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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 

85 5 



Chapterr  5 

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 
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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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