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Cover:: Different stages of the uptake of a yeast particle (red) by a neutrophil. The 
localizationn of the NADPH oxidase component p67phox is depicted in green, and 
showss the movement of this protein towards the compartment where the yeast 
particlee is contained. There, pó?**0*  will form an active NADPH oxidase complex 
withh the other NADPH oxidase components, leading to the killing of the yeast 
particle. . 
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Generall  introduction 

Humann neutrophils comprise 60 to 70 percent of the blood leukocytes and form a 
strongg line of defense against invading microorganisms. Neutrophils, as 
professionall  phagocytes, have a highly specialized function: the killing of 
pathogens.. To perform this killing, phagocytes have three characteristics that are 
unmatchedd by other cells of the immune system: their ability to migrate into an 
inflamedd area, the amount of pathogens they can phagocytose and the array of 
antimicrobiall  products they can subject the pathogen to. These three features render 
thee neutrophil a superb phagocyte and a very important factor in the clearance of 
infections.. This introduction will provide an overview of the different processes 
occurringg in the neutrophil that ultimately lead to killin g of pathogens. Strong 
emphasiss wil l be put on two aspects of neutrophil biology: the killing of 
microorganismss by reactive oxygen species (ROS) derived from the NADPH 
oxidasee enzyme and the function of Toll-lik e receptors (TLRs), a family of 
receptorss that is able to recognize specific bacterial components. 

Migratio nn from the blood stream to the site of infection. 

Migrationn of neutrophils from the blood to the site of infection is a well 
orchestrated,, multi-step process (Figure 1). In infected areas, low-molecular-weight 
factorss are generated with the capacity to activate surrounding tissue cells, 
endotheliall  cells and leukocytes. Some of these factors are derived from micro-
organisms,, others from tissue or immune cells. Activation of endothelial cells by 
TNF-a,, IL-i p or lipopolysaccharide (LPS) leads to upregulation of adhesion 
proteinss on these cells1. The first step in the process of neutrophil extravasation is 
characterizedd by a weak interaction of the neutrophils with the activated vascular 
endothelium.. This interaction of neutrophils with endothelium is mediated by 
adhesionn molecules of the selectin family on the endothelium and their respective 
carbohydratee ligands on the neutrophils1. Typically, because of the weak 
interaction,, the neutrophils roll over the endothelium during this first step. The next 
stepp in neutrophil migration is mediated by signaling via sialyl Lewis X (on the 
neutrophils)) after ligation with E-selectin (on the endothelial cells)2 as well as 
signalingg mediated by cytokines produced and/or presented by the endothelium 
interactingg with cytokine receptors on the neutrophils3. These two signaling 
pathwayss lead to activation of p2 integrins, LFA-1 and Mac-1, on the surface of the 
neutrophils,, and interaction with their ligands on endothelial cells, ICAM-1 and 
ICAM-2,, establishing firm adhesion4. Signaling by cell adhesion molecules 
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(CAMs)) on the endothelial cells triggers the loss of endothelial cell-cell contact and 
allowss the neutrophil to enter the next step of its migration, the crossing of the 
endotheliall  barrier2. The actual transmigration across the endothelial cell layer is 
probablyy mediated by CD31 (PECAM-1), a member of the immunoglobulin gene 
superfamily5.. This protein is expressed on endothelial cells as well as on 
neutrophilss and is capable of homotypic interactions, thereby providing the sites of 
attachmentt that are needed for the neutrophil to pull itself through the endothelial 
layer.. When the neutrophil has passed the endothelium it ends up in the 
extracellularr matrix (ECM), where it encounters signals that direct it towards the 
infectiouss site6. These signals consist of chemotactic factors like chemokines (i.e. 
IL-8),, cleavage products of the complement system (C5a) or bacterial products 
(thee bacterial peptide fMLP)8. Presentation of these chemotactic factors by the 
ECMM directs the migration of the neutrophils towards the site of infection and 
rimess the effector functions of the neutrophil for efficient killing of the invaded 
pathogenss . 

Phagocytosiss of pathogens by neutrophils 

Inn general, in the process of inflammation, plasma proteins are present at the site of 
infection.. Among the plasma proteins are components of the complement system as 
welll  as immunoglobulins (Igs) and other proteins like mannose-binding lectin 
(MBL)) and ficolin that are able to attach to the surface of microorganisms, a 
processs called opsonization8'9. When neutrophils have migrated into the site of 
inflammationn and have come into contact with opsonized pathogens, these 
microbess are rapidly taken up. This uptake is mediated by two types of receptor 
expressedd on the surface of neutrophils; the Fc receptors (FcR)10 and complement 
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receptorss CRI and CR3. Complement receptor 3 (CR3) is a p2 integrin (aMP2, 
CDllb/CD18,, Macl) with binding sites for adhesion proteins as well as for 
complementt fragment iC3bn. CR1 binds fragment C3b. The Fc receptors bind to 
thee Fc region of immunoglobulins. After binding of the opsonized microbe to the 
neutrophil,, actin polymerisation is induced, leading to protrusions of the neutrophil 
membranee around the microbe12. To be able to engulf the microbe completely, 
extraa membrane has to be recruited to the site of phagocytosis. This is achieved by 
thee recruitment of granules, which by fusion with the plasma membrane provide 
thee necessary extra membrane for the complete ingestion of the pathogen . 
Moreover,, this fusion also initiates the release of the granule contents, i.e. 
microbicidall  proteins, into the surroundings of the ingested microbes. After closure 
off  the membrane around the microbe, the uptake has been completed and a 
phagosomee containing the microbe has been formed. In the phagosome the killing 
off  the microbe takes place14. Phagocytosis, being a highly coordinated and complex 
process,, requires extensive signal transduction1*16. The ligation of FcRs as well as 
CRss by opsonized pathogens initiates signal transduction routes leading to the 
uptakee of pathogens but also to the initiation of the killing process151 . 

Killin gg of phagocytosed pathogens; role of the NADPH oxidase 

Thee process of intracellular killing depends on the release of toxic proteins in the 
vicinityy of the microorganisms (degranulation) and on the generation of reactive 
oxygenn compounds, also close to the ingested microbes (figure 2). The latter 
processs is mediated by an enzyme called leukocyte NADPH oxidase17. The 
leukocytee NADPH oxidase consists of at least five components, two of which are 
locatedd in membranes and the others in the cytosol (figure 2). The two membrane-
boundd components are called gp91phox (gp for glycoprotein and phox for^agocyte 
oxidase)) and p22ph0\ The actual enzymatic unit is formed by gp91pbox. This protein 
containss one FAD and two heme moieties18;19, as well as a binding site for 
NADPH20.. Electrons donated by NADPH are transmitted through gp91phox via FAD 
andd the hemes, and are finally transferred to molecular oxygen on the extracellular 
(orr intraphagosomal) side of the membrane, thus generating superoxide (02) . 
Thiss superoxide is the parent compound of other, more aggressive and longer-
livingg oxygen compounds that the cell uses to kill microorganisms. The gp91pbox 

proteinn is stabilized in the membrane by its association with p22phox; this 
gp91ph07p22phoxx complex is also called flavocytochrome b^. 
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Superoxide,, and especially the other reactive oxygen compounds derived 
fromm it, are potentially also very harmful to the leukocyte itself. Therefore, the 
generationn of these compounds must be strictly regulated in space and time. 
Neutrophilss at rest do not produce these agents. Upon binding of microorganisms 
too cell surface receptors, the activity of the NADPH oxidase must be started. This 
iss accomplished by an intracellular train of events that culminates in the movement 
off  four cytosolic components (p40phox, p47phox, p67phox and a small GTPase, Rac2) 
too the flavocytochrome in the membrane, complex formation that induces a 
conformationall  change in gp91phox, and subsequent enhanced NADPH binding and 
enzymaticc activity (figure 2)22. In resting cells, the flavocytochrome is in the 
membranee of secretory vesicles and specific granules, and the other components 
aree in the cytosol23;24. Upon cell activation, the secretory vesicles and specific 
granuless fuse with the phagosomal membrane that surrounds the ingested 
microorganism,, thus localizing the flavocytochrome close to its target5. At the 
samee time, the cytosolic components move to the flavocytochrome and induce the 
enzymaticc activity of the NADPH oxidase21. In this way, the generation of reactive 
oxygenn compounds is restricted to the site and to the moment that these compounds 
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aree needed. It is not known yet in which way the enzymatic activity is turned off 
again. . 

Recently,, Reeves et al. provided evidence for a more sophisticated role of 
thee NADPH oxidase in the killing of ingested microbes26. These authors showed 
thatt the NADPH oxidase is also involved in the release of proteases from the 
matrixx of the granules, resulting in the dispersion of these enzymes in the 
phagosome.. Due to NADPH oxidase activity, large amounts of electrons are 
pumpedd into the phagosome, which changes the membrane potential over the 
phagosomall  membrane. This membrane potential was believed to be totally 
compensatedd by the influx of H*  into the phagosome. However, Reeves et al. 
showedd that this potential is in part compensated by the influx of K+. Inside the 
phagosome,, the K+ ions mediate the release of granular proteases from the strongly 
anionicc sulphated proteoglycan matrix26. Once released from the matrix, the 
proteasess are able to degrade the ingested microbe, a crucial step in the process of 
killing.. Thus, the NADPH oxidase is a crucial component for oxidative as well as 
proteolyticc degradation of phagocytosed pathogens. 

Chronicc Granulomatous Disease e 

Whenn the NADPH oxidase is not functional, the bacterial killing process is 
seriouslyy impaired and a clinical syndrome develops that is characterized by life-
threateningg bacterial and fungal infections. This syndrome is called chronic 
granulomatouss disease (CGD)27. CGD is a rare congenital immunodeficiency seen 
inn about one in 250,000 individuals. The patients suffer from severe recurrent 
infections,, mostly pneumonia, lymphadenitis, cutaneous and lymphatic abscesses, 
osteomyelitis,, and septicemia. These infections usually become apparent during the 
firstt year of life and are caused predominantly by Staphylococcus aureus, 
AspergillisAspergillis species, enteric gram-negative bacteria, Serratia marcescens, and 
BurkholderiaBurkholderia (Pseudomonas) cepacia. In addition, CGD patients have diffuse 
granulomass (presumably caused by persistent microbes) that can become large 
enoughh to cause obstructive and painful symptoms in the esophagus, stomach, 
biliaryy system, ureters, or urinary bladder27. 

AA deficiency of the leukocyte NADPH oxidase activity can be the result of 
anyy of a number of defects. In the first place, one of the structural components of 
thee enzyme can be deficient. This is the case when mutations occur in gp9l^ox, 
p22phox,, p47pbox, p67phox or Rac2. The gene encoding gp91phox is located on the X 
chromosome;; therefore, mutations in this gene give rise to an X-linked form of 
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CGDD (Table l)28. The other four genes are autosomal . Mutations in the gene for 
p40phoxx have not been described. Together, mutations in these five genes account 
forr the overwhelming majority of CGD patients, with defects in gp9\^x found in 
aboutt 70% of the cases and in p47phox in about 25%28. Defects in p22phox and in 
p57phoxx arQ v e ry f a re £v en r a r er t̂ mutations in Rac2. In that last case, the cellular 
abnormalitiess are not restricted to NADPH oxidase deficiency but also include 
defectss in chemotaxis and degranulation30;31. This is explained by the fact that 
besidess its role in NADPH oxidase activation, Rac2 is also involved in the 
regulationn of a series of other cellular functions of neutrophils, like actin 
polymerizationn and chemotaxis in response to specific stimuli. Finally, defects in 
thee process that provides the cell with substrate for the oxidase, i.e. NADPH, have 
alsoo been described to lead to CGD32;33. NADPH is generated in the hexose 
monophosphatee pathway, in the successive glucose 6-phosphate dehydrogenase 
(G6PD)) and 6-phosphogluconate dehydrogenase (6PGD) reactions. In some very 
raree instances, patients have been found with generalized G6PD deficiency. These 
patientss present with CGD-like symptoms. 

Primingg of the NADPH oxidase 

Severall  stimuli, particulate as well as soluble, are able to induce the production of 
superoxidee by human neutrophils. In general, stimulation of neutrophils with 
solublee stimuli, such as the bacterial peptide fMLP, leads to secretion of ROS into 
thee extracellular milieu34;35. This production of ROS can be greatly enhanced by 
pretreatmentt with various priming agents such as platelet-activating factor (PAF), 
granulocyte/macrophage-colonyy stimulating factor (GM-CSF) and bacterial 
productss such as LPS36. The signal transduction responsible for the priming effects 
iss complex and differs strongly between various stimuli, although the outcome of 
thee priming is usually comparable for the different priming agents. In general, 
primingg agents induce the fusion of granules with the plasma membrane , thereby 
providingg extra flavocytochrome to participate in the production of superoxide. 
Moreover,, some reports have suggested an increase in the concentration of the 
cytosolicc proteins of the NADPH oxidase in the vicinity of the plasma membrane 
afterr priming with various priming agents . 

Superoxidee production after phagocytosis is an even more complicated 
process,, especially when the pathogen or particle is opsonized with both IgG and 
complement3*40.. In this situation the NADPH oxidase is activated by different 
pathways,, from both the FcRs as well as from the CRs, the latter being the more 
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potentt in inducing NADPH oxidase activation (van Bruggen et al., unpublished 
results).. This becomes apparent when both pathways are activated independently, 
byy opsonizing particles with either immunoglobulins or complement, and allowing 
neutrophilss to phagocytose them. Particles opsonized by immunoglobulins are 
rapidlyy taken up, but the extent of the respiratory burst is diminished in comparison 
too serum-opsonized particles (van Bruggen et al., unpublished results). In contrast, 
particless opsonized by complement are taken up at a slower pace but show 
superoxidee production that is comparable to serum-opsonized particles (van 
Bruggenn et al., unpublished results). The intimate association of NADPH oxidase 
activationn with phagocytosis is underscored by the fact that, besides deletion of 
structurall  proteins of the NADPH oxidase, no protein has been found that can 
eitherr be deleted or inhibited by pharmacological means to reduce the extent of 
NADPHH oxidase activity while leaving phagocytosis fully intact. In other words, 
thee signal transduction cascades leading to phagocytosis in neutrophils also lead to 
NADPHH oxidase activation, no exceptions have been found yet. The probable 
causee for the close connection between phagocytosis and NADPH oxidase 
activationn is their mutual dependence on rearrangements of the actin cytoskeleton. 
Bothh processes are dependent on actin polymerization41'42. Moreover, Rac2, one of 
thee structural components of the NADPH oxidase is also involved in organization 
off  the actin cytoskeleton and plays a role in the actin rearrangements needed for 
phagocytosis43.. Besides the involvement of Rac2 in NADPH oxidase activity and 
thee organization of the cytoskeleton, other components of the NADPH oxidase, 
p47phoxx and pó?1*0*  have also been shown to bind to proteins of the actin 
cytoskeleton,, i.e. moesin44 and coronin45, respectively. 

Strategiess to escape from lullin g by neutrophils 

Pathogenss have developed various strategies to circumvent or resist the killing 
processs of neutrophils. Some pathogens interfere with their uptake by 
phagocytes46*7,, others have developed strategies to survive intracellulariy . 
Microbiall  tactics for intracellular survival include lysis of the phagosomal 
membranee and escape to the cytoplasm49, inhibition or delay in phagosome 
maturationn and/or acidification50 and survival within the fused phagolysosome5^52. 
Onee of the best studied intracellular pathogens is Salmonella typhimurium. This 
gram-negativee bacterium is equipped with virulence factors that enable the uptake, 
survivall  and replication of this pathogen in phagocytes53. First, the bacterium 
attachess to the phagocyte and injects virulence factors into the cytoplasm of the 
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hostt by a type-Ill secretion system. These virulence factors target the actin 
cytoskeletonn of the host cell and promote the formation of membrane protrusions, 
leadingg to the uptake of the bacterium into a membrane-surrounded vacuole53. In 
thiss vacuole Salmonella is protected from the microbicidal enzymes of thee host cell 
byy a second set of virulence factors54. These virulence factors have various modes 
off  action, such as the neutralization of ROS55, the inhibition of superoxide 
generationn by the NADPH oxidase55 and the prevention of fusion of the 
Salmonella-containingSalmonella-containing vacuole with lysosomes53. 

Patternn recognition receptors in neutrophils 

Cellss of the immune system are capable of discriminating invading microorgansims 
fromfrom host tissue56. Unlike cells of the adaptive immune system, which recognise 
"microbiall  nonself' via an immense variety of receptors generated by the variable 
recombinationn of a set of germ line genes56, cells of the innate immune system 
dependd on the use of products of a limited number of germ line genes to 
discriminatee "self from "nonself56. The proteins used by cells of the innate 
immunee system to recognise "nonself are collectively termed pattern recognition 
receptorss (PRRs). PRRs are receptors with the ability to react with motifs 
specificallyy expressed by pathogens, so-called pathogen-associated molecular 
patternss (PAMPs)56. Examples of PAMPs are lipopoly saccharide (LPS), P-glucan 
andd peptidoglycan (PGN). PRRs transmit signals that can lead to expression of 
inflammatoryy cytokines and chemokines and activation of microbicidal systems 
suchh as the production of ROS and release of antimicrobial peptides56*57. 
Neutrophilss express a number of PRRs (Table 1), which can influence the 
activationn status, cytokine secretion and life span of these cells58'59. 

Toll-lik ee receptors 

AA recently identified family of PRRs is the family of Toll-like receptors (TLRs) 
60;6ii  -T/LRS are transmembrane proteins consisting of an extracellular leucine-rich 
repeatt (LRR) for the recognition of PAMPs and a cytoplasmic tail that is 
responsiblee for the signal transduction after ligation of these receptors62"64. Til l 
now,, at least nine members of the TLR family have been described in the human 
immunee system. For most TLRs, a ligand in the form of one or more PAMPs has 
beenn identified (Table 2). TLRs are expressed on cells of the innate and the 
adaptivee immune system, but expression of TLRs has also been described for cells 
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Tablee 1. Patter n recognitio n receptor s importan t for neutrophi l function . 

PRR R 

SecretedSecreted PRRs 

MBL,, Ficolin 

CRP,, SAP 

LBP P 

Proteinn family 

C-typee lectin 

Pentraxins s 

Ligand d 

Terminall  carbohydrate 
residues s 

Phosphorylcholinee on 
microbiall  membranes 

Lipid-transferr protein LPS 

Cell-surfaceCell-surface PRRS 

CD144 Leucine-rich repeats LPS, Peptidoglycan 

FunctkMi i 

Opsonizationn via the activation of 
thee lectin complement pathway 

Opsonizationn via the activation of 
thee classical complement pathway 

LPSS recognition 

Co-receptorr for TLRs 

CR3 3 

Dectin-1 1 

Toll-lik ee receptors 

Integrinn Zymosan Phagocytosis, activation 

Lectinn p-glucans Phagocytosis 

Leucine-richh repeats various microbial products Cell activation 

MBL,, mannan-binding lectin; CRP, C-reactive protein; SAP, serum amyloid protein; 
LBP,, LPS-binding protein; LPS, lipopolysaccharide; TLR, Toll-like receptor; CR3, 
complementt receptor 3. 

thatt do not belong to the immune system6*66. The cell-surface expression of TLRs 
enabless cells to respond to PAMPs present in the extracellular milieu. Besides cell-
surfacee expression, intracellular localization of TLRs on phagosomes in 
professionall  phagocytes has been demonstrated67, leading to the hypothesis that 
TLRss are able to sample the content of the phagosome. Subsequently, after binding 
off  a PAMP expressed by the ingested microbe to its specific TLR, signaling would 
occur.. Although this is a very attractive hypothesis, there is as yet no evidence that 
bindingg of PAMPs is occurring in the phagosome. 
TLRss share part of their signal transduction pathway with the Interleukin-1 
receptorr (IL-1R) family. Stimulation of both types of receptor ultimately leads to 
activationn of the transcription factor NF-KB (Figure 3). The cytoplasmic tails of 
bothh TLRs and the IL-1R contain a conserved domain known as the Toll/IL- 1 
receptorr (TIR) domain. This TIR domain is also present in the adaptor protein 
MyD88,, and homotypic interaction between the TIR domain of the TLR/IL-IRs 
withh the TIR domain of MyD88 mediates the binding of this intracellular protein to 
ligand-activatedd receptors68"73. After binding of MyD88 to TLR/IL-IRs, IL-1R-
associatedd protein kinase 1 (IRAK-1) is recruited by homotypic interaction 
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TableTable 2. Human Toll-lik e receptors and their  ligands. 

Toll-lik ee receptor  Ligand 

TLR11 (Dimer with TLR2) Bacterial lipopeptide 

TLR22 Peptidoglycan 

TLR33 Double-stranded RNA 

TLR44 LPS, heat-shock proteins, Taxol 

TLR55 Flagellin 

TLR66 (Dimer with TLR2) Mycoplasmal lipopeptide 

TLR77 Imidazoquinolines (anti-viral compounds) 

TLR99 Bacterial DNA (CpG DNA) 

betweenn the death domain (DD) present in this kinase and in MyD88 ' * . This 
recruitmentt is mediated by a protein named Toll/IL-I R interacting protein 
(Tollip)75.. Tollip binds to IRAK-1 and is thought to bring IRAK-1 to the activated 
receptorr complex and to allow binding of IRAK-1 to MyD88. IRAK-1 is then 
phosphorylated,, detaches from MyD88 and subsequently binds to and activates a 
proteinn called TRAF-6 (TNF receptor-associated factor 6)76. TRAF-6 triggers the 
activationn of MKK 6 and TAK1 which in turn activate JNK, p38 MAPK and NF-
KBB repectively77. This cascade constitutes the basic signal transduction route after 
activationn of TLR/IL-lRs. This signal transduction route induces the expression of 
aa set of genes that lead to inflammation like the induction of pro-inflammatory 
cytokiness and the differentiation of various cell types into effector cells. 

Besidess the above-mentioned signal transduction route leading to NF-KB 

activation,, other signal transducing proteins have been identified to bind to specific 
TLRs.. One of the recently identified signal transduction proteins is Mal-TIRAP78" 
80,, a MyD88-like adaptor protein. This protein is involved in signal transduction 
inducedd by TLR1, 2,4 and 6, but not in signal transduction mediated by TLR7 and 
9.. In fact, TLR1, 2, 4 and 6 signaling is impaired in TIRAP-deficient mice80, a 
surprisingg finding, since the proteins that are needed for IL-1R activation were 
presentt and this pathway proved to be unaffected in TIRAP-deficient mice. 
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TLR3,TLR7,TLR 99 TLR1, TLR 6 TLR 2 TLR3,TLR 4 
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|| JNK, p38| | NF-K B 

Figuree 3. Signal transduction pathways in TL R signaling. 

Moreover,, signaling of other TLRs like TLR 7 and 9 proved to be intact too, 
illustratingg a clear difference in the signaling requirements between TLRs. Besides 
TIRAP,, other proteins have been implicated to confer specificity to TLR signaling. 
Recently,, a novel protein containing a TIR domain was identified, termed TIR 
domain-containingg adapter inducing IFN-(3 (TRIF)81. This protein is probably 
responsiblee for the MyD88-independent induction of NF-KB-, IFN-0- and IFN-y-
induciblee genes observed after TLR3 and TLR4 activation. The phenotype of 
TRIF-deficientt mice will shed more light on the exact role of this protein in TLR 
signaling.. Finally, one report has identified the Rac-PI3K-Akt pathway as a 
downstreamm target of TLR2 signaling82. Rac was shown to bind to TLR2 in a 
ligand-dependentt manner, and NF-KB activation in response to TLR2 signaling 
provedd to be dependent on the Rac-PI3K-Akt pathway. These differences in TLR 
signalingg enable the immune system to react differently to various pathogens and 
therebyy orchestrate the immune response specifically for efficient killing of a 
particularr pathogen. TLRs are seen as very important links between innate and 
adaptivee immunity, since the adaptive immune response is highly influenced by the 
cytokinee profile of macrophages and the antigen-presenting capacity of dendritic 
cells,, two features that are highly influenced by the outcome of TLR signaling in 
thesee cells. 
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Too protect the host from the harmful effects of the immune response, like 
endotoxicc shock, it seems logical that the actions of TLRs can be modulated. 
Evidencee emerges that indeed TLR signaling is modulated by several different 
mechanisms.. One mechanism that interferes with TLR signaling is the 
downregulationn of TLRs on the cell surface after challenge with PAMPs83. 
However,, downregulation of TLRs appears to be limited and transient. 
Furthermore,, although signaling via a specific TLR does not induce 
downregulationn of other TLRs in the same cell, unresponsiveness to signaling by 
thesee other TLRs is induced84. Recently, two proteins have been identified that are 
involvedd in inhibiting TLR signaling and have a role in the induction of tolerance 
forr different PAMPs. One of these proteins is the suppressor of cytokine signaling-
11 (SOCS1), which is rapidly induced upon TLR4 activation by LPS85;86. The role of 
SOCS11 was shown in SOCSI -deficient mice, which display increased sensitivity to 
LPS-inducedd shock and increased activation of p38 MAPK and NF-KB activation 
afterr challenge with LPS. Moreover, constitutive expression of SOCS1 inhibited 
TLR4-mediatedd NF-KB activation. Similar to SOCS1, IRAK-M has been identified 
ass an inducible negative regulator of TLR signaling87. This kinase-dead member of 
thee IRAK family dampens the immune response to different PAMPs and, like 
SOCS1,, protects mice against LPS-induced shock. Both suppressors seem to be 
activee at a different level of TLR signaling. IRAK-M is thought to inhibit the 
actionss of IRAK-1, whereas SOC SI is operating downstream of IRAK-1 and 
probablyy interferes with TRAF6 function. 

Althoughh the expression and functioning of TLRs on macrophages and 
dendriticc cells has been broadly investigated, practically nothing is known about 
thee function of these receptors on neutrophils. The presence of TLRs 1, 2, 4 and 6 
mRNAA has been identified by Muzio et al.88, and TLR2 and TLR4 are expressed on 
thee cell surface of neutrophils89. Expression of these receptors on the cell surface 
renderss the neutrophil able to respond to specific bacterial products that bind to 
thesee receptors89. Although there is only one report on the function of TLRs in 
neutrophils,, a lot of data has been generated about the effects of LPS on 
neutrophils.. LPS is able to prime the secretion of ROS by the neutrophil in 
responsee to stimulation with the bacterial peptide fMLP38. This priming involves 
thee upregulation of the amount of cytochrome b558 on the cell surface via granule 
exocytosis37,, is p38 MAPK37 and CD14 dependent58 and leads to translocation of 
NF-KBB to the nucleus90. Moreover, the upregulation of TLR2 by GM-CSF 
increasess the neutrophil responses to the ligands of this receptor, such as 
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peptidoglycann (PGN)89. Since neutrophils express a functional IL-1 signaling 
cascade900 and because activation of NF-KB and p38 MAPK take place upon LPS 
stimulation90,, which are hallmarks of TLR signaling, it is believed that at least 
somee of the TLR signal transduction cascades observed in other leukocytes are also 
functionall  in neutrophils. 

Aimm of this thesis. 

Neutrophilss are a very important factor in the clearance of microbial infections and 
aree well equipped to perform their role of phagocytosis and subsequent killing. One 
off  the most important enzymes in microbial killing is the NADPH oxidase. This 
enzymee is responsible for the generation of ROS but clearly is also important for 
thee activation of intraphagosomal proteases and therefore has a general role in the 
killin gg process. Although much work has been performed to elucidate structural 
aspects,, modes and consequences of activation and microbial strategies to 
counteractt actions, of the NADPH oxidase, many questions remain to be solved. 
Severall  of these questions are addressed in this thesis. 

Inn Chapter  II , an attempt was made to identify some of the residues in 
gp91phoxx that are involved in binding of FAD. In Chapter  III , a new mutation in 
glucose-6-phosphatee dehydrogenase is identified, which leads to reduced 
superoxidee generation by the NADPH oxidase. Chapter  IV shows the continuous 
translocationn of the cytosolic NADPH oxidase components p67phox and Rac2 to the 
phagosomall  membrane and the importance of the actin cytoskeleton for correct 
localizationn of these cytosolic factors. In Chapter  V the function of a protein 
expressedd by Salmonella typhimurium in protecting this bacterium from hydrogen 
peroxide,, derived from NADPH oxidase activity, is identified. Finally, the 
importancee of TLR-mediated signaling in activation of the NADPH oxidase by 
microbiall  products is described in Chapter  VI . The findings described in these 
fivefive chapters are summarized and discussed in Chapter  VII . 
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Introductio n n 
Thee NADPH oxidase of phagocytes is the first identified and most extensively 
studiedd member of a family of enzymes involved in the generation of reactive 
oxygenn species (ROS), collectively termed Noxes1. The phagocyte NADPH 
oxidasee converts molecular  oxygen to superoxide, in a reaction that uses NADPH 
ass electron donor2. The superoxide formed by the phagocyte NADPH oxidase 
performss a defensive role; it is used by phagocytes to kil l ingested microorganisms, 
afterr  conversion into more aggressive reagents, such as HOC1 and N-chloramines. 
Inn addition, potassium ion influx into the phagosome induced by the phagocyte 
NADPHH oxidase is instrumental in the liberation of serine proteases from the 
proteoglycann matrix of the azurophil granules that have fused with the phagosome . 
Inn contrast, the ROS generated by related Noxes appear  to be involved in 
phenomenaa as diverse as cell growth, protein maturation, cross-linking of 
extracellularr  matrix proteins and defense against intracellular  pathogens1. Although 
thesee enzymes appear  to have differential functions, structurall y they are highly 
homologous1. . 

Thee phagocyte NADPH oxidase is an enzyme complex consisting of at 
leastt  five proteins4. Two of them, gp91phox and p22phox form flavocytochrome b55s, 
thee enzymatic core of the phagocyte NADPH oxidase. The other  three essential 
proteinss of the phagocyte NADPH oxidase, p47pho\ p67phox and a small GTPase, 
Rac2,, are necessary for  the activation of the flavocytochrome5. Moreover, p67p ox 

andd Rac2 have an important role in regulating the electron flow from NADPH to 
molecularr  oxygen6'7. 

Severall  groups have tried to elucidate structural characteristics of 
flavocytochromee Z>558, leading to the identification of gp91phox as the bearer  of the 
electronn transport chain needed for  the generation of superoxide8. Gp91phox, also 
knownn as Nox2, harbors two heme groups9, one FAD molecule10 and has an 
NADPHH binding site11. The binding sites for  the heme groups were previously 
identifiedd by analysing the heme-binding capacity of gp91phox mutants found in 
patientss or  in gp91phox mutants generated by site-directed mutagenesis12. The 
requirementt  of histidine residues for  binding of heme groups has greatly facilitated 
thee identification of the exact binding sites for  these redox groups12. A more 
challengingg task is the identification of residues that bind FAD and NADPH. The 
residuess in an FAD- or  NADPH-binding fingerprint  that directly bind to their 
ligandd are less well defined than the histidines in heme binding. Few patient 
mutationss are known that are located in putative FAD- or  NADPH-binding 
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fingerprintsfingerprints1313''1414.. Furthermore, most mutations in gp91phox identified in patients give 
riserise to a truncated protein or completely abolish protein expression, leaving few 
informativee mutants15. Therefore, the identification of FAD- and NADPH-binding 
residuess by mutagenesis requires a large number of mutations, since the probability 
thatt the introduction of a mutation will lead to expression of a mutant with 
characteristicss that wil l help to elucidate these binding sites is limited. 

Thee generation of a large number of mutations on several residues in a 
proteinn is laborious and expensive. Numerous primers and PCR reactions are 
neededd to introduce the mutations. Here, protein modelling and an efficient method 
too mutate residues were combined in an attempt to identify amino acids of gp91phox 

involvedd in FAD binding. First, two models of the cytoplasmic tail of gp91phox 

weree generated, which were used to identify potential FAD-binding residues. 
Thereafter,, a novel method was used to introduce different mutations on these 
amino-acidd residues in one single reaction, a far more efficient method than 
existingg site-directed mutagenesis protocols. The newly generated mutants were 
thenn expressed in cell lines and subsequently analysed for expression and function. 

Material ss and Methods 

Purificatio nn of neutrophils and culture of cell lines. 

Neutrophilss were purified from heparinized blood as described16 by centrifugation 
overr isotonic Percoll, aspiration of plasma and mononuclear leukocytes, and lysis 
off  RBCs with isotonic ammonium chloride. K562, PLB-985 and <j>nx-a cells were 
culturedd in IMDM (Gibco) supplemented with 10% fetal calf serum, penicillin (200 
ug/ml),, streptomycin (200 ug/ml) and L-glutamine (4 mM) in a C02 incubator at 
37°C. . 

Alignmentt  of the cytoplasmic region of gp91phox with ferredoxin reductase and 
nitrat ee reductase, and construction of models. 

Thee C-terminal part of gp91phox (amino acids 278-570) were aligned with the 
amino-acidd sequences of ferredoxin reductase (lfdr) and nitrate reductase (lndh) 
byy means of Clustal. The C-terminus of gp91phox was then modelled on the crystal 
structuress of lfhb and lndh with the use of Insight II (MSI) on a Silicon Graphics 
Indigo. . 
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Site-directedd random mutagenesis. 

Site-directedd random mutagenesis was performed with the Quickchange 
mutagenesiss kit (Stratagene), with degenerated primers designed according to the 
manufacturer'ss protocol. Mutagenesis was performed on cDNA of gp91phox cloned 
intoo the pIRESpuro2 vector (Invitrogen). 75 colonies of each individual reaction 
weree picked, and colony PCR was performed. Subsequently, 64 clones were 
sequencedd by means of the Big Dye Terminator kit (Perkin Elmer). Samples were 
analysedd on an ABI 377 automatic sequencer. 

Transientt  expression of mutant gp91 in K562 cells. 

K5622 cells stably expressing p47phox and p67phox were transiently transfected with 
mutantt gp91phox by electroporation (0.25 kV, capacitance 960 uF, o Q resistance), 
onn a BioRad Biopulser. Cells were grown for 48 hours before analysis. Gp91phox 

expressionn was assayed by flow cytometry. For this purpose, K562 cells were 
incubatedd with anti-gp91 MoAb 7D5 (kind gift from Dr. Michio Nakamura, 
Nagasaki,, Japan) and then with goat-anti-mouse-Ig conjugated with phycoerythrin 
(Dako).. K562 cells were analyzed on a Becton Dickinson FacsStar. H202 

productionn of the transfected cells after phorbol myristate acetate (PMA, Sigma) 
activationn was measured by the Amplex Red Assay (Molecular Probes) measured 
onn a Perkin Elmer platereader. 

Stablee expression of selected mutants in PLB-985 cells. 

PLB-9855 X-CGD cells (a kind gift of Dr. M. Dinauer, Indianapolis, IN, USA) were 
retrovirallyy transduced with mutant gp91pbox. In brief, cDNA constructs encoding 
mutantt gp91pbox were cloned from the pIRESpuro2 vector into the retroviral 
expressionn vector pLZRS. pLZRS constructs were then transfected into a retroviral 
packagingg cell line (<|>nx-a) by calcium-phosphate transfection (Gibco). After 
selectionn of transfected cells with puromycin (1 ng/ml) (Gibco), virus was 
harvestedd and used for retroviral transduction of PLB-985 X-CGD cells with 10 
ug/mll  of Dotap (Roche). Transduced cells were stained with 7D5 and sorted on a 
FacsStarr (Becton Dickinson) cell sorter. 

Purificatio nn of flavocy toch rome £558. 

Flavocytochromee 2>558 was purified by the method described by Cross et al . In 
brief,, plasma membranes of PLB-985 X-CGD cells expressing mutant gp91, or 
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plasmaa membranes from neutrophils isolated from healthy controls, were harvested 
ass previously described17. The membranes were washed once with phosphate-
bufferedd saline containing 1 M NaCl. After centrifugation (30 min 4°C 100,000g) 
thee membranes were solubilized in 120 mM sodium-phosphate buffer pH 7.4, 1 
mMM EGTA, 1 mM dithiothreitol, 20% glycerol, 40 mM octyl-p-D-
thioglucopyranosidee (buffer A). The suspension was homogenized with a glass 
potterr and subsequently stirred at 4°C. After a lhr incubation in buffer A, insoluble 
materiall  was pelleted by centrifugation (30 min, 100,000g). The supernatant was 
collectedd and submitted to absorption on a mixed-bed resin agarose (1/10 volume 
off  the sample) consisting of equal volumes of CM sepharose, DEAE sepharose and 
co-aminooctyll  sepharose (all from Sigma). The unabsorbed material was then 
incubatedd with 1/10 vol of heparin agarose (Sigma) for one hour at 4°C, and 
washedd batch-wise 3 times with 5 column volumes of buffer A. Flavocytochrome 
655gg was eluted with 1 volume of buffer A containing 0.6 M NaCl, and the eluate 
wass diluted immediately with 2 volumes of buffer A. 

Relipidationn of purified flavocytochrome bss* 

Thee purified flavocytochrome was then relipidated by either one of the following 
procedures,, (a) Dialysis: a portion of the diluted eluate was supplemented with 
phosphatidylcholinee type lis (Sigma) dissolved in buffer A by brief mixing on a 
Vortex,, resulting in a final concentration of phosphatidylcholine of 100-200 ug/ml. 
Thiss mixture was dialyzed for 18 h at 4°C against 200 volumes of buffer A lacking 
detergent,, (b) Dilution: a portion of the diluted eluate was supplemented with 
phosphatidylcholinee type lis (Sigma) dissolved in buffer A to result in a final 
concentrationn of 400-500 ug/ml, and the final concentration of octyl-p-D-
thioglucopyranosidee was adjusted to 40 mM, It was then diluted with buffer A 
withoutt detergent, to reduce the concentration of octyl-p-D-thioglucopyranoside to 
88 mM and that of the phosphatidylcholine to 80-100 ug/ml, and allowed to stand at 
4°CC for at least 30 min. 

Spectrophotometricc analysis. 

Flavocytochromee b559 concentration was measured by the reduced-minus-oxidized 
differencee spectra, obtained with sodium dithionite as reducing agent. An 
extinctionn coefficient of 10.3 mM"1 was used for flavocytochrome ftsssat 558 nm. 
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Determinationn of FAD-binding properties of flavocytochrome *558. 

Relipidatedd flavocytochrome &558 was placed in Slide-A-Lyzer cassettes (Pierce) 
withh a volume of 1 ml (compartment B) and a molecular weight cut-off of 10 kD. 
Sampless were dialyzed overnight against 2 L of buffer containing a fixed 
concentrationn of FAD (compartment A). FAD concentrations of different 
compartmentss were then analyzed by spectrophotometry according to the method 
off  Faeder and Siegel18. In brief, 250 ul aliquots of sample were mixed with 650 ul 
off  buffer B and 100 ul of 30% trichloro-acetic acid. Emission spectra were 
measuredd at 450 run excitation. 

Results s 

Identificatio nn of F AD-binding sites and selection of target residues. 

First,, we tried to identify the most probable FAD-binding residues within the FAD-
bindingg fingerprints of gp91phox. For this purpose the cytoplasmic C-terminus of 
gp91phoxx (amino acids 278-570) was aligned with the amino-acid sequences of 
ferredoxinn reductase (spinach) and nitrate reductase (pig). Among enzymes that 
havee been crystallized, these enzymes have the highest homology with gp91phox 

(appr.. 23%) (Figure 1). 
Afterr aligning gp91phox with both enzymes, it appears that gp91phox also has three 
FAD-bindingg regions, based on the identification of three stretches of residues that 
showw homology with the FAD-binding parts of lfdr and lndh (Figure 1, boxes). 
Besidess FAD fingerprints, gp91phox also showed homology with parts of these 
enzymess that bind NADPH (not shown). These regions of gp91phox show 
considerablee higher homology to both ferredoxin reductase and nitrate reductase 
thann the rest of the C-terminus. After aligning gp91phox to both proteins, two 
modelss of the gp91phox C-terminus, based on the crystal structures of ferredoxin 
reductasee and nitrate reductase, were constructed. The amino acids involved in 
FADD binding in these models were then identified, by measuring the distance 
betweenn FAD and gp91phox residues (Figure 2). 
Wee measured the distance between FAD and surrounding amino acids of gp91phox 

inn these models and identified amino acids within 3A of FAD as FAD-binding 
(Tablee 1). The data from both models were combined, and two residues were 
selectedd for mutagenesis, i.e. amino acids 369 and 370. These residues were 
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FKDTHPKFPAb-GKMSd-YLESMKIGDTIEFRGPNGLLVYOGKGKFAIRPD D 

Figuree 1. Identification of FAD fingerprint s in gp91pho\ 
Thee cytoplasmic C-terminus of gp91phox was aligned with ferredoxin reductase (lfdr) and 
nitratee reductase (lndh). This figure shows the part of gp91phox involved in FAD binding, 
thee boxes indicate residues of gp91phox that align with residues in lfdr and lndh that are 
directlvv involved in binding FAD. 

selectedd because of their involvement in FAD binding in both models. Other 
residuess also displayed this feature, but they have already been identified 
previouslyy to be involved in FAD binding in neutrophils of patients (i.e. His338 ). 

Generationn of novel mutations on FAD-binding residues. 

Too generate different mutations of residues 369 and 370, a novel approach was 
used,, which we named site-directed random mutagenesis. With this method, a 
specificc residue is mutated into every possible amino acid in one PCR reaction, 
leadingg to a mixture of all possible mutants of this residue. For this purpose 
primerss were used that were degenerated on the triplet of the target amino acid and 
thereforee able to give rise to all possible amino acids on this residue. After running 
thee mutagenesis PCRs, 64 clones of each residue were sequenced and 11 new 
mutationss on position 369 and 15 on position 370 were identified (Table 2 and 3). 
Nonee of the sequenced clones showed any additional, unwanted, mutation 

38 8 



Chapte rr  2 

PUT.**» » 

\\ » 

H H 
-f* - 571 1 

5" * * 

\ \ 

\ \ 

Figuree 2. Measuring the distance between FAD and gp91phox residues. 
Thiss figure shows a measurement of the distance between the cytoplasmic C-terminus of 
gp91phoxx and FAD in one of the models (model based on homology with lfdr). The 
distancee between FAD and Thr 341 was measured, identifying Thr 341 as an FAD-binding 
residuee in this model (distance is 2.73A). This approach was used for all FAD surrounding 
aminoo acids in the two models, leading to the identification of the FAD-binding residues 
(Tablee 1). 

Tablee 1. Residues identied as 

modell  based on 
aminoo acid 

His338 8 
Pro339 9 
Phe340 0 
Thr341 1 
Arg356 6 
Asp360 0 

Cys369 9 
Gly370 0 
Cys371 1 

lfdr r 

FAD-binding g inn models of gp91pho\ 

modell  based on lndh 
aminoo acid 

Tyr324 4 
His338 8 
Pro339 9 
Phe340 0 

Arg356 6 

Trp361 1 
Cys369 9 
Gly370 0 

Asp372 2 

Tablee 1. Residues identied as FAD-binding in models of gp91p °\ 
Distancee of residues in models of gp91phox were measured with Insightll (Figure 2). Amino 
acidss residues of gp91phox within 3A of FAD were defined as FAD-binding. Data from 
bothh models were combined to select amino acids for mutagenesis. 

39 9 



Chaittr 2 2 

clone e 
7 7 
36 6 
3 3 
9 9 
22 2 
60 0 
15 5 
8 8 
37 7 
54 4 
24 4 
43 3 
49 9 
20 0 
26 6 
10 0 

mutation n 
G370G G 

G370STOP P 
G370A A 
G370C C 
G370E E 
G370F F 
G370I I 
G370K K 
G370L L 
G370N N 
G370P P 
G370Q Q 
G370R R 
G370S S 
G370T T 
G370V V 

expression n 
pos s 
neg g 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
DOS S 

H202 2 
10000 0 

0 0 
9000 0 
8000 0 
3000 0 
10000 0 

0 0 
10000 0 
6000 0 
14000 0 

0 0 
11000 0 
3000 0 
6500 0 
2000 0 
2500 0 

Tablee 3. Mutations generated on position 370. 

Tablee 2 and 3. Mutations generated on position 369 and 370. 
Expressionn and hydrogen-peroxide-producing capacity of site-directed random mutants on 
positionn 369. The number of cells tested for hydrogen peroxide production was corrected 
forr the percentage of gp91phox-positive cells in each individual transfection. Values are 
givenn as relative fluorescence units (RFUs), with wild-type gp91phox-transfected cells at 
10,0000 RFUs The RFUs generated by untransfected cells were subtracted. A representative 
experimentt from three experiments is shown. 

Expressionn and analysis of new mutants in K562 cells. 

Thee newly generated gp91phox mutants were transiently expressed in K562 cells 
thatt already stably express p47phox and pól** 10*,  by electroporation. After 
transfectionn with wild-type gp91phox, these cells are able to produce superoxide 
whenn stimulated with PMA (not shown). Expression of mutant gp91phox on the 
plasmaa membrane of transfected cells was determined by flow cytometric analysis 
withh mAb 7D5. All new mutants of gp91phox were expressed, except the mutants 
bearingg a stop codon at the targeted amino acid residue (Table 2 and 3). We then 
assayedd the superoxide-producing capacity of the gp91phox mutants indirectly by 
measuringg the amount of hydrogen peroxide produced after PMA stimulation. As 
expected,, K562 cells transfected with wild-type gp91phox generated hydrogen 
peroxide,, whereas untransfected cells or cells transfected with a mutant gp91phox 

bearingg a stop codon did not generate hydrogen peroxide after PMA stimulation 
(Tablee 2 and 3). For both residues, several mutations that completely abolished 
hydrogenn peroxide production as well as mutations that seemed to diminish the 
hydrogenn peroxide production were identified (Table 2 and 3). Two G370 mutants 
seemedd to enhance this capacity (Table 3). 

clone e 
12 2 
26 6 
10 0 
22 2 
7 7 
52 2 
57 7 
23 3 
16 6 
29 9 
14 4 
2 2 

mutation n 
C369C C 

C369STOP P 
C369F F 
C369I I 
C369L L 
C369N N 
C369M M 
C369Q Q 
C369R R 
C369S S 
C369T T 
C369V V 

expression n 
pos s 
neg g 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
pos s 
DOS S 

H202 2 
10000 0 

0 0 
7000 0 

0 0 
2000 0 

0 0 
9000 0 
7000 0 

0 0 
3000 0 
9000 0 
3500 0 

Tablee 2. Mutations generated on position 369. 

40 0 



Chapte rr  2 

FAD-bindin gg capacity of mutant gp91pho\ 

Too determine the effects of the new mutations on FAD binding, flavocytochrome 
è5588 was isolated from the membranes of retrovirally transduced PLB-985 X-CGD 
cells.. In general, approximately 600 pmol of flavocytochrome Z^was obtained per 
mutant,, determined by spectrophotometry (Figure 3). To set up the FAD-binding 
assay,, flavocytochrome b5ss was isolated from normal human neutrophils and 
relipidated.. FAD binding was then assayed by equilibrium dialysis and subsequent 
measurementt of the FAD concentration in the two compartments by 
spectrophotometry.. However, binding of FAD to flavocytochrome b55g, at different 
concentrationss of this protein, was not observed (Table 4). Apo-D-amino acid 
oxidasee (a-AAO) was used as a control in this system, and this enzyme showed 
FADD binding (Table 4). To ensure that the two subunits of flavocytochrome b55S 

weree intact after overnight dialysis the reduced-minus-oxidized difference 
spectrumm was measured (Figure 3) and a Western blot was performed to detect 
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Figuree 3. Reduced-minus-oxidized difference spectrum of flavocytochrome 6558. 
Flavocytochromee b55S samples were purified from membranes of human neutrophils. The 
dithionite-reduced-minus-oxidizedd difference spectra were analyzed as described in 
Materialss and Methods. The result shown is representative for purified flavocytochrome 
6s«« obtained bv our purification nrotocol. 
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Tablee 4. FAD binding capacity of purified cytochrome bSS8. 

Samplee in compartment B [FAD] Compartment A [FAD] Compartment B 
Bufferr 198.6+/-3.2nM 201.4+/-4.3 nM 
1000 nM cytochrome \558 199.5+/-4.1 nM 196.2+/-2.7 nM 
2000 nM cytochrome tf58 202.8+/-3.8 nM 206.2+/-2.5 nM 
1000 nM a-AAO 200.4+/-3.7 nM 280.3+/-2.9 nM 
2000 nM a-AAO 195.1+/-4.6nM 364.3+/-3.0 nM 

Tablee 4. FAD-binding capacity of purified flavocytochrome b^* 
Thee FAD-binding capacity of purified flavocytochrome 6558 was assayed by equilibrium 
dialysis.. Samples (compartment B) were dialyzed overnight against 2000 volumes of 
bufferr containing 200 nM FAD (compartment A). As a positive control for FAD binding 
apo-D-aminoo acid oxidase (a-AAO) was taken. Buffer alone was used as negative control. 
Valuesaree the mean of three individual experiments. 

breakdownn of gp91phox and/or p22phox (Figure 4). The spectra of the overnight 
dialyzedd sample showed no differences with the spectra of the sample at the start of 
thee procedure. Furthermore, Western blotting revealed identical staining patterns of 
bothh subunits before and after dialysis, excluding the possibility of truncation of 
thee proteins and subsequent loss of FAD binding during dialysis. Several attempts 
weree then made to improve the FAD binding of flavocytochrome &558 by adjusting 
thee relipidation of the enzyme. Two different relipidation protocols were tried, one 
basedd on dialysis, the other based on dilution of the sample. Both strategies led to 
loweringg of the concentration of detergent and to subsequent incorporation of 
flavocytochromee e558 into liposomes, resulting in the restoration of FAD binding by 
flavocytochromee b55i. However, none of the tested protocols provided 
flavocytochromee £55» that was able to bind FAD. 

Discussion n 
Inn this report we combined protein modelling and a simple method to mutate a 
particularr amino acid into any other amino acid to identify FAD-binding residues 
inn flavocytochrome b55&. This strategy was used to generate informative mutants in 
aa simple and efficient way. 

Thee identification of residues that were likely to be involved in FAD 
bindingg was achieved by using the information provided by two models of the 
cytoplasmicc tail of gp91phox. Two residues were selected that were within 3A of 
FADD in both models, a cysteine at position 369 and a glycine at position 370. 
Mutagenesiss of these residues was performed by a novel approach, based on the 
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Figuree 4. Western Blot analysis of subunits of purified cytochrome 6558. 
Proteolyticc degradation of gp91phox and p22phox was determined by Western blot. Both 
subunitss were tested for changes in molecular weight after overnight dialysis. Pre- (A) and 
Post-dialysiss (B) samples were compared with a total cell lysate of neutrophils (C) for 
differencess in gp91phox and p22phox chain length. 

usee of degenerated primers, which allows the generation of any mutation on the 
selectedd residue. A high number of new mutants was generated, which were all 
expressedd on the plasma membrane of K562 cells. This was a surprising finding, 
becausee mutations in gp91 are infamous for disturbing expression of 
flavocytochromee è558

19. This might argue against the use of K562 cells for this kind 
off  studies, since one could reason that gp91phox expression in this system is not 
comparablee with primary neutrophils. However, we have expressed several patient 
mutationss in these cells and discrepancies in expression levels of the different 
gp91phoxx mutants between neutrophils and our K562 model were never observed. 

Attemptss were then made to measure the FAD binding capacity of the 
differentt mutants. Unfortunately, FAD binding to wild-type flavocytochrome b55&, 
isolatedd from human neutrophils could not be measured, indicating that our 
purification/relipidationn protocol was malfunctioning. Spectrophotometric analysis 
andd Western blotting indicated that the isolated flavocytochrome 6558 was intact, 
suggestingg that the relipidation of the flavocytochrome, which is essential for FAD 
binding,, was unsuccessful. A lot of effort was put into optimising the relipidation 
protocol,, but no apparent increase was observed in the FAD-binding capacity of 
thee isolated flavocytochrome. To determine the effects of the new mutations, 

43 3 



Cbapttr Z Z 

severall  other approaches were tried. The cytoplasmic part of gp91phox, tagged N-
terminallyy with 6 histidines for purification, was expressed in several different 
expressionn systems, including baby hamster kidney cells (BHK), Pichia pastoris 
andd Escherichia coli. Only expression in E.coli led to a high production of His-
taggedd gp91phox C-terminus, but this fusion protein was expressed in inclusion 
bodies.. Isolation of the fusion protein from these inclusion bodies was successful, 
butt the subsequent refolding of the protein to a soluble, FAD-binding state was not 
achievedd (data not shown). 

Althoughh new mutations in a putative FAD-binding region of gp91phox 

weree generated, the effect of these mutations on FAD-binding capacity of gp91phox 

hass still to be determined before any conclusions can be drawn on the structural 
effectss of these mutations. 
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Abstract t 
Inn this study the blood cells of four  male patients from two unrelated families with 
chronicc nonspherocytic anemia and recurrent bacterial infections were investigated. 
Thee activity of glucose 6-phosphate dehydrogenase (G6PD) in the red blood cells 
(RBC)) and in the granulocytes of these patients was below detection level. 
Moreover,, their  granulocytes displayed a decreased respiratory burst upon 
activation.. Sequencing of genomic DNA revealed a novel 3-base-pair  deletion in 
thee G6PD gene, predicting the deletion of a leucine at position 61. The mutant 
G6PDD protein was undetectable by Western blotting in the RBC and granulocytes 
off  these patients. In phytohemagglutinin (PHA) stimulated lymphocytes the G6PD 
proteinn was present, but the amount of G6PD protein was strongly diminished in 
thee patient cells. Purified mutant protein from an Escherichia coli expression 
systemm showed decreased heat stability and decreased specific activity. 
Furthermore,, we found that the deletion leads to the expression of an unstable 
mRNA,, which may contribute to the severe G6PD deficiency observed in these 
patients.. We propose the name G6PD Amsterdam for  this new variant. 

Introductio n n 
Inn cells lacking mitochondria, such as red blood cells (RBC), the only source of 
NADPHH is the hexose monophosphate (HMP) pathway1. In the first step of this 
pathway,, glucose 6-phosphate is converted into 6-phosphogluconolactone, 
catalyzedd by glucose 6-phosphate dehydrogenase (G6PD) and accompanied by the 
reductionn of NADP into NADPH. A sufficient amount of NADPH is essential for 
thee integrity of RBC because NADPH reduces glutathione, which protects these 
cellss against oxidative stress. G6PD deficiency therefore leads to hemolytic 
anemia,, ranging from mild hemolytic anemia induced by infections or  drugs to 
chronicc nonspherocytic anemia with attacks of severe anemia induced by infections 
orr  drugs'. 

Sincee the G6PD gene is located on the X chromosome, G6PD deficiency 
usuallyy becomes manifest in hemizygous men. The severity of the G6PD 
deficiencyy depends on the effects of the mutation on protein stability and activity. 
Soo far, only missense and small in-frame deletions are known, nonsense mutations 
orr  large deletions have not been described, consistent with the idea that complete 
G6PDD deficiency is incompatible with life. G6PD deficiency is usually restricted to 
RBC,, because these cells have a relatively long survival time (3 months) after 
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releasee from the bone marrow but lack protein synthesis. Thus G6PD protein 
instabilityy is first manifested in RBC1. 

Althoughh rare, severe G6PD deficiency can lead to chronic granulomatous 
diseasee (CGD), characterized by recurrent bacterial and fungal infections2*5. This 
diseasee is normally caused by a defect in one of the components of the NADPH 
oxidase.. This enzyme catalyzes the generation of superoxide in phagocytes, which 
iss used by the phagocytes to kil l ingested microorganisms6. In severe G6PD 
deficiency,, superoxide cannot be formed in the phagocytes due to a lack of 
NADPHH in these cells, an impairment that is seen when G6PD activity in the 
phagocytess is less than 5% of normal values. 

Here,Here, we investigated the genetic defect underlying the severe G6PD 
deficiencyy found in patients of two different families with chronic hemolytic 
anemiaa and CGD. In both families a novel deletion of 3 nucleotides, the triplet at 
positionn 180-182 in the G6PD gene was found. This deletion predicts a G6PD 
proteinn that lacks a leucine at position 61. Our results indicate that the deletion of 
thiss leucine leads to the expression of an unstable and less active G6PD protein. 
Thesee altered enzyme properties and the observation that the three base-pair 
deletionn destabilizes the mRNA of this variant, are probably the causes of the 
chronicc nonspherocytic anemia and CGD in these patients. We propose to call this 
variantt enzyme G6PD Amsterdam. 

Material ss and Methods 

Clinicall  Histories. 

GHH (born in 1981 from Caucasian parents) had an unremarkable medical history 
untill  he was admitted to an external hospital at age 15 years with recurrent episodes 
off  fever, jaundice, gastroenteritis and coughing. Three months after the first 
symptomss he presented with cerebral convulsions. Diagnostic evaluation 
demonstratedd invasive disseminated aspergillosis in the lungs, the nerve system 
(brain,, right parietal side, cervical epidural abscess) and soft tissues (tumor of the 
rightt thigh, excision one week before admission). During the infectious episodes 
thee patient developed icterus that appeared due to hemolysis. G6PD deficiency was 
detected.. Aspergillosis was successfully treated with amphotericin B and 
flucytosine,, followed by liposomal amphotericin B and itraconazole. One of his 
brotherss has known G6PD deficiency and presented with prolonged neonatal 
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jaundicee and episodes of acute hemolysis, but he has no known disposition to 
infections.. His other two brothers are clinically healthy, although one of them was 
foundd during the course of these investigations to be also G6PD deficient. 

MGG (born in 1993 from negroid parents) was healthy until the age of 3.5 
years,, when he was admitted to the hospital with high fever, coughing, tachypneu 
andd tachycardia. A chest X-ray showed pneumonia of the right basal lobe. Blood 
culturess revealed Chromobacterium violaceum, an uncommon human pathogen 
thatt can cause serious infections in patients with neutrophil dysfunction. He also 
hadd anemia, (hemoglobin 4.7 mmol/1), which was thought to be due to the 
septicemia.. After initial treatment with cephalosporin (cefiiroxim), the therapy was 
changedd upon the antibiogram into meropenem, which was continued for 14 days. 
Hee responded well, although the anemia persisted. One day after antibiotic 
discontinuation,, he relapsed with sepsis. Again Chromobacterium violaceum was 
culturedd from the blood. MR imaging showed osteomyelitis of the thoracal spine at 
T10.. Meropenem was started again in combination with ciprofloxacin, both 
intrvenouslyy for 28 days, followed by ciprofloxacin orally for another 2 weeks. He 
recoveredd without developing sequelae. During a follow-up of 4 years without 
prophylacticc antibiotic treatment he had no serious infections. His hemoglobin 
levelss fluctuate around 6.8 mmol/1. 

Purificationn and culture of cells. 

RBCss were obtained as described from citrated blood by centrifiigation and 
aspirationn of plasma and buffy coat7. Leukocytes were prepared from heparinized 
bloodd as described8 by centrifiigation, aspiration of plasma, and lysis of RBCs with 
isotonicc ammonium chloride. Neutrophils and lymphocytes were purified from 
leukocytess by centrifiigation over isotonic percoll7. Lymphocytes were cultured in 
Iscove'ss Modified Dulbecco's Medium supplemented with 10% fetal calf serum, 
penicillin/streptomycin,, L-glutamine and phytohemagglutinin. 

Enzymee determinations. 

G6PDD activity in RBCs and granulocytes was determined as described previously . 
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Neutrophill  function tests. 

Purifiedd neutrophils were suspended in a medium that contained 138mmol/L 
NaCl,, 2.7 mmol/L KC1, 8.1 mmol/L Na2HP04, 1.5 mmol/L KH2P04, 0.6 mmol/L 
CaCl2,, 1.0 mmol/L MgCl2, 5.5 mmol/L glucose, and 0.5% (wt/vol) human 
albuminn (pH 7.4). Oxygen consumption was measured with an oxygen electrode8. 

Molecularr  genetic studies. 

Genomicc DNA and cDNA sequencing were performed as described earlier5 using 
ann ABI prism 377x1 automated sequencer. Primers for PCR amplification and DNA 
sequencingg are described in Table 1. 

Tablee 1. Primers used for  PCR amplification and DNA sequencing. 
pnmerr  sequence Amplifiedd fragment 

bpfrom...-to.,, (size) 

Annealingg site G6PDD protein ptrt 

PRS S 

PRAS S 

4AS S 

5S S 

5AS S 

8AS S 

9S S 

9AS S 

10S S 

10AS S 

US S 

HAS S 

12S S 

122 AS 

13S S 

133 AS 

3irrR S S 

31JTRAS S 

cDNAS S 

cDNAAS S 

'' CTCTGCAGGCCCGCGGAAGCTCGTT 3' 

'' CCGCTGCCGCTGCTCTGCATCCCCA 3' 

'' CGGCGATGGGGATGCGGGAGCACTA 3' 

 GCOGAGCGCGGGACAGTACGCTCCT 3' 

'' AGGACCTCTCAAGAAAGGGGCTAAC 3' 

 AAAAGCTGAGGCATGGAGCAGGCAC 3' 

i'' AAGGGTGGAGGATGATGTATGTAGG 3' 

i'' TGGGGGCTGGTAGAGAGGGCAGAAC 3' 

;  CTGGGGCAGAACACACACGGACTCA 3' 

;'' ATAGAGTGGTGGGAGCACTGCCTGG 3' 

;  TGGGAGGGCGTCTGAATGATGCAGC 3' 

I'' GGCCAGGTGAGGCTCCTGAGTACCA 3' 

I'' GGGTGACCCCTCACATGTGGCCCCT 3' 

I'' GGCTCTGCCACCCTGTGCCAGCCT 3' 

i'' GTTTGGGGTCCCCATGCCCTTGAAC 3' 

i'' CAGATGGGCCTGCGACAGGGCATGC 3' 

i'' TGCACATCTGTGGCCACAGTCATCC 3' 

ÏÏ TGCCCGCACACAGGGCATGCCCAGT 3' 

!  GCTCCCACTGAGACACTCACGCACT 3' 

>  GGCCCAGGCCGCCCACCCTCCACA 3' 

i'' CTGGGGCCCGGGGGACTCCACATGGT 3' 

i'' ACCCCATAGCCCACAGGTATGCAG 3' 

i'' GGGGTGGCCTTTGCCCTCCCTCC 3' 

!'' GGCATGAGGTAGCTCCACCCTCAC 3' 

5'' AGGAAAGGGTGGGGGCTGGGGACAGA 3' 

>'' GTCAATGGTCCCGGAGTCCTCCCGA 3' 

>  TTTCCAGTATGAGGGCACCTACAAG 

)'' AAGTGGGTCCTCAGGGAAGCA 3' 

>'' ATATTCATCATCATGGGTGC 3' 

>  GAAGGGCTCACTCTGTTTGC 3' 

-13366 to -908 (428) 

-9877 to -578 (409) 

-877 to 182 (269) 

99022 to 10272 (370) 

106911 to 11052 (361) 

115699 to 11876 (307) 

119177 to 12166 (249) 

124055 to 12628 (223) 

129433 to 13268 (325) 

132733 to 13631 (358) 

136244 to 13811 (187) 

13806100 14037 {231) 

139677 to 14239 (272) 

141044 to 14802 (698) 

96-2622 (166) 

-13366 to -1312 rromAT G 

-9322 to -908 from ATG 

-9877 to -963 from ATG 

Intro nn 1 56 to 32 

Intro nn I -78 to -54 

Intro nn II6 3 to 39 

Intro nn II  -73 to -49 

Intro nn IV 54 to 30 

Intro nn IV -76 to -52 

Intro nn V 68 to 44 

Intro nn V -87 to -63 

Intro nn VI61 to 37 

Intro nn VI  -74 to -50 

Intro nn VII4 9 to 26 

Intro nn VII  -77 to -53 

Intro nn VIII5 2 to 28 

Intro nn vni -80 to -56 

Intro nn IX 58 to 34 

Intro nn IX -76 to -S2 

Intro nn X 46 to 23 

Intro nn X -67 to -41 

Intro nn XI  45 to 22 

Intro nn XI  -65 to -«3 

Intro nn XII  73 to 50 

Intro nn XII  -94 to -69 

ExonXlII177tol5 3 3 

ExonXIU43to66 6 

31JTR-42UJ-2I I 

Exonn II9 6 to 115 

Exonn m 262 to243 

Promoterr  region 

Exonn I, no coding sequent* 

Exonn n, Met 1 - Ser  40 

Exonn II I  - Exon IV . Gry 41 -Ly»8J 

ExonV,Al»89-Ilel62 2 

ExonVI,Gtyl63-Arg215 5 

Exonn VII , Phe 216 -Ar g 257 

Exonn VIII , Asp 258 - Lys 2S8 

Exonn IX, Vul 289 - Asp 350 

ExonX,Glyy 351-Lys429 

Exonn XI , A n 430 - Ser  455 

Exonn XII . Asp 456 - Ser  486 

Exonn XIII , Arg 487-Leu 515 

Exonn XIII , 3' untranslated region 

Exonn H - Exon III , Ser  40 - lie 80 

Immunoblottin gg of G6PD. 

Forr immunodetection, 105 cells were boiled in SDS sample buffer (125 mmol/L 
Tris,, pH 6.8; 20% (w/v) SDS and 12.5% (v/v) P-mercaptoethanol) and were loaded 
onn a 12.5% polyacrylamide gel, according to Laemmli, in a gel apparatus (Mini-
Proteann II, BioRad). Western blotting was performed (Mini Trans-Blot cell, 
BioRad)) according to the manufacturer's recommendations. Detection of proteins 
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wass performed as described previously with a polyclonal antibody against 

recombinantt G6PD. 

Expressionn of G6PD in E coli. 

G6PDD in E coli was expressed as described by Roos et al.5. Purification of K36PD 
wass performed by affinity chromatography as previously reported' . The 
electrophoreticc mobility of the recombinant enzymes was determined by means of 
electrophoresiss in native polyacrylamide in Tris buffer (pH 8.8) at 4°C,H followed 
byy G6PD activity staining with phenazine methosulfate (PMS) and 
methylthiotetrazolee (MTT). Thermostability assays were performed according to 
thee WHO protocol12. Briefly, samples with purified recombinant enzyme were 
incubatedd for 60 minutes at 51°C; aliquots were drawn every 20 minutes and 
assayedd for G6PD activity. 

Results s 
G6PDD activity in the RBC and granulocytes of the patients from both families was 
beloww the detection limit of our assay (Table 2). Both mothers of the patients 
displayedd about half the enzyme activity in their RBC and granulocytes in 
comparisonn to normal controls. Since the patients suffered from recurrent 
infections,, a defect in granulocyte function, due to the impaired G6PD activity, was 
suspected.. Indeed, oxygen consumption of the granulocytes of the patients after 
additionn of opsonized zymosan particles was drastically diminished (Table 2). 
Granulocytess of both mothers consumed about half the amount of oxygen in 
comparisonn with healthy controls. The granulocyte NADPH oxidase defect was 
confirmedd with other tests (NBT test, DHR test and cytochrome c reduction; not 
shown). . 
Tablee 2. G6PD Activit y and Oxidative Capacity of Purified Blood Cells. 

controll  A.H. G.H. M.H. W.H. T.G. M.G. 

motherr patients mother patient 

G6PDD Activity in RBCs, U/g hemoglobin 4.8-7.2 2.9 0.1 0.1 0.1 2.8 0.1 

G6PDD Activity in Granulocytes, mU/106 cells 9.7-20 8.2 0 0 0 7.9 0 

Q2consumption(nmol/106Granulocytes.min)) 6.1-11.7 3.9 1.2 1.3 1.2 4.4 20 

Valuess are given as mean of 3 determinations with patient cells (range obtained with 10 healthy controls is 

alsoo given). 
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Inn the NBT test, the mothers showed a mosaic of formazan-positive and -negative 
cellss (not shown). To identify the mutation responsible for the G6PD defect, DNA 
sequencingg was performed on genomic DNA of the patients and their mothers (Fig 
1).. This revealed a deletion of three nucleotides at positions 180-182 in the coding 
sequencee of the G6PD gene, predicting deletion of leucine at position 61 in the 
protein.. This mutation was found in all patients, while both mothers were 
heterozygouss for the deletion. No other mutations were found in the G6PD gene of 
thee patients. To determine whether this new deletion in the G6PD gene allows 
expressionn of protein, Western blotting was performed on the RBC and 
granulocytess of the patients and their mothers. G6PD protein was not detected in 
thee RBC or the granulocytes of any of the patients (Fig 2A). Although diminished 
inn comparison to normal controls, G6PD was detected in the RBC and granulocytes 
off  the patients' mothers A.H. and T.G.. 

Sincee complete G6PD deficiency is probably incompatible with life, it was 
investigatedd whether the deletion would lead to expression of an unstable protein. 
Therefore,, rapidly dividing, PHA-stimulated lymphocytes of patient M.G. and his 
motherr were analyzed for G6PD expression. A low level of G6PD expression was 
foundd in PHA-stimulated lymphocytes of M.G. and a decreased level of G6PD 
proteinn in those from his mother (Fig 2B). This finding is consistent with the idea 
thatt the 180-182 deletion leads to expression of an unstable protein. 

,£.,, ̂ ™,. £, .. ....£- ~ ...^ ....... .......  ..^ £ -j j £~ - J . -

Figuree 1. Analysis of genomic and 
cDNAA from patient M.H. with G6PD 
Amsterdamm and his mother. 
AA PCR product, containing the region 
aroundd the 180-182 deletion was 
generatedd from genomic DNA or cDNA 
obtainedd from blood leukocytes, and was 
analyzedd by Dye Primer Cycle 
sequencing.. 1A, genomic DNA from the 
leukocytess of a healthy control, of patient 
M.H.. and of his mother; IB, cDNA from 
thee leukocytes of a healthy control, 
patientt M.H. and of his mother. 
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controll  A.H.*  G.H. M.H. W.H. T.G.*M.G. 

RBC C 

Granulocytes s 

Lymphocytes s 

--

controll  T.G.* 

mm -

--

tH H 

controll  M.G. 

ww -

Figuree 2. G6PD protein expression in 
purifiedd blood cells. 
2A.Westernn blot analysis of G6PD protein 
expressionn in RBC and granulocytes of the 
patientss suffering from G6PD Amsterdam 
andd their mothers (the mothers of the patients 
aree indicated by an asterisk). 2B. Western 
blott analysis of G6PD protein expression in 
PHA-stimulatedd lymphocytes of patient M.G 
andd his mother T.G.. For all Western blots, 
cellss from a healthy donor were taken as a 
control. . 

Too test the properties of the mutant protein, it was expressed in an E. coli 
expressionn system and purified. Compared to the wild-type enzyme, G6PD 
Amsterdamm showed reduced specific activity as well as reduced thermal stability 
(Tablee 3 and Fig 3). G6PD Amsterdam had normal Km values for both NADP and 
glucose-6-phosphate.. The utilization of 2-deoxy-glucose-6-phosphate and 
galactose-6-phosphatee was approximately doubled. The mutant enzyme used a 
normall  percentage of deamino-NADP, and the Ki for NADPH was normal. 
Electrophoreticc mobility of G6PD Amsterdam was increased with 10% in 
comparisonn to the wild type enzyme. These data confirm that G6PD Amsterdam 
hass altered enzymatic properties, as suggested by G6PD activity and protein 
expressionn in the patients' cells. However, the altered enzymatic properties of the 
recombinantt G6PD Amsterdam were unlikely to account for the observed severe 
G6PDD deficiency in the patients' cells. Therefore, the stability of the mRNA of 

Tablee 3. Biochemical characterization of recombinant G6PD Amsterdam. 
G6PDBB G6PD Amsterdam 

Kmm G6P (uM) 
Kmm NADP (uM) 
Thermostability y 
%% Utilization dG6P 
%% Utilization GalP 
%% Utilization 2-dx-NADP 
%% Electrophoretic mobility 
Specificc activity (IU/mg) 
Kii  NADPH (uM) 

644 4 
1 1 

Normal l 
4 4 
8 8 
59 9 
100 0 

210210 0 
155 2 

555 5 
1 1 

Decreased d 
7.5 5 
17 7 
62 2 
110 0 

955 3 
144 3 

Valuess are means  SD of 3 independent measurements. 
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Figuree 3. Retention of enzyme 
activityy of G6PD Amsterdam. 
Thee enzyme activity of G6PD 
Amsterdamm after different incubation 
timess at 51°C was compared to the 
enzymee activity of G6PD B. The 
activityy is plotted as percentage 
residuall  activity of the enzymes at 
differentt incubation times compared 
too the activity of the enzymes at time 
zero. . 

00 8 16 24 32 40 48 56 64 

Incubationn Time (min) 

G6PDD Amsterdam was assayed. This was done by comparing the amount of 
mRNAA encoding wild-type G6PD to the amount of mutant G6PD mRNA by cDNA 
sequencingg (Fig 1). mRNA was isolated from white blood cells of mother A.H. and 
herr three sons G.H., M.H. and W.H. and subsequently sequenced. Although mother 
A.H.. is a carrier for the 180-182 deletion, as confirmed by genomic sequencing, 
thiss deletion was not detected in the cDNA of her white blood cells. In contrast, the 
180-1822 deletion was detected in the cDNA of her three sons. This proves that the 
mRNAA encoding G6PD Amsterdam is less abundantly expressed than the mRNA 
codingg for the wild-type protein in the mother of these three patients. This is strong 
evidencee that the mutant mRNA is less stable than the wild-type G6PD mRNA, a 
propertyy that is very likely to diminish the expression of G6PD Amsterdam protein. 

Discussion n 
Inn this study we describe the finding of a novel deletion of 3 nucleotides in the 
G6PDD gene in four patients with chronic nonspherocytic anemia and CGD from 
twoo different families, predicting the deletion of leucine at position 61. This 
deletionn leads to severe G6PD deficiency, confirmed by the absence of residual 
G6PDD activity and of G6PD protein expression in the RBC and granulocytes of the 
patients.. However, a low level of G6PD protein expression was detected in rapidly 
dividingg PHA-stimulated lymphocytes of one of the patients, consistent with the 
ideaa that the deletion of leucine on position 61 in the G6PD protein leads to the 
expressionn of an unstable protein. 

%% Actv. G6PD B 
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Tablee 4. Prediction of secondary structure. 
G6PDBB G6PD Amsterdam 

TZöpTZöp (RDGLLPEN) (RDGLPEN) 
15%% a helix 100% coil 

855 % coil 
Loopp + beta sheet (RDGLLPENTFIVGYA) (RDGLPENTFIVGYA) 

400 % (3 sheet 28 % (3 sheet 
600 % coil 72 % coil 

Thiss theory was partially confirmed by expression of the mutant protein in an E. 
colicoli expression system. The recombinant enzyme proved to be less stable and less 
activee than the wild-type enzyme, as shown by increased heat lability and reduced 
specificc activity (Table 3 and Fig 3). However, the enzymatic properties of G6PD 
Amsterdamm were not severly altered, but comparable to another G6PD variant, 
G6PDD A" (ref. 13). The deleted leucine on position 61 is close to the position of the 
mutationn in G6PD A', which has a valine to methionine substitution on position 68. 
Thee structural defect caused by this leucine deletion could resemble that of G6PD 
A".. The secondary structure of G6PD Amsterdam is predicted to differ from the 
wild-typee enzyme in the proximity of the mutation (Table 4)14; 15.. This change in 
structuree is likely to be responsible for the altered electrophoretic mobility of 
G6PDD Amsterdam. 
Thee expression of G6PD Amsterdam and the activity in purified blood cells was 
muchh lower than those observed in G6PD A* and not in agreement with the 
enzymaticc properties of the recombinant G6PD Amsterdam protein. Moreover, the 
clinicall  manifestation of the G6PD Amsterdam mutation, i.e. the chronic 
nonspherocyticc anemia as well as the granulocyte defect, is more severe than is 
observedd in patients with G6PD A" but comparable to another G6PD mutant 
previouslyy described by us, G6PD Volendam5. However, compared to G6PD 
Volendamm as well as to other G6PD mutants resulting in class I hemolytic anemia, 
thee activity and stability of recombinant G6PD Amsterdam are considerably better ' 
l6.. Therefore, we suspected that another factor influences the expression of G6PD 
Amsterdamm in vivo. cDNA sequencing revealed that the mRNA encoding G6PD 
Amsterdamm was hardly detectable in a carrier of the G6PD Amsterdam mutation, 
provingg that the mRNA of G6PD Amsterdam is less stable than the mRNA coding 
forr the wild-type enzyme. This instability, rather than the altered enzyme 
properties,, is likely to be the basis of the severe G6PD deficiency observed in our 
patients.. To our knowledge, this is the first mutation in the G6PD gene that leads to 
mRNAA instability as a significant contribution to the severity of the disease. 
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Abstract t 
Inn this study, the translocation of the NADPH oxidase components p67phox and 
Rac22 was studied during phagocytosis in living cells. For  this purpose, GFP-tagged 
versionss of these proteins were expressed in the myeloid cell-line PLB-985. First, 
thee correct localization of p67GFP and GFP-Rac2 was shown during phagocytosis 
off  serum-treated zymosan (STZ) by wild-type PLB-985 cells and PLB-985 X-CGD 
cells,, which lack expression of flavocytochrome b$5&. Subsequently, these 
constructss were used for  fluorescence recovery after  photobleaching (FRAP) 
studiess to elucidate the turn-over  of these proteins on the phagosomal membrane. 
Thee turn-over  of p67GFP and GFP-Rac2 proved to be very high, indicating a 
continuouss exchange of flavocytochrome 6558-bound p67GFP and GFP-Rac2 for 
cytosolic,, free p67GFP and GFP-Rac2. Furthermore, the importance of an intact 
actinn cytoskeleton for  correct localization of these proteins was investigated by 
disruptingg the actin cytoskeleton with cytochalasin B. However, cytochalasin B 
treatmentt  of PLB-985 cells did not alter  the localization of p67GFP and GFP-Rac2 
oncee phagocytosis was initiated. In addition, the continuous exchange of 
flavocytochromeflavocytochrome è558-bound p67GFP and GFP-Rac2 for  cytosolic p67GFP and 
GFP-Rac22 was still intact in cytochalasin B-treated cells, indicating that 
translocationn of these proteins does not depend on a rearrangement of the actin 
cytoskeleton. . 

Introductio n n 
Phagocytess comprise a very important factor  in the neutralization of infections by 
potentiallyy harmful microorgansisms1. Their  main task is to track down, 
phagocytosee and subject the microbes to an impressive array of anti-microbial 
proteinss and products, a combination that ultimately leads to eradication of the 
infection1.. One of the most important, and best studied, anti-microbial systems is 
thee phagocyte NADPH oxidase2;3. This enzyme produces superoxide in the 
phagosomee by transferrin g electrons from NADPH in the cytsosol over  the 
phagosomall  membrane to molecular  oxygen4. The superoxide generated by the 
phagocytee NADPH oxidase forms the basic compound from which other  reactive 
oxygenn species (ROS), such as hydrogen peroxide and hypochlorous acid, are 
formed.. High concentrations of ROS in the phagosome are toxic, and ultimately 
leadd to killin g of the phagocytosed microbe2'5. Furthermore, the transfer  of 
electronss over  the phagosomal membrane leads to changes in the membrane 
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potentiall  that are crucial for the influx of K+ ions into the phagosome, an event that 
liberatess matrix-bound proteases to diffuse freely into the phagosome and 
contributee to the successful killin g of the microorganism6. Thus, there is a central 
rolee for the phagocyte NADPH oxidase in the killing of phagocytosed 
microorgansisms;; a direct one in generating ROS and an indirect one in the 
dispersionn of intracellular proteases in the phagosome. 

Sincee ROS are potentially harmful to the host itself, the activity of the 
phagocytee NADPH oxidase is tightly regulated in space and time. The enzymatic 
coree of the phagocyte NADPH oxidase is flavocytochrome £>558, which consists of 
twoo integral membrane proteins, p22phox and gp91phox (phox: phagocyte oxidase). 
Flavocytochromee b5$s contains the FAD and two heme groups needed to transfer 
electronss from NADPH to oxygen7. The activity of flavocytochrome b55&  is 
regulatedd by the interaction with three cytosolic proteins, p47phox, p67phox and 
Rac28"10.. Mutations in any of these five subunits can lead to a severe 
immunodeficiency,, called chronic granulomatous disease (CGD)11. CGD is 
characterizedd by defective killin g of phagocytosed pathogens, which leads to 
recurrentt life-threatening infections. 

Activationn of gp91phox is induced after translocation of the cytosolic 
proteinss to the phagosomal membrane and their subsequent interaction with the 
flavocytochrome2.. Translocation of p47phox, p67phox and Rac2 is driven by several 
changess in the conformation of these proteins, occurring after binding of 
chemokiness or opsonins to phagocyte surface receptors810. The Rho GTPase Rac2 
iss dissociated from its inhibitor RhoGDI after stimulation and is then able to 
interactt with membranes via its prenylated C-terminus10. Once attached to the 
membrane,, Rac2 is able to bind to flavocytochrome 6558 and forms a binding 
partnerr for p67phox 10. The cytosolic proteins p47phox and p67phox can form a complex 
withh another protein, p40phox, in the cytosol of the neutrophil12. During activation, 
phosphorylationn of p47phox at crucial serine residues leads to conformational 
changess in this protein, allowing the formation of the p47phox-p67phox-p40phox 

complexx as well12'13. The outcome of these conformational changes is an increase 
inn capacity of these proteins to interact with the membrane, with Rac2 and with 
flavocytochromee bsss, three interactions that are crucial for translocation and 
subsequentt activation of gp91phox9; 10; 13; 14. 

Too study the translocation of p67phox and Rac2 during phagocytosis in 
livingg cells, GFP-tagged fusions of these proteins were introduced in the myeloid 
celll  line, PLB-985. The translocation kinetics of these proteins were studied during 
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phagocytosisphagocytosis by wild-type PLB-985 cells as well as by PLB-985 cells that do not 
expresss flavocytochrome b55i, due to targeted disruption of gp91phox expression 
(PLB-9855 X-CGD)15. Furthermore, by means of fluorescence recovery after 
photobleachingg (FRAP) experiments we found that the translocation of p67phox and 
Rac22 is a cyclic process, in which flavocytochrome è558-bound p67GFP and GFP-
Rac22 are continuously exchanged for free p67GFP and GFP-Rac2. Finally, the 
effectt of the actin-modifying compound cytochalasin B on the translocation of 
p67phoxx and Rac2 during phagocytosis was investigated. The disruption of the actin 
cytoskeletonn by this compound did not change the localization of p67GFP and 
GFP-Rac22 nor did it affect the cyclic translocation, indicating that the actin 
cytoskeletonn is not important for the correct localization of these proteins during 
phagocytosis. . 

Experimentall  Procedures 

Cultur ee of cell lines 

K562,, PLB-985 and 4>nx-a cells were cultured in IMDM (Gibco) supplemented 

withh 10% fetal calf serum, penicillin (200 ng/ml), streptomycin (200 ug/ml) and L-

glutaminee (4 mM) in a C02 incubator at 37°C. PLB-985 cells were induced to 

differentiatee to granulocytes by the addition of 0.5% dimethylformamide. The cells 

weree then cultured for 6 days and subsequently harvested. 

Generationn of fluorescent constructs. 

Forr the generation of C-terminally GFP-tagged p67phox the cDNA encoding p67phox 

wass amplified with primers designed to discard the stop codon of this gene. In 
addition,, these primers contained restriction sites (EcoRI, Apal) to facilitate further 
cloningg into the pEGFP vector (Clontech, Palo Alto, CA, USA). The primers used 
weree (5*  to 3') gatcgaattccctaatcatgtccctggtggagg (sense) and (5' to 3') 
gatcgggcccggacttctctccgagtgctttt (antisense). The PCR reaction contained PWO 
polymerasee (Roche, Basel, Switzerland), buffer, dNTPs, 100 ng of plasmid DNA 
encodingg p67 and 100 ng of each primer. The PCR conditions used were: 1 cycle 
95°CC 5 min, 35 cycles lmin 95°C, 1 min 56°C and 2.5 min 68°C and 1 cycle 5 min 
68°C.. The PCR product was purified over QiaSpin PCR purification columns 
(Qiagen,, Valencia, CA, USA). The PCR product and the destination vector pEGFP 
weree then digested with EcoRI and Apal for 1.5 hrs at 37°C. Both digests were run 
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onn a low-melting point agarose gel (1% w/v) and stained with ethidium bromide. 
DNAA fragments of the right size were cut out of the gel and purified with QiaQuick 
columnss (Qiagen). Fragments were ligated with the FastLink Ligase Kit (Epicentre 
Technologies,, Madison, WI, USA) and subsequently transformed into competent 
DH5aa cells. Plasmids were examined for correct inserts by restriction digests and 
sequencedd for detection of unwanted mutations. In analogy, GFP-Rac2 was 
generatedd by fusing eGFP N-terminally with Rac2. For the cloning of Rac2 in the 
eGFPP vector the cDNA of Rac2 was amplified with primers containing Xhol and 
NotII  restriction sites. The primers used were (5' to 3') 
gatcctcgagttcaggccatcaagtgtgtgg (sense) and (5' to 3') 

gagatcgcggccgcctagaggaggctgcaggg (antisense). The PCR reaction and subsequent 
cloningg were carried out as described for the p67GFP construct. 

Transientt  expression of p67GFP and GFP-Rac2 in K562 cells 

K5622 cells stably expressing p22phox, p47phox and gp91phox16 were transiently 
transfectedd by electroporation (0.25 kV, capacitance 960 uF, 0 Cl resistance) on a 
BioRadd Biopulser (Hercules, CA, USA), with GFP, wild-type p67phox, p67GFP or 
GFP-Rac2.. Cells were grown for 48 hours before analysis. GFP expression was 
assayedd by flow cytometry on a Becton Dickinson FacsStar (Palo Alto, CA, USA). 

Hydrogen-peroxidee generation by K562 cells 

Hydrogen-peroxidee production of K562 cells after phorbol-myristate acetate 
(PMA,, Sigma) activation was measured by the Amplex Red Assay (Molecular 
Probes,, Eugene, OR, USA) measured on a Perkin Elmer plate reader. 

Westernn blotting of K562 cells 

Forr immunodetection, 105 cells were boiled in SDS sample buffer (125 mmol/L 
Tris,, pH 6.8; 20% (w/v) SDS and 12.5% (v/v) P-mercaptoethanol) for 5 min and 
loadedd on a 12.5% polyacrylamide gel, according to Laemmli, in a gel apparatus 
(Mini-Proteann II, BioRad). Western blotting was performed (Mini Trans-Blot cell, 
BioRad)) according to the manufacturer's recommendations. For the detection of 
p67GFPP and GFP-Rac2 a polyclonal antibody against GFP (Clontech, #8372-1) 
wass used. The secondary antibody was a swine-anti-rabbit-Ig horseradish-
peroxidase-conjugatedd polyclonal antibody (DAKO, Glostrup, Denmark). 
Detectionn was performed with the enhanced chemiluminescence (ECL) kit 
(Amershamm Pharmacia, Uppsala, Sweden). 
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Stablee expression of selected mutants in PLB-985 cells 

PLB-9855 and PLB-985 X-CGD cells were retrovirally transduced with p67GFP or 
GFP-Rac2.. In brief, cDNA constructs encoding p67GFP and GFP-Rac2 were 
clonedd from the pEGFP vector into the retroviral expression vector pLZRS. pLZRS 
constructss were then transfected into a retroviral packaging cell line (<|>nx-ampho) 
byy calcium-phosphate transfection (Gibco). After selection of transfected cells by 
puromycinn (1 ug/ml) (Gibco), virus was harvested and used for retroviral 
transductionn of PLB-985 and PLB-985 X-CGD cells with 10 ug/ml of DOTAP 
(Roche,, Basel, Switzerland). Transduced cells were sorted on a FacsStar (Becton 
Dickinson)) cell sorter. 

Confocall  Imaging of PLB-9855 cells 

Forr in vivo imaging of p67GFP and GFP-Rac2 fusion proteins, 500 ul of a 
suspensionn of 2x106 PLB-985 cells transduced with these constructs were allowed 
too adhere to glass coverslips in complete IMDM medium at 37°C in a heatstage. 
Cellss were allowed to adhere for 5 min before serum-treated zymosan (STZ) was 
added.. Images were taken using a Zeiss Axiovert 100 confocal laser scanning 
microscopee and analysed with LSM 5 software (Zeiss, Göttingen, Germany). 

Fluorescencee recovery after  Photobleaching (FRAP) 

PLB-9855 cells were allowed to adhere to glass coverslips in complete IMDM 
mediumm at 37°C in a heatstage. Cells were allowed to adhere for 5 min before STZ 
wass added. Rectangles were bleached with full intensity of a 488 nm laser beam, 
thee recovery of fluorescence in the bleached spot was quantified with LSM 5 
softwaree (Zeiss). The experiments were performed several times on different days. 

Results s 

Generationn of p67GFPand GFP-Rac2 fusion proteins and expression in K562 
cells s 

Forr live imaging of p67phox translocation, the cDNA encoding this protein was 
fusedd C-terminally to GFP. Before the fusion of the cDNAs, the ATG of the GFP 
cDNAA was deleted by site-directed mutagenesis, because free GFP was observed 
whenn several different fusion proteins were constructed with the parent vector 
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containingg the start codon. K562 cells already expressing p22phox, gp91phox and 
p47phoxx were transfected with the p67GFP construct, wild-type p67phox, or GFP. The 
superoxide-producingg capacity of the cells transfected with the p67GFP construct 
wass compared with K562 cells transfected with wild-type p67phox and with the 
GFP-transfectedd K562 cells that express all NADPH oxidase components except 

p67phoxx U p on p M A s tj m ui a ti o nj K562 cells transfected with wild-type p67phox were 
ablee to produce hydrogen peroxide, in contrast to GFP-transfected cells, which 
showedd no NADPH oxidase activity (Table 1). The K562 cells expressing the 
p67GFPP construct showed similar superoxide-producing capacities as the wild-type 
p67phox-transfectedd cells (Table 1), proving that this construct is able to fulfil l its 
rolee in the activation of the NADPH oxidase. 

Tablee 1. Hydrogen-proiide production by K562 cells. 

transfectedd with RFU 
emptyy vector 0 

eGFPP 0 
wild-typee p67phox 10000 

p67GFPP 9500 
wtt p67phox + Rac2GFP 10500 

Tablee 1. Hydrogen-peroxide production by K562 cells. 
Hydrogen-peroxide-producingg capacity of K562 cells transfected with empty vector, 
eGFP,, wild-type p67phox or p67GFP. In addition, the effect of GFP-Rac2 expression was 
testedd in K562 cells that expressed all essential components of the NADPH oxidase. The 
numberr of cells tested for hydrogen peroxide production was corrected for the percentage 
off  transfected cells of each individual transfection. Values are given as relative 
fluorescencee units (RFUs), with wild-type p67phox-transfected cells at 10,000 RFUs. The 
RFUss generated by untransfected cells were subtracted. A representative experiment from 
threee experiments is shown. 

Too ensure that GFP was not cleaved from the C-terminus of p67phox, a possibility 
thatt could not be excluded from the previous experiments, Western blot analysis 
wass performed on total lysates of the transfected K562 cells. As controls, 
untransfected,, GFP-transfected and wild-type p67phox-transfected K562 cells were 
taken.. The fusion protein was detected after staining with anti-GFP at a molecular 
masss of approximately 95 kD, in good agreement with its predicted molecular mass 
(944 kD) (Figure 1). 

Thee GFP-Rac2 fusion was constructed by fusing eGFP N-terminally to 
Rac2.. This approach has been used successfully for Racl and several other small 
GTPases17.. Due to the lack of Rac-negative K562 cells, it was impossible to prove 
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Figuree 1. Western Blot analysis 
off  GFP fusions of p67p''01 and 
Rac2. . 
Lysatess of K562 cells were 
analyzedd for expression of GFP, 
p67GFPP or GFP-Rac2. As a 
controll  untransfected K562 cells 
weree taken. All transfected 
proteinss were detected at their 
expectedd molecular weight. In 
K5622 cells transfected with the 
fusionn proteins, no free GFP was 

thatt the GFP-Rac2 fusion is able to perform the function of wild-type Rac2 in the 
activationn of the NADPH oxidase. However, no inhibitory effect of this construct 
wass observed on hydrogen-peroxide production in K562 cells stably transfected 
withh p47ph0\ p67phox and gp91phox (Table 1). Furthermore, the GFP-Rac2 fusion 
proteinn was detected at the expected molecular mass of 48 kD by Western blotting 
(Figuree 1). 

Localizationn of p67GFP and GFP-Rac2 during NADPH oxidase activation 

Thee localization of p67GFP and GFP-Rac2 during NADPH oxidase activation was 
studiedd in PLB-985 cells. The constructs were retrovirally expressed in myeloid 
PLB-9855 cells and in a derivative of this cell line in which the expression of 

gp91phoxx h ag b e en disrupted, i.e. PLB-985 X-CGD cells. The cells were then 
inducedd to differentiate into granulocytes. The localization of the fusion proteins 
wass studied during phagocytosis of STZ. Upon binding of STZ to both PLB-985 
celll  lines, p67GFP was rapidly recruited to the site of attachment (Figure 2a). 
Duringg particle internalization and the formation of a phagosome, p67GFP was 
locatedd at the membrane of the phagosome in both cell lines. When the particle was 
completelyy taken up, p67GFP in the wild-type cells remained located around the 
phagosomess through time (Figure 2a,b). In contrast, p67GFP was lost from the 
phagosomee in the PLB-985 X-CGD cells after complete uptake of the STZ 
particless (Figure 2c,d). An identical pattern was observed for the localization of 
GFP-Rac22 (Figure 2e,f,g,h). Like p67GFP, this fusion protein is also located at the 
phagosomee during and after complete internalisation of the particle by PLB-985 
cells,, but loss of the protein from the phagosome was observed after internalisation 
off  STZ in PLB-985 X-CGD cells. These findings are consistent with previous 
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studiess that showed loss of cytosolic NADPH oxidase components from the 
phagosomall  membrane in X-CGD neutrophils, identifying cytochrome è558 as an 
essentiall  factor for correct translocation of p47phox, p67phox and Rac218"20. 
Furthermore,, in PLB-985 X-CGD cells translocation of p47phox, p67phox and Rac2 is 
knownn to be disturbed21. Together with the observation that p67GFP and GFP-
Rac22 localize correctly in both PLB-985 and PLB-985 X-CGD cells, this identifies 
thee p67GFP and GFP-Rac2 expressing cell lines as suitable models to study the 
localizationn of these proteins in more detail. 

p67GFPP GFP-Rac2 

Figuree 2. Localization of p67GFP and GFP-Rac2 in PLB-985 cells. 
PLB-9855 cells, adhered to glass coverslips, were allowed to phagocytose STZ for 15 
minutess and were then fixed. Distribution of p67GFP was analysed by confocal 
microscopy.. Arrows indicate an STZ-particle. Wild-type PLB-985 cells showed 
p67GFPP staining on nascent and progressed phagosomes. (a,b) In contrast, PLB-985 X-
CGDD cells lost staining of the p67GFP fusion protein as the phagosome progressed to 
moree mature stages (c,d). GFP-Rac2 expressed in wild-type PLB-985 cells (e) or PLB-
9855 X-CGD cells (f) showed similar localization as p67GFP. 

Photobleachingg of p67GFP and GFP-Rac2 during NADPH oxidase activation 

Too investigate the turn-over of p67phox and Rac2 on the phagosomal membrane, 
fluorescencee recovery after photobleaching (FRAP) experiments were performed 
withh the p67GFP- and GFP-Rac2-expressing PLB-985 cells. First, the bleaching 
protocoll  (see Experimental Procedures) was tested on fixed PLB-985 cells 
expressingg p67GFP or GFP-Rac2 to ensure that all fluorescence was bleached in 
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thee target area with these specific settings. Indeed, the fluorescence in p67GFP and 
GFP-Rac22 expressing cells completely disappeared in the bleached area under 
thesee conditions (data not shown). PLB-985 cells were then allowed to 
phagocytosee STZ and bleaching of phagosomes was performed after the 
completionn of phagocytosis. At the phagosome, the fluorescence of p67GFP at the 
sitee of photobleaching was rapidly restored, with a recovery time (ti/2: time in 
whichh 50% of the fluorescence is recovered in the bleached area) that was 
generallyy lower than the scan time (700 ms) needed for the generation of an image 
byy confocal laser scanning microscopy (CLSM), thus preventing a reliable 
estimationn of the tm for this protein (Figure 3a). The translocation of GFP-Rac2 
wass also investigated by FRAP (Figure 3b). This protein also displayed rapid 
recoveryy at the site of bleaching, again with a tm that was lower than 700 ms. 

pre-bleachh bleach 10s 

Figuree 3. FRAP of p67GFP and GFP-Rac2 in PLB-985 cells during phagocytosis. 
Too study the redistribution of p67GFP during phagocytosis, single bleaching of small 
partss of phagosomes (indicated by the rectangle) was applied during real-time 
imaging.. Rapid recovery of fluorescent signal was detected and a concomitant loss of 
fluorescentt signal was observed in the rest of the cell (a). The same pattern of 
fluorescencee recovery was observed for GFP-Rac2 (b). 
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Sequentiall  bleaching of the same spot in individual PLB-985 cells expressing 
p67GFPP or GFP-Rac2, led to a complete loss of fluorescence in the whole cell, 
illustratingg the free diffusion of these proteins throughout the cell (data not shown). 

Effectss of actin-modifying compounds on translocation of p67GFP and GFP-

Rac2 2 

Phagocytosiss is an actin-dependent event, and actin polymerization is rapidly 
inducedd upon binding of an opsonized particle to phagocyte surface receptors22'23. 
F-actinn is surrounding the particle during internalisation, after which actin is lost 
againn from the phagosome24. Depolymerization of the actin cytoskeleton by actin-
modifyingg compounds inhibits phagocytosis by preventing the internalization but 
nott the binding of opsonized particles23;24. Several reports have indicated the 
importancee of an intact actin cytoskeleton for NADPH oxidase activity, in the cell-
freefree system as well as in living cells25"27. During activation of the NADPH oxidase 
thee cytosolic oxidase components bind to the cytoskeleton, as determined by 
analysiss of the detergent-insoluble cytoskeletal fraction28. Furthermore, p47phox has 
beenn shown to bind directly to actin, and r^1* 0" and p67phox have been shown to 
accumulatee on nascent phagosomes together with F-actin29. Whether correct 
p67GFPP and GFP-Rac2 localization requires an intact and rearranging actin 
cytoskeletonn during phagocytosis was tested in PLB-985 cells by treating the cells 
withh the actin-modifying compound cytochalasin B. First, the importance of an 
intactt actin cytoskeleton for translocation of p67GFP and GFP-Rac2 after binding 
off  STZ particles to the cell surface was determined. PLB-985 cells were pretreated 
withh cytochalasin B, a potent actin-depolymerizing agent, before addition of STZ. 
Ass expected, pretreatment with cytochalasin B inhibited the uptake of STZ after 
binding,, and diminished the translocation of p67GFP and GFP-Rac2 to the site of 
STZZ attachment (Figure 4a,b,c,d). The same result was obtained by pretreating 
PLB-9855 cells with latrunculin A, a compound that, like cytochalasin B, 
depolymerizess existing actin filaments (not shown). 

Sincee translocation of p67GFP and GFP-Rac2 to phagosomes proved to be 
aa continuous process, as concluded from the FRAP experiments, the question was 
raisedd whether this process of continuous translocation to the phagosome requires 
ann intact actin cytoskeleton. To determine the effect of disruption of the actin 
cytoskeletonn on translocation of p67GFP and GFP-Rac2 during and after 
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Phasee contrast GFP P merge e 

Figuree 4. Effect of pre-treatment with cytochalasin B on p67GFP and GFP-Rac2 
translocation. . 
Untreatedd cells showed translocation of p67GFP after binding of STZ particles, arrows 
indicatee STZ particle (a). In contrast, PLB-985 cells pre-treated with 10 mM cytochalasin 
BB for 10 min before addition of STZ, showed no translocation of p67GFP after binding of 
STZZ particles (b). Like p67GFP, GFP-Rac2 showed translocation to the membrane after 
bindingg of STZ particles (c), pre-treatment of the cells with 10 mM cytochalasin B 
prohibitedd translocation of GFP-Rac2 after attachment of STZ particles (d). 
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phagocytosis,, cells were allowed to take up STZ for 5 min before cytochalasin B 
wass added. Typically, addition of this compound rapidly led to an arrest in 
phagocytosiss and cell movement. However, the localization of p67GFP and GFP-
Rac22 was not altered in cytochalasin B-treated cells in comparison to untreated 
cellss (not shown). To determine whether the process of continuous translocation of 
p67GFPP and GFP-Rac2 to the phagosome was still intact in PLB-985 cells with a 
disruptedd actin cytoskeleton, FRAP experiments were performed on cytochalasin 
B-treatedd cells (Figure 5a,b). Like untreated cells, cytochalasin B-treated cells 
showedd a rapid recovery of fluorescence at the bleached spots of the phagosome 
(Figuree 5b,6). In all cases the tm was too small to be reliably detected by CLSM. 
Furthermore,, the use of actin- modifying agents allowed the bleaching of 

pre-bleachh bleach 10 s 

Figuree 5. Effect of cytochalasin B treatment on FRAP of p67GFP and GFP-Rac2. 
Forr this experiment, PLB-985 cells were allowed to phagocytose STZ for 5 min before 
cytochalasinn B was added. Real-time imaging of PLB-985 cells treated with 10 raM 
cytochalasinn B revealed normal distribution of p67GFP (a) and GFP-Rac2 (b). To study 
thee redistribution of p67GFP after treatment with cytochalasin B, single bleaching of 
smalll  parts of phagosomes (indicated by the rectangle) was applied during real-time 
imagingg (a). Rapid recovery of fluorescent signal was detected and a concomitant loss 
off  fluorescent signal was observed in the rest of the cell (a). The same pattern of 
fluorescencee recovery was observed for GFP-Rac2 (b). 
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phagocyticc cups, because uptake of STZ particles was arrested after addition of 
eitherr cytochalasin B or latrunculin A. FRAP experiments of phagocytic cups 
showedd no differences in recovery between fluorescence at completely closed 
phagosomess and phagocytic cups (not shown). 

* —— P67 

»» - Rac2 

p67cytochalasinn B 

K--- p67 latruncul n A 

 Rac2 cytochalasi n B 

»» - Rac2 latrunculi n A 

Figuree 6. FRAP kinetics of p67GFP and GFP-Rac2 in PLB-985 cells. 
Inn this experiment, cells were allowed to phagocytose STZ for 5 min before 
cytochalasinn B or latrunculin A was added. Single phagosomes were bleached for 1 sec 
andd fluorescence recovery was subsequently measured. The recovery kinetics for 
untreatedd cells and for cells treated with the actin-modifying compounds cytochalasin B 
andd latrunculin A were determined. Shown are representative curves for each condition. 
Relativee fluorescence at a given time point is defined as the ratio of fluorescence of the 
bleachedd spot over the whole cell at a given time point divided by the ratio of 
fluorescencee of the bleached spot over the whole cell at t=0. 

Discussion n 
Thee NADPH oxidase of phagocytic leukocytes consists of the membrane-bound 
flavocytochromee è558 and three essential cytosolic components p47phox, p67phox and 
Rac2.. In this report, the localization of p67phox and Rac2 during NADPH oxidase 
activationn was studied by means of GFP fusions of these proteins. The p67GFP 
fusionn protein was first tested for its ability to support superoxide production in 
K5622 cells expressing all essential NADPH oxidase components but lacking 

p67phoxx e x p r e s si o n - Expression of the fusion protein was seen to restore the 
superoxide-producingg capacity of the K562 cells. Initially, the same approach was 
takenn for p47phox, but the p47GFP fusion protein was not able to restore superoxide 
productionn in K562 cells lacking p47phox (data not shown); therefore this construct 
wass not used in this study. The GFP-Rac2 could not be tested in a similar manner, 
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butt the GFP-Rac2 fusion protein did not have deleterious effects on superoxide 
productionn by K562 cells. Expressed in a granulocytic cell line, p67GFP and GFP-
Rac22 show the same intracellular localization as the endogenous proteins during 
STZZ phagocytosis. Additionally, their localization was disturbed in later stages of 
phagocytosiss in cells that lack gp91phox, which is consistent with experiments 
performedd previously with these cell lines as well as with granulocytes from CGD 
patients1* 30. . 

Duringg phagosome formation, translocation of the cytoplasmic NADPH 
oxidasee components and their subsequent interaction with flavocytochrome bssz 
mayy result in the formation of a stable complex of these proteins. Alternatively, the 
cytoplasmicc components p47phox, p67phox and Rac2 may only transiently associate 
withh flavocytochrome 6558. Since translocation of the cytosolic NADPH oxidase 
componentss is rapidly terminated in cells that lack flavocytochrome b55z, it is 
generallyy believed that flavocytochrome b559 and the cytosolic proteins form a 
stablee complex, resulting in the containment of the cytosolic proteins at the 
phagosomall  membrane. To determine the turn-over of p67GFP and GFP-Rac2 on 
thee phagosome, FRAP experiments were performed. The fluorescence recovery of 
bothh proteins was extremely rapid, indicating that there is continuous exchange of 
solublee p67GFP and GFP-Rac2 for flavocytochrome />558-bound p67GFP and GFP-
Rac2,, even after complete internalization of zymosan particles. This is in 
accordancee with a previous study in which evidence was obtained suggesting that a 
limitedd amount of cytosolic components can activate an excess of flavocytochrome 
&558,, which also argues against the formation of a stoichiometric complex between 
thee cytosolic factors and flavocytochrome 655831- Furthermore, Akard et al. have 
providedd evidence that sustained superoxide production is a result of continuous 
replenishmentt of a pool of active NADPH oxidase, which is also in line with the 
dataa obtained in this study32. The presence of flavocytochrome b55s in the 
membranee is crucial for the observed continuous translocation of the cytosolic 
proteins,, as illustrated by the loss of p67GFP and GFP-Rac2 from the phagosomes 
off  PLB-985 X-CGD cells. This is in sharp contrast to the translocation of the 
cytosolicc proteins to nascent phagosomes, that clearly does not depend on the 
presencee of flavocytochrome b55s, since p67GFP and GFP-Rac2 localize correctly 
duringg this stage of phagocytosis in PLB-985 X-CGD cells. 

Furthermore,, the involvement of the actin cytoskeleton in translocation of 
p67pboxx and Rac2 during phagocytosis was investigated by the use of an actin-
modifyingg agent. The effect of cytochalasin B, a potent actin de-polymerizing 
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agent,, on the translocation behaviour  of p67GFP and GFP-Rac2 was tested. Pre-
treatmentt  of PLB-985 cells with this compound prevented an increase in the 
amountt  of p67GFP and GFP-Rac2 at the binding site of STZ, identifying the 
importancee of the actin cytoskeleton in the initiatio n of translocation of p67GFP 
andd GFP-Rac2. It remains obscure why disruption of the actin cytoskeleton 
disturbss the primary translocation of the cytosolic factors. Rac2, p40phoxx and p47phox 

havee been shown to be able to interact with the membrane through their  prenylated 
C-terminuss or  PX domains, respectively14;33;34. In cytochalasin B-treated cells, the 
interactionn of the PX domains of r̂ O1*0*  and p47phox with the phosphoinositides 
formedd in the membrane after  binding of STZ particles to cell-surface receptors 
wass anticipated to still occur, as well as the interaction of Rac2 with the membrane. 
However,, translocation of p67GFP and GFP-Rac2 is absent in cytochalasin B-
treatedd cells upon binding of zymosan particles, which identifies the association of 
thesee proteins with the actin cytoskeleton as a step preceding the interaction of 
thesee proteins with the membrane and flavocytochrome bss&

Inn contrast, cytochalasin B had no effect on the localization and continuous 
exchangee of p67GFP and GFP-Rac2 on the phagosomal membrane when 
phagocytosiss had already been initiated. According to our  data, translocation of 
cytosolicc NADPH oxidase components is independent of the actin cytoskeleton 
afterr  the initiatio n of phagocytosis. Several earlier  reports have indicated the 
importancee of actin polymerization for  NADPH oxidase activity25" 27. However, 
mostt  of these experiments were performed in a cell-free system and did not address 
translocationn of the cytosolic factors to flavocytochrome b55s. Furthermore, 
inhibitio nn of NADPH oxidase activity in intact cells may well be due to the effects 
off  actin cytoskeleton disruption on primary translocation, which was not identified 
inn these studies. 

Besidess actin-modifying compounds, several other  pharmacological agents 
weree tested in PLB-985 p67GFP and GFP-Rac2 cells. In an attempt to identify the 
mechanismm that drives the continuous translocation of p67phox and Rac2, the PLB-
9855 cells were treated with several inhibitor s after  addition of STZ. Among these 
agentss were LY290042 (PI3-kinase inhibitor) , staurosporine (general inhibitor  of 
proteinn kinase C), SB20358 (inihibito r  of p38MAPK) and U0126 (inhibitor  of 
pErk) .. Unfortunately, no effect of any of these inhibitor s was found on the 
continuouss translocation of p67GFP and GFP-Rac2. The lack of effect of these 
inhibitor ss is probably due to simultaneous stimulation of several signal 
transductionn routes leading to activation of the NADPH oxidase. 
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Overall,, these results indicate that translocation of p61ïibox and Rac2 during 
phagocytosiss can be divided into three stages. The first stage is the initiation of 
phagocytosiss after binding of an opsonized particle, in which translocation is 
dependentt on an intact actin cytoskeleton, and independent of flavocytochrome 
£5588 The second stage is the formation of the phagosome, during which 
translocationn seems to be independent of flavocytochrome £558 and the 
cytoskeleton,, but may be dependent on the interaction of the PX domains of p40phox 

andd p47phox and the prenylated C-terminus of Rac2 with the membrane. The last 
stage,, after closure of the phagosome, requires the presence of flavocytochrome 
Z>5588 for correct localization of p67phox and Rac2. Further studies are needed to 
elucidatee the role of the actin cytoskeleton in NADPH oxidase activity in living 
cellss during phagocytosis as well as the mechanism that drives continuous 
translocationn of p67phox and Rac2 to the phagosomal membrane. 
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Abstract t 
Wee investigated the mechanism responsible for  the in vitro and in vivo 
hypersusceptibilityy of a mutant Salmonella enterica serovar  Typhimurium strain to 
thee action of the leukocyte NADPH oxidase. This mutant lacks expression of a 
periplasmicc protein, Sspj, but no clear  role for  this protein in protecting Salmonella 
fromfrom  NADPH-oxidase-mediated killin g has been identified as yet. Here we used a 
novell  assay to compare differences in the ability of Salmonella strains to resist the 
actionss of the NADPH oxidase. In this assay, bacteria were labeled with 
dihydrorhodamine-1,2,33 (DHR), which is converted to the fluorescent oxidation 
productt  rhodamine-1,2,3 after  contact with the products of the NADPH oxidase. 
Comparisonn of the Sspj  mutant with wild-type Salmonella and with the well-
definedd Salmonella Spi-2 mutant revealed that there is a clear  defect in the Sspj 
mutantt  to cope with the products of the NADPH oxidase. Furthermore, we showed 
thatt  the observed hypersensitivity to the products of the NADPH oxidase in this 
mutantt  is the result of an increased susceptibility to low doses of hydrogen 
peroxide. . 

Introductio n n 
Thee intracellular  pathogen Salmonella enterica serovar  Typhimurium, is able to 
survivee and replicate within host leukocytes, a feature that is an absolute 
requirementt  for  its virulence1. Salmonella induces its own internalization, which 
leadss to the formation of a membrane-surrounded vacuole containing the 
bacterium,, the so-called SalmoneUa-con\mrimg vacuole (SCV). In the SCV, the 
bacteriumm is able to resist the antimicrobial reaction of the infected host cell . Both 
thee infection of host leukocytes as well as the survival within these cells require 
differentt  clusters of specific genes, the Salmonella Pathogenicity Islands (Spis)3. 
Spi-11 contains genes that are required for  the infection of the host cell, i.e. genes 
thatt  encode proteins that form a type-Ill secretion system to introduce bacterial 
proteinss into the cytosol of the targeted cell. Spi-1 also harbors genes that encode 
proteinss that are secreted into the cell to modulate the actin cytoskeleton of the 
targetedd host cell, leading to the uptake of the bacteria and the formation of the 
SCV3.. After  infection, Salmonella is protected from the anti-bacterial machinery of 
thee host cell by the action of proteins encoded by Spi-2 genes. The products of this 
clusterr  of genes interfere with the activation of anti-microbial systems such as the 
NADPHH oxidase4;5, an enzyme that, when activated, generates superoxide. The 
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superoxidee formed by the NADPH oxidase is the basic compound from which 
otherr reactive oxygen species (ROS), such as hydrogen peroxide and hypochlorous 
acid,, are formed, and is a key molecule in the killin g of microorganisms. Thus, by 
inhibitingg the activation of the NADPH oxidase, Salmonella typhimurium protects 
itselff  against oxidative damage by ROS generated by the infected cell. Mutants of 
SalmonellaSalmonella defective in the expression of Spi-2 genes are killed by ROS derived 
fromfrom the NADPH oxidase4. 
Besidess secreted proteins that inhibit superoxide production by the NADPH 
oxidase,, Salmonella expresses a number of proteins that protect the bacteria from 
ROSS generated by the infected cell6"8. Among these proteins are superoxide 
dismutasess and DNA repair enzymes, proteins that have been shown to be crucial 
forr the intracellular survival of the bacteria7'8. Recently we identified a novel 
SalmonellaSalmonella mutant, designated DL294, that lacks expression of a periplasmic 
protein,, Sspj9. This protein proved to be indispensable for rescue of Salmonella 
fromfrom NADPH-oxidase-mediated killing, both in vitro and in vivo9,10. Although a 
rolee for this protein in protection from oxidative killin g was clearly indicated, the 
mechanismm of its action was still unknown. Here, we compare the ability of this 
neww mutant with the wild-type and a well-characterized Spi-2 mutant, a strain that 
iss unable to repress the activation of the NADPH oxidase in neutrophils. For this 
purposee we established a novel assay to determine the concentration of ROS 
encounteredd by ingested Salmonella. Furthermore, we investigated the mechanism 
underlyingg the observed phenotype and identify a unique role for Sspj in protecting 
SalmonellaSalmonella from the action of the NADPH oxidase. 

Material ss and Methods 

Reagents s 

Dihydrorhodamine-1,2,33 (DHR), Alexa 488 goat-anti-mouse-Ig antibodies and 
Alexaa 568 were obtained from Molecular Probes (Eugene, USA), all other reagents 
weree obtained from Sigma. 

Growthh and labelling of bacterial strains 

Singlee colonies of wild-type S. enterica serovar Typhimurium and its derivative 
DLG294,, carrying a transposon in sspj, resulting in disruption of expression of 
Sspj10,, were grown overnight in Luria-Bertani (LB) medium (10 mg of tryptone, 5 
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mgg of yeast extract, and 10 mg of NaCl/ml) at 37°C while being shaken (225 rpm). 
Inn addition, we used DLG294 supplemented with low-copy-number plasmid 
pWSK299 expressing the sspJ gene, which is inactivated in DLG294 (DLG294-
pTS175)10.. This strain was grown in LB medium supplemented with 100 \xg of 
ampicillin/ml.. For infection of human neutrophils, overnight cultures of different 
SalmonellaSalmonella strains were diluted ten times in fresh LB medium. Bacteria were 
harvestedd in the log phase (OD=l at 600 nm). Subsequently, bacteria were 
centrifugedd and resuspended in phosphate-buffered saline (PBS). The bacteria were 
labelledd with 1 uM dihydrorhodamine-1,2,3 (DHR) for 10 min at room temperature 
inn the dark, washed with PBS and then resuspended in Hepes medium [132 mM 
NaCl,, 6 mM KC1, 1 mM MgS04, 1.2 mM KH2P04, 5.5 mM glucose, and 0.5% 
(wt/vol)) human albumin (pH 7.4)]. 

Purificationn of human neutrophils 

Neutrophilss were purified from heparinized blood as described11 by centrifugation 
overr isotonic Percoll, aspiration of plasma, and lysis of RBCs with isotonic 
ammoniumm chloride. Purified neutrophils were resuspended at a concentration of 
106/mll  in Hepes medium. 

NADPHH oxidase-mediated-fluorescence of infected bacteria 

1066 neutrophils were incubated with 107 bacteria of the different Salmonella strains 
att 37°C. At different time points, samples were taken and diluted twenty times in 
ice-coldd PBS. After the last time point, all samples were centrifuged and 
resuspendedd in 100 ul of ice-cold PBS and analyzed by flow cytometry in a Becton 
Dickinsonn FacsStar (Palo Alto,, USA). 

Translocationn of cytosolic NADPH oxidase components 

Differentt Salmonella strains were labeled with Alexa 568 according to the 
manufacturer'ss protocol. One million neutrophils were incubated with 108 labeled 
bacteriaa of the different Salmonella strains at 37°C. After 30 min, cells were plated 
onn glass coverslips coated with poly L-lysine (100 ug/ml, 30 min, 37 C). Cells 
weree allowed to adhere for 10 min, and then fixed with methanol for 10 min at 4 C. 
Thee coverslips were then washed two times with PBS containing 0.2% human 
serumm albumin (HSA). Cells were stained with a monoclonal antibody against 

p67phoxx (kind gi f t from D r M T Quinn, Bozeman, USA) for 1 hour in PBS/HSA. 
Coverslipss were washed two times with PBS/HSA and subsequently incubated 
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withh Alexa 488 goat-anti-mouse-Ig antibodies for one hour. Coverslips were 
washedd three times with PBS/HSA and then analyzed with a confocal laser 
scanningg microscope (CLSM) (Zeiss, Göttingen, Germany). 

Bacteriall  respiration 

Forr measurements of bacterial respiration, bacterial strains were diluted to a 
concentrationn of 105 bacteria per ml in PBS. Oxygen consumption was measured 
withh an oxygen electrode (YSI Inc., Yellow Springs, OH, USA)12. 

Results s 

Assayy to determine NADPH oxidase susceptibility. 

Too test the intracellular susceptibility of DLG294 to the actions of the NADPH 
oxidasee we developed a novel assay. For this assay, we labeled bacteria with 
dihydrorhodamine-1,2,33 (DHR), a probe that can be converted into the fluorescent 
rhodamine-1,2,33 after reaction with hydrogen peroxide. The conversion of DHR to 
rhodaminee is catalyzed by peroxidases and can be simply measured by flow 
cytometry13.. Neutrophils were infected by the labeled bacteria, assuming that the 
generationn of superoxide in the SCV would lead to DHR conversion and thus to 
fluorescentt intracellular bacteria when hydrogen peroxide levels rise above a 
certainn threshold. This threshold might be different for different strains of 
Salmonella,Salmonella, since variations in ROS sensitivity can be expected, especially for 
strainss that have a deficiency in proteins that protect bacteria against ROS. 
Too test the applicability of this assay, we first compared wild-type Salmonella with 
aa Spi-2 mutant, since this mutant has been shown to be incapable of preventing 
NADPHH oxidase activation. Indeed, neutrophils infected with the Spi-2 mutant 
showedd an increase in fluorescence in time, whereas the wild-type infected 
neutrophilss did not display this increase (Figure 1). PMA stimulation of neutrophils 
infectedd with either wild-type or Spi-2 bacteria was used as a positive control, 
leadingg to vigorous NADPH oxidase activity and maximal fluorescence of the 
labeledd bacteria. Indeed, PMA stimulation led to fluorescence in both strains, 
indicatingg that the generation of high levels of ROS can induce fluorescence in the 
wild-typee bacteria. Note the equal fluorescence after PMA stimulation, proving that 
bothh strains were labelled to the same extent with DHR (Figure 1). Furthermore, 
cytospinss of the infected neutrophils stained with May-Griinwald-Giemsa revealed 
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Figuree 1. Fluorescence of neutrophils infected with DHR labelled Salmonella ssp. 
Neutrophilss were infected by wild-type or Spi-2 mutant Salmonella strains. The mean 
fluorescencee intensity (MFI) was compared at several time points. As a positive control for 
infectionn and equal labeling of the bacteria, neutrophils were stimulated with PMA. 

identicall  rates of infection (0.7 bacteria per cell) as well as the absence of bacteria 
attachedd to the neutrophils (data not shown). 
Too explore the effects of opsonization on the extent of the ROS production, wild-
typee bacteria were treated with normal human serum. Opsonization led to increased 
fluorescencee (Figure 1), in accordance with the observation that opsonization 
increasess killing of Salmonella spp14. To ensure that the observed fluorescence was 
generatedd by ROS derived from NADPH oxidase activity from the infected cells 
andd not by ROS from the bacteria, we used neutrophils from patients with chronic 
granulomatouss disease (CGD), who are unable to generate ROS15. As expected, 
CGDD neutrophils infected with either wild-type or Spi-2 Salmonellae did not show 
anyy fluorescence, proving that the observed fluorescence in normal neutrophils is 
thee result of ROS generated by the NADPH oxidase (data not shown). The same 
resultt was obtained with neutrophils treated with diphenylene iodonium (DPI), an 
inhibitorr of the NADPH oxidase. 

Analysiss of NADPH oxidase susceptibility of DLG294 

Wee then compared the intracellular susceptibility to NADPH oxidase-derived ROS 
off  DLG294 with the wild-type strain and the Spi-2 mutant. At equal infection rates, 
thee fluorescence of DLG294-infected neutrophils was comparable to that of Spi-2 
mutant-infectedd cells (Figure 2), and higher than the fluorescence observed with 
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Figuree 2. Comparison of different Salmonella strains for  NADPH oxidase 
susceptibilty. . 
Neutrophilss were infected by wild-type, DLG294, DLG294-pTS175 or Spi-2 mutant 
SalmonellaSalmonella strains. The mean fluorescence intensity (MFI) was compared at several time 
points.. As a positive control for infection and equal labelling of the bacteria, neutrophils 
weree stimulated with PMA. 

thee wild-type strain. Complementation of DLG294 with a plasmid containing a 
wild-typee copy of sspJ (DLG294-PTS175) led to complete inhibition of 
fluorescence,, restoring it to wild-type levels (Figure 2). PMA stimulation showed 
thatt all strains were labelled equally. 

Translocationn of NADPH oxidase components to the SCV 

Sincee we observed increased fluorescence in DLG294 after infection in 
neutrophils,, we investigated the translocation of NADPH oxidase components to 
thee site of the intracellular bacteria. This translocation is essential for the activation 
off  the NADPH oxidase and is widely used to monitor the localisation of the active 
enzyme5.. Wild-type Salmonella has been shown to inhibit the translocation of 
NADPHH oxidase components to the SCV5, a feature that is lacking in the Spi-2 
mutant,, leading to activation of the enzyme at the site of the bacterium. We assayed 
thiss phenomenon by staining fixed neutrophils, infected with the different 
SalmonellaSalmonella strains, with a monoclonal antibody against p67phox, a cytosolic protein 
off  the NADPH oxidase. After infection with labeled cultures of Salmonella, we did 
nott observe translocation of p67phox in neutrophils infected with wild-type bacteria 
(lesss than 10% of the infected bacteria showed translocation) (Figure 3a), but 
translocationn of p67phox to the SCV was seen in neutrophils infected with Spi-2 
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Figuree 3. Translocation of p67phM to the SCV of different Salmonella strains. 
Translocationn of p67phox (green) to the SCV of wild-type (3a), Spi-2 (3b) and DLG294 (3c) 
SalmonellaSalmonella (red) was studied by confocal microscopy. Arrows indicate p67phox 

translocationn to the SCV. 

mutantt Salmonella (over 90% of the bacteria showed translocation) (Figure 3b). In 
contrastt to the Spi-2 mutant, we did not observe translocation of p67phox to SCVs 
containingg DLG294 mutant bacteria (less than 10% of the SCVs were stained by 
anti-p67phox)) (Figure 3c) nor  to sites of infection with DLG294-PTS175 (data not 
shown). . 

DLG2944 is more sensitive to hydrogen peroxide. 

Sincee we observed that the increase in DHR fluorescence in DLG294 was not the 
resultt of the inability of his mutant to prevent NADPH oxidase activation, we 
investigatedd the sensitivity of this mutant to hydrogen peroxide. To do so, we 
treatedd the different strains, labeled with DHR, with increasing amounts of 
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Figuree 4. Fluorescence of labeled Salmonella spp. after challenge with hydrogen 
peroxide. . 
Wild-type,, DLG-294 or Spi-2 mutant Salmonella strains were treated with increasing 
concentrationss of hydrogen peroxide. Then, the bacteria were opsonized and phagocytosed 
byy DPI-treated neutrophils. The mean fluorescence intensity (MFI) was assayed by flow 
cytometry. . 

hydrogenn peroxide. We then opsonized the bacteria and incubated them with 
diphenylenee iodonium (DPI) -treated neutrophils. Phagocytosis of the different 
SalmonellaSalmonella spp. by neutrophils is essential, since the bacteria are to small for direct 
floww cytometric analysis. The neutrophils were treated with DPI to inhibit the 
NADPHH oxidase of the neutrophils; this ensures that the fluorescence measured 
wass due to the incubation of the bacteria with hydrogen peroxide and not to the 
actionn of the NADPH oxidase. We found that incubation of DLG294 with 50 uM 
hydrogenn peroxide led to an increase in fluorescence, whereas wild-type bacteria 
displayedd fluorescence at a hydrogen peroxide concentration of 1 mM (Figure 4). 
Thee observation that DHR fluorescence in DLG294 can be detected after treatment 
withh low concentrations of hydrogen peroxide was a clear indication that the 
reactionn after infection is caused by hypersusceptibility to hydrogen peroxide. To 
determinee whether this increase in fluorescence in DLG294 after hydrogen 
peroxidee treatment reflects an increase in susceptibility to this compound, we tested 
thee effect of increasing concentrations of hydrogen peroxide on the bacterial 
respiration.. Bacterial respiration was followed with an oxygen electrode; when the 
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Figuree 5. Effects of low doses of hydrogen peroxide on bacterial respiration. 
Thee respiration of 105 bacteria was followed till the oxygen saturation had diminished to 
30%.. Then hydrogen peroxide was added to a final concentration of 10 uM (indicated by 
thee arrow). Bacterial respiration was followed for several more minutes. 

oxygenn saturation had diminished to 30%, fixed concentrations of hydrogen 
peroxidee were added and the effect on the bacterial respiration was measured. 
DLG2944 was found to stop respiring after adding hydrogen peroxide to a final 
concentrationn of 10 uM (Figure 5). 

Wild-typee bacteria were able to continue their respiration at concentrations that 
exceededd final concentrations of 100 uM hydrogen peroxide. DLG294-PTS175 
showedd hydrogen peroxide tolerance comparable to wild-type bacteria. To ensure 
thatt this difference in hydrogen peroxide sensitivity was not due to differences in 
catalasee activity, we compared the conversion of hydrogen peroxide into molecular 
oxygenn in bacterial lysates, as a function of catalase activity. Lysates from wild-
type,, DLG294 and DLG294-PTS175 showed comparable catalase activity (data not 
shown). . 

Discussion. . 
Wee developed a novel assay to compare the damage inflicted by the NADPH 
oxidasee of neutrophils to different Salmonella typhimurium strains. Using the wild-
typee and a Spi-2 mutant strain of Salmonella we were able to show that this assay 
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cann be used to investigate the sensitivity of any given Salmonella strain to NADPH 
oxidase-mediatedd killing in infected cells. Since NADPH oxidase-mediated killing 
iss an important factor in the outcome of Salmonella infection of host cells, this is a 
valuablee tool in predicting the behaviour of a particular strain in vivo. Using this 
assay,, we were able to show the increased susceptibility of the in vivo and in vitro 
attenuatedd mutant DLG294 to damage by the NADPH oxidase. Since we cannot 
distinguishh with this assay whether an increase in fluorescence observed in a 
particularr mutant reflects the inability to downregulate the activity of the NADPH 
oxidasee or is the result of a defect in the proteins that neutralize products of the 
NADPHH oxidase, we investigated whether there was an increase in NADPH 
oxidasee activity at the site of the SCV by confocal microscopy. Like wild-type 
Salmonella,Salmonella, there was no p67phox staining of the SCVs containing DLG294, a clear 
differencee with the Spi-2 mutant, which did show p67phox translocation. Since there 
wass no detectable difference between wild-type and DLG294 bacteria in the extent 
off  NADPH oxidase activation, we suspected DLG294 to be hypersensitive to 
hydrogenn peroxide. Using DHR fluorescence we showed that the DLG294 mutant 
iss more affected by hydrogen peroxide than wild-type Salmonellla, since this 
mutantt displayed fluorescence at hydrogen peroxide concentrations 20 times lower 
thann those needed with the wild-type or the complemented DLG294 strain. 
Furthermore,, we confirmed the suspected phenotype by assaying the effect of 
hydrogenn peroxide on the respiration of the different strains, showing termination 
off  respiration in the DLG294 at hydrogen peroxide concentrations at least ten times 
lowerr than the concentrations needed to stop the respiration of either the wild-type 
orr the complemented strain. 
Thee precise role of Sspj is still elusive, although it is clearly involved in the 
bacteriall  defense against hydrogen peroxide. Based on homology, this protein is a 
memberr of the pyrroloquinoline quinone (PQQ)-binding family of proteins, which 
consistss of dehydrogenases and other proteins involved in redox reactions. 
Althoughh a scavenger role for this protein can be postulated, it remains unclear 
whyy bacteria that have levels of catalase activity that are comparable to wild-type 
bacteriaa would be susceptible to such low amounts of hydrogen peroxide. To 
clarifyy the precise role of Sspj in the protection of Salmonella against hydrogen 
peroxide,, further biochemical analysis of this protein is required. What can be 
concludedd from our experiments is that every infecting Salmonella bacterium is 
subjectedd to a limited amount of hydrogen peroxide generated by the neutrophils, 
ann amount that is not toxic to wild-type bacteria. The concentration of hydrogen 

94 4 



CbMttr S S 

peroxidee formed in the SCV probably exceeds 10 micromolar, since this was the 
minimumm concentration of hydrogen peroxide that generated the observed effects 
onn fluorescence and respiration of DLG294. Furthermore, we found that the 
concentrationn of ROS encountered by wild-type bacteria is increased upon 
opsonization.. Based on the observed fluorescence the concentration of hydrogen 
peroxidee encountered by opsonized bacteria is at least 75 micromolar. This shows 
thee importance of the mode of entrance of these bacteria in the activation of anti-
microbiall  systems. 
Overall,, we have developed an assay that can be used to predict the in vivo 
resistancee of different Salmonella strains to killin g by the NADPH oxidase. Using 
thiss assay we were able to identify an important role for  Sspj, a protein that is 
indispensablee for  Salmonella virulence, in the resistance to NADPH oxidase-
derivedd hydrogen peroxide. 
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Abstract t 
Toll-lik ee receptors (TLRs) form a family of transmembrane receptors that are 
essentiall  for  the recognition of pathogen-associated molecular  patterns (PAMPs) 
suchh as lipopolysaccharide (LPS). The function of TLRs on the surface of immune 
cellss has been widely investigated, and TLR signalling has been shown to lead to 
cytokinee production and cell activation. A role for  TLRs in phagosome sensing, i.e. 
bindingg of a pathogen's PAMPs in the phagosome and subsequent signalling 
leadingg to killin g of the phagocytosed pathogen, has been suggested, but until now 
theree has been no proof that TLR signalling is indeed involved in this process. 
Here,, we show with a new sensitive assay at the level of ingested microorganisms 
thatt  LPS-mediated TLR4 signalling in phagocytes has a direct role in the activation 
off  the NADPH oxidase. Infection of neutrophils with wild-type, LPS-expressing, 
SalmonellaSalmonella resulted in the generation of reactive oxygen species (ROS) in the 
Salmonella-containingSalmonella-containing vacuole, a phenomenon that was much less pronounced in 
ann LPS mutant strain. Moreover, the generation of ROS in the wild-type 
&j//MO«e//tf-infecte dd neutrophils was largely inhibited by the action of a TLR4-
specificc cell-permeable peptide, but not by a TLR4 blocking antibody. This 
identifiess intracellular  TLR4 ligand binding and signalling as an essential factor  in 
thee sensing of phagosomes required for  the killin g of intracellular  micro-
organisms. . 

Introductio n n 
Thee intracellular  pathogen Salmonella typhimurium invades phagocytes, where it 
residess in a membrane-surrounded vacuole1'2. S. typhimurium is able to evade the 
hostt  immune response by virtu e of its pathogenicity islands, clusters of genes 
whosee products induce the uptake of the bacterium by host cells and interfere with 
thee killin g of the pathogen3. A large portion of these genes exerts their  effects by 
inhibitin gg or  counteracting microbicidal systems such as the NADPH oxidase . 
Moreover,, wild-type S. typhimurium restricts the activation of the NADPH oxidase 
afterr  uptake, through the action of the Salmonella pathogenicity island (Spi) 24; 5. 
Thiss cluster  of genes protects the intracellular  bacterium against full activation of 
thiss microbicidal system4,5. 

Resistancee of &  typhimurium to host defense mechanisms increases as the 
LPSS chain length increases, i.e., from avirulent strains containing a low number  of 
sugars,, so-called rough strains, to a high number  of sugars found in smooth virulent 
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bacteria.. Salmonella strains of the rough chemotype are susceptible to 
complement-mediatedd lysis, either  in the presence or  absence of antibody6'7, and 
aree non-invasive after  oral challenge819. Intracellular  killin g by human neutrophils 
iss enhanced by complement activity, and the survival of Salmonella spp. in the 
presencee of serum and neutrophils decreases as the LPS chain length shortens6. 
LPSS is a ligand for  Toll-lik e receptor  (TLR) 4, a member of the well-conserved 
TLRR family of pattern recognition receptors10'  n . TLRs are able to recognize 
pathogen-associatedd molecular  patterns (PAMPs), molecules that are exclusively 
foundd in pathogens and are often indispensable for  pathogen viabilit y in the host10* 
n .. TLR signalling has been shown to lead to cytokine production and cell 
differentiation ,, ultimately influencing the outcome of the immune response10'  n . 
TLRR expression is found in cells from the immune system as well as in non-
immunee cells. Usually, signalling via TLRs is studied for  cell-surface expressed 
TLRs,, although signalling via intracellular  TLRs has been suggested. Moreover, 
TLR ss have been hypothesized to "sample"  the contents of phagosomes for  the 
presencee of PAMPs12. Here, we investigated the role of LPS-mediated TLR4 
signallingg in the intracellular  killin g of wild-type and rough Salmonella strains in 
phagocytes.. When infected in RAW 246.7 cells under  serum-free conditions, LPS 
negative,, rough, Salmonella bacteria were found to be less efficiently killed than 
thee wild-type parent strain. This phenomenon was further  explored in human 
neutrophils,, where infection with the rough bacteria was shown to lead to lower 
levelss of reactive oxygen species (ROS) generated by the NADPH oxidase as 
comparedd with the LPS-positive ,wild-type, parent strain. To confirm the 
involvementt  of TLR4 in the activation of the NADPH oxidase upon infection with 
LPSS positive wild-type Salmonella, TLR4 signalling was inhibited with a TLR4-
specific,, cell-permeable peptide. Indeed, this peptide prevented the activation of 
thee NADPH oxidase. With a TLR4-blocking monoclonal antibody, the 
involvementt  of surface-expressed TLR4 in activating the NADPH oxidase in 
responsee to Salmonella-derived LPS in this system was ruled out. Together  these 
dataa prove the intracellular  ligand binding and signalling of TLR4 in response to 
Salmonella-derivedSalmonella-derived LPS, which results in the activation of the NADPH oxidase. 
Thiss is the first proof that TLR4 signals from intracellular  compartments and 
directlyy activates microbicidal systems. 
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Methods. . 

Growthh and labelling of bacterial strains 

Singlee colonies of smooth parental Salmonella enterica serovar Typhimurium, and 
itss rough Ra chemotype mutant were grown overnight in Luria-Bertani (LB) 
mediumm at 37°C while shaking (225 rpm). For infection of human neutrophils, 
overnightt cultures of different Salmonella strains were diluted ten times in fresh 
LBB medium. Bacteria were harvested in the log phase (OD=l at óOOnm). 
Subsequently,, bacteria were centrifuged and resuspended in phosphate-buffered 
salinee (PBS). The bacteria were labelled with 1 nM dihydrorhodamine-1,2,3 
(DHR)) (Molecular Probes), for 10 min at room temperature in the dark, washed 
withh PBS and resuspended in Hepes medium [132 mM NaCl, 6 mM KC1, 1 mM 
MgS04,1.22 mM KH2P04, 5.5 mM glucose, and 0.5% (wt/vol) human albumin (pH 
7-4)]. . 

NADPHH oxidase-mediated fluorescence of intracellular  bacteria 

Neutrophilss were purified from heparinized blood as described13. 106 neutrophils 
weree incubated with 107 bacteria of the different Salmonella strains at 37 C. At 
variouss time points, samples were taken and diluted twenty times in ice-cold PBS. 
Afterr the last time point, all samples were centrifuged and resuspended in 100 ul of 
ice-coldd PBS and analysed by flow cytometry in a Becton Dickinson FacsStar 
(Paloo Alto, USA). 

Electronn microscopic analyis 

Neutrophilss were fixed for 24 h in 4% paraformaldehyde in 0.1 M PHEM buffer (60 
mMM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM Mg Cl2, pH 6.9) and then 
processedd for ultrathin cryosectioning as previously described14. For double 
immunolabellingg the procedure described by Slot et al.15, was followed, with 10-
andd 15-nm protein-A conjugated colloidal gold probes (EM Lab., Utrecht 
University,, The Netherlands). After immunolabelling, the cryosections were 
embeddedd in a mixture of methylcellulose and uranyl acetate and examined with a 
Philipss CM 10 electron microscope (Eindhoven, The Netherlands). For the 
controls,, the primary antibody was replaced by a non-relevant rabbit or mouse 
antibody. . 
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Sub-cellularr  fractionation of human neutrophils 

Subcellularr fractions of neutrophils were obtained by nitrogen cavitation and 
centrifugationn on a 3-layer Percoll grandient as described by Kjeldsen et al16. 

Westernn Blot analysis of isolated neutrophil fractions 

Forr immunodetection of TLR4, 20 ug of protein of isolated neutrophil fractions 
weree subjected to SDS-PAGE and Western blotting as previously described17. 
Blotss were incubated with polyclonal anti-TLR4 (clone sc-10741, Santa Cruz), 
secondaryy antibodies were swine-anti-rabbit horseradish peroxidase conjugated 
polyclonall  antibodies (DAKO), and detection was performed with the enhanced 
chemiluminescencee (ECL) kit (Amersham Pharmacia). 

Cell-permeablee peptides 

Thee protein transduction domain of the HIV protein Tat18 was fused to amino acids 
366-3777 of TLR2 (YARAAARQARAGFKLCLHKRDFIPGKWI). As a control 
peptide,, a peptide containing only the protein transduction domain was used 
(YARAAARRQARAG).. Purified human neutrophils were pre-incubated with 200 
ug/mll  cell-permeable peptides for 1 min before priming or Salmonella infection. 

Primin gg of ROS production of human neutrophils 

Purifiedd human neutrophils were primed at a concentration of 106 cells/ml in 
phosphate-bufferedd saline (PBS) containing 5.5 mM glucose and 0.5% (wt/vol) 
humann albumin, with either 20 ng/ml LPS (Salmonella, Sigma), 10 ug/ml 
Pam3CysSK44 (EMC Microcollections, Tubingen, Germany) or 500 ng MALP-2 
(EMCC Microcollections) for 30 min at 37°C. Hydrogen-peroxide production of 
purifiedd human neutrophils after fMLP (Sigma) activation was measured by the 
Amplexx Red Assay (Molecular Probes) measured on a Perkin Elmer platereader. 

Precipitationn of cell-permeable peptides 
Neutrophilss (107/ml) were lysed in 100 mM TrisHCl (pH 7.4) containing 100 mM 
NaCl,, 10% glycerol, 1% NP-40, 1 mM MgCl2 and protease inhibitors (Roche) for 
155 min on ice. Lysates were centrifuged at 14,000g for 15 min at 4°C. Supernatants 
weree incubated with 1 (ig/ml of biotinylated peptides and 50 ul of streptavidin-
agarosee beads (Sigma) for 1 h at 4°C. Beads were then washed three times with 
lysiss buffer. Proteins were extracted by boiling the beads in SDS sample buffer 
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(1255 mmol/L Tris, pH 6.8; 20% (w/v) SDS and 12.5% (v/v) p-mercaptoethanol) for 
55 min at^5°C. 

Intracellula rr  killin g of Salmonella 

Persistencee of Salmonella in RAW 264.7 macrophage-like cells was determined as 
follows:: cells were allowed to adhere to plastic wells at a density of 1 x 105 

cells/welll  during overnight incubation at 37°C in RPMI-medium containing 10% 
(v/v)) inactivated fetal calf serum. Bacteria grown overnight in LB were added to 
thee wells at a macrophage to bacteria ratio of 1:10, and centrifuged (10 min at 1200 
rpm)) onto the cells. Bacterial endocytosis was allowed to proceed for 10 min, and 
afterr three washes with PBS the cells were re-incubated at 37° C and 5% CO2 in 
mediumm containing gentamicin. To determine persistence and/or replication in 
RAWW 264.7 cells, gentamicin was added (100 ug/ml) for 10 min to kill remaining 
extracellularr bacteria. After washing, the cells were again incubated in medium 
containingg gentamicin (10 ug/ml) for determination of persistence after 3 and 24 
hrs.. The survival of intracellular bacteria against time was determined by plate 
countss following the removal of medium and hypotonic lysis of cells. 

Resultss and Discussion 
Too assess the role of LPS for intracellular survival in the absence of complement 
wee started to determine the intracellular survival of S. typhimurium 14028 strains 
withh smooth (s) and rough (Ra) chemotype within macrophage-like cells after 
ingestionn of non-opsonized bacteria. During the first hours after ingestion by 
macrophage-likee RAW264.7 cells in vitro, the intracellular killing of the 
SalmonellaSalmonella 14028 strains was defective for LPS-deficient rough bacteria as 
indicatedd by higher intracellular outgrowth during the first 24 hours after uptake, as 
comparedd with its wild-type parental smooth strain (Figure l).Thus, a Salmonella 
Raa strain that is killed extracellularly almost instantly in the presence of 
complement,, is remarkably enough able to survive and replicate better 
intracellularlyy than its wild-type parental smooth strain. These differences in 
intracellularr replication cannot be attributed to a differential susceptibility to 
antimicrobiall  peptides such as magainin 2 or defensins, because the length of the 
LPSS sugar side chain does not determine bacterial susceptibility to these 
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5-106-- ^ Figure 1 Number of viable intracellular 
—ii  wj |<j-type wild-type smooth Salmonella and 

 rough its rough Ra chemotype (CFU) *within 
macrophage-likee RAW cells at 3 and 24 
hourss after uptake of non-opsonized 
bacteria.. Values are means of three 
experimentss (+/- sd) performed in duplo 

Thee NADPH oxidase of phagocytes -and more so in neutrophils compared 
too macrophages- converts molecular oxygen to superoxide, the parent compound 
fromm which other, more aggressive reactive oxygen species (ROS), such as 
hydrogenn peroxide and hypochlorous acid, are formed21. Human neutrophils can be 
primedd to secrete ROS by bacterial products such as LPS and proteoglycan (PGN), 
viaa TLRs expressed on the cell surface of the neutrophil22. Triggered by the 
additionn of the bacterial peptide fMLP, primed neutrophils show high NADPH 
oxidasee activity, resulting in secretion of large amounts of ROS. Salmonella-
derivedderived LPS is also able to prime the secretion of ROS by human neutrophils in a 
TLR4-dependentt fashion23. Since Salmonella invasion of human phagocytes leads 
too the generation of ROS7, we investigated the importance of LPS for the activation 
off  the NADPH oxidase. 

Too show that invaded Salmonella bacteria encounter ROS, wild-type and 
roughh bacteria were labelled with dihydrorhodamine-1,2,3 (DHR), a dye that is 
convertedd to the fluorescent product rhodamine-1,2,3 in the presence of hydrogen 
peroxidee and a peroxidase24. After labelling, the bacteria were allowed to infect 
humann neutrophils, and the fluorescence of both wild-type and rough Salmonella 
typhimuriumtyphimurium strains inside the neutrophils was assayed at fixed times by flow 
cytometryy (Figure 2a). Neutrophils infected by wild-type bacteria displayed a 
fluorescencee signal that appeared after 30 min of infection and was maximal at 45 
min.. Although the fluorescence signal observed in neutrophils infected with the 
roughh strain showed the same kinetics as the wild-type strain-infected cells, the 
observedd fluorescence was much lower (Figure 2a,b). Infection rates of both strains 
weree similar, as determined by counting the number of intracellular Salmonella 
bacteriaa after May-Griinwald-Giemsa staining (Figure 2c). The observed 
differencess in fluorescence were not due to varying degrees of DHR labelling of 
thee two strains, since phorbol myristate acetate (PMA) stimulation, resulting in 
vigorouss NADPH oxidase activation and conversion of all DHR present into 
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4 4 Figuree 2 Infection of human neutrophils by wild-
typee and rough Salmonella, a, Kinetics of 
hydrogenn peroxide production induced by wild-
typee and rough Salmonella, b, Confocal 
microscopicc image of infected wild-type and 
roughh Salmonella bacteria at t=60 min. c, Number 
off  intracellular Salmonella bacteria at t=60 min. 
d,, Expression of cell-surface markers at t=60 min. 
Salmonella-infectedd cells were compared with 
uninfectedd cells (PMN) and cytochalasin 
B/fMLP-stimulatedd cells, e, Neutrophil clustering 
afterr wild-type Salmonella infection. 

rhodamine,, showed equal fluorescence of wild-type and rough strain-infected 
neutrophilss (Figure 2a). Together, these data show that at equal infection rates 
wild-typee Salmonella encounters more ROS after infection of human neutrophils 
thann does an LPS mutant strain, which is a strong indication that LPS-mediated 
signallingg results in NADPH oxidase activation. Furthermore, wild-type 
SalmonellaSalmonella infection leads to activation of human neutrophils, as determined by 
expressionn of the cell-surface markers CD10, CDllb, CD14, and CD16 (Figure 
2d).. Clearly, infection of neutrophils with either wild-type or rough Salmonella 
bacteriaa leads to altered expression of activation markers, as compared to 
uninfectedd cells (PMN). However, wild-type Salmonella induced a more 
pronouncedd expression of CDllb and CD 14, while infection with rough bacteria 
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ledd to marked shedding of CD 16 and a slight increase in CD 10 expression. 
Furthermore,, infection with wild-type Salmonella induced clustering of the 
infectedinfected neutrophils (Figure 2e). 

Itt was then investigated whether the differences in fluorescence between 
wild-typee and rough bacteria were due to priming effects of LPS present on the 
wild-typee bacteria via TLR4 expressed on the cell surface of the neutrophils. 
Humann neutrophils express TLR4 at low but detectable levels on their cell surface 
(Figuree 3a). TLR2 expression can also be detected in all donors tested, but the 
expressionn of TLR1 and 6 was variable between donors (Figure 3 a). To inhibit 
TLR44 signalling, a TLR4-blocking monoclonal antibody was used. This antibody 
inhibitss Salmonella LPS-mediated priming of ROS secretion by human neutrophils 
(Figuree 3b). However, pre-incubation of neutrophils with this monoclonal antibody 
hadd no effect on the observed fluorescence after infection with wild-type 
SalmonellaSalmonella (Figure 2a). This suggests that signalling via surface-expressed TLR4 
doess not play a major role in the activation of the NADPH oxidase after Salmonella 
infectionn and that signalling, if mediated by TLR4, occurs largely via an 
intracellularr pool of this receptor, where the antibody is not able to interfere with 
signalling. . 

Sincee it was unknown whether TLRs are localized intracellularly in human 
neutrophils,, attempts were made to determine the subcellular localisation of TLR1, 
2,, 4 and 6 by electron microscopy. This technique showed that TLR1, 2 and 6 
residee both in the azurophil and in the specific granules of neutrophils (Figure 
3c,d,e,f).. Due to poor antibody labelling with different antibodies, electron 
microscopicc analysis of the localisation of TLR4 failed. Therefore, subcellular 
fractionss of human neutrophils were prepared and analysed by Western blotting for 
TLRR expression (Figure 3g). TLR4 was detected in all neutrophil granule fractions, 
provingg the existence of intracellular pools of this receptor. Together with the 
findingfinding that TLR4-blocking antibodies are not able to inhibit the observed NADPH 
oxidasee activity in response to Salmonella infection, these data strongly suggest 
thatt signalling mediated by intracellular TLR4 receptors leads to activation of 
microbicidall  systems in the phagosome. 

Too confirm the involvement of intracellular TLR4 in mediating LPS-
inducedd NADPH oxidase activation, a cell-permeable peptide was used to 
specificallyy block TLR4-mediated signalling. This peptide was originally designed 
too inhibit TLR2 signalling and is composed of the protein transduction domain of 
thee HIV protein TAT and part of the intracellular portion of TLR2, the BB-loop25. 
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TLR ll  TLR2 TLR4 TLR6 

Figuree 3 Localisation of TLRs in human neutrophils, a, Flow cytometric analysis of surface 
expressionn of TLRl, 2, 4 and 6 on neutrophils of two different donors. White peaks represent 
fluorescencee displayed by control IgG stained cells, gray peaks indicate fluorescence displayed by 
anti-TLRR stained cells b, Inhibition of ROS production by a TLR4-specific MoAb. Hydrogen 
peroxidee production by neutrophils was induced by fMLP stimulation after priming with different 
TLRR ligands c,d,e,f, Immuno-electron microscopic analysis of TLRl, 2 and 6 (15 nm gold particles) 
localisationn in human neutrophils. Lactoferrin (Lf) and myeloperoxidase (MPO) (10 nm gold 
particles)) were taken as markers for specific granules and azurophil granules, respectively, arrows 
indicatee TLR localisation. Numbers indicate the percentage of TLR-positive granules displying 
colocalizationn of a TLR with the marker of these granules. For each experiment at least 200 positive 
granuless were analyzed, g, Expression of TLR4 in different neutrophil fractions. 

However,, priming experiments with LPS and the TLR 1/2 and TLR2/6 heterodimer 
ligands,, Pam3CysSK4 and MALP-2, respectively, showed that the peptide is a 
potentt inhibitor of TLR4 signalling and does not inhibit TLR1/2 or TLR2/6 
signallingg (Figure 4a). Furthermore, pull-down assays with a biotinylated form of 
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thiss peptide showed direct binding to TLR4 and not to TLRl, 2 or 6 (Figure 4b). 
Thee inability of the BB-loop peptide to bind to and inhibit signalling via TLR1/2 
andd TLR2/6 heterodimers can be explained by the recent observation that these 
heterodimerss are co-translationally formed26, which may lead to the masking of the 
intracellularr target sequences within TLR1/2 and TLR2/6 heterodimers. 

Pre-treatmentt of human neutrophils with the BB-loop peptide and 
subsequentt infection with DHR-labelled wild-type Salmonella typhimurium 
stronglyy diminished the observed fluorescence in comparison to untreated 
neutrophilss (Figure 4c). A control peptide did not show this inhibitory effect, 
leavingg fluorescence at the level of untreated cells. Neither peptide interfered with 
thee uptake of the bacteria or diminished fluorescence by itself, as determined by 
May-Grünwald-Giemsaa staining (not shown) and PMA stimulation, respectively 
(Figuree 4c). Furthermore, inhibitors of p38MAPK and pERK -SB20358 and 
U01266 respectively- were effective in inhibiting bacterial fluorescence, suggesting 
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Figuree 4 Inhibition of ROS production by a TLR4-specific, cell-permeable peptide, a, 
Hydrogenn peroxide production by neutrophils upon fMLP stimulation after priming with 
differentt TLR ligands. b, Interaction of BB-loop peptide with TLR4 as determined by 
peptidee pull-down, c, Effect of BB-loop peptide and inhibitors of MAPKs, SB20358 
(100 p.g/ml) and U0126 (10 ng/ml) on intracellular hydrogen peroxide production after 
SalmonellaSalmonella infection. 
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thatt  the signal transduction routes leading to activation of the NADPH oxidase by 
thee intracellular  bacteria are similar  to those involved in primin g of this enzyme 
complexx by extracellular  TLR4 stimuli (Figure 4c)27. 

Inn conclusion, these data demonstrate a crucial role for  TLR 4 in 

directt  sensing of intracellular  compartments and subsequent signalling, 

resultingg in full activation of the NADPH oxidase system and subsequent 

killin gg of intracellular  pathogens. 
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Summaryy and Discussion 
Thee most abundant cell in the human immune system is the neutrophil, 

whichh is specialized in the destruction of invading microorganisms such as bacteria 
andd fungi. To fulfil l this task successfully the neutrophil is equipped with features 
thatt  are unmatched by other  cells in the immune system. First, neutrophils have the 
capacityy to migrate to a site of infection at a very high pace, guided by their  ability 
too sense chemokines and bacterial products. Second, as professional phagocytes, 
neutrophilss can ingest large numbers of microorganisms. Finally, the neutrophil is 
heavilyy armed with anti-microbial enzymes, which will be launched at 
phagocytosedd microbes, resulting in the degradation of these pathogens. 

Onee of the most important anti-microbial enzymes in the neutrophil is the 
leukocytee NADPH oxidase1. This enzyme converts oxygen into superoxide, using 
NADPHH as electron donor2. Superoxide forms the basic compound from which 
other,, more agressive reactive oxygen species (ROS) are derived1. ROS, some of 
whichh are highly toxic, have a central role in the killin g of ingested microbes. The 
NADPHH oxidase consists of a membrane-bound flavocytochrome, cytochrome b5ss, 
aa heterodimer  formed by the glycoprotein gp91phox (phox: phagocyte oxidase) and 

p22phoxii  Gp91Phox i s t h e cataiyti c subunit of the NADPH oxidase, bearing two 
hemes,, one FAD molecule and a binding place for  NADPH3. The primary function 
off  p22phox seems to be the stabilisation of gp91phox in the membrane, because 
withoutt  p22phox, gp91pbox is not expressed4. For  the activation of cytochrome b55&, 
thee interaction with three cytosolic proteins, p47phox, p67phox and Rac2, is 
necessary5'7.. These proteins, together  with a fourth protein, p40phox, translocate to 
thee membrane and bind to cytochrome b5Si upon activation. This complex of 
proteinss forms the active NADPH oxidase. 

Thee importance of a functional NADPH oxidase for  the anti-microbial 
responsee of neutrophils is best illustrated in patients suffering from chronic 
granulomatouss disease (CGD)8. This inherited immunodeficiency syndrome is 
characterizedd by recurrent life-threatening bacterial and fungal infections and is the 
consequencee of a defect in the production of superoxide by the NADPH oxidase. A 
mutationn in any of the five essential NADPH oxidase components, gp91phox, 
p22phox,, p47phox, p67phox and Rac2, can lead to CGD9. Until now, no mutations have 
beenn described in p40phox of CGD patients, raising questions about the importance 
off  this protein for  the activity of the NADPH oxidase. 

Besidess the generation of ROS, the NADPH oxidase has another  very 
importantt  function in the killin g of phagocytosed pathogens. The NADPH oxidase 

115 5 



Clamr? ? 

transferss electrons from NADPH to oxygen over the phagosomal membrane, 
creatingg a membrane potential over this membrane. To compensate for the negative 
chargee in the phagosome, FT ion is transported into the phagosome. However, this 
iss not the only positively charged ion that is transported into the phagosome; there 
iss also substantial charge compensation by influx of K+ ions. The influx of K+ ions 
provedd to be essential for the liberation of anti-microbial proteases from the 
negativelyy charged matrix of granules fused with the phagosome10. Without a 
functionall  NADPH oxidase, the liberation of the proteases from the matrix does 
nott occur, and subsequent degradation of phagocytosed microbes by these enzymes 
iss then prevented. The onset of two distinctive means of microbial degradation, the 
oxidativee and the proteolytic cascades, are thus regulated both by the actions of the 
NADPHH oxidase. 

Inn this thesis, several aspects of the NADPH oxidase were investigated. In 
Chapterr  II  an attempt was made to identify the FAD-binding residues in gp91phox. 
Althoughh a small number of mutations have been identified in CGD patients that 
aree situated in proposed FAD-binding regions in gp91phox and lead to loss of FAD 
binding,, the number of mutations is too low to predict the FAD-binding residues 
withh any certainty. To circumvent this problem, potential FAD-binding residues 
weree mutated and the mutant gp91phox proteins were expressed in cells containing 
alll  NADPH oxidase components except gp91pho\ First, the C-terminal part of 
gp ĵphoxx w ag ^jgjjgj  w j m t w o rei ated FAD-containing enzymes, ferredoxin 
reductasee and nitrate reductase. On the basis of these alignments, two models of the 
C-terminuss of gp91phox were built, which were used to identify potential FAD-
bindingg residues. Several of these residues were subsequently mutated by a novel 
site-directedd mutagenesis method. Using this method, an amino-acid residue can be 
mutatedd into all possible amino-acid residues in a single PCR reaction. Two 
selectedd residues were submitted to this procedure, which resulted in 26 new 
mutationss in gp91phox. The mutants were then expressed in K562 cells that 
expressedd all essential NADPH oxidase components except gp91phox, thereby 
generatingg cells that were, in case of transfection with a functional gp91phox protein, 
ablee to produce superoxide. 

Afterr transfection, the different gp91phox mutants were first tested for 
expressionn of cytochrome &55g by flow cytometric analysis. Surprisingly, all 
mutantss were expressed, which is in sharp contrast to what is found in CGD 
patients,, where most amino-acid substitutions in gp91phox lead to loss of 
cytochromee b55&  expression31. However, gp91phox mutants that had been identified 
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inn CGD patients, and which showed lowered expression of cytochrome 6558 in the 
neutrophilss of these patients, were also expressed at lower  levels in K562 cells. 
Similarr  results were obtained when gp91phox mutants were expressed in other  cell 
lines,, i.e. mutants that were expressed at lower  levels in CGD neutrophils also 
showedd a lower  level of expression in these cell lines12;13. Although we cannot 
excludee that there wil l be subtle differences in expression of gp91phox mutants, the 
prerequisitess for  cytochrome b5ss expression seem to be similar  in neutrophils and 
thee cell lines used in this study. 

Severall  of the newly generated mutants, although expressed at levels 
comparablee to wild-type gp91phox, displayed no detectable enzymatic activity. 
Thesee non-functional gp91phox mutants were then expressed in a granulocytic cell 
line,, PLB-985. In this particular  cell line, the expression of gp91phox has been 
knockedd out by gene targeting, and the expression of cytochrome 6558, after 
complementationn with mutants of gp91phox, was higher  than the expression in 
K5622 cells. Mutant cytochrome b$$& was purified from these cells and attempts 
weree made to determine the FAD-binding capacity of these mutants. Unfortunately, 
wee were not able to measure FAD binding in wild-type cytochrome Z>55g. Therefore, 
thee FAD-binding properties of our  newly generated mutants are still elusive. Future 
experimentss with the purified recombinant C-terminal part of gp91phox bearing the 
differentt  mutations will perhaps provide more insight in their  FAD-binding 
properties. . 

Chapterr  II I  describes the identification of a new mutation in glucose-6-
phosphatee dehydrogenase (G6PD), the enzyme that catalyzes the conversion of 
glucose-6-phosphatee into 6-phosphogluconolactone. This reaction is accompanied 
byy the generation of NADPH through the reduction of NADP. The conversion of 
glucose-6-phosphatee into 6-phosphogluconolactone by G6PD is one of the 
reactionss of the hexose monophosphate (HMP) pathway, the only source of 
NADPHH in cells that lack mitochondria, such as red blood cells (RBC). Although 
granulocytess have mitochondria, there are indications that these mitochondria are 
lesss functional than those in other  blood cells14. Normally, G6PD deficiency only 
becomess manifest in RBC, since these cells are long-living and do not synthesize 
neww proteins, and most G6PD mutations lead to reduced stability of the protein15. 
However,, in rare cases, when the activity and/or  stability of the mutant G6PD 
proteinn is very low, the amount of NADPH that can be generated in the 
granulocytess is so low that the activity of the NADPH oxidase is affected16. This 
cann give rise to CGD-like symptoms, i.e. an increased susceptibility to bacterial 
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andd flingal infections. We identified two patients from two unrelated families, 
sufferingg from hemolytic anemia and recurrent infections, with the same new 
variantt of the G6PD protein. In this variant, which was named G6PD Amsterdam, 
thee leucine at position 61 is deleted. Indeed, G6PD activity as well as G6PD 
proteinn levels were undetectable in the RBC and in the granulocytes of both 
patients.. Moreover, the granulocytes of both patients displayed a reduced capacity 
too produce superoxide, which is most likely the cause of their susceptibility to 
infections.. Recombinant G6PD Amsterdam displayed reduced protein stability as 
wellwell as reduced activity compared to the wild-type enzyme. However, the effects 
weree not as dramatic as expected, and therefore the low levels of G6PD 
Amsterdamm expression in the patient's cells were suspected to be the consequence 
off  instability of the mRNA encoding this enzyme. The expression of the mRNA 
encodingg G6PD Amsterdam was investigated in a heterozygous individual, the 
motherr of one of the patients. G6PD Amsterdam mRNA was undetectable in the 
mother'ss blood cells, despite the presence of the mutation in one of her X 
chromosomes,, proving the instability of this mRNA. The instability of the G6PD 
Amsterdamm mRNA very likely contributes to the manifestation of G6PD deficiency 
inn the granulocytes, because in other cases of G6PD deficiency that lead to 
granulocytee dysfunction the enzymatic properties of the G6PD enzyme were much 
moree affected than in G6PD Amsterdam. It is generally believed that G6PD 
deficiencyy does not easily affect granulocytes, because these cells are short-living, 
i.e.. G6PD variants with a reduced half-life will not be completely lost before the 
granulocytess are already undergoing apoptosis. However, in case of the G6PD 
Amsterdamm mutation, the unstable mRNA is likely to be the cause of a very limited 
amountt of synthesized G6PD protein in the granulocytes, which leads to a 
deficiencyy in the NADPH supply. 

Thee differences in the severity of disease between one of the patients and 
hiss two brothers, who both display the same mutation and have comparable levels 
off  G6PD activity in their RBC and superoxide-producing capacity of their 
granulocytes,, are intriguing. One of the brothers does not suffer from either 
hemolyticc anemia or susceptibility to infections, while the other does suffer from 
mildd hemolytic episodes. It will be interesting to investigate the involvement of 
otherr genes that may modulate the severity of the hemolytic anemia and/or the 
susceptibilityy to infections. 

Inn Chapter  IV the translocation of Rac2 and p67phox was studied in living 
cellss by means of fluorescence recovery after photobleaching (FRAP) experiments 
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off  GFP-tagged versions of these proteins. First, the expression and functionality of 
thee GFP-tagged p67phox and Rac2 was verified. The constructs were expressed in a 
granulocyticc cell line, PLB-985 and in a gp91phox-deficient derivative of this cell 
line.. The localization of p67GFP and GFP-Rac2 was then studied in these cell lines 
duringg phagocytosis of serum-treated zymosan (STZ). Lik e in X-CGD neutrophils, 
wee found that the retention of p67GFP and GFP-Rac2 at the phagosome 
membranee was dependent on the expression of cytochrome b55i. The turn-over  of 
p67GFPP and GFP-Rac2 at the phagosomal membrane determined by FRAP 
experiments,, turned out to be very high. By this approach the rapid exchange of 
p67phoxx and Rac2 at the phagosomal membrane with free, cytosolic p67phox and 
Rac22 was shown, which strongly suggests that the cytosolic components of the 
NADPHH oxidase and cytochrome £55» do not form a stable complex, but interact 
withh gp91phox and then dissociate rapidly. Although the involvement of several 
signall  transduction pathways was excluded by the use of specific inhibitor s of these 
pathways,, we were not able to identify the mechanism that drives this continuous 
translocation. . 

Manyy different protein-protein and protein-lipi d interactions are essential 
forr  translocation of p47phQX, p67phox and Rac2 to and association with cytochrome 
£558.. For  instance, p47phox has been described to associate with p22phox but also with 
phospoinositidess residing in the phagosomal membrane17;18. P67phox interacts with 
Rac2,, with gp91phox, but also with p47phox 19" 21. Rac2 can insert its prenylated tail in 
thee membrane, which could be the basis of the translocation of this protein, but it 
alsoo interacts with gp91phox, an interaction that is essential for  retention of this 
proteinn at the phagosomal membrane22. Although the association/dissociation of 
thee cytosolic proteins and cytochrome bsss could be regulated by different means, 
thee most likely mechanism for  the constant turn-over  seems to be the cycling of 
Rac22 between the GTP- and GDP-bound state. The GDP- and GTP-bound forms of 
Rac22 are likely to have different affinities for  cytochrome b55z, thereby regulating 
theirr  association with the phagosomal membrane. Rac2 is transiently associated 
withh the phagosome if cytochrome b5ss is absent, proving that the interaction of 
Rac22 with the cytochrome is essential for  continued Rac2 localization on the 
phagosome.. Therefore, changes in the affinit y of Rac2 for  the cytochrome, by 
changess in the GTP- or  GDP-bound state of Rac2, might regulate the 
association/dissocationn of Rac2 with the phagosomal membrane. Furthermore, 
Rac22 is the only cytosolic protein that is able to interact with cytochrome 6558 in the 
absencee of p47phox and p67phox, while it is essential for  the correct localization of 
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thesee proteins at the phagosomal membrane23;24. By regulating the affinity of Rac2 
forr cytochrome b55S it might be possible to regulate the association/dissociation of 
p47phoxx and p67TAmx with cytochrome b55&.  In the past, several attempts have been 
madee to unravel the importance of changes in the GTP-or GDP-bound state of 
Rac22 for NADPH oxidase activity by the use of dominant negative or 
constitutivelyy active forms of the Rac GTPase25. However, conflicting results were 
obtainedd in these studies, leaving the issue of GTP/GDP cycling of Rac2 in 
NADPHH oxidase activity unsolved. 

Byy the use of actin-depolymerizing agents we showed a role for the actin 
cytoskeletonn in the initial translocation of p67phox and Rac2 to the plasma 
membrane.. Binding of serum-treated zymosan (STZ) to the cell surface rapidly 
inducess translocation of these proteins to the site of attachment. In cells that were 
treatedd with an actin-depolymerizing agent, the translocation of p67phox and Rac2, 
afterr binding of STZ to the cell surface, was absent. However, disruption of the 
actinn cytoskeleton after the translocation had been initiated did not alter the 
localizationn or the FRAP characteristics of p67phox and Rac2, restricting the role of 
thee actin cytoskeleton to the initial translocation of p67phox and Rac2. 

Inn Chapter  V a novel method was developed to detect hydrogen peroxide, 
encounteredd by bacteria inside the neutrophil. In this method, bacteria or other 
particless such as zymosan, are labelled with the fluorescent dye dihydrorhodamine-
1,2,33 (DHR) which is converted to the fluorescent dye rhodamine-1,2,3 by 
hydrogenn peroxide in a peroxidase-dependent reaction. By this DHR labelling, 
hydrogenn peroxide encountered by the bacteria results in the generation of 
fluorescentfluorescent rhodamine-1,2,3, which can be measured by flow cytometry. This 
methodd was then used to investigate possible differences in hydrogen-peroxide-
inducingg capacity of different Salmonella typhimurium strains. Indeed, differences 
weree found between wild-type Salmonella and an attenuated strain, a so-called Spi-
22 mutant, which is unable to prevent the activation of the NADPH oxidase . 
Anotherr strain, in which the gene encoding the Sspj protein was deleted, also 
showedd increased fluorescence after infection of neutrophils. The characteristics of 
thiss last mutant were further investigated, and this particular strain proved to be 
moree sensitive to hydrogen peroxide than the wild-type strain. No differences were 
foundd between the wild-type strain and the Sspj mutant in their ability to prevent 
thee activation of the NADPH oxidase on the membrane of the Salmonella-
containingg vacuole. The Sspj mutant is attenuated in vitro and in vivo, and the 
increasedd susceptibility to hydrogen peroxide is a likely explanation for its 
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decreasedd virulence, which is restored in CGD mice27. Furthermore, the detection 
off  fluorescence in this hydrogen-peroxide-sensitive but otherwise wild-type strain, 
showss that Salmonella encounters ROS after infection of human neutrophils, 
althoughh this is not detected in the wild-type strain under the conditions used. 

Thiss phenomenon was further explored in Chapter VI in which wild-type 
andd an LPS mutant (rough) strain of Salmonella typhimurium were used to identify 
thee role of TLRs in the activation of the NADPH oxidase. Again, the bacteria were 
labelledd with DHR, but the infection rate was now increased, which resulted in 
detectablee fluorescence for the wild-type strain. The rough strain, however, was 
lesss effective in inducing DHR fluorescence, suggesting a role for LPS in the 
activationn of the NADPH oxidase. Since TLR4, the receptor for LPS, is expressed 
onn human neutrophils, the importance of signalling via this receptor for the 
activationn of the NADPH oxidase after Salmonella infection was further 
investigated.. First, the various TLRs were found to be located on the cell surface 
andd in the different neutrophil granules. A TLR4-specific cell-permeable peptide, 
whichh is able to inhibit LPS-mediated signalling via this receptor, was then used to 
determinee the importance of TLR4 signalling for the activation of the NADPH 
oxidasee after infection of neutrophils with Salmonella. Indeed, the DHR 
fluorescencefluorescence in the wild-type Salmonella-infected neutrophils was inhibited by the 
actionn of this inhibitory peptide, showing the importance of TLR4 signalling in the 
activationn of the NADPH oxidase. A TLR4-specific blocking monoclonal antibody 
wass used to show that LPS-mediated signalling via TLR4 does not take place at the 
celll  surface. Thus LPS-mediated TLR4 signalling in this system occurs 
intracellularly. . 

Ourr data identify a role for TLR4 in the intracellular detection of 
pathogens,, which is coupled to activation of the NADPH oxidase in neutrophils. 
Sincee other TLRs are localized similarly in neutrophils it is very likely that these 
TLRss are also able to "sense" intracellular pathogens and activate the NADPH 
oxidase.. It remains to be determined whether neutrophils belong to one of the few 
celll  types that are able to couple the detection of intracellular pathogens to the 
activationn of microbicidal systems or that other cell types28;29 that express TLRs 
havee a similar capacity to activate microbicidal systems. If so, the recently 
identifiedd homologues of gp91phox, the Nox family30, which have been suggested to 
bee involved in anti-microbial defense, are interesting candidates as targets of TLR 
signalling. . 
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Samenvatting g 

Bloedd bevat verschillende soorten cellen, elk met hun eigen specifieke taak. De 
meestt  voorkomende cellen zijn rode bloedcellen, welke van belang zijn voor  het 
transportt  van zuurstof van de longen naar  de verschillende weefsels. Ook 
circulerenn er  bloedplaatjes, die van groot belang zijn voor  snelle en efficiënte 
stollingg van het bloed. De laatste, meer  diverse, groep bloedcellen wordt gevormd 
doorr  de witte bloedcellen. Witt e bloedcellen maken deel uit van het 
immuunsysteemm en beschermen ons tegen infecties door  micro-organismen, zoals 
bacteriën,, virussen en schimmels. De meest voorkomende witte bloedcel is de 
neutrofielee granulocyt (neutrofiel): 60 tot 70 procent van alle witte bloedcellen zijn 
neutrofielen.. De neutrofiel is een zogenaamde fagocyt, een type cel dat 
gespecialiseerdd is in het opnemen en doden van micro-organismen. Behalve een 
grotee capaciteit om micro-organismen op te nemen en te doden bezit de neutrofiel 
ookk het vermogen om zich in weefsels te verplaatsen, een zeer  belangrijke 
eigenschapp voor  het efficiënt opruimen van infecties. 

Inn het algemeen verloopt een infectie via een vast scenario. De 
aanwezigheidd van bijvoorbeeld bacteriën in het weefsel leidt tot productie van 
onstekingseiwitten,, zoals interleukinen en cytokinen. Deze stoffen zorgen voor 
veranderingenn in nabijgelegen bloedvaten. De endotheelcellen die de vaatwanden 
vann deze bloedvaten bekleden zijn nu in staat om neutrofielen die in de bloedbaan 
circulerenn te binden. De binding (adhesie) van de neutrofielen aan de 
endotheelcellenn leidt tot verdere activering van de neutrofiel waardoor  een sterkere 
bindingg tussen beide celtypen ontstaat. Vervolgens passeert de neutrofiel de 
endotheelcellaagg door  zich tussen twee endotheelcellen door  te persen 
(transmigratie).. De neutrofielen bewegen zich dan in de richting  van een 
toenemendee concentratie van ontstekingseiwitten en bacteriële producten naar  de 
plaatss van infectie (chemotaxie). 

Opp de plaats van infectie bevinden zich de bacteriën, die bedekt zijn met 
antistoffenn en met zogenaamde complementfactoren. Een met antistoffen en 
complementt  factoren bedekte bacterie wordt herkend via speciale receptoren op het 
oppervlakk van de neutrofiel. Binding van de bacterie aan de neutrofiel via deze 
receptorenn leidt direct tot opname (fagocytose) van de bacteriën door  de neutrofiel. 
Tijdenss de fagocytose belandt de bacterie in een door  een membraan omgeven 
structuur ,, het fagosoom. Dit afgesloten compartiment in de neutrofiel wordt daarna 
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gevuldd met een groot aantal anti-microbiële enzymen afkomstig uit de korrels 
(granula)) die zich binnenin de neutrofiel bevinden. 

Eenn zeer belangrijk enzym voor het doden van micro-organismen is het 
NADPHH oxidase. Dit enzym zet zuurstof om in superoxide (02) , een reactieve 
vormm van zuurstof. Superoxide vormt de grondstof voor andere, nog agressievere, 
zuurstofproductenn zoals waterstofperoxide (H202) en bleekwater (HOC1). De 
productiee van superoxide en andere zuurstofproducten vindt plaats in het fagosoom 
enn leidt tot het doden van het gefagocyteerde micro-organisme. De activering van 
hett NADPH oxidase is zeer strikt gereguleerd, daar de reactieve zuurstofproducten 
ookk veel schade aan het lichaam zelf kunnen toebrengen. 

Hett belang van het NADPH oxidase bij het doden van micro-organismen 
wordtt onderstreept in patiënten die een functioneel NADPH oxidase missen. Deze 
mensenn lijden aan chronische granulomateuze ziekte (CGD), een ziekte die 
gekenmerktt wordt door herhaaldelijk terugkerende, levensbedreigende infecties 
doorr bacteriën en schimmels die voor gezonde mensen geen bedreiging vormen. 
CGDD is een zeldzame, aangeboren afwijking, die ontstaat bij een genetisch defect 
inn een van de vijf genen die coderen voor de essentiële eiwitten van het NADPH 
oxidase.. Ongeveer 1 op 250.000 mensen wordt geboren met een genetisch defect 
datt leidt tot CGD. 

Hoewell  de genetica die ten grondslag ligt aan het ontstaan van CGD, zeer 
goedd in kaart is gebracht, bestaan er nog veel hiaten in onze kennis over de exacte 
structuurr en activering van dit belangrijke enzym. Ook de vele mechanismen die 
micro-organismenn gebruiken om zich tegen het NADPH oxidase te beschermen 
zijnn nog lang niet allemaal goed gekarakteriseerd. Kennis hiervan kan een grote 
stapp voorwaarts in het bestrijden van deze micro-organismen betekenen. In dit 
proefschriftt zijn verschillende aspecten van het NADPH oxidase onderzocht, 
hetgeenn heeft bijgedragen aan een beter begrip van het functioneren van dit enzym. 

Hoofdstakk I geeft een overzicht van de huidige kennis van zaken 
aangaandee de neutrofiel-gemedieerde afweer tegen micro-organismen. In 
Hoofdstukk II  is geprobeerd om de aminozuren die betrokken zijn bij de binding 
vann een essentiële co-factor van het NADPH oxidase, FAD, te identificeren. Eerst 
werdd een moleculair model ontworpen van het gedeelte van het NADPH oxidase 
waarinn zich hoogstwaarschijnlijk de aminozuren bevinden die betrokken zijn bij de 
bindingg van FAD. Voor het construeren van dit model werd gebruik gemaakt van 
dee moleculaire structuur van eiwitten die gelijkenis vertonen met het NADPH 
oxidase.. In het model werden vervolgens de aminozuren geïdentificeerd die 
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betrokkenn zouden kunnen zijn bij FAD binding. Om te bevestigen dat deze 
aminozurenn inderdaad bij FAD binding betrokken zijn, werden deze aminozuren 
gemuteerdd met een door ons ontwikkelde, nieuwe mutatiemethode. Met deze 
methodee is het mogelijk om in één enkele reactie een vooraf bepaald aminozuur in 
iederr ander willekeurig aminozuur te veranderen. Na de generatie van een flink 
aantall  mutanten is gepoogd om de binding van FAD aan deze mutanten te meten. 
Hett bleek echter zeer lastig om de binding van FAD aan het NADPH oxidase 
nauwkeurigg te meten, en tot op heden zijn wij er niet in geslaagd om dit technische 
probleemm op te lossen. Er is echter hoop voor de toekomst; binnen de afdeling 
wordtt hard gewerkt aan nieuwe methoden om de structuur van het NADPH oxidase 
verderr te bestuderen. Met behulp van deze nieuwe technieken is het waarschijnlijk 
mogelijkk om FAD binding aan het NADPH oxidase nauwkeurig te meten, wat tot 
ophelderingg van de bovengenoemde vraagstukken zal leiden. 

Hoofdstukk II I  beschrijft de ontdekking van een nieuwe mutatie in het 
enzymm glucose-6-fosfaat dehydrogenase (G6PD). Dit enzym katalyseert de 
omzettingg van glucose-6-fosfaat in 6-fosfogluconolacton, een reactie die gepaard 
gaatt met de vorming van NADPH. De omzetting van glucose-6-fosfaat naar 6-
fosfogluconolactonn door G6PD is een van de reacties die plaatsvinden in de 
hexose-monofosfaatroute,, de enige bron van NADPH in cellen die geen 
mitochondrionn hebben, zoals rode bloedcellen. Mutaties in G6PD leiden tot een 
verlagingg van de hoeveelheid NADPH in cellen zonder mitochondrion, wat 
ernstigee gevolgen kan hebben voor het overleven van de cellen. Over het algemeen 
komenn mutaties in G6PD alleen tot uiting in de rode bloedcellen. De meeste 
mutatiess in G6PD maken het eiwit instabiel, wat resulteert in een snellere afbraak 
vann het eiwit. Aangezien een rode bloedcel een vrij lange levensduur heeft (120 
dagen)) maar niet in staat is om zelf eiwitten te produceren , verliezen de rode 
bloedcellenn na verloop van tijd G6PD activiteit, zeker als dit enzym instabiel is, en 
duss de mogelijkheid om NADPH te maken. Dit leidt uiteindelijk tot een versnelde 
afbraakk van de rode bloedcellen en dus tot aanvallen van zeer ernstige 
bloedarmoede.. Granulocyten zijn, net als rode bloedcellen, afhankelijk van G6PD 
voorr de productie van NADPH. NADPH is vooral van belang wanneer superoxide 
gevormdd moet worden door het NADPH oxidase, dus wanneer micro-organismen 
gefagocyteerdd worden. In tegenstelling tot rode bloedcellen, zijn granulocyten zeer 
kortt levende cellen. De meeste mutaties in G6PD leiden dan ook niet tot sterk 
verminderdee G6PD activiteit in de granulocyten, omdat deze cellen ten onder gaan 
voordatt het mutante G6PD volledig is afgebroken. In zeer zeldzame gevallen 
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echterr is de stabiliteit en/of de activiteit van het G6PD zo laag dat het resulteert in 
eenn sterk verlaagde NADPH concentratie in de granulocytes Mensen met een 
dergelijkee mutatie kunnen naast episodes van zeer ernstige bloedarmoede ook aan 
CGD-achtigee symptomen lijden. In dat geval zijn de granulocyten van deze 
patiëntenn niet in staat voldoende superoxide en andere zuurstofproducten te 
genererenn en micro-organismen te bestrijden. Wij vonden in twee patiënten, die 
niett verwant waren en symptomen van zowel bloedarmoede als CGD vertoonden, 
eenn nieuwe mutatie in G6PD. Na biochemische analyse van het bloed van deze 
patiëntenn bleek zowel in de rode bloedcellen als in de granulocyten de G6PD 
activiteitt volledig afwezig te zijn. In het gen dat codeert voor G6PD bleken in de 
DNAA sequentie bij beide patiënten drie DNA bouwstenen te ontbreken, waardoor 
hett G6PD eiwit bij deze patiënten één aminozuur mist. Herhaalde pogingen om het 
G6PDD eiwit in rode bloedcellen en granulocyten van deze patiënten aan te tonen 
mislukten,, wat een belangrijke aanwijzing was dat het mutante eiwit zeer instabiel 
zall  zijn. Echter, wanneer we dit mutante G6PD door bacteriën lieten maken, een 
methodee die ontwikkeld is om de effecten van verschillende mutaties in G6PD op 
eiwitactiviteitt en -stabiliteit te bepalen, bleken de stabiliteit en de activiteit van dit 
mutantee G6PD niet zo ernstig aangetast als van tevoren gedacht. De oorzaak van de 
lagee hoeveelheid G6PD in deze patiënten werd vervolgens in een heel andere 
richtingg gezocht. Het zogenaamde messenger RNA (mRNA), kopieën van het 
DNAA die nodig zijn voor de aanmaak van eiwit, waarbij het mRNA als voorschrift 
dient,, werd onderzocht op stabiliteit. Een verlaagde hoeveelheid mRNA heeft een 
lageree hoeveelheid eiwit tot gevolg, wat in een extreem geval het helemaal afwezig 
zijnn van het G6PD eiwit in deze patiënten zou kunnen verklaren. Het mutante 
G6PDD mRNA werd vergeleken met normaal mRNA en bleek inderdaad zeer 
instabiel,, wat hoogstwaarschijnlijk de reden is voor het ontbreken van G6PD in de 
bloedcellenn van deze patiënten. 

Voorr Hoofdstuk IV ontwikkelden wij een techniek waarmee het mogelijk 
iss om met behulp van een microscoop de locatie van individuele eiwitten in 
levendee cellen te volgen in de tijd. Het NADPH oxidase is een eiwitcomplex 
bestaandee uit tenminste vijf eiwitten. Voor twee van deze eiwitten, gp91phox en 
p22phoxx genaamd, geldt dat zij zich samen in de celmembraan bevinden. Als duo, 
cytochroomm è558 genaamd, vormen zij het katalytisch gedeelte van het NADPH 
oxidasee en bevatten onder andere het eerder genoemde FAD en de bindingsplaats 
voorr NADPH. Er zijn drie andere eiwitten die van essentieel belang zijn voor de 
activeringg van cytochroom b5s&, p^1*™, p677* iOX en Rac2. Deze eiwitten bevinden 
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zichh binnen in de cel en verplaatsen zich bij fagocytose naar de celmembraan waar 
zijj  binden aan cytochroom è558. Op deze manier onstaat een actief, superoxide 
producerendd NADPH oxidase. Om dit proces van verplaatsing naar de 
celmembraan,, translocatie geheten, in levende cellen onder een microscoop te 
kunnenn bestuderen werden pÓT**1™ en Rac2 gekoppeld aan een eiwit dat sterk groen 
fluoresceertt (green fluorescent protein [GFP]). Deze p67-GFP en GFP-Rac2 
eiwittenn werden vervolgens in granulocyten gebracht en hun locatie in de 
granulocytenn werd tijdens fagocytose van gist bestudeerd. De p67-GFP en GFP-
Rac22 eiwitten bleken zich tijdens fagocytose correct naar het membraan van het 
fagosoomm te verplaatsen. Deze eiwitten werden vervolgens gebruikt om vast te 
stellenn of een actief NADPH oxidase een stabiel complex van de verschillende 
componentenn is, of dat er sprake is van een continue opbouw en afbraak van het 
NADPHH oxidase. Een techniek die fluorescent recovery after photobleaching 
(FRAP)) wordt genoemd is vervolgens uitgevoerd om te bepalen of het NADPH 
oxidasee een stabiel complex is, zoals algemeen aangenomen wordt. Uit de FRAP 
experimentenn bleek echter dat het NADPH oxidase zeer snel opgebouwd en weer 
afgebrokenn wordt. Waarschijnlijk wordt het enzym geactiveerd en daarna weer 
evenn snel inactief, wat logisch zou zijn omdat op deze wijze de activiteit van dit in 
principee zeer schadelijke enzym nauwkeurig gereguleerd zou kunnen worden. De 
GFP-eiwittenn werden ook gebruikt om de relatie tussen het cytoskelet, de structuur 
diee van belang is voor de vorm van een cel en alle beweging van die cel, en het 
NADPHH oxidase verder te onderzoeken. Wij vonden dat het cytoskelet alleen van 
belangg is bij de primaire translocatie van p67^m en Rac2 naar het fagosoom. 
Wanneerr de translocatie eenmaal geïnitieerd was, was een intact cytoskelet niet 
meerr van belang. 

Inn de hoofdstukken 5 en 6 bestudeerden wij de rol van het NADPH oxidase 
bijj  bestrijding van de Salmonella bacterie. Salmonella is in staat om zelf 
granulocytenn binnen te dringen, zich in deze cellen schuil te houden en zich in het 
lichaamm te verspreiden. Om binnen in de granulocyt te kunnen overleven, heeft 
SalmonellaSalmonella een aantal strategieën ontwikkeld om activering van het NADPH 
oxidasee te beperken. Wij ontwikkelden een methode om de hoeveelheid 
waterstofperoxidee die het NADPH oxidase produceert in het fagosoom met de 
SalmonellaSalmonella te kunnen meten. Deze methode gebruikten we vervolgens in 
Hoofdstukk V om een mutante Salmonella stam te typeren. Deze stam is niet 
virulent,, dat wil zeggen dat muizen die ingespoten worden met deze stam, niet ziek 
worden.. De mutante Salmonella wordt in granulocyten gedood, in tegenstelling tot 
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normalee Salmonella bacteriën die hun verblijf in granulocyten overleven. Analyse 
inn onze test voor waterstofperoxide concentratie toonde aan dat er sprake is van een 
verhoogdee hoeveelheid waterstofperoxide in het fagosoom van de mutante 
SalmonellaSalmonella bacteriën. Verdere analyse van de mutante Salmonella stam toonde aan 
datt niet zozeer de hoeveelheid waterstofperoxide die in de nabijheid van deze 
bacteriënn wordt geproduceerd verhoogd is bij deze stam, maar dat deze stam een 
verhoogdee gevoeligheid heeft voor waterstofperoxide. Bovendien bleek het 
mogelijkk om met onze nieuw ontwikkelde test te bewijzen dat ook normale 
SalmonellaSalmonella bacteriën een lage hoeveelheid waterstofperoxide in het fagosoom te 
verdurenn krijgen. Dit gegeven werd verder onderzocht in Hoofdstuk VI , waar de 
invloedd van Toll-lik e receptoren (TLRs), op de activering van het NADPH oxidase 
tijdenss Salmonella infectie werd bestudeerd. TLRs vormen een familie van 
receptorenn die van belang zijn voor het detecteren van virale en bacteriële 
productenn en bij herkenning van deze producten processen initiëren die van belang 
zijnn voor een goede immuunrespons. Door middel van mutante Salmonella 
bacteriënn die niet door TLRs herkend worden konden wij aantonen dat activering 
vann het NADPH oxidase tijdens Salmonella infectie grotendeels door deze klasse 
vann receptoren geschiedt. Verdere analyse bracht het inzicht dat de Salmonella 
binneninn de granulocyten wordt herkend. Hoewel al langere tijd bekend is dat deze 
klassee van receptoren van belang is voor herkenning van Salmonella, is dit het 
eerstee bewijs dat deze receptoren ook binnenin de cel functioneren en in staat zijn 
omm signalen te geven die leiden tot activering van antimicrobiële enzymen zoals 
hett NADPH oxidase. In Hoofdstuk VI I  worden de resultaten van deze studie 
geplaatstt in het licht van de nieuwe inzichten in dit vakgebied en worden een paar 
intrigerendee vragen bediscussieerd. 
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Dankwoord d 

Veell  mensen waren betrokken bij  de totstandkoming van dit proefschrift, 

zonderr  hun hulp en adviezen was het niet gelukt. 

Nogg veel meer  mensen hebben ervoor  gezorgd dat ik 

mett  veel plezier  op mijn AIO-periode terugkijk . 

Bedanktt  voor  alle steun, adviezen en gezelligheid! 
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