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Supramolecular Structure of the 
Salmonella typhimurium Type I I I 

Protein Secretion System 
Tomoko Kubori,* Yukiyasu Matsushima, Dai Nakamura, 

Jaimol Uralil, Maria Lara-Tejero, Anand Sukhan, 
Jorge E. Galan,? Shin-lchi Aizawa 

The type Ill secretion system of Salmonella typhimurium directs the translocation of 
proteins into host cells. Evolutionarily related to the flagellar assembly machinery, this 
system is also present in other pathogenic bacteria, but its organization is unknown. 
Electron microscopy revealed supramolecular structures spanning the inner and outer 
membranes of flagellated and nonflagellated strains; such structures were not detected 
in strains carrying null mutations in components of the type Ill apparatus. Isolated 
structures were found to contain at least three proteins of this secretion system. Thus, 
the type Ill apparatus of S. typhimurium, and presumably other bacteria, exists as a 
supramolecular structure in the bacterial envelope. 

Several  plant and animal bacterial patho- across bacterial species (2) .  
gens have evolved a specialized protein se- T h e  human pathogen Salmonella typhi- 
cretion system, termed type 111, to interact murium encodes two tvpe 111 secretion sys- 

nocodazole (0 4 pg/ml) was added before cells en- with host cells [reviewed- in (1 )]. Charac. 
tered M phase. Mitotic cells were collected 4 hours 
later bv lnechanlcal shake.off, washed with Dhos. teristics of this system are (i)  the  absence of 
phate-buffered saline (PBS), and ysed In 50 mM a typical, cleavable, sec-dependent signal 
Hepes (pH 7.4), 100 mM NaCl, 1 mM EGTA. 20 mM senuence in secreted substrates: iii) the  re- , ~ ,  
NaF, 20 mM sodum pyrophosphate, 1 mM sodium 

' 

vanadaie, 1 C/c  aproilnln, 1 mM phenylmeihylsulfonyi quirement of proteins for secre- 
fluoride, and 1% Tr~ton X- loo.  C e s  remalnnq on tion; (tit) the  export of proteins through 

. flasks were scraped and ysed In the same buffir, both the inner and outer bacterial mem- 
19. Extract (5 kl) was Incubated with histone H I  (5 kg)  in branes; and (iv) the requirement of activat. 

a final volume of 15 kl in the presence of 100 JLM 
ATP, 5 k ~ i  of [y.32p]ATp, and l5 mM MgCl, for ing signals to initiate secretion. Although 
m n  at 30°C. The reactons were termnated by the most of the  putative components of this 
addition of SDS-poyacryamide gel electrophoresis systeln have been identified, little is kllO\l.ll 
(PAGE) sample buffer. After b o n g ,  the samples 
were subjected to SDS.PAGE and autoradlography about their f~mct ion  or their organization in 

20 Samlses were Incubated w~ th  a n t - ~ 3 8  (antbodvto a t he  bacterial envelone. Genetic analvses 
COOH-termna peptide, 20 kl: Santa 'Cruz) and 20 
pl of protein A-Sepharose In the preserrce of 0 1 Cic 
SDS for 2 hours at 4°C. The beads were washed 
three tmes with trs-buffered sane  [20 mM trls-HCI 
(pH 7 . 3  150 mM NaC] containng 0.05%Tween 20. 
For mmune-complex k~nase assays, mmunopre- 
c~p~tated beads were incubated w th  recomb~nant 
ATF2 proten (5 kg) In a final volume of 20 k l  In the 
presence of 100 p M  ATP, 5 JLC [y-32P]ATP, and 15 
mM MgCl, for 30 min at 30°C. After electrophoresis 
radoactvty was detected by autoradiography or an- 
alyzed w t h  an Image analyzer (BAS2000, FUJI Photo 
F m ) .  Smiar results were obtained w th  an antibody 
to recombinant p38 that we produced. 

21. MAPK was mmunoprecipitated w ~ t h  anti-MAPK [Y. 
Gotoh et a/., EIVBO J 10 2661 (199111, and the 
k~nase actlvlty was determned with m y e n  basc 

have established that  ihese systems are 60th  
structurally and f~mctionally conserved 
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tems, although only one  of them, located at " 

centisome 63 of its chromosome, appears to  
be expressed in  vitro (3). This system di- 
rects the  translocation of several bacterial 
proteins into the  host cell (4), which acti- 
vate host cell signaling pathways, leading to  
a variety of responses, such as reorganiza- 
tion of the  actin cytoskeleton, cytokine pro- 
duction, and the  induction of programmed 
cell death in macrophages ( I ) .  This system 
has also been associated with the  assemblv 
of invasomes, appendage-like structures 
that appear o n  the  bacterial surface upon 
contact with host cells (5). Some of the  
putative components of the  secretion appa- 
ratus share sequence homology with pro- 
teins of the  flagellar export machinery, sug- 
gesting a n  evolutionary relation. 

T h e  similarity between type I11 secretion 
components and the  flagellar export ma- 
chinery prompted us to investigate whether 
the  S ,  typhimurium cell envelope contains 
structures similar to  those involved in 
flagellar assembly. A mutant strain with a 
deletion in  the  flhC gene and therefore 
lacking all flagellar proteins was osmotically 
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Fig. 1. Electron micrographs of osmotically shocked S. typhimurium strains. basal bodies that span the inner and outer membranes. TEM samples were 
(A and 6) Nonflagellated AflhC S. typhimurium exhibits needle complexes on prepared as in (20). Samples were negatively stained with 2% phosphotung- 
the bacterial envelope (open arrows). Note the depression at the insertion stic acid (pH 7.0) and observed under a JEM-1200EXll transmission electron 
point of the needle complex (closed arrow). (C) An invasion-defective strain of microscope (JEOL, Tokyo). Micrographs were taken at an accelerating volt- 
S. typhimurium carrying a mutation in invG shows no evidence of needle age of 80 kV. Scale bar, 100 nm. 
complexes. (D) An S. typhimurium fliK mutant exhibits flagellar polyhook 

shocked and examined by transmission 
electron microscopy (TEM). Complex 
structures resembling a needle (needle com- 
plex) were visualized on the cell surface 
(Fig. 1, A and B). The base of the structure 
is on the plane of the cytoplasmic mem- 
brane and extends to the outer membrane, 
where it is connected to a thinner structure, 
or needle, that projects outward. The dense 
layer around the proximal end of the needle 
suggests that this complex is attached to the 
outer membrane through specialized struc- 
tures. A de~ression on the outer membrane 
was often seen in association with the in- 
sertion point of the needle complex (Fig. 
1B). There were 10 to 100 needle complex- 
es per cell, and these complexes were dis- 
tinguishable from flagellar basal bodies of 
osmotically shocked wild-type S. typhi- 
murium cells (Fig. ID). Although the size of 
the base is similar to that of the flagellar 
basal body, the needle itself is much thinner 
than the flagellar filament. SalmoneUa typhi- 
murium strains carrying mutations in any of 
24 different flagellar genes (6) exhibited 
needle com~lexes in their envelo~es. fur- . , 

ther demonstrating that these complexes 
are independent of flagella (7). In contrast, 
needle structures were absent from S. typhi- 
murium strains carrying mutations in in&, 
prgH, or prgK (Fig. 1C) (7), which encode 
essential components of the invasion-asso- 
ciated type 111 secretion system (8, 9). 

Needle complexes isolated by a CsCl 
density gradient (1 0) appear to have cylin- 
drical symmetry because every particle lying 

on the TEM grid exhibited a similar shape 
(Fig. 2). The base structure resembles the 
flagellar basal body (1 1 ) because it contains 
two upper (or outer) and two lower (or 
inner) rings. The lower rings, which inter- 
act with the cytoplasmic membrane, are 40 
nm in diameter and 20 nm wide and amear 

L .  

to be close together. The upper rings are 20 
nm in diameter and 18 nm wide and inter- 
act with the outer membrane and the pep- 
tidoglycan layer. The two upper rings are 
more widely separated than the two lower 
rings. The outermost ring was sometimes 

observed associated with fragments of the 
outer membrane, a phenomenon often seen 
in the L ring of the flagellar basal body (1 2) 
(Fig. 2C). 

The needle structure itself is a stiff. 
straight tube, 80 nm long and 13 nm wide. 
The line across its length indicates that the - 
stain solution penetrated into a hollow 
mace in the center of the structure. Occa- 
sionally, needle structures were missing 
from the bases (Fig. 2C), in which case the 
bases tended to form aggregates through 
their rings, a phenomenon often observed 

Fig. 2. Needle complexes isolated from S. typhimurium AflhC. (A and 6) Complexes obtained from an 
enriched fraction of the CsCl density gradient (10). (C) (Top) Needle complexes associated with the 
bacterial outer membrane through their outer rings. (Bottom) Needle complexes lacking the needle 
structure aggregating through their outer rings. Scale bar, 100 nm. 
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Needle complex A B 
, CsCl fract~ons 
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- 
42kD- 0 

- 
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27kD- 

Fig. 3. Components of the needle structure. Nee- 
dle complexes from S. typhimurium AflhC were 
purified on CsCl density gradients (lo), and the 
proteins were visualized by silver staining of a 12% 
SDS-polyacrylamide gel. HBB, purified flagellar 
hook and basal body [isolated from the wild-type 
strain SJW1103 and included for comparison pur- 
poses (20)]. 

with flagellar basal body preparations (1 3). 
To identify the components of this su- 

pramolecular structure, we fractionated pu- 
rified needle complexes on SDS-polyacryl- 
amide gels and visualized the proteins by 
silver staining. Although the needle com- 
plex was present in several fractions of the 
CsCl gradient. it was consistentlv enriched 
in hiiher density regions that 'contained 
three major protein species of 62, 52, and 
31 kD (Fig. 3). Minor amounts of other 
proteins were also present but not consis- 
tently. To identify the proteins in the nee- 
dle complexes, we blotted samples onto 
membranes, visualized the proteins by Coo- 
massie brilliant blue staining, and deter- 
mined their NH2-terminal sequence (14). 

Ten amino acids of the 62-kD polypep- 
tide exactlv matched the seauence of the S. 
typhimurium InvG protein, starting at Ser25 
of the ~redicted seauence (1 5). InvG is an . . 
essential component of the centisome-63 
type 111 secretion system (8) and shares 
sequence homology with secretins, proteins 
that organize into homomultimeric struc- 
tures (16). InvG is also required for the 
assembly of the appendage-like invasomes 
(5). The predicted InvG protein contains 
564 amino acids, a molecular mass of 
62.275 daltons. and a cleavable sec-de~en- 
dent signal sequence with a signal peptidase 
recognition sequence located next to Ser25, 
in close agreement with the observed size 

Fig. 4. lmmunoelectron microscopy of needle complexes isolated from an S. typhimurium strain 
expressing (A) wild-type or (B) M45 epitope-tagged PrgH after staining with a monoclonal antibody to 
the M45 epitope. lmmunoelectron microscopy was carried out as previously described (7 7). Note the 
cloud of electron-dense material representing the antibody molecules bound to the base of the structure 
(B). Scale bar, 100 nm. 

predicted molecular mass of 44,459 daltons, supported by the following: (i) the structure 
and it contains a stretch of non~olar resi- was observed in the wild m e  but not in 
dues, followed by a canonical lipoprotein- 
processing site. However, the first amino 
acid in the sequence of the 52-kD polypep- 
tide corresponds to Met' of PrgH, indicat- 
ing that PrgH is not processed as predicted. 

Five amino acids from the NH2-terminus 
of the 31-kD protein (1 5) exactly matched 
the predicted amino acid sequence of PrgK, 
starting at Cys18. This protein, also a com- 
ponent of the type 111 system, has a predict- 
ed molecular mass of 28,210 daltons and a 
canonical lipoprotein-processing site at po- 
sition 18, consistent with the size and se- 
quence of the 3 1-kD polypeptide (9). Pro- 
teins of 40 and 39 kD present in low 
amounts were identified by NH2-terminal 
sequence analysis as OmpC and OmpF, re- 
spectively; these proteins are major compo- 
nents of the outer membrane and therefore 
likely contaminants of the needle complex 
preparation. 

To confirm that proteins from the type 
111 system are components of the needle 
complex, we constructed an S. typhimurium 
strain expressing an epitope-tagged form of 
PrgH (1 7). This protein fully complement- 
ed a prgH null mutation and allowed bac- 
terial entrv into cultured e~ithelial cells. 
indicating that the epitope-tagged protein 
functions similarly to wild-type PrgH. The 
needle complex was isolated from this 
strain, labeled with a monoclonal antibody 
to the epitope tag, and examined by TEM. 
The antibody specifically decorated the 
base of the needle complex isolated from 
the strain expressing the epitope-tagged 
PrgH, further demonstrating that this pro- 
tein is a component of this structure (Fig. 
4B). In contrast. the antibodv did not label 
needle complex structures h m  S .  typhi- 

, L 

in&, prgH, or prgK mutant strains of S .  
typhimurium; (ii) InvG, PrgH, and PrgK 
were the most abundant proteins in highly 
purified preparations of the needle struc- 
ture; and (iii) PrgH was identified as one of 
the components of the needle structure by 
immunoelectron microscopy. The architec- 
ture of the needle complex and the similarity 
between components of the flagellar export 
machinery and the type 111 secretion system 
provide strong support for the postulated 
common ancestry of these structures. In this 
context, the needle complex may be viewed 
as the functional equivalent of the flagellar 
basal body, serving as a channel through 
which the substrate proteins of the secretion 
apparatus cross the two bacterial membranes. 
Furthermore, the needle itself may be direct- 
ly involved in the delivery of effector mole- 
cules into the host cell. Contact of S. typhi- 
murium with cultured epithelial cells results 
in the transient assembly of invasomes on 
the surface of the bacteria (5), a process that 
requires the function of the invasion-associ- 
ated type 111 secretion machinery. Although 
the components of the invasomes have not 
been defined, the needle complex may con- 
stitute the base of such structures. Proteins 
homologous to components of the needle 
complex are widely distributed among type 
111 secretion systems in plant and animal 
~athogenic bacteria (1 ), and appendage-like 
structures whose assembly requires the func- 
tion of this secretion system have also been 
observed in other bacterial pathogens (18). 
Therefore, it is likely that similar supramo- 
lecular structures are a common feature of all 
type 111 secretion systems. 

REFERENCES AND NOTES 
and sequence of the 62-kD polypeptide. murium strains expressing wild-type  pig^ 

The sequence of nine residues from the (Fig. 4A). 
1 . J. E. Galdn and J. B. Bliska, Annu. Rev. Cell Dev. Biol. 
12, 219 (1996). 

NH,-terminus of the 52-kD ~olypeptide Thus, components of the type 111 secre- 2, C, Ginocchio and J. E. GalAn, hfect Immun. 63,729 
(1 5) was identical to the deduced sequence tion machinery are organized in a supramo- (1995); R. Rosqvist, S. Hakansson, A. Forsberg, H. 

of PrgH, another component of the type 111 lecular structure that appears to span both Wolf-Wafz~ J. 14, 4187 (Igg5). 
3. J. E. GalAn, Mol. Microbial. 20, 263 (1996); J. E. 

secretion machinery (9). PrgH has a de- the inner and outer membranes of the S. Shea, M. Hensel, C. Gleeson, D. W. Holden, Proc. 
duced sequence of 392 amino acids with a typhimurium envelope. This hypothesis is Natl. Acad. Sci. U.S.A. 93,2593 (1996); H. Ochman, 

604 SCIENCE VOL. 280 24 APRIL 1998 www.sciencemag.org 



F. C. Soncn. F. Solomon, E. A. Grolsman, ibid., p. 
7800. 

1 .  C Colazo and J. E. Gaan, Mol. Microbiol. 24, 767 
(1997); Y. Fu and J. E. Gaan, ibid. 27, 359 (1998); 
W.-D. Hardt and J. E. Galan, Proc. Natl. Acad. Sci. 
U.S.A. 94. 9887 (1 997). 

5. C. G~nocch~o, S. B. Olmsted, C. L. Wells, J. E. Galan, 
Cell 76, 71 7 ( I  991). 

6. Salmonella typhimurium stralns were der~vat~ves of 
SJW1103 [S. Yamaguch~, H. Fujta, A. shhara, S. 
Azawa. R. M. Macnab, J. Bacteriol. 166. 187 (1 986)] 
or SL1361 [S. K. Ho~seth and B. A. Stocker. Nature 
291, 238 (1 981)]. The S. typhimurium flagellar mu- 
tants examned were AflhC, figA, flgB, flgC, flgD, flgE, 
flgF. flgG, flhA, flhB, fihC, TIE, fIiF, fhG, TIH, flil, fliJ, TIM, 
fhN, hflio-fIiR, fiP, hfliP-fhR, fliR, and fiiQ. 

7. T. Kubor eta/. .  unnubished results. 
8. K. Kanlga, J. C. Bdsso, J. E. Galan. Mol. Microbiol. 

13, 555 (1 994). 
9. D. A. Pegues, M. J. Hantman, I. Behau. S. I. M~ller. 

ibid. 1 7. 169 ( I  995). 
10. Bacter~a were grown In L broth to an absorbance at 

600 nm of 0.8 to 1.0, pelleted. and resuspended In 
1/10 of the or~gnal volume In a soluton of 0.5 M 
sucrose and 0.15 M Tr~sma base. Lysozyme and 
EDTA were added to a f n a  concentfationof 1 mg/ml 
and 10 mM, respect~vely, and cells were Incubated 
at 6°C for 1 hour Spheroplasts were ysed by the 
add~t~on of lauryldimethylam~ne ox~de (LDAO) to a 
f ~ n a  concentrat~on of 1%, and the samples were 
further Incubated at A3C for 2 hours. MgSO, was 

added to a flnal concentrat~on of 10 mM, and sam- 
ples were centr~fuged at 5000g for 20 m n .  The car- 
ifled sample was adjusted to pH 11 w~ th  NaOH, 
Incubated for 1 hour at i o C ,  and centr~fuged at 
60.000g for 1 hour. The pellet was resuspended In a 
solut~on conta~nng 0.1 M KCI-KOH (pH 11). 0.5 M 
sucrose, and 0.1?& LDAO and centr~fuged at 
60,000g for 1 hour. The pellet was resuspended In 
TET bufer [ l o  mM tr~s-HCI (pH 8.0). 5 mM EDTA. 
and 0.1 % LDAO] and loaded onto a 30% (wiv) CsCl 
densty gradent. Gradent fract~ons were centrlfuged 
at 60,000g for 1 hour. and the pellets were washed 
w~ th  TET bufer. 

: 1 . S. I. Aizawa, Moi. Microbioi. 1 9. ; (1 996). 
12. , G. E. Dean, C. J, Jones. R. M. Macnab, S. 

Yamaguch~, J. Bacteriol. 161 . 836 (1 985). 
13. T. Ueno, K. Oosawa, S. A~zawa, J. Mol. Biol. 236, 

516 (1 994). 
14. Polypeptdes separated on standard SDS-polyacwl- 

am~de gels were electroblotted onto polyvnyl~dene 
dlfluorde membranes. and the bands of Interest were 
apped to a Beckman LF3000 proten sequencer. 

15. The amino ac~d seauences obta~ned from the d~fferent 
polypeptide species were as follows: 62 ~ kD. 
SEKIPVTGSG; 52 kD, METSKEKTI, and 31 kD. 
CKDKD (19). 

16. N. A. L~nderoth, M. N. S~mon, M. Russel, Science 
278. 1635 (1997); M. Koster et a/., Mol. Microbiol. 
26, 789 (1 997). 

17. The prgH and prgK genes were cloned from the 
w~d-type stran of S typhimurlum SL1314 by poly- 

A Distinctive Class of lntegron in the 
Vibrio cholerae Genome 
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The ability of bacteria to acquire and disseminate heterologous genes has been a major 
factor in the development of multiple drug resistance. A gene, intl4, was identified that 
encodes a previously unknown integrase that is associated with a "gene-VCR" orga- 
nization (VCRs are Vibrio cholerae repeated sequences), similar to that of the well- 
characterized antibiotic resistance integrons. The similarity was confirmed by Intl l- 
mediated recombination of a gene-VCR cassette into a class 1 integron. VCR cassettes 
are found in a number of Vibrio species including a strain of V. metschnikovii isolated in 
1888, suggesting that this mechanism of heterologous gene acquisition predated the 
antibiotic era. 

Integrons are gene expression elements 
that acquire open reading frames (gene cas- 
settes) and convert them to functional 
genes. More than 40 different antibiotic 
resistance cassettes have been characterized 
in these structures, permitting their bacte- 
rial hosts to become resistant to a broad 
spectrum of antimicrobial compounds (1 ). 
The insertion of a gene cassette takes place 
by site-specific recombination between the 
circularized cassette and the recipient inte- 
gron; the essential components are an inte- 
grase gene (intl) and a linked attachment 
site (attl) required for the efficient site- 
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specific integration of the gene cassettes 
into the integron structure (2). To date, 
three classes of integron have been defined 
on the basis of the seauence of their asso- 
ciated integrase ( 1  ); the integrases have 43 
to 58% amino acid seauence identitv and 
are related to the inte'grases of temierate 
bacteriophages. The similarity between the 
three integrases suggests that their evolu- 
tionary divergence extended beyond the 
half centurv of the antibiotic era, and mob- 
ably much longer according to the sub&- 
tion rates calculated by Ochman and Wil- 
son (3). 

All integron-inserted cassettes identified 
share specific structr~ral characteristics (Fig. 
1A); the boundaries of each integrated cas- 
sette are defined bv two GTTRRRY (core- 
site) (4) sequences in the same orientation, 
which are the targets of the recombination 

merase change react~on, and der~vatve strans car- 
ryng nonpolar mutat~ons In these genes were con- 
structed by allele replacement (8) Salmonella typhi- 
murium stra~ns expressing a functonal ML5 eptope- 
tagged PrgH proten were constructed as descrbed 
elsewhere [C. Colazo and J E Galan, Infect lm- 
mun. 64.3521 (1 996)]. The M45 epitopetag consst- 
ed of 18 res~dues from the EL-6/7 proten of adeno- 
vlrus (MDRSRDRLPPFETETRL) (19) [S. Obert. R. J 
O'Connor, S. Schmd, P. Hearng, Mol Cell. Biol. 14 
1333 (1 9941. 

18. E. Rolneetal., Proc. Natl. Acad. Sci. U.S.A. 94.3659 
(1 997). 

19. S~ngle-letter abbrevations for the amno acid res- 
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urocess. The integrated cassettes include a " 

gene and an imperfect inverted repeat lo- 
cated at the 3 '  end of the gene called a 
59-base element, a diverse family of se- 
quences that filnction as recognition sites 
for the site-specific integrase. The organiza- 
tion of these elements starts with an inverse 
core-site, which is complementary to the 
core-site located upstream from the gene 
cassette, followed by a sequence of imper- 
fect dyad symmetry, and ending with the 
downstream core site sequence (Fig. 1 ). The 
59-base elements vary in size from 60 to 141 
base pairs (bp); their nucleotide sequence 
similarities are primarily restricted to the 
inverse core-site and the core-site. Both the 
source of gene cassettes and the mechanism 
of their genesis are unknown, although they 
are presumed to be bacterial in provenance. 

A number of species of the Vibrio genus, 
a widely distributed bacterial group found 
primarily in aqueous environments, are 
pathogenic for humans and animals. Vibrio 
cholerae has been responsible for major ep- 
idemics of human disease, especially since 
the early 19th century. It is known to have 
at least two pathogenicity islands (5): the 
locus encoding the cholera toxin, which is 
carried by a M13-like phage inserted into 
the chromosome ( 6 ) ,  and a large cluster of 
genes encoding the accessory colonization 
factor and genes for the biogenesis of the 
toxin-co-regulated pilus, which is harbored 
in a prophage-like structure (7). The V.  
cholerae genome has also been found to 
contain repeated sequences (VCRs) in 
clusters that have a similar organization to 
the integron-gene cassette structures (8). 
They were first identified surrounding 
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