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Instruments of bacterial warfare

The skin, the oral cavity, and the gastrointestinal tract of
humans are colonized with bacteria. Microbial entry
into the blood or blood-circulated tissues is hindered by
anatomical barriers. The barriers consist of epithelia as
well as membranes that are fortified by layers of collagen
and other connective tissues. Following the breakdown
of a barrier, the dwindling of an immune system, or an
attack by particularly virulent bacteria, microbes gain
entry into deeper tissues and multiply within newly con-
quered space. Human disease is the result of such bacte-
rial multiplication. Microbial entry into circulated tis-
sue is accompanied by an immune response. Immune
cells recognize bacterial products (lipids, carbohydrates,
peptidoglycan, or protein decorations) and respond by at-
tracting macrophages, polymorph-nuclear leukocytes, or
other immune cells in an effort to kill the invading
pathogen (Medzhitov and Janeway 1999; Aderem and
Ulevitch 2000). Many bacterial pathogens have evolved
to enter and multiply within blood-circulated tissues
(Finlay and Falkow 1997). The underlying pathogenic
strategies are remarkably diverse and often result in
unique disease symptoms. Nevertheless, all mechanisms
of bacterial manipulation of the host organisms can be
viewed in three principal categories: microbial adhesion,
secretion of toxins into the extracellular milieu, and in-
jection of virulence factors into host cells. There are
three rules of thumb that bacterial pathogens must con-
sider if they want to mount a successful infection.

If you want to invade a host—stick to it

Vibrio cholerae adhere to human intestinal tissues and
secrete a toxin that, once engulfed by epithelial cells,
causes a fulminant diarrhea. Mutants lacking the Vibrio
surface adhesin (TCP pili) cannot stick to the intestines
and fail to cause disease (Herrington et al. 1988). Micro-
bial adhesion to host tissues can be mediated by indi-
vidual proteins or by sophisticated organelles such as

pili. Pili form fibrous structures that emanate from the
bacterial surface and display an adhesive property at the
tip. Pili are often distributed over the bacterial surface
(pertrichious pili, e.g., type I pili) or they are located at a
single site (polar pili, e.g., type IV pili). Some pili are
retractable (type IV pili) and provide for adhesion and
bacterial movement. Other pili are involved in conjuga-
tion, that is, the exchange of genetic information be-
tween cells, and provide for adhesion, retraction, and the
transport of DNA. Flagella, another surface organelle of
bacteria, are more flexible and longer than pili. Flagella
do not display adhesive properties but function as a rotat-
ing propeller that allow bacteria to swim during infection.

If you don’t want to get killed—bring your weapons
and fight

Invasin is an adhesive outer membrane protein of
Yersinia pseudotuberculosis, a microbe that colonizes
lymphoid tissues after invading the intestines of humans
(Isberg and Falkow 1985). Expression of invasin in Esch-
erichia coli K-12 is sufficient for a nonpathogenic mi-
crobe to invade epithelial cells (Isberg et al. 1987). Nev-
ertheless, invasin alone can not confer the ability to
cause disease. What does it take to generate a potent
pathogen such as Y. pseudotuberculosis? Protein secre-
tion machines are the instruments of microbial warfare!
Many bacteria secrete toxins into the extracellular mi-
lieu during infection. For example, Staphylococcus au-
reus secretes several exotoxins that damage host cell
membranes (Dinges et al. 2000). Although these com-
pounds diffuse within extracellular fluids, their concen-
tration is highest in the immediate vicinity of staphylo-
cocci, generating “mine fields“ that keep immune cells
at bay. Other toxins act at a distance from the invading
pathogen much like a bullet or an “intelligent” missile.
Tetanus toxin circulates in blood and adheres to neuro-
nal receptors (Schiavo et al. 2000). Following endocyto-
sis, the engulfed toxin exerts its pathogenic property in-
side the target cell and cleaves proteins to prevent the
fusion of synaptic vesicles with the plasma membrane.
The infected host dies from respiratory paralysis while
the underlying infection itself, typically contamination
of a minor wound with Clostridium tetani, is located
elsewhere and plays only an indirect role in the outcome
of the disease. Bacteria have evolved a bounty of mecha-
nisms for toxin secretion: the Sec pathway, autotrans-
porter, type I–IV secretion, and toxin release systems
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(e.g., tetanus toxin). The type III and type IV secretion
systems of Gram-negative pathogens can be viewed as
bacterial arms for close combat with immune cells. A
protein conduit is formed between the pathogen and the
host cell that provides for the rapid and massive deposi-
tion of proteins (type III and type IV) or for the transport
of DNA (type IV).

If you want to invade another host—get out if you can

The killing of a human host allows Clostridium tetani to
multiply as these anaerobic microbes can only grow in
tissues that are not circulated with oxygenated blood.
But the killing doesn’t provide microbes with a mecha-
nism for transmission to a new host. Several enteric
pathogens, for example, Salmonella, Shigella, or V. chol-
erae, have elegantly solved the problem by spreading via
fecal–oral contamination. During V. cholera infections
enough cholera toxin is secreted to cause a fulminant
diarrhea with large amounts of infectious microbes
while carefully avoiding the rapid killing of the host.
Again, it is protein secretion that matters as too much of
a toxin is not always a good thing and can limit the
success of a pathogen. This article describes the prin-
ciples of protein secretion by pathogenic microbes.

Gram-positive and Gram-negative microbes

Bacteria can be classified with the staining procedure of
Christian Gram. Gram-positive bacteria retain the dye
crystal violet, which is removed with ethanol from the
envelope of Gram-negative bacteria (Popescu and Doyle
1996). The different staining properties are caused by dif-
ferences in envelope structure. Gram-positive microbes
elaborate a single plasma membrane (also called inner

membrane [IM]; Fig. 1A) followed by a thick cell wall
layer (CW) that functions as a surface organelle for the
display of carbohydrates and proteins (Fig. 1; Ghuysen
and Hackenbeck 1994). A double membrane surrounds
Gram-negative bacteria, enclosing the periplasmic space
and peptidoglycan layer between two lipid bilayers (Fig.
1; Inouye 1979). The outer membrane (OM) of Gram-
negative bacteria functions as a surface organelle for the
display of proteins and carbohydrates (Inouye 1979). As-
sembly of some bacterial envelope structures, for ex-
ample, outer membrane or cell wall, is essential for the
growth and the replication of microbes (Ghuysen and
Hackenbeck 1994). In contrast, the secretion of proteins
into the extracellular milieu appears to be essential for
bacterial multiplication in infected host tissues, but it is
not required for microbial growth under laboratory con-
ditions (Pugsley 1993a).

Secretion across the plasma membrane

Protein secretion into the extracellular milieu by Gram-
positive pathogens requires transport of polypeptides
across the plasma membrane and the cell wall envelope
(Fig. 1A; Smith et al. 1978, 1980, 1981; Schneewind et al.
1992). This process has been studied very little. Genome
sequencing of a variety of Gram-positives showed that
many of the secretion genes, which were initially iden-
tified in E. coli (Schatz and Beckwith 1990), are also pres-
ent in these organisms. Transport of proteins across the
plasma membrane of Gram-negative organisms leads to
secretion into the periplasm but not to secretion into the
extracellular milieu envelope (Fig. 1B,C; Pugsley 1993a).
The thin peptidoglycan layer of Gram-negative organ-
isms is not thought to function as a permeability barrier

Figure 1. The Sec pathway transports proteins across the bacteria plasma membranes. (A) The SecA and SRP pathway of Gram-
positive bacteria translocates proteins across the plasma membrane. The cell wall envelope (CW) of some organisms is thought to be
impermeable for polypeptides, however factors for protein transport across the cell wall have hitherto not been identified. Proteins are
translocated across the plasma membrane of Gram-negative bacteria in a post-translational (B) or cotranslational manner (C). (IM)
Inner membrane. (B) Signal peptide (black box) bearing precursors are recognized by SecA and SecYEG. Upon substrate binding and
ATP hydrolysis, SecA pushes the precursor through the SecYEG translocon in a manner that also requires SecDF and YajC. After the
signal peptide is removed by signal peptidase, the translocated protein is released into the periplasm. (C) Signal peptides of nascent
polypeptides are recognized by the signal recognition particle, SRP, which is composed of Ffh and Ffs. This interaction stalls ribosomal
translation, which is restored once the SRP complex interacts with the SRP receptor, FtsY, and the ribosomes is docked on the
translocon. The membrane protein YidC is also thought to be involved in the cotranslational secretion of membrane proteins. (OM)
Outer membrane. Drawings adapted from Duong et al. (1997).
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for folded proteins. Gram-negative organisms have
evolved dedicated secretion systems that transport poly-
peptides beyond the outer membrane.

The Sec pathway has evolved to translocate polypep-
tides across the plasma membrane. Proteins destined for
transport by this pathway are synthesized as signal pep-
tide bearing precursors (Lingappa and Blobel 1980; Sil-
havy et al. 1983; Gennity et al. 1990). Signal peptides are
generally positioned at the N terminus and consist of
one or more positively charged amino acids followed by
a stretch of 10–20 hydrophobic amino acids (Silhavy et
al. 1983; Gennity et al. 1990). Once the precursors have
been translocated across the membrane, the signal pep-
tides are removed by signal peptidase (Chang et al. 1982;
Dalbey and Wickner 1985). Some polypeptides insert
into the plasma membrane using a noncleavable signal
peptide, also referred to as a signal/anchor sequence (type
I membrane protein; Davis and Model 1985; Davis et al.
1985; Singer 1990). Other polypeptides insert into the
plasma membrane by using both a cleavable signal pep-
tide and a second hydrophobic sequence that is located
downstream (stop transfer or membrane anchor sequen-
ce–type II membrane protein; Lingappa et al. 1978). The
Sec pathway was first characterized by searching for E.
coli suppressor mutants that restore secretion of an outer
membrane protein with a defective signal (Emr et al.
1981). Another search used LacZ fusions to the C termi-
nus of secreted proteins, resulting in hybrids that jam the
Sec pathway as LacZ folds rapidly into a nonsecretable
conformation (Silhavy et al. 1976, 1977). Temperature
sensitive mutations in sec genes allowed the internaliza-
tion of a larger fraction of LacZ hybrids, thereby confer-
ring a Lac-up phenotype (Oliver and Beckwith 1981).
These genetic approaches have been complemented by
biochemical studies measuring the Sec-mediated trans-
location of precursor proteins into membrane vesicles
(Muller and Blobel 1984; Brundage et al. 1990). The
membrane-embedded translocation machinery is com-
posed of SecYEG and YajC, which together with the
membrane proteins SecDF and cytoplasmic ATPase
SecA, are sufficient to promote the translocation of pre-
cursor proteins into the lumen of membrane vesicles in
vitro (Fig. 1B; Duong and Wickner 1997).

The translocation pore of the E. coli Sec pathway is
composed of three membrane proteins, SecYEG, which
can accept substrates in two ways (Duong et al. 1997;
Pohlschroder et al. 1997). Signal peptide-bearing precur-
sor proteins are maintained in a secretion-competent
state by binding to chaperones, for example, SecB (Ran-
dall 1992). Bacillus subtilis and other Gram-positive bac-
teria make do without SecB, and other chaperones pre-
sumably function as substitute (Kunst et al. 1997).
Translocation substrate is transferred to SecA, an
ATPase that undergoes conformational rearrangements
upon interacting with the secretion machinery, a process
that is thought to push precursor proteins through the
translocation pore (Economou and Wickner 1994). Once
polypeptides have been translocated, signal peptidase re-
moves the signal peptide from the precursor and mature
protein is released into the periplasmic space (Dalbey

and Wickner 1985). A second mechanism of protein se-
cretion involves the cotranslational translocation of
membrane proteins (Ulbrandt et al. 1997). The signal rec-
ognition particle (SRP), Ffh and 4.5 S RNA (ffs) in E. coli,
binds to signal peptide-bearing nascent polypeptides, an
interaction that is thought to stall ribosomal translation
(Poritz et al. 1990). Once the SRP complex is bound to its
receptor (FtsY in E. coli) and the ribosome has docked on
the translocation pore, translation resumes and presum-
ably provides the force to translocate polypeptides across
the membrane (Miller et al. 1994). Three membrane pro-
teins, SecD, SecF, and YajC, associate with the SecYEG
pore and appear to regulate SecA-dependent transloca-
tion activity (Fig. 1C; Duong and Wickner 1997). The
membrane protein YidC appears to be required for the
insertion of polytopic membrane proteins into the
plasma membrane (Samuelson et al. 2000); an associa-
tion of YidC with the SecYEG translocase has not yet
been revealed.

The genome of the Gram-positive pathogen S. aureus
contains secAYEG and yajC similar to E. coli and B.
subtilis (Blattner et al. 1997; Kunst et al. 1997). A secB
gene could not be found, however, a second set of secre-
tion genes, secA-2 and secY-2, was identified. As ob-
served for B. subtilis, the S. aureus genome encodes for a
secDF fusion gene but not for single secD and secF genes
(Bolhuis et al. 1998). Two signal peptidase genes (spsA
and spsB) are present in the S. aureus chromosome
(Cregg et al. 1996), whereas ffh and ftsY are present in
single copy only. It is not clear whether the presence of
two sets of secretion genes results in the assembly of two
secretion pathways in S. aureus. The cell wall envelope
of some Gram-positive bacteria acts as a diffusion barrier
for the movement of proteins. Few studies have ad-
dressed whether additional factors are required to facili-
tate secretion of proteins across the bacterial cell wall. B.
subtilis PrsA is a peptidyl–prolyl isomerase and tethered
to the bacterial plasma membrane via thioether diacyl-
glyceride modification (Jacobs et al. 1993; Kontinen and
Sarvas 1993). PrsA is thought to act on translocated pro-
teins by catalyzing their folding and release into the ex-
tracellular medium (Vitikainen et al. 2001).

Bacterial surface organelles
Surface proteins of Gram-negative organisms are in-
serted into the outer membrane. The outer membrane is
an asymmetric bilayer with an inner phospholipid leaflet
and an outer leaflet that is largely composed of lipopoly-
saccharide (LPS; Raetz 1987). Five or six acyl side chains
of LPS create the hydrophobic environment and are at-
tached to the phosphorylated saccharide KDO (Imoto et
al. 1983; Qureshi et al. 1983; Takayama et al. 1983). The
phosphoryl groups of neighboring LPS molecules are
complexed with magnesium ions, an ionic interaction
that is important for the integrity of the membrane en-
velope. Attached to KDO and protruding on the bacterial
surface are long polysaccharide chains, whose composi-
tion is highly variable among bacterial species (Rietschel
1984) and even subject to regulated variation within or-
ganisms (Ernst et al. 1999). Proteins destined for the
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outer membrane are translocated across the inner mem-
brane via the Sec pathway. A large number of folding
factors appear to act on outer membrane proteins (Mis-
siakas and Raina 1997; Danese and Silhavy 1998), which
assume !-barrel structures that expose the alternating
hydrophobic residues of !-sheets at the interface with
membrane lipids (Cowan et al. 1992). The outer mem-
brane is tethered to the peptidoglycan layer via murein
(Braun) lipoprotein, a short helical polypeptide that is
covalently linked to the peptidoglycan at the C-terminal
end (Braun and Hantke 1974). The N terminus of lipo-
protein is inserted into the inner leaflet of the outer
membrane with its diacylglyceride decoration (Hantke
and Braun 1973). Electron microscopic studies suggest
the existence of adhesion zones between inner and outer
membranes (Bayer 1979; Lopez and Webster 1985). The
physiological relevance of these adhesions has been un-
der debate for a long time. It is not yet clear whether the
adhesions truly represent interacting lipid bilayers and
whether adhesions play a role in the assembly of the
outer membrane and its proteins. Pulse-labeling experi-
ments revealed the appearance and disappearance of
soluble intermediates in pathways that leads to the in-
sertion of outer membrane proteins (Stader and Silhavy
1988; Brissette and Russel 1990). These observations cer-
tainly do not support a model whereby outer membrane
proteins are transported via lipid adhesions.

Several outer membrane proteins have been character-
ized as receptors for host proteins or tissues (Fig. 2A;
Isberg and Falkow 1985; Isberg et al. 1987). One well-
studied example is Yersinia pseudotuberculosis invasin.
The N-terminal domain of invasin is inserted into the
outer membrane (Leong et al. 1991), whereas the C-ter-
minal domain protrudes 180 Å on the bacterial surface
using a string of IgG-like domains as a folding module
(Hamburger et al. 1999). Positioned at the C-terminal
end of invasin is the adhesive part of the molecule with
a folded structure resembling that of C-type lectins
(Kelly et al. 1999; Luo et al. 2000). Invasin binds !1 in-
tegrin surface receptors of host cells (Isberg and Leong
1990) and this mechanism is thought to be instrumental
during the intestinal uptake of Y. pseudotuberculosis
and Y. enterocolitica, leading to bacterial infection of
lymphoid tissues within the intestines (Pepe and Miller
1993). Intimins are another group of receptors displayed
on the surface of E. coli as well as several other Gram-
negative pathogens and provide a function that allows
bacteria to inject virulence factors via the type III path-
way (see below) into host cells (Kenny and Finlay 1997).
Intimin binds to Tir, a secreted bacterial protein that
inserts into host cell membranes where it is phosphory-
lated (Kenny et al. 1997). The mechanism of target cell
selection for Tir insertion has not been established. The
structures of intimin and the intimin/Tir complex have
been solved and consist of three immunoglobulin folds
connecting a C-type lectin-like receptor binding domain
to the outer membrane (Kelly et al. 1999; Luo et al.
2000).

Surface proteins of many different Gram-positive bac-
teria are tethered to the cell wall envelope by a mecha-

nism requiring a C-terminal sorting signal with an
LPXTG motif (Fig. 2B; Schneewind et al. 1992, 1993).
After initiation of surface proteins into the Sec pathway,
the sorting signal is recognized and cleaved by sortase, a
membrane-associated transpeptidase (Mazmanian et al.
1999; Ton-That et al. 1999). The carboxyl group of threo-
nine within the LPXTG motif is amide linked to pepti-
doglycan cross-bridges, thereby tethering the C-terminal
end of surface proteins to the cell wall envelope (Schnee-
wind et al. 1995; Ton-That et al. 1997; Navarre et al.
1998). A second targeting mechanism for surface pro-
teins involves the binding of polypeptides to designated
envelope structures, cell wall teichoic acids, or lipotei-
choic acids (Sanchez-Puelles et al. 1990; Baba and
Schneewind 1996, 1998; Jonquieres et al. 1999; Varea et
al. 2000). Teichoic acids are often composed of polyribi-
tolphosphate or polyglycerophosphate backbone struc-
tures (Fischer 1997). Species-specific esterified decora-
tions of these molecules appear to be required for the
anchoring of some surface proteins to the cell wall en-
velope (Holtje and Tomasz 1975). Bacterial crystalline
layers are surface organelles that are assembled from se-
creted polypeptides (Sleytr et al. 1993). After secretion,
the polypeptides bind to carbohydrate receptors on the
bacterial surface and aggregate into regularly shaped ar-
rays, which form the new surface layer (Ries et al. 1997;
Egelseer et al. 1998). For example, surface layer proteins
of B. anthracis adhere to pyruvylated cell wall polysac-

Figure 2. Display of proteins on the bacterial surface. (A)
Gram-negative bacteria anchor surface proteins in the outer
membrane (OM). After translocation and signal peptide cleav-
age of precursor proteins, outer membrane proteins (OMPs) are
folded in a manner that requires the peptidyl–prolyl isomerases
SurA and Fkp. Skp and the presumed cofactor lipopolysaccha-
ride are thought to promote membrane insertion of OMPs. (CW)
Cell wall; (IM) inner membrane. (B) Gram-positive bacteria an-
chor surface proteins to the cell wall envelope. Signal peptide
bearing surface proteins are initiated into the Sec pathway. The
C-terminal sorting signal (hatched box), which is composed of
an LPXTG motif, a hydrophobic domain, and charged tail, re-
tains translocated polypeptides within the secretory pathway.
Sortase, a membrane anchored transpeptidase, cleaves the sort-
ing signal between the threonine and the glycine of the LPXTG
motif and links the C-terminal carboxyl group to the amino
group of peptidoglycan cross-bridges within the cell wall enve-
lope. Drawings adapted from Duong et al. (1997) and Navarre
and Schneewind (1999).
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charide (Mesnage et al. 2000). The Gram-negative organ-
ism Aeromonas hydrophila employs a type II secretion
pathway (see below) to assemble an array of paracrystal-
line protein on the bacterial surface (Thomas and Trust
1995a,b).

Secretion pathways of Gram-negative bacteria

Research over the past two decades has identified a large
number of secreted proteins that play important roles
during the pathogenesis of infections caused by Gram-
negative bacteria. The pathways whereby these proteins
are transported have been separated into several classes:
(1) type I pili (Soto and Hultgren 1999; Sauer et al. 2000);
(2) auto-transporters; (3) type I secretion (Koronakis and
Hughes 1996; Binet et al. 1997); (4) type II secretion (gen-
eral secretory pathway [GSP]; Russel 1998) and type IV
pili (Nunn 1999); (5) type III secretion (Hueck 1998;
Galan and Collmer 1999) and flagella (Macnab 1992); and
(6) type IV secretion (Christie and Vogel 2000) and DNA
conjugation (Pansegrau and Lanka 1996). The classifica-
tion is based on the molecular nature of the transport
machineries and their catalyzed reactions. Many excel-
lent reviews that provide a more detailed and in-depth
treatise of the various subjects have been published re-
cently for each of the six classes of secretion pathways
(Macnab 1992; Koronakis and Hughes 1996; Pansegrau
and Lanka 1996; Binet et al. 1997; Hueck 1998; Russel
1998; Galan and Collmer 1999; Soto and Hultgren 1999;
Sauer et al. 2000; Christie 2001; Plano et al. 2001; Sand-
kvist 2001). This review will emphasize recent findings
about secretion machines and the various mechanisms
whereby proteins can be transported.

Assembly of type I pili

Type I pili (Duguid et al. 1955; Brinton 1959) allow E.
coli and other Gram-negative bacteria to attach to host
cells during the initial stages of infection (for detailed
review, see Soto and Hultgren 1999; Sauer et al. 2000).
Pili are essential for bacterial colonization of the urinary
tract as the invading microbes are confronted with an
additional defense barrier, the flow of urine. Employing
adhesion and retraction properties of pili, bacteria ad-
vance against the flow of urine and colonize the lower
(cystitis) or upper (pyelonephritis) urinary tract of hu-
mans. E. coli strains associated with pyelonephritis dis-
play Pap pili, structures that are composed of three parts:
(1) the tip adhesin; (2) the fibrillum; and (3) the pilus rod
(Lindberg et al. 1987; Kuehn et al. 1992). The base of the
pilus rod is embedded in the outer membrane of Gram-
negative bacteria. Pap (type I) pili are assembled from six
pilins, all of which are encoded by a single large operon
(Soto and Hultgren 1999). To identify the position of pi-
lins within the pilus, wild-type E. coli and mutants lack-
ing single pilin genes were analyzed by electron micros-
copy and immuno-gold labeling (Norgren et al. 1984;
Baga et al. 1987; Lindberg et al. 1987; Kuehn et al. 1992;
Jacob-Dubuisson et al. 1993). PapG pilin (G in Fig. 3)
functions as an adhesive molecule and is located at the
pilus tip (Fig. 3; Lindberg et al. 1987; Lund et al. 1987).

The N-terminal domain of PapG binds digalactoside, a
glycolipid that is located on the surface of host cells (Kal-
lenius et al. 1980; Leffler and Svanborg-Eden 1981; Bock
et al. 1985). The C-terminal domain of PapG is incorpo-
rated into the fibrillum (Hultgren et al. 1989) via the
adapter protein PapF (Lindberg et al. 1987; Kuehn et al.
1992; Jacob-Dubuisson et al. 1993). The fibrillum, which
consists mostly of PapE subunits, is attached to the pilus
rod via a second adapter protein, PapK (Jacob-Dubuisson
et al. 1993). PapA is the major pilin subunit and as-
sembles to form the pilus rod (Normark et al. 1983; Nor-
gren et al. 1984). PapH terminates the polymerization of
PapA and is presumably positioned at the pilus base
within the plane of the outer membrane bilayer (Baga et
al. 1987). PapJ is required to prevent the release of grow-
ing pili into the extracellular milieu (Tennent et al.
1990). Deletion of papJ, encoding a periplasmic pilin-like
subunit, results in the release of pili into the culture
medium, a phenotype that is similar to that of papH
mutants (Tennent et al. 1990). Plasmid-encoded papJ
complements the phenotype of papJ but not that of papH
mutants, suggesting that PapJ and PapH fulfill distinct
functions during pilus assembly (Tennent et al. 1990).
PapJ encompasses a Walker box domain (ATP-binding
site), however, its significance is not clear as the
periplasm is not believed to contain nucleotides.

Assembly of Pap pili occurs in two stages (Fig. 3). Pil-
ins are first translocated by the Sec pathway into the
periplasmic space (Baga et al. 1984, 1987; Norgren et al.
1984; Lindberg et al. 1986; Tennent et al. 1990). Each
pilin is engaged by the PapD chaperone (D), thereby pre-
venting premature aggregation of subunits within the
periplasm (Kuehn et al. 1991, 1993). During the second

Figure 3. Assembly pathway of type I pili. Six different pilins
assemble into a structure that is composed of a tip protein PapG
(G), a fibrillum consisting of PapF, PapE, and PapK, as well as
the pilus rod consisting of PapA. After Sec-mediated transloca-
tion across the plasma membrane, pilin associate with the
periplasmic chaperone PapD (D). Pilin–PapD complexes disso-
ciated at the assembly site, that is, the outer membrane usher
PapC (C), in a series of donor strand exchange reactions. Draw-
ing adapted from Sauer et al. (2000).
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stage of pilus assembly, pilin-chaperone complexes asso-
ciate with PapC (C), the usher protein in the outer mem-
brane (Dodson et al. 1993). PapC forms a pore structure
with an inner diameter of 2–3 nm that is large enough to
accommodate folded pilin subunits (Thanassi et al.
1998). Pilin-chaperone complexes are thought to occupy
the pore structure and newly formed pili emanate on the
bacterial surface, assembled by successive addition of pi-
lins at the outer membrane base (Saulino et al. 2000).

How is an ordered assembly of pilins achieved? A
model of kinetic partitioning has emerged that assumes
that assembly sites (PapC) display altered affinity for
subunits when engaged with different pilins. PapG, the
fibrillar tip component, complexed with the PapD chap-
erone displays the highest affinity for the empty PapC
usher (Dodson et al. 1993). The chaperone of PapC:Pap-
G–PapD complexes could be dissociated by incoming
PapF–PapD complexes. The chaperone of PapC:PapG/
PapF–PapD could in turn be dissociated by PapE–PapD
and so forth, until PapA–PapD dissociates PapC:PapG/
F/En/K/An–PapD to form the PapG/F/E/K/An+1–PapD
product.

Structural analysis of pilins and pilin-chaperone com-
plexes has provided a more detailed understanding of pi-
lus assembly. PapD is composed of two globular do-
mains, each with an IgG-like fold (Holmgren and Bran-
den 1989). Pilin subunits assume a similar IgG-like fold,
however the seventh !-sheet of the IgG-barrel is absent,
resulting in the exposure of a hydrophobic groove on the
molecular surface (Choudhury et al. 1999; Sauer et al.
1999). Exposure of this hydrophobic surface likely causes
pilin aggregation (Lindberg et al. 1989; Kuehn et al.
1991). PapD stabilizes bound pilins by providing the
missing !-sheet in a mechanism that has been referred to
as “donor strand complementation” or “domain swap-
ping”. The N terminus of pilin subunits consist of alter-
nating hydrophobic amino acids much like the comple-
menting strand of the PapD chaperone and has been im-
plicated in subunit interactions. The PapD chaperone of
PapG–PapD, complexed with the outer membrane usher
PapC, could be dissociated by the N terminus of PapF,
thereby completing the IgG-like fold (Eisenberg 1999;
Sauer et al. 1999). Pilus assembly can thus be viewed as
a series of domain swapping reactions in which the sev-
enth !-sheet of the pilin !-barrel is provided by either the
periplasmic PapD or the N-terminal extension of incom-
ing pilins. The specificity of pilin selection into the
growing pilus presumably is determined by the interac-
tion of the hydrophobic groove of the pilin subunit com-
plexed with the usher and the structure of the N termi-
nus in subsequent pilin subunits.

How is pilus assembly terminated? PapA is the most
abundant pilin both in the bacterial periplasm and in the
assembled pilus. PapH is present only in small amounts
(Normark et al. 1983; Baga et al. 1987). Experimental
increase in the cellular concentration of PapH shortens
the length of pili dramatically. In contrast, a reduced
concentration of PapH results in elongated pili and in
loss of pili into the extracellular milieu (Baga et al. 1987).
It is not yet known whether PapH, the terminator of

assembly, assumes a complete IgG-like fold or an altered
hydrophobic surface that prevents other pilin subunits
from binding (Barnhart et al. 2000). As assembled sub-
units exit the periplasmic space, pilins are sequestered
from the periplasm and cannot be removed from the
structure by additional domain swapping reactions.
What is the energy source that drives pilus assembly? It
appears that assembly or disassembly may be fueled
solely by gradients of concentration. During assembly,
the concentration of pilin-chaperone complexes is high
and that of outer membrane assembly sites low, favoring
the dissociation of PapD and pilins. During disassembly,
which has not yet been studied extensively, the concen-
tration of “empty” chaperone may be high, promoting
the removal of pilins from the pilus base. Alternatively,
PapJ may discharge pili out of the usher into the extra-
cellular medium when concentrations of other pilins are
low.

The inner diameter of the PapC usher pore (2–3 nm)
permits assembly and extrusion of folded pilins. In con-
trast, the 7-nm pilus rod is too large to exit the usher
(Thanassi et al. 1998). Assembled rods can be unraveled
into linear fibers with a diameter of 2 nm (Abraham et al.
1983; Bullitt and Makowski 1995; Thanassi et al. 1998).
Presumably, polymerized PapA subunits undergo a rear-
rangement, forming a wider assembly that may stabilize
the pilus rod. Knowledge of the atomic structure of PapA
has been used to build a molecular model for a 7-nm-
wide rod (Choudhury et al. 1999; Sauer et al. 1999). The
pilus is generated by helical right-handed rotation, with
3.3 PapA subunits per turn, and a central cavity of 1.5–
2.5 nm, dimensions that have been observed in native
pili (Gong and Makowski 1992; Bullitt and Makowski
1995).

Autotransporter

Pathogenic Neisseria, N. gonorrhea, and N. meninigitis,
infect humans and survive in for prolonged periods of
time their tissues. Within their host Neisseria must es-
cape the immune response, in particular secretory IgA
antibodies in urinary and oral mucosa fluids that facili-
tate complement-mediated killing and opsonization of
microbes. Neisseria secrete IgA protease, an enzyme that
cleaves antibodies on mucosal surfaces (Halter et al.
1984). IgA protease is synthesized as a pre-proenzyme
(1528 residues; Pohlner et al. 1987). An N-terminal sig-
nal peptide initiates the precursor into the Sec pathway
(Fig. 4). After cleavage of the signal peptide by signal
peptidase, the proenzyme resides in the bacterial
periplasm and is presumed to be only partially folded.
The C-terminal !-domain of IgA protease (residues
1254–1528) assumes a !-barrel structure that inserts into
the outer membrane and functions as an autotransporter
for the N-terminal domain. Once the N-terminal prote-
ase domain is exposed on the bacterial surface, it cleaves
the proenzyme at the junction between the N-terminal
and the C-terminal domain (residues P1117–A1118). The
cleaved N-terminal domain of the proenzyme is released
from the bacterial surface and acts as a diffusible viru-
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lence factor, which matures into the 106-kD IgA prote-
ase and the small stable "-protein. Fusion of signal pep-
tide bearing polypeptides to the N terminus of the !-do-
main results in autotransport of the hybrid polypeptide
across the outer membrane (Klauser et al. 1990). Expres-
sion of IgA protease or !-domain fusions in E. coli also
result in autotransport, suggesting that this pathway re-
quires no specific machinery factors other than the Sec
pathway (Klauser et al. 1992). Autotransporters with a
C-terminal !-domain similar to that of Neisseria IgA
protease have been found in several other Gram-negative
organisms.

Type I secretion

Bacteria secrete pore-forming toxins and degradative en-
zymes as a mechanism of countering host defenses. Sev-
eral of these proteins are transported across the bacterial
envelope using ATP-binding cassette (ABC) containing
transporters (type I secretion). E. coli HlyA is a well-
studied example for type I secretion and is discussed here
(Fig. 5). Pathogenic E. coli secrete hemolysin (HlyA) into
the extracellular milieu (for detailed review, see Koro-
nakis and Hughes 1996; Binet et al. 1997). HlyA is a
lipid-modified polypeptide with a domain that is com-
posed of 11–17 nine-amino-acid repeats (LxGGxGND;
Felmlee and Welch 1988). The repeat domains bind cal-
cium and are thought to interact with host cells, trigger-
ing HlyA insertion into the plasma membrane and leak-
age of the cytoplasmic contents of target cells (Ludwig et
al. 1988; Boehm et al. 1990a,b; Ostolaza et al. 1995).
Similar repeat domains have been identified in secreted
proteins of other Gram-negative bacteria and these poly-
peptides are collectively referred to as the family of re-
peat toxins (RTX; Coote 1992).

After synthesis in the bacterial cytoplasm, HlyA is
modified by N-acylation of two lysine residues with my-
ristate or palmitate (Stanley et al. 1994, 1998) in a reac-
tion that requires the product of hlyC, the acyl carrier
protein (ACP), and ATP (Issartel et al. 1991). HlyC func-
tions as an acyl-transferase to decorate the #-amino
groups of lysine within HlyA using thioester-linked fatty
acids (ACP) as substrate (Hardie et al. 1991; Issartel et al.
1991). Knockout mutations of hlyC and acp abolish lipid
modification and the hemolytic property of HlyA but do
not affect secretion of the unmodified polypeptide across
the double membrane envelope of E. coli (Ludwig et al.
1987). HlyA polypeptide is not cleaved during the secre-
tion process (Felmlee et al. 1985a,b). Fusion of HlyA to
the C terminus of cytoplasmic reporter proteins resulted
in secretion of the hybid proteins into the extracellular
milieu (Fig. 5; Gray et al. 1986; Ludwig et al. 1987; Mack-
man et al. 1987). Deletion of HlyA sequences from the
hybrid polypeptides identified a 20–60 residue C-termi-
nal peptide signal that is necessary and sufficient for se-
cretion of reporter proteins (Gray et al. 1989; Koronakis
et al. 1989; Hess et al. 1990). Further mutational analysis
of the C-terminal secretion signal revealed several amino
acids involved in the signal recognition (Kenny et al.
1992, 1994).

Knockout mutations of hlyB, hlyD, and tolC abolish
secretion and cause HlyA to reside in the bacterial cyto-
plasm (Wagner et al. 1983; Koronakis et al. 1988; Wan-
dersman and Delepelaire 1990). hlyB encodes an inner
membrane protein with an ATP-binding cassette (ABC
transporter; Delepelaire and Wandersman 1991; Wang et
al. 1991; Gentschev and Goebel 1992). TolC is a trimeric

Figure 4. Autotransporters. Neisseria IgA protease is synthe-
sized as a pre-proenzyme. After Sec-mediated translocation
across the cytoplasmic membrane, the C-terminal domain of
the proenzyme inserts into outer membrane and translocates
the N-terminal domain through its lumen. The N-terminal do-
main acts as a protease that cleaves its peptide tether with the
C-terminal domain (arrowhead) and is thereafter released into
the extracellular medium. Drawing adapted from Pohlner et al.
(1987).

Figure 5. Type I secretion of repeat toxins. E. coli HlyA inter-
acts with its cognate ABC transporter (HlyB, ATP-binding cas-
sette) and the trimeric membrane fusion protein HlyD in a pro-
ton motive force (PMF) dependent manner. HlyA is translocated
simultaneously across the inner and outer membrane in a reac-
tion that requires ATP hydrolysis in the bacterial cytoplasm and
interaction of trimeric HlyD with the trimeric outer membrane
transporter TolC. Drawing adapted from Stanley et al. (1998)
and Zgurskaya and Nikaido (2000).
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outer membrane protein that forms a central, water-
filled cavity. The crystal structure of TolC revealed two
domains, an N-terminal domain with four !-sheets typi-
cal of outer membrane proteins and a C-terminal domain
with four 10-nm "-helices that extend into the periplasm
(Koronakis et al. 2000). Assembled trimeric TolC forms a
12-stranded !-barrel in the outer membrane with an in-
ner diameter of 3.5 nm (Koronakis et al. 2000). Unlike
outer membrane porins, the interior of the !-barrel is
occluded as the C-terminal "-helices of TolC taper to
closure and prevent leakage of periplasmic contents
across the outer membrane (Koronakis et al. 2000). TolC
appears to be involved in several E. coli transport pro-
cesses that are similar to the type I secretion mecha-
nism, including the efflux of antibiotics, heavy metal
ions, detergents, and solvent (multi-drug efflux). HlyD
spans the inner and the outer membrane of E. coli and
binds directly to both TolC and HlyB (Schulein et al.
1992; Letoffe et al. 1996; Thanabalu et al. 1998).

During secretion, HlyA forms a complex with HlyB
and HlyD (Fig. 5). Assembly of trimeric HlyD with HlyB
occurs in the presence and absence of secretion substrate
(Thanabalu et al. 1998). HlyD trimerization is a require-
ment for its interaction with TolC (Thanabalu et al.
1998). In the initial phases of transport, HlyA polypep-
tide is bound to the ABC transporter and the membrane-
fusion complex leading to a transient complex with the
outer membrane TolC trimer. Several different transport
steps can be envisaged: (1) formation of a complex be-
tween HlyA and HlyB/HlyD; (2) binding of ATP by
HlyA/HlyBn/HlyD3, presumably the first committed
step of transport; (3) Conformational change of HlyD re-
sulting in the formation of a HlyA/HlyBn/HlyD3/TolC3

complex; (4) HlyB-mediated movement of HlyA across
the plasma membrane and ATP hydrolysis; (5) move-
ment of HlyA across the outer membrane. Catalysis of
steps 1–4 could occur by alterations in the folding state
of HlyB and could be triggered by the binding, hydrolysis,
and release of ATP (Koronakis et al. 1993). Further, the
proton motive force across the plasma membrane of E.
coli plays a critical role in secretion as reagents that dis-
rupt the proton gradient also abolish the initial stages of
HlyA transport (Koronakis et al. 1991).

Similar ABC transporters, membrane fusion proteins,
and outer membrane pore proteins have been identified
in the secretion pathways for RTX toxins and other pro-
teins of many Gram-negative bacteria. It seems that
Gram-negative pathogens use this system to transport
virulence factors across the bacterial envelope (Fleis-
chmann et al. 1995; Stover et al. 2000). Gram-positive
organisms also employ ABC transporters (Kunst et al.
1997). As Gram-positive bacteria lack the outer mem-
brane permeability barrier, the HlyD and TolC compo-
nents of the Gram-negative apparatus are not required
for secretion in Gram-positive organisms. In addition to
secretion of proteins in bacteria, ABC transporter are
also found in eukaryotes from yeast to humans and are
responsible for the efflux and influx of a large number of
ions and small molecules (Holland and Blight 1999;
Zgurskaya and Nikaido 2000).

Type II secretion, type IV pili, and filamentous phage

Type II secretion

Secretion of type II substrates occurs in two stages (Fig.
6). First, the Sec machinery translocates signal peptide
bearing type II substrates across the plasma membrane.
Folded secretion substrates are then transported by the
type II machinery across the outer membrane. Some
well-known bacterial toxins are secreted in this manner.
V. cholerae secrete cholera toxin, which is composed of
CtxA and CtxB subunits (Lonnroth and Holmgren 1973).
Mature CtxB assembles into a pentameric ring structure
within the bacterial periplasm (Hirst and Holmgren
1987) and associates with the C-terminal domain of ma-
ture CtxA to form cholera toxin, CtxA:CtxB5 (Cuatreca-
sas et al. 1973; Lonnroth and Holmgren 1973; Finkel-
stein et al. 1974; Heyningen 1974). CtxA forms an intra-
molecular disulfide bond and is proteolytically processed
(Cuatrecasas et al. 1973; Lonnroth and Holmgren 1973;
Heyningen 1974). Secreted CtxB5 binds to Gm1 ganglio-
side , a sphingoglycolipid, on the surface of human in-
testinal cells (Cuatrecasas 1973; Holmgren et al. 1973;
King and Van Heyningen 1973), causing toxin uptake
and reduction of CtxA by cytosolic thioredoxin. The re-
duced CtxA fragment is released from the membrane-
bound receptor complex (Sattler and Wiegandt 1975; To-

Figure 6. Type II secretion across the outer membrane. Kleb-
siella oxytoca PulA precursor protein is transported by the Sec
pathway across the plasma membrane. After substrate recogni-
tion by the type II machinery (GSP, general secretory pathway),
the fully folded and enzymatically active PulA (A) is translo-
cated across the outer membrane. The outer membrane secre-
tin, GspD, acts as a translocator for PulA and requires binding of
the GspS chaperone for insertion into the outer membrane. The
type II secretion machinery is assembled from one cytoplasmic
component (GspE, an ATPase), five inner membrane proteins
(GspC, GspF, GspM, GspL, and GspO), and five pseudopilins
(GspG, GspH, GspI, GspJ, and GspK). Pseudopilins harbor a pi-
lin signal peptide (see Fig. 7) and are cleaved by prepilin pepti-
dase (GspO) during Sec-mediated translocation across the
plasma membrane. The type II secretion machinery appears to
be multifunctional, allowing secretion of proteins across the
outer membrane and assembly or retraction of type IV pili.
Drawing adapted from Russel (1998) and Sandkvist (2001).
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masi et al. 1979) to activate host cell adenylate cyclase
(Cassel and Selinger 1977; Cassel and Pfeuffer 1978; Gill
and Meren 1978), resulting in massive diarrhea
(Greenough et al. 1970; Schafer et al. 1970; Sharp and
Hynie 1971; Field et al. 1972). E. coli enterotoxin (LT),
Shigella dysenteriae shiga toxin, and E. coli shiga-like
toxins are composed of a similar structural assembly (AB
toxins), albeit that the mode of action for shiga toxins is
to prevent ribosomal translation of host cells (Schmitt et
al. 1999). Type II secretion substrates of other Gram-
negative organisms include proteases, alkaline phospha-
tase, pectate lyase, and elastase, as well as the lipopro-
tein pullulanase (for further details, see Russel 1998).

Klebsiella oxytoca secretes pullulanase, a lipoprotein
that forms micelles once it has been secreted into the
extracellular milieu (Fig. 6; Wallenfels et al. 1966;
Wohner and Wober 1978). Pullulan is a large complex
carbohydrate that can not diffuse through bacterial outer
membrane pores, whereas the product of pullulanase
cleavage, maltotriose, can diffuse (Bender and Wallenfels
1966). When Klebsiella are plated on pullulan as the sole
carbon source, the type II secretion of pullulanase is re-
quired for bacterial growth (Michaelis et al. 1985;
d’Enfert et al. 1987). Cloning of a cluster of 16 Klebsiella
genes (pulA–O and pulS) into E. coli can promote the
growth of recombinant strains that use pullulan as the
sole carbon source (d’Enfert et al. 1987). These and other
results suggest that expression of pulC–G, pulI–M, pulO,
and pulS is sufficient to promote the type II secretion of
pullulanase (PulA) in heterologous organisms (Possot et
al. 2000). Once PulA has been translocated by the Sec
machinery, its precursor is di-acyl glyceride modified at
a cysteine residue and cleaved by type II signal peptidase
(Pugsley et al. 1986). An aspartyl residue at position 2 of
mature PulA is thought to retain lipid-modified PulA in
the outer leaflet of the inner membrane (Poquet et al.
1993b). This mechanism is a prerequisite for type II se-
cretion, as PulA mutants bearing a serine substitution at
position 2 are transported by LolAB (Yamaguchi et al.
1988; Matsuyama et al. 1995, 1997) to the inner leaflet of
the outer membrane and are not substrate for the secre-
tion machinery (Seydel et al. 1999). Sec translocation and
type II secretion of pullulanase can be uncoupled. Ex-
pression of PulA without the type II secretion machine
results in the accumulation of N-terminally processed
PulA in the periplasm (Pugsley et al. 1991). Subsequent
expression of the type II secretion machine restores the
secretion of PulA into the extracellular milieu (Pugsley
et al. 1991; Poquet et al. 1993a).

Type II secretion machines have been referred to as
secretons or general secretory pathways and their com-
ponents have been assigned a unified Gsp nomenclature
(Pugsley 1993a). One component, GspD or secretin, is
inserted into the outer membrane and oligomerizes into
a dodecameric ring structure with an inner diameter of
7.6 nm (Nouwen et al. 1999). Type II machinery-cata-
lyzed transport is thought to move polypeptides through
the lumen of GspD. The secretin is not only conserved
among type II machines but is also a component of type
III machines, the assembly pathway of filamentous

phage, and the polymerization of type IV pili (Russel
1994). K. oxytoca GspD requires binding to the outer
membrane chaperone PulS (GspS) for proper folding and
activity in vivo (Hardie et al. 1996a). Not all GspD ho-
mologs require a GspS chaperone for folding (Pugsley et
al. 1997). The GspS requirement correlates with the pres-
ence of a GspS-binding domain in Klebsiella GspD (Har-
die et al. 1996b). Erwinia carotovora and E. chrysan-
themi each secrete cellulases via the type II pathway.
Expression of cellulase (PelB) in the heterologous organ-
ism does not lead to type II secretion (He et al. 1991a; Py
et al. 1991). However, replacement of E. carotovora
GspD with E. chrysanthemi GspD allowed secretion of
E. chrysanthemi PelB by E. crysanthemi, suggesting that
GspD may be involved in substrate recognition during
type II secretion (Lindeberg et al. 1996). Experiments ex-
changing GspD from K. oxytoca and E. caratovora cor-
roborated this notion (Possot et al. 2000). Coprecipita-
tion experiments suggest an interaction between PelB
and the N-terminal domains of GspD (Shevchik et al.
1997); however, expression of hybrids of PulD and Er-
winia OutD in Klebsiella failed to restore secretion of
PulA, suggesting that a different region of GspD is re-
sponsible for substrate recognition (Guilvout et al. 1999).

Twelve type II machinery proteins (GspBCFGHI-
JKLMNO) are positioned in the inner membrane (for re-
view, see Russel 1998). One machinery component
(GspE) resides in the cytoplasm (Possot et al. 1992; Pugs-
ley and Dupuy 1992; Nunn and Lory 1993; Pugsley
1993b; Reeves et al. 1994; Sandkvist et al. 1995; Thomas
et al. 1997). How can cytoplasmic or plasma membrane
proteins catalyze secretion when transport of type II sub-
strates across the plasma membrane is accomplished by
the Sec pathway? A definitive answer is not yet in sight.

Type IV pili

Several studies have suggested specific functions for sev-
eral Gsps during the assembly of type IV pili. Type IV pili
are expressed by Pseudomonas aeruginosa, Neisseria
gonorrhea, and other Gram-negative pathogens (Hen-
richsen 1975; Fussenegger et al. 1997; Tonjum and
Koomey 1997). The pili are thought to retract in a coor-
dinated fashion (Bradley 1980), a phenomenon that has
been associated with bacterial gliding motility (Wu and
Kaiser 1995). Presumably, pilus adhesion to an immobi-
lized surface and pilus retraction can pull Myxobacteria
or Neisseria in one direction. P. aeruginosa type IV pili
are involved in adhesion to respiratory epithelia (Alm
and Mattick 1997; Hahn 1997) and are composed of the
major pilin subunit PilA (Fig. 7; Pasloske et al. 1985).
PilA is synthesized as a precursor with a signal anchor
sequence that also contains a unique N-terminal prepilin
signal sequence (Strom et al. 1991). After translocation of
PilA by the Sec machinery, the prepilin signal sequence
is cleaved and the liberated amino-group is N-methylat-
ed. Both reactions are catalyzed by PilD (GspO) and re-
quire S-adenosyl-methionine as a cofactor (Nunn and
Lory 1991; Dupuy et al. 1992; Strom et al. 1993). Mature,
translocated type IV pilin is thought to polymerize at the
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plasma membrane (Parge et al. 1995) and the assembled
pilus may be extruded through the central cavity of the
outer membrane secretin XcpQ (GspD; Parge et al. 1995).

Filamentous phage

The assembly pathway of type IV pili shares several fea-
tures with the extrusion of filamentous bacteriophages,
for example, coliphage f1 (Russel 1991). After replication
of single stranded phage DNA in the bacterial cytoplasm,
the DNA packaging and export signal (Dotto and Zinder
1983) is recognized by the plasma membrane ATPase pI
(Russel and Model 1989), a morphogenic phage protein
that is not incorporated into infectious particles (Fig. 8).
pI, together with its host cofactor Fib (thioredoxin; Rus-
sel and Model 1985), displaces the cytoplasmic DNA
binding protein (pV; Gray et al. 1982) and loads coat pro-
teins (pIII, VI, VII, VIII, IX) from the plasma membrane
onto bacteriophage DNA (Feng et al. 1999). pVII and pIX
are loaded at the tip of the phage, presumably close to the
DNA packaging signal, followed by the addition of many
subunits of the major coat protein (pVIII; Lopez and Web-
ster 1983). The end of the phage is completed by the
addition of pIII and pVI, which mediate stability and in-
fectivity of the phage (Lopez and Webster 1982). The re-
sulting phage particle assumes a cylindrical (filamen-
tous) structure and is extruded across the outer mem-
brane (Russel 1994). Outer membrane translocation is

catalyzed by pIV protein, the founding member of the
family of outer membrane secretins (GspD; Brissette and
Russel 1990). pIV forms a dodecameric donut-shaped
ring that has been visualized by electron microscopy
(Linderoth et al. 1997). When inserted into artificial
membranes, pIV functions as a membrane channel with
a pore size of 6 nm, the approximate size of the emanat-
ing bacteriophage (6–7 nm; Marciano et al. 1999).

V. cholerae ctxA and ctxB are encoded by a filamen-
tous phage that can insert into the bacterial chromosome
(Waldor and Mekalanos 1996). In contrast to the 10 pro-
teins encoded by the filamenous coliphage f1, the ctx
phage encodes only five genes. Most notably the gene
encoding the morphogenic protein pIV is missing,
whereas a pI homolog is provided by the ctx phage ge-
nome (Waldor and Mekalanos 1996). V. cholerae secretes
CtxA and CtxB via a type II pathway that is encoded by
eps genes (Sandkvist et al. 1997). EpsD is an outer mem-
brane secretin (GspD) and is required for type II secretion
of cholera toxin and the assembly of ctx bacteriophage
(Davis et al. 2000). Another example of shared compo-
nents in secretion and assembly pathways is the prepilin
peptidase PilD (GspO). P. aeruginosa type II secretion
and type IV pilus assembly use the same prepilin pepti-
dase (PilD/XcpA–GspO; Bally et al. 1992; Nunn and Lory
1993).

Components of the general secretory pathway
and substrate recognition

Five Gsp proteins (GspGIHJK—pseudopilins) are ex-
ported with a prepilin signal sequence and are processed
by GspO (Bally et al. 1992; Nunn and Lory 1992, 1993;
Pugsley and Dupuy 1992). K. oxytoca and E. chrysan-
themi GspG, GspI, GspJ, and GspO are each essential for
type II secretion (Lindeberg et al. 1996; Possot et al.
2000). Cross-linking studies in Pseudomonas revealed
interactions between PilA and pseudopilins (Lu et al.
1997). Furthermore, knockout mutations of pilA reduce
the transport of several Pseudomonas type II substrates,
suggesting that the interaction between PilA and pseu-
dopilins may facilitate the secretion process (Lu et al.
1997). Overexpression of one pseudopilin, GspG, results
in the assembly of a pilus-like structure on the surface of
Klebsiella (Sauvonnet et al. 2000). Nevertheless, the pre-
cise role of pseudopilins and pseudopili in type II secre-
tion has thus far remained elusive. GspE, a cytoplasmic
ATPase, interacts with the inner membrane protein
GspL (Sandkvist et al. 1995, 2000; Housby et al. 1998; Py
et al. 1999). The localization of GspE to the plasma
membrane appears to be essential for type II secretion
and may provide the energy for translocation or assem-
bly of pilins and pseudopilins. GspL interacts with a sec-
ond plasma membrane protein, GspM (Sandkvist et al.
1999, 2000). GspC, another protein predicted to reside in
the plasma membrane, can be coimmunoprecipitated
with GspD (the outer membrane secretin; Possot et al.
1999). Further, GspC requires expression GspD for sta-
bility in vivo (Bleves et al. 1999). Does the type II ma-
chinery assume a supra-molecular structure that spans

Figure 7. Assembly of type IV pili. Pseudomonas aeruginosa
PilA assembles into type IV pili and is synthesized as a precur-
sor with a prepilin signal peptide. During Sec-mediated trans-
location, the prepilin signal peptide is cleaved and the liberated
amino-group is N-methylated by PilD (GspO), a reaction that
requires S-adenosyl methionine as cofactor. Pilin polymeriza-
tion requires components of the Pseudomonas type II secretion
machinery. The growing of pilus is thought to emanate through
the outer membrane secretin (PilQ–GspD) onto the bacterial
surface. Pilus polymerization requires cytoplasmic PilB (GspE),
plasma membrane PilN, PilC, PilD (GspL, GspF, GspO), and
pseudopilins PilE, PilX, PilV, PilW. FimU, and FimT (GspG,
GspH, GspI, GspJ, and GspK). Drawing adapted from Nunn
(1999).
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the distance between the plasma membrane and the
outer membrane? Evidence for this hypothesis is still
incomplete as such a machinery complex has not yet
been purified or visualized by electron microscopy.

What is the signal(s) that allows the type II machinery
to recognize its substrates? Studies on many different
type II substrates have identified a large variety of do-
mains and amino acids that are required for secretion
(Hamood et al. 1989; Kornacker and Pugsley 1990; He et
al. 1991b; Wong and Buckley 1991; Py et al. 1993; Palo-
maki and Saarilahti 1995; Sauvonnet et al. 1995; Lu and
Lory 1996). For example, two spatially separated do-
mains of pullulanase (PulA) seem required for substrate
recognition (Sauvonnet and Pugsley 1996). In contrast, P.
aeruginosa exoprotein A appears to display two surface
domains each of which is sufficient to promote secretion
of fused reporter proteins (Hamood et al. 1989; Lu and
Lory 1996). The difficulty in identifying a universal se-
cretion signal in type II substrates has led to the proposal

that traits of folded tertiary structure are recognized by
the machinery. Recent work in Erwinia has taken ad-
vantage of the fact that highly homologous exoproteins
can be secreted in a species-dependent manner. Al-
though pectate lyase (PelC) of E. chrysanthemi is 71%
identical in sequence to Pel1 of E. carotovora, secretion
of each pectate lyase requires the corresponding secre-
tion machinery (He et al. 1991a; Py et al. 1991). Swap-
ping regions of PelC and Pel1 identified multiple regions
of the protein that are required for secretion (Lindeberg
et al. 1998). The regions were located on the crystal
structure of PelC, which assumes an extended helix con-
sisting of !-sheets with "-helical extensions at the N and
C terminus (Lindeberg et al. 1998). The C-terminal por-
tion of the !-helical core and the loop extending from the
core were proposed to act as primary, surface-exposed
recognition sites (Lindeberg et al. 1998). An internal part
of the !-helical core is thought to provide a scaffold for
the proper display of the secretion signal.

Figure 8. Assembly of filamentous phage. The packaging signal of single-stranded DNA phages interacts with phage proteins pVII,
pIX, and the morphogenetic protein pI. The pI ATPase, in conjunction with the host factor thioredoxin (TrxA), displaces cytoplamic
pV while loading the coat protein (pVIII) from the membrane on the DNA. An interaction between pI and pIV leads to the opening of
pIV (the outer membrane secretin) and to the extrusion of assembled phage. pIII and pVI are incorporated at the very tip of the
filamentous structure leading to the release of phage into the extracellular milieu. Drawing adapted from Russel (1991).
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Type III machines

Many laboratories sought to identify genes that are re-
quired for the pathogenesis of Yersinia and E. coli infec-
tions or for the invasion of Salmonella and Shigella into
tissue culture cells (Hueck 1998; Galan and Collmer
1999). These studies isolated genetic loci that encode
type III secretion machines and their transport sub-
strates. Type III secretion systems are activated by bac-
terial contact with host cells. The binding of bacterial
and host cell surface receptors appears to be one mecha-
nism that activates type III machines (Aldon et al. 2000).
Yersinia and Salmonella species sense the ion concen-
tration in the cytoplasm of host cells as a mechanism to
trigger type III secretion (Straley et al. 1993; Wösten et al.
2000). Whatever the mechanism of activation, type III
machines have evolved to inject proteins into host cells.
Such a pathway can be exploited for several different
purposes. Salmonella species employ a type III machin-
ery for bacterial entry into epithelial cells and inject fac-
tors that first activate and then stabilize the polymeriza-
tion of actin filaments in the host cytoplasm (Galan and
Zhou 2000). A second type III pathway is used for Sal-
monella survival within macrophages and manipulates
the cell’s ability to promote vesicle fusion (Uchiya et al.
1999). Yersinia type III machines prevent the phagocytic
killing of microbes that have adopted an extracellular
life style (Cornelis 2000). The type III pathway of entero-
pathogenic E. coli damages epithelial cells and provides
a microbial growth advantage in the intestines (Donnen-
berg et al. 1997). Much of this work progressed rapidly as
several type III genes display striking homology to basal
body genes, specifying a machinery that is dedicated to
the assembly of flagella.

Flagellar assembly

Basal bodies with attached flagella can be dislodged from
bacteria by detergent and alkali extraction of the mem-
brane envelope (DePamphilis and Adler 1971b; Dimmitt
and Simon 1971). Cesium chloride density centrifuga-
tion is used to obtain a pure sample, which can be
viewed in an electron microscope (DePamphilis and Ad-
ler 1971a). Basal bodies display rotational symmetry and
several ring structures appear embedded within the
plasma membrane (MS ring), the peptidoglycan layer (P
ring), and the outer membrane (L ring; Fig. 9; DePamphi-
lis and Adler 1971a). A central shaft, composed of a
proximal and a distal rod, is positioned within the cen-
ter of rings, and continued as a bent “hook,” a joint
to connect the basal body with the flagellar filament
(DePamphilis and Adler 1971a). Rotation of the flagellar
filament is fueled by the proton motive force as well as
ATP hydrolysis and propels bacteria in liquid media
(Manson et al. 1977). Basal body assembly has been stud-
ied with electron microscopy and purification of struc-
tural components purified from various mutant back-
grounds (Komeda et al. 1978; Suzuki et al. 1978; Aizawa
et al. 1985). The MS ring is the first visible structure in
the plasma membrane and is required for the assembly of
rods, P rings, and L rings (Jones et al. 1987; Ohnishi et al.
1987; Kubori et al. 1992). The hook is assembled in a
second phase (Kagawa et al. 1976; Kutsukake et al. 1979)
and, after completion, triggers polymerization of the fila-
ment (Homma and Iino 1985; Homma et al. 1985). Two
underlying principles of flagellar assembly have
emerged. (1) The structure is built by adding its bricks at
the tip, that is, in a manner opposite to that of pili and
phage, which add building blocks at the base. (2) The

Figure 9. Flagellar assembly. FliF is inserted into the plasma membrane via the Sec pathway to generate MS ring structures. The
addition of FlgJ, FlhAB, and FliEGJMNOPQR results in the assembly of a functional secretion apparatus, a structure that supports the
transport of FlgBCFG into the periplasm, thereby forming the central rod. FlgI and FlgH are transported across the plasma membrane
via the Sec pathway and assemble to generate the P and L rings, respectively. Hook proteins, FlgDE, are presumed to travel through
the basal body complex and assemble into the hook structure. Completion of the hook allows export of FlgM, an anti-$ factor that
binds FliA, and allows transcription of genes encoding filament proteins (flgKL and fliCD). FlgKL act as a capping protein to seal the
hook. FliD forms the flagellar cap and functions as an assembly site for flagellin (FliC), the major component of the growing filament.
Drawing adapted from Macnab (1992).
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completion of rings, rods, or hook serve as checkpoints to
promote expression and transport of new building blocks
for subsequent parts of the structure (Macnab 1992).

Flagellar building blocks are transported by the basal
body complex, a machinery assembled from twelve gene
products (fliFGHIJMNOQR and flhAB). Knockout muta-
tions in 11 of these genes arrest assembly of the basal
body at the MS-ring stage (Suzuki et al. 1978; Jones and
Macnab 1990; Kubori et al. 1992). Knockout mutations
in the twelfth gene, fliF, altogether prevent MS ring as-
sembly (Kubori et al. 1992). This and other evidence sug-
gests that the MS ring, which is composed of FliF alone,
functions as an entry site for basal body proteins
(Homma et al. 1987; Ueno et al. 1992). Unlike type III
secretion systems, flagellar transport seems solely dedi-
cated to structural assembly. Basal body rods, the hook,
and the filament are believed to form a channel for the
transport of substrates to the tip of the structure (Wa-
genknecht et al. 1982; Mimori et al. 1995; Morgan et al.
1995). Capping proteins, used for either the hook or the
flagellum, are positioned at the growing tip and may oc-
clude the channel and catalyze filament polymerization
(Homma and Iino 1985; Ikeda et al. 1987; Ohnishi et al.
1994). Eleven flagellin subunits complete two right-
handed helical upward turns of the filament and are
sealed by a pentamer of capping protein, with five pro-
trusions for contacting the flagellins in the filament
(Yonekura et al. 2000). One of the five cap-filament con-
tact sites forms a gap that is large enough to accommo-
date the addition of another subunit. As the gap is being
filled, the cap proteins rotate by 6.5°, resulting in the
exposure of a new gap that can accept the next flagellin
subunt (Yonekura et al. 2000).

The flagellar filament protrudes 3–12 µm on the bac-
terial surface. What is the energy source that transports
proteins for such a long distance? Although a definitive
answer is not yet in sight, two models come to mind. In
the first model, subunit proteins could line the interior
of the flagella filament from the base to the tip. The
addition of another flagellin subunit to the base could
push all subunits further into the filament and cause the
most distal protein to bind the structure at its tip. In
model two, subunits are transported from the base to the
tip by utilizing the rotational force of the flagellum. Ad-
hesion of bacteriophage % to the flagellar filament pro-
vides for its transport to the bacterial surface (Schade et
al. 1967), a mechanism that also requires flagellar rota-
tion (Berg and Anderson 1973; Samuel et al. 1999). As the
surface of the flagellar filament displays a right-handed
helical ridge (O’Brien and Bennett 1972; Wagenknecht et
al. 1982), bound bacteriophage seems to spiral down the
filament towards the bacterial surface propelled by its
counter-clockwise rotation, much like a nut rotates on a
screw (Berg and Anderson 1973; Samuel et al. 1999). A
similar, but reciprocal screwing mechanism could play a
role in model two and provide for the transport of flagel-
lin from the base to the tip using clockwise rotation of
the flagellum.

FliA is the DNA binding sigma factor that associates
with core RNA polymerase to promote transcription of

late flagellin genes (Kutsukake et al. 1990; Ohnishi et al.
1990; Gillen and Hughes 1991). FlgM is transcribed in
the same operon as FliA. Once synthesized, FlgM bind-
ing to FliA prevents transcription of the transport sub-
strates for the last stage of flagellar assembly (Ohnishi et
al. 1992). This regulatory mechanism is relieved by se-
cretion of FlgM, which occurs once the basal body/hook
complex has been completed (Hughes et al. 1993). In or-
der for flagellar assembly to proceed to the next stage,
FlgM must effectively be depleted from the bacterial cy-
toplasm. Similar regulatory mechanisms seem to exist
for other type III secretion systems (Pettersson et al.
1996).

Needle complexes

All type III machines encompass an outer membrane se-
cretin (SctC or GspD), which promotes the assembly of a
needle-like structure across the outer membrane (Fig. 10;
Koster et al. 1997). Kubori and colleagues were the first
to isolate the needle complex, using detergent extraction
and cesium chloride density centrifugation in a protocol
similar to the purification of basal body/hook complexes
(Kubori et al. 1998). The complex displays rotational
symmetry and is composed of four stacked rings and an
elongated needle, similar to the basal body complex
(Figs. 9 and 10; DePamphilis and Adler 1971a). Edman
degradation of Salmonella and Shigella proteins that co-
purified with needle complexes identified five machin-
ery components: SctC (InvG/MxiD) secretin, PrgH/
MxiG (no conserved Sct homolog), SctJ (PrgK/MxiJ), SctF
(PrgI/MxiH), and SctI (PrgJ/MxiI; Kubori et al. 1998,
2000; Kimbrough and Miller 2000; Tamano et al. 2000;
Blocker et al. 2001). SctC presumably multimerizes to
form the two smaller discs within the needle structure.
PrgH (MxiG) and SctJ are thought to form two large rings
that are located within the plasma membrane (Kim-
brough and Miller 2000). Several conserved secretion
genes, for example, sctV and sctN, are not required for
the assembly of the rings, a process that may occur by
insertion of inner membrane proteins via the Sec path-
way (Kubori et al. 2000; Tamano et al. 2000). However,
the products of type III secretion genes are required for
the assembly of the needle. SctN and SctU contain ATP-
binding domains and ATP hydrolysis could fuel the type
III transport reactions (Allaoui et al. 1994; Woestyn et al.
1994). Knockout mutations of sctF or sctI abrogate
needle formation without affecting ring assembly (Kim-
brough and Miller 2000; Kubori et al. 2000; Tamano et al.
2000; Blocker et al. 2001). SctF is the main needle com-
ponent and overexpression of SctF results in a longer
needle (Tamano et al. 2000). sctP controls the length of
the needle as mutants lacking this gene synthesize elon-
gated needles (Kubori et al. 2000). SctP itself is secreted
by the type III machine (Collazo et al. 1995) and could
acts as a switch between type III transport of the needle
component SctF and Salmonella secretion substrates.
Several components of the type III machinery have been
shown to interact (Day and Plano 2000; Day et al. 2000;
Jackson and Plano 2000), however the precise location of
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these proteins in the needle complex have not yet been
elucidated.

What is the mechanism whereby bacteria transport
proteins across three membranes into the cytosol of eu-
karyotic cells? Early work suggested that type III secre-
tion pathways deposit translocator proteins (YopB,
YopD, and LcrV of yersiniae) in the plasma membrane of
eukaryotic cells (Cornelis and Wolf-Watz 1997). Once
the translocator proteins are assembled into a pore struc-
ture within the plasma membrane, other secreted pro-
teins could travel through the translocator lumen into
the cytosol of host cells. Using high-resolution electron
microscopy, Hoiczyk and Blobel (2001) demonstrated
plasma membranes punctured with needle complexes
and proposed another mechanism (Fig. 10). Type III
needle components (SctF) display hydrophobic properties
and the assembled needle alone is capable of penetrating
the plasma membrane of host cells. Thus, needle com-
plexes could form conduits that transport proteins from
the bacterial cytoplasm into the cytosol of host cells.

Substrate recognition

The 14 Yop proteins of Yersinia species do not share
common peptide sequences and are secreted into the ex-
tracellular medium without post-translational modifica-
tion or cleavage of the polypeptide chain (Michiels et al.
1990; Forsberg et al. 1991; Rimpilainen et al. 1992;
Anderson and Schneewind 1997). Fusion of reporter

genes to the 3!-portion of yop open reading frames leads
to the transport of hybrid proteins across the bacterial
double membrane envelope (Michiels and Cornelis
1991). Hybrid proteins generated by 5! fusions fail to be
transported (Anderson and Schneewind 1997). The secre-
tion signal of YopE has been mapped to the first 15 or 11
codons, respectively (Schesser et al. 1996; Anderson and
Schneewind 1997). Scanning mutagenesis of the first 15
codons, using glycine, alanine, or glutamine codon re-
placements, has either no effect on secretion signaling or
abolishes the expression of mutant genes (Schesser et al.
1996; Anderson and Schneewind 1997). Several frame-
shift mutations, generated by nucleotide insertions or
deletions following the start codon and corrected by re-
ciprocal mutations at the reporter fusion site, do also not
affect secretion signaling (Anderson and Schneewind
1997, 1999b; Anderson et al. 1999). These results led to
the proposal that the secretion signal within the first 15
codons of yops may be decoded at the level of mRNA
rather than by the recognition of an amino acid or pep-
tide sequences (Fig. 10; Anderson and Schneewind 1997).
How can the secretion machinery recognize a mRNA
signal that results in the transport of the encoded poly-
peptide? A definitive answer is not yet in sight. One
model proposes that translation of yop mRNA may be
regulated in a manner permitting the ribosome to ex-
trude newly synthesized polypeptide into the secretion
pathway (Anderson and Schneewind 1999a). In other
words, the secretion machinery may not need to distin-

Figure 10. The type III secretion machinery. The type III machinery is composed of plasma membrane proteins (SctDJLNRSTUV) and
the outer membrane secretin SctC. SctJ represents the morphogenic equivalent of flagellar MS rings (FliF, see Fig. 7). After the
assembly of the inner and outer membrane components, SctF is thought to be transported by the type III machinery to assemble into
a needle structure on the bacterial surface. Two secretion signals of Yop proteins (Yersinia outer proteins and secretion substrates) are
recognized by the type III machinery (Sct). One pathway presumes recognition of signals in mRNAs encoding Yop proteins, perhaps
by coupling translation and secretion. A second signal requires binding of cytosolic Syc proteins (secretion of Yop chaperone) to provide
for Yop recognition and secretion. Drawing adapted from Anderson and Schneewind (1999a) and Galan and Collmer (1999).

Lee and Schneewind

1738 GENES & DEVELOPMENT



guish Yop proteins from other proteins in the bacterial
cytoplasm.

Deletion of codons 2–15 of yopE or replacement with
codons 2–15 of E. coli !-galactosidase (lacZ) or chloram-
phenicol acetyltransferase (cat) does not prevent secre-
tion of the mutant polypeptide by yersiniae (Lee et al.
1998). However, knockout mutations in sycE, encoding a
small cytoplasmic protein that binds as a homodimer to
YopE residues 15–100, abolish secretion of mutant YopE
proteins (Cheng et al. 1997; Lee et al. 1998). Cytoplasmic
binding proteins similar to SycE have been reported for
YopB, YopD, YopH, YopN, and YopT (Wattiau and Cor-
nelis 1993; Wattiau et al. 1994; Woestyn et al. 1996; Day
and Plano 1998; Iriarte and Cornelis 1998; Jackson et al.
1998). These results led to the proposal that YopE may be
initiated into the type III pathway in one of two ways,
requiring an mRNA signal or binding of SycE to unfolded
YopE (Fig. 10; Cheng and Schneewind 2000). Measure-
ments of type III targeting, that is, the injection of YopE
into the cytosol of tissue culture cells, revealed that both
signals, codons 1–15 as well as SycE binding to YopE
15–100, are needed for transport by the secretion ma-
chinery (Lee et al. 1998). One obvious dilemma is that if
mRNA signaling prevents polypeptide exposure in the
bacterial cytoplasm, how can SycE bind to YopE? Does
the ribosome synthesize the N terminus in the context
of the type III machinery, while C-terminal YopE se-
quences are exposed to SycE binding in the bacterial cy-
toplasm (secretion and run-away synthesis model)? Do
mRNA codons 15–100 comprise a secretion “stalling sig-
nal” that requires relief by SycE binding to the newly
synthesized YopE polypeptide? The latter possibility
shares elements with the recently reported hypothesis
that Salmonella FlgN, presumed to be a cytoplasmic
chaperone like SycE, may regulate ribosomal synthesis
of the secretion substrate FlgM (Karlinsey et al. 2000).

Wolf-Watz and colleagues postulated that the first 11
amino acids of YopE act as a secretion signal (Lloyd et al.
2001). These investigators proposed further that all Yops
contain an N-terminal amphipathic helix that may be
recognized by the type III machinery (Lloyd et al. 2001).
In this model, SycE would act as a chaperone that pre-
vents the premature folding of YopE. MacNab and col-
leagues advanced a model whereby the flagellar type III
secretion machinery recognizes substrates (flagellins,
hook and rod proteins) by direct binding of polypeptides
(Minamino and MacNab 2000). Experimental testing of
this hypothesis is complicated by the fact that the basal
body not only transports but also assembles substrates
into a higher order structure. Further, as fused reporter
proteins can not be transported by the basal body, it
seems difficult if not impossible to discern a definitive
secretion signal (Minamino and Macnab 1999). These
models vary considerably in predicting the mode of sub-
strate recognition. It should be noted that the underlying
experiments for this research measure the type III secre-
tion of mutationally altered gene products or fused re-
porter proteins. Although the data that have been gener-
ated permit some conclusions about secretion signals
and substrate recognition, a direct interaction between

type III substrates and functional type III secretion ma-
chines has not yet been observed. Thus, a precise mo-
lecular mechanism has not yet emerged which makes it
difficult to dismiss any of the models described above.

Type IV secretion

Type IV machines are versatile transporters of proteins
or nucleic acids that secrete substrates across the bacte-
rial envelope or direct them into target cells. Two Gram-
negative pathogens, Agrobacterium tumefaciens and A.
rhizogenes, infect specific plants to cause crown gall tu-
mors, a debilitating disease (Lai and Kado 2000; Zupan et
al. 2000). Plant cells within the tumor are transformed
by agrobacterial DNA, which is inserted into nuclear
chromosomes (Zambryski et al. 1980). Expression of the
bacterial genes (tumor or T-DNA) results in the produc-
tion of opines, amino acids that are eventually released
by the tumor and metabolized by Agrobacteria (McPh-
erson et al. 1980; Zambryski et al. 1989). The search for
determinants that cause tumor production uncovered
bacterial virulence genes (Stachel and Zambryski 1986;
Porter et al. 1987; Ward et al. 1988), several of which
display homology to genes required for bacterial mating
or conjugation, another example for the exchange of ge-
netic information between cells.

Conjugation requires physical contact between bacte-
ria and in Gram-negative organisms this is associated
with the formation of specific pili (for detailed review,
see Pansegrau and Lanka 1996). Pilus-containing, male
cells use the filament to bind female cells that lack the
particular conjugation determinants. The pilus may sub-
sequently retract, thereby bringing male and female cells
into close proximity. During conjugation of E. coli RP4
(Pansegrau and Lanka 1996), three factors (TraH, TraI,
TraJ) recognize the nick region of oriT (origin of plasmid
DNA transfer), cleaving the plus strand of plasmid DNA
(Furste et al. 1989). TraI attacks the phospho-diester
bond at the cleavage site, resulting in single-stranded
DNA phospho-diester linked to a hydroxyl group of ty-
rosine (Pansegrau et al. 1990, 1993). Single-stranded
DNA–TraIJH complex is thought to interact with the
transport machine at conjugative junctions for the deliv-
ery of single-stranded DNA into the recipient cell (Pan-
segrau and Lanka 1996). Although several models of con-
jugation call for DNA transport through the lumen of the
pilus, this notion has thus far not be demonstrated ex-
perimentally. Recent studies of RP4 plasmid suggest that
components of the pili are not found at the conjugative
junctions (Samuels et al. 2000). An alternative model
proposes that the pilus facilitates formation of conjuga-
tive junctions that generate the conduit for the transfer
of DNA.

Agrobacterial transfer of T-DNA and assembly of the
pilus requires virA, virB1–11, virD1–4, virE2, and virG
(Fig. 11; Leroux et al. 1987; Porter et al. 1987; Christie et
al. 1988; Ward et al. 1988; Jin et al. 1990c; Kuldau et al.
1990; Shirasu et al. 1990). virA and virG encode a histi-
dine protein kinase and the cognate response regulator,
two components of a signal transduction device that al-

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1739



lows Agrobacteria to respond to specific plant signals by
expressing virulence genes (Jin et al. 1990a,b,c; Raineri et
al. 1993). VirD1–3 fulfill an analogous function as TraHIJ
with VirD2 being linked to the cleaved T-DNA (Yanof-
sky et al. 1986; Herrera-Estrella et al. 1988; Ward and
Barnes 1988; Young and Nester 1988; Howard et al.
1989). In contrast to the single nick region of RP4 plas-
mid conjugation, transfer of agrobacterial T-DNA in-
volves cleavage of two border sequences that each flank
the T-DNA. VirE2 is a single stranded DNA binding pro-
tein (Gietl et al. 1987; Christie et al. 1988; Citovsky et al.
1988). Both VirD2 and VirE2 encompass nuclear local-
ization signals which, after transfer of the T-DNA into
plant cells, are necessary for transport of T-complex (T-
DNA with VirD2 and VirE2) through nuclear pore com-
plexes (Citovsky et al. 1992, 1994; Howard et al. 1992).
Although VirD2, VirE2, and T-DNA are all thought to be
translocated into plant cells, there is as yet little evi-
dence to suggest that the proteins are transported to-
gether with the T-DNA (Citovsky et al. 1992; Sundberg
et al. 1996; Gelvin 1998). In fact, the mutational defect of
virE2 mutant Agrobacteria, which are unable to ellicit
tumor formation, can be complemented in trans via a
mixed infection with another mutant strain that is ca-
pable of expressing virE2 but instead lacks the T-DNA
(Otten et al. 1984; Citovsky et al. 1992; Fullner et al.
1996). Thus, VirE2 and perhaps some other proteins can
be transported independently of DNA transfer.

Agrobacterial VirB2 is the major pilin subunit of the
conjugal pilus (Lai and Kado 1998). It is not yet clear
whether this pilus emanates from the outer membrane
or the plasma membrane of the bacteria. VirB2 is cleaved
at between Ala47 ad Gln48. The newly exposed N-ter-
minal amino group is ligated to the C-terminal carboxyl
group, generating a cyclic polypeptide similar to TraA of
the F-plasmid conjugal system (Jones et al. 1996; Eisen-
brandt et al. 1999). VirB2 is presumably transported by
the type IV secretion machinery and polymerizes to form

a rod with a diameter of 10 nm (Lai and Kado 1998).
VirB4 forms a dimer in the bacterial plasma membrane
and functions as an ATPase and (Dang and Christie 1997;
Dang et al. 1999). VirB6 is a highly hydrophobic protein
that likely localizes to the inner membrane (Das and Xie
1998), while the outer membrane lipoprotein VirB7
binds VirB9 (Anderson et al. 1996; Fernandez et al. 1996;
Spudich et al. 1996; Baron et al. 1997). VirB9 in turn
interacts with the presumed muramidase VirB8 (Thor-
stenson et al. 1993; Das and Xie 2000; Kumar et al. 2000)
and with VirB10 in the plasma membrane (Finberg et al.
1995). VirB10 is thought to bind VirB11, a second
ATPase that is inserted in the plasma membrane (Fin-
berg et al. 1995; Das and Xie 2000). A third ATPase,
VirD4, is located in the bacterial cytoplasm (Hamilton et
al. 2000). Thus, it appears that type IV secretion ma-
chines, similar to the type III pathway, employ ATP to
fuel protein transport across multiple membranes.

Legionella pneumophila is an intracellular parasite of
humans that requires a type IV secretion machinery to
establish residence in phagocytic vacuoles of macro-
phages (Swanson and Isberg 1996a). The type IV secre-
tion machinery of L. pneumophila is encoded by the dot/
icm genes (Marra et al. 1992; Berger et al. 1994; Swanson
and Isberg 1996b). It is conceivable that these genes are
responsible for triggering both the unique phagocytic
pathway of Legionella in professional macrophages as
well as enabling an intracellular survival strategy that
encompasses the recruitment of cellular organelles to
vacuoles containing bacteria. It is not yet clear whether
secreted proteins or DNA transfer are used to manipu-
late host cells, however the Legionella type IV machin-
ery is capable of plasmid conjugation between bacterial
cells (Vogel et al. 1998). L. pneumophila type IV secre-
tion system and Shigella flexneri IncI conjugation sys-
tem are closely related (Komano et al. 2000), whereas the
type IV pathways of Bordetella pertussis, Brucella abor-
tus, Brucella suis, Helicobacter pylori, and Rickettsia

Figure 11. Type IV secretion. (Left) Bor-
detella pertussis secrete pertussis toxin
(PtxAB5) via a type IV pathway. After Sec-
mediated translocation of PtxA and PtxB
across the cytoplasmic membrane, pertus-
sis toxin is transported via the type IV
pathway across the outer membrane.
Based on analogy to T-DNA transfer sys-
tems, PtlCDHE assemble in the cytoplas-
mic membrane and, together with PtlBFGI
in the outer membrane, promote assembly
of a pilus-like filament containing PtlA.
PtxAB5 is transported by this pathway into
the extracellular medium. (Right) Agro-
bacterial inner membrane (VirD4, VirB4,
VirB6, VirB8, and VirB11) and outer mem-
brane (VirB5, VirB7, VirB9, and VirB10)
proteins assemble a pilus-like structure
(VirB2) that is involved in transporting
VirD2, T-DNA, and VirE2 into plant cells.
Drawings adapted from Christie and Vogel
(2000) and Christie (2001).
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prowazekii more closely resemble that of Agrobacteria
and IncP-plasmid conjugation (Christie and Vogel 2000).
Bordetella pertussis use a type IV pathway to secrete
pertussis toxin (Fig. 10; Christie and Vogel 2000), an AB-
type toxin that is imported by host cells (Schmitt et al.
1999), whereas Helicobacter pylori appear to transport
CagA directly into the cytoplasm of gastric cells (Segal et
al. 1999; Stein et al. 2000). These results suggests that
type IV machines are versatile transporters of proteins or
nucleic acids that translocate substrates not only across
the bacterial envelope but also across the plasma mem-
brane or vacuolar vesicles of host cells.

Conclusions

What are the common principles that can be gleaned
from the study of protein secretion in bacteria? First, the
final destination of secreted proteins presents an impor-
tant strategic decision for the invading pathogen. Toxins
that are secreted into the extracellular milieu target host
cells by mechanisms that involve receptor-mediated
membrane damage or endocytic uptake. The secreted
toxin acts both at the anatomical site of infection (where
the pathogen resides) and at a distance, as the proteins
diffuse throughout the infected organism. The type III-
and type IV-mediated injection of proteins into host cells
requires bacterial contact with the target, often macro-
phages, lymphoid cells, or specific tissues (Cornelis
1998). The type III and IV systems are highly effective in
transporting large amounts of polypeptides for a short
distance. However, this is a perilous undertaking, as the
pathogens may be phagocytosed and killed during the
injection process (Forsberg et al. 1994). Some secretion
systems, for example Yersinia type III machines, are ver-
satile and catalyze both the secretion of proteins into the
extracellular medium as well as the injection into target
cells (Lee et al. 1998).

Second, the folding state of secretion substrates dic-
tates the mode of transport. Many type II substrates re-
quire folding, processing, oxidation, and assembly into a
quarternary structure for toxin activity. The periplasmic
space of Gram-negative organisms provides an ideal fold-
ing environment (Missiakas and Raina 1997) for those
toxins whose transport occurs in two phases: (1) across
the plasma membrane (Sec pathway) and (2) across the
outer membrane (type II and type IV). Proteins that are
injected into the cytosol of host cells use the folding
capacity of this compartment to acquire activity. Hence,
these polypeptides are presumably translocated from the
bacterial cytoplasm in an unfolded state (type III and IV
machineries). Type I secretion systems strike a balance
between the two extremes. Its secretion substrates, for
example HlyA, are transported in a processed (N-acyl-
ated) but presumably unfolded state, as processing is re-
quired for toxin activity (Stanley et al. 1998).

Third, several secretion machines as well as pili have
evolved as supramolecular complexes that are assembled
in one of two ways. Folded components are added at the
base, in the outer membrane, and with each assembly
step the structure is pushed further from the bacterial

surface (type I and IV pili). This mode uses the bacterial
periplasm for the folding of subunits and for the catalysis
of the assembly reactions. During the other assembly
strategy, substrates are transported from the bacterial cy-
toplasm through the lumen of the supra-molecular struc-
ture and are added at its tip. Catalysis of the assembly
reaction can not rely on the folding factors of the bacte-
rial periplasm but appears to employ capping proteins
that prevent the diffusion of components into the extra-
cellular medium.

Fourth, recognition of secretion substrates in the bac-
terial cytoplasm requires the signal peptides of the Sec
pathway (type II secretion, type I and IV pili) or the C-
terminal signal of type I substrates. Type III substrates
could require signals that are encoded in the mRNA,
however a detailed mechanism has not yet been re-
vealed. The recognition of type IV substrates has not yet
been studied. Nevertheless, it seems safe to assume that
TraJ or VirD2 must require folding for their cytoplasmic
function (attack of the phospho-diester bond). VirD2
linked to DNA may therefore be transported in a fully
folded manner. The selection of type II secretion sub-
strates in the bacterial periplasm is facilitated due to the
fact that the machinery can choose from a small number
of polypeptides. Approximately 3000 polypeptides reside
in the bacterial cytoplasm, as compared with the 200
periplasmic proteins (Blattner et al. 1997). This may ex-
plain why the secretion signals of type II substrates are
provided by discrete domains of folded polypeptides
rather than by short peptide signals.

Fifth, related substrates can be transported by seem-
ingly unrelated pathways. Several AB5-type toxins (chol-
era toxin, shiga toxin, and shiga-like toxins) are secreted
by type II pathways, whereas Bordetella pertussis toxin
travels a type IV pathway, albeit a modified type IV path-
way with a “periplasmic detour.” Several proteases that
are secreted via a type I pathway by one organism are
transported via a type II machinery in another organ-
isms. It seems that many different approaches can arrive
at the correct solution. And, if it works, bacteria will use
it for their advantage.

Upon reviewing more than 20 years of work on protein
secretion, one can only marvel at the beauty of mecha-
nisms whereby bacteria interact with their environment.
All secretion systems seem highly evolved and efficient,
with specificity in the selection and transport of secre-
tion substrates, the assembly of the secretion machinery,
and the coordinated movement of macromolecules
across one, two, or three lipid bilayers. For example,
Yersinia pestis is a highly dangerous pathogen (Perry and
Fetherston 1997). A few bacteria, inoculated via flea bite
into the skin of humans, are drained to local lymph
nodes and cause an infection (bubo), that, if left un-
treated, is followed by the lethal dissemination of bacte-
ria in approximately half of all infected individuals
(Perry and Fetherston 1997). The deletion of type III se-
cretion machinery genes, abolishes the tremendous in-
fectivity of Yersinia (Goguen et al. 1984). It seems that
protein secretion is much of what it takes to make a
successful pathogen. Bacterial protein secretion is a rap-

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1741



idly evolving field. Most of the work has been performed
with Gram-negative organisms. A shift in focus is
needed as Gram-positive microbes cause many impor-
tant human diseases that are still poorly understood.

Acknowledgments

We thank Dr. Dominique Missiakas (UCLA) and members of
our laboratory for critical reading of this manuscript. V.T.L. was
supported by a fellowship from the University of California Re-
gents. O.S. was supported by grants from the US Public Health
Service NIH-NIAID AI33987 and AI42797.

References

Abraham, S.N., Hasty, D.L., Simpson, W.A., and Beachey, E.H.
1983. Antiadhesive properties of a quaternary structure-spe-
cific hybridoma antibody against type 1 fimbriae of Esche-
richia coli. J. Exp. Med. 158: 1114–1128.

Aderem, A. and Ulevitch, R.J. 2000. Toll-like receptors in the
induction of the innate immune response. Nature 406: 782–
787.

Aizawa, S.I., Dean, G.E., Jones, C.J., Macnab, R.M., and
Yamaguchi, S. 1985. Purification and characterization of the
flagellar hook-basal body complex of Salmonella typhimu-
rium. J. Bacteriol. 161: 836–849.

Aldon, D., Brito, B., Boucher, C., and Genin, S. 2000. A bacterial
sensor of plant cell contact controls the transcriptional in-
duction of Ralstonia solanacearum pathogenicity genes.
EMBO J. 19: 2304–2314.

Allaoui, A., Woestyn, S., Sluiters, C., and Cornelis, G.R. 1994.
YscU, a Yersinia enterocolitica inner membrane protein in-
volved in Yop secretion. J. Bacteriol. 176: 4534–4542.

Alm, R.A. and Mattick, J.S. 1997. Genes involved in the bio-
genesis and function of type-4 fimbriae in Pseudomonas ae-
ruginosa. Gene 192: 89–98.

Anderson, D.M. and Schneewind, O. 1997. A mRNA signal for
the type III secretion of Yop proteins by Yersinia enteroco-
litica. Science 278: 1140–1143.

———. 1999a. Type III machines of Gram-negative pathogens:
Injecting virulence factors into host cells and more. Curr.
Opin. Microbiol. 2: 18–24.

———. 1999b. Yersinia enterocolitica type III secretion: An
mRNA signal that couples translation and secretion of
YopQ. Mol. Microbiol. 31: 1139–1148.

Anderson, D.M., Fouts, D.E., Collmer, A., and Schneewind, O.
1999. Reciprocal secretion of proteins by the bacterial type
III machines of plant and animal pathogens suggests univer-
sal recognition of mRNA targeting signals. Proc. Natl. Acad.
Sci. 96: 12839–12843.

Anderson, L.B., Hertzel, A.V., and Das, A. 1996. Agrobacterium
tumefaciens VirB7 and VirB9 form a disulfide-linked protein
complex. Proc. Natl. Acad. Sci. 93: 8889–8894.

Baba, T. and Schneewind, O. 1996. Target cell specificity of a
bacteriocin molecule: A C-terminal signal directs lyso-
staphin to the cell wall of Staphylococcus aureus. EMBO J.
15: 4789–4797.

———. 1998. Targeting of muralytic enzymes to the cell divi-
sion site of Gram-positive bacteria: Repeat domains direct
autolysin to the equatorial surface ring of Staphylococcus
aureus. EMBO J. 17: 4639–4646.

Baga, M., Normark, S., Hardy, J., O’Hanley, P., Lark, D., Olsson,
O., Schoolnik, G., and Falkow, S. 1984. Nucleotide sequence
of the papA gene encoding the Pap pilus subunit of human
uropathogenic Escherichia coli. J. Bacteriol. 157: 330–333.

Baga, M., Norgren, M., and Normark, S. 1987. Biogenesis of E.
coli Pap pili: papH, a minor pilin subunit involved in cell
anchoring and length modulation. Cell 49: 241–251.

Bally, M., Filloux, A., Akrim, M., Ball, G., Lazdunski, A., and
Tommassen, J. 1992. Protein secretion in Pseudomonas ae-
ruginosa: Characterization of seven xcp genes and process-
ing of secretory apparatus components by prepilin peptidase.
Mol. Microbiol. 6: 1121–1131.

Barnhart, M.M., Pinkner, J.S., Soto, G.E., Sauer, F.G., Langer-
mann, S., Waksman, G., Frieden, C., and Hultgren, S.J. 2000.
From the cover: PapD-like chaperones provide the missing
information for folding of pilin proteins. Proc. Natl. Acad.
Sci. 97: 7709–7714.

Baron, C., Thorstenson, Y.R., and Zambryski, P.C. 1997. The
lipoprotein VirB7 interacts with VirB9 in the membranes of
Agrobacterium tumefaciens. J. Bacteriol. 179: 1211–1218.

Bayer, M.E. 1979. The fusion sites between outer membrane and
cytoplasmic membrane of bacteria: Their role in membrane
assembly and virus infection. In Bacterial outer membranes:
Biogenesis and functions (ed. M. Inouye). pp. 167–202.
Wiley, New York.

Bender, H. and Wallenfels, K. 1966. Pullulanase (an amylo-
pectina nd glycogen debranching enzyme) from Aerobacter
aerogenes. Methods Enzymol. 8: 555–559.

Berg, H.C. and Anderson, R.A. 1973. Bacteria swim by rotating
their flagellar filaments. Nature 245: 380–382.

Berger, K.H., Merriam, J.J., and Isberg, R.R. 1994. Altered intra-
cellular targeting properties associated with mutations in
the Legionella pneumophila dotA gene. Mol. Microbiol.
14: 809–822.

Binet, R., Letoffe, S., Ghigo, J.M., Delepelaire, P., and Wanders-
man, C. 1997. Protein secretion by Gram-negative bacterial
ABC exporters—A review. Gene 192: 7–11.

Blattner, F.R., Plunkett, G., Bloch, C.A., Perna, N.T., Burland,
V., Riley, M., Collado-Vides, J., Glasner, J.D., Rode, C.K.,
Mayhew, G.F., et al. 1997. The complete genome sequence
of Escherichia coli K-12. Science 277: 1453–1474.

Bleves, S., Gerard-Vincent, M., Lazdunski, A., and Filloux, A.
1999. Structure-function analysis of XcpP, a component in-
volved in general secretory pathway-dependent protein se-
cretion in Pseudomonas aeruginosa. J. Bacteriol. 181: 4012–
4019.

Blocker, A., Jouihri, N., Larquet, E., Gounon, P., Ebel, F., Parsot,
C., Sansonetti, P., and Allaoui, A. 2001. Structure and com-
position of the Shigella flexneri “needle complex”, a part of
its type III secreton. Mol. Microbiol. 39: 652–663.

Bock, K., Breimer, M.E., Brignole, A., Hansson, G.C., Karlsson,
K.A., Larson, G., Leffler, H., Samuelsson, B.E., Stromberg,
N., Eden, C.S., et al. 1985. Specificity of binding of a strain of
uropathogenic Escherichia coli to Gal " 1–4Gal-containing
glycosphingolipids. J. Biol. Chem. 260: 8545–8551.

Boehm, D.F., Welch, R.A., and Snyder, I.S. 1990a. Calcium is
required for binding of Escherichia coli hemolysin (HlyA) to
erythrocyte membranes. Infect. Immun. 58: 1951–1958.

———. 1990b. Domains of Escherichia coli hemolysin (HlyA)
involved in binding of calcium and erythrocyte membranes.
Infect. Immun. 58: 1959–1964.

Bolhuis, A., Broekhuizen, C.P., Sorokin, A., van Roosmalen,
M.L., Venema, G., Bron, S., Quax, W.J., and van Dijl, J.M.
1998. SecDF of Bacillus subtilis, a molecular Siamese twin
required for the efficient secretion of proteins. J. Biol. Chem.
273: 21217–21224.

Bradley, D.E. 1980. A function of Pseudomonas aeruginosa
PAO polar pili: Twitching motility. Can. J. Microbiol.
26: 146–154.

Braun, V. and Hantke, K. 1974. Biochemistry of bacterial cell

Lee and Schneewind

1742 GENES & DEVELOPMENT



envelopes. Annu. Rev. Biochem. 43: 89–121.
Brinton, C.C. 1959. Non-flagellar appendages of bacteria. Na-

ture 183: 782–786.
Brissette, J.L. and Russel, M. 1990. Secretion and membrane

integration of a filamentous phage-encoded morphogenetic
protein. J. Mol. Biol. 211: 565–580.

Brundage, L., Hendrick, J.P., Schiebel, E., Driessen, A.J., and
Wickner, W. 1990. The purified E. coli integral membrane
protein SecY/E is sufficient for reconstitution of SecA-de-
pendent precursor protein translocation. Cell 62: 649–657.

Bullitt, E. and Makowski, L. 1995. Structural polymorphism of
bacterial adhesion pili. Nature 373: 164–167.

Cassel, D. and Pfeuffer, T. 1978. Mechanism of cholera toxin
action: Covalent modification of the guanyl nucleotide-
binding protein of the adenylate cyclase system. Proc. Natl.
Acad. Sci. 75: 2669–2673.

Cassel, D. and Selinger, Z. 1977. Mechanism of adenylate cy-
clase activation by cholera toxin: Inhibition of GTP hydro-
lysis at the regulatory site. Proc. Natl. Acad. Sci. 74: 3307–
3311.

Chang, C.N., Nielsen, J.B., Izui, K., Blobel, G., and Lampen, J.O.
1982. Identification of the signal peptidase cleavage site in
Bacillus licheniformis prepenicillinase. J. Biol. Chem.
257: 4340–4344.

Cheng, L.W. and Schneewind, O. 2000. Type III machines of
Gram-negative bacteria: Delivering the goods. Trends Micro-
biol. 8: 214–220.

Cheng, L.W., Anderson, D.M., and Schneewind, O. 1997. Two
independent type III secretion mechanisms for YopE in
Yersinia enterocolitica. Mol. Microbiol. 24: 757–765.

Choudhury, D., Thompson, A., Stojanoff, V., Langermann, S.,
Pinkner, J., Hultgren, S.J., and Knight, S.D. 1999. X-ray struc-
ture of the FimC-FimH chaperone-adhesin complex from
uropathogenic Escherichia coli. Science 285: 1061–1066.

Christie, P.J. 2001. Type IV secretion: Intercellular transfer of
macromolecules by systems ancestrally related to conjuga-
tion machines. Mol. Microbiol. 40: 294–305.

Christie, P.J. and Vogel, J.P. 2000. Bacterial type IV secretion:
Conjugation systems adapted to deliver effector molecules
to host cells. Trends Microbiol. 8: 354–360.

Christie, P.J., Ward, J.E., Winans, S.C., and Nester, E.W. 1988.
The Agrobacterium tumefaciens virE2 gene product is a
single-stranded-DNA-binding protein that associates with
T-DNA. J. Bacteriol. 170: 2659–2667.

Citovsky, V., De Vos, G., and Zambryski, P. 1988. Single-
stranded DNA binding protein encoded by the virE locus of
Agrobacterium tumefaciens. Science 240: 501–504.

Citovsky, V., Zupan, J., Warnick, D., and Zambryski, P. 1992.
Nuclear localization of Agrobacterium VirE2 protein in
plant cells. Science 256: 1802–1805.

Citovsky, V., Warnick, D., and Zambryski, P. 1994. Nuclear
import of Agrobacterium VirD2 and VirE2 proteins in maize
and tobacco. Proc. Natl. Acad. Sci. 91: 3210–3214.

Collazo, C.M., Zierler, M.K., and Galan, J.E. 1995. Functional
analysis of the Salmonella typhimurium invasion genes invl
and invJ and identification of a target of the protein secretion
apparatus encoded in the inv locus. Mol. Microbiol. 15: 25–
38.

Coote, J.G. 1992. Structural and functional relationships among
the RTX toxin determinants of gram-negative bacteria.
FEMS Microbiol. Rev. 8: 137–161.

Cornelis, G.R. 1998. The Yersinia deadly kiss. J. Bacteriol.
180: 5495–5504.

———. 2000. Type III secretion: A bacterial device for close
combat with cells of their eukaryotic host. Phil. Trans. R.
Soc. Lond. B Biol. Sci. 355: 681–693.

Cornelis, G.R. and Wolf-Watz, H. 1997. The Yersinia Yop viru-
lon: A bacterial system for subverting eukaryotic cells. Mol.
Microbiol. 23: 861–867.

Cowan, S.W., Schirmer, T., Rummel, G., Steiert, M., Ghosh, R.,
Pauptit, R.A., Jansonius, J.N., and Rosenbusch, J.P. 1992.
Crystal structures explain functional properties of two E.
coli porins. Nature 358: 727–733.

Cregg, K.M., Wilding, I., and Black, M.T. 1996. Molecular clon-
ing and expression of the spsB gene encoding an essential
type I signal peptidase from Staphylococcus aureus. J. Bac-
teriol. 178: 5712–5718.

Cuatrecasas, P. 1973. Interaction of Vibrio cholerae enterotoxin
with cell membranes. Biochemistry 12: 3547–3558.

Cuatrecasas, P., Parikh, I., and Hollenberg, M.D. 1973. Affinity
chromatography and structural analysis of Vibrio cholerae
enterotoxin-ganglioside agarose and the biological effects of
ganglioside-containing soluble polymers. Biochemistry
12: 4253–4264.

Dalbey, R.E. and Wickner, W. 1985. Leader peptidase catalyzes
the release of exported proteins from the outer surface of the
Escherichia coli plasma membrane. J. Biol. Chem.
260: 15925–15931.

Danese, P.N. and Silhavy, T.J. 1998. Targeting and assembly of
periplasmic and outer-membrane proteins in Escherichia
coli. Annu. Rev. Genet. 32: 59–94.

Dang, T.A. and Christie, P.J. 1997. The VirB4 ATPase of Agro-
bacterium tumefaciens is a cytoplasmic membrane protein
exposed at the periplasmic surface. J. Bacteriol. 179: 453–
462.

Dang, T.A., Zhou, X.R., Graf, B., and Christie, P.J. 1999. Dimer-
ization of the Agrobacterium tumefaciens VirB4 ATPase and
the effect of ATP-binding cassette mutations on the assem-
bly and function of the T-DNA transporter. Mol. Microbiol.
32: 1239–1253.

Das, A. and Xie, Y.H. 1998. Construction of transposon
Tn3phoA: Its application in defining the membrane topology
of the Agrobacterium tumefaciens DNA transfer proteins.
Mol. Microbiol. 27: 405–414.

———. 2000. The Agrobacterium T-DNA transport pore pro-
teins VirB8, VirB9, and VirB10 interact with one another. J.
Bacteriol. 182: 758–763.

Davis, B.M., Lawson, E.H., Sandkvist, M., Ali, A., Sozhaman-
nan, S., and Waldor, M.K. 2000. Convergence of the secre-
tory pathways for cholera toxin and the filamentous phage,
CTXphi. Science 288: 333–335.

Davis, N.G. and Model, P. 1985. An artificial anchor domain:
Hydrophobicity suffices to stop transfer. Cell 41: 607–614.

Davis, N.G., Boeke, J.D., and Model, P. 1985. Fine structure of
a membrane anchor domain. J. Mol. Biol. 181: 111–121.

Day, J.B. and Plano, G.V. 1998. A complex composed of SycN
and YscB functions as a specific chaperone for YopN in
Yersinia pestis. Mol. Microbiol. 30: 777–788.

———. 2000. The Yersinia pestis YscY protein directly binds
YscX, a secreted component of the type III secretion machin-
ery. J. Bacteriol. 182: 1834–1843.

Day, J.B., Guller, I., and Plano, G.V. 2000. Yersinia pestis YscG
protein is a syc-like chaperone that directly binds yscE. In-
fect. Immun. 68: 6466–6471.

Delepelaire, P. and Wandersman, C. 1991. Characterization, lo-
calization and transmembrane organization of the three pro-
teins PrtD, PrtE and PrtF necessary for protease secretion by
the gram-negative bacterium Erwinia chrysanthemi. Mol.
Microbiol. 5: 2427–2434.

d’Enfert, C., Ryter, A., and Pugsley, A.P. 1987. Cloning and
expression in Escherichia coli of the Klebsiella pneumoniae
genes for production, surface localization and secretion of

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1743



the lipoprotein pullulanase. EMBO J. 6: 3531–3538.
DePamphilis, M.L. and Adler, J. 1971a. Fine structure and iso-

lation of the hook-basal body complex of flagella from Esch-
erichia coli and Bacillus subtilis. J. Bacteriol. 105: 384–395.

———. 1971b. Purification of intact flagella from Escherichia
coli and Bacillus subtilis. J. Bacteriol. 105: 376–383.

Dimmitt, K. and Simon, M.I. 1971. Purification and partial char-
acterization of Bacillus subtilis flagellar hooks. J. Bacteriol.
108: 282–286.

Dinges, M.M., Orwin, P.M., and Schlievert, P.M. 2000. Exotoxins
of Staphylococcus aureus. Clin. Microbiol. Rev. 13: 16–34.

Dodson, K.W., Jacob-Dubuisson, F., Striker, R.T., and Hultgren,
S.J. 1993. Outer-membrane PapC molecular usher discrimi-
nately recognizes periplasmic chaperone-pilus subunit com-
plexes. Proc. Natl. Acad. Sci. 90: 3670–3674.

Donnenberg, M.S., Kaper, J.B., and Finlay, B.B. 1997. Interac-
tions between enteropathogenic Escherichia coli and host
epithelial cells. Trends Microbiol. 5: 109–114.

Dotto, G.P. and Zinder, N.D. 1983. The morphogenetic signal of
bacteriophage f1. Virology 130: 252–256.

Duguid, J.P., Smith, I.W., Dempster, G., and Edmunds, P.N.
1955. Non-flagellar filamentous appendages (“fimbrea”) and
hemagglutinating activity in bacterium coli. J. Path. Bact.
70: 335–348.

Duong, F. and Wickner, W. 1997. The SecDFyajC domain of
preprotein translocase controls preprotein movement by
regulating SecA membrane cycling. EMBO J. 16: 4871–4879.

Duong, F., Eichler, J., Price, A., Leonard, M.R., and Wickner, W.
1997. Biogenesis of the gram-negative bacterial envelope.
Cell 91: 567–573.

Dupuy, B., Taha, M.K., Possot, O., Marchal, C., and Pugsley,
A.P. 1992. PulO, a component of the pullulanase secretion
pathway of Klebsiella oxytoca, correctly and efficiently pro-
cesses gonococcal type IV prepilin in Escherichia coli. Mol.
Microbiol. 6: 1887–1894.

Economou, A. and Wickner, W. 1994. SecA promotes preprotein
translocation by undergoing ATP-driven cycles of mem-
brane insertion and deinsertion. Cell 78: 835–843.

Egelseer, E.M., Leitner, K., Jarosch, M., Hotzy, C., Zayni, S.,
Sleytr, U.B., and Sara, M. 1998. The S-layer proteins of two
Bacillus stearothermophilus wild-type strains are bound via
their N-terminal region to a secondary cell wall polymer of
identical chemical composition. J. Bacteriol. 180: 1488–1495.

Eisenberg, D. 1999. How chaperones protect virgin proteins.
Science 285: 1021–1022.

Eisenbrandt, R., Kalkum, M., Lai, E.M., Lurz, R., Kado, C.I., and
Lanka, E. 1999. Conjugative pili of IncP plasmids, and the Ti
plasmid T pilus are composed of cyclic subunits. J. Biol.
Chem. 274: 22548–22555.

Emr, S.D., Hanley-Way, S., and Silhavy, T.J. 1981. Suppressor
mutations that restore export of a protein with a defective
signal sequence. Cell 23: 79–88.

Ernst, R.K., Yi, E.C., Guo, L., Lim, K.B., Burns, J.L., Hackett, M.,
and Miller, S.I. 1999. Specific lipopolysaccharide found in
cystic fibrosis airway Pseudomonas aeruginosa. Science
286: 1561–1565.

Felmlee, T. and Welch, R.A. 1988. Alterations of amino acid
repeats in the Escherichia coli hemolysin affect cytolytic
activity and secretion. Proc. Natl. Acad. Sci. 85: 5269–5273.

Felmlee, T., Pellett, S., Lee, E.Y., and Welch, R.A. 1985a. Esch-
erichia coli hemolysin is released extracellularly without
cleavage of a signal peptide. J. Bacteriol. 163: 88–93.

Felmlee, T., Pellett, S., and Welch, R.A. 1985b. Nucleotide se-
quence of an Escherichia coli chromosomal hemolysin. J.
Bacteriol. 163: 94–105.

Feng, J.N., Model, P., and Russel, M. 1999. A trans-envelope

protein complex needed for filamentous phage assembly and
export. Mol. Microbiol. 34: 745–755.

Fernandez, D., Spudich, G.M., Zhou, X.R., and Christie, P.J.
1996. The Agrobacterium tumefaciens VirB7 lipoprotein is
required for stabilization of VirB proteins during assembly of
the T-complex transport apparatus. J. Bacteriol. 178: 3168–
3176.

Field, M., Fromm, D., al-Awqati, Q., and Greenough, W.B. 1972.
Effect of cholera enterotoxin on ion transport across isolated
ileal mucosa. J. Clin. Invest. 51: 796–804.

Finberg, K.E., Muth, T.R., Young, S.P., Maken, J.B., Heitritter,
S.M., Binns, A.N., and Banta, L.M. 1995. Interactions of
VirB9, -10, and -11 with the membrane fraction of Agrobac-
terium tumefaciens: Solubility studies provide evidence for
tight associations. J. Bacteriol. 177: 4881–4889.

Finkelstein, R.A., Boesman, M., Neoh, S.H., LaRue, M.K., and
Delaney, R. 1974. Dissociation and recombination of the
subunits of the cholera enterotoxin (choleragen). J. Immu-
nol. 113: 145–150.

Finlay, B.B. and Falkow, S. 1997. Common themes in microbial
pathogenicity revisited. Microbiol. Mol. Biol. Rev. 61: 136–
169.

Fischer, W. 1997. Pneumococcal lipoteichoic and teichoic acid.
Microb. Drug Resist. 3: 309–325.

Fleischmann, R.D., Adams, M.D., White, O., Clayton, R.A.,
Kirkness, E.F., Kerlavage, A.R., Bult, C.J., Tomb, J.F., Dough-
erty, B.A., Merrick, J.M., et al. 1995. Whole-genome random
sequencing and assembly of Haemophilus influenzae Rd.
Science 269: 496–512.

Forsberg, A., Viitanen, A.M., Skurnik, M., and Wolf-Watz, H.
1991. The surface-located YopN protein is involved in cal-
cium signal transduction in Yersinia pseudotuberculosis.
Mol. Microbiol. 5: 977–986.

Forsberg, A., Rosqvist, R., and Wolf-Watz, H. 1994. Regulation
and polarized transfer of the Yersinia outer proteins (Yops)
involved in antiphagocytosis. Trends Microbiol. 2: 14–19.

Fullner, K.J., Lara, J.C., and Nester, E.W. 1996. Pilus assembly
by Agrobacterium T-DNA transfer genes. Science
273: 1107–1109.

Furste, J.P., Pansegrau, W., Ziegelin, G., Kroger, M., and Lanka,
E. 1989. Conjugative transfer of promiscuous IncP plasmids:
Interaction of plasmid-encoded products with the transfer
origin. Proc. Natl. Acad. Sci. 86: 1771–1775.

Fussenegger, M., Rudel, T., Barten, R., Ryll, R., and Meyer, T.F.
1997. Transformation competence and type-4 pilus biogen-
esis in Neisseria gonorrhoeae—A review. Gene
192: 125–134.

Galan, J.E. and Collmer, A. 1999. Type III secretion machines:
Bacterial devices for protein delivery into host cells. Science
284: 1322–1328.

Galan, J.E. and Zhou, D. 2000. Striking a balance: Modulation of
the actin cytoskeleton by Salmonella. Proc. Natl. Acad. Sci.
97: 8754–8761.

Gelvin, S.B. 1998. Agrobacterium VirE2 proteins can form a
complex with T strands in the plant cytoplasm. J. Bacteriol.
180: 4300–4302.

Gennity, J., Goldstein, J., and Inouye, M. 1990. Signal peptide
mutants of Escherichia coli. J. Bioenerg. Biomembr. 22: 233–
269.

Gentschev, I. and Goebel, W. 1992. Topological and functional
studies on HlyB of Escherichia coli. Mol. Gen. Genet.
232: 40–48.

Ghuysen, J.M. and Hackenbeck, R. 1994. Bacterial cell wall.
Elsevier, New York.

Gietl, C., Koukolikova-Nicola, Z., and Hohn, B. 1987. Mobili-
zation of T-DNA from Agrobacterium to plant cells involves

Lee and Schneewind

1744 GENES & DEVELOPMENT



a protein that binds single-stranded DNA. Proc. Natl. Acad.
Sci. 84: 9006–9010.

Gill, D.M. and Meren, R. 1978. ADP-ribosylation of membrane
proteins catalyzed by cholera toxin: Basis of the activation of
adenylate cyclase. Proc. Natl. Acad. Sci. 75: 3050–3054.

Gillen, K.L. and Hughes, K.T. 1991. Molecular characterization
of flgM, a gene encoding a negative regulator of flagellin
synthesis in Salmonella typhimurium. J. Bacteriol.
173: 6453–6459.

Goguen, J.D., Yother, J., and Straley, S.C. 1984. Genetic analysis
of the low calcium response in Yersinia pestis mu d1(Ap lac)
insertion mutants. J. Bacteriol. 160: 842–848.

Gong, M. and Makowski, L. 1992. Helical structure of P pili
from Escherichia coli. Evidence from X-ray fiber diffraction
and scanning transmission electron microscopy. J. Mol. Biol.
228: 735–742.

Gray, C.W., Kneale, G.G., Leonard, K.R., Siegrist, H., and Mar-
vin, D.A. 1982. A nucleoprotein complex in bacteria infected
with PF1 filamentous virus: Identification and electron mi-
croscopic analysis. Virology 116: 40–52.

Gray, L., Mackman, N., Nicaud, J.M., and Holland, I.B. 1986.
The carboxy-terminal region of haemolysin 2001 is required
for secretion of the toxin from Escherichia coli. Mol. Gen.
Genet. 205: 127–133.

Gray, L., Baker, K., Kenny, B., Mackman, N., Haigh, R., and
Holland, I.B. 1989. A novel C-terminal signal sequence tar-
gets Escherichia coli haemolysin directly to the medium. J.
Cell Sci. Suppl. 11: 45–57.

Greenough, W.B., Pierce, N.F., and Vaughan, M. 1970. Titration
of cholera enterotoxin and antitoxin in isolated fat cells. J.
Infect. Dis. 121 (Suppl): S111–S113.

Guilvout, I., Hardie, K.R., Sauvonnet, N., and Pugsley, A.P.
1999. Genetic dissection of the outer membrane secretin
PulD: Are there distinct domains for multimerization and
secretion specificity? J. Bacteriol. 181: 7212–7220.

Hahn, H.P. 1997. The type-4 pilus is the major virulence-asso-
ciated adhesin of Pseudomonas aeruginosa—A review. Gene
192: 99–108.

Halter, R., Pohlner, J., and Meyer, T.F. 1984. IgA protease of
Neisseria gonorrhoeae: Isolation and characterization of the
gene and its extracellular product. EMBO J. 3: 1595–1601.

Hamburger, Z.A., Brown, M.S., Isberg, R.R., and Bjorkman, P.J.
1999. Crystal structure of invasin: A bacterial integrin-bind-
ing protein. Science 286: 291–295.

Hamilton, C.M., Lee, H., Li, P.L., Cook, D.M., Piper, K.R., von
Bodman, S.B., Lanka, E., Ream, W., and Farrand, S.K. 2000.
TraG from RP4 and TraG and VirD4 from Ti plasmids confer
relaxosome specificity to the conjugal transfer system of
pTiC58. J. Bacteriol. 182: 1541–1548.

Hamood, A.N., Olson, J.C., Vincent, T.S., and Iglewski, B.H.
1989. Regions of toxin A involved in toxin A excretion in
Pseudomonas aeruginosa. J. Bacteriol. 171: 1817–1824.

Hantke, K. and Braun, V. 1973. Covalent binding of lipid to
protein. Diglyceride and amide-linked fatty acid at the N-
terminal end of the murein-lipoprotein of the Escherichia
coli outer membrane. Eur. J. Biochem. 34: 284–296.

Hardie, K.R., Issartel, J.P., Koronakis, E., Hughes, C., and Koro-
nakis, V. 1991. In vitro activation of Escherichia coli prohae-
molysin to the mature membrane-targeted toxin requires
HlyC and a low molecular-weight cytosolic polypeptide.
Mol. Microbiol. 5: 1669–1679.

Hardie, K.R., Lory, S., and Pugsley, A.P. 1996a. Insertion of an
outer membrane protein in Escherichia coli requires a chap-
erone-like protein. EMBO J. 15: 978–988.

Hardie, K.R., Seydel, A., Guilvout, I., and Pugsley, A.P. 1996b.
The secretin-specific, chaperone-like protein of the general

secretory pathway: Separation of proteolytic protection and
piloting functions. Mol. Microbiol. 22: 967–976.

He, S.Y., Lindeberg, M., Chatterjee, A.K., and Collmer, A.
1991a. Cloned Erwinia chrysanthemi out genes enable Esch-
erichia coli to selectively secrete a diverse family of heter-
ologous proteins to its milieu. Proc. Natl. Acad. Sci.
88: 1079–1083.

He, S.Y., Schoedel, C., Chatterjee, A.K., and Collmer, A. 1991b.
Extracellular secretion of pectate lyase by the Erwinia chry-
santhemi out pathway is dependent upon Sec-mediated
export across the inner membrane. J. Bacteriol. 173:
4310–4317.

Henrichsen, J. 1975. The occurrence of twitching motility
among gram-negative bacteria. Acta Pathol. Microbiol.
Scand. [B] 83: 171–178.

Herrera-Estrella, A., Chen, Z.M., Van Montagu, M., and Wang,
K. 1988. VirD proteins of Agrobacterium tumefaciens are
required for the formation of a covalent DNA–protein com-
plex at the 5! terminus of T-strand molecules. EMBO J.
7: 4055–4062.

Herrington, D.A., Hall, R.H., Losonsky, G., Mekalanos, J.J., Tay-
lor, R.K., and Levine, M.M. 1988. Toxin, toxin-coregulated
pili, and the toxR regulon are essential for Vibrio cholerae
pathogenesis in humans. J. Exp. Med. 168: 1487–1492.

Hess, J., Gentschev, I., Goebel, W., and Jarchau, T. 1990. Analy-
sis of the haemolysin secretion system by PhoA-HlyA fusion
proteins. Mol. Gen. Genet. 224: 201–208.

Heyningen, S.V. 1974. Cholera toxin: Interaction of subunits
with ganglioside GM1. Science 183: 656–657.

Hirst, T.R. and Holmgren, J. 1987. Conformation of protein se-
creted across bacterial outer membranes: A study of entero-
toxin translocation from Vibrio cholerae. Proc. Natl. Acad.
Sci. 84: 7418–7422.

Hoiczyk, E. and Blobel, G. 2001. Polymerization of a single pro-
tein of the pathogen Yersinia enterocolitica into needles
punctures eukaryotic cells. Proc. Natl. Acad. Sci. 98: 4669–
4674.

Holland, I.B. and Blight, M.A. 1999. ABC-ATPases, adaptable
energy generators fuelling transmembrane movement of a
variety of molecules in organisms from bacteria to humans.
J. Mol. Biol. 293: 381–399.

Holmgren, A. and Branden, C.I. 1989. Crystal structure of chap-
erone protein PapD reveals an immunoglobulin fold. Nature
342: 248–251.

Holmgren, J., Lonnroth, I., and Svennerholm, L. 1973. Tissue
receptor for cholera exotoxin: Postulated structure from
studies with GM1 ganglioside and related glycolipids. Infect.
Immun. 8: 208–214.

Holtje, J.V. and Tomasz, A. 1975. Specific recognition of choline
residues in the cell wall teichoic acid by the N-acetylmur-
amyl-L-alanine amidase of Pneumococcus. J. Biol. Chem.
250: 6072–6076.

Homma, M. and Iino, T. 1985. Locations of hook-associated
proteins in flagellar structures of Salmonella typhimurium.
J. Bacteriol. 162: 183–189.

Homma, M., Kutsukake, K., and Iino, T. 1985. Structural genes
for flagellar hook-associated proteins in Salmonella typhi-
murium. J. Bacteriol. 163: 464–471.

Homma, M., Aizawa, S., Dean, G.E., and Macnab, R.M. 1987.
Identification of the M-ring protein of the flagellar motor of
Salmonella typhimurium. Proc. Natl. Acad. Sci. 84: 7483–
7487.

Housby, J.N., Thomas, J.D., Wharam, S.D., Reeves, P.J., and
Salmond, G.P. 1998. Conditional mutations in OutE and
OutL block exoenzyme secretion across the Erwinia caroto-
vora outer membrane. FEMS Microbiol. Lett. 165: 91–102.

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1745



Howard, E.A., Winsor, B.A., De Vos, G., and Zambryski, P.
1989. Activation of the T-DNA transfer process in Agrobac-
terium results in the generation of a T-strand-protein com-
plex: Tight association of VirD2 with the 5! ends of
T-strands. Proc. Natl. Acad. Sci. 86: 4017–4021.

Howard, E.A., Zupan, J.R., Citovsky, V., and Zambryski, P.C.
1992. The VirD2 protein of A. tumefaciens contains a C-
terminal bipartite nuclear localization signal: Implications
for nuclear uptake of DNA in plant cells. Cell 68: 109–118.

Hueck, C.J. 1998. Type III protein secretion systems in bacterial
pathogens of animals and plants. Microbiol. Mol. Biol. Rev.
62: 379–433.

Hughes, K.T., Gillen, K.L., Semon, M.J., and Karlinsey, J.E.
1993. Sensing structural intermediates in bacterial flagellar
assembly by export of a negative regulator. Science
262: 1277–1280.

Hultgren, S.J., Lindberg, F., Magnusson, G., Kihlberg, J., Ten-
nent, J.M., and Normark, S. 1989. The PapG adhesin of uro-
pathogenic Escherichia coli contains separate regions for re-
ceptor binding and for the incorporation into the pilus. Proc.
Natl. Acad. Sci. 86: 4357–4361.

Ikeda, T., Homma, M., Iino, T., Asakura, S., and Kamiya, R.
1987. Localization and stoichiometry of hook-associated
proteins within Salmonella typhimurium flagella. J. Bacte-
riol. 169: 1168–1173.

Imoto, M., Kusumoto, S., Shiba, T., Naoki, H., Iwashita, T.,
Rietschel, E.T., Wollenweber, H.-W., Galanos, C., and Lu-
deritz, O. 1983. Chemical structure of E. coli lipid A: Link-
age site of acyl groups in the disaccharide backbone. Tetra-
hedron Lett. 24: 4017–4020.

Inouye, M. 1979. Bacterial outer membranes: Biogenesis and
functions. Wiley, New York.

Iriarte, M. and Cornelis, G.R. 1998. YopT, a new Yersinia Yop
effector protein, affects the cytoskeleton of host cells. Mol.
Microbiol. 29: 915–929.

Isberg, R.R. and Falkow, S. 1985. A single genetic locus encoded
by Yersinia pseudotuberculosis permits invasion of cultured
animal cells by Escherichia coli K-12. Nature 317: 262–264.

Isberg, R.R. and Leong, J.M. 1990. Multiple ! 1 chain integrins
are receptors for invasin, a protein that promotes bacterial
penetration into mammalian cells. Cell 60: 861–871.

Isberg, R.R., Voorhis, D.L., and Falkow, S. 1987. Identification of
invasin: A protein that allows enteric bacteria to penetrate
cultured mammalian cells. Cell 50: 769–778.

Issartel, J.P., Koronakis, V., and Hughes, C. 1991. Activation of
Escherichia coli prohaemolysin to the mature toxin by acyl
carrier protein-dependent fatty acylation. Nature 351: 759–
761.

Jackson, M.W. and Plano, G.V. 2000. Interactions between type
III secretion apparatus components from Yersinia pestis de-
tected using the yeast two-hybrid system. FEMS Microbiol.
Lett. 186: 85–90.

Jackson, M.W., Day, J.B., and Plano, G.V. 1998. YscB of Yersinia
pestis functions as a specific chaperone for YopN. J. Bacte-
riol. 180: 4912–4921.

Jacobs, M., Andersen, J.B., Kontinen, V., and Sarvas, M. 1993.
Bacillus subtilis PrsA is required in vivo as an extracytoplas-
mic chaperone for secretion of active enzymes synthesized
either with or without pro-sequences. Mol. Microbiol.
8: 957–966.

Jacob-Dubuisson, F., Heuser, J., Dodson, K., Normark, S., and
Hultgren, S. 1993. Initiation of assembly and association of
the structural elements of a bacterial pilus depend on two
specialized tip proteins. EMBO J. 12: 837–847.

Jin, S., Roitsch, T., Ankenbauer, R.G., Gordon, M.P., and
Nester, E.W. 1990a. The VirA protein of Agrobacterium tu-

mefaciens is autophosphorylated and is essential for vir gene
regulation. J. Bacteriol. 172: 525–530.

Jin, S.G., Prusti, R.K., Roitsch, T., Ankenbauer, R.G., and
Nester, E.W. 1990b. Phosphorylation of the VirG protein of
Agrobacterium tumefaciens by the autophosphorylated
VirA protein: Essential role in biological activity of VirG. J.
Bacteriol. 172: 4945–4950.

Jin, S.G., Roitsch, T., Christie, P.J., and Nester, E.W. 1990c. The
regulatory VirG protein specifically binds to a cis-acting
regulatory sequence involved in transcriptional activation of
Agrobacterium tumefaciens virulence genes. J. Bacteriol.
172: 531–537.

Jones, A.L., Lai, E.M., Shirasu, K., and Kado, C.I. 1996. VirB2 is
a processed pilin-like protein encoded by the Agrobacterium
tumefaciens Ti plasmid. J. Bacteriol. 178: 5706–5711.

Jones, C.J. and Macnab, R.M. 1990. Flagellar assembly in Sal-
monella typhimurium: Analysis with temperature-sensitive
mutants. J. Bacteriol. 172: 1327–1339.

Jones, C.J., Homma, M., and Macnab, R.M. 1987. Identification
of proteins of the outer (L and P) rings of the flagellar basal
body of Escherichia coli. J. Bacteriol. 169: 1489–1492.

Jonquieres, R., Bierne, H., Fiedler, F., Gounon, P., and Cossart,
P. 1999. Interaction between the protein InlB of Listeria
monocytogenes and lipoteichoic acid: A novel mechanism of
protein association at the surface of gram-positive bacteria.
Mol. Microbiol. 34: 902–914.

Kagawa, H., Owaribe, K., Asakura, S., and Takahashi, N. 1976.
Flagellar hook protein from Salmonella SJ25. J. Bacteriol.
125: 68–73.

Kallenius, G., Mollby, R., Svenson, S.B., Winberg, J., and Hult-
berg, H. 1980. Identification of a carbohydrate receptor rec-
ognized by uropathogenic Escherichia coli. Infection 8: 288–
293.

Karlinsey, J.E., Lonner, J., Brown, K.L., and Hughes, K.T. 2000.
Translation/secretion coupling by type III secretion systems.
Cell 102: 487–497.

Kelly, G., Prasannan, S., Daniell, S., Fleming, K., Frankel, G.,
Dougan, G., Connerton, I., and Matthews, S. 1999. Structure
of the cell-adhesion fragment of intimin from enteropatho-
genic Escherichia coli. Nat. Struct. Biol. 6: 313–318.

Kenny, B. and Finlay, B.B. 1997. Intimin-dependent binding of
enteropathogenic Escherichia coli to host cells triggers novel
signaling events, including tyrosine phosphorylation of
phospholipase C-&1. Infect. Immun. 65: 2528–2536.

Kenny, B., Taylor, S., and Holland, I.B. 1992. Identification of
individual amino acids required for secretion within the hae-
molysin (HlyA) C-terminal targeting region. Mol. Microbiol.
6: 1477–1489.

Kenny, B., Chervaux, C., and Holland, I.B. 1994. Evidence that
residues −15 to −46 of the haemolysin secretion signal are
involved in early steps in secretion, leading to recognition of
the translocator. Mol. Microbiol. 11: 99–109.

Kenny, B., DeVinney, R., Stein, M., Reinscheid, D.J., Frey, E.A.,
and Finlay, B.B. 1997. Enteropathogenic E. coli (EPEC) trans-
fers its receptor for intimate adherence into mammalian
cells. Cell 91: 511–520.

Kimbrough, T.G. and Miller, S.I. 2000. Contribution of salmo-
nella typhimurium type III secretion components to needle
complex formation. Proc. Natl. Acad. Sci. 97: 11008–11013.

King, C.A. and Van Heyningen, W.E. 1973. Deactivation of chol-
era toxin by a sialidase-resistant monosialosylganglioside. J.
Infect. Dis. 127: 639–647.

Klauser, T., Pohlner, J., and Meyer, T.F. 1990. Extracellular
transport of cholera toxin B subunit using Neisseria IgA pro-
tease !-domain: Conformation-dependent outer membrane
translocation. EMBO J. 9: 1991–1999.

Lee and Schneewind

1746 GENES & DEVELOPMENT



———. 1992. Selective extracellular release of cholera toxin B
subunit by Escherichia coli: Dissection of Neisseria Iga
!-mediated outer membrane transport. EMBO J. 11: 2327–
2335.

Komano, T., Yoshida, T., Narahara, K., and Furuya, N. 2000.
The transfer region of IncI1 plasmid R64: similarities be-
tween R64 tra and legionella icm/dot genes. Mol. Microbiol.
35: 1348–1359.

Komeda, Y., Silverman, M., Matsumura, P., and Simon, M.
1978. Genes for the hook-basal body proteins of the flagellar
apparatus in Escherichia coli. J. Bacteriol. 134: 655–667.

Kontinen, V.P. and Sarvas, M. 1993. The PrsA lipoprotein is
essential for protein secretion in Bacillus subtilis and sets a
limit for high-level secretion. Mol. Microbiol. 8: 727–737.

Kornacker, M.G. and Pugsley, A.P. 1990. Molecular character-
ization of pulA and its product, pullulanase, a secreted en-
zyme of Klebsiella pneumoniae UNF5023. Mol. Microbiol.
4: 73–85.

Koronakis, V. and Hughes, C. 1996. Synthesis, maturation and
export of the E. coli hemolysin. Med. Microbiol. Immunol.
(Berl.) 185: 65–71.

Koronakis, V., Koronakis, E., and Hughes, C. 1988. Comparison
of the haemolysin secretion protein HlyB from Proteus vul-
garis and Escherichia coli; site-directed mutagenesis causing
impairment of export function. Mol. Gen. Genet. 213: 551–
555.

———. 1989. Isolation and analysis of the C-terminal signal
directing export of Escherichia coli hemolysin protein across
both bacterial membranes. EMBO J. 8: 595–605.

Koronakis, V., Hughes, C., and Koronakis, E. 1991. Energetically
distinct early and late stages of HlyB/HlyD-dependent secre-
tion across both Escherichia coli membranes. EMBO J.
10: 3263–3272.

———. 1993. ATPase activity and ATP/ADP-induced confor-
mational change in the soluble domain of the bacterial pro-
tein translocator HlyB. Mol. Microbiol. 8: 1163–1175.

Koronakis, V., Sharff, A., Koronakis, E., Luisi, B., and Hughes, C.
2000. Crystal structure of the bacterial membrane protein
TolC central to multidrug efflux and protein export. Nature
405: 914–919.

Koster, M., Bitter, W., de Cock, H., Allaoui, A., Cornelis, G.R.,
and Tommassen, J. 1997. The outer membrane component,
YscC, of the Yop secretion machinery of Yersinia enteroco-
litica forms a ring-shaped multimeric complex. Mol. Micro-
biol. 26: 789–797.

Kubori, T., Shimamoto, N., Yamaguchi, S., Namba, K., and
Aizawa, S. 1992. Morphological pathway of flagellar assem-
bly in Salmonella typhimurium. J. Mol. Biol. 226: 433–446.

Kubori, T., Matsushima, Y., Nakamura, D., Uralil, J., Lara-
Tejero, M., Sukhan, A., Galan, J.E., and Aizawa, S.I. 1998.
Supramolecular structure of the Salmonella typhimurium
type III protein secretion system. Science 280: 602–605.

Kubori, T., Sukhan, A., Aizawa, S.I., and Galan, J.E. 2000. Mo-
lecular characterization and assembly of the needle complex
of the Salmonella typhimurium type III protein secretion
system. Proc. Natl. Acad. Sci. 97: 10225–10230.

Kuehn, M.J., Normark, S., and Hultgren, S.J. 1991. Immuno-
globulin-like PapD chaperone caps and uncaps interactive
surfaces of nascently translocated pilus subunits. Proc. Natl.
Acad. Sci. 88: 10586–10590.

Kuehn, M.J., Heuser, J., Normark, S., and Hultgren, S.J. 1992. P
pili in uropathogenic E. coli are composite fibres with dis-
tinct fibrillar adhesive tips. Nature 356: 252–255.

Kuehn, M.J., Ogg, D.J., Kihlberg, J., Slonim, L.N., Flemmer, K.,
Bergfors, T., and Hultgren, S.J. 1993. Structural basis of pilus
subunit recognition by the PapD chaperone. Science

262: 1234–1241.
Kuldau, G.A., De Vos, G., Owen, J., McCaffrey, G., and Zam-

bryski, P. 1990. The virB operon of Agrobacterium tumefa-
ciens pTiC58 encodes 11 open reading frames. Mol. Gen.
Genet. 221: 256–266.

Kumar, R.B., Xie, Y.H., and Das, A. 2000. Subcellular localiza-
tion of the Agrobacterium tumefaciens T-DNA transport
pore proteins: VirB8 is essential for the assembly of the
transport pore. Mol. Microbiol. 36: 608–617.

Kunst, F., Ogasawara, N., Moszer, I., Albertini, A.M., Alloni, G.,
Azevedo, V., Bertero, M.G., Bessieres, P., Bolotin, A.,
Borchert, S., et al. 1997. The complete genome sequence of
the gram-positive bacterium Bacillus subtilis. Nature
390: 249–256.

Kutsukake, K., Suzuki, T., Yamaguchi, S., and Iino, T. 1979.
Role of gene flaFV on flagellar hook formation in Salmonella
typhimurium. J. Bacteriol. 140: 267–275.

Kutsukake, K., Ohya, Y., and Iino, T. 1990. Transcriptional
analysis of the flagellar regulon of Salmonella typhimurium.
J. Bacteriol. 172: 741–747.

Lai, E.M. and Kado, C.I. 1998. Processed VirB2 is the major
subunit of the promiscuous pilus of Agrobacterium tumefa-
ciens. J. Bacteriol. 180: 2711–2717.

———. 2000. The T-pilus of Agrobacterium tumefaciens.
Trends Microbiol. 8: 361–369.

Lee, V.T., Anderson, D.M., and Schneewind, O. 1998. Targeting
of Yersinia Yop proteins into the cytosol of HeLa cells: One-
step translocation of YopE across bacterial and eukaryotic
membranes is dependent on SycE chaperone. Mol. Micro-
biol. 28: 593–601.

Leffler, H. and Svanborg-Eden, C. 1981. Glycolipid receptors for
uropathogenic Escherichia coli on human erythrocytes and
uroepithelial cells. Infect. Immun. 34: 920–929.

Leong, J.M., Fournier, R.S., and Isberg, R.R. 1991. Mapping and
topographic localization of epitopes of the Yersinia pseudo-
tuberculosis invasin protein. Infect. Immun. 59: 3424–3433.

Leroux, B., Yanofsky, M.F., Winans, S.C., Ward, J.E., Ziegler,
S.F., and Nester, E.W. 1987. Characterization of the virA
locus of Agrobacterium tumefaciens: A transcriptional regu-
lator and host range determinant. EMBO J. 6: 849–856.

Letoffe, S., Delepelaire, P., and Wandersman, C. 1996. Protein
secretion in gram-negative bacteria: Assembly of the three
components of ABC protein-mediated exporters is ordered
and promoted by substrate binding. EMBO J. 15: 5804–5811.

Lindberg, F., Lund, B., and Normark, S. 1986. Gene products
specifying adhesion of uropathogenic Escherichia coli are
minor components of pili. Proc. Natl. Acad. Sci. 83: 1891–
1895.

Lindberg, F., Lund, B., Johansson, L., and Normark, S. 1987.
Localization of the receptor-binding protein adhesin at the
tip of the bacterial pilus. Nature 328: 84–87.

Lindberg, F., Tennent, J.M., Hultgren, S.J., Lund, B., and Nor-
mark, S. 1989. PapD, a periplasmic transport protein in P-
pilus biogenesis. J. Bacteriol. 171: 6052–6058.

Lindeberg, M., Salmond, G.P., and Collmer, A. 1996. Comple-
mentation of deletion mutations in a cloned functional clus-
ter of Erwinia chrysanthemi out genes with Erwinia caroto-
vora out homologues reveals OutC and OutD as candidate
gatekeepers of species-specific secretion of proteins via the
type II pathway. Mol. Microbiol. 20: 175–190.

Lindeberg, M., Boyd, C.M., Keen, N.T., and Collmer, A. 1998.
External loops at the C terminus of Erwinia chrysanthemi
pectate lyase C are required for species-specific secre-
tion through the out type II pathway. J. Bacteriol. 180:
1431–1437.

Linderoth, N.A., Simon, M.N., and Russel, M. 1997. The fila-

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1747



mentous phage pIV multimer visualized by scanning trans-
mission electron microscopy. Science 278: 1635–1638.

Lingappa, V.R. and Blobel, G. 1980. Early events in the biosyn-
thesis of secretory and membrane proteins: the signal hy-
pothesis. Recent Prog. Horm. Res. 36: 451–475.

Lingappa, V.R., Katz, F.N., Lodish, H.F., and Blobel, G. 1978. A
signal sequence for the insertion of a transmembrane glyco-
protein. Similarities to the signals of secretory proteins in
primary structure and function. J. Biol. Chem. 253: 8667–
8670.

Lloyd, S.A., Norman, M., Rosqvist, R., and Wolf-Watz, H. 2001.
Yersinia YopE is targeted for type III secretion by N-termi-
nal, not mRNA, signals. Mol. Microbiol. 39: 520–532.

Lonnroth, I. and Holmgren, J. 1973. Subunit structure of cholera
toxin. J. Gen. Microbiol. 76: 417–427.

Lopez, J. and Webster, R.E. 1982. Minor coat protein composi-
tion and location of the A protein in bacteriophage f1 sphe-
roids and I-forms. J. Virol. 42: 1099–1107.

———. 1983. Morphogenesis of filamentous bacteriophage f1:
Orientation of extrusion and production of polyphage. Virol-
ogy 127: 177–193.

———. 1985. Assembly site of bacteriophage f1 corresponds to
adhesion zones between the inner and outer membranes of
the host cell. J. Bacteriol. 163: 1270–1274.

Lu, H.M. and Lory, S. 1996. A specific targeting domain in ma-
ture exotoxin A is required for its extracellular secretion
from Pseudomonas aeruginosa. EMBO J. 15: 429–436.

Lu, H.M., Motley, S.T., and Lory, S. 1997. Interactions of the
components of the general secretion pathway: Role of Pseu-
domonas aeruginosa type IV pilin subunits in complex for-
mation and extracellular protein secretion. Mol. Microbiol.
25: 247–259.

Ludwig, A., Vogel, M., and Goebel, W. 1987. Mutations affect-
ing activity and transport of haemolysin in Escherichia coli.
Mol. Gen. Genet. 206: 238–245.

Ludwig, A., Jarchau, T., Benz, R., and Goebel, W. 1988. The
repeat domain of Escherichia coli haemolysin (HlyA) is re-
sponsible for its Ca2+-dependent binding to erythrocytes.
Mol. Gen. Genet. 214: 553–561.

Lund, B., Lindberg, F., Marklund, B.I., and Normark, S. 1987.
The PapG protein is the "-D-galactopyranosyl-(1–4)-!-D-ga-
lactopyranose-binding adhesin of uropathogenic Escherichia
coli. Proc. Natl. Acad. Sci. 84: 5898–5902.

Luo, Y., Frey, E.A., Pfuetzner, R.A., Creagh, A.L., Knoechel,
D.G., Haynes, C.A., Finlay, B.B., and Strynadka, N.C. 2000.
Crystal structure of enteropathogenic Escherichia coli inti-
min-receptor complex. Nature 405: 1073–1077.

Mackman, N., Baker, K., Gray, L., Haigh, R., Nicaud, J.M., and
Holland, I.B. 1987. Release of a chimeric protein into the
medium from Escherichia coli using the C-terminal secre-
tion signal of haemolysin. EMBO J. 6: 2835–2841.

Macnab, R.M. 1992. Genetics and biogenesis of bacterial fla-
gella. Annu. Rev. Genet. 26: 131–158.

Manson, M.D., Tedesco, P., Berg, H.C., Harold, F.M., and Van
der Drift, C. 1977. A protonmotive force drives bacterial fla-
gella. Proc. Natl. Acad. Sci.74: 3060–3064.

Marciano, D.K., Russel, M., and Simon, S.M. 1999. An aqueous
channel for filamentous phage export. Science 284: 1516–
1519.

Marra, A., Blander, S.J., Horwitz, M.A., and Shuman, H.A. 1992.
Identification of a Legionella pneumophila locus required for
intracellular multiplication in human macrophages. Proc.
Natl. Acad. Sci. 89: 9607–9611.

Matsuyama, S., Tajima, T., and Tokuda, H. 1995. A novel
periplasmic carrier protein involved in the sorting and trans-
port of Escherichia coli lipoproteins destined for the outer

membrane. EMBO J. 14: 3365–3372.
Matsuyama, S., Yokota, N., and Tokuda, H. 1997. A novel outer

membrane lipoprotein, LolB (HemM), involved in the LolA
(p20)-dependent localization of lipoproteins to the outer
membrane of Escherichia coli. EMBO J. 16: 6947–6955.

Mazmanian, S.K., Liu, G., Ton-That, H., and Schneewind, O.
1999. Staphylococcus aureus sortase, an enzyme that an-
chors surface proteins to the cell wall. Science 285: 760–763.

McPherson, J.C., Nester, E.W., and Gordon, M.P. 1980. Proteins
encoded by Agrobacterium tumefaciens Ti plasmid DNA
(T-DNA) in crown gall tumors. Proc. Natl. Acad. Sci.
77: 2666–2670.

Medzhitov, R. and Janeway, C.A., Jr. 1999. Innate immune in-
duction of the adaptive immune response. Cold Spring Harb.
Symp. Quant. Biol. 64: 429–435.

Mesnage, S., Fontaine, T., Mignot, T., Delepierre, M., Mock, M.,
and Fouet, A. 2000. Bacterial SLH domain proteins are non-
covalently anchored to the cell surface via a conserved
mechanism involving wall polysaccharide pyruvylation.
EMBO J. 19: 4473–4484.

Michaelis, S., Chapon, C., D’Enfert, C., Pugsley, A.P., and
Schwartz, M. 1985. Characterization and expression of the
structural gene for pullulanase, a maltose-inducible secreted
protein of Klebsiella pneumoniae. J. Bacteriol. 164: 633–638.

Michiels, T. and Cornelis, G.R. 1991. Secretion of hybrid pro-
teins by the Yersinia Yop export system. J. Bacteriol.
173: 1677–1685.

Michiels, T., Wattiau, P., Brasseur, R., Ruysschaert, J.M., and
Cornelis, G. 1990. Secretion of Yop proteins by Yersiniae.
Infect. Immun. 58: 2840–2849.

Miller, J.D., Bernstein, H.D., and Walter, P. 1994. Interaction of
E. coli Ffh/4.5S ribonucleoprotein and FtsY mimics that of
mammalian signal recognition particle and its receptor. Na-
ture 367: 657–659.

Mimori, Y., Yamashita, I., Murata, K., Fujiyoshi, Y., Yonekura,
K., Toyoshima, C., and Namba, K. 1995. The structure of the
R-type straight flagellar filament of Salmonella at 9 Å reso-
lution by electron cryomicroscopy. J. Mol. Biol. 249: 69–87.

Minamino, T. and Macnab, R.M. 1999. Components of the Sal-
monella flagellar export apparatus and classification of ex-
port substrates. J. Bacteriol. 181: 1388–1394.

———. 2000. Interactions among components of the Salmo-
nella flagellar export apparatus and its substrates. Mol. Mi-
crobiol. 35: 1052–1064.

Missiakas, D. and Raina, S. 1997. Protein folding in the bacterial
periplasm. J. Bacteriol. 179: 2465–2471.

Morgan, D.G., Owen, C., Melanson, L.A., and DeRosier,
D.J. 1995. Structure of bacterial flagellar filaments at 11 Å
resolution: Packing of the "-helices. J. Mol. Biol. 249: 88–
110.

Muller, M. and Blobel, G. 1984. In vitro translocation of bacte-
rial proteins across the plasma membrane of Escherichia
coli. Proc. Natl. Acad. Sci. 81: 7421–7425.

Navarre, W.W. and Schneewind, O. 1999. Surface proteins of
gram-positive bacteria and mechanisms of their targeting to
the cell wall envelope. Microbiol. Mol. Biol. Rev. 63: 174–
229.

Navarre, W.W., Ton-That, H., Faull, K.F., and Schneewind, O.
1998. Anchor structure of staphylococcal surface proteins. II.
COOH-terminal structure of muramidase and amidase-solu-
bilized surface protein. J. Biol. Chem. 273: 29135–29142.

Norgren, M., Normark, S., Lark, D., O’Hanley, P., Schoolnik,
G., Falkow, S., Svanborg-Eden, C., Baga, M., and Uhlin, B.E.
1984. Mutations in E. coli cistrons affecting adhesion to hu-
man cells do not abolish Pap pili fiber formation. EMBO J.
3: 1159–1165.

Lee and Schneewind

1748 GENES & DEVELOPMENT



Normark, S., Lark, D., Hull, R., Norgren, M., Baga, M.,
O’Hanley, P., Schoolnik, G., and Falkow, S. 1983. Genetics
of digalactoside-binding adhesin from a uropathogenic Esch-
erichia coli strain. Infect. Immun. 41: 942–949.

Nouwen, N., Ranson, N., Saibil, H., Wolpensinger, B., Engel, A.,
Ghazi, A., and Pugsley, A.P. 1999. Secretin PulD: Associa-
tion with pilot PulS, structure, and ion-conducting channel
formation. Proc. Natl. Acad. Sci. 96: 8173–8177.

Nunn, D. 1999. Bacterial type II protein export and pilus bio-
genesis: More than just homologies? Trends Cell Biol.
9: 402–408.

Nunn, D.N. and Lory, S. 1991. Product of the Pseudomonas
aeruginosa gene pilD is a prepilin leader peptidase. Proc.
Natl. Acad. Sci. 88: 3281–3285.

———. 1992. Components of the protein-excretion apparatus of
Pseudomonas aeruginosa are processed by the type IV prepi-
lin peptidase. Proc. Natl. Acad. Sci. 89: 47–51.

———. 1993. Cleavage, methylation, and localization of the
Pseudomonas aeruginosa export proteins XcpT, -U, -V, and
-W. J. Bacteriol. 175: 4375–4382.

O’Brien, E.J. and Bennett, P.M. 1972. Structure of straight fla-
gella from a mutant Salmonella. J. Mol. Biol. 70: 133–152.

Ohnishi, K., Homma, M., Kutsukake, K., and Iino, T. 1987.
Formation of flagella lacking outer rings by flaM, flaU, and
flaY mutants of Escherichia coli. J. Bacteriol.
169: 1485–1488.

Ohnishi, K., Kutsukake, K., Suzuki, H., and Iino, T. 1990. Gene
fliA encodes an alternative $ factor specific for flagellar op-
erons in Salmonella typhimurium. Mol. Gen. Genet.
221: 139–147.

———. 1992. A novel transcriptional regulation mechanism in
the flagellar regulon of Salmonella typhimurium: An anti-$
factor inhibits the activity of the flagellum-specific $ factor,
sF. Mol. Microbiol. 6: 3149–3157.

Ohnishi, K., Ohto, Y., Aizawa, S., Macnab, R.M., and Iino, T.
1994. FlgD is a scaffolding protein needed for flagellar hook
assembly in Salmonella typhimurium. J. Bacteriol.
176: 2272–2281.

Oliver, D.B. and Beckwith, J. 1981. E. coli mutant pleiotropi-
cally defective in the export of secreted proteins. Cell
25: 765–772.

Ostolaza, H., Soloaga, A., and Goni, F.M. 1995. The binding of
divalent cations to Escherichia coli "-haemolysin. Eur. J.
Biochem. 228: 39–44.

Otten, L., DeGreve, H., Leemans, J., Hain, R., Hooykaas, P.J.J.,
and Schell, J. 1984. Restoration of virulence of vir region
mutants of Agrobacterium tumefaciens strain B563 by coin-
fection with normal and mutant Agrobacterium strains.
Mol. Gen. Genet. 175: 159–163.

Palomaki, T. and Saarilahti, H.T. 1995. The extreme C-termi-
nus is required for secretion of both the native polygalactu-
ronase (PehA) and PehA-Bla hybrid proteins in Erwinia car-
otovora subsp. carotovora. Mol. Microbiol. 17: 449–459.

Pansegrau, W. and Lanka, E. 1996. Enzymology of DNA transfer
by conjugative mechanisms. Prog. Nucleic Acid Res. Mol.
Biol. 54: 197–251.

Pansegrau, W., Ziegelin, G., and Lanka, E. 1990. Covalent asso-
ciation of the traI gene product of plasmid RP4 with the
5!-terminal nucleotide at the relaxation nick site. J. Biol.
Chem. 265: 10637–10644.

Pansegrau, W., Schroder, W., and Lanka, E. 1993. Relaxase (TraI)
of IncP " plasmid RP4 catalyzes a site-specific cleaving-join-
ing reaction of single-stranded DNA. Proc. Natl. Acad. Sci.
90: 2925–2929.

Parge, H.E., Forest, K.T., Hickey, M.J., Christensen, D.A., Get-
zoff, E.D., and Tainer, J.A. 1995. Structure of the fibre-form-

ing protein pilin at 2.6 Å resolution. Nature 378: 32–38.
Pasloske, B.L., Finlay, B.B., and Paranchych, W. 1985. Cloning

and sequencing of the Pseudomonas aeruginosa PAK pilin
gene. FEBS Lett. 183: 408–412.

Pepe, J.C. and Miller, V.L. 1993. Yersinia enterocolitica invasin:
A primary role in the initiation of infection. Proc. Natl.
Acad. Sci. 90: 6473–6477.

Perry, R.D. and Fetherston, J.D. 1997. Yersinia pestis—Etiologic
agent of plague. Clin. Microbiol. Rev. 10: 35–66.

Pettersson, J., Nordfelth, R., Dubinina, E., Bergman, T., Gusta-
fsson, M., Magnusson, K.E., and Wolf-Watz, H. 1996. Modu-
lation of virulence factor expression by pathogen target cell
contact. Science 273: 1231–1233.

Plano, G.V., Day, J.B., and Ferracci, F. 2001. Type III export:
New uses for an old pathway. Mol. Microbiol. 40: 284–293.

Pohlner, J., Halter, R., Beyreuther, K., and Meyer, T.F. 1987.
Gene structure and extracellular secretion of Neisseria gon-
orrhoeae IgA protease. Nature 325: 458–462.

Pohlschroder, M., Prinz, W.A., Hartmann, E., and Beckwith, J.
1997. Protein translocation in the three domains of life:
Variations on a theme. Cell 91: 563–566.

Popescu, A. and Doyle, R.J. 1996. The Gram stain after more
than a century. Biotech. Histochem. 71: 145–151.

Poquet, I., Faucher, D., and Pugsley, A.P. 1993a. Stable periplas-
mic secretion intermediate in the general secretory pathway
of Escherichia coli. EMBO J. 12: 271–278.

Poquet, I., Kornacker, M.G., and Pugsley, A.P. 1993b. The role
of the lipoprotein sorting signal (aspartate +2) in pullulanase
secretion. Mol. Microbiol. 9: 1061–1069.

Poritz, M.A., Bernstein, H.D., Strub, K., Zopf, D., Wilhelm, H.,
and Walter, P. 1990. An E. coli ribonucleoprotein containing
4.5S RNA resembles mammalian signal recognition particle.
Science 250: 1111–1117.

Porter, S.G., Yanofsky, M.F., and Nester, E.W. 1987. Molecular
characterization of the virD operon from Agrobacterium tu-
mefaciens. Nucleic Acids Res. 15: 7503–7517.

Possot, O., d’Enfert, C., Reyss, I., and Pugsley, A.P. 1992. Pul-
lulanase secretion in Escherichia coli K-12 requires a cyto-
plasmic protein and a putative polytopic cytoplasmic mem-
brane protein. Mol. Microbiol. 6: 95–105.

Possot, O.M., Gerard-Vincent, M., and Pugsley, A.P. 1999.
Membrane association and multimerization of secreton
component pulC. J. Bacteriol. 181: 4004–4011.

Possot, O.M., Vignon, G., Bomchil, N., Ebel, F., and Pugsley,
A.P. 2000. Multiple interactions between pullulanase secre-
ton components involved in stabilization and cytoplasmic
membrane association of PulE. J. Bacteriol. 182: 2142–2152.

Pugsley, A.P. 1993a. The complete general secretory pathway in
gram-negative bacteria. Microbiol. Rev. 57: 50–108.

———. 1993b. Processing and methylation of PuIG, a pilin-like
component of the general secretory pathway of Klebsiella
oxytoca. Mol. Microbiol. 9: 295–308.

Pugsley, A.P. and Dupuy, B. 1992. An enzyme with type IV
prepilin peptidase activity is required to process components
of the general extracellular protein secretion pathway of
Klebsiella oxytoca. Mol. Microbiol. 6: 751–760.

Pugsley, A.P., Chapon, C., and Schwartz, M. 1986. Extracellular
pullulanase of Klebsiella pneumoniae is a lipoprotein. J. Bac-
teriol. 166: 1083–1088.

Pugsley, A.P., Poquet, I., and Kornacker, M.G. 1991. Two dis-
tinct steps in pullulanase secretion by Escherichia coli K12.
Mol. Microbiol. 5: 865–873.

Pugsley, A.P., Francetic, O., Possot, O.M., Sauvonnet, N., and
Hardie, K.R. 1997. Recent progress and future directions in
studies of the main terminal branch of the general secretory
pathway in Gram-negative bacteria—A review. Gene

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1749



192: 13–19.
Py, B., Salmond, G.P.C., Chippaux, M., and Barras, F. 1991. Se-

cretion of cellulases in Erwinia chrysanthemi and E. caroto-
vora is species-specific. FEMS Microbiol. Letts. 79: 315–322.

Py, B., Chippaux, M., and Barras, F. 1993. Mutagenesis of cel-
lulase EGZ for studying the general protein secretory path-
way in Erwinia chrysanthemi. Mol. Microbiol. 7: 785–793.

Py, B., Loiseau, L., and Barras, F. 1999. Assembly of the type II
secretion machinery of Erwinia chrysanthemi: Direct inter-
action and associated conformational change between OutE,
the putative ATP-binding component and the membrane
protein OutL. J. Mol. Biol. 289: 659–670.

Qureshi, N., Takayama, K., Heller, D., and Fenselau, C. 1983.
Position of ester groups in the lipid A backbone of lipopoly-
saccharides obtained from Salmonella typhimurium. J. Biol.
Chem. 258: 12947–12951.

Raetz, C.R. 1987. Structure and biosynthesis of lipid A in Esche-
richia coli. In Escherichia coli and Salmonella typhimurium:
Cellular and molecular biology. (ed. F.C. Neidhardt), pp. 498–
503. American Society for Microbiology, Washington, D.C.

Raineri, D.M., Boulton, M.I., Davies, J.W., and Nester, E.W.
1993. VirA, the plant-signal receptor, is responsible for the
Ti plasmid-specific transfer of DNA to maize by Agrobacte-
rium. Proc. Natl. Acad. Sci. 90: 3549–3553.

Randall, L.L. 1992. Peptide binding by chaperone SecB: Impli-
cations for recognition of nonnative structure. Science
257: 241–245.

Reeves, P.J., Douglas, P., and Salmond, G.P. 1994. !-Lactamase
topology probe analysis of the OutO NMePhe peptidase, and
six other Out protein components of the Erwinia carotovora
general secretion pathway apparatus. Mol. Microbiol.
12: 445–457.

Ries, W., Hotzy, C., Schocher, I., Sleytr, U.B., and Sara, M. 1997.
Evidence that the N-terminal part of the S-layer protein from
Bacillus stearothermophilus PV72/p2 recognizes a second-
ary cell wall polymer. J. Bacteriol. 179: 3892–3898.

Rietschel, E.T. 1984. Chemistry of endotoxin. Elsevier, New
York.

Rimpilainen, M., Forsberg, A., and Wolf-Watz, H. 1992. A novel
protein, LcrQ, involved in the low-calcium response of
Yersinia pseudotuberculosis shows extensive homology to
YopH. J. Bacteriol. 174: 3355–3363.

Russel, M. 1991. Filamentous phage assembly. Mol. Microbiol.
5: 1607–1613.

———. 1994. Phage assembly: A paradigm for bacterial viru-
lence factor export? Science 265: 612–614.

———. 1998. Macromolecular assembly and secretion across
the bacterial cell envelope: Type II protein secretion sys-
tems. J. Mol. Biol. 279: 485–499.

Russel, M. and Model, P. 1985. Thioredoxin is required for fila-
mentous phage assembly. Proc. Natl. Acad. Sci. 82: 29–33.

———. 1989. Genetic analysis of the filamentous bacteriophage
packaging signal and of the proteins that interact with it. J.
Virol. 63: 3284–3295.

Samuel, A.D., Pitta, T.P., Ryu, W.S., Danese, P.N., Leung, E.C.,
and Berg, H.C. 1999. Flagellar determinants of bacterial sen-
sitivity to %-phage. Proc. Natl. Acad. Sci. 96: 9863–9866.

Samuels, A.L., Lanka, E., and Davies, J.E. 2000. Conjugative
junctions in RP4-mediated mating of Escherichia coli. J. Bac-
teriol. 182: 2709–2715.

Samuelson, J.C., Chen, M., Jiang, F., Moller, I., Wiedmann, M.,
Kuhn, A., Phillips, G.J., and Dalbey, R.E. 2000. YidC medi-
ates membrane protein insertion in bacteria. Nature
406: 637–641.

Sanchez-Puelles, J.M., Sanz, J.M., Garcia, J.L., and Garcia, E.
1990. Cloning and expression of gene fragments encoding

the choline-binding domain of pneumococcal murein hydro-
lases. Gene 89: 69–75.

Sandkvist, M. 2001. Biology of type II secretion. Mol. Microbiol.
40: 271–283.

Sandkvist, M., Bagdasarian, M., Howard, S.P., and DiRita, V.J.
1995. Interaction between the autokinase EpsE and EpsL in
the cytoplasmic membrane is required for extracellular se-
cretion in Vibrio cholerae. EMBO J. 14: 1664–1673.

Sandkvist, M., Michel, L.O., Hough, L.P., Morales, V.M., Bag-
dasarian, M., Koomey, M., and DiRita, V.J. 1997. General
secretion pathway (eps) genes required for toxin secretion
and outer membrane biogenesis in Vibrio cholerae. J. Bacte-
riol. 179: 6994–7003.

Sandkvist, M., Hough, L.P., Bagdasarian, M.M., and Bagdasar-
ian, M. 1999. Direct interaction of the EpsL and EpsM pro-
teins of the general secretion apparatus in Vibrio cholerae. J.
Bacteriol. 181: 3129–3135.

Sandkvist, M., Keith, J.M., Bagdasarian, M., and Howard, S.P.
2000. Two regions of EpsL involved in species-specific pro-
tein-protein interactions with EpsE and EpsM of the general
secretion pathway in Vibrio cholerae. J. Bacteriol. 182: 742–
748.

Sattler, J. and Wiegandt, H. 1975. Studies of the subunit struc-
ture of choleragen. Eur. J. Biochem. 57: 309–316.

Sauer, F.G., Futterer, K., Pinkner, J.S., Dodson, K.W., Hultgren,
S.J., and Waksman, G. 1999. Structural basis of chaperone
function and pilus biogenesis. Science 285: 1058–1061.

Sauer, F.G., Mulvey, M.A., Schilling, J.D., Martinez, J.J., and
Hultgren, S.J. 2000. Bacterial pili: Molecular mechanisms of
pathogenesis. Curr. Opin. Microbiol. 3: 65–72.

Saulino, E.T., Bullitt, E., and Hultgren, S.J. 2000. Snapshots of
usher-mediated protein secretion and ordered pilus assem-
bly. Proc. Natl. Acad. Sci. 97: 9240–9245.

Sauvonnet, N. and Pugsley, A.P. 1996. Identification of two re-
gions of Klebsiella oxytoca pullulanase that together are ca-
pable of promoting !-lactamase secretion by the general se-
cretory pathway. Mol. Microbiol. 22: 1–7.

Sauvonnet, N., Poquet, I., and Pugsley, A.P. 1995. Extracellular
secretion of pullulanase is unaffected by minor sequence
changes but is usually prevented by adding reporter proteins
to its N- or C-terminal end. J. Bacteriol. 177: 5238–5246.

Sauvonnet, N., Vignon, G., Pugsley, A.P., and Gounon, P. 2000.
Pilus formation and protein secretion by the same machin-
ery in Escherichia coli. EMBO J. 19: 2221–2228.

Schade, S.Z., Adler, J., and Ris, H. 1967. How bacteriophage %
attacks motile bacteria. J. Virol. 1: 599–609.

Schafer, D.E., Lust, W.D., Sircar, B., and Goldberg, N.D. 1970.
Elevated concentration of adenosine 3!:5!-cyclic monophos-
phate in intestinal mucosa after treatment with cholera
toxin. Proc. Natl. Acad. Sci. 67: 851–856.

Schatz, P.J. and Beckwith, J. 1990. Genetic analysis of protein
export in Escherichia coli. Annu. Rev. Genet. 24: 215–248.

Schesser, K., Frithz-Lindsten, E., and Wolf-Watz, H. 1996. De-
lineation and mutational analysis of the Yersinia pseudotu-
berculosis YopE domains which mediate translocation
across bacterial and eukaryotic cellular membranes. J. Bac-
teriol. 178: 7227–7233.

Schiavo, G., Matteoli, M., and Montecucco, C. 2000. Neurotox-
ins affecting neuroexocytosis. Physiol. Rev. 80: 717–766.

Schmitt, C.K., Meysick, K.C., and O’Brien, A.D. 1999. Bacterial
toxins: Friends or foes? Emerg. Infect. Dis. 5: 224–234.

Schneewind, O., Model, P., and Fischetti, V.A. 1992. Sorting of
protein A to the staphylococcal cell wall. Cell 70: 267–281.

Schneewind, O., Mihaylova-Petkov, D., and Model, P. 1993.
Cell wall sorting signals in surface proteins of gram-positive
bacteria. EMBO J. 12: 4803–4811.

Lee and Schneewind

1750 GENES & DEVELOPMENT



Schneewind, O., Fowler, A., and Faull, K.F. 1995. Structure of
the cell wall anchor of surface proteins in Staphylococcus
aureus. Science 268: 103–106.

Schulein, R., Gentschev, I., Mollenkopf, H.J., and Goebel, W.
1992. A topological model for the haemolysin translocator
protein HlyD. Mol. Gen. Genet. 234: 155–163.

Segal, E.D., Cha, J., Lo, J., Falkow, S., and Tompkins, L.S. 1999.
Altered states: Involvement of phosphorylated CagA in the
induction of host cellular growth changes by Helicobacter
pylori. Proc. Natl. Acad. Sci. 96: 14559–14564.

Seydel, A., Gounon, P., and Pugsley, A.P. 1999. Testing the ’+2
rule’ for lipoprotein sorting in the Escherichia coli cell en-
velope with a new genetic selection. Mol. Microbiol.
34: 810–821.

Sharp, G.W. and Hynie, S. 1971. Stimulation of intestinal ad-
enyl cyclase by cholera toxin. Nature 229: 266–269.

Shevchik, V.E., Robert-Baudouy, J., and Condemine, G. 1997.
Specific interaction between OutD, an Erwinia chrysan-
themi outer membrane protein of the general secretory path-
way, and secreted proteins. EMBO J. 16: 3007–3016.

Shirasu, K., Morel, P., and Kado, C.I. 1990. Characterization of
the virB operon of an Agrobacterium tumefaciens Ti plas-
mid: Nucleotide sequence and protein analysis. Mol. Micro-
biol. 4: 1153–1163.

Silhavy, T.J., Casadaban, M.J., Shuman, H.A., and Beckwith,
J.R. 1976. Conversion of !-galactosidase to a membrane-
bound state by gene fusion. Proc. Natl. Acad. Sci. 73: 3423–
3427.

Silhavy, T.J., Shuman, H.A., Beckwith, J., and Schwartz, M.
1977. Use of gene fusions to study outer membrane protein
localization in Escherichia coli. Proc. Natl. Acad. Sci.
74: 5411–5415.

Silhavy, T.J., Benson, S.A., and Emr, S.D. 1983. Mechanisms of
protein localization. Microbiol. Rev. 47: 313–344.

Singer, S.J. 1990. The structure and insertion of integral proteins
in membranes. Annu. Rev. Cell Biol. 6: 247–296.

Sleytr, U.B., Messner, P., Pum, D., and Sara, M. 1993. Crystal-
line bacterial cell surface layers. Mol. Microbiol. 10: 911–
916.

Smith, W.P., Tai, P.C., and Davis, B.D. 1978. Interaction of se-
creted nascent chains with surrounding membrane in Bacil-
lus subtilis. Proc. Natl. Acad. Sci. 75: 5922–5925.

———. 1981. Bacillus licheniformis penicillinase: Cleavages
and attachment of lipid during cotranslational secretion.
Proc. Natl. Acad. Sci. 78: 3501–3505.

Smith, W.P., Tai, P.C., Murphy, J.R., and Davis, B.D. 1980. Pre-
cursor in cotranslational secretion of diphtheria toxin. J.
Bacteriol. 141: 184–189.

Soto, G.E. and Hultgren, S.J. 1999. Bacterial adhesins: Common
themes and variations in architecture and assembly. J. Bac-
teriol. 181: 1059–1071.

Spudich, G.M., Fernandez, D., Zhou, X.R., and Christie, P.J.
1996. Intermolecular disulfide bonds stabilize VirB7 ho-
modimers and VirB7/VirB9 heterodimers during biogenesis
of the Agrobacterium tumefaciens T-complex transport ap-
paratus. Proc. Natl. Acad. Sci. 93: 7512–7517.

Stachel, S.E. and Zambryski, P.C. 1986. virA and virG control
the plant-induced activation of the T-DNA transfer process
of A. tumefaciens. Cell 46: 325–333.

Stader, J. and Silhavy, T.J. 1988. A progenitor of the outer mem-
brane LamB trimer. J. Bacteriol. 170: 1973–1974.

Stanley, P., Packman, L.C., Koronakis, V., and Hughes, C. 1994.
Fatty acylation of two internal lysine residues required for
the toxic activity of Escherichia coli hemolysin. Science
266: 1992–1996.

Stanley, P., Koronakis, V., and Hughes, C. 1998. Acylation of

Escherichia coli hemolysin: A unique protein lipidation
mechanism underlying toxin function. Microbiol. Mol. Biol.
Rev. 62: 309–333.

Stein, M., Rappuoli, R., and Covacci, A. 2000. Tyrosine phos-
phorylation of the Helicobacter pylori CagA antigen after
cag-driven host cell translocation. Proc. Natl. Acad. Sci.
97: 1263–1268.

Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warre-
ner, P., Hickey, M.J., Brinkman, F.S., Hufnagle, W.O., Kowa-
lik, D.J., Lagrou, M., et al. 2000. Complete genome sequence
of Pseudomonas aeruginosa PA01, an opportunistic patho-
gen. Nature 406: 959–964.

Straley, S.C., Plano, G.V., Skrzypek, E., Haddix, P.L., and Fields,
K.A. 1993. Regulation by Ca2+ in the Yersinia low-Ca2+ re-
sponse. Mol. Microbiol. 8: 1005–1010.

Strom, M.S., Nunn, D., and Lory, S. 1991. Multiple roles of the
pilus biogenesis protein pilD: Involvement of pilD in excre-
tion of enzymes from Pseudomonas aeruginosa. J. Bacteriol.
173: 1175–1180.

———. 1993. A single bifunctional enzyme, PilD, catalyzes
cleavage and N-methylation of proteins belonging to the
type IV pilin family. Proc. Natl. Acad. Sci. 90: 2404–2408.

Sundberg, C., Meek, L., Carroll, K., Das, A., and Ream, W. 1996.
VirE1 protein mediates export of the single-stranded DNA-
binding protein VirE2 from Agrobacterium tumefaciens into
plant cells. J. Bacteriol. 178: 1207–1212.

Suzuki, T., Iino, T., Horiguchi, T., and Yamaguchi, S. 1978.
Incomplete flagellar structures in nonflagellate mutants of
Salmonella typhimurium. J. Bacteriol. 133: 904–915.

Swanson, M.S. and Isberg, R.R. 1996a. Analysis of the intracel-
lular fate of Legionella pneumophila mutants. Ann. N. Y.
Acad. Sci. 797: 8–18.

———. 1996b. Identification of Legionella pneumophila mu-
tants that have aberrant intracellular fates. Infect. Immun.
64: 2585–2594.

Takayama, K., Qureshi, N., Mascagni, P., Nashed, M.A., Ander-
son, L., and Raetz, C.R. 1983. Fatty acyl derivatives of glu-
cosamine 1-phosphate in Escherichia coli and their relation
to lipid A. Complete structure of A diacyl GlcN-1-P found in
a phosphatidylglycerol-deficient mutant. J. Biol. Chem.
258: 7379–7385.

Tamano, K., Aizawa, S., Katayama, E., Nonaka, T., Imajoh-
Ohmi, S., Kuwae, A., Nagai, S., and Sasakawa, C. 2000. Su-
pramolecular structure of the Shigella type III secretion ma-
chinery: The needle part is changeable in length and essen-
tial for delivery of effectors. EMBO J. 19: 3876–3887.

Tennent, J.M., Lindberg, F., and Normark, S. 1990. Integrity of
Escherichia coli P pili during biogenesis: Properties and role
of PapJ. Mol. Microbiol. 4: 747–758.

Thanabalu, T., Koronakis, E., Hughes, C., and Koronakis, V.
1998. Substrate-induced assembly of a contiguous channel
for protein export from E.coli: Reversible bridging of an in-
ner-membrane translocase to an outer membrane exit pore.
EMBO J. 17: 6487–6496.

Thanassi, D.G., Saulino, E.T., Lombardo, M.J., Roth, R., Heuser,
J., and Hultgren, S.J. 1998. The PapC usher forms an oligo-
meric channel: Implications for pilus biogenesis across the
outer membrane. Proc. Natl. Acad. Sci. 95: 3146–3151.

Thomas, J.D., Reeves, P.J., and Salmond, G.P. 1997. The general
secretion pathway of Erwinia carotovora subsp. carotovora:
Analysis of the membrane topology of OutC and OutF. Mi-
crobiology 143: 713–720.

Thomas, S.R. and Trust, T.J. 1995a. A specific PulD homolog is
required for the secretion of paracrystalline surface array
subunits in Aeromonas hydrophila. J. Bacteriol. 177: 3932–
3939.

Protein secretion of pathogenic bacteria

GENES & DEVELOPMENT 1751



———. 1995b. Tyrosine phosphorylation of the tetragonal
paracrystalline array of Aeromonas hydrophila: Molecular
cloning and high-level expression of the S-layer protein gene.
J. Mol. Biol. 245: 568–581.

Thorstenson, Y.R., Kuldau, G.A., and Zambryski, P.C. 1993.
Subcellular localization of seven VirB proteins of Agrobac-
terium tumefaciens: Implications for the formation of a T-
DNA transport structure. J. Bacteriol. 175: 5233–5241.

Tomasi, M., Battistini, A., Araco, A., Roda, L.G., and D’Agnolo,
G. 1979. The role of the reactive disulfide bond in the inter-
action of cholera-toxin functional regions. Eur. J. Biochem.
93: 621–627.

Tonjum, T. and Koomey, M. 1997. The pilus colonization factor
of pathogenic neisserial species: Organelle biogenesis and
structure/function relationships—A review. Gene 192: 155–
163.

Ton-That, H., Faull, K.F., and Schneewind, O. 1997. Anchor
structure of staphylococcal surface proteins. A branched
peptide that links the carboxyl terminus of proteins to the
cell wall. J. Biol. Chem. 272: 22285–22292.

Ton-That, H., Liu, G., Mazmanian, S.K., Faull, K.F., and Schnee-
wind, O. 1999. Purification and characterization of sortase,
the transpeptidase that cleaves surface proteins of Staphylo-
coccus aureus at the LPXTG motif. Proc. Natl. Acad. Sci.
96: 12424–12429.

Uchiya, K., Barbieri, M.A., Funato, K., Shah, A.H., Stahl, P.D.,
and Groisman, E.A. 1999. A Salmonella virulence protein
that inhibits cellular trafficking. EMBO J. 18: 3924–3933.

Ueno, T., Oosawa, K., and Aizawa, S. 1992. M ring, S ring and
proximal rod of the flagellar basal body of Salmonella typhi-
murium are composed of subunits of a single protein, FliF. J.
Mol. Biol. 227: 672–677.

Ulbrandt, N.D., Newitt, J.A., and Bernstein, H.D. 1997. The E.
coli signal recognition particle is required for the insertion of
a subset of inner membrane proteins. Cell 88: 187–196.

Varea, J., Saiz, J.L., Lopez-Zumel, C., Monterroso, B., Medrano,
F.J., Arrondo, J.L., Iloro, I., Laynez, J., Garcia, J.L., and Me-
nendez, M. 2000. Do sequence repeats play an equivalent
role in the choline-binding module of pneumococcal LytA
amidase? J. Biol. Chem. 275: 26842–26855.

Vitikainen, M., Pummi, T., Airaksinen, U., Wahlstrom, E., Wu,
H., Sarvas, M., and Kontinen, V.P. 2001. Quantitation of the
capacity of the secretion apparatus and requirement for PrsA
in growth and secretion of "-amylase in Bacillus subtilis. J.
Bacteriol. 183: 1881–1890.

Vogel, J.P., Andrews, H.L., Wong, S.K., and Isberg, R.R. 1998.
Conjugative transfer by the virulence system of Legionella
pneumophila. Science 279: 873–876.

Wagenknecht, T., DeRosier, D.J., Aizawa, S., and Macnab, R.M.
1982. Flagellar hook structures of Caulobacter and Salmo-
nella and their relationship to filament structure. J. Mol.
Biol. 162: 69–87.

Wagner, W., Vogel, M., and Goebel, W. 1983. Transport of he-
molysin across the outer membrane of Escherichia coli re-
quires two functions. J. Bacteriol. 154: 200–210.

Waldor, M.K. and Mekalanos, J.J. 1996. Lysogenic conversion by
a filamentous phage encoding cholera toxin. Science
272: 1910–1914.

Wallenfels, K., Bender, H., and Rached, J.R. 1966. Pullulanase
from Aerobacter aerogenes; production in a cell-bound state.
Purification and properties of the enzyme. Biochem. Bio-
phys. Res. Commun. 22: 254–261.

Wandersman, C. and Delepelaire, P. 1990. TolC, an Escherichia
coli outer membrane protein required for hemolysin secre-
tion. Proc. Natl. Acad. Sci. 87: 4776–4780.

Wang, R.C., Seror, S.J., Blight, M., Pratt, J.M., Broome-Smith,

J.K., and Holland, I.B. 1991. Analysis of the membrane orga-
nization of an Escherichia coli protein translocator, HlyB, a
member of a large family of prokaryote and eukaryote sur-
face transport proteins. J. Mol. Biol. 217: 441–454.

Ward, E. and Barnes, W. 1988. VirD2 protein of Agrobacterium
tumefaciens very tightly linked to the 5! end of T-strand
DNA. Science 242: 927–930.

Ward, J.E., Akiyoshi, D.E., Regier, D., Datta, A., Gordon, M.P.,
and Nester, E.W. 1988. Characterization of the virB operon
from an Agrobacterium tumefaciens Ti plasmid. J. Biol.
Chem. 263: 5804–5814.

Wattiau, P. and Cornelis, G.R. 1993. SycE, a chaperone-like pro-
tein of Yersinia enterocolitica involved in Ohe secretion of
YopE. Mol. Microbiol. 8: 123–131.

Wattiau, P., Bernier, B., Deslee, P., Michiels, T., and Cornelis,
G.R. 1994. Individual chaperones required for Yop secretion
by Yersinia. Proc. Natl. Acad. Sci. 91: 10493–10497.

Woestyn, S., Allaoui, A., Wattiau, P., and Cornelis, G.R. 1994.
YscN, the putative energizer of the Yersinia Yop secretion
machinery. J. Bacteriol. 176: 1561–1569.

Woestyn, S., Sory, M.P., Boland, A., Lequenne, O., and Cornelis,
G.R. 1996. The cytosolic SycE and SycH chaperones of
Yersinia protect the region of YopE and YopH involved in
translocation across eukaryotic cell membranes. Mol. Micro-
biol. 20: 1261–1271.

Wohner, G. and Wober, G. 1978. Pullulanase, an enzyme of
starch catabolism, is associated with the outer membrane of
Klebsiella. Arch. Microbiol. 116: 303–310.

Wong, K.R. and Buckley, J.T. 1991. Site-directed mutagenesis of
a single tryptophan near the middle of the channel-forming
toxin aerolysin inhibits its transfer across the outer mem-
brane of Aeromonas salmonicida. J. Biol. Chem.
266: 14451–14456.

Wösten, M.M., Kox, L.F., Chamnongpol, S., Soncini, F.C., and
Groisman, E.A. 2000. A signal transduction system that re-
sponds to extracellular iron. Cell 103: 113–125.

Wu, S.S. and Kaiser, D. 1995. Genetic and functional evidence
that Type IV pili are required for social gliding motility in
Myxococcus xanthus. Mol. Microbiol. 18: 547–558.

Yamaguchi, K., Yu, F., and Inouye, M. 1988. A single amino acid
determinant of the membrane localization of lipoproteins in
E. coli. Cell 53: 423–432.

Yanofsky, M.F., Porter, S.G., Young, C., Albright, L.M., Gordon,
M.P., and Nester, E.W. 1986. The virD operon of Agrobac-
terium tumefaciens encodes a site-specific endonuclease.
Cell 47: 471–477.

Yonekura, K., Maki, S., Morgan, D.G., DeRosier, D.J., Vonder-
viszt, F., Imada, K., and Namba, K. 2000. The bacterial fla-
gellar cap as the rotary promoter of flagellin self-assembly.
Science 290: 2148–2152.

Young, C. and Nester, E.W. 1988. Association of the virD2 pro-
tein with the 5! end of T strands in Agrobacterium tumefa-
ciens. J. Bacteriol. 170: 3367–3374.

Zambryski, P., Holsters, M., Kruger, K., Depicker, A., Schell, J.,
Van Montagu, M., and Goodman, H.M. 1980. Tumor DNA
structure in plant cells transformed by A. tumefaciens. Sci-
ence 209: 1385–1391.

Zambryski, P., Tempe, J., and Schell, J. 1989. Transfer and func-
tion of T-DNA genes from agrobacterium Ti and Ri plas-
mids in plants. Cell 56: 193–201.

Zgurskaya, H.I. and Nikaido, H. 2000. Multidrug resistance
mechanisms: Drug efflux across two membranes. Mol. Mi-
crobiol. 37: 219–225.

Zupan, J., Muth, T.R., Draper, O., and Zambryski, P. 2000. The
transfer of DNA from agrobacterium tumefaciens into
plants: A feast of fundamental insights. Plant J. 23: 11–28.

Lee and Schneewind

1752 GENES & DEVELOPMENT


