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lgP_/~ mice and 108 for wild-type mice) were 
stained with FITC-labeled antibody to |x and PE-
labeled antibody to B220, and thymocytes (yield, 
108 for both lgp_ /~ mice and wild-type controls) 
were stained with PE-labeled antibody to CD4 and 

414 

FITC-labeled antibody to CD8 (Pharmingen). Gat­
ing was based on lymphocyte scatter; 5000 to 
10,000 gated events are shown in each panel. For 
four-color analysis, bone marrow cells were 
stained simultaneously with allophycocyanin 
(APC)-labeled antibody to B220, FITC-labeled an­
tibody to CD43, PE-labeled antibody to HSA, and 
biotinylated antibody to BP-1. BP-1 was visualized 
with Texas Red avidin (Pharmingen). Gating was on 
lymphocyte scatter and then on CD43+B220+ 

cells as described {12). Ten thousand events taken 
from the CD43+B220+ gate are shown in each 
panel. Analysis was on a FACstar-plus system with 
the Lysis-ll program (Becton Dickinson). 
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used for the heavy chain in this experiment, but sim­
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N itric oxide has antimicrobial activity 
against a broad array of pathogens ranging 
from viruses to helminths (1), but the spe­
cific reactive nitrogen intermediates re­
sponsible for this activity are undetermined. 
S-Nitrosothiols such as S-nitrosogluta-
thione (GSNO) are candidate endogenous 
antimicrobial mediators because they have 
broad-spectrum microbiostatic activity (2, 
3) and have been detected during inflam­
matory states in vivo (4). Although S-ni-
trosothiols can function as NO' donors, ob­
servations in the Gram-negative bacterium 
Salmonella typhimurium suggest that their 
cytostatic activity actually results from 
N O + (nitrosonium) transfer after active 
transport of the S-nitrosothiol into the tar­
get cell (2). Salmonella provides a model 
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bone marrow by sorting CD43+B220+ and 
CD43+B220" cells (12). The gates were set with 
RAG-1-'- CD43+B220+ control cells. The sorted 
cells were processed to make DNA for restriction 
enzyme digestion in agarose, as described {26). 
DNA samples were digested with Pst I, separated on 
agarose gels, transferred to nylon membranes, and 
probed with a combination of a 700-base pair Pst 
l-Pst I probe from the 5' end of DH {17) and a 650-bp 
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system in which to examine the antimicro­
bial properties of NO because it is geneti­
cally well characterized (5), resides princi­
pally within host cells (6), and requires host 
expression of NO-stimulatory cytokines for 
effective clearance (7). 

A S. typhimurium Mud] (8) transposon 
library was enriched for mutants hypersus-
ceptible to S-nitrosothiols by simultaneous 
exposure to cycloserine and subinhibitory 
concentrations of GSNO (9). A clone 
highly susceptible to GSNO and other ni-
trosothiols was found to harbor an insertion 
in the metL gene (10), encoding the Afunc­
tional enzyme aspartokinase II-homoserine 
dehydrogenase II (AKII-HDII). The metL 
mutant strain was designated S. typhi­
murium MF1000. AKII-HDII catalyzes, two 
independent proximal steps in the prokary-
otic biosynthetic pathways that convert as­
partate to lysine, threonine, and methio­
nine (Fig. 1). The increased susceptibility 
conferred by the metL mutation appears to 
be specific for S-nitrosothiols, because no 
marked effect on susceptibility to the per-
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Salmonella typhimurium 
Mary Ann De Groote, Traci Testerman, Yisheng Xu, 
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Nitric oxide (NO) is associated with broad-spectrum antimicrobial activity of particular 
importance in infections caused by intracellular pathogens. An insertion mutation in the 
metL gene of Salmonella typhimurium conferred specific hypersusceptibility to S-nitro­
sothiol NO-donor compounds and attenuated virulence of the organism in mice. The metL 
gene product catalyzes two proximal metabolic steps required for homocysteine bio­
synthesis. S-Nitrosothiol resistance was restored by exogenous homocysteine or intro­
duction of the metL gene on a plasmid. Measurement of expression of the homocysteine-
sensitive metH gene indicated that S-nitrosothiols may directly deplete intracellular ho­
mocysteine. Homocysteine may act as an endogenous NO antagonist in diverse pro­
cesses including infection, atherosclerosis, and neurologic disease. 



oxynitrite donor SIN-I (3-morpl~oli~~osyd- 
nonilnine hydrochloride), the NO'  donor 
DETA-NO (dietl~ylenetriainni~~e-NO ad- 
duct), hydrogen peroxide (HLOL) ,  or the 
0;--generating redox-cycling agent para- 
quat (methyl viologen) was evident when 
assayed by a disk diffusion lnethod (Fig. 
2A). 

Transduction of the metL::M~ldJ inser- 
tion into wild-type S .  typhimu~ium con- 
ferred S-initrosothiol hypersusceptibility. 
The  Escherichia coli metL gene was cloned 
(1 1 ) and reintroduced on  a plasmid; it re- 
stored G S N O  resistance (1 2) .  The  addition 
of I inM homocysteine, hornoserine, or me- 
thionine abrogated GSNO-mediated cy- 
tostasis in both metL mutant and wild-type 
S. typhimurium, but the addition of diamin- 
opirnelate or threonine did not, suggesting 
that it is the homocysteine-methionine arln 
of the aspartate metabolic pathway that is 
specifically involved in the inechanisrn of 
S-nitrosothiol resistance. 

Salmonella typhimurium carrying a metL 
rnutation was not auxotrophic for methio- 
nine because of the presence of a related 
enzyme (AKI-HDI) encoded by the tiaA 
gene (13). The  thrA mutant S. typhimu~ium 
SA2524 was also hypersusceptible to S-ni- 
trosothiols (Fig. 2B). A mutation in met], 
vvhich encodes an aporepressor of homocys- 
teine and inethionine synthetic ensylnes 
(14), conferred decreased G S N O  suscepti- 

bility compared to a.ild-type strains. In coin- 
trast, a mutation in metK, which encodes 
S-adenosylinethionine synthetase, con- 
ferred increased G S N O  susceptibility de- 
soite effects of this mutation si~nilar to 
those of met] on  nnethionine biosynthetic 
gene regulation (15). These observations 
can be explained by the role of the metK 
gene product in regenerating ho~nocysteine 
from methioniine (Fig. I ) ;  intracellular con- 
centrations of homocysteine are likely to be 
increased in a met] mutant as a result of 
increased synthetic activity, but decreased 
in a metK mm~tant because of deficiency in 
the salvage pathvvay. 

Collectively, these data suggest that ho- 
mocysteine, the only thiol intermediate in 
the Salmonella methionine biosvnthetic 
pathway, can function as an endogel;ous N O  
anta~onist.  Transfer of NO- fro111 S-nitroso- u 

thiols to the sulfllydryl center of homocys- 
teine inav redirect N O  a\xrav from other cel- 
lular targets. Resistance td S-nitrosotlniol- 
mediated cytostasis is directly proportional 
to predicted lno~nocysteine concentrations. 

If S-nitrosothiols and lnoinocysteine in- 
teract directly, exposure to S-nitrosothiol 
would be predicted to deplete the intracel- 
lular ho~nocysteine pool. Because it has not 
been possible to measure intracellular ho- 
mocvsteine concentrations in bacteria bv 
diredt methods, a homocysteine-sensitive 
reporter gene fusion was used as an indica- 

Aspartate + thrA, metL, lysC 

Aspartyl phosphate 

4 a id  
dapA 

Dihydropicoiinate 4 Aspartate semialdehyde 

t 
Tetrahydropicolinate 

IhrA, m e l L  

Homoserine 
I 

Succinyl-E-keto- Hornoserine phosphate 0-Succinylhornoserine 

4 IhrC 

Threonine Cystath~on~ne 
S-Rlbosyl-hornocyste~ne 

Succ~nyld~am~nop~rnelate 

C 
lsoleuc~ne Homocysteine 

.A 

Lysine 
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I 

S-Adenosyl-hornocyste~ne 

Methionine t 

Fig. 1. Bosynthess of lysne, threonne, and methionlne In S. typhimurium. Genes whose products 
catalyze speclflc enzymatic steps are denoted in talics. 

tor of relatl~re amounts of hoinocvsteine. 
The  metH gene is negatively regulated by 
hoinocysteine (1 6). A plasmid containing a 
metH: :lac2 transcr~ptional f ~ ~ s i o n  ( 17) was 
introduced into wild-type S. typhimurium 
14025s and the isogenic metL derivative 
MF1000. Expression of metH ~neasured as 
P-galactosidase activity was increased in a 
metL mutant (Fig. 3A) ,  probably reflecting 
reduced homocysteine production. Expo- 
sure of the wild-type strain carrying the 
metH::lacZ f ~ ~ s i o n  to I I ~ M  GSNO mim- 
icked the effects of the metL mutation (Fig. 

metL 
501 fi 

Fig. 2. Dlsk diffusion susceptlbll~ty assays. (A) 
Susceptbillty of metL S. typhimurium to reactive 
nltrogen and oxygen lntermedlates. Susceptlbl~ty 
was measured by the Bauer-Klrby disk dffuson 
method (2. 23); zone dameter is proporional to 
suscept~b~ty. Flfteen microliters of a NO-donor 
compound [500 mM GSNO, S-ntroso-IV-acety- 
cystelne (SNAG), SIN-I. or DETA-NO (DETA)]. 356 
H,O,, or 1.9% paraquat (Para) were added to a 
0.64-cm paper dlsk placed over a lawn of lo6 
bactera spread In a 100-pl volume onto M9 mln- 
~mal agar with 0 2% glucose. The resulting zone of 
lnhlbltlon was measured after overnight lncuba- 
tlon at 37°C. Susceptibllty of wlld-type (solld bars) 
and metL (open bars) strans were compared. Er- 
ror bars, SDM "P < 0.01 by Student's t test 
adjusted for mutple comparsons. (B) Correlation 
between homocystelne and GSNO resistance. 
GSNO susceptlbity was determned as in (A). De- 
tails of stran construction are as described (75). 
The metL gene encodes aspartoknase I-homo- 
serne dehydrogenase I ,  thrA encodes aspartokl- 
nase I-homoserine dehydrogenase I ,  metJ en- 
codes an aporepressor of homocysteine and me- 
thionne biosynthetic genes, and metK encodes 
S-adenosylmethionine synthetase. Error bars, 
SDM. *P < 0.01; ""P < 0.05 by Student's t test 
adjusted for multpie comparisons 
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3B), whereas a control neor.laeZ fusion was 

unaffected by GSNO, providing evidence 

of a specific GSNO-homocysteine interac­

tion that depletes homocysteine. 

We investigated the relevance of S-

nitrosothiol antagonism by homocysteine 

in-vitro to antimicrobial host defenses in 

Fig. 3. [3-Galactosidase 
assays. (A) Expression 
of metH::lacZ in wild-
type and metL mutant 
S. typhimurium. p-Ga-
lactosidase assays were 
performed on overnight 
cultures as described 
(24). Construction of a 
plasmid carrying a 
metH::lacZ transcrip­
tional fusion is detailed 
in (17). Error bars, 
SDM. *P < 0.01 by 
Student's f test. (B) Ex­
pression of metHr.lacZ 
after exposure to 
GSNO. p-Galactosi-
dase assays were per-

• I 
WT metL 

pMetH::lacz pMetH::lacz 

neo::lacz MetH::lacz 

formed on wild-type S. typhimurium 14028s carrying 
the metH::lacZ plasmid or the control neo::lacZ plas­
mid (25). Cells in mid-logarithmic growth were ex­
posed to GSNO (0 or 1.0 mM), and [3-galactosidase 
activity was measured 8 hours later. Error bars, 
SDM. *P < 0.01 by Student's t test adjusted for 
multiple comparisons. 

• WT n WT(+AG) A metL A metL (+AG) 

1 0 Q f l H B H H B I I < i A i 

Fig. 4. Virulence of metL and wild-type S. typhi­
murium in C3H/HeN mice. Salmonella typhi­
murium 14028s (wild type) or MF1000 (metL) (1 
x 103 to 2 x 103 organisms) were inoculated 
intraperitoneally into 6-week-old female C3H/ 
HeN mice (ltyr Lpsn; Jackson Laboratories, Bar 
Harbor, Maine). Additional groups of mice were 
administered 2.5% aminoguanidine (AG) (26) in 
their drinking water beginning 7 days before in­
oculation. No mortality occurred in control ani­
mals receiving intraperitoneal phosphate-buff­
ered saline or oral aminoguanidine alone during 
the 21-day experiments. metL and wild-type S. 
typhimurium were administered to BALB/c mice 
(ltys Lpsn) with little apparent difference in viru­
lence (12, 18). All mice that received 2 x 103 

intraperitoneal organisms were dead within 10 
days. 

vivo. Salmonella typhimurium carrying a 

metL mutation was highly attenuated for 

virulence in C3H/HeN mice (Ityr Lpsn) 

after intraperitoneal administration (Fig. 

4). In contrast, the metL mutation had 

little effect on Salmonella virulence in 

BALB/c (ltys Lpsn) mice (12). Because the 

Ityr genotype is associated with higher in­

ducible NO synthase activity early in the 

course of infection (18), the differences in 

murine strain susceptibility are consistent 

with a direct correlation between the in 

vitro susceptibility of metL S. typhimurium 

to S-nitrosothiols and in vivo susceptibil­

ity to NO-dependent antimicrobial mech­

anisms. Moreover, inhibition of NO syn­

thesis by aminoguanidine restored the vir­

ulence of metL S. typhimurium to wild-type 

levels in ltyr mice (Fig. 4). Persisting dif­

ferences in the virulence of metL and wild-

type S. typhimurium in the presence of 

aminoguanidine suggest that aminoguani­

dine did not completely inhibit NO pro­

duction in these experiments or that the 

metL mutant is less virulent for reasons 

related to both NO-dependent and NO-

independent mechanisms. 

The central importance of homocysteine 

is further reinforced by the observation that 

metB mutant S. typhimurium (which is un­

able to produce either homocysteine or me­

thionine) was highly attenuated for viru­

lence in C3H/HeN mice, whereas otherwise 

isogenic metL S. typhimurium remained fully 

virulent despite its methionine auxotrophy 

(19). Thus, GSNO or related species appar­

ently have an important role as antimicro­

bial mediators in salmonellosis, and micro­

bial homocysteine production is a determi­

nant of Salmonella virulence and resistance 

to S-nitrosothiols. 

Accumulating evidence strongly impli­

cates homocysteine as an independent risk 

factor in the development of vascular and 

neurologic disease, although the pathogenic 

mechanism is unknown (20). The vasodila-

tory, antiplatelet, antioxidant, antiprolif­

erative, and neuroregulatory actions of S-

nitrosothiols are the opposite of those at­

tributed to homocysteine (21). A biochem­

ical interaction between S-nitrosothiols and 

homocysteine may be a central mechanistic 

feature in such diverse biological processes 

as infection, neoplasia, neurologic disease, 

and atherosclerosis. 
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CNS Gene Encoding Astrotactin, Which suggest that astrotactin is unlike other cell 
adhesio~l or signaling molecules. 

Supports Neuronal Migration Along Glial Fibers III a Northern (RNA) blot analysis, 

Chen Zheng, Nathaniel Heintz, Mary E. Hatten* 
G C 1 4  hyh~idized to a single rnRNA band of 
about 7 kb that nas  expressed 111 the blain 
( ~ ~ ~ e c i f i c a l l y  in the  cerebelhum anLl fi~re- 

Vertebrate central nervous system (CNS) histogenesis depends on glia-guided migration braln), but not in tlie kidney, heart, liver, 
of postmitotic neurons to form neuronal laminae. Previous studies have established that lung, thym~ls ,  or spleeli (1 3) .  G C 1 4  mRN.4 
the neuronal protein astrotactin functions in murine cerebellar granule cell migration in was expressed in  purified cerebellar granule 
vitro. The gene encoding astrotactin predicts a protein with three epidermal growth factor cells but not in glial cells. 
repeats and two fibronectin type Ill repeats. Astrotactin messenger RNA is expressed in In  the  developing murine cerei~ellar cor- 
postmitotic neuronal precursors in the cerebellum, hippocampus, cerebrum, and olfactory tex, G C 1 4  transcripts were ab~undant in the  
bulb, where migration establishes laminar structures. Fab fragments of antibodies to a deeper aspect of the  external germinal layer 
recombinant astrotactin peptide blocked migration of cerebellar granule neurons in vitro (EGL),  where cells are unilergoing early 
along astroglial fibers. Transfection of astrotactin complementary DNA into 3T3 cells steps in differentiation, as well as in migra- 
indicated that astrotactin acts as a ligand for neuron-glia binding during neuronal migration. tory and postmigratory cells (Fig. 2 ,  A 

t l i ro~~g l i  C ) .  Gllal cells, inchding the  Berg- 
mann glia of the  m o l e c ~ ~ l a r  layer and astro- 

T h e  vertebrate cortex IS patterned into 
several layers, each wltli a distinctive set of 
neurons ( 1 ,  2 ) .  St~tdies o n  the developing 
brain suggest that cells ciesti~ieci to f i ~ r m  
specific cortical layers migrate along radial 
glial fibers ~u ide r  the  directloll of the  pro- 
tein astrotactin (3-5). A set of ca~ldldate 
astrotactin clones was generated b7- screen- 
ing of a P3 to P5 granule cell complemen- 
tary D S A  ( c D S A )  expressioli library ( 6 ,  7) 
with a uo l~c lona l  ant~ser~ulli to astrotactin 
that inhibits neuronal nligration (4). Among 
39 immunoposit~ve clones examined, one 
clone, GC14,  encoded a brain-specific tran- 
script of about '7 kb. T h e  open readlng frame 
of tliis transcript [ 2 5 X  base pairs ( l ~ ~ l ) ]  pre- 
dicts a pol7-~eL1tide of 1C8 to le i  kD, rvitli 
fo~ur potelitla1 S-linlted glycos\.lation sites. 

T h e  NH,- term~nus of G C 1 4  begins n i t h  
a signal peptide of 15 aniino acids (Fig. 1.4). 
T h e  lliost notable feature of the cied~lced 
GC14  protein is the  presence of domains 
homologous to several n.ell-cliaracterized 
sig~ialing and adhesion molecules. T h e  se- 
quence of GC14  contains three cysteine- 
rich epidermal growth factor (EGF)-like 
repeats (8)  and tn-o domains with homology 

C. Zlieng and M. E Hattei  Rockefeller Ui~versty.  1230 
York At len~~e, Ne:v York. NY 10021-6399, USA. 
N. H e i t r  Ho'i~arrl Hhghes Medical lnst i t~~te, Rockefeller 
Uiivel-sity 1230 York Avenue Neb,'! Yolk NY 10021- 
6399, USA. 

' To :.horn correspon3eice should be addressed. 

to a nlotlf of 9C amino acids fo~ulld in fi- 
bronectin type I11 (FNIII) (9 ) .  EGF repeats 
are f i ~ ~ l n d  111 the  extracellular cioluailis of 
several proteins ( l C ,  11) and ha1.e been 
implicated in i~itercellular sig~ialing in neu- 
rolial d ~ v e l o ~ ~ m e ~ i t .  FSIII repeats have 
bee11 fo~und in axonal glycoproteins of the 
il-ilrn~ul~oglol~uli~l G (IgG) sul?erfamily ( 12). 
T h e  number anLl arrangement of these mo- 
tlfs anil tlie absence of IgG-like domallls 

cytes witliin the a l i ~ t e  matter, were ~ui la-  
heled. Proliferating precursor cells, which 
o c c ~ ~ p y  the  s~lperficial aspect of tlie EGL, 
dici not express astrotactin l l iRSA or pro- 
tein. Rather,  expression comme~iced in the  
deeper aspect of the  EGL \vhere postmitotic 
precursor cells hind to astroglial fibers, ex- 
tend parallel fibers, nligrate along the  Berg- 
mann glial fibers, detach from the  glial 
fibers, and move past Purkinje neurons. As- 
trotactin expressloll continued as differen- 

B EGF repeats: 
EGF1: CSYI- 'JZ;CSY',JFZCI-  - - -  - - - - ,SC31~1DSTCCCc!C?SCLS?I~Y1SSCC 

(328 to 367) 
EGF2: CS13;:J33C--E~LCL~;~l:.:.FFF~C>1'iP~!TLl~<?CCCI~LiiL'L;1CP-C 

(376 to 423) 
EGF3: ~ , , ~1~ ' ; IE~ [ , : ~2L7 :~cCCCC C C C C C C C C C C C ~  . .,.cr IE:m'?CFCL>r,L.:;21L>rC 

(701 to 742) 
EGF-mouse: ::c c c c G c 

C FNlll repeats: 

ASTFNI: PCFLTG:~T'IJFS~.~~G'i~.~L;;PW~.~~SS~L.I~1'PIKL!I..I.Sli!,LG?SF.CF..LLlJHYI;IE~~~I~FLES~S 
(511 to 593) 

ASTFNII. P':LRLST;PE~--~,~lIL',L'~L'~EWEi!~LFZIG---~@I~:'~LYP~E '~."IC5K:'PS!:~~ETLTTT-LSF;3CLISS&IiAZCCj1~!Z-S 
(747 to 821) 

Fig. 1. Deduced amno acd  structure of astrotact~n and homology ~511th known protens, (A] Schematc 
representation of the domain structure of astrotactin. Black, signal peptide: gray, EGF-like repeat: 
hatched. F N I i k e  repeat. (B) Al~gnment of the three EGF repeats and (C) alignment of the tvio FNII 
repeats in astrotactn over the consensus of the respectve motifs (8, 9). Identical amino acids are shown 
in bold: underl~ned amino acids are substitutes found in FNII repeats of other proteins at the same 
postions. Dashes denote gaps to optitnize the alignment. ASTFN, astrotactin FNII repeat; aa. amino 
acd.  Numbers ndcate the positions of each repeat vdithn astrotactin cDNA. 
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