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2-Dependent Evasion of the 

translocate bacterial proteins into the cytosol of Salmonella Pathogenicity Island host cells. We have used immunodeficient mice 
to identify the specific host defenses targeted by 
products of the SP12 genes. Salmonella typhi- 

Phagocyte NADPH Oxidase 
murium strains deficient at any of several SP12 
loci (ssrA, s s d ,  ssaV, sseB) (8)were found to 
be highly attenuated for virulence in C57BLl6 

Andres Vazquez-Torres,' Yisheng Xu,' Jessica Jones-Carson,' m i c e < ~ i ~ .1A) (9). Virulence of these SPI2- 

David W. olde en,' Scott M. Lucia,' Mary C. D i n a ~ e r , ~  mutant strains was not restored by adrninistra- 

Pietro Ma~troeni ,~*  tion of aminoguanidine, an inhibitor of induc- Ferric C. Fang'? 
ible nitric oxide synthase (NOS) (lo), or by 

A type Ill protein secretion system encoded by Salmonella pathogenicity island genetic abrogation of interferon-y (IFN-y) (1 Z) 
2 (SPIZ) has been found t o  be required for virulence and survival within mac- or interleukin-12 (12) production (Fig. 1,B and 
rophages. Here, SPlZ was shown t o  allow Salmonella typhimurium t o  avoid C). In contrast, all four SP12 mutant; were able 
NADPH oxidase-dependent killing by macrophages. The ability of SPIZ-mutant to cause lethal infection of congenic C57BLl6 
bacteria t o  survive in  macrophages and t o  cause lethal infection in mice was mice deficient in the gp9lphox subunit of the 
restored by abrogation o f  the NADPH oxidase-dependent respiratory burst. phagocyte NADPH oxidase (gp9 lphox knock- 
Ultrastructural and immunofluorescence microscopy demonstrated efficient out mice) (13) (Fig. ID). Thus the SP12 genes 
localization of the NADPH oxidase in  the proximity of vacuoles containing are not required for virulence in the absence of 
SPIZ-mutant but not  wild-type bacteria, suggesting that SPIZ interferes wi th  a phagocyte respiratory burst and might play a 
trafficking of oxidase-containing vesicles t o  the phagosome. specific role in avoiding bacterial interaction 

with the NADPH oxidase. 
The central importance of the phagocyte alternative strategies to avoid exposure to high Killing of isogenic S. typhimurium strains 
NADPH (nicotinamide adenine dinucleotide concentrations of phagocyte-derived oxidants canying mutations in various SP12 genes (ssd,  
phosphate) oxidase to innate host defense is in vivo. sseA, sseB, ssrA) was examined in macro-
vividly demonstrated in chronic granulomatous A cluster of genes at centisome 30 of the S. phages from wild-type or respiratory burst-de- 
disease. Mutations in any of the subunits com- typhimurium chromosome, designated Salmo- ficient mice (14). SPI2-mutant bacteria had in- 
prising the NADPH oxidase predispose patients nella pathogenicity island 2 (SPI2), encodes a creased susceptibility to killing by periodate- 
to recurrent infections with fimgi and bacteria, type I11 secretion system required for virulence elicited murine peritoneal macrophages from 
including Salmonella (I). The NADPH oxidase and intracellular survival (6, 7) and believed to C57BLl6 mice (Fig. 2A), but this enhanced 
catalyzes the univalent reduction of oxygen to 
superoxide, an oxidizing species and 

Fig. 1. Abrogation of the to potent antimicrobial molecules such as hy- NADPH phagocyte oxi-
drogen peroxide, hydroxyl radical, and per- dase restores virulence to 
oxynitite (2, 3). Pathogenic microbes have de- SPIZ-deficient 5. typhi-
veloped strategies to resist the antimicrobial murium mutants. Survival 
effects of the NADPH oxidase, including the curves are shown for 
production of molecular scavengers, antioxi- wild-type C57BLl6 mice 

(A), wild-type mice feddant enzymes, repair systems, and expression drinking water containing 
of specific antioxidant regulons (2). For exam- the iNOS inhibitor amino- 
ple, the OxyR and SoxRS regulons enable guanidine (B), congenic 
Escherichia coli to resist the effects of hydro- immunodeficient IFN-y 
gen peroxide and superoxide, respectively (4). knockout mice (C) or 

However, S. typhimurium does not require a gp9lphox knockout mice 
(D), following intraperito- functional OxyR or SoxRS regulon for viru- 
neal challenge with wild- 

lence (5),  suggesting that Salmonella may use type s. typhimurium or 
isogenic strains with mu- 
tations at ssa]::Tn5, 
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ogy, University of Colorado Health Sciences Center, hseB::aphT. An isogenic
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W12 ONN, UK. 31ndiana University School of Medi- uated virulence in mice
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Biochemistry, Imperial College of Medicine and Tech- Time (days) 

(29) was included as an 
additional control. These nology, London SW7 2BZ. UK. 
experiments used 4 to 14 
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R E P O R T S  

susceptibility was abrogated in macrophages 
from congenic gp9lphox knockout mice (Fig. 
2B). Parallel experiments using the NOS inhib- 
itor NG-monomethyl-L-arginine or macro- 
phages from iNOS knockout mice did not re- 
store wild-type levels of macrophage survival 
to the SPI2 mutants (15). Similar levels of 
NO-derived nitrite production were measured 
from macrophages infected with either wild- 
type or SPI2-mutant bacteria, indicating that 
SPI2 does not interfere with NO synthesis. 

The SP12 mutants were not more suscepti- 
ble in vitro to hydrogen peroxide, the superox- 
ide-generator methyl viologen, or the peroxyni- 
trite-generator SIN-1 in disk diffusion assays 
and were not more susceptible to hydrogen 
peroxide killing in liquid medium (16). Thus 
SPI2 does not appear to directly enhance bac- 
terial resistance to macrophage-derived oxi- 
dants. Furthermore, C57BLl6 peritoneal mac- 
rophages infected with a similar inoculum of 
wild-type or SPI2-mutant Salmonella exhibited 
comparable lucigenin-dependent chemilumi- 
nescence (18) (Fig. 3A). Infection with Salmo- 
nella was sufficient to stimulate a respiratory 
burst in periodate-elicited peritoneal macro- 
phages. Superoxide production by macro- 
phages infected with wild-type or sseB-mutant 
bacteria was approximately 0.013 and 0.009 
nmovhour per 1 Os mamphages, respectively, 
as measured by reduction of cytochrome c. 
Thus the SP12 gene products might interfere 

j phox KO 

2 6 10 14 18 22 
Time (hours) 

Fig. 2. Abrogation of the NADPH phagocyte ox- 
idase restores the ability of SPI2-deficient S. ty- 
phimurium mutants to su~ive  in macrophages. 
The survival of wild-type S. typhimurium 12023 or 
isogenic SPI2-deficient strains with mutations at 
ssaj::Tn5, ssrA::Tn5, AseA:aphT, and AseBaphT 
was measured in macrophages from C57BU6 (A) 
and congenic gp9lphox knockout mice (0). These 
data represent the mean + SEM of three separate 
experiments. 

with the localization rather than the activation 
of the phagocyte NADPH oxidase. 

To visualize NADPH oxidase activity in 
relation to Salmonella-containing vacuoles, we 
performed ultrastructural studies of infected 
macrophages using cerium chloride (19). In the 
presence of hydrogen peroxide, cerium chloride 
is converted to electrodense cerium perhydrox- 
ide precipitate. Electron micrographs revealed 

tained from gp9lphox knockout mice (15). 
Intracellular distribution of the NADPH 

phagocyte oxidase following infection of mac- 
rophages with Salmonella was visualized by 
immunofluorescence microscopy (20). In qui- 
escent cells, the NADPH oxidase p22 and p47 
subunits appeared to be preferentially distribut- 
ed in the plasma membrane and cytosol, respec- 
tively (Fig. 4, A and B), and were mobilized to 

efficient colocalization of cerium perhydroxide the periphery upon activation with PMA (Fig. 
with vacuoles containing nonpathogenic E. coli 4, C and D). In Salmonella-infected cells, the 
W3110 (Fig. 3B) or SPI2-mutant S. typhi- 
murium (Fig. 3, D and F), but not wild-type S. 
typhimurium (Fig. 3, C, E, and G). Approxi- 
mately 50% of the vacuoles containing sseB- 
mutant S. typhimurium colocalized with cerium 
perhydroxide, contrasting with only 5% of 
those containing wild-type bacteria (Fig. 3H). 
The reduced tendency of vacuoles containing 
wild-type Salmonella to colocalize with cerium 
perhydroxide persisted despite augmented 
phagocyte stimulation with the potent NADPH 
oxidase activator phorbol 12-myristate 13-ace- 
tate (PMA) (Fig. 3, B, C, D, G, and H). Evi- 
dence of NADPH oxidase activity was seen in 
macrophages containing wild-type bacteria but 
was localized to empty vacuoles or to the plas- 
ma membrane (Fig. 3G). No cerium perhydrox- 
ide was detected in infected rnacrophages ob- 

p22phox and p47phox subunits appeared to be 
localized within compartments that coalesced in 
the proximity of phagosomes containing green 
fluorescent protein (GFP)-expressing SPI2- 
mutant bacteria (Fig. 4, E and F). In contrast, 
the compartments containing the NADPH oxi- 
dase remained diffusely distributed within cells 
infected with GFP-expressing wild-type Salmo- 
nella (Fig. 4, G and H), or aggregated at intra- 
cellular locations remote from the bacteria (Fig. 
4G). Localization of NADPH oxidase compo- 
nents was seen in the vicinity of 56% of sseB- 
mutant and 10% of wild-type bacteria, respec- 
tively, correlating well with the electron micro- 
scope studies. Thus, bctional NADPH oxi- 
dase can be localized within discrete intra- 
cellular compartments in macrophages as has 
been described in human neutrophils (21). In- 

Fig. 3. Exdusion of oxyradi- 
cal formation from Salmo- 
dla-containing vacuoles. 
Macrophages from C57BU6 
mice challenged with wild- 
type or s~&-mutant bacte- 
ria produced comparable 
quantities of superoxide as 
measured by reduction of 
lucigenin (arbitrary units for c .' .ry -- W D F *--F 
chemiluminexence) (A). 
NADPH oxidase activity was --.- n 
visualized as cerium perhy- 

u' 
*- 

droxide precipitate in perio- .- -.  
date-elicited macrophages C 
from C57BU6 mice chal- 
lenged with either avimlent 
E. coli W3110 (B), wild-type 
S. typhimurium (C, E, and C), -- ' F or isogenic sseB-mutant S. c 

typhimurium (D and F). Ce- 
rium perhydroxide precipi- I= 
tate was localized to the 
plasma membrane (G) and 
to uninfected vacuoles in 
macrophages harboring 
wild-type Salmonella. In 

14 
some experiments (B to D -- 
and G), the macrophages 
were activated in vitro with 
20 nglml PMA (30). (B) and . 
(D) are magnified X 10,752 
(original magnification, 
~49,250); (C), (E), (F), and 
(C) are magnified X7968 
(original magnification, 
X36,500). The percentage 
of bacteria-containing vacuoles colocalizing with cerium perhydroxide precipitate as an indication of 
NADPH oxidase activity is shown in (H). These data represent 190 vacuoles from eight separate 
experiments. 

WT , &s~B::llphT 

Percent colocalization 
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traphagosomal oxyradical production appears the hsion of phagosomes with secondary lyso- with SO0 to 600 colony-forming units of wild-type or 

to require both recruitment of cytosolic compo- somes carrying markers such as the marnose- 
~ ~ ~ $ ~ h ~ ~ ~ ,  E::, EFi[:,\im$i 

nents to the membrane-associated flavocyto- 6-phosphate receptor and cathepsin (25). Such was added to the drinking water as indicated, 
chrome and intracellular vesicular trafficking to oxidase-independent effects of SPI2 might help lo. D. J. Wolff and A. Lubeskie. Arch. Biochem. Biophys. 

deliver active oxidase to the phagosome. to explain the slight delay in mortality caused 316, 290 (1995); M. A. DeGroote. T. Testerman. Y. 
Xu, G. Stauffer, F. C. Fang, Science 272, 414 (1996). Other type I11 secretion systems have been by SPI2-mutant bacteria in gp9lphox knockout 11, D, K, Dalton Science, 259, 1739 (1993). 

shown to target the host cvtoskeleton (22). and mice [Fig. ID). and the modest survival defect 12. P. Mastroeni, unpublished results. 
it is possible-that SPI2 products briginat- of ~d12mut&ts in some cell lines lacking 13. 1. D. Pollock i t  61.8 Nature Genet. 9,202 (1995). 

14. Killing of normal mouse serum-opsonized 5. typhi- ing from intraphagosomal bacteria (23) inter- detectable production of reactive oxygen inter- murium by periodate-elicited peritoneal macro- 
fere with localization of the NADPH oxidase in mediates (7). phages from CS7BU6, gp9lphox knockout (13) and 
phagocyte vacuolar membranes by blocking Overall, SP12 appears to prevent the phago- i ~ o j  knockout [J. D. ~ G ~ k k i n g  et cell.8i8 641 

cytoskeletal rearrangements (24). Theeffects of cyte NADPH oxidase from traficking toward gz! ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ a ~ s $ ~ ~ ~ ~  t3& 
this action are not necessarily limited to the Salmonella-containing vacuoles, both reducing (1997)]. In selected experiments, 250 I r ~  Nc-mono- 
NADPH oxidase and, indeed, could provide a the oxidant stress encountered by Salmonella methyl-l-arginine was used to inhibit nitric oxide 

common mechanism to explain observations and potentially enhancing collateral oxidative ~ ~ ~ : ~ P ~ ~ ; ~ ~ , " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , " ~ ~ ~ , " ~ , P ~  
suggesting that S. typhimurium interferes with damage to host tissues. Interference with the 1s. A. v ~ ~ ~ ~ ~ ~ - T ~ ~ ~ ~ ~  et results not shown. 

localization of the NADPH oxidase is coupled 16. Disk diffusion susceptibility assays and killing by hy- 

SP12 
(phox KO) 

with more conventional antioxidant strategies 
such as scavengers, detoxifying enzymes, and 
repair systems (2,26). The ability of Salmonel- 
la to limit its exposure to high concentrations of 
toxic phagocyte-derived oxidants may help to 
explain the dispensability of catalase (1 7) and 
the SoxRS and OxyR oxidative stress regulons 
(5) for virulence. It is possible that other intra- 
cellular pathogens pursue similar strategies. For 
example, Mycobacterium tuberculosis is sus- 
ceptible to reactive oxygen intermediates in 
vitto (27), but lacks a functional OxyR locus 
and appears to be relatively protected From 
effects of the NADPH oxidase in vivo (28). 
Exclusion of the NADPH oxidase from phago- 
somes mav be an irn~ortant contributor to the 

Fig. 4. Exclusion of the NADPH phagocyte ox- 
idase from Salmonella-containing vacuoles. Im- 
munofluorescence microscopy of p22 and p47 
NADPH oxidase subunits (red) was performed 
in quiescent (A and 6) and PMA-activated (C 
and D) macrophages. Both NADPH oxidase 
p22phox (E) and p47phox (F) subunits coa- 
lesced in the vicinity of GFP-positive (green) 
ssel-deficient 5. typhimurium, contrasting with 
the dispersed pattern of vesicular distribution 
in the cytoplasm of macrophages infected with 
GFP-expressing (green) wild-type bacteria (G 
and H). (I) and (j ) show p22phox and p47phox 
staining in macrophages from gp9lphox knock- 
out (phox KO) mice infected in vitro with ssel- 
mutant 5. typhimurium. Magnification of fluo- 
rescence micrographs is X 1900 (original mag- 
nification, X4000). These data are representa- 
tive of 150 cells from 14 separate experiments. 

virulent nature of intracellular pathogens. 
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to 10 eV) (18). Second, DNA damage by 3-Resonant Formation of DNA to 20-eV electrons is highly dependent on the 

Strand Breaks by Low-Energy initial kinetic energy of the incident electron, 
particularly below 14 to 15 eV, where we 
observed thresholds near 3 to 5 eV and in- 
tense peaks near 10 eV. This is in sharp (3to 20 ev) Electrons 
contrast to DNA strand breaks induced by 

Badia Boudaiffa, Pierre Cloutier, Dare1 Hunting, similarly energetic photons, where both SSBS 

Michael A. Huels,* Leon Sanche and DSBs have been found to increase mono- 
tonically above a threshold near 7 eV and 

Most of the energy deposited in cells by ionizing radiation is channeled into the remain relatively constant above -12 eV 
production of abundant free secondary electrons with ballistic energies be- (19), up to -2 keV (20). Third, the SSB and 
tween 1and 20 electron volts. Here it is shown that reactions of such electrons, DSB peak yield values measured here above 
even at  energies well below ionization thresholds, induce substantial yields of 7 eV (8.2 X lop4  and 2 X lop4  strand breaks 
single- and double-strand breaks in DNA, which are caused by rapid decays of per incident electron, respectively, at the 10- 
transient molecular resonances localized on the DNA's basic components. This eV peak) are roughly one to two orders of 
finding presents a fundamental challenge t o  the traditional notion that geno- magnitude larger than those for 10- to 25-eV 
toxic damage by secondary electrons can only occur at  energies above the onset photons (20). For 7- to 25-eV photons, the 
of  ionization, or upon solvation when they become a slowly reacting chemical ratio of SSBs to DSBs is about 30: 1, whereas 
species. for 7- to 20-eV electrons it is about 4 :  1 on 

average. Thus, the mechanisms of DNA dam- 
The genotoxic effects of ionizing radiations tron energies between 3 and 20 eV. The age depend not only on the quantum of en- 
(P-, x-, or y-rays) in living cells are not experiments were performed at lop9  torr in a ergy absorbed, but also on the nature of the 
produced by the mere direct impact of the hydrocarbon-free environment, and all Sam- particle that deposits the energy. 
primary high-energy quanta. Instead, muta- ple manipulation occurred in a sealed glove The strong electron energy dependence of 
genic, recombinogenic, and other potentially box under a pure dry nitrogen atmosphere. the DNA strand breaks, observed here below 14 
lethal DNA lesions (1-3). such as single- and Plasmid DNA bGEM 3Zf(-), 3199 base eV, is attributed to electron attachment some- 
double-strand breaks (SSBs and DSBs), are pairs] was extracted from Escherichia coli where within the DNA molecule, followed by 
induced by secondary species generated by DHSa, purified, and resuspended in nanopure localized bond rupture and subsequent reactions 
the primary ionizing radiation (4). Free sec- water (without any his or EDTA). An aliquot of of the fragmentation products. Electron attach- 
ondary electrons, with energies between -1 this pure aqueous DNA solution was deposited ment (21) is best illustrated by the type of 
and 20 eV, are the most abundant (-5 X lo4 onto chemically clean tantalum substrates held damage it induces in thin films consisting of 
per MeV) of these secondary species (5-8), at liquid nitrogen temperatures, lyophilized very small molecules, such as thymine (13) ,  
but it is unclear whether such low-energy with a hydrocarbon-free sorption pump at 0.005 H,O (22), or a deoxyribose analog (14) (Fig. 
electrons are able to induce genotoxic dam- torr (16), and transferred directly to the UHV 2). These and other electron impact experi- 
age, such as SSBs or DSBs (9). To investi- chamber without exposure to air or further char- ments (15),including some on small linear (23, 
gate this question, we have irradiated plasmid acterization. After evacuation (-24 hours), the 24) and cyclic (11, 12, 25) hydrocarbons, have 
DNA with a very low energy electron (LEE) room-temperature DNA solids were irradiated shown that electrons with energies below 15 eV 
source under ultrahigh vacuum (UHV) con- with a monochromatic LEE beam for a specific initiate fragmentation of small molecules essen- 
ditions, because condensed-phase electron- time at a fixed beam current density (2.2 X 1012 tially by attachment of the incident electron; 
molecule interactions are highly sensitive to electrons s-' cmP2) and incident electron en- this leads to the formation of a resonance, 
minor impurities (10, 11). Our previous work ergy. Thus, the LEE irradiations were per- namely, a transient molecular anion (TMA) 
on small bio-organic molecules (12-15) al- formed on clean DNA containing its structural state. For a molecule RH this corresponds to 
lowed us to develop and adapt the necessary water (1 7). The DNA was then analyzed by e- + RH -+ RH*-, where the RHv- has a 
electron microbeam techniques to determine agarose gel electrophoresis and quantified as repulsive potential along the R-H bond coordi- 
the effects of very low energy, nonthermal supercoiled (undamaged), nicked circle (SSB), nate. This TMA can decay by electron autode- 
secondary electrons on the entire DNA mol- full-length linear (DSB), and short linear forms; tachrnent (26) or by dissociation along one, or 
ecule at various well-defined incident elec- the first three species produce well-resolved several (12, 14, 25), specific bonds such as 

bands, whereas the latter vroduces a smear. R H *  -+ R' + H-. 
he measured DNA damage yields (Fig. The probability for attachment and subse-

Canadian Medical Research Council Croup in Radia- 1) show three striking characteristics. First, quent decay via either channel is in part defined
t ion Sciences, Department of Nuclear Medicine and 
~ ~ d i ~ b i ~ ~ ~ ~ ~ ,of ~ ~ d i ~ i ~ ~ ,  very low energy electron irradiation can in- by the repulsiveness of the RH*- potential~~~~l~~ universitv of sher- 
brooke, ~ l i b e c  ~ 1 i 5 ~ 4 ,  duce substantial damage in DNA, namely Canada. energy surface and its uncertainty energy width 
* T ~whom correspondence should be addressed, E- SSBS and DSBS, even at electron energies r = fib, where f i  is Planck's constant divided 
mail: mhuels0l@courrier.usherb.ca well below the ionization limit of DNA (7.5 by 271 and T is the electron autodetachment 
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