspension using 2% 

pafafomaldehydc and 0.05% glutaraldehyde in 0.1 M phosphate b s e r  (pH 7.4) fu 30 min at 

m m  temperatme. The œlîs were washed and then infilsated in polyvinyl pym,lidone/ssuaosc 

overnight, befm fieezing. sectionhg with a Reicher-Jung Ultracut E microtome and labeling 

with the antibodies. Tht details of ppamtion of h z e n  ultrathin sections have been previously 

published (Stenberg, et al., 1985). A 1/100 dilution of affuity-piirified rabbit anti-VAMP-2 
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was use& Goat anti-rabbit antibodies couplai to 10 nm gold particles (1:20 dilution, from 

Jansen) were used as a =porter. The @ds were next stained and protected with 3% uranyl 

acetate and embedded in 1.5% methyl celiulose, according to the method of Tokuyasu 

(Tokuyasu, 1983). Conml expenments were perfomed by replacing specific primary 

antibody with a comparable dilution of the corresponding pre-immune antisera that had been 

subjected to the afïïnity purificaeion pnmdure. 

m o ~  To study the locdizatïon of spccific proteins 

in unireated cells, neutmphil suspensions (106 cells/ml) were allowed to adhere to glsss 

coverslips for 4 min. Adherent cells were washed with PBS before fixation and 

pexmeabilization with methanol at -20°C fm 10 min. To analyse the effects of stimulation, 

neutrophils were ailowed to adhere to glass coverslips coated with fibrinogen (100 pg,/ml), 

washed with Na+-rich medium and then incubated at 37OC for 2-5 min in the presence or 

absence of 0.5 pM ionomycin in the samc medium. Following incubation, coverslips were 

washed and then fixed with 2% paraformaldehyde in PBS for 40 min. CeUs were 

permeabilized by treatment with a buffer containing O. 1% Triton X-100,100 m M  PIPES (pH 

6.8), 5 mM EGTA, 100 rnM KOH and 2 m M  MgCl2 for 15 min at m m  temperature. For both 

methods used, h e d  cells were blocluxi with 5% donkey semm in PBS for 2-4 h, washed 

twice with PBS and incubated with primary antibody for 2 h in PBS containing 1% BSA. The 

samples were then washed three times with PBS and incubated with secondary antibody for 2 

h, also in PBS containing 1% BSA. After washing thrcc times with PBS, the samples wem 

treated with Slow Fade (Molecular Probes) before mounting. Conml experiments were 

performed by replacing specific primary antibodies by a comparable dilution of the 

comsponding pre-immune antisera that had been subjected to the affinity purification 

procedure. Samples were analyzed using a Ztiss LSM 410 Mode1 laser confocal microscope 

with a 63x objective. Digitized images were cropped in Adcbe Photoshop and irnporvd to 

A & k  Iilus~aur for assembly and labeiiing. 

To i&ntify SHP-1 in 

neuttophils, total RNA was isolated h m  fresh cells and subjected to RT-PCR using the Gene 



Amp RNA PCR kit from Perkin Elmer. The primers SHP-11002-5' (5'- 

CAGGAGAACACTCGTGTCAT-3') and SHP-11122-3' ( 5  l - 
TGTATGGTATKAACAAGGACC-3') were used to ampli0 a 120-bp mRNA fiagrnent of 

SHP-1, as previously described (Kozlowski, et al.. 1993). The PCR conditions used were: 5 

min at 950C followed by 25 cycles of 30 sec at 940C. 5PC for 30 sec. 720C for 2 min and 

72OC for 7 min (last cycle). Samples of the final reaction mixture were then subjected to 

agame gel tlectrophcsresis and visuaüzed by ethinium bmmide staining. As a positive wntrol, 

the amplification of a ribonucleotide sequenœ encodulg L la  (pAW109 RNA. Paklli Elmer) 

was @ormed. 

-. A1Laüne phosphatase treatment of dcnanired neutrophil lysates was 

perfomed as previously describecl (Brumell and GMstein, 1994). For removal of lipids, 

neutrophil suspensions were sedunented rapidly and resuspended in acetwc (-U)OC). Samples 

were vigorously voctexed f a  several minutes md subjected to centrifugation at 14,Og foi 5 

min. Following aspiration, complete removal of acetone was achieved by dryhg under a 

s t r e a ~ ~ ~  of nitrogen and proteins in the pellet were solubiüzed in Laemmli sample b a e r  and 

analyzed by SDS-PAGE and immunoblotting. [ca2+]i was measured fluorimetricdy using 

indo-l and calibrateci using ionomycin and Nln2+ as describeci previously (Grinstein and 

Furuya, 1988). Where specified, ceb were loaded with BAPTA by incubation with 10 of 

the precursor acetoxymethlester. 



Cbapter 3 

Chemoattractant-induced setine/tbreonine kinase activation in human 

neutrophils: relatioaship to tyrosine phosphorylation. 

Summary 

Tyrosine phosphorylation of several subsnatts is among the carliest nsponses of 

human neutrophils stimulated with chemotactic peptides. Some of thesc tyrosine 

phosphorylated proteins comigrate with SerixIe/heonine kinases of 65 kDa and 72 kDa pK65 

and PIC72). which are activated concomiuintly by the chemozittractants. The present studies 

were designed to test whethex tyrosine phospharylation is required for activation of pK65 and 

PK72. Retreatment of the cells with the tyrosine kinase inhibitors erbstatin or genisteh 

prtvented both phosphotyrosine accumulation as well as activation of pK65 and PK72. In 

nondenatming lysates, pK65 and pK72 became spontaneously inactivattQ in p m e l  with 

rapid endogenous tyrosine dephosphorylation. Spontaneous dephosphorylation and 

inactivation of pK65 and PK72 were prevented in denanired lysates. Under these conditions, 

dephosphorylation could be induced by exogenous phosphotyrosine phosphatase 1B. pK65 

and pK72 activation pasisted despite the virtually complete tyrosine dephosphorylation of the 

samples. Moreover, immimmunoprecipitation experiments indicated that pK65 and pK72 art not 

thernselves tyrosine phospho~~lated 1 concluded that tyrosine phosphorylation is a necessary 

upstrearn cvent in the activation of the scrine/threonint kinases. Howeva, oncc the pst-  

translational modification that renders PK65 and pK72 active has occurred, tyrosine 

phosphorylation is no longer requued foi maintenance of their kinase ac tivity. 
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Introduction 

A famiiy of chemoateactaot-activated serine/tbreunine kinases has been described in 

rodent and human PMN (Ding and Badwey, 1993; Ding and Badwey, 1993; Grinstein. et al., 

1993). Following fractionation by electmphoresis in &naturing polyacrylamidc gels, thesc 

unique enzymes have the ability to renaturc and to phosphorylate exogenous substrates 

previously immobilized within the ma& of the gel. Two members of the renaturable 

serine/threonine kinase famdy, with approx. molecular masses 65 kDa and 72 kDa, are rapidiy 

and transiently activated in response to fMLP. 1 receatly observed that activation of these 

kinases (referred to he-r as pK65 and PK72). coincides and may even be preceded by 

tyrosine phosphorylation of proteins with similar molecular masses. This raised the possibiüty 

that activation of pK65 and pK72 involves tyrosine phosphory1ation of the kinases themselves 

or of ancillary proteins. Expcriments designed to test this hypothegis are the subject of the 

present communicatioo. 

Results 

It has been previously demonstrated that increased tyrosine phosphorylation 

accompanies chernotactic stimulation of human PMN (Berkow, et al.. 1989). A more detailed 

time course of this event is illustrated in Fig. 3.1A, where lysates obtained h m  cells 

stimuiated for varying periods with fMLP were analyzed by immunoblotthg with polyclonal 

anti-phosphotyrosine antibodies. in accord with carlier studks, fMLP was found to induce 

phosphotyrosine accumulation in proteins of 106, 44 and 42 ma. The latter two bands are 

thought to correspond to the Erk-1 and -2 isofonns of MAP-kinase. respectively. Also 

phosphorylated in a very rapid and transient manner were a number of proteins in the 62-78 

kDa region. Labelling of these proteins was transien& peaking afta a 15 sec exposure to fMLP, 

the earliest tirne measured, and approaching baseLine levels by 2 min. This rapid a d  transient 

patiern paraileh the course of some of the biological responses to the cbemoattractant, including 

actin polymerization and superorride generation. 



Fig. 3.1. Time course of tyrosine phosphorylation and renaturable kinase activation 
induced by fMLP. Intact human neutrophiis were treated with or without (-) 1û7 M fMLP 
for the indicated times, sedimented and prepared for SDS-PAGE. Samples were 
immunoblotted with polyclonal antiphosphotyrosine antibodies (A) or were assayed for 
renaturable kinase activity (B), as described in the Experimental Procedures section. 
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The course of activation of the kinases was studied by the method of Kameshita and 

Fujisawa (Kameshita and Fujisawa, 1989). using histone VI-S as the substrate (see 

Expaimental section). This method takes advantage of the ability ofcertain kinases to renature 

within polyacrylamide gels following e l e c t r o p h d s  in the presence of SDS. Typical results 

are shown in Fig. 3.1B. Constitutively active kinases of approx. 85,78,54,43 and 39 kDa 

were detected in unstimulated cells. Phosphorylation of these bands was somewhat variable 

and not affecteci by stimulation with fh4LP. It is notewmthy th& despite the simiiar mobility. 

the 43 kDa band is unlikely to represent MAP-kinase, which has been shown to be essentialiy 

inactive in untreated PMN (Grinstein and Fiiniya, 1992). Two major Linases. pK65 and 

pK72 wexe reproducibly activated by fMLP. Stimulation was maximal after 15 sec, foUowed 

by rapid inactivation, declining towards baseline levels by 2 min. This pattern clarly parallels 

the course of tyrosine phosphorylation of bands with comparable mobility. Activation of ErL- 

1 and -2 by fMLP is not apparent in this assay because these enzymes an unable to use histone 

as a substrate. 

The possible relationship between tyrosine phosphorylation and the activation of PK6S 

and pK72 was investigated M e r  using tyrosine kinase inhibitors. Pretreatment of the cells 

for 30 min with erbstatin (Fig. 3.2A) induced a muciest inæase in the tyrosine phosphqlation 

of unstimulated cells, by a mechanism that is unclear. More importantly, the inhibitor largely 

abolished the increase in phosphotyrosine accumulation induced by the chernotactic peptide. 

Phosphoiylation of W - k i n a s e  was eliminateâ and that of the bands in the 62-78 kDa range 

was greatly diminished (Fig. 3.U).  l n  pardel, the activation of pK65 and pK72 wu largely 

eliminated by erbstatin (Fig. 3.2B). In three separate experiments, the activation of pK65 and 

pK72 induced by fMLP was inhibited by 85.8 f 7.0% (measuring pK65 and pK72 activities 

toge-). These findings M e r  support a nlationship between tyrosine phosphorylation and 

activation of pK65 and PK72. 

A family of renatumble kinases was described recently in guinea pig PMN (Ding and 

Badwey, 1993; Ding and Badwey, 1993). Like those of human PMN, the rodent cells are 

activated by soluble agonisa. The authors of these studies speculatod h t  dephosphorylation 



Fig. 3.2 Effect of erbstatin on tyrosine phosphorylation and renaturable kinase activation. 
Intact human neutrophils were incubated for 30 min at 2s°C in the presence (+) or absence 
(-) of the tyrosine kinase inhibitor erbstatin. The cells were then stimulated with 1 0 - ~  M 
fMLP for the indicated times, sedimented and prepared for SDS-PAGE. Samples were 
immunoblotted with polyclonal anti-phosphotyrosine antibodies (A) or were assayed for 
renaturable kinase activity (B). 
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of serhe/threon.int residues of the kinases was cenmai to their activation, based on the 

observation that o W c  acid and calyculin antagonize the activation process (Ding and 

Badwey, 1993; Ding and Badwey, 1993). These agents art potcnt aad speciiic blocken of 

phosphatases 1 and 2A (Cohen, et al., 1990). On the other hand, our studies in human cells 

appeared m indicate that phosphorylation of tyrosine residues is required for activation. In an 

attempt to m o n d e  these observations. I tested the effects of calycuh A and okadaic acid on 

activation of the human pK65 and PIC72 and on the tyrosine phosphorylation induced by 

fMLP. Fig. 3.3B shows that, as in rodent PMN, calyculin A induced spontanwus activation 

of several b a s e s  (e.g. 100. 60-62 and 55 D a )  in otherwise wstimulated cells. More 

importantly, the phosphatase blocker precluded the activation of pK65 and PK72. Similar 

resuits were obtained with okadaic acid (not illustrated). 

Unexpectedly, 1 found that calyculin A (Fig. 3.3A) and okadaic acid (not shown) also 

profoundly affected the pamm of tyrosine phospho~ylation in human PMN. The phosphatase 

antagonists induced the spontaneous phosphorylation of Erk-l and -2, which accords with 

earlier reports of activation of this kinase in other ceil types (Haystead, et al., 1990). In 

addition, calyculin and OWC acid greatly inhibited tyrosine phosphaylation of the proteins in 

the 62-78 kDa region, which comigrate with pK65 and pK72 @ig. 3.3A). It therefore appears 

that the extent of serine/bmninc phospharylation is an important detaminant of the process of 

phosphotyrosine accumulation. These findings also suggest that control of the activity of the 

renahirablc kinases by caiyculin and okadaic acid may be indirect, possibly through alterations 

in tyrosine phosphorylation. 

The observations summanIed above prompted us to consider the possibility that pK65 

and pK72 nquire phospharylation on tyrosine nsidues for their activation. For this purpose, I 

assessed the cffects of tyrosine &phosphoryllation on the activity of the rcnaturable kinases, 

using the phosphotpsine-speQfic phosphatase 1B (PTP- IB). The effectiveness of PrP- 1B 

was monitored in parailel by immunoblotting with anti-phosphotyrosine antibodies. Typical 

results are shown in Fig. 3.4A. The incnascd tyrosine phosphorylation induced by rmLP 

persists in lysates prepared in nondenaturing detergent. However, when the same n u m k  of 
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Fig. 3.3 Effect of calyculin A on tyrosine phosphorylation and renaturable kinase 
activation. Intact human neutrophils were incubated for 30 min at 25OC in the presence (+) 
or absence (-) of the serinelthreonine phosphatase inhibitor calyculin A. The cells were then 
stixnulated with 1 0 - ~  M fMLP for the indicated times, sedimented and prepared for SDS- 
PAGE. Samples were immunoblotted with polyclonal antiphosphotyrosine antibodies (A) 
or were assayed for renaturable kinase activity (B). 
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ceU equivalents are compared, the phosphorylation of the lysate supsnatant is lowtr than that 

of the whole cells (compare second and nhh lanes of Fig. 3.4A), suggesting that exûaction of 

the phosphoproteins by the non-denaturing detergent is incomplete, or that partial 

dephosphaylatioa o c c d  during extraction. That the latter explanation is at least panially 

comct is suggested by the extensive reduction of tyrosine phosphorylated proteins noted to 

occur when the lysatcs were incubated for 30 min at 37OC (sixth lane). A M e r  decrease was 

notcd when PTP-1B was included during this incubation. 1 regard the occurrence of 

proteolysis as unlikely becaust: i) the cells had becn pretreated with 

diisopropylfluomptK,sphate end the lysis b&er contained a codaail of ouier prokase inhibitors 

and ii) the Coomassie bluc staining patterns of cells befoxe and after the 30 min incubation were 

indistinguishable (not shown). The conclusion bat dephosphorylation by endogenous 

phosphatases is responsible for the d e d  phosphotyrosine accumulation was confirmed 

using vanadate (see the two rightmost lanes in Fig. 3.4A). This phosphotyrosine phosphatase 

inhibitor largely preserved the tyrosine phosphorylation effected by fMLP even after a 30 min 

incubation in the non-denaturing lysis buffer. Phosphorylation in stirnulated lysates prepared 

with vanadate was comparable to that of whole ceii preparations, indicating that endogenous 

tyrosine phosphatases, rather than proteases, were responsible for the spontaneous 

disappearance of phosphotyrosine. 

Renatinable kinase activity in parallel samples was assessed in Fig. 3.4B. Cornparison 

of the phosphorylation by pK65 and pK72 in whole cells vs. lysates indicates that extraction in 

non-denaturing detergent led to a sharp decrease in kinase activity, paralleling the dccruise in 

tyrosine phosphorylation. Activity was further reduced by incubation of the stimulatexi lysate 

for 30 min at 370C. both in the prcsence or absence of PTP-1B. E x m n  p p a r e d  using lysis 

b&er containing vanadate yielded two interesting fidings. First, the activity of pK65 and 

PK72 was markdy  decreased in the extracts, despite the fact that tyrosine phosphorylation 

was comparable to that of whole cells (Fig.3.4A and B). Second, the kinases are further 

inactivated during the 30 min incubation (to 18.2 * 2.3% of the activity at zero tirne fm pK65 

and 15.1 f 6.7% for PK72, n 4 )  whik tyrosine phosphoryiation is virtually unaffécted during 
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Fig. 3.4 Effect of PTP-1B and vanadate on tyrosine dephosphorylation and renaturable 
kinase activity. Lysates from control and fMLP-stimulated (15 sec) neutrophils were 
prepared with a buffer that contained 1 m M  sodium vanadate where indicated (+). The 
lysates were then incubated at 37OC for the indicated times in the presence or absence of the 
tyrosine-specific phosphatase PTP-18. Sarnples of the lysate and whole cells (intact 
neutrophils directly solubilizd in Laemmli buffer) were plepared for SDS-PAGE and either 
immunoblotted with polyclonal antiphosphotyrosine antibodies (A) or assayed for 
renaturable kinase activity (B) . 
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this pend These obsewations strongiy suggest that pK65 and pK72 can bc inactivated during 

extraction by a medianism d e r  than dephosphorylation of tyrosine residues. 

While it appears unliLely that tyrosine phosphorylation is the sole pst-translational 

modification regulating the activity of pK65 and PK72, it is conceivable that dual 

phosphorylation on tyrosine and threonine (or serine) residues is required. It was therefore 

important to establish the effect of tyrosine dephosphorylation on kinase activity, without the 

confounding effects of endogenous inactivating mechanisms. This was accomplished by 

rapidly boiling control and fMLP-stirnulated œlls in a lysis bufftx qmtaining 1% SDS (see 

Experimental Procedures). After denaniring, the lysam were cooled and diluteci to d u c e  the 

concentmion of SDS to a level compatible with the activity of PTP- 1B. The increased tyrosine 

phosphorylation induced by hlLP is cleariy noticeable in extracts prtpand in this maMa (Fik 

3.5A). Xrnportanùy, stimulateci lysates undergo only slight tyrosine dcphosphqlation after a 

30 min incubation at 37OC. particularly in the 62-78 kDa range. attesting to the efficacy of the 

denaturing lysis protocol to inactivate endogenous tyrosine phosphatases. Treamient of 

equivalent samples with exogenous PTP-1 B, in contrast, eliminated a i l  phosphotyrosine h m  

the samples (rightmost lane. Fig. 3.5A). 

This paradigm enabled us to SpeCiIically test tk effect of tyrosine dephosphosylation on 

the activity of pK65 and PK72. As shown in Fig. 3.5B, stimulation of pK65 and to a laser 

extent pK72 was detectable in extracts from fMLP-treated cells obtained under denaturing 

conditions. The reduced activity of these extracts compared to that of an equivaient amount of 

whole cells W l y  refiects iacomplete solubiliation, sincc protein aggrcgation and precipitation 

occurs upon boiling, despite the presence of 1% SDS. This phenornenon is lilcely also 

responsible for the modifiai phosphotyrosine pattern of the extract compared to the whole tells 

@go 3.5A). Alternatively, rapid partial inactivation may have ocumd befm total &nanaton 

by SDS. As shown in Fig. 3SB, incubation of the extract for 30 min did not d u c e  the 

activity of the kinases, indicating that boiling in SDS eliminatcd the endogenous inactivating 

factor(s). Under these conditions, the effecr of PTP-1B could be readily assesseci. As showa 

by the last lane of Figs. 3SA and B. the renaturable kinase wtivity was largely preserved uader 
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Fig. 3.5 Effect of PTP-1B on denanired ceii lysates. Denatured lysates from control and 
fMLP stimulated (15 sec) neutrophils were prepared as described in Experimental 
Procedures. The lysates were then incubated for the indicated tirnes in the presence or 
absence of the tyrosine-specific phosphatase PTP-1B. Samples of the lysate and of whole 
cells (intact neutrophils directly solubilized) were prepared for SDS-PAGE and either 
immunoblotted with polyclonal antiphosphotyrosine antibodies (A) or assayed for 
renaturable kinase activity (B). 
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conditions where tyrosine phosphorylation was essentially elhinatcd PTP- 1 B treamient kd to 

only a modest deneast in the renaturable activities of pK65 (32.3 + 2.3%) and pK72 (21.6 f 

3.3%) as measured by densitometry. The combined results of Figs. 3.4 and 3.5 indiate that 

tyrosine phosphorylation of the 62-78 kDa bands is not required for the activity of pK65 and 

PK72. 

W e  tyrosine phosphorylation is not essential for the catalytic activity of pK65 and 

PK72, phospho~yrosine residues on these proteins may play a modulstnry or targetting role, 

perhaps by interaction with Sn: homology 2 (Sm) domains. It was therefore important to 

establish whether pK65 and pK72 are in fact phosphorylated on tyrosine residues. To this 

end, denatured ceîi lysates were prepared £tom stvnulated cells and tyrosine phosphorylated 

proteins were immunoprecipitawl using monoclonal ad-phosphocyr~sine antibodies attached 

to agarose beads. The results of these experiments are illustrated in Fig. 3.6. The beads 

effec tivel y precipitated tyrosine phosphorylated pro teins. whic h were concomitantly &ple ted 

from the supematant (Fig. 3.6A). The specificity of the precipitation protocol was confirmed 

by repetition of the experiment in the presence of an excess free phosphotyrosine during 

incubation with the beads. As shown in the two nghtmost lanes of Fig. 3.6A, this pwvented 

precipitation of tyrosine phosphorylated proteins, which nrnained in the supematant For 

technical reasons a lower amounts of ceU cquivalents was loaded in the supernatant lane, 

accounting for its reduced phosphotyrosine content compared to the whole ceil extract (see 

Experimental section). 

Kinase renamtion assays were performed in the immunoprecipitates and supernamts 

obtained in the presence and absence of excess phosphotyrosine. Fig. 3.6B illustrates a typical 

experiment. The exmicted kinases were found to be quantitatively present in the supematant, 

with no detectable açtivity in thc immunoprecipitate, despite the large accumulation of tyrosine 

phosphorylated proteins in the 62-78 kDa region. A similar distribution of the kinase activity 

was detected h m  samples immunoprecipitated in the presence of phosphotyrosine. Therefore, 

pK65 and pK72 do not appear to be tyrosine phosphorylated in respome to fMLP. 



Mole cell lmmunoprecipitate 
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Fig . 3.6 hmunoprecipitation of tyrosine phosphorylated proteins. Agarose-conjugated 
anti-phosphotyrosine antibodies were used to precipitate tyrosine phosphorylated proteins 
from control (C) and fMLP stunulated (15 sec) neutrophils (see Experirnental Procedures). 
Whole ce11 (intact neutrophils), irnmunoprecipitate (IP) and concentrated supernatant (S) 
samples were prepared for SDS-PAGE and either immunoblotted with polyclonal 
an tiphosphotyrosine an ti bodies (A) or assayed for maturable kinase ac tivity (B). W here 
indicated, excess (3 rnM) free phosphotyrosine was present during the immunoprecipitation 
to establish antibody specificity. 
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Discussion 

In human P M ,  activation of pK65 and pK72 by fMLP is ternporally associated with 

the induction of extensive tyrosine phosphorylation. As dletennined by SDS-PAGE, some of 

the tyrosine phosphorylated substrates have very simila. rnobility to pK65 and PK72. These 

observations motivated the present studies, aimed at de£ining whether tyroBine phosphorylation 

was part of the mechanism leading to activation of the renaturable kinases and w h e k  pK65 

and pK72 themselves are phosphorylated on tyrosine residues. 

Several observations are consistent with the notion that phosphotyrosine accumiilSh.on 

is involved in the process of hase activation. Fim. the Linetics of activation and deactivation 

of pK65 and pK72 closely resemble the course of tyrosine phosphorylation/&phœpbOrylation 

of proteins in the 62-78 kDa region. Second, treatment with erbstatin not only inhibited the 

fMLP-induced tyrosine phosphorylation, but aiso blocked the activation of pK65 and PK72. 

Finally, cdyculin A and okadaic acid similarly impaired both processes, by a mechanism that 

remains unresoived. 

On the other han& it is apparent that pK65 and pK72 are not themselves tyrosine 

phosphorylated, as indicated by the imrnunoprecipitation experiments of Fig. 3.6. 1 therefore 

conclude that tyrosine phosphaylation is a necessary u p s w  event in the activation of the 

serine/bwnine kinases. Howevn, once the pst-translational modification that renders pK65 

and pK72 active following renahiration has occimed, tyrosine phosphorylation is no longer 

required far maintenance of their kinase activjr 

Unexpectedly, the chemoattracuuit-induced tyrosine phosphorylation of PMN was 

found to be reduced by the se~e/threonine phosphatase inhibitors caiyculin A and okadaic 

acid. This effect does not reflect a nonspecific inhibition of tyrosine phosphatases, as this 

would be anticipated to have the opposite effect, i.e. enhanceci phosphotymsint accumulation. 

Instead, serine/threonine phosphorylation is k l y  to modulate the activity of tyrosine kinases 

or phosphatases that are regulated by chemoattractants. 

In summary, 1 conclude that pK65 and pK72 are not themselves tyrosine 

phosphorylated, but their activation is seemingIy controlled by an upsaam tyrosine kinase. 
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Since tyrosine kinase inhibitors effectively block several components of the microbicidal 

response and because the kinetics of tyrosine phospho~~iation and of activation of pK65 and 

pK72 art compatibie with a mie in signalling activation, the establishment of their mlatimship 

and mode of action is of jpat interest. 



Chapter 4 

Endogenous Reactive Oxygen Intermediates Activate Tyrosine Kinases in 

Auman Neutrophils. 

Surnmary 

In response to invading microorganisms, neutrophils producc large amounts of 

superoxide and other ROI by assembly and activation of a mdticomponent enzyme complex, 

the NADPH oxidase. While NNling a microbicidal d e ,  ROI have also been postulated to 

serve as signalling molecules, sincc activation of the NADPH oxidase was found to be 

associateci with increased tyrosine phosphorylation (Fhkow, et al., 1993). The mechanism 

whereby ROI induces phosphotyrosine accumulation was investigated using electroporated 

neutmphils stimulateci with GTPy!3, in order to bypass membrane receptors. In  vitro immune 

complex assays and irnmunoblotting were used to i&nti& five tyrosine kinases present in 

human neutrophils. Of these, Hck, Syk and Btk were activated during production of ROI. 

Interestingly, the in vitro autophosphorylation activities of Lyn and Fgr were found to decline 

with ROI production. The mode of itgulation of Hck was explored in detail. Oxidbhg agents 

were unable to activate Hck in vitro and, once activated in situ, reducing agents fai1ed to 

inactivate it, suggesting that the effects of ROI are indirect Tyrosine phosphorylation of Hck 

parallelecl its activation and dephosphorylation in vitro reversed the stimulation. 1 therefare 

conclude that tyrosine phosphorylation is central to the regulation of Hck and l h l y  also of 

Syk, which is similarly phosphorylated upon activation of the oxidase. As ROI have been 

shown to d u c e  the activity of tyrosine phosphatases, 1 suggest that this inhibition allows 

constitutively active Linases to autdtrsnsphosphorylate on stimulatory tyrosine residues, 

leading to an increase in their catalytic activity. Enhanced phosphotyrosine accumulation 

would then result from the combined effects of increased phosphorylation with decnaseà 

dephosphorylation. 
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Introduction 

Recent observations have suggested a role fa ROI in neumphil signal ~ s d u c t i o n  

(Fialkow, et al., 1993). Neutrophiis stimulated to produce ROI wcre reponed to undergo 

incnased tyrosine phosphorylation of several proteins. Exogenous oxidants were able to 

mimic this response whüt anti-oxidants couid block i t  Several lines of evidence suggested that 

ROI generated by the NADPH oxidase were ~esponsible for the effect, induding the fiading . 
that the incnascd tyrosine phosphorylation failed to occur in neutmphils h m  patients with 

chronic granulomatous disease. Inasmuch as tyrosine phosphorylation is an impottant 

mediatm in the regulation of anti-micmbial respows. ROI may play an important role in the 

control of auto/paracrint signalling at sites of inflammation. 

The extent of tyrosine phosphorylation is determined by the activity of two competing 

enzyme families, tyrosine kinases and phosphatases. Eariier in v i m  (Hecht and Zkk, 1992) 

and in vivo (Zor, et aL, 1993) studits have suggested that ROI can inhibit the activity of certain 

tyrosine phosphatases by oxidation of a conserveci cysteine residue within their catalytic 

domain. Whiie the inhibition of tyrosine phosphatases may account for the elevateà tyrosine 

phosphorylation induceci by ROI, increastd activity of tyrosine kinases could conceivably 

contribute to the nsponse. lndeed, tyrosine kinases have been reported to be activated in 

lymphocytes by oxidizing agents (Bauskin, et al., 1991; Nakamura, et al., 1993). For these 

reasons, 1 investigated whether endogenous ROI, generateà by the NADPH oxiclase, affected 

the activity of tyrosine kinases in human neumphils. 

Resul ts 

The e k t  of ROI on tyrosine phosphoryIation was studied in electropernieabilized œlls 

stimulated with GTPyS. This approach was chosen fbr two reasons. First, direct stimulation 

of GTP-binding proteins bypasses ceU surface receptors, circumventing possible direct effects 

of the laaçr on thc kinases and obviating recepm down-~guiation, which cm grtatly rcduct 

the magnitude and duration of the respiratory burst (Kiotz and Jcsaitis, 1994). Using GTPyS, 

activation of the oxidase is sustained, resembling the physiological stimulation elicited by 
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phagocytic stimuli (Grinstein and Fumya, 1991). Second, quilibration of the perrneat>ilhA 

cells with EGTAcontaining buffers precludcs changes in cytosolic calcium concentration, 

which might alter tyrosine phosphorylation (Bcrkow and DodPon, 1990). 

As shown in Fig. 4.1A. addition of GTPyS and NADPH to permeabilized ceUs induced 

the accumulation of phosphotyrosine on a number of proteins, as determincd by 

immunobloning (cf. lanes 1 and 4). Tnatment of the electroporated cells with GTPyS or 

NADPH aione was found to have iittle effect (lanes 2 and 3). The stimulat~y effect of GTPyS 

or NADPH was moderated by the presence of active tyrosine phosphatases. This is indicated 

by the pronounced enhancement in phosphotyrosine accumulation noted when vanadate, a 

phosphatase inhibitor, was included during stimulation (Fig. 4.1A). For this reamn, 10 pM 

sodium onhovanadate was included routinely in subsequent assays to minimize 

dephosphorylation, thereby magnifying the responses. At the conœntration used, vanadate 

itself had negligible effects on tyrosine phosphorylation (see lanes 1 and 2 in Fig. 4.1C). 

consis tent with earlier findings (Bourgoin and Grinstein, 1992). Moreover, w hile vanadate 

increased the extent of phosphotymsine accumulation, the phosphorylaitd substrates and the 

time course of phosphaylation were similar in the presence and absence of the phosphatase 

inhibitor. As illusûated in Fig. 4.1B, phosphotyrosine accumulation induced by G T W  

stimulation was rapid (evident after 1 min) and time dependent, with a maximal response sccn 

&ter 10 min. 

The effect of GTPyS on tyrosine phosphorylation was entirely dependent on the 

presence of NADPH. As shown in Fig. 1C (as well as in Fig. 4.1A). treatment of 

electroporated celis with GTPyS had linle effect when the nucleoti& was ornitted ( c f .  lanes 3 

and 4). This nnding suggests that g e n d o n  of superoxide by the NADPH oxidase is requind 

for the increase in tyrosine phosphorylation following stimulation widi GïPyS. In support of 

this hypothesis, it was fouad thst NAC, a powerful anti-oxidant that has ôeen shown to 

scavenge ROI and increase cytosolic levels of reduced glutathione (Halliwell anâ Gutteridge, 

1985). effectively atœnuaad the tymsine phosphorylation produced by GTprs in the prtsence 

of NADPH. Mmeover, DPI, an inhibitor of the flavoprotein component of the NADPH 
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Fig. 4.1. Effect of GTPyS on tyrosine phosphorylation. A. NADPH dependence and 
potentiation by sodium vanadate. Electroporated neutrophils were incubated at 37OC 
without (-) or with (+) the following agents for 5 min: 10 GTPyS, 2 m M  NADPH and 
10 ph4 Na-orthovanadate (NaV), as indicated. Cells were then rapidly sedimented, boiied in 
sample buffer and subjected to SDS-PAGE. Analysis was performed by irnmunoblotting 
with a monoclonal antibody to phosphotyrosine. B. Tirne course of phosphotyrosine 
accumulation. Electroporated neutrophils were treated without (-) or with 10 pM GTPyS, 2 
m M  NADPH and 10 pM NaV for the indicated time (min) and processed as in A. C.  
Dependence of tyrosine phosphorylation on NADPH oxidase-derived ROI. Electroporated 
neutrophils were treated without (-) or with (+) 10 pM GTPyS and/or 2 m M  NADPH for 5 
min at 37OC. Where specified, the ceils were treated with 5 p.M DPI or 2 m M  NAC for 2 
min at 37OC pnor to GTPyS stimulation. The presence of 10 pM NaV during treaûnent is 
indicated. Results shown are representative of three separate experiments. 
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oxidase (Ellis, et al., 1988), had a comparab1e effect (lane 6). These findings art in agreement 

with those of Fialkow et al. ~ a l l c o w ,  et 1, 1993) and indicate that NADPH oxidase-ûerived 

ROI promote tyrosine phosphqlation in neutrophils. 

As an initial step in the study of the mechanism of action of ROI. 1 determined which 

of the known tyrosine kinases are present and active in GTPyS-stimulated1 neutrophils. 

Electroporated cells were activated with the nucleotide and immediately solubilized for 

immunoprecipitation with one of a battery of antibodies to tyrosine hases. The immune 

complexes werc useci for in vivo kinase assays and then subjected to SDS-PAGE and 

autoradiography. Of the 11 antibodies testesi, 5 were found to irnmunoprecipitate active 

kinases detectable by their autophosphorylating activity, suggested by the close 

comspondence of the phosphorylated bands to the known molecular weight of the kinase 

immunoprecipitated (Fig. 4.2A). The active kinases included thne Src family members; Lyn 

(53 and 56 LD~)?. Hck (56 and 59 kDa) and Fgr (59 m a ) .  Also included were S yk (72 B a )  

and Btk (77 kDa). In contrast, no significant activity was measurable in Src, Fyn, Yes, Blk, 

Lck, and Zap-70 immunopcipi*ites or when rabbit non-immune s e m  (cont) was used. The 

presence of Lyn, Hck, Fgr, Syk and Btk in neutrophils had been reported previously (Asahi, et 

al., 1993; GutLind and Robbins, 1989: Yamada, et al., 1993; Yamanashi, et ai., 1987; Ziegier. 

et al., 1987). 

ln good agreement with the kinase assays of F5g. 4.2A, the presenœ of Lyn, Hck, Fgr, 

Syk and Btk in neutrophils was conhed  by immunoblotting whole cell lysates Mt. the same 

antisera used for precipitation (Fig. 4.2B). Both the fidl length (72 kDa) Syk protein as weil as 

its 4 0  kDa degradation product were observed upon immunoblotting (Fig. 4.2B. closed 

arrowheads). A band of 165 B a  was also recognized by the Syk anti-senim. It is not 

presently clear whether this polypeptide is nlated to Syk, or is merely a foRuitously cross- 

2 ~ e  observed a phosphoprotein of about 6062 kûa in lyn ùnmulloprecipitates. Lyn bas been exîensivdy 
studied and only two isofonns have been identifie& suggesting that the third band may be a sepuate protejn. 
Several kinases have beea sbown to cqxeciphte with lyn in otbet systerns, including Syk (SidoreaiFo, et ai., 
1995). Btk (Cheng, et al., 1994) and a ce11 cycle reguiainry protein, p34Cdc2 (Yuan, et ai., 1996). 
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Fig. 4.2. Identification of tyrosine kinases present in neutrophils. A. Immune complex 
kinase assays were performed in vitro, using immunoprecipitates of the tyrosine kinases 
indicated, prepared from lysates of electroporated neutrophils treated with 10 p.M G m ,  2 
m M  NADPH and 10 @l NaV for 2 min. Kinase reactions were stopped and the material 
subjected to SDS-PAGE and autoradiography of the dned gel. The assay was also 
performed using a rabbit non-immune senun (cont.). B. Whole neutrophil lysates were 
irnmunoblotted with antisera to the tyrosine kinases indicated. Closed arrowheads point to 
the tyrosine kinase. The open arrowhead indicates an unidentifïed protein of =65 kDa that 
cross-reacts with the syk antibody. 
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reacting protein. It is noteworthy, however that a band of similar mobility was of'ten found to 

be phosphorylated in Syk immune complex assays (Fig. 4.3A). suggesting that the 65 kDa 

polypeptide CO-immunoprecipitate~ and can be pbosphorylated by Syk. 

The effect of ROI on neutrophil kinase activity was studied next. To this end, 

immunoprecipitates were prcpared h m  control and GW-stimulateci d s  usuig antisera to 

the Linases identifiecl earlier in Fig. 4.2. As shown in Fig. 4.3A, the in vim activity of Hck, 

Syk and Btk was noticeably hcTeaSed following stimulatinn with GTPyS. The stimulation of 

Hck was investigated in more detail in Fig. 4.3B. where immune complexes obtained at 

various tirnes after addition of GTPyS were assayed in the presence of the exogenous subsaate 

enolase. Both the autophosphorylation of Hck (closed m w h e a d  in inset to Fig. 4.3B) and its 

abiiïty to phosphorylate enolase (open arrowhead) followed a biphasic course, pealcing between 

1-5 min and declinhg thereafter. A similar increase in the ability of Syk and Btk to 

phosphorylate enolase was also observed (data not shown). It should be noted that 

quaiitatively similar responses of Hck and Lyn were seen when NaV was ommitted during 

stimulation of electmporated ceh (data not shown). 

W e  production of ROI stimulated sorne tyrosine kinases, others werc seemingly 

inhibited. 'Ihe autophosphorylatîng ability of Lyn and Fgr was dùninished (73 f 14 and 48 f 

16 % of control activity, rcspectively; n=3) following 1 min of GïFyS stimulation (Fig. 4.3A). 

As for Hck, the detailed the course of the effects of ROI on Lyn activity was analysed with 

enolase as substrate (see Fig. 4.3C). Interestingly. quantitation of the auto- and enolase- 

phosphorylabig activities of Lyn immune complexes reveaied a discrepancy. Phosphorylation 

of the exogenous subsaate was markedly increased, whiie autophosphorylation decreased 

These findings suggest that non-radioactive phosphate is incorporated into Lyn in the cells, 

prior to immunoprecipitation, precluding subsequent incaporation of radiolabel into these 

sites. The reduced autophosphorylation is therefm an inaccurate indication of the enzymatic 

activity of Lyn, which is at least transiently stimulated by GTpIs. 

The mechanism of tyrosine kinase activation by endogenous ROI was snidied in &tail 

for Hck. This kinase was chosen because it is virtually quiescent in unstùnulated cells yet is 
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Fig. 4.3 Modulation of tyrosine kinase activity by ROI. A. Immune cornplex kinase 
assays were performed in vitro, using immunoprecipitates of the tyrosine kinases indicated, 
prepared from lysates of electroporated neutrophils treated without (-) or with (+) 10 
GTW, 2 m M  NADPH and 10 p.Ni NaV for 1 min. B. Irnmunoprecipitates of Hck were 
prepared from lysates of electroporated neutrophils treated without (-) or with (+) 10 
GTPyS, 2 rnM NADPH and 10 NaV for the indicated time (min) and subjected to 
immune complex kinase assays in the presence of enolase. The kinase reactions were 
stopped and the samples were subjected to SDS-PAGE followed by autoradiography of the 
dned gels. A representative experiment is shown in the inset. Bands that correspond to 
autophosphorylation (closed arrows) and enolase phosphorylation (open anows) were 
quantifed with a phosphorimager and results are presented as the 4b maximal response in 
the main panel. C. In vitro autophosphorylation and enolase phsophorylation activities of 
Lyn were determined as in B for Hck. Data in B and C are means f SE of 3 expenrnents. 
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the most active in immunoprecipitates firom activated cells, providing an optimal signal-@noise 

ratio. 1 fmt considered the possibility that activation of Hck by ROI resultcd h m  direct 

oxidation of critical residues on the kinase. To test this notion, Hck immunoprecipitates 

obtained from unstimulated celis were treated in vitro with two strong oxidizing agents. 

diamide and Hz@. Comparable concenirations of these oxidants have beem shown to prornote 

phosphotyrosine accumulation when added to intact cells (Fialkow, et al., 1994). Neither 

diamide nor Hz@, however. were capable of activating isolated Hck in immune complexes 

(Fig. 4.4A). Conversely, reducing agents could not reverse the activation of Hck 

hnunoprecipitated f m  lysates of GTqS-treated cells. As shown in the rightmost lanes of 

Fig. 4.4A, when added duectly to the hmunoprecipitate neither NAC nor DTI' diminished the 

activation of Hck. These findings contmt the preventive effect of NAC seen when added to 

pemeabilized œlls during the respiratory burst, described in Eig. 1B. 

The inability of oxidants and reducing agents to affect Hck autophosphorylation was 

confirmed by immunoblotting the immunoprecipitates with anti-phosphotpsine antibodies 

(Fig. 4.1B). The kinase was found to be tyrosine-phosphorylated only a f '  stimulation of the 

cells with GTPyS, and the phosphotyrosine content was unaffectecl by oxicbhg and reducing 

agents. Together. these results suggest that ROI do not directly activaîe Hck in GTPyS 

Phosphorylation on tyrosine residues has been shown to be an important &tefininant of 

the activity of severai tyrosine kinases, including those identifieci in neutmphils. Because 

tyrosine phosphorylation of Hck was detectable when this enzyme was precipitated from 

stimulated cells mg. 4.4B), 1 conâidaed the possibility that ROI activate kinases in neutmphils 

indinxtly, by mediating their phosphorylation on tyrosine residues. As an initial approach to 

test this hypothesis. 1 tested the kinase activity of immune complexes obtained h m  control and 

GTPyS-stimulateci ceils using anti-phosphotyrosinc antibodies. The data in Fig. 4.5 

demonstrate that phosphorylation was pater in pipitates  h m  stimulated cells, suggesting 

that the relevant kinase activity may be associated with tyrosine phosphorylated 



Kinase Assay 

Anti-PY Irnrnunoblot 

Fig. 4.4 Effect of oxidizing/reducing agents on Hck activity. Hck irnmunoprecipitates 
were obtained from lysates of elecuoporated neutrophils treated without (-) or with (+) 10 
pM GTFyS, 2 m M  NADPH and 10 pM NaV (5 min) were incubated at 30°c for 30 min 
with either 1 mM diamide, 1 m M  H202, 20 m M  NAC, 1 m M  DTT or with buffer alone 
(none), as indicated. An aliquot of the immunoprecipitate was used for Ni vitro kinase assay 
(A) and another for anti-phosphotyrosine immunobloffing (B). Closed arrows indicate the 
position of immunoprecipitated Hck wMe the open arrow indicates the position of the 
exogenous substrate, enolase. 
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GTPyS + NADPH 

Fig. 4.5 Phosphotyrosine-associated kinase ac tivity. Anti-p hospho tyrosine 
immunoprecipitates were obtauied from lysates of electroporated neutrophils treated without 
(-) or with (+) 10 p M  GTPyS, 2 mM NADPH and 10 ph4 NaV (2 min) and used to perforrn 
in vitro kinase assays as descnbed in Experimental Procedures. Closed arrowheads indicate 
bands which displayed a prominent increase in phosphorylation following stimulation. 
Results are represen ta tive of three separa te ex perimen ts. 
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proteins. A number of prominent bands displayed increased phosphorylation in vitro 

(arruwheads in Fig. 45). with molecdar masses of appron 48,54,62,68,75 and 118 kDa. 

The size of some of the phosphoproteins in phosphotyrosine immunoprecipitates correspond to 

that of the active b a s e s  detailed in Fig. 42. To establish more directly whether thc active 

kinases are tyrosine phosphorylated, immunoprecipitates of Lyn, Hck, Fgr, Syk and Btk were 

prepared fkom conml  and G'IFyS-treated celis and proôed by immunoblotting with anti- 

phosphotyrosine antibodies. As illustratecl in Fig. 4.6A, endogenous generation of ROI is 

accompanied by tyrosine phosphorylation of all the kinases studied (indicated with closed 

amwheads), with the notable exception of Btk, which remaioed unaffected. The figure also 

shows that both the intact form of Syk as weii as its 40 kDa proteolytic iÏagment (open 

anowhead) were phosphorylated on tyrosine. 

The correlation between the occurrence of tyrosine phosphorylation and the activation 

of the tyrosine kinases is M e r  stressed by the similarity of the time courses of both events. 

In Fig. 4.6B, the de- of tyrosine phosphorylation was quantified in immunoprecipitates 

fkom œUs stimulateci for varyhg periods of time with GTPyS. AU four kinases undergo rapid 

and progressive phospharylation. which is detectable by 1 min and maximal between 5 and 10 

min. This pattern closely resembles the time course of activation of Hck dctcrmined in Fig. 

4.3C using enolase as the subsmte. It therefore appears likely that tyrosine phosphorylation of 

the kimws reguiates their activity. 

This notion was directiy addressexi by treatment of immunoprecipitstes with an active 

tyrosine phosphatase, the truncated T-ceii phosphatase (TC-PTP). Hck w u  precipitated from 

GTqG-stunulated neutmphils and incubated for 30 min in the presence or absence of TC-PTP* 

The effectiveness of the phosphatase was ascertained by immunobloaing the pncipitates with 

anti-phosphotyrosine antibodies. Exposure to TC-PTP led to wm2lete dephosphorylation of 

Hck (indicated by the solid mwheads in Fig. 4.7A). Immunoblotting conhed that equal 

amowits of Hck were present b e f a  and after txeatment with TC-FTP (data not show). 'Ibc 

autophosphorylating (solid arrows) and exogenous kinase activity (open amws) of stirnulated 
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kinases in situ. An ti-phosphotyrosine 
immunoblotting was performed on immunoprecipitates of the specified tyrosine kinases, 
obtained from electroporated neutrophils treated without (-) or with (+) 10 p M  GTW, 2 
m M  NADPH and 10 pM NaV for 5 min. Solid arrows indicate the position of the 
irnmunoprecipitated kinase. The open arrowhead indicates the 40 kDa proteolytic fragment 
of syk, also observed in anti-Syk immunoblots (see Fig. 2B). B. T i e  course of tyrosine 
phosphorylation. The extent of tyrosine phosphorylation was quantified at the times 
indicated by densitometry and is presented as % maximal. Data are means + SE for three 
experimen ts. 
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Kinase Assay 

Fig. 4.7 Effect of tyrosine dephosphorylation on Hck activity. Hck was 
immunoprecipitated from lysates of neutrophik treated with 10 p M  GTFyS, 2 mM NADPH 
and 10 p M  NaV for 5 min. Irnmunoprecipitates were then treated for 30 min without (-) or 
with (+) recombinant T-ceU phosphatase (TC-PTP) at 30°c whiie shaking. An aliquot of the 
irnmunoprecipitated material was subjected to anti-phosphotyrosine imrnunoblotting (A) 
while another was used to perform the in vitro kinase assay (B). Closed arrowheads 
indicate immunoprecipitated Hck while the open arrow indicates the location of the 
exogenous substrate, enolase. Results shown are representative of three separate 
experïments. 
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and dephosphorylated Hck was next compared Fig. 4.7B demonsûates that treatment with 

TC-PTP eIiminated the kinase activity of Hck stimulated by ROL 
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Discussion 

In this report, 1 analyzed the mechanism leading to increased phosphotyrosine 

accumulation following ROI production in neutrophils. In electroporated cells treated with 

GTPyS, I detected an elevaod activity of several kinases, measured in vitro. The activation of 

these kinases was rapid and correlated well with the increase in p s i n e  phosphorylation 

observed under these conditions. 

Kinases of three separate families were found to be activated by ROI, as determinecl by 

autophosphorylation and phosphorylation of an exogenous subsaatc, enolase. HcL, a member 

of the Sn: family of tyrosine kinases and highly expressed in gnnulocytes and macrophages 

(Ziegler, et al., 1987), displayed little activity in untreated cells but was rapidly stirnulated 

following addition of GTPyS. Syk, which belongs to a separate family of kinases, also 

displayed increased advis,  following ROI production. In contrast, the closely related ZAP-70 

tyrosine kinase, thought to be important in B- and TceU receptor signalling ( S e m  and 

Taddie, 1994) was not dctectable in active neutrophils using our immune complex kinase 

assay. Btk, a rnember of the Tec family of tyrosine kinases, is exp~ssed in cells of myeloid 

and lymphoid lineage (Yarnada. et al., 1993) and was also activated by ROI. To our 

knowledge, activation of Btk in neumphils had not been reponed pviously. 

While ROI production led to the activation of some tyrosine kinases, it appeared to have 

an opposite effect on the activity of others, when estimateci from autophosphorylation in 

immune complex kinase assays. Thus, Lyn and Fgr displayed high activities in untreated, 

electroporated neutrophils, which decreased following GTQS stimulation. However, at least 

in the case of Lyn, the apparent deæase in activity k l y  reflected occupancy of subsaate sites 

by non-radioactive phosphate, which may have occuned in situ , prbr to immunoprecipitafioa. 

Indeed, the ability of the enzyme to phosphorylate exogcnous substrates was increused 

following stimulation of the respiratory burst. Therefme, caution must be exercised when 

tquating the autophosphorylating and catalytic activities of tyrosine kinases. 

None of the other tyrosine kinases tested were found to be activated following 

generation of ROL These included Yes, which is reported to be pnsent in neutrophils, where 
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it cm be stimuiated by GM-CSF ( h y ,  et al.. 1993). Clearly, though 11 different antisera 

were use& our s w e y  was incomplete, since other tyrosine kinases are likely to exist in 

neutmphils. 

The mechanism underlying the activation of the kinases by ROI was explored in some 

detail using Hck as a prototype. While ROI production in situ appeared to activate Hck, 

oxidizing agents could not mimic this effect when applied to Hck immunoprecipitafts in vino. 

Maremver, nxbcing agents failed to reverse the activation of Hck isolated h m  GW-txeated 

cells. It is concluded that Hck activity is not regulatcd directly by ROI. but rather by some 

other pst-translational modification. Though not tested directly, 1 suggest by extension that 

activation of the other kinases is similady indirect 

Because tyrosine phosphorylation of Lyn, Hck, Fgr, and Syk was found to occur u p n  

stimulation by GTPyS, this post-translational modification was considered as a possible 

mechanism of regdation. This notion was evaluated using TC-PTP to âephosphorylate 

activated Hck. This procedure was found to eliminate the activity of the kinase. suggesting that 

tyrosine phosphorylation mediates the effect of ROI on hck activation. 

Tyrosine kinase activity of Sn: family members is thought to be suppressed by 

phosphorylation of a C-taminal residue, conserved among farnily members (Cooper, 1988; 

Cooper and Howeli, 1993; Liu, et al., 1993). Dephosphorylation of this residue has been 

shown to incnase the activity of Sn: family lcinases (Cooper and King. 1986). in apparent 

wnflict with o w  findings with HcL, where complete dephosphorylation of the enzyme led to its 

inactivation. However. recent evidence has questioned this simple mode1 of ngulation. This 

includes the finding that a T-celi line lacking CD45 (the phosphatase that activates the Src 

famüy member Lck) was found to have higher Lck activity even though its inhibitory C- 

terminal tyrosine residue was hyperphosphorylated (Burns, et al., 1994). While 

dephosphorylation of the C-terminus may be important for the &-repnssion of Src family 

rnember, a numbcr of unique tyrosine residues have been reported to bc phosphqlated upoa 

activation. These include the so-calied autophosphorylation site within the kinase domain 

(Patschinsky, et al., 1982; Smart, et al., 1981) and sites within the N-terminal domain of some 
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Src famiiy members (Soula, et al., 1993). Evidence exists that phosphorylation of these 

residues is essentid for kinase activity, possibly by stabililiition of the active kinase (Mustelin, 

1994; Veillette and Founiel, 1990). Recent evidence has also implicateû serine phoshorylation 

in the regdation of Sn: family members (Watts, et al., 1993; W ï e r ,  et aL, 1993). While the 

regulation of Src family kinases remains incompletely undersud, our findings imply that 

tyrosine phosphorylation is necessary to maintain the activity of Hck foilowing activation by 

endogenous ROL 

The steps that foIlow ROI generation and lead to kinase phosphorylation are unknown, 

but some iasight is provided by =nt reports that a) critical consewed cysteine residues exist 

in the catatytic domain of many tyrosine phosphatases (Fisher, et al., 199 1) and b) that both 

exogenous (Fiaikow, et al., 1994; Zor, et al., 1993) as well as endogenous oxidants can 

inactivate tyrosine phosphatases, Uely by targetting their critical suifhydryl moieties. In view 

of these consideratiom, the foliowing scenario can be envisaged. Under basal conditions, the 

accumulation of tyrosine phophoproteins and the autophosphorylation and stimulation of 

tyrosine kinases, some of which are constitutively active, are prevented by the offsetting action 

of tyrosine phosphatases. This delicate balance can be disrupted when ROI diminish the rate of 

dephosphorylation by reaction with sulfhydryl si& chahs in the catalytic domain of one or 

more tyrosine phosphatases. Indeed, in neutrophils, CD45 has k n  shown to be susceptible 

to inactivation by oxidants (Fiaikow, et al., 1994). and other phosphatases present in these 

ce& are likely to be similarly affected, 

It is noteworthy that modulation of tyrosine kinase activity has been reported in 

lymphoid ceils exposed to (Schieven, et al., 1993). Treatment with the oxidant was 

found to activate Syk but not Lyn, resembhg our observations in neutrophils. Like most 

other cells. lymphocytes can potentiay generate ROI by electron trmsfer reactions in 

mitochondria and the endoplasmic reticulwn. However. the magnitude of the oxidative 

response is far greater in phagocytes. which express high levels of the NADPH oxidase (see 

Introduction). In this regard, it is important that in the present experiments activation of 

phosp hory lation was elicited by endog enously generated ROI. lending credence to the 
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physioIogid signifiace of the observations. 1t is possible to envisage that stimulation of the 

NADPH oxidase, one of the &est effectors of neutrophils, could promote phosphotyrosine 

accumulation by the annbined inhibition of phosphatases and activation of kinases. This could 

in tum have important consequences on more slowly developing responses such as 

phagocytosis and degrandation (Gresham, et al., 1988). In this context, Hck has been 

suggested to have a role in phagocytosis (Loweil, et al., 1994) and Syk has also been proposed 

to be essential to the anti-minobial response (Asahi, et al., 1993). It is also conœivable that 

ROI secreted by neutrophils may have paracrine effects, stimulating neighboling quiescent 

neutrophils, or other ceUs present in the infiammatory milieu, including lymphocytes and 

macrophages. 
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Chapter 5 

Replation of SHP-1 during activation of human neutrophils: role of protein 

kinase C. 

Summary 

The tyrosine phosphorylation of several proteins induced in neutrophils by soluble and 

particdate stimuli is thought to be crucial for initiating anti-microbial responses. While 

activation of tyrosine kinases is thought to mediate this event, the role of tyrosine phosphatases 

in the initiation and modulation of neutrophil responses remaiqs largely undefined. 1 

investigated the role of SHP-1 (also known as PTPIC, HCP, PTP-N6 and SJ3PTP-1). a 

phosphatase expressed primarily in haemopoietic cells, in the activation of hurnan neutmphils. 

SHP-1 mRNA and protein were detected in these ceils and the enzyme was found to bt 

predominantly localized to the cytosol in unstimulated cells. Following stimulation with 

neutrophil agonists such as phorbol ester, chernotactic peptide or opsonized zymosan, a 

fraction of the phosphatase redistributexi to the cytoskeleton. Agonist treatment also induced 

significant decreases (3WN%) in SHP-1 activity which correlated tempaally with increases in 

the cellular phosphotyrosine content. Phosphorylation of Sm-1 on serine residues was 

associateci with the inhibition of its enzymatic activity, suggesting a causai relationship. 

Accordingly, both the agonist-evoked phosphorylation of SHP-1 and the inhibition of its 

catalytic activity were blocked by îreatrnent with bis-indolylmaleimi& 1, a potent and specific 

inhibitor of protein kinase C (PKC) activity. Immunoprecipitated SHP-1 was found to be 

phosphorylated efficiently by p d i e d  PKC b vitro. Such phosphorylation also caused a 

decrease in the phosphatase activity of SHP- 1. Together, these data suggest that inhibition of 

SHP-1 by PKC-mediated serine phosphcxylation plays a role in facilitating the accumulation of 

tyrosine phosphorylated proteins following neutrophil stimulation. These hdings provide a 

new link between the PKC and tyrosine phosphoxylation branches of the signalhg cascade that 

eiggers anti-microbial responses in human neutmphils. 
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Introduction 

Phosphotyrosine accumulation is regulated by the cornpethg activities of protein 

tyrosine kinases and protein tyrosine phosphatases (PTPs). In addition to the effect of 

increased tyrosine kinase activities, âeæases in the activity of protein tyrosine phosphatases 

(PTP's) may also lead to an accumulation in cellular tyrosine phosphorylation following 

exposure of neutrophils to inflammatory stimuli. In support of this notion, overall neutrophil 

phosphotpsine phosphatase ac tivity has been shown to decrease following stimulation with 

the chemoattractant fMLP or with phorbol esters, though the identity of the particular 

phosphatases responsible for this efftct was not dctermined (Kansha, et al., 1993; Kzaft and 

Berkow, 1987). The tyrosine phosphatase SHP-1 has been shown to act as a negative 

modulator of many receptor signalling systems in other hematopoietic ceU types, suggesting 

that it may also play a rok in neutrophils. To funher deIineate the role of tyrosine phosphatascs 

in the initiation and/or modulation of neutrophil responses, 1 have studied the localizatioa, 

activity and possible modes of regulation of SHP- 1 in these cells. 

Resul ts 

While previous studies have demonstrated SHP-1 expression in a variety of 

haematopoietic ceus and celi lines (Plutzky, et al., 1992; Shen, et al.. 1991; Yi, et al., 1992), 

the pnsence of SHP-1 in neumphiis has not been documenteâ To address this issue, reverse 

transcriptase-polyrnerase chah reaction (RT-PCR) was employed. Reactions were performed 

using RNA purified from neutrophils and oligonucleotide primer pairs designed for 

amplification of the SH2 domaincontaining region of the SHP-1 cDNA (KozIowsLi, et aL, 

1993). As shown in Fig. 5.1A, results of this analysis revealed amplification of a 120 bp 

mRNA fragment of SHP-1 fkom neutrophil RNA (lane 3). No products were seen in the 

absence of either reverse transcriptase or neumphil RNA Oanes 1 and 2, respectively), 

ensuring the spccificity of these nattions. 

The pnsence of SHP-1 protein was confirmed by immunoblotting, using a polyclonal 

antibody r a i d  to a GST fusion protein encompassing residues 1-296 of the phosphatase (F'ig. 
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Fig. 5.1. Identification of SHP- 1 in human neutrophils. A. RT-PCR was perfomed using 
primers designed to a m p l e  a 120 bp sequence of SHP-1 (lanes 1-3), or interleukin 1-a 
(lane 4). Reactions were performed in the presence (+) or absence (-) of reverse 
transcriptase (RT), freshly isolated RNA from human neutrophils (PMN RNA) or RNA 
encoding interleukin- 1 a (pAW 109RNA, from Perkin Elmer). Sarnples were subjected to 
agarose gel electrophoresis and visualized by ethidium bromide staining. B. Quantitation of 
SHP-1 in human neutrophils by irnmunoblotting. GST 50 ng), increasing amounts (in ng) d of GST-SHP-1, whole neutrophii lysate (PMN; 10 cell equivalents) and a SHP-1 
immunoprecipitate (IP) were loaded ont0 SDS-PAGE gels and subjected to immunoblotting 
with affinity-purified antibodies to SHP-1. C. Cornparison of the mobility of SEP-I in 
neutrophils and HL60 cells. Whole-cell extracts of human neutrophils (PMN) and 
undifferentiated HG60 cells were analysed by immunoblotting with affinity-purified 
polyclonal antibodies to SHP- 1. The position of the a splice variant of SHP- 1 is indicated. 
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5.1B). A single immunoreactive band of approximately 65 kDa is apparent in neutrophil ceil 

lysates and the same band was identifiable in immunoprecipitates obtained with the SHP-1 

antibody. This corresponds to the reported molecular mass of one of the splice variants of 

SHP-1 (Kozlowski, et al., 1993; Uchida, et al., 1993). To q u a n w  the level of SHP-1 

expression, inmasing amounts of the fusion protein were loaded into SDS-PAGE gels dong 

with neutruphil lysates and subjected to immunoblotting. By interpolation of the optical density 

of these bands, it was deterxnined that neutrophils contain 12 f 5 ng (n=3) of SHP- 1 per 106 

cells. SHP-1 accounts for 0.024% of the total cellular protein of neutmphils, at an intxaceliular 

concentration of approximately 530 nM (basai on a volume of 350 a / c e U ,  determined using 

the Coulier-Qiannelyzer). 

Two variants of SHP-1 have been identifie& generated by the alternative splicing of 39 

amino acids within the C-terminal SH2 domain of SHP- 1 gsui, et al., 1993). To detennine 

which splice variant is expresseci in human neutmphils, whole-cell extracts were analyzed by 

irnmunoblotting with affinity-pdied antibodies to SHP-I and wmpared with HL60 cells, a 

promyelocytic ceil Line found earlier to express only the higher molecular weight, a splice 

variant of SHP-1 (Uchida, et al., 1993). As show in Fig. 5.1 C, the SHP- 1 immunoreactive 

band of neutrophils comigrated precisely with that seen in HL60 lysates. Similar results were 

obtained using polyclonal and monoclonal antibodies to SHP-1. I conclude that neutrophils 

express only the a splice variant of SHP-1. 

Immunofiuorescence staining of untreated neutrophils fixed in suspension revealed a 

diffuse, predominantly cytosolic localization of SHP-1 (Fig. 5.2A. left panel). In these cells, 

weak nuclear staining and a variable degree of punctation in the cytosol was dso noteâ, while 

no staining was seen in fixed cells stained with an affinity-purifieci non-immune s e m  (nght 

panel). To confirm that SHP-1 was predominantly cytosolic in resting cells, subcellular 

fiactions obtained by Percoll gradient centrifugation were analyzed by immunoblotting (see 

Experimental Procedures). As shown in Fig. 5.2B, the results of this analysis also revealed 

SEP-1 to be almost exclusively located in the cytosolic fraction. Minute amounts of the 

phosphatase were occasionally found in the combined secretory vesicle/plasma membrane 
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Fig. 5.2. SubceUular localization of SHP- 1 in hurnan neutrophils. A. Unstimulated 
neutrophils were fiixed in suspension with paraformaldehyde, aiiowed to adhere to poly- 
lysine coated coverslips, pemeabilized with a buff'er containing 0.1% Triton X-100 and 
blocked with 5% donkey s e m .  Fixed ceLls were then stained with antibodies to SHP-1 
(left) or an afinity-purifed non-immune serum (right). Samples were analyzed using a 
Zeiss laser confocal microscope. Size bars indicate 5 m. B. Subceliular fractionation of 
human neutrophils was performed by nitrogen cavitation followed by Percoli gradient 
centrifugation (see Experirnental Procedures). Fractions displayhg the maximal activity of 
marker protein for prirnary (1°), secondary (2O) and tertiary granules (3O), the cornbined 
secretory vesicIes/plasrna membrane fraction (svlpm) and the cytosol (cyto) were selected, 
and an equal arnount of protein (25 yg) from each fraction was analyzed by immunoblotting 
with affinity-purified antibodies to SEP-1. For reference, 25 pg of a whole neutrophil 
lysate ( P m  was also loaded. 
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Fig. 5.3. A. Neutrophil suspensions were treated without (control) or with phorbol ester 
(TPA) or opsonized zymosan (OPZ) for 10 min prior to the isolation of membranes (Mem). 
Both membranes and the remaining cytosolic (Cyto) fraction were resuspended in sarnple 
buffer and aliquots (106 cell equivalents) were subjected to SDS-PAGE and immunoblotting 
with mnity-purified antibodies to SHP-1. B. Neutrophil suspensions were treated without 
(control) or with phorbol ester ( P A )  or opsonized zymosan (OPZ) for 10 min or with 
chemoatiractant peptide (fMLP) for 2 min and then rapidly sedimented and resuspended in a 
lysis buffer containing 1% Triton X-100. Triton soluble (TS) and insoluble (TI) proteins 
were isolated b centrifugation of lysates at 14,ûûûg for 5 min and equal number of ce11 i equivalents (10 ) of each analyzed as in A. C. Immunoblots from three experirnents like 
that in B were analyzed by densitometry and the amount of SHP-1 isolated in the Triton- 
insoluble fraction is shown as a percentage of the total (soluble + insoluble) immunoreactive 
protein (mean f SE of 3 experiments). The asterisk indicates p < 0.05. 
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W o n ,  which is known to trap cytosolic components upon resealing of vesicles. No SHP-1 

was &tected in fractions containing primary, secondary or terhy grandes. 

To determine whether SHP- 1 translocates between cellular compartments upon 

neutrophil stimulation, SEP- I localization was examiaed by separating the high speed peiiet 

and supernatant (i.e. whole membrane and cytosolic k t ions )  h m  celis stimulated with the 

following agents: a chemotsctic pepti& (W). which activates a GTP-buidhg protein- 

coupled receptor. a phorbol ester (TPA). which directiy activates PKC. and opsonized 

ymosan (OPZ), a particdate stimulus that signals via F q d  CR3 receptors. Immunoblotrîng 

of these fractions revealed minimal amounts of SHP-1 a> be associated with membrams (hi& 

speed pellet) in unstirnulated cells and this amount was not substantiaiiy altered foilowing 

stimulation (Fg. 5.3A). 

While SHP- 1 couid not be detextexi to associate with membranes during stimulation, a 

fraction of this phosphatase was found to associate with the Triton X-100 insoluble residue of 

activatcd cells. The Triton-insoluble material. thought to represent mostly cytoskeletal 

components, bound Little SHP-1 before activation (~10%). but significant amounts were 

associated following stimulation with either fMLP or TPA (Fig. 5.3B). Quantitation by 

densitometry revealed that stimulation by TPA induced a 2-3 fold increase in cytoskeletal- 

associated SHP-1 (Fig. 5.3C). A more modest increase in the cytoskeletai association of SHP- 

1 was noted foilowing stimulation with OP2 and fMLP (Fig. 5.3C), though this change was 

not statisticaily signifîcant. These findings suggest that SHP-1 may play a role in the 

cytoskeletal remodeling that occurs during neutrophil activation, by dephosphorylating 

cytoskeletal-associated pteins. 

Agonist-induced activation of neutrophils is known to bt associated with increased 

cellular tyrosine phosphorylation. This phenornenon is illustratecl in the expairnent in Fig. 

5.4A. where whole-cell lysates from control and stimuiated ails were immunobloued with 

anti-phosphotyrosine antibody. This effect can be municked by treatment with oridipng agents 

such as diamide, which have been shown to directly inhibit tyrosine phosphatases. Inhibition 

of the phosphatases suffices to induce a massive accumulation of phosphotyrosine on 



Fig. 5.4. Inhibition of SHP-1 activity by agents that induce tyrosine phosphorylation. A. 
Neutrophil suspensions were treated without (control) or with the indicated agents for 10 
min, except fMLP stimulation which was for 2 min. Foiiowing treatment, ceiis were 
resuspended in boiling Laemmli sample buffer and subjected to SDS-PAGE and 
immunoblotting with a monoclonal antibody to phosphotyrosine. B. Neutrophil suspensions 
were treated as in A with the indicated stimulus and the activity of SHP-1 was determined in 
vitro following irnmunoprecipitation (see Experirnental Procedures). Results (mean i SE of 
3 experiments) are presented as the % maximal activity, which was aiways found in  
untreated celis. Immunobloning of these immunoprecipitates confirmed that equivalent 
amounts of SHP-1 were immunoprecipitated following stimulation with each agent (see 
inset; SHP-1 is indicated with an arrowhead). 
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Fig. 5.5. Inhibition of SHP-1 activity by agents that induce tyrosine phosphorylation. A. 
Neutrophil suspensions were treated with ~ o ' ~ M  TPA for the indicated t h e  (min) and the 
activity was then determined in vitro. Means I SE of 3 experirnents are shown. B. 
Neutrophil suspensions were treated with ~ o - ~ M  TPA for the indicated time (min). 
Following treatment, cells were resuspended in boiling Laemmli sample buffer and 
subjected to SDS-PAGE and immunoblotting with a monoclonal antibody to 
phospho tyrosine. 
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numemus cellular proteins (rightmost lane in Fig. 5.4A: the lamer two lanes w e n  underexpoeed 

relative to the lanes in left panel, due to the high intensity of the diamide iane). 

In view of these data, I considerrd the possibiiity that inhibition of SHP-1 contributecl 

to phosphotyrosine accumulation in ceus stimdated with physiological agonists. Some of the 

stimuli that induced a net increase in tyrosine phosphorylation were also found to inhibit the 

activity of SHP-1, as determined in vino by immunecornplex phosphatase assays (set 

Expaimental Procedures). Shown in Fig. 5.4B. irnmunoprecipitable SHP-1 activity was 

inhibited by 4% 5.9% and 31f 2.1% following treatment with TPA a OPZ, rcspectively 

(n=3). Diamide treatment of neutrophils pria to immunoprecipitation produceci the -test 

inhibition of SHP-1 (59.8 f 2.796, n=3), while hlLP did not have a significaot effect at any of 

the time points examine&. Treamient of cells with TPA fa varyhg times revealed a carrelation 

between the extent of SHP- 1 inhibition (Fig. 55A) and the accumulation of cellular protein 

phosphotyrosine (Fig. 5.5B). Together, these results suggest that decmued SHP-1 activity 

cm contribute to increased tyrosine phosphorylation foilowing stimulation of human 

neutrophiïs. 

Oxidants have been shown to inhibit the activity of tyrosine phosphatases in vitro 

(Hecht and Zick, 1992) and in vivo (Zor, et al., 1993). It was pnviously dernonstrated that 

activation of the NADPH oxidase, an endogenous source of reactive oxygen species in 

neutrophils, can lead to inhibition of CD45 and concomitant incrcased tyrosine phosphoryiation 

(Fiallcow, et al., 1993; Fialkow, et al., 1994). I therefore tested whether inhibition of SHP- 1 

was sYnilarly mediatecl by oxidation. However. under conditions that greatly inhibit CD45, 

SHP-1 was minimally affecte& implying that these phosphatases are differtntially regdated. 

Phosphorylation has been shown to alter the activity of several phosphatases, i n c l h g  

SHP-1 (Li, et ai., 1995; Trachman, et al., 1995; Uchida, et al., 1994). 1 therefm examined 

the phosphorylation stak of this phosphatase in resting and activated mutrophils. As shown in 

%he Paivity of SHP-1 was uamined after tMLe treabnent fm 15 sec-2û min A statistidy signifiant decruac h 
activitywasnotobservedwithinthisperi06 
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Fig. 5.6. Phosphorylation of SHP- 1 following neutrophil activation. A. Neutrophil 
suspensions were loaded with 32~-orthophosphate (see Experimenial Procedures) and then 
treated without (control) or with the indicated agents for 10 min, with the exception of 
fMLP treatrnent, which was for 2 min. Following stimulation, SHP-1 was 
immunoprecipitated (as indicated) and subjected to SDS-PAGE, uansferred ont0 
polyvinylidene difluoride membranes and counted with a Molecular Dynarnics 
phosphorimager. Immunoprecipitates obtained using an affinity-purified non-immune 
serum (NI) were &O isolated from TPA stimulated neutrophils. The position of SHP-1 is 
indicated. B. Phosphoamino acid analysis was perfonned on SHP-I immunoprecipitates 
isolated frorn 32~-orthophosphate-labe~ed neutrophils treated without (control) or with 10- 
7~ TPA for 10 min. The rnobility of the phosphoamino acid standards is shown. A and B 
are representative of at least three experiments. 
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Fig. 5.7. Role of PKC in SKI?- 1 regulation. A. Neutrophil suspensions were loaded with 
32~-orthophosphate (see Experirnental Procedures) and then incubated in the absence (-) or 
presence (+) of 2 pM bis-indolylmaieirnide (BIM) for 30 min at 37OC. Cells were then 
treated without (control) or with the indicated stimulus for 10 min and SHP-1 was 
irnrnunoprecipitated and subjected to SDS-PAGE and autoradiography. The position of 
SHP-1 is indicated. B. Neutrophil suspensions were incubated in the absence (-) or 
presence (+) of 2 p M  BIM for 30 min at 37OC. The cells were then treated without (control) 
or with the indicated stimulus for 10 min, subjected to immunoprecipitation of SHP-1 and 
rneasurement of its activity in vitro . Data are means f SE of 3 experiments. 
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Fig. 5.6A, irnmunoprecipitation of SHP-1 from 32~-orthophosphate labelled ceils reveded a 

low but detectable amount of phosphoryi&m in untreated celis. By contrast, phosphorylation 

was markedly increased by treatment of celis with the agonists. Immunoprecipitates h m  

stimulated celis obtained using non-immune senun 0 displayed no signal (rigtitmost lane in 

S A ) .  As TPA induced the largest inmase in phospborylation, phosphoamino acid analysis 

was then performed on immunoprecipitates of SHP-1 from neutmphils treated with or without 

this PKC agonist I l l u s ~ t e d  in Fig. 5.6B. basal and TPA-induced phosphorylation of SHP-1 

was found to be primarily on saine residues. Anti-phosphotyrosine immunoblotting of SEP- 1 

immunoprecipitates confirxned that neither TPA nor any of the other agonists studied were 

capable of inducing tyrosine phosphorylation of this phosphatase (not shown). 

Activation of PKC is known to  occur following stimulation by either fMLP or 

opsonized zymosan. As both of these agents, as well as the direct PKC activator TPA iraduced 

phosp horylation of  SHP- 1, 1 next examined the possibility that phosphory lation of this 

phosphatase is rnediated by PKC. As demonstrateci in Fig. 5.7A. pretreatment of 32P- 

orthophosphate labelled neutrophils with 2 pM bisindolylrnaleimide I (BIM), a potent and 

specifc inhibitor of PKC (Toullec, et ai., 1991), inhibited both TPA- and OPZ-induced 

p hosp horylation of SHP- 1. However, SHP- 1 p hosphorylation was not entirely abrogated by 

BIM treaaent, suggesting that PKC was not fully inhibited or that other kinases also 

contribute to SHP-1 phosphorylation4. By contras& prior m a m e n t  with BIM fully prevented 

the agonist-induced decrease in SHP-1 activity (Fig. 5.7B). Thus, it appears that PKC plays a 

significant role in regulating SHP-1, apparently through a phosphorylation-dependent 

mechanism. 

Finaily, 1 wished to determine whether PKC was responsible f m  direct phosphorylation 

and inhibition of SHP-1 or was instead acting upstream of the regulatory kinase(s). To this 

end, immunoprecipitates of SHP-1 wexe prepared from resting cm T P A - ~ t c d  neutrophils, 

washed extensively and subjected to in vitro phosphorylation using PKC purified h m  rat 

4Whik MAP kinase bas been pro@ a phosphoryIate and inhiba ihe rtivity of tbe related tyrosine 
phosphatase, SHP-2, we obemed no effst oa the phosphoryliation of S m 1  fobwing TPA treatmnt in the 
presence of 50 phtl PD09589, a potent and specific inhibitor of MAP icinase kinase (MEK1). 
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Fig. 5.8. In vino phosphorylation and inhibition of SHP-I by PKC. A. Neutrophil 
suspensions were treated without (-; lanes 1,2 and 4) or with (+; lane 3) ~ o - ~ M  TPA prior to 
imrnunoprecipitation of SHP-1. Immunoprecipitates were subjected to in vitro 
phosphorylation in the absence (-; lane 1) or presence (+; lanes 2-4) of purified PKC, with 
added TPA, phosphatidylserine and 32~-labelled ATP. Controls were performed using 
immunoprecipitates obtained with an affiinity-purifîed non-immune serum (NI; lane 4). The 
location of SHP-1 is indicated. B. Neutrophil suspensions were treated without (-) or with 
(+) 1 0 - ~  M M A  prior to imrnunoprecipitation of SHP-1. After washing extensively, SHP-1 
immunoprecipitates were subjected to in vitro phosphorylation in the absence (-) or 
presence (+) of pWed PKC as in A, and the phosphatase activity of SHP-1 was then 
determined. Immunoprecipitates obtained with an affiinity-purifed non-immune serum or 
with beads alone displayed phosphatase activities that were consistenly less than 25% the 
activity of SHP-1 immunoprecipitates from untreated cells. Data are means f SE of 3 
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brain. As shown in Fig. 5.8A. immunoprecipitated SHP-1 was readily phosphorylated by 

PKC (Iane 2). Moreover, stimulation of cells with TPA pria to immunoprecipitation d e d  

the amount of in vitro PKC-mediated SHP-1 phosphorylation (lane 3 in Fig. 5.8A). 

presumably due to the incorporation in situ of non-radioactive phosphate into sites on SHP- 1 

that are substrates of PKC. Treatment of these imrnunoprecipitates with 3 2 p - y ~ ~ ~  alone, in 

the absence of PKC, did not result in phosphorylation of SHP- 1 (lane 1). confirming that 

phosphorylation of SHP-1 in the in vin0 assay is not mediated by ceprecipitating bases. 

Similarly, no PKC-induced phosphqlation was evident in expgiments performed with 

immunoprecipitatcs of non-immune serum (lane 4). 

The effect of in vitro phosphorylation on the activity of SHP-1 was detemineci. 

Irnmunoprecipitates of the phosphatase were subjected to phosphorylation by purified PKC, as 

in Fig. U A ,  and assayed for activity. In vitro phosphorylation by PKC was found to inhibit 

the activity of SHP-1 to 54 f 3.9% (3 experiments with dupl ia te  determinatioas) of the conml 

level (Fig. 5.8B). This inhibition of phosphatase activity was comparable to that inducd by 

TPA pretreatment of intact celis pnor to immunoprecipitation of SHP-1. Togebier, these 

results suggest that direct phosphorylation of SHP-1 on serine nsidues by PKC mediates, at 

least in part, the inhibition of SHP-I phosphatase activity following neutmphil stimulation. 
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Discussion 

Little is known about the role of tyrosine phosphatases in regulatùig neutrophil 

antimicrobial responses. In this report, 1 cstablished that SHP-1 is exprtssed in human 

neutrophils and that the concentration of SHP-1 in these c eb  is approximately 530 nM. in 

contras to other haemopoietic cell types which can express dtematively spliced fomis (66 and 

62 kDa) of SHP- I (Kozlowski, et al.. 1993; Uchida, et al., 1993), only the a splice variant of 

SHP- 1 was found to be expressed in human neutrophils. While the molecular b i s  for this 

observation is unclear, the preferential expression of one splice variant may be of functional 

relevance, as has been suggested for the relatcd tyrosine phosphatase, SHP-2 (Mei, et al., 

1994). 

In unstimulated cells, SHP- 1 was found to be predorninantly in the cytosol, although 

minimal arnounts were found to be associated with the nucleus, the plasma membrane and the 

cpskeleton. Stimulation with TPA. and to a lesser extent with OPZ and fMLP, induced an 

increase in the amount of SHP-1 associated with the cytoskeleton. Cytoskeletal association of 

SHP-1 has been demonstrated in platelets stimulated with thrombin and this translocation was 

postulated to mediate dephosphorylation of cytoskeletal-associated substrates (Enimi, et al., 

1995). By analogy, I suggest that the functional effccts of SHP-1 on neutrophil function 

refiect its action on both cytoskeletal and cytosoiic targets. 

Agents that induce tyrosine phosphorylation of neunphil proteins, such as OPZ and 

TPA were found to inhibit the activity of SHP-1. Furthermorc, the t h e  course of SHP-1 

inhibition following stimulation paralleled that of cellular tyrosine phosphate accumulation. 

These results suggest that inhibition of SHP-1 contributes to phosphotyrosine accumulation 

and may play a role in the regdation of anti-microbial responses. $timuli that inhibiteci the 

activity of SHP-1 wexe also found to induce its phosphorylation on serine residues. TPA- 

induced serine phosphorylation of SHP-1 had been reportai in HC6û celis, but inhibition of 

catalytic activity was not described (Zhao, et al., 1994). The incnased SHP- 1 expression 

induced by TPA in these cells may have rnasked the inhibitory effect of phosphorylation on 

enzyme activity (Uchida, et al., 1993; Zhao, et al., 1994). PKC-dependent phosphorylation of 
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SHP-1 has been demonstrated in human thyrnocytes and this phosphorylation event was 

shown to inhibit its activity (Trachman, et al., 1995). That phosphorylation by PKC is 

responsible for the functional inhibition of SHP-1 in human neutrophils is suggested by the 

experiments using B M  This PKC antagonist diminished phosphorylation of the phosphatase, 

while simultaneously precluding the inhibition of its catalytic activity. It is notewonhy that 

concentrations of BIM that inhibiteci phosphorylation incompletely nsulted in aimost complete 

reversal of the functional inhibition. This cm be interpreted to mean that phospharyhtion at 

multiple sites is quireù for inhibition of catalytic activity. This interpretation would also 

account for the observation that, whiie inducing phosphorylation of SHP-1, fMLP failed to 

significantly inhibit its activity. In accord with ihis notion, phosphqlation of SHP-1 on 

multiple sites has been described in stimulated platelets (Li, et al., 1995). 

In the cumnt study, tyrosine phosphorylation of SHP-1 was wt obsenred with any of 

the agonists used. Nevertheless, tyrosine phosphorylation of SHP-1 has been observed in 

other cell types (Bouchard, et ai., 1994; Yeung, et ai., 1992) and, coneary to our findings of 

senne phosphorylation-mediated inhibition, is thought to increpe the activity of this 

phosphatase (Li, et al., 1995; Uchida, et al., 1994). The apparent lack of phosphotyrosine- 

mediated regdation of SHP- 1 in human neuûophils may reflect the absence of specific tyrosine 

kinases capable of phosphorylating this protein. In this regard it is notewonhy that Lck, which 

is primarily responsible for SHP-1 phosphorylation in lymphoid ceils &mm, et al., 1994), is 

not detectable in human neutrophils (BrumeIl, et al., 1996). 

In conclusion, our findings suggest that SHP-1 plays an important role in reguhing the 

balance of protein tyrosine phosphorylation in neutrophils. While the substrates for SHP-1 in 

these cells have not been defined, our data indicate a role for this enzyme in dephosphoryIating 

both cytosolic and cytoskeleton-associated proteins. In addition, the finding that PKC acts to 

inhibit SHP-I activity following neutmphil stimulation provides a new hk between the 

se~e/threonine and tyrosine phosphoqdation branches of the signalhg cascade that triggers 

anti-microbial nsponses in human neutmphils. 
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Chapter 6 

Phosphorylation and Subcellular Redistribution of Pleckstrin in Human 

Neutrophils 

Summary 

Pleckstrin, oripinally describeci as a major substrate of protein kuiase C (FXC) in 

platelets, was found to be highly expressed in human neutrophils (intracellular concentration 

4 5  pM). As PKC isoforms play an important role in mediating neutrophil anti-micmbial 

responses, I studied the regdation of pleckstrin phosphorylation in response to U i f l m a t o r y  

stimuli. Following treatment of neutrophils with fMLP, TPA or opsonized zymosan, 

plecksnin was rapidly phosphorylated, which resulted in a shift in its electrophoretic mobiiity. 

Several iines of evidence suggest that pleckstrin is phosphorylated, in part, by a non- 

conventional PKC folîowing stimulation by fMLP: 1) chelation of intracellular ~ a 2 +  had only a 

partial inhibitory effect; 2) the phosphatidic acid phosp hohydrolase antagonist propranolol 

extended it and 3) wortmannin and erbstatin blocked the phosphorylation of plecbtrin. These 

results suggest that nonconventional PKC isoforms, possibly 6 or c. mediate phosphorylation 

of pleckstrin. Both PKC 6 or are expresscd in human neutrophils. Tncreased association of 

pleckstrin with both microsornes and with the cytoskeleton was observed in stimulated ceils. 

These findings suggest that phosphorylation by non-conventional PKC isofonns induces a 

conformational change in p1eckstri.n that promotes its interaction with membranes and/= with 

the cpkeleton. Such a translocation may serve to target proteins or lipids ncognized by 

pleckstrin homology (PH) domains to sites where they can contribute to the mimbicidal 

response. 
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Introduction 

Despite the importance of PKC in regulating neutrophil b c t i o n ,  the substrates of this 

family of kinases are il1 defineci. One such substrate, pleckstrin, is highly expressed in 

plateletes and is rapidly phosphorylated in response to thrombin stimulation of these cells. In 

an effort to m e r  define the sequence of events that follow activation of PKC in stimulatcd 

neutrophils, the expression and phosphorylation of pleckstrin in human ceIls txeated with fMLP 

was evaluated. Our results suggest that pleckstrin is phosphorylated in human neutmphils by 

both conventional and non-conventional PKC isoforms and that this modification induces an 

association with membranes and with cytoske1etal wmponents. Phosphorylated pkksain may 

serve as an intracellular adaptor. targetting PH domain-associated molecules to these suboeiiular 

comparmients in response to inflmatary stimult 

Results 

To detect pleckstrin in human neutmphils, I immunobloned wholecell lysates with an 

affinity-purified antibody to pleckstrin (Fig. 6.1A). The major immunoreactive band in 

neuûophil lysates had a mobility of 4 6  kDa (PMN lanes in Fig. 1A). A w&y reactive band 

of 4 4  kDa was frequently noted in neumphil lysates and may correspond to a proteulytic 

fragment of pleckstrin. Defined amounts of purified recombinant GST-pleckstrin were used to 

quanti@ the pleckstrin content of neutrophils. B y scanning immunoblots, plotting the optical 

&nsity and interpoIation of the cell lysate bands. its was detexmineci that neutrophils express 

approx. 250 ng of plecksain per 106 cells (mean of 3 determinations). Baseri on a total œll 

volume of 350 x IO-%/tell (determined elecnonically using the CoulterChannelyzer), the 

cellular concentration of pleckstrin in neutrophils is caicuiated to be approxirnately 15 pM. 

The subcellular localization of pleckstrin in neutrophils was explored by 

immunofluorescence. As shown in Fig. 6.1B (left side), staining of fixeci œlls with anti- 

pleckstrin antibodies revealed a difise, predominantly cytosolic localization of pleckstrin. 

Some punctation was evident in the cytosol, and a compact structure was also stained in the 

nuclear cornpartmen t (indicami with arrow s). Under similar conditions, prc-immune serum 



GST-Pleckstrin (ng) PMN (106) 

Anti-Pleckstrin Non-Immune 

Fig. 6.1 Expression and localization of pleckstrin in human neutrophils. A. Indicated 
amounts of GST-pleckstrin (in ng) were analyzed by SDS-PAGE dong with lysates from 
human neutrophils (106 ceii equivalents) treated without (Con) or with fMLP (lw7 M) for 
15 sec ( W P ) .  Samples were then immunoblotted with affinity-purified antibodies to 
pleckstrin. Treatment with M L P  was found to induce an upward shift in the mobility of 
pleckstrin, as indicated with an open arrowhead. B. Neutrophils were stained with riffinity- 
purified antibodies to pleckstrin (Anti-Pleckstrin) or with non-immune serum (Non- 
Immune). Samples were analyzed using a Zeiss laser confocal microscope. Size bars = 10 
nm. Data are representative of three separate experiments. 



subjected to the affinity purification procedure used for the immune serum did not yield 

detectable staining (right panel, Fig. 6.1B). The subcellular distribution of pleckstrh was 

confinnexi by nimgen cavitation and fkactionation of neuimphils on Femll gradients (Bnuneli, 

et al., 1995). Immunoblotting of isolated fractions indicated that pleckstrin was found almost 

exclusively in the cytosolic fraction, with minimal amounts in the combined secretory 

vesicle/pIasma membrane fraction. No immunoreactivity was &=table in primary, secondary 

or tertiary granules. Thus, in unstimuiated neutrophils, pleckstrin is localu#l predaniaantly in 

the cytosol, resembling the results obtained in platelets (Imaoka, et al., 1983; Lyons and 

Atherton, 1979). 

The nghtmost lane in Fig. 6.1A shows that, while stimulation of the ceils with fMLP 

prior to lysis did not affect the immunoreactivity of plecksein, it caused a dec~case in the 

mobility of a fraction of the protein on SDS-PAGE (open mwhead). Induction of the slower 

migrating form of pleckstrin was very rapid and transient following fMLP stimulation (Fig. 

6.2A). Shifts in the mobility of proteins during SDS-PAGE can be causeci by several ps t -  

translational modifications, including phosphorylation. To test whether plecksain was 

phosphorylated following stimulation of neutrophils with fMLP, celis were metabolically 

labelled with 32~-orthophosphate, treated with or without the chemoattractant and then 

subjected to immunoprecipitation. As shown in Fig. 6.2B, plecbtrin phosphorylation in 

response to fMLP was coincident with its shift in electmphoretic mobüity, peahng between 15 

sec and 1 min and decaying rapidly thereafter. No phosphorylation was apparent in 

immunoprecipitates obtained h m  cells treated with fMLP for 15 sec using non-immune serum 

(NI; nghtmost lane in Fig. 6.2A). 

1 next sought to determine if phosphorylation was responsible fm the fMLP-induced 

mobility shift of pleckstrin. For this, & n a d  neutrophil lysates was treated with alkaline 

phosphatase. Samples were then analyzed by SDS-PAGE and pleckstxin imrnunoblottuig and 

representative resdts are shown in Fig. 6.3A. As before, lysates from untreated neutrophils 

displayed only a single immunoreactive form of pleckstrin (first lane, solid anowhead) that did 

not change in intensity or mobility following incubation with exogenous allraüne phosphatasc. 
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Fig. 6.2 Phosphorylation induces a shift in the mobility of pleckstrin. A. Neutrophil 
suspensions were treated with or without (-) 1 0 - ~  M fMLP for the indicated time (in min). 
Cells were rapidly sedirnented, resuspended in boiling sample buffer and samples (106 celi 
equivalentsllane) were subjected to SDS-PAGE and immunoblotîing with aflïnity-pmed 
antibodies to pleckstrin. The slower (open arrowhead) and faster (solid arrowhead) 
migrahg foms of pleckstrin are indicated. B. In siru phosphorylation was determined by 
immunoprecipitation of pleckstrin (Anti-Pleckstrin) from neutrophils that had been labeled 
with 32~-orthophosphate and then treated without (-) or with 1 0 - ~  M fMLP for the time 
shown (min), as described in Experimentai Procedures. Non-immune serum (NI) was used 
for immunoprecipitation of a sample stimulated for 15 sec. The position of pleckstrin is 
indicated (arrow head). 
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As in Fig. 6.M. treatment of cells with fMLP induced the appearance of a slower migrating 

form of pleckstrin (fourth lane in Fig. 6.3A, open arrowhead), which was distinct h m  the 

faster migrating species seen in contml cells. Treatment of denaaind lysates from fMLP- 

stimulated d s  with alkaline phosphatase eliminated the slower migrating form of pleckstrin 

(sixth lane) while a comparable incubation in the absence of phosphafase had no effect (fifth 

lane). The latter fmding indicates that the denaniring protocol effectively inactivated 

endogenous proteases anâ other enymes potenMy capable of altering pleckstrin during the 30 

min incubation at 370C and that   vers al of the mobility shift was indeed due to the action of 

a W n e  phosphatase. These data imply that phosphorylation of pleckstrin is the pst- 

translational modification responsible for the mobility shift induced by W. 

Tight binding of certain lipids has been show to cause a demase in the elecmpharetic 

mobility of several pmteins, including PKC (Limatola, et al., 1994) and albumin (Tigyi, et 

al., 1990). Since pleckstrin has been shown to associate with lipids (Lcmmon, et al., 1995), it 

was conceivable that phosphorylation prornoted lipid binding. thereby contributing to the 

mobility changes. To test this notion. 1 extracted resting and fMLP-treated neutmphils with 

aœtone and subjected the de-lipidated proteins to SDS-PAGE and immunoblotting with anti- 

pleckstrin antibodies. As shown in Fig. 6.3B. though retrieval of proteins after acetone 

extraction was incomplete, the fMLP-induced mobility shift of plcckstrin was still evident 

following this de-lipidation protocol. Considering these data, the mobiüty shift of plecksain 

can be most simply explaineci by a conformational change induced directly by phosphoqlation 

of the protein. 

The mobility shift on SDS-PAGE provided a convenient, non-isotopic means to 

monitor the phosphorylation of pleckstrin. 1 took advantage of this property to compare the 

the course of pleckstrin phosphorylation induced by fMLP by other soluble and phagocytic 

stimuli of neutrophils. As shown in Fig. 6.3C. txeamient of ceiis with a direct PKC agonist, 

TPA, caused a shift of most of the pleckstrin which was rapid ( M y  apparent by 15 sec) and 

sustained (lasting for up to 30 mùi; not shown). Opsonued yeast ce11 wail particles (zymosan). 

which signal primarily via Fcy and CR3 receptors, induced a more modest, progressive 
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Fig. 6.3. Phosphorylation induces a shift in the mobility of plecksuin. A. Denatured 
neutrophil lysates were prepared from cells îreated without (-) or with (+) 1 0 - ~  M fMLP for 
15 sec (see Materials and Methods). Aliquots of these lysates were either boiled 
irnrnediately with an equal volume of 2x concentrated sample buffer (no incubation) or 
following incubation for 30 min at 37OC in the presence (+) or absence (-1 of alkaline 
phosphatase (250 Unitdml). B. Neutrophil suspensions were treated without (-) or with (+) 
1 0 - ~  M fMLP for 15 sec and either subjected to SDS-PAGE and immunoblotting 
irnmediately or after lipid extraction with acetone at -20°C, as indicated. C. Neutrophil 
suspensions (107 ceUs/rnl) were treated without (-) or with 1 0 - ~  M M A  for the indicated 
lune (min). C e h  were rapidly sedimented, resuspended in boiling Laemmli buffer and 
sarnples (106 celi equivalents/lane) were subjected to SDS-PAGE and irnmunoblotting with 
affinity-purified antibodies to pleckstrin. The mobilities of phosphorylated (open 
arro wheads) and unphosphorylated pleckstrin (solid arrow heads) are indicated. 
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increase in plecksain phosphorylation. Thus, plechtrin phosphqlation is cornmon to the 

signal transduction pathways of soluble and particdate stimuli and may conceivably play a d e  

in the initiation of the antimicrobial nsponse. 

The sites phosphorylated on pleckstrin in activated neutmphils were exarnined. 

Sequence a l i m e n t  cornparisons of pleckstrh with known b a s e  substrates suggest a number 

of potential PKC phosphorylation sites. These include Ser-40, Ser-43 and Thr-73 within the 

N-terminal PH domain and Ser- 1 13, Thr- 1 14 and Ser-117 located in the sequenœ intervening 

between the two PH domains. Roteolytic digest analysis of pleckstrin isolated from platelets 

previously l o c a l i d  in vivo phosphorylation to the latter domain (Abram, et al., 1995), which 

is illustrated in Fig. 6.4A. By analysis of ectopicaily expressed pleckstrin in fibroblast cell 

lines, one of us (K. C.) recentiy àetmined that Ser-113 and Ser- 117 (indicated with asterisks 

in Fig. 6.4A) are the primary targets of PKC, with phosphorylation occurring drnost 

exclusively at these sites (Craig and Harley, 1996). This conclusion was based on tryptic 

phosphopeptide analysis of pleckstrin mutants aansfected into COS-1 cells and 

phosphorylation of synthetic peptides comsponding to this region. A typical phosphopepade 

map of wild type pleckstrin isolated from stimulated COS-1 cells is shown in Fig. 6.4B. with 

the 5 major phosphopepti& species indicated Mutational analysis revealed the identity of these 

individual phosphopeptide species: mutation of Ser-117 to N a  abolished the formation of 

peptide 1, while mutation of Ser-113 to Ala blocked the generation of peptidcs 2-5 (Craig and 

Harley, 1996). Multiple phosphopeptides  an arise upon phosphorylation of Ser-113 due to 

alternate tryptic cleavage sites (the potentiitl trypsin cleavage sites in the 109- 120 linker region 

of pleckstrin an indicated with arrows in Fig. 6.4A). Using the same methoci, tryptic 

phosphopeptide analysis of p1eckstri.n immunoprecipitated h m  neutrophils was perfomed 

As shown in Fig. 6.4C. pleckstrin isolated from unstimulated cells displays a low but 

detectable level of phosphorylation on peptide 1, cmsponding to Ser-117. Trtatment of 

neutrophils with fMLP led to increased phosphorylation of  peptide 1 and induced the 

appearance of phosphopeptide species 2-5 (Fig. 6,4D). No other major phosphopeptide 

species were obsewed. These results suggest that in neutrophüs, as in platelets and transfected 



Fig. 6.4. Tryptic phosphopeptide analysis of plecksuin phosphorylation. A. Amino acid 
sequence of intervening sequence (residues 109-120) that joins the two PH domains of 
pieckstrin. Potential trypsin cleavage sites are indicated by arrows. The primary 
phosphorylation sites of pleckstrin, Ser-113 and Ser- 1 17 are indicated with as terisks. B. In 
vivo phosphorylated pleckstrin from transiently transfec ted Cos- 1 cells was 
immunoprecipitated and subjected to tryptic phopshopeptide analysis as described in 
Experimenial Procedures. The major phosphopeptide species are indicated. C. In vivo 
phosphorylated pleckstrin fiom human neutrophils was immunoprecipitated and subjected 
to tryptic phosphopeptide analysis, as described in B. D. In vivo phosphorylated pleckstrin 
from neutrophils treated with ~ o - ~ M  fMLP (30 sec) was immunoprecipitated and subjected 
to tryptic phosphopeptide analysis, as described in B. These data were provided by Dr. 
Karen L. Craig. 
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fibroblast cell lines, pleckstrïn is phosphorylated on Ser- 1 13 and Ser- 1 17. Acco~dingly, 1 was 

unable to detect phosphotyrosine residues in pleckstrin in fMLP-activateci neutrophils by 

immunoblotting with anti-phosphotyrosine antibodies (not shown). Simiiar results were 

obtained with TPA-stimulated neutmphils. 

Binding of fMLP to its rcceptor and the resulting activation of heterotrimeric GTP- 

binding proteins initiate downstream signalling pathways that inclu& the activation of 

phospholipase C, which cleaves phosphatidylinositol 4.5 bisphosphate to fom inositol 

trisphosphate and diacylglycerol (Sny&man and Uhing, 1992). In turn, soluble inositol 

trisphosphate induces the release of CaZ* h m  inhacellular stores and, as a consequence, an 

influx of extracellular ~ a * +  across the plasma membrane (Krause, et al., 1990). Inmased 

intracellular ca2+ and diacylglycerol production synergisticaily activate members of the 

conventional class of protein kinase C (cPKC). To ascertain the involvement of cPKC 

isoforms in p1eckstri.n phosphorylation by chemoattractant-activated neutmphils, I examined 

the infiuence of the individual activators of this class of PKC. The d e  of Ca2+ was assessed 

by preloading cells with the chelating agent BAPTA and stimulating celis in a ca2+-fke 

medium. That this protocol effectively bufierd the titracellular ~ a 2 +  transient elicited by 

fMLP is shown in Fig. 6.5A. The large increase in cytosolic [@+ ] triggered by the 

chemoattractant was virtually eliminated by the combined effects of the chelator and the 

omission of extemal &+. As shown in Fig. 633 ,  while partial inhibition of the pleckmin 

mobility shifi was notecl, the slower migrating form of the protein (open arrowhead) is readily 

apparent foilowing stimulation with fMLP under conditions where inhaceuular [@+] rernains 

unalterrd (fourth lane). The existence of a ~a%ndepen&nt component of the stimulation of 

pleckstrh was confirmed by immunoprecipitation of 3 ~ ~ - o ~ t h o ~ h o s ~ h a t e  labelled celis (Fig. 

6.5C). BAPTA b u f f e ~ g  of intracellular @ release led to a 4 0 %  inhibition of pleckstria 

phosphorylatioa, consistent with the effect of chelation on the mobility shik Together, these 

finduigs indicate that the fMLP-induced @+ transient is not an obligatary requirement fa 

pleckstrin phosphorylation, suggesting that Ca2+-indepenûent, non-conventional isofanns of 

PKC or other kinases contribute to this event. Two classes of non-conventional, Ca2+- 
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Fig. 6.5. Role of conventional PKC in pleckstrin phosphorylation. A. Neutrophil 
suspensions were loaded with indo- 1 with or without BAPTA, as indicated. The cells were 
then suspended in ca2+ -free medium and [CP+Ii was determined fluorimetrically. Where 
indicated, the ceiis were stimulated with W7 M fMLP. B. Neutrophil suspensions (107 
celldml) were loaded without (-) or with (+) BAPTA and suspended in ca2+-free medium. 
Where indicated, the ceiis were next stimulated with 1 0 - ~  M fMLP (15 sec). The ceUs were 
irnrnediately sedimented, resuspended in b o h g  Laemmli bufTer and aliquots (106 cell 
equivalents/lane) were subjected to SDS-PAGE and ~munoblot t ing with flinity-purZied 
antibodies to pleckstrin. The mobilities of phosphorylated (open arrowheads) and 
unphosphorylated pleckstrin (solid arrowheads) are indicated. C. In si& phosphorylation 
was determined by imrnunoprecipitation of pleckstrin from 32~-orthophosphate labelled 
neutrophils that had been pre-loaded without (-) or with (+) BAPTA, as above, prior ro 
stimulation with lW7 M fMLP for 15 sec, where indicated. Pleckstrin is indicated. 
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independent PKC isofms have been desaibed to date (Newton, 1995). They include the 

novel PKC famiiy (nPKC) consisting of 5 isoforms (6, E, q, 8 and p) and atypical PKC 

family (aPKC: and Â. isoforms). Members of both nonconventional PKC families, 

specifically the 6 (Lopez, et al.. 1995) and 5 @mg, et al., 1994) isoforms. have been 

identified in neutrophils and may play a d e  in pleckstrin phosphorylation. 

Phosphatidic acid is generated by neutrophils foIlowing fMLP stimulation and has been 

shown to activate PKCC (Limatola, et ai., 1994). Catabolism of phosphatidk acid to 

diacylglycerd is pexformed by phosphatidic acid phosphuhydrolase, an enzyme that is inhibited 

by treatment of cells with propranolol. This agent, which has been shown to enhance and 

prolong the increase in phosphatidic acid produced foilowing fMLP stimulation (English and 

Taylor, 199 1). should serve to distinguish the contribution of PKCF. As illustrated in Fig. 

6.6A, treatment with propranolol was found to prolong the effect of the chernotactic peptide on 

p1eckstxi.n: the band with slower mobility was s t ü l  present after 2.5 min in cells treated with the 

phosphohydrolase inhibitor, whiie it was undetectable at this t h e  in untreated œlls. These 

results suggest that phosphatidic acid generation plays an important role in pleckstrin 

phosphorylation, possibly by activating PKCC. 

Phosphatidylinositol(3,4,5)-phosphaie and possibly other phosphoinositides generated 

by activation of phosphatidylinositol 3'-kinase (PI3K) are also thought to stimulate PKCC 

(Nakanishi, et al., 1993). In penneabilized platelets, snnition of exogenous phosphoinositides 

was in fact sufficient to induce phosphorylation of pleckstrin (Toker, et ai., 1995; Zhang. et 

al., 1995). Because PI3K is activated rapidly in fMLP-stimulated neuûophils (Stephens, et al., 

1991; Traynor-Kaplan, et al., 1989), 1 considtred the role of this enzyme in the 

phosphg.lation of pleckstrirï. Cds wen pretreated with or without wormiannin, an inhibitor 

of PI3K, prior to stimulation and lysates were subjected to immumblotting. As show 

in Fig. 6.6I3, pretmtment with womnannin pvented the appearance of the slower migrating, 

phosphorylated form of pleckstrin (open mwhead). By contrast, inhibition of *7@6k, a 

kinase located downstnam of PI3K (Chung. et al., 1994). by preneament of cells with 

rapamycin (Chung, et al., 19%) had no effect (Fig. 6.6B). These data suggest that in addition 
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Fig. 6.6. Role of activators of non-conventional PKC isoforms in pleckstrin 
phosphorylation. A. Neutrophil suspensions (107 cellslml) were treated without (untreated) 
or with 150 m M  propranolol for 5 min at 3 7 O ~  prior to stimulation with lu7 M fMLP for 
the the indicated (in min). Cells were rapidly sedimented, resuspended in boiling Laemmli 
sample bufkr and aliquots (106 ceU equivalents/iane) were subjected to SDS-PAGE and 
immunoblotting with affinity-purified antibodies to pleckstrin. The mobilities of 
p hosp horylated (open arrowheads) and unphosphorylated pleckstrin (solid arrow heads) are 
indicated. B. Neutrophil suspensions (107 celldml) were treated without (untreated) or with 
100 nM wortmannin or 50 @ml raparnycin for 30 min at 37OC prior to stimulation with 10- 

M fMLP for the time indicated (in min) and samples were analyzed for pleckstrin 
phosphorylation, as in A. Data are representative of at least three experiments of each type. 
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Fig. 6.7. Role of tyrosine kinases in pleckstrin phosphorylation. A. Neutrophil 
suspensions (107 cells/ml) were treated without (-) or with (+) 10 pg/ml erbstatin for 30 min 
at 37OC prior to stimulation with 1 0 - ~  M fMLP for the times indicated (in min). Cells were 
rapidly sedimented, resuspended in boiling Laemrnli sample bufTer and aliquots (106 ce11 
equivalents/lane) were subjected to SDS-PAGE and irnrnunoblotting with affinity-purifed 
antibodies to pleckstrin. The mobilities of phosphorylated (open arrowheads) and 
unphosphorylated pleckstrùi (solid arrowheads) are indicated. B. In situ phosphorylation 
was determined by immunoprecipitation of pleckstrin frorn 32~-orthophosphate-labelled 
neuuophils treated without (-) or with (+) 10 pg/ml erbstatin for 30 min at 370C prior to 
stimulation with 1 0 - ~  M M P  for 15 sec, where indicated (+). The position of pleckstrin is 
indicated. Representative of three experiments. representative of at least three experiments 
of each type. 
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to phosphatidic acid, phosphoinositides are also important activatw of the kinase(s) bat  

phosphorylate pleckstrin in human neutmphils and M e r  support a d e  for nonanventional 

PKC isoforms in mediating this event. 

Tyrosine phosphorylation of a number of substrates has been obscrved u p n  treatment 

of neutmphils with W. The functional importance of this event is suggested by the finding 

that inhibitors of tyrosine kinases block many of the cellular responses to the chemoattractant 

(Berkow, et al., 1989; Kobayashi, et al.. 1995). It was therefore of intcrest to establish 

whether tyrosine phosphorylation was similarly required for plecksmn phosphorylation. 

Neutrophils were pretreated with the tyrosine kinase inhibitor, erbstatin, prior to fMLP 

stimulation. This treatment greatly inhibited phosphorylation of pleckstrin. as determined by 

the mobility shift of phosphorylated pleckstrin (Fig. 6.7A). Inhibition of plccksük 

phosphorylation by erbstatin was corroborateci by direct1 y measuring the incorporation of 

radiolabeiled phosphate in si& (Fig. 6.7B). As plecksain is itsclf not tyrosine phosphorylated 

in neutrophils (see above). these results imply that tyrosine kinases regulate pleckstrin 

phosphorylation one or more steps upsûeam of the ser/thr kinases that directly phosphorylate 

it. 

Pleckstrh has no identifiable catalytic activity. On the other hand, the presenœ of two 

PH domains, which are thought to mediate association with otha proteins or lipids, suggests 

that pleckstrin may function as a PKC-regulated adaptor. Association of pleckstrin with other 

cellular components upon activation by either fMLP or TPA was studied by cell ktionation 

and immunoblotting. Cellular membranes were separated by dif'feren tial centrifugation (Fig. 

6.8.ABrB). whereas a cytoskeleton-enriched fraction was obtained as a Triton X-lWinsolubk 

pellet (Fig. 6.8W). Consistent with the results dcscribed above, immunoblotting revealed 

minimal amounts of pleckstrin to bc associateci with membranes and the cytoskeletm in 

unstimulated ceUs (4%). However, stimulation with fMLP and ?'PA induceci a 2-3 fold 

increase in its association with membranes (Fig. 6.8A) and an even greater inmase was noted 

in the case of the cytoskeleton (Fig. 6.8C). The fMLP-induced association of pleckstrb in 

both cascs was transient and cmlated temparally (Fig. 8B and D) with the phosphqtion of 



Cytoskeleton 

Fig. 6.8. Subcellular redistribution of pleckstrin following cell stimulation. A. Neutrophil 
suspensions (2 x 107 cells/ml) were treated without (control) or with 1 0 - ~  M fMLP for 15 
sec or with 10 -~  M TPA for 1 min prior to the isolation of membranes. Membranes were 
resuspended in Laernrnli sarnple buffet and aliquots (2 x 106 ce11 equivalentsllane) were 
subjected to SDS-PAGE and immunoblotting with affmity-purifïed antibodies to pleckstrin. 
B. Membranes were isolated from celis stimulated without (-) or with M M L P  for the 
indicated times (in min) and analyzed as in A. C. Neutrophil suspensions (2 x 107 celldml) 
were treated without (control) or with 1 0 - ~  M fMLP for 15 sec or with M TPA for 1 
min prior to isolation of cytoskeleton-associated proteins. Cytoskeletal-associated proteins 
were dissolved in Laernrnli sample buffer and aliquots (2 x 106 cell equivalentdlane) were 
subjected to SDS-PAGE and immunoblotting with affiity-purifed antibodies to pleckstrin. 
D. Cytoskeleton-associated proteins were isolated from cells stimulated without (-) or with 
1 0 - ~  M fMLP for the times indicated (in min) and analyzed as in C. 



BIM: - + 
Cytoskeleton r Pleckstrin 

Fig. 6.9. Subceliular redistribution of plecksuin foliowing ce11 stimulation: dependence 
on PKC activity. A. Membranes were isolated from neutrophils incubated without (-) or 
with (+) 5 ph4 bis-indolylmaleirnide (BIM) prior to treatrnent with 1 0 - ~  M P A  for 1 min, 
where indicated. Membranes were resuspended in Laemmli sample bufTer and aliquots (2 x 
106 cell equivalents/lane) were subjected to SDS-PAGE and imrnunoblotting with affinity- 
purified antibodies to pleckstrin. The position of pleckstrin is indicated. B. Cytoskeleton- 
associated proteins were isolated from ceils treated without (-) or with (+) 5 pM bis- 
indolylmaleimide (BIM) @or to treatment with 1 0 - ~  M TPA for 1 min, where indicated, 
and analyzed as in A. The position of pleckstrin is indicated. 
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pleckstrin determineci in Fig. 6.2B, suggesting that this modification might be necessary for 

translocation. In accordance with this notion, pretreatment of œlls with the potcnt and specific 

PKC inhibitor, bis-indolylrnaleimide (BIM), preventcd both TPA-induced phosphorylation of 

pleckstrin (not shown) and its association with membranes (Fig. 6.9A) and the cytoskeleton 

(Fig. 6.9B). Thus, plecksûin redistributes within neuimphils in a phosphorylation-dependent 

m u e r .  
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Discussion 

The study of pleckstrin has been largely confinecl to platelets, where the pfotein was 

originally identifid By cornparison, very little is known about pleckstrh in leukocytes. 

Gailani and colieagues (Gailani, et al., 1990) proposeci that a 47 kDa phosphoprotein in 

neutrophils was pleckstrin. However, the 4 7  kDa phosphoprotein detected by these authors 

could have been p 4 7 ~ h o ~ ,  a subunit of the NADPH oxidase known to becorne phosphorylaod 

upon neutrophil stimulation (Morel, et al., 1991). In this report, it was establisbed that 

pleckstrin is in- expressed Li human neuaophils, at a comparatively hi@ intnicellular 

concentration ( m l 5  pM). In unstimulated cells, pleckstrin was localized predominantly to tbe 

cytosol, with minimal arnounts associateci with membranes, the cytoskeleton and the nucleus. 

In response to chemoattractant, pleckstrin was rapidly and transiently phosphorylated and 

underwent a partial redistribution to membranes and the cytoskelemn. The magnitude of this 

association could have been underestimate& to the extent that rapidly reversible interactions 

may have dissociated during the course of fractionation. Ln any event, the observeci 

redistribution may signify that pleckstrh, which lacks known catalytic activify, may function as 

an intrace11ula.r adaptor. perhaps by bndging proteins a d o r  lipids via its dual PH domains. 

Using ionic manipulation and pharmacological tools, I attempted ui i&ntify the 

isofoms of PKC that phosphorylate plecksain in response to fMLP. Blocking the fMLP- 

induced increase in cytosolic ~ a 2 +  had ody a paxtiai inhibitory effect, indicating thaî Ca2+- 

independent PKC isoforms (or other kinases) contribute to the phosphory1ation of pleckstrin. 

Furthexmore, propranolol was found to extend the duration of pleckstrin phosphorylation. 

These observations suggested that phosphatidic acid is an important lipid mediatm, possibly 

acting on PKC 5. In accordance, PI3K activation was found to be necessary for fMLP- 

induced plecksain phosphorylation. The lipid products of PI3K have been shown to activate 

members of both the atypical(0 and novel families of PKC (Monya, et al., 1996; NakaniShi, 

et al., 1993; Toker. et al., 1994) and, when added to platelets, suffice to induce 

phosphorylation of pleckstrin poker, et ai., 1995; Zhang, et al., 1995). These data suppcwt a 
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role for non-conventional PKC family isoforms in mediating pleckstrin phosphorylation in 

human neutrophils. 

Neutrophils possess two types of P13K: the conventional htterodimaic fonn that is 

thought to be activated by tyrosine phosphorylation and a recently identified enzyme that is 

directly stimulated by the py-subunits of G proteins (Stephens, et al., 1994). Because the 

fMLP receptor is known to couple to G proteins, one might expect the latter form to 

predominate in chemoattractant-treated cells. Nevenheless, many of the responses of 

neutrophils to fMLP are blocked by both tyrosine kinase antago~sts (Berkow, et al., 1989; 

Kobayashi, et al., 1995) and by wortmannin (Dewald, et al., 1988; Okada, et al., 1994; 

Thelen, et ai., 1994) suggesting that activation of PI3K may require phosphotyrosine 

accumulation. Indeed, a PI3K activity is associated with immunoprecipitates of a tyrosine 

kinase, Lyn, fkom chemoattractant stimulated neutrophils. This PUK activity is upngulated in 

a manner that cornlates tempurally with the very rapid activation/deactivation of Lyn (Ptasmik, 

et al., 1995). These findings prompted us to îest the effects of erbstatin. This tyrosine kinase 

antagonist was found to oblitffdtt pleckstrin phosphorylation. This finding suggests that the 

classical type of PI3K may be responsible for activation of non-conventional f m s  of PKC. 

Altematively, tyrosine kinase inhibitors rnay block activation of phospholipase D (Bourgoh 

and Grinstein, 1992; Uings, et al., 1992). which could participate in PKC activation by 

generating phosphatidic acid However, 1 regard this possibility as unüktly sincc prttreamient 

of cells with 1 % ethanol, which precludes the formation of phosphatidic acid (Billah, et al., 

1989). had linle efiect on the kinetics or extent of pleckstrin phosphorylation (unpubiished 

observations). Finally, tyrosine kinases can directly phosphorylate PKCG, an isoform known 

to be present in neutrophils (Lopez, et al., 1995). Tyrosine phosphorylation has been shown 

to directly influence the activity andlor substrate spedïcity of this isoform (Haleem-Smith, et 

al., 1995; Li. et al., 1994) and may have contributcd to the phosphorylatim of pleckstrin. 

The role of pleckstrin in agonist-stimulated neutrophils remains undctemincd. 

Phosphorylation of plecksfrin comlated temporally with previously &scribe& rapid responses 

to soluble and particdate stimuli, though the influence of pleckstrh on these responses is 
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unclear. Phosphorylation was found to inducc a shift in the electrophoretic mobility of the 

protein on SDS-PAGE gels, iikely due to o stable confonnatiod change in pleckstrin. It is 

conceivable that this phosphorylation-dependent conformational change causes an alteration in 

the interaction(s) of piecksttin with protein and/or lipid ligands via association with its two PH 

domains. In this regard, PH domains h m  pleckstrin and/or othn signaihg molecules were 

found to bind phosphoinositides such as phosphatidylinositol4,S bisphosphate (Harlan, et al., 

1994), & subunits of heterotrlmeric G-binding proteins (Touhara, et al., 1994) ami all thnt 

classes of PKC (Konishi, a ai., 1994; Konishi, u A. 1995). Association of pleckstrin with thest 

ligands may be dependent on its prior phosphorylation and may mediate subceliular 

redistribution of this protein in neutmphiïs following stimulation with chemOaItraCML1ts or with 

phagocytic stimuli. In accord with this hypothesis, inhibition of ple&strin phosphorylation by 

treatrnent of cells with a PKC inhibitor was found m block its ndistribution upon stimulation. 

In summary, these data establish that pleckstrin is highly expressed in human 

polymorphonuclear ledcocytes and is phosphaylated foliowing stimulation of these ctb with 

a variety of soluble and particdate stimuli. Phosphorylation was found to be m e c i i d  in part 

by non-conventional PKC isofoms and dependent on the activities of unidentifieci tyrosine 

kinases and PI3Kinase. Phosphorylation of pleckstnn was associated with a partial 

redistribution of the protein to the membrane and cpskeleton. Whüc no enzymatic function 

for this protein has been &Scribe& 1 speculate that pleckstrin acts as an intennolecular adapter 

that targets intcracting mokules ro the membrane anaor cytoske1eton foilowing activation. 
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Chapter 7 

Subcellular distribution of docking/fusion proteins in neutrophils, secretory 

cells with multiple exocytic compartments. 

Summary 

Neutrophils contain at least four distinct types of secretory organelles, which undergo 

exocytosis during infection and inflammation. The signalling pathways leading to secretion of 

individual granules and their kinetics of exocytosis Vary greatly, causing tmipaal and regional 

clifferences in docking and fiision wih the plasma membrane. As a step towads understanding 

the processes underlying differential granular secretion in neumphils, I assessed the presence 

and distribution of a number of proteins reported to be involveci in vesicular docking and/or 

fusion in other systerns. Specinc antibodies were used for immunoblotting of cells ktionated 

by density gradients and free-fiow electrophoresis, and for localization by confocal 

immunofluorescence and electron microscopy. Syntaxin 1, VAMP- 1, SNAP-25, 

synaptophysin and cellubrevin were not &tcctable in human neutrophils. In contrast, syntaxin 

4, VAMP-2 and the 39 kDa isoform of SCAMP were present. SCAMP was found mainly in 

secondq and tertiary grandes and in a M o n  containing sccrctay vesicles, but was vimially 

absent from the primary (iysosomal) granules. This profile is consistent with the proposeci 

"post-Golgi" distribution of SCAMP. VAMP-2 was largely absent from primary and 

secondary granules, but concentrated in tertiary granules and secretory vesicies. This panem of 

distribution parallels the increasing sensitivity of these exocytic compartments to intraceilular 

fke calcium. AccoIdingly, ionomycin induced translocation of VAMP-2 towards the plasma 

membrane. Syntaxin 4 was found almost exclusively in the plasma membrane, and it 

accumulateci especially in lameilipodia This regional accumulation may contribute to locaIized 

secretion into the phagosomal lumen. 
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Introduction 

Polymorphonuclear leukocytes (neutrophils) present me of the earliest lines of defense 

against infection. Upon detection of bacterial products or inflammatory metabolites, 

neutmphils migrate to the site of infection, where they activate a series of microbicidal 

processes, including generation of reactive oxygen metabolites and release of lytic enzymes 

(Edwards, 1994). Virtually di the steps in this sequenœ depend on the timely occurrence of 

exocytic events. Thus, polarizcd appearance of receptors during chernotaxis (Sengelov, et al., 

1994; Sengelov, et al., 1994). efficient assembly of the superoxide genemting NADPH oxidase 

(Morel. et al, 1991) and secretion of microbicidal enzymes (Borregaard, et al., 1993; 

Borregaarà, et al., 1993) aii involve exocytic events. Despite the obvious importance of 

degranulation in neutrophils, the molecula. mechanisms underlying this process remain poorly 

unders tood. 

As an initial step towards understanding the mechanisms underlying sccretion in 

neutrophils, 1 have assessed the prcscnce and subceliular distribution of SNAREs, SCAMP 

and synaptophysin, using a combination of biochemical, immunological and morphological 

approac hes. 

Results 

The presence in neutmphils of proteins reported to participate in membrane docking 

and/or fusion was initially assessed by irnmunobloeting whole ceil extracts with specific 

antibodies. To ensure the efficacy of the blotting procedure, samples of tissues known to 

express these proteins were analyzed in parallel. Fig. 7.1A companx the expression of five 

proteins reporteci previously to be present in the brain. In agreement with earlier findings, 

synaptophysin, syntaxin IA/lB, SNAP-25, VAMP- 1 and VAMP-2 wen readüy detectable in 

samples of brain homogenate. Of these, only VAMP-2 was detectablc in neutrophils, despite 

the fact that greater arnounts of protein were loaded (JO pg us. only 10 pg of brain). Negative 

results in neutmphils wen aiso obtained using a second anti-syntaxin lA/lB antibody (SPM- 

1). which effbctively reactcd with the brain protein. Failurc to &tect synaptophysin, syntaxin 
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Fig. 7.1 A. Expression of neuronal SNAREs in human neutrophils. Cnide rat brain 
hornogenate (10 pg protein) and whole neutrophil lysates (PMN, 106 cell equivalents) were 
resolved by SDS-PAGE and immunoblotted for the indicated proteins. B. Detection of 
syntaxin 4, ceilubrevin, and SCAMPs in human neutrophils. Light density microsornes from 
3T3-L1 adipocytes (313 LDM, 25 pg protein) and whole neutrophil lysates (PMN, 106 cell 
equivalents) were separated by SDS-PAGE and immunoblotted for the indicated protein. 
The molecular weight of each band in A and B is indicated @a). Results shown are 
representative of three separate experiments. 
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1A/1B, SNAP-25 and VAMP4 is not iiLely due to species specificity of the antibodies, since: 

a) the synaptophysin and syntaxin 1 N l B  (SPM-1) sntibodies used have been reporteci to 

recogoizc the human hornologs (A l fO fd ,  et ai., 1994) and b) for both VAMP4 and SNAP-25 

the primary sequences of the antigenic regions of the human and rodent homologs are identicai 

(Trimble, 1993; Zhao, et al., 1994) . 
The presence in neutrophils of other dockinghsion-related proteins. expressed in 

tissues other than the brain, was examined in Fig. 7.1B. In this instance, light-density 

microsomes h m  3T3-L1 adipocytes were used as a reference. Two different SCAMPs of 

molecular weight 39,000 and 37,000 were xecognized in the microsomes by the monoclonal 

antibody used (SG7C12). Only the 39 D a  form was readily evident in neutrophil lysates. 

Syntaxin 4, a SNARE of 936 kDa was also detectable in neutrophils. Finally, the anti- 

cellubrevin antibody, which recognizes a polypeptide of -17 kDa in 3T3-LI microsmes, 

reacted with a doublet of slightly lower mokuiar weight in neuaophils mg. 7.1B). 

The vesicular SNAREs. VAMP-2 and cellubnvin. are susceptible to proteolytic 

cleavage by specific clostridial toxins (Niemana, et al., 1994). This property was utilized to 

confimi the identity of the immunoreactive bands detected in neutrophils. As shown in Fig. 

7.2, exposure of the brain homogenate to tetanus toxin produced marked degradation of 

VAMP-2. Similarly, the immunoreactive 18 kDa band of neutrophils was extensively cleaved 

by treatment of ceIi lysates with the toxin, confirming its identity as VAMP-2. As reported 

previously (Volchuk, et al., 1995), the cellubrevin present in 3T3-L1 cells was susceptible to 

&gradation by tetanus toxin. Importandy, the two irnmunoruictivc bands of simiIar molecular 

weight identified in neutrophils were unaffeçted by the toxin, s u g g e s ~ g  non-specific 

interaction of these polypeptidts with the antibody. hked, these bands cornigrare with two 

abundant granular proteins of neutrophiis that an prominent in Coomassie-stained gels, and 

with non-specific bands often seen in immunoblots using other antibodies (e.g. the tetanus 

toxin-insensitive ban& detectable in the VAMP-2 immunoblot of Fig. 7.2). 1 therefore 

tentatively conclude that celîubrievin is not the protein detected by the antibody in neutrophils in 
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Fig. 7.2. Susceptibility to tetanus toxin cleavage. Human neutrophils (PMN, 4 x 106), 
crude brain homogenate or microsornes from 3T3-L1 cells were denatured by boiling in K- 
glutamate b a e r  and these lysates were treated in vitro with (+) or without (-) reduced two- 
chain tetanus toxin (see Experirnental Procedures). Reactions were terminated b y addition 
of 5x concentrated Laemmli sample buffer, the samples were fractionated by SDS-PAGE 
and imrnunoblotted for VAMP-2 (left) or celiubrevin (right). 
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Figs. 7.1B and 7.2. While its presence cannot be conclusively ruied out, it is appannt bat 

cellubrevin is not an abundant component of neutrophils. 

The subcellular localization of the proteins positive1 y iden tified in neutrop hils was 

investigated next For this purpose, œlls were disrupted gently by nitmgen cavitation and the 

lysate was subjected to ktionation by scdimentation through a PemU density gradient 

Individual fractions were collected and analyzed for the activity of specific markers of 

individual subcellular compartments. Rimary (azurophilic) granules, which migrate near the 

bonom of the gradient were identif5ed by their high myeloperoxidase content. Secondary 

(specific) grandes were characterized by the presence of lactoferrin, while t e rhy  granules 

were rich in gelatinase. The lightest organellar fraction contains a mixture of seaetory vesicles 

and plasma membranes (sv/pm fraction). The latter were identifed by the presence of HLA 

class 1, while the secretory vesicles contained trapped albumin and were endowed with latent 

allraline phosphatase. A cytosolic fraction that remains on top of the gradient was also cokted 

and analyzed A typical Wonation profile is iiiustrated in Fig. 7.3A. 

Samples bracketing the peak of the individual organelles were pooled and comparable 

amounts of protein were subjected to electrophoresis and immunoblotting. As Uusttated in 

Fig. 7.3B. minute amounu of the 37 LDa SCAMP were detected in some pinifed fractions, 

particularly in the sv/pm fraction. The 39 kDa SCAMP was cleariy detectable in dl but the 

cytosolic fraction, with increasing abundance in the order primary granules<secondary 

granulesctemary granules<sv/pm fiaction. By contrast, syntaxin 4 was only present in the 

combined svlpm kaction. Findy, VAMP-2 was negligible in primary granules and only 

marginally pnsent in secondary granules, but was d y  detectable in tertiary granules and 

especialIy in the sv/pm fraction. None of the proteins was found in the cytosol. Punfied 

£?actions wen  also probed for proteins that gave negative reactions in whole cell lysates (i.e. 

synaptophysin, syntaxin 1, SNAP-25, VAMP-1 and cellubrcvin, sec Fig. 7.1). In aU cases 

these proteins were also undetectable in the purified subceiluiar fractions (MM iiiustrated). 

The results of three similar experiments are s u m m a r i d  in Fig. 7.4. Data are 

normalized to the hction containhg the highest dcnsity of the individual protek. It is 
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Fig. 7.3. A. Subcellular fractionation of human neutrophils. Neutrophils were lysed by 
nitrogen cavitation and subjected to Percoil gradient fractionation. Fractions were coliected 
and analyzed for the activity of specific organellar markers, which are plotted normalized to 
the fraction with maximal activity. The following markers were assayed: primary granules: 
myeloperoxidase (open squares), secondary granules: lactofemh (closed diamonds), tertiary 
granules: gelatinase (open circles), secretory vesicles and plasma membrane (sv/pm): 
albumin (closed triangles). B. Subcellular distribution of SCAMP, syntaxin 4 and VAMP-2 
in human neutrophils. Percoll was removed from fractions such as those in A that contained 
maximal amounts of the specific markers for individual compartments and the biological 
materid was boiled with 2x concentrated sample buffer. The fractions (25 pg protein) were 
then subjected to SDS-PAGE and immunoblotted with the indicated antibodies. Cytosolic 
proteins (25 kg), collected from the top of the gradient, were also subjected to simiiar 
treatrnent. Subceiiular fractionation was performed by Henrik Sengelov. 
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Fig. 7.4. Relative subcellular distribution of SCAMP? syntaxin 4 and VAMP-2 in human 
neutrophils. Quantitation of imrnunoblots fiom three experiments like that in Fig. 7.3B was 
performed by densitometry. For each protein, the optical density (O.D.) was d e t m i n e d  for 
each fraction and is nonnalized per unit phospholipid (PL). Values are expressed relative to 
the fraction containing the most amount of each protein (% Max). Top: SCAMP. Middle: 
syntaxin 4. Bottom: VAMP-2. sv/pm: combined secretory granuldplasma membrane 
fraction. Results shown are means t SE of three separate experiments. 
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noteworthy that, as is customary. identical amounts of protein werc uscd for h u n o b l o t t i n g  

analysis in experiments U e  that in Fig. 7.3. On the other hanci, M e r e n t  organelles Vary 

greatly in their ratio of membranous to content (luminal) proteins. This is readiiy apparent by 

inspection of electron niimgraphs, such as that in Fig. 7.6, that reveals large disparhies in the 

density of the granuiar lumen. Because SCAh4.P. syntaxin 4 and VAMP-2 are aU integral 

membrane proteins, norrnalization of their amount per total protein content fails to rcflect their 

density on the membrane. To remedy this situation, the samples were normaüzed per unit 

phospholipid, rather than per protein. uskg phospholipid to protein ratios of the individual 

fiactions determined earlier (Bjemun, et al.. 1989). When using this correction, SCAMP was 

found to be most abundant in the tertiary granules and VAMP-2 in the sv/pm (Fig. 7.4). The 

conclusions regardhg syntaxin 4, which is only detectable in the sv/pm, remained unaffected 

As described above. the density of secretory vesicles and the plasma membrane is 

similar, precluding separation of these organelies by scdimentation. On the other han4 it is 
C .  

possible to isolate these components by treatment of the combined sample with neurarmiildast, 

followed by free-flow electrophoresis (Sengelov, e t  al., 1992). A representative 

electmphoretic profile is s h o w  in Fig. 7.5A. Fractions containing the highest amounts of 

HLA class 1, indicative of the plasmalemma (pm), were convincingly segregated h m  fiar:tions 

containing peak amounts of latent allraline phosphatase containing secretoq vesicles (sv).These 

isolatecl fiactions were next used to &fine the precise localization of syntaxin 4 and VAMP-2, 

both of which were found to be e ~ c h e d  in the combineâ sv/pm fraction. Fig. 7.5B 

demonstrates that the distribution of these proteins is clearly divergent: syntaun 4 is present 

aimost exclusively in the plasma membrane. while VAMP-2 is most abundant in the secretory 

vesicles, with just trace amounts noted in the membrane. Though readily obsnvablc in the 

combined sv/pm fraction (Fig. 7.3). SCAMP was not detectable in the isolated k t i o n s .  1 

speculate that the epitope is losf or damaged during the additional steps involved in separating 

secretcny vesicles h m  plasma membranes. 

It is conceivable that the elabmate procedures raquired for fiactiodion of membranes 

and secretory vesicles might have dtered the distribution or irnmunogenicity of the SNAREs. 
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Fig. 7.5. A. Separation of specific vesicles from the plasma membrane. Secretory vesicles 
(SV) were separated from plasma membranes (pm) by free-flow electrophoresis of svlprn 
fractions coiiected by Percoll fractionation (see Experirnental Procedures). Fractions were 
collected and analyzed for the activity of markers specific for plasma membrane (HLA class 
1, closed triangles) or secretory vesicles (latent alkaline phosphatase, open circles). B. 
Localization of syntaxin 4 and VAMP-2. Fractions containing maximal activities of SV or 
pm enzymatic markers were boiled with 2x concentrated sample buffer, subjected to SDS- 
PAGE and imrnunoblotted with the indicated antibody. A sample of the onginal 
(unfiactionated) svlpm fraction (25 pg) is shown, as weiI as fractions containing isolated SV 

and pm (10 pg each). Free 80w electrophoresis was perforrned by Henrik Sengelov. 



Fig. 7.6. Immunoelectron microscopy of VAMP-2 in human neutrophils. Neutrophils 
were fmed with 2% padormaldehyde and 0.05% glutarddehyde, infiitrated in polyvinyl 
pyrolidone/sucrose and frozen before ultracryosectioning and labelling with affinity- 
purified, polyclonal antibodies to VAMP-2 (a and b) or with preimmune serum (c). 
Secretory vesicles (v), specific granules (s), azuropMc or primary granules (a), smaii dense 
granules (g), the nucleus (Nu) and the plasma membrane (PM) are identified. The small 
dense granules (g) may be tertiary granules or secondary granules cut in cross-section. 
Arrows point to immunogold particles. Size bar represents 200 nm. Data provided by 
Anne-Marie Cieutat and Dorothy Bainton. 
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To Ncumvent this potential difficulty, 1 sought to c o n .  the distribution of syntaxin 4 and 

VAMP-2 by immunoelectron rnicroscopy. Freshly isolated neutrophils were fixeci, sectioned 

and Stained with antibodW to both proteins, followed by gold-labelled secondary antibodies. 

A modes amount of VAMP-2 was detected on the plasmalemma, but the majonty of the 

label was found associateci with vesicles (v) and srnail granules (Fig. 7.6A and B), which 

possibly correspond to secretory vesicles and tertiary granules. Labeling of primary and 

secondary granules was infiequent Samples exposed to pre-immune mtibody (Fig. 7.6C) or 

to the secondary antibody alone did not display any signifiant labeling. These data are in good 

agreement with the ktionation experiments, suggesting that ~Alb&-2 is found in secretory 

vesicles and tertiary granules, with only trace amounts found in the membrane. Unfortunately, 

our antibodies to syntaxin 4 were incompatible with the fixation and sample preparation 

technique used. Hence, I was unable to c o n f i  the localization of syntaxin 4 by 

immunœlectron mimscopy. 

The distribution of VAMP-2 and syntaxin 4 was further explored by confocal 

mimscopy of samples Stained by irnmunofluonscence. Cells werc allowed to adhere to glass 

coverslips, fixe& pemieabüued and stained. Representative samples are shown in Fig. 7.7. 

At lower magnification, syntaxin 4 appeared diffusely distributecl, particularly in ceils that 

remained rounded. However, at higher magnification a punctate staining and distinct 

margination were notai, particularly in cells that spread on the substratum. In symmetrical, 

seemingly stationary cells. syntaxin 4 was distributed throughout thi: penphery. In ccmtrast, 

Fig. 7.7A (rightrnost panel) demonstrates that this protein was very prominent in the 

larnellipodium of asymmetric, migrating ceils. 

VAMP-:! staining was also punctate, but appead  more cenpally located, consistent 

with labelling of endomembrane vesicles. This notion was confimed by experiments where 

VAMP-2 and individual granule markers wen simultaneously analyzed using dual staining 

(Fig. 7.8). In these experiments, the optimal focal plane for the individual granule markers 

was chosen for illustration. Primary granules were identifid using CD63, a granular 

membrane marker earlier found exclusively in these organelles (Kuijpcrs, et al., 1991). There 
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Syntaxin 4 

Fig. 7.7. Immunofluorescence microscopy of syntaxin 4 and VAMP-2 in neutrophils. 
Neutrophils adherent to g l a s  coverslips were fuced and permeabilized with rnethanol, then 
blocked with 5% donkey s e m  (see Materials and Methods). Fixed c e b  were incubated 
with affiinity-purified, po?yclonal antibodies to syntaxin 4 (A) or VAMP-2 (B). Rabbit pre- 
immune sera subjected to the affinity purification protocol were used as controls (leftrnost 
panels). The samples were then stained with fluoresceinated donkey anti-rabbit antibodies 
and analyzed using a Zeiss laser confocal microscope. Size bars indicate 10 nm. Data 
shown are representative of 3 separate experiments. 



Fig. 7.8. Localization of VAMP-2 and granular markers in neutrophils. Neutrophils 
adherent to glass coverslips were fixed and pemeabilized with methanol, then blocked with 
5% donkey serurn (see Experimenial Procedures). Fixed cells were dually stained with 
affinity-purified, polyclonal antibodies to VAMP-2 (lower half of each panel), as well as 
monoclonal antibodies to marker proteins characteristic of specific subcellular 
compartments (top half of each panel). CD63 (left panel) was used as a marker for primary 
granules, CD67 (middle panel) for secondary granules and CD35 (ieft panel) for secretory 
vesicles. Detection of VAMP-2 and the specific markers was performed by incubation with 
fluoresceinated donkey anti-rabbit antibodies and donkey anti-mouse antibodies coupled to 
Texas Red, respectively. Samples were analyzed using a Zeiss laser confocal microscope. 
Size bars indicate 10 nm. Data shown are representative of 3 separate experiments. Note 
that the focal plane was chosen for optimal illustration of the specific granular markers, 
even when VAMP-2 staining was clearer at a different plme. 
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Fig. 7.9. Translocation of VAMP-2 upon stimulation. Neutrophils adherent to fibrinogen- 
coated coverslips were treated without (-1 or with 0.5 ph4 ionomycin for the time indicated. 
The ceils were then fixed with paraformaldehyde, permeabiiized with a buffer containing 
0.1% Triton X- 100 and blocked with 5% donkey semm (see Materials and Methods). Fixed 
cells were duaily stained with monoclonal antibodies to a marker protein for secretory 
vesicles, CD35 (upper half of each panel), and with a.fI?inity-purifed antibodies to VAMP-2 
(lower hall of each panel). Detection of VAMP-2 and CD35 was performed by incubation 
with fluoresceinated donkey anti-rabbit antibodies and donkey anti-mouse antibodies 
coupled to Texas Red, respectively. Samples were analyzed by confocal microscopy. Data 
are representative of 3 separate experirnenîs. 
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was little overlap between the CD63 and VAMP-2 labelled structures. Similarly, the 

distribution of VAMP-2 differed h m  that of (3367, a secondary granule marker (Jost, et ai., 

1991). However, a pater  de- of coincidena was found in samples dual-labeUed with mti- 

VAMP-2 and anti-CD35 antibodies. CD35 is thought to be a good indicator of secretory 

vesicles (Sengelov, et al., 1994). Notice that CD35 also staîned the surface membrane in 

spread, adherent cells. This Iürely results h m  the induction of exocytosis of the labile 

secretory vesicles during spreading. it is also noteworthy that the number of organelles 

labelled with VAMP-2 ex& diat of CD35 labelled structures. The excess VAMP2 positive 

vesides may represent tertiary granules. 1 was unable to test this assumption, duc to the la& of 

an adequate irnmun010gicai label for tertiary grande membranes. 

The distribution of VAMP-2 was ais0 assessed in cells that werc stimularcd with agents 

known to induce secretion. For this, cells adhexnt to fibrinogen-coated coverslips were neated 

with the ~ a 2 +  ionophore, ionomycin at concentrations expected to induce exocytosis. 

Following fixation, the localization of CD35 and VAMP-2 was compared in control and 

stimulated cells. As shown in Fig. 7.9, both CD35 and VAMP-2 were diffusely distributed 

throughout the cytosol in celis adherent to fibrinogen. Treatment with the ionophure induced 

rapid translocation of the markers towards the plasma membrane, consistent with exocytosis of 

secretory granules and vesicles. These results indicate that vesicles containhg VAMP-2 

undergo translocation dunng activation and suggest a functional role for this protein in 
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Discussion 

To establish if there are similarities between the mechanisms underlying dockingMision 

of synaptic vesicfes and p u l a r  secretion in neuaophils, 1 explared whether cornmon proteins 

exist in both systems. For simplicity, 1 will discuss vesicular and twget membrane SNAREs 

separatel y. 

Vesicuiar and grmular proteins in neutrophiii. Synaptic vesicles contain a series of 

weii defineci proteins, some of which have been proposed to participate in vesicular exocytosis. 

One of the eariiest discovered was synaptophysin, which has been suggested to participate in 

synaptic transmission. since microinjection of neutraiizing anribodies was found to alter the 

pattern of neurosecretion (Aider. et al.. 1992). While the particula. biochemical function of 

synaptophysin is not hown, it has been hypothesized to contribute to the formation of the 

fusion pore between the synaptic vesicie and the plasma membrane, based on its similarity to a 

gap-junctional pore protein and on its ability to form ion charnels in lipid bilayers (Thomas, et 

al., 1988; Trimble, et ai., 1991). Monoclonai antibodies to synaptophysin failed to & e t  an 

equivalent protein in human neutrophils. This and other antibodies used in the present work 

have k e n  show to cross-react with the human homologs and/or were raised to mgions of the 

proteins that are fully wnserved among different spics .  ù therefm seems that neutrophils 

lack synaptophysin but could conceivably express a non-neuronal isoform, perhaps the 

serulogically related granulophysin or leukophysin (Abdeuialeern, et al., 1991). The latter is a 

protein found in lymphocytes, U937 monocytes and neuaophils which cross-ruicts with anti- 

granulophysin antibodies (Abdelhaleem, et al., 199 1). 

VAMP-1, one of the synaptobrevins, is a SNARE believed to be involved in synaptic 

vesicle docking/fusion (Rothman, 1994). This protein was nadily detected by immunoblotting 

in rat brain homogenates, but not in di exwcts of human neutrophils. These hdings suggest 

that VAMP4 is absent in the leulocytes. The results are consistent with the notion that 

expnssion of VAMP-1 is restricted to neuronal and neuroen-e tissues (Trimble, 1993). 

Indeed, while present in rat brain and in PCl2 ceils (a nemendocrine line of rodent origin) 
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(Chilcote, et al., 1995). VAMP-1 was not detected in mouse fibroblasts, rat adipocytes or rat 

skeletal muscle (Volchuk, et al., 1994; Volchuk, et ai., 1995). 

UnWre VAMP-1, another synaptobrevin, celIubrevin, is expressecl in a variety of 

tissues (McMahon, et al., 1993) yet is conspicuously absent fkom neurons (Chilcote, et al., 

1995). This protein was recently found to be present in recycling endosornes of fibroblastic 

ceus and has been suggested to be a marker of the rccycling endocytic pathway (Ga, et al., 

1994; McMahon, et al., 1993; Volchuk, et al., 1995). Surprisingly, cellubrtvin was w t  

detected in neuûophils by an antibody that reacted positively with fibroblasts, adipocytes, 

muscle and other cells. The absence of cellubrevin from human neutrophil granules and 

secretory vesicles suggests that these entities do not participate in constitutive recycling. This 

may reflect the terminal nature of the secretory events of neutrophils, which have an extmnely 

short biologicd half-life that is further shortened upon activation (Bomgaard, et al., 1992; 

Sengelov, et al., 1995). In this situation, endocytic recycling of secretory granules and 

vesicles would appear unnecessary. 

A thud synaptob~vin, VAMP-2, is an integral membrane protein originaliy detected in 

synaptic vesicles, where it exposes most of its mass to the cytosolic space (Eiferink, et al., 

1989; Sudhof, et al., 1989). In vitro, the protein foms complexes with plasma membrane 

proteins and c m  be isolated from bovine brain as part of the 20s docking protein complex 

(Soher, et al., 1993). VAMP-2 has recently been found to bc expresscd in a v e t y  of non- 

neuronal tissues with active secretory activity, such as endocrine B cells (Braun, et ai., 1994; 

Gaisano, et al., 1994) and chromafi  cells (Baurnert, et al., 1989) but also in non-secretory 

celIs with regulated exocytic membrane trafic such as adipocytes (Cain, et ai., 1992; Volchuk, 

et al., 1995), and rat skeletal muscle (Ralston, et al., 1994; Volchuk, et al., 1994). Using an 

antibody raised to the rat VAMP-2, I observed specific reactivity with a single band of 18 LDI 

in human neutrophils, which co-migrateci with the rodent brain VAMP-2 (Figs. 7.1 and 7.2). 

That the reacting polypeptide in human neutrophüs is a synaptobrevin was ftirther confirmed by 

its susceptibility to proteolysis by tetanus toxin (Fig. 7.2). 
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In neunophils VAMP-2 was found predominantly in seuetary vesicles. with sipifkant 

labeling also in tertiary granules and wnsiderab1y less in secondary and primiuy grandes. This 

distribution was confirmed biochemically (Fig. 7.4) as weii as morphoIogically (Figs. 7.6 and 

7.8). It is noteworthy that the relative density of VAMP-2 in the different companments 

follows the same mnL or&r as the reported kinetics of degranulation and the sensitivlty of the 

granules to calcium (i.e. secretory vesicles>tertiary granules>secondary granules>>primary 

granules). This comlation seems to point to an active rok of VAMP-2 in the secretory 

process. In keeping with this notion. stimulation of the cells with either ionomycin (Fig. 7.9) 

or phorbol esters promoted migration of VAMP-2 towards the plasma membrane. 

A novel type of protein. termed SCAMPS. was recently found on the surface of a 

variety of granules and vesicles in several ceil types but to bc cxcluded h m  lysosomes (Brand, 

et al., 1991). These proteins. with molecular masses of 39 kDa and 37 kDa, have been 

proposed as general markers of postGolgi vesicuiar smcnires (Brand and Cascle, 1993). In 

neutrophils only one isofom (39 ma) was readily visible (Fig. 7.1). with minute amounts of 

the 37 kDa detectable in some fractions. The 39 B a  species was most abundant in the 

secondary and tertiary granules and in the sv/pm fraction. The vixtual abseam of SCAMPs 

h m  primary granules of human neuûophils is in a m m e n t  with the lysosomal naturc of these 

granules. As in other celis, the function of SCAMPs in intmcellular trafic in neuîmphils 

remains unknown. Also, the significance of the differential distribution of the two SCAMPs 

needs to be determined. 

t-SNARES in neutrophiis. The interaction between synaptic vesicles and their target is 

believed to be mediated by SNAP-25 and syntaxin 1 on the pre-synaptic membrane. Using 

antibodies specific to the rat form of these protehs, the rodent homologues were easiiy 

detectable in brain homogenates but neither protein could be dettctcd in human neutmphils. 

The results an in line with the notion that the expression of SNAP-25 and syntaxin 1 is 

restricted to neuronal tissues. Accordingly. syntaxin lA, syntaxin 1B and SNAP-25 

mscripu art not detectable in the non-neuronal rat tissues tested thus far (Bark, et al., 1995; 

Bennett, et al., 1993). 



In vin0 studies have demonstrated the formation of a tripartite complex between the 

vesicular protein VAMP-2 and the plasmalemmal proteins syntaxin 1 and SNAP-25. Given the 

absence of the latter two proteins h m  human neutrophils, it is plausible that these cells utilize 

non-neuronal isofoms of syntaxin and SNAP-25 for docking of secretory vesicles and 

granules. Indeed, the syntaxins are a growing family of related proteins (Bennett, et al.. 

1993). While only syntaxin 1 has been identifid as a member of the complex that VAMP-2 

f m s  with NSF and SNAP, other syntaxins are likely to hilfill the same role in non-neuronal 

tissues. To date. five different isofonns of syntaxin have ben  described by & ~ e t t  and 

coiieagues (Bennett, et al., 1993). In their smdy, nanscripa of syntaxins 2 and 5 wen found 

to be ubiquitously expressed. In contrast, mRNAs encoding syntaxins 3 and 4 have a more 

restricted tissue expression: syntaxin 3 is expressed abundantly in spleen, lung and kidney. 

while syntaxin 4 was detected in hem spleen and &letal muscle. Syntawin 5 is unWcely to 

mediate V- S NARE docking and fusion during degranulation of neutmphils since, when 

transfected into COS celIs, this isoform was found to be localized to the cis cistemae of the 

Golgi (Bennett, et al., 1993). where it has been implicated in vesicular ûaffic between the 

endoplasmic reticulum and the Golgi complex @ascher, et al., 1994). In addition, only 

syntaxins- 1 and -4, but not syntaxins 2 or 3. cm associate with VAMP-2 N, vino (Calakos, et 

aL, 1994). Because two separate antibodies showed syntaxin 1 to be absent fiom neutrophils, 

1 concentrateci on syntaxin 4 as a possible target for the VAMP-2 detected in ~eczetory vesicles, 

te* and secondary granules. 

Neuûophü lysates were probed with an antibody r a i d  to the cytoplasmic domain of 

syntaxin 4 (Figs. 7.1 and 7.3). Immunoblotting experiments revealed a single polypeptide of 

36 kDa, which corresponds to the predicted size of syntaxin 4. This protein was 

predominantly found in the fiaction containhg secretory vesicles and plasma membranes 

(sv/pm) and was WNaUy undetectable in primary, secondary or tertiary granules. Upon 

M e r  purifcation of the sv/pm fraction. syntaxin 4 was found to residc almost exclusively in 

the phsrna membrane. In agreement with these findings, immunofluoresance studies 
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localized the protein predominantly at the celi surface. In view of the abscna of syntaxin 1, 

together with the reported inability of syntaxins 2 and 3 to bind VAMP-2, I tentatively favcn 

syntaxin 4 as the t-SNARE that interacts with granular and vesicular VAMP-2 in human 

neutrophils. 

Mile syntaxin 4 appeared randomly distributeci in fieshly platcd cells, a distinct 

polarkation became apparent in asymmetric tells, which have been identified as undergoing 

migraton (Roos, et ai., 1987). In such celis, syntaxin 4 appeared to accumulate at or near the 

lamellipodium, which constitutes the leading edge of chemotaxing ceils (e.g. Fig. 7.7). It is 

noteworîhy that this is the region of the ceIl that becomes involveci in formation of the 

phagosorne, where secretion of organeliar contents occurs preferentiaiiy. It is tempting to 

speculate that redistribution of syntaxin 4 contributes to the polarization of secretion into the 

phagocytic vacuole. To our knowledge, this is the first instance where acute, functional 

redistribution of syntaxin 4 has been reported. The molecular mechanisms responsible for 

syntaxin 4 accumulation at the 1ameUpodium remain to bc &fine& but inttraction with the 

underlying cytoskeleton is an attractive possibility curnntly unda investigation. 



Chapter 8 

Discussion 

At the outset of these studies, the importance of phosphorylation-dependent signailing 

mechanisms in neutrophils was well established. The details of how phosphotransfer 

mechanisms conml the responses of these cells to chemoatûacaint, however, required furttier 

definition. The worL presented in this thesis has focussed on the replation of the kinases and 

phosphatases that influence neutrophii behavior via changes in their activity and/or subcellular 

localization. A discussion of the findings presented in this thesis is presented below. 

Upstream Regulation and Potential Roles of the Renaturable Serine/Threonine 

Kinases (PAKs). 

The procedure used to i d e n w  renahirable protein b a s e  activity in prottin samples 

foliowing electmphoresis on SDS PAGE gels was first described by Harrison and coUeagues 

(Geahlen. et al., 1986). Using this technique, the authors identifieci 3 major protein kinases 

present in a mixture of proteins h m  red b l d  ce11 membranes that were capable of 

renaturation and phosphorylation of casein. Subsequent modification of this technique by 

Kameshita and Fujisawa allowed them to study the activity of calmodulinkpendent protein 

kinase Il from cellular samples (Kameshita and Fujisawa, 1989). Using microtubule 

associateci protein 2 in their gels, it was found that numemus unidentifieci kinases weE also 

capable of phosphorylating this substrate, in addition to calmodulindependent hase  II. 

Utilking the rnethod of Kameshita and Fujisawa, renaturable kinases have also been 

identifid in rodent and human neutrophils @hg and Badwey, 1993; Grinstein, a al., 1993). 

Treabnent with f M U  was found to increase the activities of at least 4 renaturable kinases, 

namely PK41, PK49, pK65 and PK72. The rapid time course of activation of pK65 and 

pK72 (deteciable after 5 sec stimulation) made them good candidates for regulating early 

responses to chemoattractant. In addition, studies also demonscnted that PK65 and pK72 

were capable of phosphorylating a number of important substrates in vitro, including 
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MARCKS and a peptide &rived b p47~hox @hg, et al.. 1993). Though the identity of 

pK65 and pK72 was not detennined, use of the renatuablc kinase assay allowed for snidics of 

their activation and upstream ~puiatiotl. 

Since members of the PKC family had been found to initiate a variety of signalling 

cascades, the role of these enzymes was explored (Grinstein. et al., 1994). W e  fMLP was 

capable of rapidly activating PK65 and PK72, phorbol esters such as TPA had no effcct on 

their activity. TPA is thought to activate cPKC and nPKC, but has also been shown to cause 

activation of PKC in neutmphiis, possibly by an unknown feedback mechanism @ang, et 

al., 1994). A role for ~a2+-de~endent kinases, such as members of the cPKC farnily, was 

also explored Abolition of fMLP-induced ~ a 2 +  transients by removing this cation h m  the 

extracellular milieu and 1oading cells with buffering agents had no effect on activation of 

the renaturable kinases. Furthamon, inhibitors of PKC activity had no effect on activation of 

the renaturable kinases. These findings suggested that members of the PKC family were not 

involved in the upstream regulation of pK65 and pK72 (Grinstein, et al.. 1994). 

Treatment of cells with inhibitors of P13Ks (wortmannin or LY294002) blocked 

activation of pK65 and pK72 by fMLP @hg, et al., 1995). A comlation was noted between 

the degree of PI3K inhibition, inhibition of pK65 and pK72 and attenuation of NADPH 

oxidase activity, further suggesting the importance of the renaturable kinases. In addition to 

PUK inhibitors, prematment of cells with 1-butanol (a PLD inhibitor) or inhibitors of 

se~e/threonine phosphatases PPl and PP2A (okadaic acid., calycuün) was found to attenuate 

activation of PIC65 and pK72 @ing and Badwey, 1993; Ding and Badwey, 1994). 

The study presented in Chapter 3 extended our undcrstanding of pK65 and pK72 

regulation by demonstrating a role for tyrosine kinases. A temporal association between 

tyrosine phosphorylation of proteins that comigrated with activated pK65 and pK72 initially 

lead us to suspect that these renaturabie kinases might themselves be regulated by 

phosphorylation on their tyrosine residues. This hypothesis was M e r  supportecl by the 

finding that tyrosine kinase inhibitors such as erbstatin and genistein wen capable of blocking 

both cellular tyrosine phosphorylation and activation of pK65 and PK72. Two ïines of 
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evi&nce, however, dexnonstrated that direct tyrosine phosphorylation was not responsible for 

the la= event: 1) pK65 and pK72 activity pasisted after complete tyrosine dephosphorylation 

of cellular lysates and, 2) immunoprccipitation of tyrosine phosphoiylated proteins revealed 

that pK65 and pK72 are aot themselves phosphorylatcd on tyrosine following hlLP fieatmenr 

It was concluded that activation of tyrosine kinases is a aecessary upsneam reguiatory event 

leadhg ro the activation of pK65 and PK72. It was later demonsaated that phosphorylation of 

pK65 and pK72 on serine/threonine residues WEely mediates their activation since 

dephosphorylation with alLaline phosphatase was capable of abolishg their activity in lysates 

from fMLP stimulated cells @ing and Badwey, 1993; Grinstein, et ai., 1993). 

Subsequent to the snidies in Chapter 3, it was demonstrateci that neutrophiis express 

members of the Pak family of serine/threonine kinases (Knaus, et al., 1995). Both Pakl and 

-2 were identifed by immunoblotting neutrophil lysates with isoform specific antibodies to 

these proeins. Binding of both Paks to GTP-bound Rac or Cdc42 was found to initiate 

autophosphorylation and induction of their activity in vitro. Pakl and -2 weie activated rapidly 

and transiently in response to fMLP @ut not TPA), with a time course identical to that 

detemined for pK65 and PK72. In addition, recombinant Pakl was able to catalysc 

phosphorylation of a peptide derived h m  pt7phox in vino maus, et al., 1995). The authors 

of this study proposed that members of the Pak family were the renaairable kinases which an 

activated by fMLP stimulation. Experiments perfomed by Ding et al. (1996) wnfirmed this 

hypothesis. Immunoprecipitation of Paks from fMLP stimulated neutrophils was capable of 

removing the activated renaturable bases  fiam cellular lysates. Addition of GTP-bound Rac 

and ATP to immunoprccipitates of Pakl b m  unstimulated cells was suffrient to activa both 

renaturable kinase activities. Thus, it is conclucied that the renaturable kinases pK65 and pK72 

identifïed in neutrophils are indeed members of the Pak family of serine/threonine kinases 

(Ding, et al., 1996). 

The identification of pK65 and pK72 as members of the Pak family allows us to apply 

pviously a c q d  knowledge regarding upstream reguiatim of the mmturable kinases to the 

reguiation of the Palcs in activatexi neuwphils. In dohg so, an apparent coaflict arises with the 
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simple mode1 of Pak activation by binding to GTP-bound RaclCdc42 and 

autophosphorylation/activation. This conflict cornes from previous findings which 

&rnonstmted the ability of TPA to initiate activation of the NADPH oxidase concomitant Mth 

translocation of R a .  to tbe plasmalemma (@hm, a al., 1992). The ioability of TPA to activate 

Paks in neutrophils suggests that additional factors also serve to ngulate these kinases in 

response to W. 

What are the &rional f m r s  t h  regulate P d  ~u:rivatiOn in NMition to binding GTP-bowd 

Rac/Cdc42? Previous smdies of the renaturable kinases PK65 and pK72 have demonstrated 

the essential role of PI3Ks for Pak activation in response to chemoattractant stimulation. 

Inhibiton of PI3K activity was found to abolish Pak activation in rcsponsc to chemoaîtractant 

(Ding, et al., 1995). With respect to the discussion above, it is important that PI3Ks are 

activated by fMLP but not TPA (Traynor-Kaplan, et al., 1989). Hence, PUKs are able to 

modulate the activity of Paks by an unknown mechanism, in addition to their ~gulation by 

binding to Rac/Cdc42. Because PI3Ks have been shown to initiate many downsaeam signals, 

including the activation of other kiuases (eg: Ah (Franke. et al., 1997)) and nonanventional 

PKC isoforms (Toker, et al., 1994) ), the exact nature of this modulation is unlaiown. The 

recent availability of purified Pm (eg: sec Toker, et al., 1995) will allow examination of the 

effect of diis lipid, and its downsûzam targets, on the activity of Paks in neutmphil9. 

Interaction of Paks with other proteins may also regulate their activity in vivo. 

Interaction of Pakl with the protooncogene Nck has k n  described in Swiss 3T3 and COS-7 

cells (Bokoch, et al., 1996). The prhary sequence of Nck contains one Sm &main and three 

SH3 domains but has not been found to possess any enzymaac activity (Lehmann, et al.. 

1990). As such, Nck is thought to act as an adaptor protein. coupling activated cclî surface 

receptors to various signalîing pathways. Association with Nck (or possibly other adaptor 

molecules) in neutrophils may serve as a means to link Pak to various upstream signallhg 

components in addition to Rac/Cdc42. 
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Fig. 8.1. Mode1 of upstream regulation of the Pak family of serindthreonine kinases in 
response to chemoattractant stimulation. Abbreviations: fMLP, formyl-Met-Leu-Phe; Jnk, 
Jun N-terminal kinase; MARCKS, myristoyIated alanine-rich C-kinase substrate; MLC, 
myosin iight c h u ;  MST1, mamrnaiian sterile twenty-like kinase 1; p47phoxY 47 kDa 
subunit of the phagocyte oxidase; PA, phosphatidic acid; Pak, p21-activated kinase; PI3- 
Kinase, phosphatidylinositol 3-kinase; PKC, protein kinase C; PLD, phospholipase D; 
PTK, protein tyrosine kinase(s); TPA, 12-O-tetradecanoylphorbol 13-acetate. 



Inhibition of the renaturable kinases by 1-butanol irnplicates the actions of 

phospholipase D upsmam of Pak activation (Ding and Badwey, 1994). The mle of PLD, 

however, appears not to be additional to the effect of Ra JCdc42 activation, as TPA has been 

found to activate this lipase (Truett, et al., 1989) without h a d g  an effect on the activity of 

Paks. The d e  of PLD may mide in the ability of phosphatidic acid to initiate release of 

RhoGDI from Rac, allowing it to exchange GTP for GDP and translocate to the plasma 

membrane (Bokoch, 1993). Hence, the mode1 of Pak activation in Figure 8.1 depicts PLD as 

an upsaeam activator of Rac/Cdc42, but with no additional influence over Pak activation. PLD 

activation is depicted as king downsaam of tyrosine kinases since 1) tyrosine kinase 

inhibitors block PLD activation (Uings, et al., 1992) and, 2) antiphosphotyrosine 

immunoprecipitates contain phospholipase D activity (Gomez-Cambronero, 1995). 

Activation of Paks by fMLP was blocked by pretreatment of ceils with inhibitors of 

se~e/threonine phosphatases of the PP1 and PP2A class. This effect may be through the 

contributions of a recently describcd serine/threonine hase, MST1, to Pi& regdation. MSTl 

is ubiquitously expresseci and phosphorylated on serinJthreunine residues in quiescent cclls. 

Dephosphoxylation by PPîA was fond to increase the kinase activity of MSTl by 3-4 fold 

both in vivo and in vitro (Creasy and Chemoff, 1995). A role for MSTl in the regulation of 

Paks would be suggested if the activity and/or subceilular distribution of this kinase was found 

to be affectai by chernoattractant stimulation of neutrophils. This might easily be &termined 

by immunoprecipitation of MSTl and assessrnent of its activity using an in vitro kinase assay. 

The ability of MSTl to phosphorylate recombinant Pakl as a subsnate in this reaction would 

further suggest that the effect of serine/kemnine phosphatase inhibitors over Pak activation 

was due to an effect on phosphotransfer reactions. 

Which w s i n e  kinases mediote Pak activation ita response to jWLP? The idcntity of the 

tyrosine kinase(s) that mediates activation of Paks in response to fMLP has not been 

determined, nor the mechanism by which this occurs. It is possible that the necessary tyrosine 

phosphorylation cvent(s) is/aze upsrnam of Rac in the signal tmnsduçtion sequtnce leading to 
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P& activation. This notion is supported by the finding that translocation of Rac to the plasma 

membrane is blocked by m e n t  of cells with tyrosine kinase antagonists (Dorseuil, et al., 

1995). Akrnatively, tyrosine kinases may be required to activate the aRnitiona1 factors 

necessary for Pak activation (that art not activated by TPA ixeatment). 

Candidate kinases include members of the SIC family (eg: Lyn) which display rapid 

activation (maximal afta 15 sec) following fMLP stimulation (Ptasznik, et al.. 1995). PI3K 

activity is associated with irnmunopncipitates of Lyn from chemoattraftant stimulateci 

neutrophils. This PI3K activity is upregulated in a manner that correlates temporally with tk 

very rapid activation/dcactivation of Lyn (Ptasnür, et al., 1995). Moreover, the tyrosine 

kinase inhibitors genistein and radicicol abolished PIP3 production in response to fMLP, 

indicating that the tyrosine base signalling pathway accounts for the majority of this ripid 

signailhg molecule (Ptasznik, et al., 1996). Thus, in addition KI contributhg to translocation 

of Rac (through PLD and possibly other mechanisrns), tyrosine kinases may aiso contribute to 

Palc activation by the induction of phosphotyrosine-dependent PI3Ks in response to fMLP 

(Fig. 8.1). 

Neutrophils ais0 express Btk, a member of the Tec family of tyrosine kinases (Bmeli, 

et ai., 1996). Activation of Btk by &y subunits of heteroaeric  G proteins (via interaction 

with the PH domains of Btk) has recentIy been describai (Langhans-Rajaselcaran, et al., 1995; 

Tsukada, et ai., 1994). This suggests that Btk, in addition to PLCP and PI3K y, may also be a 

direct duwnstream e f f m r  of subunits in response to fMLP receptor activation. While Btlr 

activation in response to fMLP remains to be &monstmted, the availabiiity of antibodies to this 

kinase will facilitate assessrnent of its activity in v i ~ o  following immunoprecipitation fmm 

ceiis. Should Btk prove to be activated upon fMLP stimulation, its ruie in Pak activation may 

be assessed by studies of neutrophiis h m  patients with X-linked agammaglobulinemia, which 

Iack functional expression of this kinase. 

Receptor engagement by concanavalin A treatment has been shown m activate Syk in 

human neutmphüs (Asahi, et al., 1993). A role for this kinase in mediating downstnam 

signalling through G protein-coupled receptors has also been suggested. Activation of Mek2 
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by either ml (Gq-coupled) or m2 (Gi-coupled) muscarinic acetylcholine receptors was 

dependent on the expression of Syk in DT40 cells, an avian B cell line (Wan, et al., 1996). 

Use of a novel tyrosine kinase inhibitor that is selective fm Syk, piceatannol, may scrve to 

determine if this kinase plays a role in Pak activation (Oliver, et ai., 1994). 

The upsrnam mechanisms that activatc tyrosine kinases in responsc to fMLP arc almost 

completely unlaiown. A recently described tyrosine b a s e ,  PykZ, may play an important d e  

in this capacity. Activation of PyLZ can be accomplished by a wi& variety of signals, 

including membrane &polarhion, tumour necrosis factor, osmotic shock, and ultraviolet light 

(Lev, et al., 1995; Tokiwa, et al., 1996). Stimulation of G protein-coupled receptors 

(including the pemissis toxin-sensitive LPA receptor) also activates Pyk2 activity. LPA 

stimulation of PC12 cells was found to activate PyU, causing its autophosphorylation on Tyr- 

402 (Dikic, et al., 1996). Phosphaylation of this residue caused association of Pyk2 4th Src, 

causing activation of the latter kinase (as determined by Src phosphbrylation on Tyr-416, see 

Introduction). Importantly, overexpression of Pyk2 mutants lacking tyrosine kinase activity, 

or in which T y r 4 2  was replaced with phenylalanine, blocked the ability of LPA to activate 

Src (Dikic, et al., 1996). Because Pyk2 appears to play a role in traosducing a wi& variety of 

signals, and because of its demonstrateci role in activating Sn: in response to G pmtehaupled 

receptor activation, it is t e x n p ~ g  to speculate that Pyk2 (or perhaps other isoforms of this 

newly described kinase) also plays a role in activating the Src-related kinases expressed in 

neutrophils in response to fMLE? This notion may be ackhssed thmugh shidies of neutrophils 

h m  txansgenic mice lacking expression of Pyk2, cumntly under development 

Whar are the d e s  of Paks in clcavated neutrophils? Earlier s u e s  of the renaturpble kinases 

pK65 and pK72 suggestexi that these enzymes were important f a  activation of the NADPH 

oxidase. Theù rapid activation paralleled or preceded superoxide production and 

phannacologic inhibitors (cg: wartmannin, tyrosine kinase inhibitors) that blocked one event 

also blocked the other to a similar degree (BrumeIl and Grinstein, 1994; Ding, et al., 1995). 

The renaturable Paks wen also capable of phosphoryalting a peptide deriveci h m  a region of 



174 
p47~hox that contained 6 serine rcsidues known to be phosphorylated in d i s  in response ta 

fMLP (Ding, et al., 1993). Later identification of the renaturable kinases as P h  allowed fm 

further study of the ssubstrate specificity of these enzymes. Knaus et al. (1995) employed 

recombinant Pakl and a series of srnail peptides h m  p47phox that contaioed only single 

phosphorylatable serine residues as substrates for in vitro kinase reactions. Pakl was capable 

of phosphorylating only one peptiàe dex-ived h m  p47phox. containing Ser-328 in the wiid 

type protein. "Ris residue is within a consensus PKC-phosphozylation sequena and is known 

to be phosphorylated in neutrophils in response to both TPA and fMLP stimulation (el Benna, 

et al., 1994). The importance of the region of pt7~hox containing Ser-328 has previously 

been suggested A peptide derived h m  residues 323-332 was capable of inhibithg prll~hox 

phosphorylation, translocation and superoxide production using a cell-frec assay (Nauseef, ct 

al., 1993). Thus, phosphorylation of Ser-328 by members of both the PKC and Pak families 

may provide alternative means of activation of the NADPH oxidase in rcsponse to 

infiammatory st imul i  

In other ceil types, Pak plays an important role in the activation of Jnk and p38 

(Bagrodia, et al., 1995; Zhang. et al., 1995). Jnk is not detetable in neutrophils but p38 has 

been show to play an important role in mediating activation of the NADPH oxidase and 

adhesion to fibronectin (Nick, et al., 1996). While upstream regulation of p38 in neutmphils 

has not been determined, activation by PaLs would provide an indirect mode of NADPH 

oxidase activation in addition to direct phosphoryiation of p47Phox. 

Activation of Tyrosine Kinases by Endogenously Produced Reactive Oxygen 

Intermediates. 

The studies in Chapter 4 confirmed previous finduigs which dernonsI.attd a rolt for 

endogenously produced ROI in inducing tyrosine phosphorylation in neutmphils (Fiaiicow, et 

al., 1993). Treatment of electmperrneabilized neutrophils with non- hydrolyzable anaiogues of 

GTP (eg: GTPyS) was found to induce tyrosine phosphorylation of numerou ceiiuiar proteins. 

This effect was dependent on the presence of NADPH in the stimulation medium, suggesting 
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involvement of the NADPH oxidase. Tyrosine phosphoryIation was bloclrtd by treamient of 

cells with a powerful antioxidant, N-acetylcysteine, or by direct inhibition of the NADPH 

oxidase with diphenyleneiodoniurn. M o u s  findings have also dernonsnated that GTP@ 

stimulation of neutrophils h m  CGD patients does not yield tyrosine phosphorylation. 

Together, these findings suggest an important role for NADPH oxidase-derived ROI in 

neutmphil signalling processes. 

The rnechanism by which ROI induce tyrosine pbsphorylation in electr~permeabilized 

cells was investigarcd. Utilizing in vitro immune complex assays of the tyrosine kinases 

identified in neutrophils, superoxide production was found to incrtase the activities (as 

measured by autophosphorylation) of at least three kinases (Hck, Syk and Btk). Interestingly, 

the autophosphorylation of two other kinases, Lyn and Fgr, appeared to deaease followiog 

GTPyS stimulation. This may have been due to incorporation of 'cold' phosphate in sita, 

which would conceivably prohibit M e r  incorporation of radiolabellecl phosphate in viho. In 

support of this notion, the ability of Lyn to phosphorylate an exogenous substrate (enolase) 

was found to increasc upon activation of the NADPH oxiàasc. Thus, with respact to their 

ability to phosphorylate other proteins, at lest  4 tyrosine kinases are activated in 

electropemeabilized neuûop hils following production of ROL 

The mode of regulation of Hck was explored in &tail. ûxidizing agents were unable to 

activate Hck in vino an4 once activated in sim, reducing agents failed to inactivate i t  These 

experiments suggested that the effects of ROI are not direct, but d e r  they influence the 

activity of tyrosine kinases by an indirect mechanism. Tyrosine phosphorylation of Hck 

paralleled its activation, and dephosphorylation in vitro reversed the stimulation. It was 

concluded that tyrosine phosphorylation is central to the regulation of HcL and Uely also of 

S yk and Lyn, which are similarly phosphorylated upon activation of the oxidase. As ROI have 

been show to d u c e  the activity of tyrosine phosphatases by oxidation of a critical sulfhydryl 

residue within the catalytic domain, it is suggested that this inhibition ailows constitutively 

active kinases to auto/transphospharyIate on stimulatory tyrosine nsidues, lcading to an 
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inciease in theu catdytic activity. Enhanced phosphotpsine accumulation would then ~esult 

h m  the combwd effects of increased phosphorylation with decreased dephosphorylation. 

Exposure of a hurnan T-cell h e  to Hz02 was aiso found to activate a member of the 

Src family of tyrosine kinases, namely Lck (Hardwick and Sefton, 1995). Mutational analysis 

of Lck demonsmted the requirement of phosphorylation at Tyr-394 (the autophosphorylation 

site) for increased activity, consistent with a recent strucwal mode1 for the activated protein 

(Yamaguchi and Hendrickson, 1996). In addition, Hz02 treatment was capable of inducing 

phosphorylation at Tyr-394 in ceUs expressing a catalytically inactive mutant and lacking 

endogenous Lck. These results demonstrated that a kinase other that Lck was capable of 

phosphorylating its autophosphorylation site, potentiaily activating Lck upon exposure io ROI 

such as Thus, in addition to autophosphorylation and activation, Src family kinases in 

neutrophils may dso be regulated by unidentified tyrosine kinases which are activated by 

endogenously produced ROI upon activation of the NADPH oxidase. 

Whïie the experimem presented in Chapter 4 were perforxned exclusively with 

suspended cells, a recent study by Yan and Berton demonstrates a signalhg role for ROI in 

neutrop hils adherent to extracellular matt-ix proteins (Yan and Berton, 1996). Foliowing 

adhesion and spreading of cells onto fibrinogen, the activities of Lyn and Fgr were found to 

increase several-fold in vitro, as determineci by both autophosphorylation and phosphorylation 

of enolase. Partiai inhibition of this effect was accomplished by pretreatment of ceiis with 

diphenyleneiodonium and could be mimicked by treatmcnt of cells with H m .  This suggested 

that activation of the NADPH oxidase by engagement and clustering of integins (and possibly 

other ceii surface receptors) was at least partidy responsible for the increastd tyrosine kinase 

activity of Lyn and Fgr. In support of this hypothesis. adhesion-stimulaied activities of these 

kinases was greaùy reduced in neutrophils h m  patients with CGD. By contrast, Syk was 

activated in CGD ceUs to the sarne &gne as it was in oxiàase-competent cells. These studies 

suggest that endogenously produceci ROI are capable of differentially affecthg the activity of 

various kinases in adherent neutrophils (Yan and Berton, 1996). The differences between my 

~ s u l t s  in Chapter 4 and those by Yan and Berton rnay reflect an influence of the cytoskeletoa 
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over tyrosine kinase activities or perhaps the proximity of the NADPH oxidase to the signalling 

targets influencecl by ROI production. 

A cornparison of JMLP and ROI-induced tyrosine phoJphory1atrion. Neutrophils display a 

characteristic pattern of tyrosine phosphorylation that appears rapidly (maximal after 15 sec) 

folIodg m e n t  with the chem~attfactant fMLP (see Fig. 3.1A). Rapid termination (wittiin 

2 min) of this response is due to rcccptor downregulation and desensitization. In contrast, 

G'PyS mûnent of electropermeabilued celIs caused phosphorylation of a greater nurnber of 

cellular proteins (see Fig. 4.1A.B.C). This event was much slower ta develop than that 

wimessed for fMLP, with a maximal response seen after 10 min. These differences in both the 

pattern and kinetics of tyrosine phosphorylation reflects the different mechanisrns by which 

these agents function. In the case of GTPyS, activation of the NADPH oxidase was shown to 

be essential. Following production of endogenous ROI, the combined effects of phosphatase 

inhibition and kinase activation mediate phosphotyrosine accumulation. In the case of fMLP, 

tyrosine kinase activation has also been dernonstrated (Ptasmik, et al., 1996). This event, 

however, is independent of ROI production. This was determined previously by cornparison 

of neutrophils h m  patients with CGD to celis h m  normal wnmls (Fialkow, et al., 1993). 

Phosphotyrosine accumulation in response to fMLP treatment was identical in both cases, 

despite the fact that CGD neutmphils lack a functionai NADPH oxidase. The inability of 

endogenous ROI to influence fMLP-mediatexi responsw is likely due to the fact that the amount 

of ROI produced in response to this agent is 20-fold less than that elicited by GTPyS 

stimulation of electmpermeabihed celis (Fialkow. et al., 1993). Activation of the NADPH 

oxidase by fMLP is also a transient event since, as mentioned above, receptor signalling is 

rapidly tenninated. It has been proposed that tMLP and other receptor agonists promote 

phosphotyrosine accumulation, in part, by the inhibition of tyrosine phosphatases (Kraft and 

Berkow, 1987). Because ROI do not appear to influence fMLP-induced tyrosine 

phosphorylation, ROI-independent mechanisrns are iikely to mediatt this effect 
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Fig. 8.2. Mode1 for ROI-mediated autolparacrine signaiiing at sites of inflammation. 
Abbreviations: Erk, extracellular signal-regulated kinase; Hsp27, heat shock protein 27; 
Jnk, c-Jun N-terminal kinase; NFKB, nuclear factor IC B; 02, molecular oxygen; 02-, 
superoxide; PLA2, phospholipase A2; PTK, protein tyrosine kinase; PTP, protein tyrosine 
phosphatase; ROI, reactive oxygen intermediates. 
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ModeJ for ROI-mediuted l~~~o/poracn'ne sigdl ing.  A mode1 for ROI-rnediated auto/paracrine 

signalling at sites of inflammation is shown in Figure 8.2. Following engagement of a variety 

of ce11 surface receptors (cg: chemotactic receptors, i n t e g ~ s ,  phagocytic receptors), 

intracellular signalling cascades that inclu& the activation of tyrosine kinases initiate activation 

of the NADPH oxidase (in addition to other antimicrobial responses). Subsequent production 

of ROI allows for the efficient killing of invading micr~~~ganisms.  These molecules are 

capable of diffusion through ceiiular membranes, wherc they also influence a variery of 

signalling molecules including tyrosine phosphatases. Inhibition of the la-r allows for 

phosphorylation-dependent activation of tyrosine kinases and potentiation of phosphotyrosine- 

dependent cellular processes (see Introduction). This auto/paracrine efféct of ROI aliows for 

significant potentiation of various neutrophil responses to inflammatory stimuli, including 

adhesion to endothelid surfaces (Fraticelli, et al., 1996), and phagocytosis of microbial targets 

(Gresham, et al., 1988). 

Regulation of SHP-1 dunng Neutrophil Activation. Possible link between PKC 

and Tyrosine Phosphorylation. 

In addition to their inhibition by ROI, the study presented in Chapter 5 demonstrates 

that tyrosine phosphatases arc also regulated by phosphorylation-dependent mechanisms. 

Agonist marnent induced significant decreases (30-601) in SHP- 1 activity which comlated 

temporally with increases in the cellular phosphotyrosine content Phosphorylation of SHP-1 

on s e ~ e  residues was associated with the inhibition of its enzymatic activity, suggesting a 

causal relationship. Accordingl y, both the agonist-evoked phosphorylation of SHP- 1 and the 

inhibition of its catalytic activity were blocked by trcatment with bLr-indolylmaieimide 1, a 

potent and specific inhibitor of PKC activity. Immunoprecipitated SHP- 1 was found to be 

phosphorylated efficiently by purifiexi PKC in vitro. Such phosphorylation also caused a 

decrease in the phosphatase activity of Sm-1. Together, these data suggest that inhibition of 

SHP-1 by PKC-mediated serine phosphorylation plays a role in facilitating the accumulation of 

tyrosine phosphorylated proteins foliowing neutrophil stimulation. These finâings provide a 
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new link betweem PKC and tyrosine phosphorylation in the signalling cascade that triggers anti- 

minobial respomes in human neutrophiis. 

Furiher elucidation of the mechanism by which &.ne phosphorylation inhibits SHP-1 

activity wil l  require definition of the exact residue(s) which is/are phosphorylated by PKC in 

sim The primary sequence of Sm-1 contains several candidate serine residues within PKC 

consensus phosphorylation motifs. Transfection of hematopoietic ceU lines with SHP- 1 

mutants lacking individual serine TeSidues (mutated to alanine) and subsequent peptide mapping 

of these SHP-1 mutants foilowing phosphorylation by PKC may pmvide this infirmation. 

InMitory role of SHP-l  in rhe regdation of neutrophil anrimicrobial respomes. Revious 

studies have suggested a role for SHP-I in tuming off phosphotyrosine-depen&nt signals 

through a wide variety of cell surface receptors present on hematopoietic cells (Okamura and 

Thomas, 1995). Consistent with this model, the data presented in Chapter 5 suggest that 

receptor-mediateci inhibition of SHP-1 is an important mechanism by which phosphotymsine 

accumulation can occur. Recent studies of motheaten (me) mice, which lack expnssion of 

SHP-1, have determined the role of this phosphatase in mediating neutrophil responses to 

infiammatory stimuli (Butler, et al., 1995). In response to TPA or opsonized zymosan 

particles, tyrosine phosphorylation of sorne cellular pteins was enhanaxi in neutrophils h m  

me mice compared to their littermate controls. Importantly, activation of the NADPH oxidase 

in cells h m  the me mice occurred with a decreased lag time, a higher maximal rate of 

superoxide production and was prolonged in duration. In addition, m e r  snidies have 

determined that cellular adhesion to extracellular rnatrix proteins is enhanceci in neutrophils 

h m  me mic& Together, these sh>aes suggest an important role for SHP-1 as a negative 

reguiator of receptor-mediateci riesponses of neutrophils to inflammatory stimuli Furthemore, 

because many soluble and particulate stimuli can activate PKC, SHP-1 inhibition may play a 

sJ. Butier and G. Downey. personal communication. 
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common role in mediating accumulation of phosphotyrosine, in addition to the activation of 

tyrosine kinases. 

Possible role of SHP-2 as an intracelldnr a&ptor protein. Following stimulation with 

neutrophil agonists such as phorbol ester, chernotactic peptide or opsonized zymosan, a 

fiaction of SHP-1 rediseibuted to the cytoskeleton. Translocation may d o w  interaction of 

SHP- 1 with cytoskeleton-associated substrates. Cpskeletal association of SHP- 1 has bten 

demonstrated in plateles stimulateci with thrombin and this translocation was postulated to 

mediate the observed dephosphorylation of cytoskeletal-associated proteins (Emmi. et al.. 

1995). Altematively, SHP-1 rnay serve as an intracellular adaptor by targetting interacting 

proteins to the cytoskeletal cornpartment. In support of this possibility, SHP-1 has been found 

to associate with many impanant signalling molecules in other hernatopoietic cell types. These 

inclu& Src (Falet, et al., 1996), a recentiy identifid S H 2  dornainconraining protein cailed 

SU-76 (Minino, et al., 1996) and the Ab1 tyrosine kinase (Kharbanda, et al., 1996). SHP-1 

has also been found to associate with Vav, Grb2 and mSos, three proteins that play a role in 

ini tiating guanine nucleotide exchange in Ras (Kon-Kozlo wski, et al., 1996). Association of 

SHP-1 with Ras activators supports prcvious findings that suggested a role for this 

phosphatase in rnediating Erk activation under some conditions (Krautwald, et al., 1996; Su, et 

al., 1996). Thus. while SHP-1 appears to act as a negative regulator of phosphotyrosine- 

dependent events in neutrophils, it may also play a role as an adaptor protein in ~gulating other 

signalling events. The possibility that SHP-1 acts as an adaptor pmtein may be srtiriessed with 

the use of chernical crosslinkers to search for associatexi proteins in metabolically labelled 

neutrop'niis. Altematively, use of SHP-1 in a yeast two hybrid screen may also identify 

proteins h m  a neutrophil cDNA libnuy that interact with ith phosphatase. 

Phosphorylation and Subcellular Redistribution of Pleckstrin in Humaa 

Neutrophils. 
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A major s u b s a  of PKC in platelets, pleckstrin was also found to be highly expased 

in neutmphik with an intraceu& concentration calculated to be approximately 15 (0 80.5 

96 of the total cellular protein). Upon stimulation with fMLP, opsonized zymosan or TPA, 

rapid phosphorylation of pleastrin was observed. Phosphopeptide mapping revealed that 

phosphorylation of plecksfln o c c m  on residues Ser-113 and Ser-117, the same residues 

phosphorylated in platelets and ~ r a n s f e ~ & d  COS- 1 ah. 

The u p s ~  rtgulatiop of pleckstrin phosphorylation was exarnined. A role for non- 

conventionai PKC i s o f m s  was suggested by several findings: 1) chelation of intraœllular 

ca2+ had ody a parcial inhibitm effect; 2) the phosphatidic acid phosphohydrolase antagonist 

propranolol extended it and 3) wortmannin and erbstatin blocked the phosphorylation of 

plecks&. These results suggest that non-conventional PKC isoforms, possibly 6 or which 

are expnssed in neumphils, contribute to phosphorylation of plechtnn in response to both 

soluble snd partilate stimuli 

While pleckstrin is primarily localized to the cytosol of unstimulated cells, agonist 

treatment was found m induce a subceiluiar redistribution of this protein Increased association 

with both membranes and the triton-insoluble fraction (thought to represent cymskeletai- 

associated proteins) was observcd- This event muld be blocked by pretreatment of cells with a 

potent PKC antagonist, suggesfing that prior phosphorylation of plecksain was necessary for 

A recent study by Ma et al. has also demonstrated phosphorylation-dependent 

association of plecktrin with tiie plasma membrane (Ma, et al., 1997). In this study, Cos-1 

cells (which do not express endogenous pleckstrin) were transfected with wild type pleckstrh 

or various mumts of this procein. Transfection of cells with mutants in which the three 

phosphoqdata ble residues (Ser- 1 1 3. Thr- 1 14 and Ser- 1 1 7) were xeplaced with glutamic acid 

residues, the so called 'pse~dophosphorylated' mutant of pleckstrin, caused the protein to be 

constitutively associated with the plasma membrane. Interestingly, pseudophosphorylated 

pleckstrin (or the endogenously phosphorylated wild type protein) aswciated with membrane 

projections at the ceil sdace, possibly causing their formation. A pleckstrin mutant in which 



183 
the phosphqlatable residues were m u t a  to glycine was locahd exclusively to the cytosol 

and did not redistribute upon TPA treatment. Mutation of three criticai lysines within the N- 

teminal PH domain that have been shown to mediate P m  binding of this region was found to 

block membrane association of pleckstrin. This suggested that membrane association of 

phosphorylated pleckstrin was due to its association with PIPZ and not other PH domain 

ligands such as the fly subunits of heterotrirnenc G proteins. In support of this notion. 

overexpression of By heterodimers had no effect on plecksnin's locaiization at the membrane 

(Ma, et al., 1997). 

The culmination of many studies on a variety of PH domaincontaining proteins has led 

to the current view that these protein modules act universaüy as membrane adaptor domains 

(Hemmings, 1997). In the case of plecksain, the roquirement of phospharylation pria to its 

membrane association suggests that an unknown event must take place before association can 

occur. Because membrane association appears to be mediated by Pm binding, it is especially 

obvious that other factors influence translocation since the levels of PIpz are rapidly deaeashg 

during the tirne that plecksain phosphorylation and translocation occurs (Stephens, et al.. 

1991). In support of an intramolecular event, the electmphoretic mobility of pleckstrh on SDS 

PAGE gels was found to change upon its phosphorylation. This shift represents a stable 

conformational change that is capable of withstanding denatudon and electmphoresis and may 

reflect conformational changes that occur in situ, allowing subcellular redistribution of 

pleckssin. Structural analysis of pleckstrin and its pseudophosphorylated mutant may provide 

insight into the mechanism by which phosphorylation mediates translocation of plecksrrin in 

neutrop hils. 

PhosphoryIated pleckstrin inhibits the ~a~+-mobi l i r in~  signal iniriated by PU: activaion. 

Transfection of Cos4 cells with pleckstrin has been shown to inhibit the activation of PLC and 

subsequent production of m, an important ~a2+-mobilizin~ signal in a i l  ceiis (Abram, et al., 

1995; Lutecil. et al., 1995). Phosphorylation appeared to play a role in this cffcct since 

pseudophosphorylated pleckstrin mutants displayed a -ter efftct than the wild type protein. 
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Inhibition of phosphoinositide hydrolysis was accomplished fouowiag stimulation of either 

growth factor reccptors or G ptein-coupled receptors, suggesting that the effect of plcckstrin 

was due to its interaction with the substrate of PLC, Pm, and not due to its binding to 87 

subunits of heterotrimeric G proteins (Abnuns. et al.. 1995). 

in addition to PIP;! binding, pleckstrin may also terminate the ~a2+-mobilizin~ signal 

by association with other proteins. Platelet pleckstin was recently found to bind in a 

stoichiornetric complex with inositol polyphosphate 5-phosphatase 1 (5-phosphatase I) 

(Auethavekiat, et al.. 1997). Subsiraîes of 5-phosphatase I include II3 and IP4, which both 

contribute to ~ a 2 +  release fbm intemal s m .  Pseudophosphorylatcd plcckstrh was capable 

of activating 5-p hosphatase 1 activity in vitro, while non-phosp hory lated plecksmn had no 

effect. Thus, plecksûin texmination of the ca2+-rnobihing signal may wcur by i i i h i b i ~ g  the 

availability of the substrate of PLC and by acceleration of the metabolism of its biaactive 

Plecksain inhibits activation of PI3Ky PI .2  binding may also undedie the abiiity of pleckstrin 

to inhibit the activity of PI3Ky isolated nom human platelets (Abrams, et al., 1996). Inhibition 

was lirnited to PI3Ky phosphorylation of PIP2, consistent with this hypothesis. Only 

phospharylated pleckstrin (or its pseudophosphorylated mutant) was capable of inhibition. 

Inhibi&ry feedback d l  forplechtrin. The role of pleckstrin in neutrophils quires fiirther 

definition. Its high expression in hematopoietic cells and the fmding that only a smaU 

percentage of platelet plcckstrin is pnsent in a complex with 5-phosphatase 1 suggests that 

other protein ligands may inmact with neutrophil pleckstrin. Use of the yeast twehybrid 

system has identified the partial cDNA sequenœ of a novel protein that interacts specifïcally 

with the N-terminal PH domain of pleckstrin6. Isolation of the complete cDNA for bis 

interacting protein, dubbtd PHi-1 (for PH domain interactor-1). will shed furtha light ont0 the 

role of pteckstrin in hematopoietic ceh. 

6 ~ .  Craig and M. Tyers. pusonai communbcstion. 
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Fig. 8.3. Inhibitory feedback mode1 for phosphorylated pleckstrin. Abbreviations: 
aPKC, atypical PKC; cPKC, conventional PKC; DAG, diacylglycerol; IP3, inositol 
(1,4,5)-trisphosphate; nPKC, novel PKC; PA, phosphatidic acid; PI3K, 
phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol (4,s)-bisphosphate; PIP3, 
phosphatidyhositol(3,4,5)-trisphosphate; PLCP, phospholipase P; PLD, phospholipase D; 
PKC, protein kinase C; PTK, protein tyrosine kinase. 
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uicorparating recent data conceming pleckstrh phosphorylation in both transfecwl 

Cos4 cells and platelets, 1 propose the following mode1 for the function of plecksûin in 

hematopoietic cells, as shown in Figure 8.3. Activation of the fMLP receptor initiates rapid 

phosphorylation of p1ecksti.n by both conventional and nonconventional isofomis of PKC. A 

phosphorylation-induced conformational change allows association of pleckstrin (and 

interacting proteins) with the plasmalemma. Binding and sequestration of Pm prevents its 

hydrolysis by PLC and its phosphorylation by PI3Ks. In addition, the basal activity of 

phosphopleckstrin- bound 5-phosphatase I is enhanced severalfold, M e r  attenuating the 

ca2+-mobilizing signal initiated by PLC. Inhibitory feedback dvough phosphorylated 

pleckstrin may provide a threshold that receptor stimulation must overcome to indue cellular 

responses a infiammatory stimuli. The suggestion that phosphorylated pleckstrin is capable of 

producing membrane protmsions in Cos-1 cells also suggests a role for this protein in 

regulating membrane dynamics in activated celis (Ma, et al., 1997). 

Presence and Subcellular Distribution of Docking/Fusion proteins in Human 

Neutrophils. 

Neutrophils contain at least four distinct types of secretory organelles, which undergo 

exocytosis during infection and inflammation. The signahg pathways leading to secretion of 

individual granules and their kinetics of exocytosis Vary greatly, causing temparal and regional 

ciifferences in dockhg and filsion with the plasma membrane. As a step towards understanding 

the processes underlying differential gmnular secretion in neutrophils, I assessecl the presence 

and distribution of a number of proteins reponed to be involved in vesicular docking and/or 

fusion in other systems. 

Using specific antibodies for each protein, syntaxin 4, VAMP-2 and the 39 kDa 

i s o f m  of SCAMP were i&ntified in neumphils. SCAMP was found mainly in secondaxy 

and tertiary granules and in a fraction containing secretory vesicles, but was virtually absent 

h m  the primary (lysosomal) grandes. This proNe is consistent with the proposed "pst- 

Golgi" distribution of SCAMP. VAMP-2 was largely absent fkom primary and secondary 
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granules, but concentrated in tertiary granules and secretory vesicles. This pattern of 

distribution parallek the inneasing sensitivity of these exocytic compartrnents to intrricellular 

fhe calcium. Accorduigly, ionomycin induced translocation of VAMP-2 towards the plasma 

membrane. Syntaxin 4 was found almost exclusiveIy in the plasma membrane, and it 

accumulated especially in kmeilipodia This regional accumulation may cuntributc to localized 

secretion into the phagosomal lumen. In support of this notion, recent studies have 

demonstrated the presenœ of syntaxh 2.3 and 4 on the phagosornal membrane of b t h  murine 

and human macrophages (Hackam, et al., 1996). 

A key component of the tripartite docking/fusion awnplex in neuronal cells, SNAP-25, 

was absent in neumphil lysates. Subsequent to the study prcsented in Chapter 7, a non- 

neuronal i s o f m  of this t-SNARE, namely SNAP-23, was identifed (Ravichandran, et al., 

1996). Irnmunoblotting whole ceU lysates with an affinity purifieci antibody to SNN-23 

reveals expression of this protein in a variety of hematopoietic cell types, including neumphils 

(see Appendix l.A following this discussion). ïmmunoblotting neutrophil subcellular htions 

reveals SNAP-23 to be largely localized to the combined secretory vesicle/plasma membrane 

fraction (Appendix l.B). SNAP-23, iii conjunction with syntaun 4, may play an important 

role in mediating secretory events in activated neutrophils. Future analysis by 

immunofluorescence will determine if SNAP-23, like the syntaxins, prefe~entially redistributes 

within the plasmalernrna during chernotaxis or phagocytosis. Further proof of the role of 

SNAKE proteins in mediating secretory responses of hematopoietic ceils to inflanmatory 

stimuli may corne h m  microinjection of macrophages (neutrophils are unamenable to 

microinjection) with clostridial toxins which can cleave these proteins. 

Recent findings have suggested that phosphorylation-dependent signaihg mechanisms 

can influence secretory cvents at the level of docking/fusion proteins. Subjection of various 

recombinant synaptic proteins to in vitro kinase reactions revealed that many are efficientiy 

phosphorylated by three kinases: casein kinase II, calmodulin-dependent kinase II and protein 

kinase A (Hirling and ScheUer, 1996). Of sipnincance, phosphorylation of aSNAP by protein 

kinase A deawised the affinity of this protein for the core dockingKusion wmplex by 10 fold 
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In addition to phosphorylation by protein kinase A and caùnodulin-dependent kinase II, PKC- 

rnediated phosphorylation of SNAP-25 has k e n  &scribeci in PC12 ceh ( S h i m U ,  et al., 

1996). Following phosphorylation, the amount of CO-immunoprecipitatabie syntaxin was 

decreased, suggesting that PKCdependent phosphorylation of SNAP-25 modifies the 

interaction of SNARE proteins. Our unpubiished results support a m o u  of phosphorylation- 

dependent ngulation of SNARE wmplex formation in neutrophüs. Following subcellular 

hctionation of neutrophils treated with or without TPA, an upward shifl in the mobility of 

VAMP-2 was observeci (Appendix 1 .C). Further de finition of docking/fusion protein 

phosphorylation and the role of this pst-translational modification in ~ g d a ~ g  neutmphil 

secretion are required 
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Future directions 

The study of signal transduction in neutrophils, as in all systems, has revealed a 

surprishg complexitiy by which cells conml their differentiaily prescribed functions. Through 

the course of these shidies, an important role for phosphorylation-dependent signalling 

mechanisms has emerged. Rior to the studies presented in this thesis, a pst deai of attention 

was paid to the role of PKC family members in the control of neutrophil responses to 

chemoattractants and other inflammatory stimuli. Later, it became evident that many of the 

sarne functions that were auributed to PKC regulation wen  also influenced by the activity of 

tyrosine kinases @rotein phosphorylation) and P13-kinases (lipid phosphorylation). Thus, the 

antimicrobial responses of neutrophils appeared to be regulated by multiple signalling 

pathways. 

While initially considered separate signalling systems, my studies have revealed a 

relationship between signalling components of the PKC family and diose of both PIS-Linases 

and tyrosine kinases. In Chapter 5.1 dernonstrate a mode1 by which PKC phosphorylation of 

the tyrosine phosphatase SHP- 1 can inhibit its activity. By this manner, PKC activation may 

contribute to the observed increase in phosphotyrosine content upon cellular stimulation. In 

tum, the activity of at least some PKC family members appears to be influenced by tyrosine 

phosphorylation and the lipid products of PI3-kinases (sec Chapter 7). Pharmacologie 

inhibition of the latter was found to block phosphorylation of pleckstrin, a known PKC 

substrate. Thus, while considering signalling mechanisrns downsaeam of the fMLP reœptor, 

one rnust recogrh that a significant amount of cross-talk (and possibly feedback) is occurring 

foilowing raceptor engagement. 

The findings of Chapter 7 demonstrated a major d e  for nonconventional members of 

the PKC family in mediating p i e c k s t ~  phosphorylation, with a miqimal contribution by the 

~a2+-dependent, conventional isofoms. These findings point to an important issue thaî wili 

need to be addressed in future snidies. narnely which kinases are responsible fm controUing 

which functions. Having addressed the question "what are the functions of tyrosine kinases". 

it is now appropriate to ask "which tyrosine kinase(s)" conmol those functions. The 
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advancement of several technologies avaiiable to the researcher wili ma& this more achievable. 

These include the development of enzyme-s-c pharmacologie inhibitors (e.g.: PD98059, 

the Mek inhibitor), transfectable leukocyte ce11 Iines and the use of transgenic technology. 

Considering the fact that only a s m d  percentage of the human genome has been squenced 

(and studied) to date, it is certain that many more important signalling molecules will be 

identifieci in the futim. These new faces of signal transduction wiii require assimilation in= the 

increasingly complex and h t f X c 0 ~ e ~ t e d  pathways that are rapidly king delineated for the 

contml of antimicrobial responses. 

Having addresseci which kinases and phosphatases control cellular phosphorylation 

cascades in response to chemoateactants and other innammatmy stimuli, it will be important to 

detennine the role of the phosphorylated substrates downsmam. Ir has been witnessed in the 

body of this thesis that phosphorylation can invoke a change in the catalytic activity, 

subcellular distribution or possibly the inter/intramolecular interactions of the phosphorylated 

target. Detexminhg the individual effects of each phosphorylation step of the signalling 

cascade will eventually provide a solid Link between activation of cell surface nxeptm and the 

initiation of cellular responses. 

The study of signal transduction will increasingly move to a three dimensionai realm, as 

it becomes more important to ask the question "where are signalling evenu occming" and not 

just "when". These spatiai considerations arc lirnitcd somewhat by our understanding of the 

architecture of cells. A case in point would be tie recent appreciation of the role of caveolae, 

which are cholesterol-rich subdomains of the plasma membrane. These detergent-resistant 

compaments have been found to sequester both ce11 surface receptors (cg.: growth factor 

rcceptors) and many of their downstream signalling targets (e.g.: Sn: family PTK). W e  

caveolae (or homologous membrane subdomains) have yet to be been demonstrated in 

neutrophils, their presence in leukocytes (RBL-2H3 mast ceïls) has been previously 

demonstrated (Field et al., 1995). Other important signalling compamnents will likely be 

recognized, possibly including the nucleus. In this thesis I have demonstrated the presence of 

two important signalhg molecules (SHP-1 and pleckstrin) within this organelle. While the 
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significance of these findings nmains cumntly unknown, it is tempting to speculate that the 

nucleus, as well as other, perhaps undefineci regions of die c d ,  will become the focus of future 

saidies of signal transduction. 



Appendix 8.1. A. Whole ce11 lysates (106 cell equivalents) of neutrophils, monocytes and 
lymphocytes were subjected to SDS PAGE and immunoblotting with an affinity purified 
antibody to SNAP-23. Aiso analyzed were platelets ( 5 x 1 0 ~  ceîî equivalents), 3T3-L1 
adipocytes (50pg) and rat brain homogenate (30pg). B. Neutrophils were subjected to 
subcellular fractionation by Percoil gradient centrifugation and samples were analyzed by 
SDS PAGE and immunoblotting with an affiity purified antibody to SNAP-23. A whole 
ceil lysate was also analyzed (WC). C. Neutrophils were treated with or without ~ o - ~ M  
?'PA for 10 min prior to subcellular fractionation and analysis as in B with an affinity 
purified antibody to VAMP-2. The mobilities of VAMP-2 in untreated (solid arrowhead) 
and TPA treated (open arrowhead) are indicated. 
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