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Shigella are Gram-negative facultative intracellular pathogens that cause

bacillary dysentery.  An important aspect of Shigella pathogenesis is the ability of

the bacteria to invade intestinal epithelial cells, multiply within the eukaryotic cell

cytoplasm, and spread to adjacent cells by the polymerization of actin.  An

S. flexneri degP mutant was isolated in a genetic screen for mutants that invaded

Henle cells but did not form wild type plaques in Henle cell monolayers (51, 52).

The purpose of this study is the characterization of an S  flexneri degP

mutant.  DegP is essential for virulence in other bacterial pathogens, therefore the

role of DegP in S. flexneri virulence was investigated.  Studies with the S. flexneri

degP mutant indicated that DegP may be important for several stages of Shigella

infection including transit through the stomach, intercellular spread and bacterial

clearance by the host immune response.  In addition, due to the conserved
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function of DegP in bacterial extracytoplasmic stress response, investigations also

were undertaken into the role of S. flexneri DegP in various environmental

conditions.
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I. INTRODUCTION

A.  MOLECULAR BASIS FOR SHIGELLA FLEXNERI VIRULENCE

Shigella are Gram-negative facultative intracellular pathogens that cause

bacillary dysentery.  Infection is transmitted either person-to-person or by

contaminated food and water, and the infectious dose may be less than 100

organisms (29).  The World Health Organization recently attributed an estimated

1.1 million deaths per year to shigellosis.  Most deaths occur in children of

developing countries (60).  The four species in the genus Shigella are boydii,

dysenteriae, flexneri, and sonnei.  S. flexneri accounts for much of the endemic

disease, while epidemics are usually due to S. dysenteriae (102).

S. flexneri is the most genetically characterized of the Shigella species,

and the genomes of two independent isolates are fully sequenced (54, 153).

Comparison of the S. flexneri genomes with that of Escherichia coli K-12 reveals

a great amount of similarity.  Shigella are thought to have diverged from E. coli

50,000-270,000 years ago (108).  The phenotypic differences between E. coli and

Shigella have occurred through both the acquisition of virulence-associated genes

and the loss of certain biochemical pathways.  The primary virulence-associated

genes of Shigella are located on large virulence plasmids, and plasmid-cured

Shigella strains are avirulent (42, 125, 126).  Other virulence determinants are

located on the chromosome, sometimes in regions of horizontally transferred

DNA termed “pathogenicity islands” (54, 110, 112, 125, 146, 153).  A number of

genes in the S. flexneri genome contain mutations relative to E. coli K-12, either

from interruption by mis-sense mutations or horizontally-transferred foreign DNA
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or deletion of the gene (54, 153).  The loss of gene function can also contribute to

virulence.  For example, deletions of the cadA locus in Shigella by insertion

elements or pathogenicity islands prevent the conversion of lysine to cadaverine,

the production of which inhibits Shigella enterotoxin activity (26, 76, 110).

Route of infection

In the normal route of human infection, Shigella are ingested and pass

through the stomach to the intestine.  As shown in Figure 1, Shigella invade

through the basolateral pole of colonic epithelial cells (89).  To gain access to the

basolateral surface from the intestinal lumen, Shigella exploit M cells, specialized

epithelial cells in the follicular-associated epithelium that sample material from

the gut and deliver it to the underlying lymphoid tissue (150).  Once Shigella have

transversed the M cell, they can be taken up by macrophages, which release pro-

inflammatory cytokines and undergo apoptosis (48, 160-162).  The influx of

polymorphonuclear (PMNs) cells to the site of infection destabilizes the

epithelium, and the resulting loss of tight junction integrity allows more bacteria

to gain access to the basolateral pole of the cells.  Shigella invade colonic

epithelial cells by bacterial-induced phagocytosis, lyse the phagocytic vesicle,

multiply within the cytosol, and subsequently spread to adjacent cells by

polymerizing the eukaryotic cell actin (124).  Shigella are eventually taken up by

the PMNs where they are unable to lyse the phagocytic vesicle.  Instead, the

bacteria are delivered to a phagolysosome where enzymes and antibacterial
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Figure 1.  Invasion process of Shigella

As described in the text, Shigella gain access to the basolateral face of epithelial
cells by passing through the M cells.  Following bacterial invasion of the
epithelial cell, the Shigella lyse the vacuole, replicate within the cytosol, and
spread to adjacent cells.

A

B

C D

IL-1

E F G

Inflammatory cascade

M-cell

Macrophage

PMN

Colonic
Epithelial
Cells

A. Transcytosis by M-cell
B. Macrophage infection and apoptosis
C. PMN destabilization of epithelium
D. Invasion and lysis of the endocytic vacuole
E. Intracellular multiplication
F. Intercellular spread
G. Cell lysis
H. PMN killing of bacteria

PMN

H



4

polypeptides, including the bactericidal/permeability-increasing protein and

defensins, kill the bacteria (74).

Model systems for the study of Shigella pathogenesis

Our understanding of the molecular basis for Shigella pathogenesis has

been greatly facilitated by the use of infection models and in vivo studies.  In the

laboratory, the process of Shigella infection and host-pathogen interactions have

been studied using cultured cells.  Shigella are capable of invading epithelial cell

lines such as Henle, HeLa and Caco-2, as well as fibroblast cell lines.  The ability

of Shigella to spread intercellularly can be measured in a plaque assay where the

bacteria are allowed to invade a confluent monolayer of cells.  The bacteria

establish an infection in one cell and subsequently spread to adjacent cells,

leaving a plaque in the monolayer (92).  The inability to invade or form plaques

correlates with an avirulent phenotype.  To study the interaction of the bacteria

with the host immune system, the Sereny test for guinea pig keratoconjuctivitis or

the murine pulmonary infection model are often used (130, 145).  In the Sereny

test, the conjunctival sac of the guinea pig eye is inoculated with Shigella.

Bacteria that invade and spread cause conjunctivitis and inflammation.  Bacteria

that are unable to invade or spread from cell to cell are negative in the Sereny test.

Shigella invasion of host cells and intercellular spread

Most of the genes required for S. flexneri invasion of epithelial cells and

intercellular spread are located on the 220 kb virulence plasmid, although full

virulence also requires the expression of chromosomally-encoded genes.  A 31 kb



5

region of the S. flexneri virulence plasmid confers an invasive phenotype on

E. coli K-12 (75).  This 31 kb invasion locus encodes the Mxi-Spa Type III

Secretion System (TTSS), the secreted invasion plasmid antigens (IpaA,B,C,D)

and invasion plasmid gene IpgD, the cytoplasmic chaperone IpgC, and the

positive regulator VirB.  The Ipas and IpgD are bacterial effectors secreted by the

TTSS that mediate bacterial attachment to the host cell and induce bacterial

uptake.  The Mxi-Spa TTSS is expressed and assembled at 37oC, and secretion of

the Ipa proteins is induced upon contact with the eukaryotic cell (79).  Other

signals that activate secretion are Congo red dye and the bile salt deoxycholate

(97, 105).

Once secreted, IpaB and IpaC form a complex that appears to be important

for the initial steps of Shigella entry.  The IpaB-IpaC complex may interact with

the proposed eukaryotic cell receptor, and is thought to form a pore-like complex

in the eukaryotic cell membrane (9).  Several molecules have been suggested as a

eukaryotic receptor for Shigella invasion.  It was initially shown that a complex of

IpaBCD could bind a5b1 integrins in vitro, and overexpression of a5b1 in CHO

cells increased Shigella invasion (151).  a5b1 integrins are found on the

basolateral surface of the epithelial cells and mediate interaction between the cell

and the extracellular matrix.  More recently, the IpaBC complex has been shown

to interact with CD44, the hyaluronan receptor, which is also located on the

basolateral face of the epithelial cells (64, 134).

CD44, and perhaps integrins, are associated with eukaryotic lipid raft

microdomains that are thought to play a role in cell signaling, membrane
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trafficking and cholesterol metabolism (12, 68, 95).  The advantage of binding a

receptor in a lipid raft may be the avoidance of the lysosomal pathway or the use

of the localized eukaryotic cell signaling molecules that are implicated in

mediating the actin rearrangements required for bacterial uptake.  It has become

apparent that intracellular bacteria including Shigella, Salmonella and certain

E. coli use lipid rafts for efficient uptake into the eukaryotic cell (115).  After

initial contact with the host cell, these pathogens use a TTSS to deliver bacterial

effector proteins into the host cell.  These effector proteins interfere with normal

eukaryotic cell signaling to modulate changes in the host cytoskeleton.  The result

of this bacteria-induced signaling cascade is that actin is polymerized at the site of

bacterial attachment to form a membrane “ruffle” or protrusion that extends

around and engulfs the bacteria.  In Shigella infections, the bacteria require the

eukaryotic Rho GTPase to recruit the focal adhesion proteins ezrin and vinculin to

the attachment site and to induce membrane ruffling in an IpaA- and IpaC-

dependent manner (1, 135, 144, 152).

After it has been phagocytosed, Shigella lyse the vacuole in a process

dependent upon IpaB, and the bacteria multiply within the cytoplasm of cultured

epithelial cells approximately once every thirty minutes, which is similar to

growth in Luria broth. The TTSS and the secreted effectors are also required for

subsequent spread into the adjacent cells (129).  The ability of Shigella to spread

from cell to cell requires the expression and polar surface localization of IcsA

(VirG), another virulence plasmid-encoded protein.  icsA mutants do not form

plaques in tissue culture monolayers (8, 69, 73).  Inside the host cell, IcsA
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interacts with the eukaryotic proteins vinculin and N-WASP to nucleate assembly

of F-actin tails that propel the bacterium through the host cytosol and into

adjacent cells (Figure 2) (142, 143).  Bacterial projections into adjacent cells are

phagocytosed resulting in the formation of a double-membrane vacuole

containing the bacterium in the newly infected cell.  The bacteria lyse this second

vacuole in an Ipa-dependent manner and then multiply in the cytoplasm (113).

By spreading from cell to cell, Shigella multiply to high numbers in the host while

evading the host humoral immune response.

B.  CHARACTERIZATION OF ICSA

IcsA is a 110 kDa outer membrane protein whose amino-terminal domain

is exposed at the bacterial surface and is anchored by the carboxy-terminal portion

of the protein (34).  The amino-terminal domain of IcsA contains the regions

required for actin polymerization, although the exact residues involved have not

been identified.  IcsA is a member of the autotransporter family of outer

membrane proteins, which contains several other bacterial virulence factors,

including adherence factors and secreted proteases (46).  As the name implies,

autotransporters are believed to mediate their own translocation to the outer

membrane without periplasmic chaperones.  The carboxy-terminus forms a b-

barrel in the outer membrane, through which the amino-terminal, or “passenger

domain”, is transported and exposed on the bacterial surface (34, 35).  It is

thought that IcsA is secreted across the inner membrane by the Sec secretion

apparatus, transits the periplasm and then inserts itself into the outer membrane

(11).  Once the amino-terminal passenger domain of IcsA is exposed on the
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Figure 2.  Schematic of IcsA localization and intercellular spread

IcsA is represented by the green “caps” at the bacterial pole, and actin “tails” are
shown in red.
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bacterial surface the outer membrane protease SopA (IcsP) can cleave the 120

kDa IcsA protein at the Arg758-Arg759 residues to release a 95kDa fragment,

referred to as IcsA* (30, 34, 131).  IcsA is the major target of SopA proteolytic

activity, but the biological role of this cleavage is unclear (139).  SopA is encoded

on the Shigella virulence plasmid and has 60% amino acid identity to E. coli

OmpT.  OmpT is also able to cleave IcsA on the bacterial surface, and does so

more efficiently than SopA.  Shigella spp. are ompT mutants due to the insertion

of the DLP12 bacteriophage at the ompT locus in the Shigella chromosome.  This

is another example of the loss of gene function enhancing virulence of Shigella,

since restoring Shigella to OmpT+ by providing ompT on a plasmid results in

cleavage of IcsA from the entire bacterial surface and an inability to spread from

cell to cell (90).

Polar localization of IcsA

In actively dividing bacteria, IcsA is localized to the old pole of the

bacillus, although the mechanism for this localization is unclear (35, 36).  IcsA is

encoded on the Shigella virulence plasmid, but unipolar localization occurs in

virulence plasmid-cured strains expressing icsA from an exogenous plasmid

(123).  In addition, IcsA is localized to the pole in E. coli ompT mutants,

Salmonella enterica serovar typhimurium and Yersinia pseudotuberculosis when

icsA is expressed from a non-native plasmid.  These data suggested that the

mechanism for polar targeting was present generally in Enterobacteriacae (15, 90,

123).  Polar localization of several classes of bacterial membrane proteins other

than those involved in actin-based motility, including division-associated proteins
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and chemotaxis proteins, has been described.  Three general models have been

proposed for the specific positioning of bacterial proteins in an active manner

(62).  In the first model, the protein is inserted only at the proper location.  In the

second model, the protein is inserted into the membrane at random locations,

followed by proteolysis at sites other than the specific location.  In the third

model, referred to as “lateral sorting”, the protein is inserted randomly into the

membrane and then diffuses to a specific location where it is captured (118).

The predominant models for IcsA polar localization have been the first

model, direct targeting of the IcsA protein to one pole of the bacterium, or the

second model, uniform insertion of IcsA into the outer membrane followed by

SopA cleavage of IcsA from all sites except one pole.  The contribution of SopA

to polar IcsA localization in Shigella seems limited and the data indicate that the

second model is the less likely of the two.  The sopA mutant in S. flexneri

serotype 2a localized most IcsA at the pole and had some IcsA along the lateral

surface of the bacterium.  This mutant was reported to move more rapidly than the

wild type in the host cytosol and formed wild type plaques in tissue culture cell

monolayers (131, 139).  An IcsA mutant in which the SopA cleavage site has

been mutated has also been studied.  Fakuda et al. (34) showed that in an

S. flexneri serotype 2a strain expressing a non-cleavable IcsA, IcsA was localized

to the pole, and the bacteria expressing this IcsA cleavage mutant could form

actin tails.  This strain formed wild type plaques in eukaryotic cell monolayers

and was able to elicit a response in the Sereny test for keratoconjunctivitis,

confirming that IcsA cleavage by SopA plays a limited role in IcsA localization.
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Analysis of sopA mutants in S. flexneri serotype 5 yielded slightly

different results, indicating that there may be serotype differences in IcsA

localization or in icsA expression.  The S. flexneri serotype 5 sopA mutant

localized IcsA over the entire surface with the poles staining more intensely in

some cases, and this mutant formed smaller plaques than wild type (30).  In the

S. flexneri serotype 5 strain expressing a non-cleavable IcsA, IcsA was also

present over more of the bacterial surface.  The ability of this strain to form

plaques was not tested.  These bacteria formed actin tails that were not restricted

to the bacterial pole (21).  Collectively, these data indicate that although SopA

cleaves IcsA, it is not required for the establishment of IcsA at the pole.

Other experiments have suggested that IcsA is directly targeted to the

pole.  When icsA expression is under the control of an inducible promoter, IcsA is

first observed at the bacterial pole by immunofluorescence (139).  Another study

identified two potential domains in IcsA responsible for polar targeting.  Portions

of IcsA were translationally fused to GFP, and two regions of IcsA could each

target GFP to the bacterial pole of E. coli in the absence of a signal peptide or

Shigella-specific proteins (15).  If IcsA is actively targeted to the pole, then there

may be a mechanism for maintaining IcsA at the pole.  To further characterize the

mechanisms of IcsA targeting to the pole or maintenance at the pole, genetic

screens have been performed to determine other factors involved in these

processes (52, 113).  In doing so, mutations have been identified that affect proper

IcsA localization and/or intercellular spread including mutations in genes for

synthesis of bacterial lipopolysaccharide (LPS) side-chains and mutations in
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genes for which the defect in IcsA targeting or polar maintenance has not been

characterized.

Role of LPS in Shigella intercellular spread and virulence

A number of mutations that affect the LPS biosynthesis pathway result in

mislocalization of IcsA (52, 121, 122).  Smooth LPS consists of three regions:

lipid A, core oligosaccharide, and the serotype-specific O-antigen repeating

molecule (Figure 3).  S. flexneri LPS O-antigen mutants have been characterized

for their ability to localize IcsA at the pole and spread intercellularly.  The RfaL

protein encoded on the chromosome ligates the O-antigen to the core sugars, and

rfaL mutants that lack O-antigen side chains have a rough LPS phenotype.  The

S.!flexneri rfaL mutant appears to localize IcsA over the entire bacterial surface

and forms either pinpoint plaques or no plaques in tissue culture monolayers (52,

121).

Some S. flexneri 2a strains have two modal lengths of O-antigen repeats,

the 11-17 mode and the >90 mode.  The 11-17 modal length is determined by the

chromosomally-encoded Rol.  The very long modal length is determined by Cld, a

gene encoded on pHS2, a 3 kb plasmid present in S. flexneri 2a strains.  Mutations

in rol result in LPS made up of shorter O-antigen repeats and the very long >90

O-antigen repeating units, but lacking the 11-17 modal length.  Mutations in cld

result in LPS containing only the 11-17 modal length and lacking the >90 modal

length.  The double mutant (cld rol) resulted in a distinct LPS marked by the

presence of chains with 6-30 O-antigen repeats (52).  rol mutants form pinpoint

plaques, most likely because although IcsA is localized to the pole a reduced
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Figure 3.  LPS structure of Shigella flexneri 2a

Abbreviations:  KDO, 2-keto-2deoxyoctonate; Hep, L-glycero D-manno-heptose
phosphate; PetN, O-phosphoryl ethanolamine; GlcNAc, N-acetyl D-glucosamine;
Glc, glucose; Rha, Rhamnose.
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number of rol mutant bacteria have IcsA on the bacterial surface.  cld mutant

bacteria and cld rol double mutants had polar IcsA, and these mutants formed

wild type plaques (52, 86).

In E. coli, LPS O-antigen mutants were shown to have greater membrane

fluidity than wild type cells (116).  It was suggested therefore, that in Shigella

rough mutants that lack O antigen sidechains, diffusion of IcsA occurs along the

entire length of the bacteria.  Reduced membrane fluidity due to the presence of a

full-length O-antigen sidechains maintains IcsA at the bacterial pole (52, 121,

122).  Additional analysis of LPS mutants provided another explanation regarding

the role of LPS O-antigen sidechains.  Marona et al. (87) found the very long O-

antigen LPS sidechains, requiring the plasmid gene cld, masked IcsA from

detection by immunofluorescence.  Once the O-antigen sidechains were removed

enzymatically from wild type bacteria, IcsA could be detected over the entire

surface, similar to its appearance in the rfaL mutants.  These data suggested that

the primary role of O-antigen sidechains in IcsA localization is not to prevent

IcsA diffusion from the pole, but to mask IcsA on the bacterial surface

everywhere except at the bacterial pole where IcsA is most highly concentrated.

This study also showed that while the majority of newly synthesized IcsA was

localized to the pole, newly synthesized IcsA could also be detected along the

lateral surface of the bacteria when the O-antigen sidechains had been

enzymatically removed.  In addition, Morona et al. proposed that the very long O-

antigen chains that interfered with immunofluorescence detection of IcsA may

also interfere with actin-based motility when the bacterium is inside the host cell,
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allowing for polar actin polymerization (87).  The inaccessibility of IcsA on the

Shigella rol mutant, which expresses only the very long O-antigen sidechains may

explain the inability of these mutants to spread from cell to cell.

In addition to a role in IcsA localization, LPS of S. flexneri also plays a

role in resistance to non-specific complement-mediated serum killing.  Bacteria

expressing mutant LPS, either lacking O-antigen sidechains or containing an

altered core, were more sensitive to killing by serum to various degrees.  The very

long O-antigen side chains are important in serum resistance since cld mutants

lacking the very long O-antigen chains are sensitive to serum killing.  The rol

mutants that lack the long 11-17 modal length are less sensitive than the cld

mutants and the cld rol double mutants are the most sensitive (52).  LPS O-

antigen also correlates with the level of inflammation in the Sereny test for

keratoconjunctivitis, independent of the ability of the bacteria to spread

intercellularly.  Rough LPS mutants that lack O-antigen sidechains do not form

plaques and are avirulent in the Sereny keratoconjunctivitis test (93, 94).  The cld

mutant and the cld rol double mutant formed wild type plaques, but the cld

mutant, rol mutant, and cld rol double mutant produced weak Sereny responses

compared to wild type S. flexneri (52).

Other mutants with defects in IcsA localization or maintenance have been

isolated in a screen to identify S. flexneri mutants impaired for intercellular

spread, but the mutants are not fully characterized (51).  The S. flexneri dksA

mutant formed pinpoint plaques and mislocalized IcsA, but the role of DksA in

this process in unclear (85).  In E. coli, DksA overexpression rescued dnaK



16

mutants from killing at elevated temperatures, and DksA is thought to play a role

in stress response that is partially mediated by RpoS.  In Shigella, the pinpoint

plaque phenotype of the dksA mutant was independent of RpoS, as an S. flexneri

rpoS mutant formed wild type plaques, indicating some other mechanism for

DksA function in intercellular spread.  In the same genetic screen, a degP(htrA)

mutant was also isolated that resulted in the formation of small plaques, and an

S. flexneri degP mutant will be the focus of this study (109).
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C.  CHARACTERIZATION OF DEGP (HTRA)

Role of DegP

As suggested by the degP(htrA) nomenclature, this gene was identified in

two independent E. coli null mutant screens. The degP mutant was isolated based

on its failure to degrade misfolded fusion proteins in the periplasm (141).   The

temperature sensitive mutant htrA (high temperature requirement) was a

transposon insertion mutant impaired for growth at 42oC (72).  Subsequent studies

indicated a role for DegP in bacterial extracytoplasmic stress response including

survival in elevated temperatures, high osmolarity, oxidative stress, and acid.  In

addition to degrading misfolded proteins, DegP also is involved in protein

processing of the colicin A lysis protein (Cal) (14) and the P pilins, specifically

the PapA and PapG pilins (56, 57).

Characterization of DegP structure and function

DegP is a member of the HtrA family of proteases, which are highly

conserved among bacteria and higher organisms including yeast and humans (19,

96).  As such, DegP consists of a trypsin-like protease domain and two C-terminal

PDZ domains, motifs originally identified in the eukaryotic proteins PSD-95, Dgl,

and ZO1.  (Figure 4) (19).  The protease domain contains the catalytic triad His-

105, Asp-135, and Ser-210.  Site-directed mutagenesis of either the active site

Ser-210 or His-105 results in proteolytically-inactive DegP mutants (132).  DegP

oligomerizes to form a proteolytically-active hexamer, and the truncated

DegPD254-448 protein lacking both PDZ domains formed dimers and was
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Figure 4:  Domain Organization of E. coli DegP homologues

The protein name and size are indicated.  SS (signal sequence) and TM
(transmembrane) domains are indicated, as are the residues of the catalytic triad
(His105, Asp135, Ser210).
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proteolytically inactive (127).  While these data indicate that the PDZ domains are

required for proper oligomerization, it has also been suggested that the PDZ

domains of DegP are involved in substrate recognition, a characteristic of PDZ

domains.  PDZ domains were initially described in eukaryotic proteins as domains

involved in protein-protein interactions, and subsequent sequence analysis

indicated the presence of prokaryotic homologues (103, 104).  Using peptide

libraries, peptide-binding specificities of several PDZ domains have been

determined.  Each PDZ domain recognized a unique motif, and all recognized

peptides generally made up of hydrophobic residues, (137).  Often PDZ domains

interact with the carboxy-terminal residues of substrates.  For example, the PDZ

domain of the ClpX subunit of the ClpXP protease binds the C-terminal residues

of its substrates, the Mu transposase MuA (KKAI–COOH-) and the SsrA

degradation signal (ALAA–COOH-).  The DegS PDZ domain is thought to bind

the C-terminal residues of outer membrane proteins (XYQF-COOH-) (70, 148).

Not all ligands bind PDZ domains via their C-terminal sequence.  For example the

residues important for ClpX recognition of lO phage replication protein are near

the protein N-terminus (37).

Well-characterized substrates of E. coli DegP include the Pap pilins PapA

and PapG.  In pilus assembly, pilin subunits are secreted across the inner

membrane by the Sec secretion apparatus.  Once in the periplasm, these subunits

are stabilized by a chaperone and then delivered to the outer membrane pilin

usher complex and incorporated into the growing pilus.  In the absence of the

PapD chaperone, PapA subunits are degraded by DegP, but the subunits
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accumulate to toxic levels in a degP mutant (57).  Recently the DegP cleavage

sites were identified from a peptide scanning library of PapA.  Cleavage in all

cases was between two hydrophobic residues that would not be accessible in the

folded conformation.  In addition, the C-terminal peptide of PapA,

KSMCMKLSFS-COOH-, activated DegP degradation of this substrate.  The

mechanism of protease activation is still not clear, but the DegP PDZ domains

may preferentially interact with the C-terminal residues LSFS-COOH- (58).

The crystal structure of E. coli DegP has recently been solved, revealing a

hexameric cage structure made up of two trimers that exists in “open” and

“closed” conformations, depending on the absence or presence of a polypeptide

substrate (Figure 5) (61).  The PDZ domains from different subunits interact to

form the walls of the cage.  From this structure, it has been postulated that

unfolded polypeptides interact with the gate-keeping PDZ domains and thereby

gain access to the interior of the cage.  DegP then undergoes a conformational

change that results in the proteolysis of the substrate.  While this model has yet to

be proved, it is likely that the cage conformation of DegP limits access to the

inner cavity to unfolded proteins based upon size exclusion, since the height of

the cavity, 15Å, excludes folded proteins.

E. coli DegP has been shown to have both protease and chaperone activity

in vitro towards purified, denatured MalS and citrate synthase (138).  The switch

between the two activities is temperature-dependent with chaperone activity

predominant at low temperatures (28oC) and protease function active at and above
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Figure 5.  Crystal structure of E. coli DegP

A.  The stereo ribbon model of a DegP monomer colored as follows:  Blue, N-
terminal; Green, protease; Yellow, PDZ1; Red, PDZ2.  B.  The top and side views
of the DegP hexamer.  The “open” conformation (Molecule A) and the “closed”
or substrate bound conformation (Molecule B) of DegP.  Structure and figure
reprinted from with permission from the authors and Nature publications (61).
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37oC.  This switch may involve a conformational change that makes the active

site serine more accessible.  As mentioned above, it has been proposed that DegP

interacts with its substrates via one or both of its PDZ domains.  DegP PDZ

deletion mutants have been constructed in an effort to discern whether the PDZ

domains are involved in chaperone function.  While deletion of the entire PDZ1

or PDZ2 domain resulted in wild type chaperone activity but reduced protease

activity in in vitro assays, deletion of both PDZ domains resulted in slightly

reduced chaperone activity and no protease activity (138). It should be noted that

the deletions in these studies were based upon predictions of the DegP protein

conformation before structural data was available, and these deletions are likely to

have affected more than the PDZ domains.  A more accurate characterization of

DegP protease and chaperone activity in light of the crystal structure is currently

being undertaken with particular attention to PDZ domains and substrate

recognition (M. Ehrmann, personal communication).

D.  REGULATION OF E. COLI DEGP EXPRESSION

In E. coli, degP expression is under the control of the alternative sigma

factor sE and the Cpx two-component signal transduction system that respond to

extracytoplasmic stress (23, 24, 32).  sE is a member of the extracytoplasmic

function (ECF) sigma factor family and plays a role in maintaining the integrity of

the bacterial periplasm and outer membrane (reviewed in (111)).  In E. coli,

upregulation of outer membrane proteins, especially porins, results in an increase

of sE activity (78).  sE activity is modulated by the anti-sigma factor RseA along

with RseB and DegS (Figure 6).  RseA spans the inner membrane
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Figure 6.  sE activation

sE activity is modulated by the anti-sigma factor RseA along with RseB and DegS
as described in the text.
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and has both cytoplasmic and periplasmic domains.  The cytoplasmic domain of

RseA is thought to sequester sE until it is released to stimulate transcription of the

sE regulon (2, 3).  The periplasmic domain of RseA is stabilized by RseB, which

also binds aggregated periplasmic proteins.  Upon induction of external stress,

RseB is thought to dissociate from the RseA-sE complex and bind the

accumulated misfolded proteins, contributing to the instability of the RseA-sE

complex and leading to sE release (20).  Recently DegS was shown to be the

periplasmic stress sensor of this system and the initial steps in sE activation have

been elucidated.  The purified PDZ domain of DegS binds peptides with the motif

Y-X-F, and the C-terminal residues XYQF-COOH- are common among outer

membrane proteins (148).  A model consistent with these data suggests that DegS

is normally inactive, with its PDZ domain inhibiting function of the protease

domain.  Upon misfolding of outer membrane proteins in response to external

stress, the DegS PDZ domain binds the C-terminal residues of these misfolded

proteins.  The protease domain of DegS is then able to cleave RseA at a Val-Ser

bond in its exposed periplasmic loop, the first of several RseA cleavage events

that ultimately results in release of sE and activation of the sE regulon.  The genes

transcribed by RNAPsE include rpoE, degP, and the periplasmic folding factors

skp, dsbC, fkpA, and surA (25).

The Cpx two-component regulatory system, consisting of the sensor

kinase protein CpxA and the response regulator CpxR, also responds to

extracytoplasmic stress (Figure 7).  In E. coli, the Cpx system is activated by the

overproduction of the outer membrane lipoprotein NlpE and the pilins PapE and
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Figure 7.  Activation of CpxRA

The Cpx two-component regulatory system, which responds to extracytoplasmic
stress, also regulates expression of degP.
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PapG, as well as high pH and lipid intermediate accumulation in the inner

membrane (22, 23, 57, 81, 136).  CpxA autophosphorylates upon activation, then

phosphorylates CpxR, which then upregulates expression of target genes.  The

CpxAR regulatory system upregulates the expression of degP, dsbA, ppiA (rotA),

and cpxP, a gene transcribed divergently from cpxAR (23, 24).  Recent genome

analysis indicated that the Cpx regulon may comprise over 100 genes (27).

Activation of the Cpx pathway is not completely understood, although it is

thought that CpxP in addition to an unknown periplasmic factor negatively

regulate the Cpx pathway.  It has been suggested that CpxP associates with CpxA

at the periplasmic face of the inner membrane in nonstress conditions. Upon

envelope stress, CpxP is removed from CpxA and binds misfolded proteins in the

periplasm, allowing for activation of the Cpx pathway (22, 27).  In this model, the

role of CpxP is similar to that of RseB in sE release and activation.  In summary,

both sE and the Cpx signal transduction system are involved in bacterial

extracytoplasmic stress response.  While the two systems respond to slightly

different activation signals, their downstream targets do partially overlap and

include degP.

E.  PERIPLASMIC FOLDING FACTORS

Several periplasmic factors are involved in protein folding and targeting of

proteins to the outer membrane, including disulfide bond catalyzing proteins (Dsb

proteins), peptidyl-prolyl cis-trans isomerases (PPIases), and chaperones.  SurA, a

member of the parvulin family of PPIases, functions as a chaperone independent

of PPIase activity.  surA mutants show outer membrane defects (7, 67, 84, 117).

Skp (OmpH, HlpA) was identified as a periplasmic chaperone that maintains the
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solubility of outer membrane protein periplasmic intermediates, and skp mutants

have a reduced concentration of proteins in the outer membrane (17, 128).

Recently, genetic studies have shown that double mutations in degP and surA and

in surA and skp result in a lethal phenotype.  It has therefore been suggested that

there are two periplasmic chaperone pathways, the first consisting of DegP and

Skp, and the other consisting of SurA (114).

F.  ROLE OF DEGP-IN BACTERIAL VIRULENCE

There is a role for DegP in bacterial pathogenicity as well as bacterial

stress responses, as summarized in Table 1.  Briefly, bacteria that establish a niche

inside the eukaryotic cell, particularly inside macrophages, may require DegP for

wild type survival inside the host and for virulence.  The Salmonella enterica

serovar Typhimurium htrA mutant was identified in a screen of TnphoA

transposon mutants that were attenuated in an oral infection of mice (55).

Brucella abortus, Legionella pneumophila, and Yersinia degP mutants also show

reduced survival within either macrophages or in animal models.  Legionella

pneumophila htrA mutants were unable to replicate within cultured mammalian

cell lines and showed reduced multiplication and persistence in a mouse

intrapulmonary model of infection.  However, the L. pneumophila htrA mutant

was not defective for growth in the amoeba, its other host organism (99).  A role

for DegP in the virulence of the Gram-positive pathogen Streptococcus pyogenes

has also been shown in a mouse systemic infection model (56).   DegP, which is
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Table 1.  The role of DegP homologues in environmental stress response and
virulence

DegP homologue Environmental
stress response

Virulence of mutants
(model)

Reference

E. coli
DegP (HtrA) T, OX, HO (72, 133)
DegS (HhoA) (147)
DegQ (HhoB) (147)

Salmonella enterica serovar typhimurium
HtrA OX Attenuated (mouse) (16, 55)

Yersinia entercolitica
GsrA (HtrA) T, OX, HO Attenuated (mouse) (71, 156)

Yersinia pestis
HtrA T, OX Attenuated (mouse) (154)

Brucella abortus
HtrA T, OX Wild type (mouse) (101)

Pseudomonas aeruginosa
MucD T, OX Attenuated

(Arabidopsis,
mouse, C. elegans)

(10, 157)

AlgW T, OX Wild type (mouse) (10)

Legionella pneumophila
HtrA T, HO Attenuated (mouse);

Wild type (amoeba)
(99)

Streptococcus pyogenes
DegP T, OX Attenuated (mouse) (56)

T=temperature, OX=oxidative stress, HO=High osmolarity
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predicted to be surface-exposed in S. pyogenes, may process secreted proteins

from the pro-form to the active form as described in Lactococcus lactis (106).

G.  ROLE OF EXTRACYTOPLASMIC STRESS RESPONSE AND PERIPLASMIC

FOLDING FACTORS IN SHIGELLA VIRULENCE

The expression of Shigella virulence-associated genes is regulated in

response to a number of environmental cues that correlate with presence in the

host environment.  These include a response to an increase in temperature to

37oC, mediated by H-NS, and an increase in osmolarity, mediated by OmpR-

EnvZ (28, 77).  In Shigella sonnei, it has been shown that the Cpx system is

involved in the response to low pH, which would be encountered in the human

stomach.  CpxAR regulates the expression of virF, a virulence-plasmid gene

encoding a transcriptional activator of virB and icsA (91).  VirB, another plasmid-

encoded regulator, directly activates the transcription of the ipa and mxi/spa loci.

The Cpx system also positively regulates expression of other genes

required for full virulence.  For example, the disulfide bond catalyzing protein

DsbA is required for S. flexneri intercellular spread.  dsbA mutants invade with

the same efficiency as wild type, but grow more slowly than wild type in the

intracellular environment.  When the dsbA mutant forms protrusions into the

adjacent cells, the bacteria disintegrate following lysis of the second vacuole due

to a defect in the Mxi/Spa TTSS system (158).  DsbA is required for folding of

Spa32, a component of the TTSS, and it is thought that bacterial death is due to

inefficient secretion of the Ipa proteins required for lysis of this second vacuole

(159).  A DsbA homologue, TcpG, is required for processing of virulence-

associated proteins in V. cholerae, including toxin co-regulated pilus, cholera
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toxin and a secreted protease (100).  These findings demonstrate that periplasmic

folding factors, while not directly involved in pathogenesis, are important for

processing and secretion of some virulence factors.

H.  PURPOSE OF THIS STUDY

The purpose of this study is the characterization of an S. flexneri degP

mutant.  The role of DegP in S. flexneri virulence was investigated because DegP

is essential for virulence in other bacterial pathogens, and an S. flexneri degP

mutant was isolated in a genetic screen for mutants that invaded Henle cells but

did not form wild type plaques in Henle cell monolayers (51, 52).  In addition,

due to the conserved function of DegP in bacterial extracytoplasmic stress

response, investigations also were undertaken into the role of S. flexneri DegP in

various environmental conditions.
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II.  MATERIALS AND METHODS

A.  BACTERIAL STRAINS AND PLASMIDS

Bacterial strains are described in Table 2 and Table 3, and plasmids are

described in Table 4.

B.  MEDIA AND GROWTH CONDITIONS

E. coli strains were routinely cultured at 37oC in Luria broth containing

10!g tryptone, 5 g yeast extract, and 10 g sodium chloride per liter or on L-agar

plates.  For solid media 15 g agar /L broth was added.  S. flexneri strains were

routinely cultured in Luria broth at 37oC or grown on TSB (Trypticase Soy Broth;

Becton Dickinson, Sparks, MD) agar plates containing 0.01% Congo red dye to

differentiate between colonies that do bind Congo red (Crb+) from those that do

not (Crb-).  Antibiotics were used at the following concentrations as necessary:

30 mg/ml chloramphenicol, 125 mg/ml carbenicillin, 50 mg/ml kanamycin,

30!mg/ml tetracycline, and 200 mg/ml streptomycin.  Permanent stocks of bacterial

strains were maintained at –80oC in TSB broth containing 20% glycerol.

For High Osmolarity Luria broth (HOLB), sucrose was added to a final

concentration of 0.464 M.  For Low Osmolarity Luria broth (LOLB), the amount

of sodium chloride was reduced to 5 g/L.  Intracellular Salts Media (ISM), a

medium mimicking the intracellular condition, was prepared as described

previously (45) and contains 170 mM potassium phosphate, 0.5 mM magnesium

sulfate, 1 mM calcium chloride, 6 mM potassium sulfate, 5 mM ammonium
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Table 2.   Shigella strains

Strain Relevant characteristics Source or
reference

SA100 S. flexneri serotype 2a, Crb+ a (98)

SA101 Non-invasive virulence plasmid mutant
of SA100, Crb-

(66)

SA202-4 SA100 ipaC::TnphoA V. Headley

SA222-7 SA511 icsA::TnphoA (109)

SA555-38 SA100 rfaL::TnphoA (52)

SA222-89 SA511 degP::TnphoA (109)

SA511 SA100 pHS2::cm (44)

SA514 SA100 DpHS2 (52)

SC403 M90T DipaBWspec (47)

SF622 M90T DipaD::aph mutant (80)

SM100 Streptomycin-resistant SA100 derivative S. Seliger

SM1100 SM100 degP::cm (109)

SM100A SM100 virulence plasmid mutant, icsA,
sopA, Crb-

This work

SM1100A SM1100 virulence plasmid mutant, icsA,
sopA, Crb-

This work

SM1130 SM100 narG::cm This work

a The Congo red binding phenotype correlates with the presence of the Shigella
virulence plasmid.
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Table 3.  E. coli strains

Strain Relevant characteristics Source or
reference

DH5a E. coli K-12 (120)

DH5alpir E. coli K-12 lpir R6K strain (120)

SM10lpir E. coli lpir R6K strain (82)

BL21(DE3)/plysS E. coli host strain for protein expression Novagen

AB1515 E. coli K-12 C.F. Earhart

UT4400 AB1515 DompT (31)

KS474 degP::kan (6)

GPE100 AB1515 degP::kan (109)

GPE101 UT4400 degP::kan (109)
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Table 4.  Plasmids

Plasmid Relevant characteristics Source or
reference

pGEM-T easy Cloning vector, CbR Promega
(Madison, WI)

pBluescript (SK-) High-copy number cloning vector Stratagene (La
Jolla, CA)

pWKS30 Low-copy number cloning vector (149)

pCVD442N2 Suicide vector pCVD442 with a NotI
restriction site in the multi-cloning site,
sacB

E. Wyckoff

pHM5 Suicide vector pGP704 containing sacB (119)

pMTLcam Source of chloramphenicol-resistance
gene

(155)

pET21b T7 RNA polymerase expression vector
for C-terminal HIS tag

Novagen

pBAD30 Arabinose-inducible expression plasmid (40)

pCS20 DegP-HIS under control of Ptac promoter (138)

pAB20 DegPD40-76-HIS under control of Ptac
promoter

M. Ehrmann

pAB22 DegPD189-195-HIS under control of Ptac

promoter
M. Ehrmann

pAB23 DegPD275-286-HIS under control of Ptac

promoter
M. Ehrmann

pHS2 3 kb plasmid in some S. flexneri serotype
2a strains carrying cld

pGP25.1 degP PCR product cloned into pGEM-T
easy

(109)

pGP25.2 degP from pGP25.1 cloned into the NotI
site of pWKS30

(109)
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pGP24.4 pGP25.1 with the chloramphenicol
cassette from pMTLcam cloned into the
BclI site

This work

pGP25.5 degP::cm cloned as a blunt fragment into
the EcoRV site of pHM5

(109)

pGP25.6 degP from pGP25.2 cloned as a SalI-
SphI fragment into pACYC184

(109)

pGP38.1 icsA cloned in pWKS30 (109)

pGP43.4 degPS210A cloned into pWKS30 (109)

pGP44.5 degPS210A cloned into pET21b for protein
purification

(109)

pGP44.7 degP cloned into pET21b for protein
purification

(109)

pGP56.4 S. flexneri skp in pBluescript SK- This work

pGP58.2 Arabinose inducible icsA expression
plasmid

This work

pGP60.1 S. flexneri surA in pBluescript SK- This work

pGP68.3 narG::cm cloned into pCVD442N2 as a
NotI fragment

This work
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sulfate, 5 mM sodium chloride, 0.4% w/v glucose, and 2 mg/mL nicotinic acid.

Shigella 10X MM9 was used as a base for minimal broth and solid media and

contains 0.3 g/L monobasic potassium phosphate, 0.5 g/L sodium chloride, 1 g/L

ammonium chloride, 121 g/L Tris.  Minimal media contained 1XMM9 salts at

pH!7, 3.02% PIPES, 0.6% sodium hydroxide, 1mM magnesium chloride, 0.1 mM

calcium chloride, 2 mg/mL nicotinic acid, 2 mg/mL tryptophane, 0.2 mg/mL

thiamine, 0.0005% 2-deoxyadenosine, and 0.4% glucose or 0.4% glycerol.

C.  ISOLATION OF CHROMOSOMAL AND PLASMID DNA

Chromosomal DNA from S. flexneri was isolated using the Qiagen

Genomic DNA Isolation kit (Qiagen; Valencia, CA) following the manufacturer’s

instructions.  Plasmid DNA was isolated from bacterial strains using the Qiaprep

Spin Miniprep kit (Qiagen) following the manufacturer’s instructions.

D.  POLYMERASE CHAIN REACTION (PCR)

PCR reactions were performed in a Perkin Elmer GeneAmp 2400 or in an

MJ Research PTC-200.  PCR reactions were performed in Taq polymerase buffer

(Qiagen) containing 10 mM each dNTP, 10 mM each primer and 2.5 U Taq DNA

polymerase.  Primers were obtained from IDT DNA (Coralville, IA), and primer

descriptions and sequences are described in Table 5.  On some occasions PCR

was performed using a 10:1 ratio of Taq (Qiagen) and Pfu (Stratagene) DNA

polymerases in Qiagen Taq PCR buffer.  In most cases, PCR reactions consisted

of thirty cycles with an annealing temperature of 50oC and an extension time of

0.5 min/kb product at 72oC.
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Table 5.  Oligonucleotides

Oligonucleotide

name

Sequence

tnPhoA1 5’-ATATCGCCCTGAGCAG-3’

TnPhoA2 5’-CAACCGGTGTCAAAACC-3’

htrA6602 5’-TCATCATTTGCACGAAGC-3’

htrA9612 5’-CACCACCATTTCGGTTAG-3’

degPser210ala1 5’-CACCACCGGCGTTACCAC-3’

degPser210ala2 5’-GTGGTAACGCCGGTGGTG-3’

EcoRIIcsA 5’-GGAATTCCTTGCGGTTTGAAGCAGAC-3’

BamHIIcsA 5’-GCGGATCCGCTTCCTGTGTAACGCCAAG-3’

icsASDIcsA 5’-GGGAATTCCTGATAATATAGTGCATGAATCAAATTCAC-3’

icsARIstop 5’-GCGAATTCTCAGAAGGTATATTTCAC-3’

degPNdeI 5’-GGAGATATACATATGAAAAAAACCACATTAGCAC-3’

degPBglII 5’-GCTTCAGATCTTGCATTAACAGGTAGATGG-3’

surA3073RI 5’-GGAATTCCCGTTGAGTTTCATCCC-3’

surA5355RI 5’-GGAATTCAATGCGAACAAGCAAGC-3’

narG8114 5’-TAACGGGTTCGCCAGTAG-3’

narG9953 5’-TTCCAGTTCCACTTTGTTG-3’
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RIskp0366 5’-CGGAATTCCGAAAGCAGTTTACTTC-3’

BamHIskp1881 5’-GCGGATCCTGGTTACGTTCGCCCAGAG-3’

Underlined residues are restriction enzyme recognition sites incorporated into the
primer to facilitate cloning.
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E.  INVERSE PCR

Inverse PCR was performed on SA222-89 to determine the gene into

which the transposon TnphoA inserted.  Chromosomal DNA was isolated,

digested with TaqI restriction enzyme, ligated into circular DNA, and PCR was

performed using the primers tnPhoA1 and tnPhoA2 that are located within

TnphoA.  DNA sequencing was performed by the DNA Core facility of the

Institute for Cellular and Molecular Biology using an ABI Prism 377 automatic

sequencer.  The obtained DNA sequence was compared to the Genbank database

using the BLASTN algorithm (4).

F.  TRANSFORMATION OF BACTERIAL STRAINS

1.  Preparation of calcium chloride competent E. coli cells

An overnight culture of E. coli was subcultured 1:100 into 50 mL of Luria

broth and grown with shaking until the A600 reached 0.5.  Cells were harvested by

centrifugation at 3,000 x g at 4oC for 10 minutes.  After removing the supernatant,

the pellet was resuspended in 20 mL of cold 100 mM calcium chloride.  Cells

were centrifuged at 3,000 x g as before, then resuspended in a final volume of 500

ml of calcium chloride solution containing 60 mM calcium chloride, 15%

glycerol, 10 mM PIPES (pH 7).  One hundred microliters of cells were incubated

with 100 ng of DNA on ice, and subsequently heat shocked for 75 seconds in a

42oC water bath.  One milliliter of Luria broth was added to the transformed cells

and the cells were allowed to recover at 37oC for 30 minutes before plating on

selective media and incubating overnight at 37oC.
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2.  Preparation of electrocompetent E. coli and S. flexneri cells

An overnight culture of E. coli or S. flexneri was subcultured 1:100 into

50!mL of Luria broth and grown shaking until the A600 reached 0.5.  Cells were

harvested by centrifugation at 3,000 x g at 4oC for 10 minutes.  After removing

the supernatant, the pellet was resuspended in 20 mL cold, sterile Milli-Q water.

Cells were centrifuged at 3,000 x g as before, and resuspended in a final volume

of 500 ml cold 10% glycerol.  One hundred nanograms of DNA in a volume of

less than 10 ml was added to 100 ml of cells in a pre-chilled 0.2 cm Gene Pulser

Cuvette (Bio-Rad, Hercules, CA).  Cells were electroporated at 2.5 kV, 25 mF,

and 200 W, and after the pulse, the bacteria were allowed to recover in Luria broth

for 30 minutes before plating on selective media and incubating overnight at

37oC.

G. TRANSDUCTION

P1 transduction (107) was used to generate the following strains:  GPE100

and GPE101.  P1 was amplified on E. coli RM1058 to generate a P1 stock with a

titer of 2x1010 pfu/mL on E. coli.  For P1 transduction, the donor strain was grown

to late-logarithmic phase in Luria broth containing 5 mM calcium chloride and

100 mL of culture was added to 100 mL of the P1 stock in soft agar (Luria broth

containing 0.75% agar and 5 mM calcium chloride) and overlayed on a fresh L

agar plate.  This plate was incubated at 37oC until the bacterial lawn lysed.  P1

was harvested by soaking the overlay with 2-3 mL Luria broth.  The soft agar

containing P1 was removed to an Oak Ridge tube, 1 mL chloroform was added,

the tube was vortexed for 1 minute, then centrifuged at 12,000 x g for 10 minutes.

The supernatant containing P1 was transferred to a fresh tube and stored at 4oC
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over chloroform.  The titer of these P1 lysates grown on E. coli was ~1x1010

pfu/mL.  The recipient strain was grown in Luria broth containing 5 mM calcium

chloride to mid-logarithmic phase at 37oC.  One milliliter of culture was added to

1 mL of calcium/magnesium solution containing 100 mM magnesium sulfate and

5 mM calcium chloride, and 100 ml P1 lysate grown on the donor strain was

added.  Following incubation at 37oC for 1 hour, the cells were centrifuged at

12,000 x g for 5 minutes.  The pellet was resuspended in 1 mL Luria broth

containing 50 mM sodium citrate and incubated at 37oC for 1 hour before plating

to selective media and incubating overnight at 37oC.

H.  PLASMID CONSTRUCTION

1.  Construction of degP plasmids

To clone S. flexneri degP, PCR was performed using primers htrA6619

and htrA9602, and the PCR product was cloned into pGEM-T easy to generate

pGP25.1.  degP was then cloned into pWKS30 as a NotI fragment resulting in the

low-copy number plasmid pGP25.2.  degP was also cloned into pACYC184 as

SalI-SphI fragment to generate pGP25.6 that was used to complement the E. coli

degP mutants.

2.  Construction of degPSer210Ala point mutant

To introduce a mutation changing the putative active site Ser-210 to an

Ala in S. flexneri DegP, splice-overlap PCR was performed (50).  PCR was

performed using a 10:1 mixture of Taq and Pfu DNA polymerases with the

Qiagen Taq PCR buffer and using primers degPSer-Ala1 and degPSer-Ala2 with

htrA6602 and htrA9612, respectively, to generate two overlapping fragments each
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containing the mutation encoding the Ala codon.  The resulting PCR products

then were used as template for a second PCR using htrA6602 and htrA9612 to

amplify the entire degPSer210Ala gene.  The second PCR product was digested with

SalI and KpnI and cloned into pWKS30, generating pGP43.4.  pGP43.4 sequence

analysis indicated that the Ser-210 codon had been changed to one encoding Ala,

but no other nucleotide changes had occurred.

3.  Construction of IcsA expression plasmids

For IcsA localization in E. coli strains, icsA was expressed from the

plasmid pGP38.1 that was constructed as follows.  icsA was amplified by PCR

using primers EcoRIIcsA and BamHIIcsA, and the PCR product was digested

with EcoRI-BamHI and cloned into pWKS30 (149) generating pGP38.1.  For

inducible icsA expression, icsA was amplified by PCR using primers icsASDRI

and icsARIstop, digested with EcoRI and inserted into the EcoRI site of pBAD30

generating pGP58.2.  SM100A/pGP58.2 and SM1100A/pGP58.2 strains were

grown until A600 = 0.6, then arabinose was added to 0.1 mM to induce icsA

expression.

4.  Construction of plasmids for purification of DegP-HIS and DegPSer210Ala-
HIS

To construct the expression vectors pGP44.5 and pGP44.7, degP and

degPSer210Ala were amplified from SA100 and pGP43.4 respectively using the

primers degPNdeI and degPBglII.  PCR was performed using a 10:1 ratio of Taq

and Pfu DNA polymerases in Qiagen Taq PCR buffer.  PCR products were

digested with NdeI and BglII and cloned into the NdeI and BamHI site of pET21b.
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The sequences of pGP44.5 and pGP44.7 were confirmed by nucleotide

sequencing.

5.  Construction of skp and surA plasmids

For cloning of skp and surA, the genes were amplified from S. flexneri

SA100 by PCR using a 10:1 ratio of Taq and Pfu DNA polymerases as before.

To construct pGP56.4, skp was amplified using primers RIskp0366 and

BamHIskp1881.  The PCR product was digested with BamHI and EcoRI and

cloned into the BamHI-EcoRI sites of pBluescript.  To construct pGP60.1, surA

was amplified using primers surA3073RI and surA5355RI.  The PCR product was

digested with EcoRI and cloned into the EcoRI sites of pBluescript.  The clones

were verified by sequence analysis.

I.  MUTANT CONSTRUCTION

1.  Allelic exchange mutant SM1100 (degP::cm)

SM1100 was constructed by allelic exchange as follows:  the

chloramphenicol cassette from pMTL24cam was inserted as a BamHI fragment

into the BclI site of degP cloned in pGP25.1 to generate pGP25.4.  degP::cm was

then cloned as a blunt NotI fragment into the EcoRV site of suicide vector pHM5

that contains the sacB gene for counter-selection.  This recombinant plasmid,

pGP25.5, was delivered by conjugation from SM10lpir to S. flexneri SM100.

Double-crossover events were selected as colonies that were both sucrose and

chloramphenicol resistant, but carbenicillin sensitive.  This mutant, designated

SM1100, was shown to have the chromosomal degP::cm by PCR.
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2.  Allelic exchange mutant SM1130 (narG::cm)

SM1130, the S. flexneri narG::cm mutant, was constructed as follows:

narG was amplified by PCR using the primers narG8114 and narG9953 and

cloned into the pGEM T-easy vector generating pGP68.1.  In pGP68.2, the

chloramphenicol cassette from pMTL24cam was inserted as a BamHI fragment

into the BclI site of narG, and narG::cm was cloned as a NotI fragment into the

NotI site of the suicide vector pCVD442N2.  The resulting plasmid, pGP68.3, was

delivered by conjugation from DH5alpir to S. flexneri SM100.  Double crossover

events were selected as colonies that were both sucrose and chloramphenicol

resistant, but were sensitive to carbenicillin.  The mutant SM1130 was confirmed

phenotypically, and shown to have narG::cm on the chromosome by PCR.

J.  TISSUE CULTURE CELL INVASION AND PLAQUE ASSAYS

Henle cells (Intestinal 407, American Type Culture Collection (ATCC))

were cultured in Earle’s minimal essential medium (MEM) (Invitrogen)

containing 10% tryptose phosphate broth (Difco); 2mM glutamine, 0.1 mM

nonessential amino acids, and 10% fetal bovine serum (Invitrogen). Caco-2 cells

(ATCC) were cultured in MEM containing 1.0 mM sodium pyruvate, 0.1 mM

nonessential amino acids, 1.5 g/L sodium bicarbonate, 20% fetal bovine serum.

Cells were routinely washed with phosphate-buffered saline (PBS-D) containing

26.5 mM potassium chloride, 137 mM sodium chloride, 1.5 mM monobasic

potassium phosphate and 8 mM dibasic potassium phosphate (pH 7.5).  Cells

were grown in 5% CO2 atmosphere at 37oC.

The ability of S. flexneri to invade Henle cells was determined by the

procedure of Hale and Formal (41).  Semiconfluent monolayers of Henle cells in
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10 cm2 plates were infected with 2x108 bacteria, centrifuged for 10 minutes at

1000 rpm in an IEC Centra GP8 centrifuge, then incubated for 15 minutes in 5%

CO2 atmosphere at 37oC.  The monolayers were then washed three times with

PBS-D.  Fresh MEM plus supplements and the antibiotic gentamycin at 20 mg/mL

final concentration was added, and the cells were incubated for an additional hour.

Monolayers were washed with PBS-D and stained with Wright-Geimsa (Camco

Quick Stain II).  Infected monolayers were observed using a 100X oil immersion

objective.  The percent invasion was calculated as the percent of Henle cells

containing 3 or more bacteria.  To determine the rate of intracellular

multiplication, monolayers were infected with bacteria in duplicate as above and

at 30 minute intervals following the addition of gentamycin, one infected

monolayer was stained and the other monolayer harvested by the addition of

0.025% (w/v) trypsin.  The number of Henle cells was counted from the harvested

monolayer, and the number of intracellular bacteria was determined by lysing the

Henle cells with 0.5% (w/v) sodium deoxycholate (DOC) and plating serial

dilutions of the contents.  Bacterial cfu/Henle cell was calculated as:  total

bacterial cfu recovered/(total number of Henle cells harvested)(% Henle cells

infected).

Plaque assays on Henle and Caco-2 cells were performed as described by

Oaks et al. (92).  Confluent monolayers of Henle cells grown in 10 cm2 plates

were infected with 103 or 104 bacteria, centrifuged for 10 minutes at 1000 rpm in

an IEC Centra GP8 centrifuge, then incubated for 1 hour in 5% CO2 atmosphere

at 37oC. The monolayers were then washed three times with PBS-D and an

overlay containing MEM plus supplements, 0.5% agarose, 0.45% glucose and
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20!mg/mL gentamycin was added to the monolayers.  After incubation in 5% CO2

atmosphere at 37oC for 3 days, the overlays were removed by the injection of

methanol under the agarose layer and the monolayers were stained with Wright-

Geimsa (Camco Quick Stain II).  Plaque diameter was measured with a ruler.

K.  APOPTOSIS IN MACROPHAGES

The macrophage-like cell line J774A.1 (ATCC) was cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4 mM glutamine,

0.45% glucose, 0.15% sodium bicarbonate and 10% fetal bovine serum.  Cells

were grown in 5% CO2 atmosphere at 37oC.   Infections were performed in the

same manner as the Henle cell infection, and macrophages were tested for the

onset of apoptosis one hour after infection using the ApoAlert Annexin V-FITC

Apoptosis Kit (Clontech, Palo Alto, CA) following the manufacturer’s

instructions.  The mean fluorescence of macrophages was determined by

fluorescence activated cell sorting (FACS), and the mean fluorescence of 10,000

cells is reported.

L.  FLUORESCENCE MICROSCOPY

Fluorescence microscopy was performed on an Olympus BX41

microscope and a Leica TCS 4D confocal laser scanning microscope.  Images

were taken with the same exposure time over an entire experiment.

1.  Indirect immunofluorescence labeling of IcsA

Rabbit polyclonal antibody against IcsA (Rabbit 35) was obtained from

Dr. Edwin Oaks (Walter Reed Army Institute of Research).  Bacterial strains were

grown to late logarithmic phase, centrifuged, washed two times with PBS-D, then
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fixed in PBS-D containing 4% paraformaldehyde for 15 minutes.  Then the

bacteria were washed twice with PBS-D, resuspended in 100 mL of IcsA

antiserum diluted 1:100 in PBS-D and incubated for one hour.  After three washes

in PBS-D, the bacteria were resuspended in 100 mL of FITC-conjugated goat anti-

rabbit secondary antibody diluted 1:100 in PBS-D and incubated for one hour

shielded from light.  The bacteria were washed twice with PBS, then resuspended

in a final volume of 100 mL.  One to ten microliters of this suspension  was air

dried on a slide.  Coverslips were mounted on the slide in mounting media

containing PBS-D pH 8, 0.1% phenylenediamine and 90% glycerol.

To label intracellular bacteria, Shigella-infected Henle cells grown on

coverslips were first washed three times with PBS-D, then fixed in 4%

paraformaldehyde.  After two washes in PBS-D, cells were permeabilized by

incubating the coverslips cell-side-down on 50 mL of PBS-D containing 0.2%

Triton X-100 for 15 minutes.  After two washes in PBS-D, the coverslips were

placed cell-side-down on 50 mL of IcsA antisera diluted 1:100 in PBS-D and

incubated for one hour.  Coverslips were then washed three times with PBS-D.

The coverslip was then placed cell-side-down on 50 mL of FITC-conjugated

secondary antibody diluted 1:100 in PBS-D and incubated for one hour shielded

from light.  Coverslips were mounted on the slide in mounting media as above.

2.  Actin staining

To stain F-actin in the eukaryotic cell, Shigella-infected Henle cells grown

on coverslips were first washed three times with PBS-D and fixed in 4%

paraformaldehyde. After two washes in PBS-D, cells were permeabilized by

incubating the coverslips cell-side-down on 50 mL PBS-D containing 0.2% Triton
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X-100 for 15 minutes.  After two washes in PBS-D, the coverslips were placed

cell-side down on 50 mL of PBS-D containing 50 mg/mL TRITC-phalloidin

conjugate (Sigma, St. Louis, MO) for 45 minutes. Coverslips were then washed

three times with PBS-D.  The coverslip was then mounted on a slide in mounting

media as above.

M.  CELL FRACTIONATION

1.  Isolation of inner and outer membrane fractions

A 50 mL culture of S. flexneri was grown to A595 = 1.0 and harvested by

centrifugation at 8,000 x g for 15 minutes at 4oC.  The bacterial pellet was

resuspended in 5 mL of 10 mM HEPES buffer pH 7.4 and frozen at –80oC. After

thawing, a Complete‰ EDTA-Free protease inhibitor cocktail pellet (Boehringer

Mannheim) was added, and the bacteria were sonicated with six 30 second pulses.

Unbroken cells were removed by centrifugation at 8,000 x g for 20 minutes at

4oC.  The supernatant containing the broken cell extract was then centrifuged at

100,000 x g for 45 minutes at 12oC to collect the total membranes (53).  The

membrane pellet was washed once with 1 mL of Milli-Q water, then resuspended

in 150 mL of Milli-Q water.  An aliquot of the total membrane fraction was

removed, then Sarkosyl was added to the remainder at a final concentration of

0.5% and incubated at room temperature for 20 minutes to solubilize the inner

membrane fraction (33).  The Sarkosyl-treated membranes were then centrifuged

at 100,000 x g for 45 minutes at 12oC.  The supernatant was retained as the inner

membrane fraction, and the pellet containing the outer membrane fraction was

then re-extracted by resuspending in 1 mL Milli-Q water containing

0.5%!Sarkosyl, and after incubation at room temperature for 20 minutes,
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centrifuged at 100,000 x g for 45 minutes at 12oC.  The pellet containing the outer

membrane fraction was resuspended in a final volume of 100 mL of Laemmli

sample buffer.  Fractions were analyzed by SDS-PAGE.

2.  Isolation of periplasmic proteins from spheroplasts

Periplasmic proteins from late logarithmic phase bacteria were isolated by

lysozyme-EDTA treatment as described by Kaback (59). Bacteria were

centrifuged at 5,000 x g for 10 minutes, then resuspended to an A600 = 10 in a

buffer containing 30 mM Tris-HCl pH 8, 20% sucrose and 10 mM EDTA.

Lysozyme was added to 50 mg/ml and the cells were incubated for 1 hour while

stirring.  Microscopy confirmed that the bacteria had a rounded appearance

indicating that they became spheroplasts.  The spheroplasts were centrifuged at

3,000 x g for 10 minutes, and the supernatant was collected as the soluble

periplasmic proteins and analyzed by SDS-12% PAGE.

3.  Secreted proteins

Secreted proteins in the culture supernatants were precipitated by the

addition of trichloroacetic acid (TCA) to the final concentration of 10%.  Proteins

were resuspended in Laemmli sample buffer and analyzed by SDS-12% PAGE.

N.  SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS
(SDS-PAGE) AND ANALYSIS BY STAINING

Whole-cell, membrane fractions and secreted proteins were normalized to

the number of bacterial cells and analyzed by SDS-12% PAGE in the Laemmli

buffer system (63).  Gels were stained with 0.5% Coomassie Blue R-250 (Bio-

Rad).  For more sensitive detection, gels were silver stained as follows.  Gels

were fixed in 50% methanol, 10% acetic acid for thirty minutes, then washed with
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Milli-Q water overnight.  The gels were soaked in 5 mg/mL of dithiothreitol

(DTT) for 30 minutes, the DTT was removed, and the gels were incubated in

100!mL of 0.1% silver nitrate for 30 minutes.  After a 10 second wash with 10 mL

Milli-Q water, 100 mL carbonate developing solution consisting of

5%!formaldehyde and 3% sodium carbonate was added and the gel soaked until

the desired level of staining achieved.  Staining was stopped by the addition of

5!mL of 2.3 M citric acid.

O.  WESTERN BLOT ANALYSIS

Proteins were resolved by SDS-12% PAGE and transferred to Hybond-C

Pure nitrocellulose membranes (Amersham Pharmacia) in transfer buffer

consisting of 50 mM Tris, 380 mM glycine, 0.1% (w/v) SDS and 20 % methanol

using the Bio-Rad Transblot system for Western analysis.  Following transfer,

membranes were blocked for 30 minutes in blocking buffer consisting of 5% w/v

dried milk in Tris-buffered saline-Tween (TBS-T) (20 mM Tris HCl pH 7.6,

137!mM sodium chloride, 0.1% Tween-20).  The blots were incubated in blocking

buffer with primary antibodies and goat anti-rabbit or rabbit anti-mouse HRP-

conjugated secondary antibodies (Bio-Rad) were used against the primary

antibody.  The following antisera were obtained from Dr. Edwin Oaks (Walter

Reed Army Institute of Research) and used at a 1:200 dilution:  Monkey

convalescent antisera (M214-7), which was used with goat anti-human IgG (Bio-

Rad) as the secondary antibody; mouse monoclonal antibodies against IpaB (2F1)

or IpaC (2G2); and rabbit polyclonal antibody against IpaD (Rabbit 23).  Affinity

purified rabbit polyclonal antisera to SopA (IcsP) was obtained from Dr. Marcia

Goldberg (Massachusetts General Hospital) and used at a 1:25 dilution.  Detection
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by chemiluminescence was carried out using the IEC detection reagents

(Amersham Pharmacia).

P.  SURFACE IMMUNODETECTION FOR ICSA

To determine the relative amounts of IcsA on intact bacteria, a modified

immunodetection for IcsA was performed.  Bacterial strains were grown to late

logarithmic phase, centrifuged, washed two times with PBS-D, then fixed in PBS-

D containing 4% paraformaldehyde for 15 minutes.  Then the bacteria were

washed twice with PBS-D, resuspended in 100 mL of S. flexneri poly Group B

antisera (Difco) or IcsA polyclonal antiserum diluted 1:100 in PBS-D and

incubated for one hour.  After three washes in PBS-D, the bacteria were

resuspended in 100 mL of HRP-conjugated goat anti-rabbit secondary antibody

(Bio-Rad) diluted 1:100 in PBS-D and incubated for one hour.  The bacteria were

washed twice with PBS, then resuspended in a final volume of 100 mL of POD

substrate (Roche Molecular Biology).  After a ten minute incubation, the bacteria

were pelleted and the supernatant containing the reacted substrate was transferred

to a 96 well plate that was scanned at 405 nm and the signals quantitated using a

BioTek instruments EL311 microplate reader.

Q.  SERUM SENSITIVITY

Phase-phase S. flexneri were diluted to A650 = 0.05 in fresh Luria broth, or

Luria broth containing 10% normal rabbit serum, and incubated for two hours

without aeration.  The cultures were plated to determine the number of viable

bacteria after exposure to serum.  Serum sensitivity is expressed as Log10kill =

(log10cfu/ml at time 2 hours in L broth)-(log10cfu/ml at time 2 hours in L broth

containing serum).
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R.  SENSITIVITY TO DETERGENTS, ANTIBIOTICS AND DYES

Sensitivity to the detergent SDS was determined as described previously

(51).  Bacterial cultures were grown to A595≈1, pelleted by centrifugation and the

cell pellet resuspended in 25 mM Tris HCl (pH 7.5) to A595 = 1.2.  The cell

resuspension was divided into two samples, and SDS was added to one sample at

a final concentration of 0.1% (w/v).  The samples were incubated at 37oC without

aeration, and the A595 measured every ten minutes for two hours.  Killing by SDS

was expressed as a percentage of A595 at 2 h compared to the A595 at time 0.

Antibacterial minimum inhibitory concentrations (MICs) against S.

flexneri strains were determined as follows.  Stationary phase cultures were

subcultured 1:100 into media containing serial dilutions of polymyxin B or

carbenicillin, and incubated overnight at 37oC with shaking.  The MIC

concentration was that at which no growth was observed.  Alternatively, bacterial

sensitivity to antibiotics was determined by overlaying an L agar plate with soft

agar containing 100 ml of overnight culture.  Disks containing the following

concentrations of antibiotics were placed on this soft agar:  tetracycline, 30 mg;

gentamicin, 10 mg; and chloramphenicol, 30 mg.  The plate was incubated at 37oC

overnight, and the diameters of the zones of inhibition were measured around the

disks.  Sensitivity to the antimicrobial peptide magainin 2

(GIGKFLHSAKKFGKAFVGEIMNS) (Advanced ChemTech, Louisville, KY)

was determined as previously described (39).  Briefly, bacterial cultures were

grown until A595 ≈ 0.6, then 5x104 cfu in 50 mL PBS-D were incubated with

50!mg/mL Magainin 2 for one hour with shaking.  Serial dilutions of the cell

suspension were then plated and compared to the cfu/mL at time 0.
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To determine the bacterial sensitivity to the dye crystal violet, a disk

containing 10 mg crystal violet was placed on soft agar containing 100 ml of

overnight culture.  After incubation overnight at 37oC, the diameter of the zone of

inhibition were measured around each disk.

S.  ENVIRONMENTAL STIMULI ASSAYS

Unless indicated otherwise, all cultures were grown in Luria broth until

A595 = 1.5, and serial dilutions were plated to determine viability before and after

exposure to the indicated condition.  To determine whether strains were sensitive

to acid, cultures were diluted 1:50 in Luria broth adjusted to pH 2.5 with HCl, and

incubated for two hours.  Sensitivity of logarithmic phase cultures (A595!≈ 0.6) to

oxidative stress was determined by the addition of the following:  hydrogen

peroxide (H2O2) to a final concentration of 10 or 40 mM, cumene hydroperoxide

(CHP) to a final concentration of 2 mM, ferrous sulfate to a final concentration of

0.1 mM or 0.2 mM, or paraquat (methyl viologen) to a final concentration of 0.5

or 2 mM.  In an additional assay for sensitivity to oxidative stress, L agar plates

were overlayed with soft L agar containing 100 ml of an overnight culture upon

which disks containing 32.6 mg H2O2, 34.5 mg CHP, or 35!mg paraquat were

placed.  Diameters of the zones of inhibition were measured following overnight

incubation at 37oC.  To test response to reducing conditions, the growth of

cultures in the presence of 25 mM b-mercaptoethanol was determined.  For low

osmolarity conditions and high osmolarity conditions, cultures were grown in

LOLB or in HOLB, respectively.  Growth in high salt conditions was measured

using Luria broth containing 20 g/L sodium chloride.
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T.  LPS EXTRACTIONS

LPS was extracted from S. flexneri as described (49). Strains were grown

on TSB agar plates overnight at 37oC and colonies were resuspended in PBS-D.

Cells equivalent to 1 mL at A650 = 0.6 were pelleted and resuspended in 100 ml of

lysis buffer consisting of 2% SDS, 4% b-mercaptoethanol, 10% glycerol, 1 M

Tris pH 6.8 and 0.05% bromophenol blue.  The samples were boiled 10 minutes,

then proteinase K was added to a final concentration of 50 mg/ml and the sample

incubated at 60oC for 90 minutes.  The samples were subsequently analyzed by

SDS-13%!PAGE and silver stained or transferred to nitrocellulose for Western

analysis.

U.  PROTEIN PURIFICATION OF DEGP-HIS AND DEGPSER210ALA-HIS

DegP-HIS and DegPSer210Ala-HIS expressed from pGP44.7 and pGP44.5,

respectively, were purified from E. coli BL21(DE3)/plysS under native conditions

using Ni-NTA resin (Qiagen) according to the manufacturer’s protocol.  For

small-scale purification, overnight cultures were subcultured 1:100 into 50 mL,

grown until mid-logarithmic phase, then induced with a final concentration of

1!mM IPTG for three hours. The bacteria were harvested by centrifugation and

the pellets frozen for efficient lysis of BL21(DE3)/plysS induced strains.  The

frozen pellets were thawed and resuspended in 5 mL lysis buffer that containing

50 mM sodium phosphate, 300 mM sodium chloride and 10 mM imidazole

(pH!8).  The bacterial resuspension was incubated on ice with DNase at a final

concentration of 5 mg/mL and lysozyme at a final concentration of 1 mg/mL to

facilitate lysis. The lysate was centrifuged at 10,000 x g for 20 minutes to pellet

cellular debris.  The supernatant, containing the soluble fusion protein, was then
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incubated with 100 ml of a 50% slurry of Ni-NTA resin (Qiagen) for 30 minutes at

4oC. The resin was pelleted by centrifugation for 10 seconds at 15,000 x g, and

washed twice with wash buffer containing 50 mM sodium phosphate, 300 mM

sodium chloride and 20 mM imidazole (pH 8).  The fusion proteins were eluted

three times with 100 mL elution buffer containing 50 mM sodium phosphate,

300!mM sodium chloride and 100 mM imidazole (pH 8) and the elutions pooled.

V.  ENZYME ASSAYS

1.  CAT-ELISA

The chloramphenicol acetyl transferase (CAT) protein was quantitated as

nanograms/milliliter/OD600 using the CAT ELISA kit (Roche Molecular

Biochemical) following the manufacturer’s instructions.  ELISAs were scanned at

405 nm and quantitated using a BioTek instruments EL311 microplate reader.

2.  DegP proteolysis assays

Proteolytic activities of DegP and DegPSer210Ala were determined using

resorufin-labeled casein (0.4% w/v in water) following the manufacturer’s

instructions (Boehringer Mannheim).

3.  Nitrate reductase assay

Nitrate reductase activity was determined by monitoring the production of

nitrite by intact cells as described (140).  Bacterial cultures were centrifuged, and

the bacterial pellet was resuspended in 0.8 mL of 0.32 M potassium phosphate

buffer (pH 7.1).  To each sample, 0.1 mL of reaction solution containing 4 mg/ml

sodium hydrosulfite, 4 mg/mL sodium bicarbonate, and 0.5 M sodium nitrate was

added.  One hundred microliters of 0.5 mg/mL methyl viologen (Sigma) was then
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added to start the reaction.  After a five-minute incubation at room temperature,

the samples were vortexed to stop the reaction and 1 mL 1% sulfanilic acid in

20% hydrochloric acid and 2 mL 5 mM N-1-napthylethylenediamene

dihydrochloride were added.  The samples were incubated for 10 minutes at room

temperature, the bacteria were removed by centrifugation and the absorbance of

the supernatant was determined at 540 nm.  Nitrate reductase activity was

calculated as Units = [1000X(A540)/(A600)(time)(volume)].

W.  MASS SPECTROSCOPY

Electrospray mass spectroscopy was performed either in the ICMB Core

Facility or the Department of Chemistry and Biochemistry Analytical Services

Facility.
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III.  RESULTS

A.  CHARACTERIZATION OF THE DEGP MUTANT IN TISSUE CULTURE ASSAYS.

The ability to spread intercellularly in the intestinal epithelium is a

hallmark of Shigella virulence and requires that the bacteria multiply within the

host cell and spread to adjacent cells in an IcsA-dependent manner.  To identify

bacterial factors involved in these processes, a genetic screen was performed.  A

TnphoA transposon mutant library of S. flexneri was constructed, and mutants

were isolated that invaded Henle cells but did not form wild type plaques in Henle

cell monolayers, indicating a defect in either bacterial multiplication inside the

host cell or in cell-to-cell spread (51, 52).  The genes into which the transposon

inserted were identified by inverse PCR using primers within TnphoA .

Comparison of the inverse PCR fragment sequence from one of these mutants, S.

flexneri SA222-89, with the Genbank database indicated that the interrupted gene

shared 98% nucleotide identity with the E. coli K-12 degP (htrA) gene.  The

degP::TnphoA transposon mutant phenotype was not complemented by degP

expressed from a plasmid.  An attempt to move the degP transposon mutation into

a clean strain background by P1 transduction was unsuccessful because SA222-89

was resistant to P1.  Instead, an allelic exchange mutant in degP, SM1100, was

constructed in S. flexneri SM100 by replacing the wild type gene with one

containing a chloramphenicol cassette.  The degP mutant SM1100 was then

characterized in tissue culture assays.
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1.  Invasion and plaque assay

In a standard invasion assay, 94% of Henle cells were infected with the

SM1100 degP mutant, comparable to the 97% invasion obtained with wild type

bacteria (Table 6).  When tested for plaque formation on either Henle or Caco-2

cell monolayers, the diameter of plaques formed by the degP mutant was less than

half that of wild type strain SM100 indicating a defect in either intracellular

multiplication or intercellular spread (Figure 8).  The small-plaque phenotype was

complemented by supplying the low-copy number plasmid pGP25.2, which

encodes S. flexneri degP.

2.  Intracellular multiplication

It was a possibility that the degP mutant had a growth defect in the

intracellular environment.  To address this possibility, bacteria were isolated from

SM100- or SM1100-infected Henle cells at time points over a three hour

infection, and the rate of bacterial multiplication was calculated.  As shown in

Table 6, the degP mutant SM1100 multiplied within the Henle cell cytoplasm at

the same rate as the wild type parent strain indicating that failure to form full-size

plaques was not due to an inability to grow within the Henle cell environment.

3.  Apoptosis in macrophages

Proper expression and secretion of the virulence plasmid-encoded Ipa

proteins by the TTSS is essential for invasion as well as for intercellular spread

and the induction of apoptosis in macrophages (129, 160).  To determine whether

intracellular secretion of Ipa proteins inside the host cell was affected by the degP
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Table 6.  Characteristics of the degP mutant SM1100 in tissue culture assays.

%
Invasiona

Intracellular
doubling time

(min) b

Plaque size
(mm) c

Apoptosis
(Mean

fluorescence) d

SM100 (WT) 97 +/- 4 30 1.4 +/- 0.29 +    (80.15)

SM1100
(degP::cm)

94 +/- 8 30.5 0.65 +/- 0.24 +    (96.22)

SA101
(Invasion-)

0 NDe ND -     (34.30)

a  % invasion is calculated as the percentage of Henle cells that contain 3 or more
bacteria 30 minutes following invasion.

b  The intracellular doubling time was determined by calculating the number of
bacteria per infected Henle cell every thirty minutes for three hours.

c  The average diameter of 60 plaques formed in Henle cell monolayers from three
independent experiments and the standard deviation are reported.

d  Shigella-infected macrophages undergoing apoptosis were detected using the
ApoAlert Annexin V-FITC Assay, and the mean fluorescence of cells was
determined by FACS.  The ability of strains to induce apoptosis is
indicated as + or – and the mean fluorescence of 10,000 cells is reported in
parentheses.

e  Not Determined
Reprinted with permission (109).
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Figure 8.  The S. flexneri degP mutant forms small plaques in Henle cell
monolayers.

Plaque formation by SM100, SM1100 (degP::cm) and SM1100/pGP25.2 (DegP+)
on confluent Henle cell monolayers.  Each cleared zone indicates where one
bacterium infected a single eukaryotic cell, multiplied, and then the bacteria
spread outwards from cell-to-cell, lysing each infected host cell.  Reprinted with
permission (109).

SM100 SM1100
degP::cm

SM1100/
pGP25.2
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mutation, the induction of apoptosis, an IpaB-mediated effect, was examined.

The J774A.1 macrophage-like cell line was infected with SM1100, wild type

SM100 cells or SA101, a mutant that does not synthesize Ipa proteins.  The degP

mutant-infected macrophages showed signs of apoptosis that were similar to those

infected with wild type SM100 and clearly distinguishable from the SA101-

infected macrophages not undergoing apoptosis (Table 6).  The induction of

apoptosis in SM1100-infected macrophages indicates the Type III Secretion

System (TTSS) functions normally for the secretion of IpaB into the intracellular

environment.  Thus, DegP is not required for invasion, intracellular

multiplication, or induction of apoptosis in macrophages, but is required for

maximal intercellular spread of S. flexneri.

4.  IcsA localization

Shigella intercellular spread requires the expression and proper polar

localization of IcsA.  To determine if the S. flexneri degP mutant expresses icsA

properly, whole cells and culture supernatants were analyzed by Western blot.

Equal amounts of IcsA were present in wild type and degP mutant bacteria

(Figure 9A).  IcsA*, the 95 kDa cleavage product of IcsA, was detected in the

supernatant of the degP mutant, indicating that delivery of IcsA to the bacterial

surface and its subsequent proteolysis by SopA were not eliminated by the degP

mutation (Figure 9B).  It appears that there is slightly more IcsA* in the SM1100

degP supernatant compared to that in the wild type supernatant, suggesting more

IcsA is cleaved from the surface of the degP mutant.
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Figure 9.  IcsA expression and localization in the S. flexneri degP mutant.

Western analysis with IcsA antibodies of SM100, SM1100 and SA222-7 bacteria
(A) and of their culture supernatants (B).  IcsA and IcsA* are indicated by arrows.
IcsA localization in broth grown cultures of SM100 (C) and SM1100 (D)
observed by indirect immunofluorescence.  IcsA “caps” are denoted by arrows.
Panels A and B reprinted with permission (109).

SM100
Wild type

SM1100
degP::cm
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To determine if the small-plaque phenotype of the S. flexneri degP mutant

was due to aberrant localization of IcsA on the cell surface, indirect

immunofluorescence with antibody against the N-terminal domain of IcsA was

performed on SM100 and SM1100 cells from logarithmic-phase cultures.  IcsA

was present at the bacterial surface and localized to the pole of 55% of wild type

SM100, whereas IcsA was on the surface and localized to the pole of only 25.4%

of SM1100 degP bacteria (Figure 9, C and D; and Table 7).  When the intensity of

staining was compared between wild type and mutant, there also appeared to be a

reduction in the amount of IcsA on the surface of the mutant.  This may result

from reduced secretion of IcsA to the outer membrane or increased levels of IcsA

cleavage from the surface of SM1100 degP bacteria.  Additionally, a small

proportion of the SM1100 cells (< 1%) were stained with a-IcsA antibody over

the entire surface.  Double-labeling analysis indicated that this population of

SM1100 also stained with primary antibody to a periplasmic protein (data not

shown).  Thus, those bacteria that appear to have IcsA over the entire surface are

most likely permeable to the antibody, which may indicate that these bacteria are

dead or dying.

IcsA surface presentation and localization was also examined in SM100-

or SM1100-infected Henle cells (Figure 10; and Table 7).  Inside Henle cells,

roughly 50% of the wild type bacteria had IcsA on the surface of the bacteria and

the IcsA was localized exclusively at the pole.  On average, in the SM1100-

infected Henle cells, only 18% of the bacteria had IcsA on the surface.  Within

that population, IcsA was localized at the pole.  These observations indicate that
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Table 7.  Percent S. flexneri bacteria expressing IcsA on the surface

Strain % bacteria with

IcsA on surfacea

S. flexneri grown in broth

SM100 55

SM1100 (degP::cm) 24.5

S. flexneri inside Henle cells

SM100 50

SM1100 (degP::cm) 18

a  Indirect immunofluorescence was performed, and the percent of bacteria with
IcsA on the surface was determined.
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Figure 10.  IcsA localization inside Shigella-infected Henle cells.

IcsA localization was observed by indirect immunofluorescence.  In Panels 3 and
4, arrows point to representative degP mutant bacteria with polar IcsA
localization and an asterisk indicates IcsA localization over the entire bacterium.
Fluorescence images (1 and 3), and Differential Interference Contrast (DIC)
overlay images (2 and 4) are shown.  Reprinted with permission (109).
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in the degP mutant population, there may be a defect in surface expression of

IcsA.  Alternatively, more IcsA may be removed from the degP mutant by SopA

cleavage.

5.  Actin staining

IcsA-dependent polymerization of actin is required for intercellular

spread.  To determine whether the degP mutant was impaired in its ability to form

actin tails as a result of reduced IcsA surface levels or altered IcsA localization,

the actin of Shigella-infected Henle cells was stained with TRITC-phalloidin.  In

infections with wild type SM100, long actin tails focused on the pole of the

bacteria were formed and there was no staining along the sides of the bacterium

(Figure 11).  In contrast, some of the SM1100 degP bacteria showed altered

phenotypes.  A small population of degP mutant bacteria appeared to be

surrounded by actin ‘clouds’, which may possibly indicate that IcsA was

distributed on the entire surface of the bacterium (Figure 11, as indicated by

asterisk).  Another subpopulation of degP mutant bacteria did form actin tails, but

when compared to the actin tails on wild type SM100, these tails were not as

focused and covered more than the pole of the bacterium.  In some of these, the

outline of the entire bacterium can be seen as indicated by the small arrows in

Figure 11, Panel 3-6.  The actin outline suggests that these bacteria have IcsA

exposed on the lateral surface of the bacteria.  It is a possibility that IcsA was

targeted to the pole, but was not maintained there, resulting in a gradient of IcsA

that continues over the entire bacterial surface.  Altered actin polymerization
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Figure 11.  Actin staining of Shigella-infected Henle cells.

Actin was stained with TRITC-phalloidin and representative bacteria have been
labeled as follows:  Large arrowheads point to normal actin tail formation (1-2),
small arrowheads point to a tail descending on the bacterium (3-6), and an asterisk
indicates actin ‘cloud’ formation (3-4).  Fluorescence images (1, 3 and 5), and
Differential Interference Contrast (DIC) overlay images (2, 4 and 6) are shown.
Reprinted with permission (109).
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especially by those degP mutant bacteria forming actin “clouds”, may reduce

efficiency of intercellular spread for the degP mutant population.
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B.  THE ROLE OF DEGP-IN ICSA-LOCALIZATION

1. IcsA localization in E. coli

SopA, the Shigella virulence plasmid-encoded IcsA protease, is

homologous to E. coli OmpT.  Shigella species are OmpT- due to disruption of the

ompT locus in Shigella.  In wild type E. coli, the OmpT protease cleaves IcsA,

preventing the establishment of IcsA on the surface (90).  However in an E. coli

ompT mutant, IcsA is properly localized to the polar “cap”, suggesting that IcsA

localization is independent of Shigella-specific determinants encoded by the

virulence plasmid or factors encoded on pathogenicity islands (15, 123).  Since

degP is conserved between Shigella and E. coli, it was possible that the DegP

protease or chaperone function required for proper IcsA localization also was

conserved.  To determine whether DegP is important in the general mechanism of

IcsA localization on the bacterial surface, IcsA was examined by indirect

immunofluorescence in E. coli ompT and degP mutants where icsA was expressed

from the plasmid pGP38.1.  In the wild type parent strain, E. coli AB1515, IcsA

was not detected on the surface (data not shown), presumably because this strain

contains a functional OmpT.  In the ompT deletion mutant, UT4400, IcsA was

delivered to the surface and localized to the bacterial pole of roughly 70% of the

bacteria (Figure 12; and Table 8).  In GPE101, an E. coli degP ompT double

mutant, only 30% of the bacteria had IcsA on the surface.  Similar to the Shigella

degP mutant compared to wild type S. flexneri, there was a reduction in the

intensity of IcsA staining observed in the E. coli degP ompT mutant GPE101

compared to the DegP+ OmpT- strain UT4400 (Figure 12).
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Figure 12.  IcsA localization in E. coli strains

Indirect immunofluorescence was performed on E. coli strains expressing icsA
from pGP38.1.  The relevant phenotype is given for each strain.  Arrows point to
proper IcsA localization at the bacterial pole.  Reprinted with permission (109).
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Table 8.  Surface localization of IcsA in E. coli strains

Strain Genotype % bacteria with

IcsA on surface a

UT4400 DompT 70

GPE101 UT4400 degP 30

GPE100 AB1515 degP::kan 100 (diffuse

staining)
a  Indirect immunofluorescence was performed on E. coli strains expressing icsA

from pGP38.1, and the percent of bacteria with IcsA on the surface was
determined.
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Interestingly, when IcsA localization was observed in GPE100, the E. coli degP

mutant that contains a functional OmpT protease, 100% of the bacteria expressed

IcsA diffusely over the entire surface and had some punctate fluorescence.  Since

the degP mutant GPE100 is OmpT+, it was anticipated that OmpT would rapidly

remove IcsA from the surface.  IcsA localization in both E. coli degP mutants

GPE100 and GPE101 could be restored to the respective DegP+ phenotype by the

addition of plasmid pGP25.6 that encodes S. flexneri DegP (Figure 12 and data

not shown).

The reduced percentage of cells with IcsA on the bacterial surface in the

E. coli degP ompT mutant GPE101 relative to the ompT mutant UT4400 could be

due to either reduced synthesis or reduced secretion of IcsA.  Western blot

analysis of E. coli mutants expressing icsA was performed to distinguish between

these two possibilities.  In the degP ompT mutant GPE101, the IcsA protein level

was not reduced compared to the parent strain UT4400 (Figure 13).  Also, the

degP mutant GPE100 had a small amount of IcsA associated with the bacterial

cells, while the parent strain AB1515 did not have any IcsA associated with the

bacterial cells.  These data suggest that in E. coli expressing icsA, DegP is

required for proper IcsA or OmpT delivery to the surface since IcsA is less

efficiently removed from the GPE100 bacteria surface.  Alternatively, some IcsA

may be inserted into the outer membrane in such a way that the cleavage site is

inaccessible to OmpT.
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Figure 13.  Effects of OmpT and DegP on accumulation of IcsA in E. coli

Whole cell proteins of E. coli strains expressing icsA from pGP38.1 were
analyzed with IcsA antibodies.  The location of IcsA is indicated.  The presence
or absence of OmpT and DegP in each strain is indicated by a + or -.  Reprinted
with permission (109).
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2.  IcsA delivery to the outer membrane in the S. flexneri degP mutant

To further characterize the IcsA localization defect of the S. flexneri degP

mutant, indirect immunofluorescence was performed to monitor localization of

IcsA in a strain where icsA is expressed from an inducible promoter.  For these

experiments, it was necessary to introduce an icsA mutation into SM100 and

SM1100 degP::cm to abolish native synthesis of IcsA.  The icsA gene is located

on the Shigella virulence plasmid.  When growing at 37oC, it is common for

spontaneous deletions of the virulence plasmid to occur, which results in the loss

of the Congo red binding (Crb) phenotype.  To obtain icsA mutants, spontaneous

virulence plasmid deletion mutants of SM100 and SM1100 were identified by

their Crb- phenotype and screened by PCR for those that had lost the icsA gene.

Crb- isolates from SM100 and SM1100 were each obtained that lacked icsA and

sopA, as determined by PCR analysis.  These strains were designated SM100A

(icsA sopA) and SM1100A (degP::cm icsA sopA).

IcsA localization was initially observed in SM100A/pGP38.1 and

SM1100A/pGP38.1, expressing icsA from the native promoter.  IcsA was

localized to the pole of both strains, but a small amount of IcsA could also be

observed along the lateral surface of the bacteria.  As in the degP mutant

SM1100, the virulence plasmid-deletion strain SM1100A/pGP38.1 showed

reduced staining for IcsA compared to SM100A (Figure 14).  For inducible

expression of icsA, SM100A and SM1100A carrying pGP58.2 were induced with

0.1mM arabinose.  Thirty minutes following induction, icsA was expressed at

wild type levels in SM100A and SM1100A, as determined from Western analysis
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Figure 14.  Localization of IcsA in the virulence plasmid-deletion strains
SM100A and SM1100A.

IcsA localization was determined in the virulence plasmid-cured strains SM100A
and SM1100A (degP::cm) where icsA was expressed from pGP38.1.  Arrows with
large arrowheads point to IcsA localized at the pole of SM100A/pGP38.1 and
SM1100A/pGP38.1.  The arrow with a small arrowhead points to a bacterium
with IcsA localized at the pole but that stains less intensely.  Both images were
obtained using an exposure time of 300 ms.
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with antisera to IcsA on whole cell lysates (data not shown).  At thirty and sixty

minutes following arabinose induction, cells were fixed and indirect

immunofluorescence performed.  In non-inducing conditions, there is no

detectable staining on either SM100A/pGP58.2 or the degP m u t a n t

SM1100A/pGP58.2 (Figure 15A).  Thirty and sixty minutes following arabinose

induction, IcsA was localized to the pole of SM100A/pGP58.2 and the degP

mutant SM1100A/pGP58.2 (Figure 15B).  The staining of SM100A/pGP58.2 at

sixty minutes following induction resembles the IcsA localization seen in

SM100A/pGP38.1 where icsA is expressed from its native promoter.  While the

degP mutant SM1100A/pGP58.2 had IcsA localized at the pole, the bacteria

stained less intensely than SM100A/pGP58.2 bacteria especially at sixty minutes

after arabinose induction (Figure 15B).  These data suggest that while IcsA is

targeted to the pole in the degP mutant, the level of IcsA in the outer membrane

or exposed on the bacterial surface is reduced.

  Western analysis of whole cell lysates of S. flexneri SM1100 indicated

that the same amount of IcsA was present in the degP mutant as wild type, but

does not reveal the subcellular location of the protein.  Membrane fractionation

was performed to determine whether IcsA was synthesized and subsequently

inserted into the outer membrane of the degP mutant as in wild type bacteria.

Western analysis indicated that the same amount of IcsA was present in the outer

membrane of the degP mutant as in wild type S. flexneri (Figure 16A).  In

addition, to verify that there was not an IcsA trafficking defect in the degP

mutant, periplasmic proteins were released by spheroplasting and subjected to
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Figure 15.  Localization of IcsA in the virulence plasmid-deletion strains
SM100A and SM1100A upon inducible icsA expression.

IcsA localization was determined in the virulence plasmid-cured strains SM100A
and SM1100A (degP::cm) where icsA was expressed from the arabinose inducible
promoter of pGP58.2.   In Panel A, immunofluorescence was performed on both
SM100A/pGP58.2 and SM1100A/pGP58.2 grown under non-inducing conditions
and the phase contrast and fluorescent images were obtained.  All images were
obtained with an exposure time of 600 ms.  In Panel B, immunofluorescence was
performed thirty and sixty minutes following induction of icsA expression with
0.1 mM arabinose.  Duplicate images were obtained for each sample.  As
indicated, one image was obtained using an exposure time of 300 ms, the other
using an exposure time of 600 ms.  Arrows point to the same bacterium in each
set of images.
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A.  B.

Figure 16.  IcsA and SopA levels in outer membrane fractions

Outer membranes of wild type SM100 and the S. flexneri degP mutant were
subjected to Western analysis with antisera to IcsA (A) and SopA (B).  There are
wild type levels of these two proteins in the outer membrane of the degP mutant
SM1100.
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Western analysis.  There was no detectable amount of IcsA in the periplasmic

fraction of the degP mutant, indicating that IcsA did not accumulate in the

periplasm (data not shown).

Western analysis revealed that the degP mutation did not affect secretion

of IcsA to the outer membrane, but the amount of IcsA detected by

immunofluorescence on the SM1100 surface appeared reduced compared to that

of wild type bacteria.  This finding suggested the possibility that IcsA was

inserted into the outer membrane in a manner that was not accessible to antibody.

To determine whether there was actually a difference between the amount of IcsA

detected by immunofluorescence on the wild type and degP mutant bacterial

surface, a modified immunodetection procedure was performed.  Instead of a

fluorescent-conjugated secondary antibody, a horseradish peroxidase (HRP)-

conjugated secondary antibody was used.  An HRP substrate was added to the

bacteria, and the amount of antibody-bound protein was quantitatively measured

from SA100 bacteria and SM1100 degP bacteria.  To normalize the HRP signal to

the number of bacteria, immunodetection was also performed with commercial

anti-Shigella antisera, and the ratio of anti-IcsA to anti-Shigella signals was

determined for wild type bacteria and the degP mutant bacteria.  While Western

analysis of wild type and the degP mutant indicated that the same amount of IcsA

was present, the HRP immunodetection assay indicated IcsA levels on the surface

of SM1100 were 55-65% that of wild type bacteria (Figure 17).  These data

indicate that there is less IcsA accessible to antibody on the bacterial surface,
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Figure 17.  Quantitative surface immunodetection of IcsA

Western analysis was performed on SA100 and SM1100 whole cell lysates with
IcsA antibodies (A).  SA100 and SM1100 immunodetection signals were obtained
using anti-Shigella and anti-IcsA antibodies, and the signal ratios were
determined (B).  A representative experiment is shown.
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which was also observed as reduced staining in the immunofluorescence

experiments.  These data suggest that in the degP mutant bacteria, IcsA inserts

into the outer membrane in an altered conformation compared to that of the wild

type bacteria, thus impairing immunodetection.

3.  SopA localization in the S. flexneri degP mutant

The outer membrane protease SopA cleaves IcsA on the surface and may

play a role in maintaining IcsA at the bacterial pole.  sopA mutants formed

slightly smaller plaques in tissue culture assays than wild type Shigella

presumably because of an IcsA mis-localization phenotype (30, 131).  In addition,

the supernatants of the degP mutant contained slightly higher levels of IcsA*.  To

determine whether the IcsA localization defect of the degP mutant was caused by

altered levels of SopA in the outer membrane, Western analysis of outer

membrane fractions was performed.  SopA levels were the same in the degP

mutant and wild type (Figure 16B).  These results indicate that the increase in

cleaved IcsA* in the degP mutant supernatant is not due to higher levels of SopA

in the degP mutant outer membrane.

4.  LPS phenotype of the S. flexneri degP mutant

Shigella LPS mutants have been characterized, and LPS plays two

potential roles in S. flexneri virulence (52, 121).  LPS confers resistance to non-

specific complement-mediated serum killing, and some LPS mutants are impaired

for intercellular spread.  To determine whether the degP mutant had altered LPS

that would potentially affect IcsA localization or intercellular spread, the LPS
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from the degP mutant was extracted and analyzed by SDS-PAGE and Western

immunoblotting (Figure 18).  The degP mutant LPS was compared to LPS from

wild type SA100, an rfaL mutant whose LPS lacked O-antigen sidechains and the

cld mutant whose LPS lacked the >90 O-antigen modal length.  The LPS from

SM1100 degP had a wild type LPS profile, including both the long 11-17 O-

antigen repeats and the very long >90 O-antigen repeats.  LPS confers resistance

to serum killing, and LPS mutants exhibit a range of serum sensitivities

depending on the presence of O-antigen and the structure of the LPS core.

Therefore, a serum sensitivity assay was performed to confirm that there were not

other alterations in LPS composition.  The serum sensitivity of the degP mutant

was compared to that of the previously described rfaL mutant and wild type (52).

Like wild type S.!flexneri, the degP mutant survived in Luria broth containing

10% serum, but the rfaL mutant SA555-38 was killed (Table 9).  Since the degP

mutant LPS exhibits a wild type profile and the degP mutant LPS provides

protection from serum killing, it is unlikely that the degP mutant intercellular

spread defect is a result of an alteration in LPS composition.

5.  Membrane characteristics of the S. flexneri degP mutant

Defects in IcsA localization could result from an altered outer membrane.

To determine whether the degP mutant had any membrane defects, antibiotic

sensitivity and SDS sensitivity assays were performed.  Sensitivity to the

antimicrobial peptide magainin 2 was determined for wild type and the degP

mutant.  Magainins are antimicrobial peptides secreted by the granular glands of

frog skin that act against bacterial membranes.  There was a dramatic reduction in
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Figure 18.  LPS profiles of S. flexneri strains.

Shigella LPS was extracted, resolved by SDS-12%PAGE and silver stained (A) or
analyzed by Western immunoblotting with S. flexneri poly Group B antisera (B).
The position of the LPS core is indicated.  Bands labeled as 1 unit or 2 units are
LPS molecules with only 1 or 2 O-antigen repeating units attached.  The brackets
indicate the location of LPS molecules with either 11-17 O-antigen repeating
units or >90 repeating units.
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Table 9.  Serum sensitivity of the S. flexneri degP mutant

Strain Relevant

characteristic

Serum sensitivitya

(log10kill)

SM100 Wild type 0.31

SM1100 degP::cm 0.38

SA555-38 rfaL::tnphoA 4.2
a  Bacteria were incubated in Luria broth or in Luria broth containing 10% rabbit

serum for 2 hours at 37oC.  Serum killing is expressed as [log10kill =
(log10cfu/ml after 2 hours in Luria broth)-(log10cfu/ml after 2 hours in
Luria broth containing 10% serum)].  Increased values correlate with
increased killing by serum over the two-hour period.
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SM1100 degP survival upon exposure to magainin 2 (Figure 19).  The minimum

inhibitory concentrations (MICs) of polymyxin B and carbenicillin were also

determined for wild type S. flexneri and the degP mutant.  There was a two-fold

decrease in the MICs of polymyxin B and carbenicillin against degP mutant

SM1100 when compared with the MICs against the wild type SM100 (Table 10).

In SDS sensitivity assays, the degP mutant was also slightly more sensitive than

wild type (Figure 20).  Sensitivity to antibiotics, antimicrobial peptides, and SDS

sensitivities were indicative of a slight membrane defect.

In conclusion, while there are wild type levels of IcsA in the outer

membrane of the degP mutant SM1100, it appears that this IcsA may not be

accessible to antibody, impairing detection by immunofluorescence.  It is likely

that IcsA of the degP mutant is also inaccessible to the host actin-nucleating

proteins.  This IcsA surface localization defect likely results in reduced

intercellular spread and the small plaque size.  There were no indications of a

defect in either the LPS of the degP mutant or in the levels or function of SopA in

the outer membrane.  However, the degP mutant appears to have a general outer

membrane defect as determined by antibiotic and SDS sensitivity.
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Figure 19.  Magainin 2 sensitivity of the degP mutant

The S. flexneri degP mutant is more susceptible than wild type to killing by the
antimicrobial peptide magainin 2.  Bacteria were incubated with 50 mg/mL of
magainin 2 for one hour and the percent survival calculated as % survival =
(bacterial cfu at t=2 h) / (bacterial cfu at t=0).  The means and standard deviations
of three independent experiments are shown.
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Table 10.  Antibiotic MICs

Carbenicillin
(mg/mL)

Polymyxin B
(mg/mL)

SA100
(Wild type)

5.0 0.5

SM1100
(degP::cm)

2.5 0.25
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Figure 20.  SDS Sensitivity of the degP mutant

SDS sensitivities of wild type S. flexneri and the degP mutant were determined.
Relative A595 was expressed as a percentage of A595 at each time point compared
to the A595  at time 0.  The mean relative A595 and standard deviations for three
independent experiments are shown.
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 C. DOMAINS OF DEGP_INVOLVED IN ICSA_LOCALIZATION

1. S. flexneri DegP Ser210Ala point mutant

S. flexneri DegP shares 99% amino acid identity with E. coli DegP.  Two

important features of the E.!coli DegP protein are conserved in S. flexneri DegP:

the serine-protease catalytic triad and the PDZ domains that are necessary for the

formation of the proteolytically active hexamer (127).  In E. coli, DegP functions

as a periplasmic chaperone at low temperatures, and its proteolytic activity

increases when the temperature rises from 30-42oC.  Presumably at higher

temperatures, the protein undergoes a conformational change that makes the

active site serine (Ser210) more accessible (138).  At 37oC, DegP may act as a

chaperone or a protease, and Ser210Ala point mutations of E. coli DegP abolish

protease function without changing chaperone activity (132, 138).  The high

sequence similarity between E. coli and S. flexneri DegP suggested that Shigella

DegP also could have both protease and chaperone activity.  To determine if the

protease activity of DegP was necessary for normal intercellular spread of

Shigella, an S.!flexneri DegPSer210Ala point mutant was generated.  DegP-HIS and

DegPSer210Ala-HIS proteins were purified and assayed for proteolytic ability at 37oC

using resorufin-labeled casein to confirm loss of protease activity in DegPSer210Ala.

Wild-type S. flexneri DegP-HIS was proteolytically active, but S. flexneri

DegPSer210Ala-HIS was not (Figure 21A).
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Figure 21.  Characterization of S. flexneri DegPSer210Ala activity

Proteolytic activity of DegPSer210Ala using the substrate resurofin-labeled casein
(Panel A).  IcsA localization in broth-grown SM1100 (degP ::cm ) and
SM1100/pGP43.4 bacteria expressing DegPSer210Ala (Panel B).  IcsA “caps” are
denoted by arrows.  Reprinted with permission from (109).
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2.  Role of DegP protease activity in IcsA localization

It is likely, due to the high homology to E. coli DegP, that the S. flexneri

protease mutant DegPSer210Ala also may have protease-independent function in the

periplasm.  To determine whether protease activity was required for proper IcsA

surface expression, the plasmid pGP43.4, encoding the S. flexneri DegPSer210Ala

point mutant, was tested for its ability to complement the degP mutant plaque

defect in Henle cell monolayers.  The SM1100 degP plaque diameter in Henle

cell monolayers was restored to that of the wild type by the plasmid-encoded

DegPSer210Ala.  Restoration of wild type IcsA localization in SM1100/pGP43.4 also

was confirmed by indirect immunofluorescence (Figure 21B).  Therefore, DegP

protease activity is not required for proper IcsA secretion and localization or for

wild type plaque formation by S. flexneri, suggesting that the role of DegP in IcsA

secretion to the outer membrane is associated with DegP chaperone activity.

3.  DegP deletion mutants

Additional studies were conducted to determine the domains of DegP that

may be important for the IcsA localization phenotype.  In collaboration with

Michael Ehrmann’s lab at Cardiff University, degP deletion mutants whose

construction was based upon analysis of the E. coli DegP crystal structure were

tested.  These mutants have been characterized as having both protease and

chaperone activity, only chaperone activity or neither activity.  As yet, no degP

mutants have been constructed that are proteases, but do not have chaperone

activity.
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The crystal structure of E. coli DegP revealed that the catalytic active site

is blocked by three flexible loops in the proteolytically inactive form of DegP:

LA*, L1, and L2 (Figure 22).  Loop LA* is a long N-terminal loop that originates

in one monomer and reaches into the active site of the monomer located in the

opposite trimeric ring.  Loop LA was removed completely by deleting residues

40-76 (Figure 23).  The resulting DegPD40-76 multimerized as a trimer and was a

hyperactive protease (Table 11).  The second degP deletion mutant lacked

residues 189-195 which comprises Loop L3, another flexible loop in the catalytic

domain that may also be involved in substrate binding in the active site.  It is a

possibility that DegPD189-195  is not a functional protein since it was defective

for protease activity and failed to complement the E. coli temperature sensitive

phenotype (Table 11).  A third degP deletion mutant, DegPD275-286, contained a

deletion of Helix F within PDZ1 (Figure 23).  From the crystal structure, Helix F

appears important in the contact between PDZ1 domains of opposite trimers, the

interaction of which could be important for the “gate-keeping” function of the

PDZ domains.

To determine whether the deletion mutants would complement the small-

plaque phenotype, the S. flexneri degP mutant SM1100 was transformed with

plasmids carrying the degP mutants or wild type degP under the control of an

IPTG-inducible tac promoter.  In each case, strains were grown in Luria broth

containing IPTG at final concentrations of 0.1 mM, 1 mM, and 10 mM before
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Figure 22.  The E. coli DegP protease domain

The DegP protease domain showing loop LA (dark blue), L1 (pink) and L2 (dark
pink) and L3 (light blue) in the monomer and multimer, or complexed, forms of
DegP.  LA* is the LA loop from the opposite DegP subunit and is shown in the
complexed DegP protease domain.  Reprinted with permission from the authors
and the publisher (19).
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Figure 23.  The annotated amino acid sequence of E. coli DegP indicating
secondary structure

Strands, indicated by arrows, are numbered, and helices, indicated by yellow
boxes, are lettered.  The loops LA, L1, and L2 are indicated by a line above, and
the residues of the catalytic triad are underlined.  Secondary structure of DegP
was obtained from Protein Data Bank website, http://www.rcsb.org/pdb/,
accession number 1KY9.

                 Helix a     Strand 1         ____
1 AETSSATTAQ QMPSLAPMLE KVXPSVVSIN VEGSTTVNTP RMPRNFQQFF

  ____Loop LA____________________    2                3
  51 GDDSPFCQEG SPFQSSPFCQ GGQGGNGGGQ QQKFMALGSG VIIDADKGYV

         b    4              5          c   6
 101 VTNNHVVDNA TVIKVQLSDG RKFDAKMVGK DPRSDIALIQ IQNPKNLTAI

          d       7             8           ____L3_______9
 151 KMADSDALRV GDYTVAIGNP FGLGETVTSG IVSALGRSGL NAENYENFIQ

       _L1________10      11     ____L2_____12       e
 201 TDAAINRGNS GGALVNLNGE LIGINTAILA PDGGNIGIGF AIPSNMVKNL

                 13     14      f            15
 251 TSQMVEYGQV KRGELGIMGT ELNSELAKAM KVDAQRGAFV SQVLPNSSAA

      g     16   17  18      h             19           20
 301 KAGIKAGDVI TSLNGKPISS FAALRAQVGT MPVGSKLTLG LLRDGKQVNV

21   22          i
 351 NLELQQSSQN QVDSSSIFNG IEGAEMSNKG KDQGVVVNNV KTGTPAAQIG

 23   24 j 25 26
 401 LKKGDVIIGA NQQAVKNIAE LRKVLDSKPS VLALNIQRGD STIYLLMQ



95

Table 11:  Characteristics of degP deletion mutants

Protein !!!!!!!!!!!!!!! wt DegP DegP∆40-76 DegP∆189-195 DegP∆275-286

Plasmid name pCS20 pAB20 pAB22 pAB23

Deletion none Loop LA Loop 3 PDZ1, Helix F

Protease activitya b

resorufin-labeled
casein assay

100% 130.8% 2% 3.4%

Complementation
Ts phenotypea

of E. coli degP-
strains

+ + - +

Oligomerizationa 6-mer 3-mer 6-mer 2-mer/
monomer

Complementation
S. flexneri
SM1100 plaque
formation
(Concentration
of IPTG)

+
(1- 10 mM)

+
(1- 10 mM)

- -

a M. Ehrmann, personal communication
b Protease activity is expressed as the percentage of wild type DegP protease

activity.
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performing a standard plaque assay.  IPTG was also included in the overlay at the

same final concentrations.  When wild type DegP, encoded by pCS20, was

induced with 1 mM and 10 mM IPTG, the plaque size of SM1100 was restored to

that of wild type.  Complementation of SM1100 was also observed when

DegP∆40-76 was induced with 1 mM and 10 mM IPTG (Table 11).  When

expressed by SM1100 at all IPTG concentrations, neither DegPD189-195 nor

DegP∆275-286 was able to complement the small-plaque defect (Table 11).

In conclusion, S. flexneri DegP, like E. coli DegP, has protease activity

that is abolished by the mutation of a single residue in the catalytic active site.  In

the absence of protease activity, DegPSer210Ala is able to complement the

intercellular spread defect of SM1100, suggesting a possible role for DegP as a

chaperone.  The hyperactive protease DegPD40-76 was able to complement

SM1100 as well as wild type DegP, indicating that increased protease activity

does not impair intercellular spread.  It is likely that outer membrane protein

trafficking and maintenance of the periplasm is normal in bacteria expressing

DegPD40-76.  DegP with a deletion of Loop L3 may result in a non-functional

protein since DegP∆189-195 is proteolytically inactive and does not complement

the E. coli temperature-sensitive growth phenotype or the S.!flexneri intercellular

spread defect.  DegPD275-286 lacks protease activity but can complement the

temperature sensitive growth defect of an E. coli degP mutant, presumably by

acting as chaperone.  In this respect, the inability of DegPD275-286 to

complement the S. flexneri degP mutant intercellular spread defect is difficult to

interpret.  DegP protease activity is dispensable for intercellular spread of
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SM1100, suggesting that the inability of DegPD275-286 to complement SM1100

is due to another defect.  One possibility is that since DegPD275-286 is present as

monomers and dimers, the failure to complement the S. flexneri degP mutant

small plaque formation is due to a requirement for DegP oligomerization for

efficient function.
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D.  DETERMINE WHETHER THE CHAPERONE EFFECT ON ICSA- LOCALIZATION
AND PLAQUE FORMATION IS DEGP-SPECIFIC.

1.  Multicopy suppression of the S. flexneri degP mutant with other
periplasmic chaperones

In S. flexneri, DegP protease activity was dispensable for IcsA

localization, suggesting a role for DegP as a chaperone in this process.  To further

understand whether the chaperone activity was specific to DegP, other

periplasmic chaperones were examined for the ability to suppress the Shigella

degP intercellular spread phenotype.  Genetic studies in E. coli have suggested

functional redundancy of periplasmic folding factors including DegP, Skp and

SurA (114).  To determine whether either of these particular periplasmic

chaperones could suppress the small-plaque phenotype, skp and surA were

overexpressed in SM1100.

Skp is a chaperone involved in maintaining soluble periplasmic

intermediates of outer membrane proteins and has been shown to bind OmpA,

OmpC, OmpF, and LamB (17).  While both E. coli degP and skp single mutants

grow at 37oC, a degP skp double mutant has a lethal phenotype at 37oC suggesting

that these proteins overlap in function (128).  S. flexneri SA100 Skp shares 89.4%

amino acid identity with E. coli Skp.  To determine whether overexpression of skp

could complement the small-plaque phenotype of SM1100, S. flexneri skp was

expressed from the high-copy number plasmid pGP56.4.  The plaque size of

SM1100/pGP54.6 was restored to that of wild type, indicating that the
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intercellular spread defect of SM1100 had been suppressed (Figure 24).

Therefore, it is likely that Skp and DegP function overlap in S. flexneri.

The peptidyl-prolyl isomerase (PPIase) SurA is also involved in the

folding of the outer membrane proteins LamB, OmpA, OmpC, and OmpF.  A

surA mutant had reduced levels of these major OMPS in the outer membrane and

had general outer membrane defects such as sensitivity to detergents (117).  Both

phenotypes can be complemented by a SurA mutant lacking PPIase activity,

suggesting that the predominant function of SurA is as a chaperone, not as a

PPIase, to aid in the folding and assembly of OMPs.  Interestingly, a degP surA

double mutant does not grow at temperatures above 23oC, and this defect can be

complemented by a protease deficient DegP.  This suggested that the chaperone

activity of these proteins overlaps (7).  S. flexneri SurA is identical to E. coli

SurA.  To determine whether overexpression of surA could suppress the

S.!flexneri degP mutant phenotype, SM1100 expressing surA from the high-copy

number plasmid pGP60.1 was tested in a plaque assay.  SurA could not suppress

the degP phenotype in tissue culture assays (Figure 24).

The plaque size phenotype of the degP mutant was rescued by

overexpression of skp, but not surA, indicating the ability of other periplasmic

chaperones to compensate for the loss of DegP.  This is the first report of

multicopy suppression of a degP mutant by another chaperone.  Functional

overlap of Skp and DegP, as well as SurA and DegP, has been shown by previous

genetic studies in E. coli (7, 114).  In addition, the lethality of a skp degP double

mutant suggested the existence of two chaperone pathways: one containing DegP
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Skp+    SurA+

Figure 24.  Multicopy suppression of the degP intercellular spread defect by skp
but not surA

Plaque formation in confluent monolayers of Henle cells by the degP mutant
SM1100 overexpressing skp or surA.

SM100 SM1100

SM1100/
pGP60.1

SM1100/
pGP56.4
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and Skp, the other containing SurA (7, 114).  Suppression by skp of the degP

mutant phenotype supports this model.
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 E.  PROTEOME ANALYSIS OF THE S. FLEXNERI DEGP MUTANT

To identify additional functions of DegP that may contribute to S. flexneri

virulence or growth within the host environment, protein profiles of wild type and

degP mutant bacteria were compared.  Proteins from various compartments were

isolated and analyzed by SDS-PAGE and Western immunoblotting.  Differences

between the protein profiles would likely result from both the role of DegP in

degrading misfolded proteins and the potential role of DegP as a chaperone for

folding and trafficking of proteins in the periplasm.

1.  Secreted proteins

Of the secreted proteins, the TTSS-secreted proteins are of particular

interest since many are effector proteins that mediate invasion of the host cell by

Shigella and are also required for intercellular spread.  To determine whether any

proteins were inappropriately secreted as a result of the degP mutation, proteins in

the wild type and SM1100 culture supernatant were analyzed.  Western analysis

of secreted proteins was performed with antisera to individual Ipa proteins.

Westerns indicated that the Ipas of the degP mutant are secreted at wild type

levels (Figure 25).  This result was not surprising, since cell culture assays

indicated that the degP mutant is able to perform Ipa-dependent functions

including invasion, apoptosis of macrophages and plaque formation.  Western

analysis with convalescent antisera from Shigella-infected monkeys, however,

indicated that there were slight differences in the secretion profile of the degP
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Figure 25.  Secretion of Ipa proteins by wild type S. flexneri and the degP mutant

Westerns were performed on the SM100- and SM1100-secreted proteins using
antibodies to individual Ipa invasion proteins.  In each case, the relevant
antiserum is noted and the position of the wild type protein is indicated with an
arrow.  The DIpaB protein is 45 kDa compared to the wild type protein of 62 kDa.
The ipaC::TnphoA mutant expresses an IpaC-PhoA fusion protein of 75 kDa
instead of the wild type 42 kDa protein.  Wild type IpaD is 38 kDa, and the DIpaD
protein is not detectable with this antibody.
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mutant compared to wild type (Figure 26).  An approximately 20 kDa protein is

present in the supernatants from the degP mutant, but not from those of the wild

type.  The identity of this 20 kDa protein is unknown.

2.  Outer membrane profile

Genetic and biochemical studies have shown that DegP may play a role in

the biogenesis of outer membrane proteins (13, 83, 114).  To determine whether

the degP mutation resulted in the alteration of the S. flexneri outer membrane

protein profile, cell fractionation was performed and the outer membranes isolated

for SDS-PAGE analysis.  The outer membrane fraction of Shigella consists of a

few prominent species: the major outer membrane proteins (OMPs), as well as

other minor OMPs.  The major OMPs remain unchanged in the degP mutant

(Figure 27A).  However, the absence of an approximately 25 kDa protein was

observed in the degP mutant.  Mass spectroscopy analysis indicated that the band

was most likely a degradation intermediate of OmpA.  In E. coli, an OmpA

fragment of 27 kDa results from digestion of the C-terminal periplasmic domain

of OmpA (18).  Western analysis of the outer membrane fraction with monkey

convalescent antisera was also performed and indicated that there was little

difference between the recognized Shigella antigens in the outer membrane of

SM100 and SM1100 bacteria (Figure 27B).

3.  Inner membrane profile

The inner membrane fraction was also analyzed in SM1100, revealing

several differences between the inner membranes of wild type and the degP
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Figure 26.  Secretion of antigenic proteins by wild type S. flexneri and the degP
mutant

Westerns were performed on the wild type SM100 and the degP mutant SM1100
secreted proteins using monkey convalescent antisera.  Signals corresponding to
IcsA*, IpaC, and IpaD are noted.  Proteins present at a higher concentration or
present only in the degP mutant are indicated with a bracket and an open circle,
respectively.
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Figure 27.  Outer membrane fractions of wild type S. flexneri and the degP mutant

Proteins from the outer membrane fractions were isolated from the degP mutant
and wild type bacteria, normalized to the number of bacterial cells and analyzed
by SDS-12% PAGE.  In the Coomassie stained gel (A), the proteins present in
wild type but absent or reduced in the degP mutant are indicated with arrows.
Western analysis was performed with convalescent monkey antisera (B).
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mutant cells.  On Coomassie stained gels, one difference noted was the absence of

an approximately 140 kDa protein in the SM1100 inner membranes (Figure 28A).

Mass spectroscopy was performed on this band, and the protein was identified as

NarG, the alpha subunit of the membrane-associated respiratory nitrate reductase.

(This will be discussed in greater detail in Section 5.)  In addition to NarG, the

relative levels of a 90 kDa and a 35 kDa protein were also reduced in the degP

mutant.  Several proteins approximately 45 kDa in size and an approximately 30-

35 kDa protein appeared to be present at higher levels in the degP mutant inner

membrane than in the wild type (Figure 28A).  Western analysis was also

performed on the inner membrane fraction of SM1100 and SM100 with

convalescent monkey antisera.  There was a relative decrease in the concentration

of several proteins in the degP mutant compared to SM100 (Figure 28B).

4.  Periplasmic proteins

It was possible that differences exist between SM100 and SM1100

periplasmic protein profiles.  Periplasmic proteins were released from Shigella

spheroplasts and analyzed by SDS-PAGE.  The soluble periplasmic fraction from

the degP mutant were indistinguishable from wild type, as has been shown

previously for E. coli degP mutants (Figure 29) (128).

In conclusion, there are several differences between the protein profiles of

the degP mutant and wild type.  There are slight differences in the proteins

secreted by degP mutant and wild type, but these proteins are not the Ipa proteins

that correlate with the invasion and intercellular spread phenotype of Shigella.

The outer membrane of SM1100 was lacking one protein, which was potentially a
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Figure 28.  Inner membrane fractions of wild type S. flexneri and the degP mutant

Proteins from the inner membrane fractions were isolated from the degP mutant
and wild type bacteria, normalized to the number of bacterial cells and analyzed
by SDS-12% PAGE.  In the Coomassie stained gel (A), the proteins present in
wild type bacteria, but absent or reduced in the degP mutant SM1100 are
indicated with arrows.  Those proteins that appear at higher levels in the degP
mutant SM1100 than in wild type are indicated with brackets.  Western analysis
was performed with convalescent monkey antisera (B).
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Figure 29.  Analysis of periplasmic proteins of wild type S. flexneri and the degP
mutant

Periplasmic proteins were isolated from wild type and degP mutant spheroplasts
and analyzed by SDS-12%PAGE.
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degradation intermediate of the outer membrane protein OmpA, compared to wild

type SA100.  The most significant differences were noted in the inner membrane

fraction.  In wild type bacteria, it may be possible that DegP-facilitated folding of

the periplasmic domains of inner membrane proteins occurs, stabilizing these

proteins in the inner membrane.  Alternatively, proteolytic processing of these

proteins may occur.  It is also a possibility that in the absence of DegP, gene

expression is altered, resulting in the observed differences between wild type

S.!flexneri and the degP mutant protein profiles.

5.  Nitrate reductase activity and growth in anaerobic conditions

Analysis of inner membrane fractions indicated NarG was reduced or

absent in the inner membranes of SM1100 compared to wild type.  NarG is the

140 kDa alpha subunit of the membrane-associated respiratory nitrate reductase.

S. flexneri has two respiratory nitrate reductases, the NarGHI nitrate reductase and

the NapABC periplasmic nitrate reductase that function to use nitrate as a

terminal electron acceptor under anaerobic conditions.  An S. flexneri narG::cm

allelic exchange mutant, SM1130, was constructed for comparison with SM1100.

Nitrate reductase activity in SM1100 was measured and compared to that of wild

type and the narG mutant SM1130. The degP mutant had reduced nitrate

reductase activity compared to wild type and SM1130 (Figure 30). The finding

that SM1100 has reduced nitrate reductase activity compared to the narG mutant

SM1130 suggests that the periplasmic nitrate reductase may also be impaired in

the degP mutant.  To determine whether the reduced nitrate reductase activity of

the degP mutant would impair growth in anaerobic conditions, growth of SM1100
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Figure 30.  Nitrate reductase activity of the S. flexneri degP and narG mutants

The relative nitrate reductase activities of the degP mutant SM1100 and the narG
mutant SM1130 are shown as a percentage of wild type activity.
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and SM1130 was compared to SM100 on solid media containing 40 mM sodium

nitrate in an anaerobic jar.  The S. flexneri degP mutant was impaired for growth

under these conditions and this defect could be complemented by degP expressed

from the low-copy number plasmid pGP25.2 (Table 12). Anaerobic conditions

would be encountered by Shigella during the infection of the host, and the degP

mutant would likely be unable to grow in this environment.

SM1130 was analyzed for the ability to form plaques in tissue culture

assays to determine whether wild type levels of nitrate reductase activity are

required for efficient intercellular spread.  The narG mutant SM1130 formed

larger plaques than wild type S. flexneri, thus NarG is not required for

intracellular multiplication or intercellular spread (Figure 31).  While this

indicates that reduced nitrate reductase activity in the degP mutant is not

responsible for the inefficient intercellular spread of SM1100, the inability of the

degP mutant to grow under anaerobic conditions may still impair growth inside

the host, where an anaerobic environment would be encountered.
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Table 12.  Growth in anaerobic conditions

L agar containing

40 mM sodium

nitratea

MM9 agar

containing 40 mM

sodium nitratea

SM100 (Wild type) + +

SM1100 (degP::cm) - -

SM1100/pGP25.2

DegP+

+ +

SM1130 (narG::cm) + +
a   A ‘+’ indicates growth and a ‘-’ indicates no growth after incubation in a Gas

Pak anaerobic chamber for 48 hours.
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Figure 31.  Effect of NarG on S. flexneri plaque formation

Plaque formation in Henle cell monolayers by wild type S. flexneri and the narG
mutant, SM1130.
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F.  CHARACTERIZE THE ROLE OF DEGP_IN  S. FLEXNERI RESPONSE TO
ENVIRONMENTAL STIMULI.

DegP is a component of the extracytoplasmic stress response of bacteria,

and as such degP gene expression is controlled by both sE and the Cpx two

component regulatory system.  degP mutants in other species have been

characterized for environmental stress defects in addition to potential roles in

virulence.  The survival or growth of the degP mutant, SM1100, in potentially

stressful environmental conditions was examined.  The S. flexneri degP mutant

had the same sensitivity as wild type to a number of conditions tested, including

reducing conditions, low osmolarity, high osmolarity, and high salt (data not

shown).

1.  Temperature sensitivity of the degP mutant

degP mutants in E. coli were described originally as temperature-sensitive

for growth (72).  Except for the S. enterica degP mutant, degP mutants in other

organisms are also temperature-sensitive for growth (55).  The temperature-

sensitivity of the degP mutant relative to wild type was examined by comparing

survival at elevated temperatures.  Bacteria were grown to mid-logarithmic phase

at 30oC, then shifted to either 37oC or 44oC.  The number of viable cells was

measured over time by plate counts.  The shift from 30oC to 37oC did not affect

the viability of SM1100 (data not shown).  After the shift to 44oC, the degP

mutant did not increase in cfu/mL between 2-5 hours, whereas the cfu/mL of the

wild type strain increased over time (Figure 32).   This may be due either to a lack
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Figure 32.  Survival of S. flexneri degP at 44oC.

SM100 (wild type) and SM1100 (degP::cm) cultures were grown for two hours at
30oC until early log phase then were transferred to 44oC.  Mean and standard
deviation of three independent experiments are shown.  Reprinted with
permission (109).



117

of growth or to lysis of a proportion of the growing degP mutant bacteria.  When

the degP mutant was transferred from 30oC to 43oC instead of 44oC, it grew at the

same rate as wild type (data not shown).

To further characterize the response of the degP  mutant to high

temperatures, strains were grown at 43oC, which allows degP mutant growth at

the same rate as wild type S. flexneri.  At both 37oC and 43oC, the whole cell

protein profile of the degP mutant was indistinguishable from wild type (Figure

33A).  To determine if the degP mutant lysed at elevated temperatures, SDS-

PAGE analysis of culture supernatants was performed to look for proteins

released into the supernatant.  There was more protein in the culture supernatant

of the S. flexneri degP mutant than in that of wild type SM100, especially at 43oC

(Figure 33B).  The profile of the proteins present in the degP mutant supernatant

more closely resembled the total cell protein than the subset of proteins secreted

by wild type S. flexneri.  This suggested that these proteins were not those

normally secreted by the TTSS, but could be indicative of bacterial lysis at the

elevated temperature.

To determine whether the proteins present in the culture supernatant of

SM1100 were a result of cell lysis, an ELISA assay was performed to measure the

amount of the cytoplasmic protein chloramphenicol acetyl transferase (CAT)

present in the SM1100 bacteria and culture supernatant.  The degP mutant

SM1100 has a chloramphenicol resistance cassette encoding CAT inserted into

the chromosomal degP gene.  SA511, a chloramphenicol derivative of SA100 that

contains the same chloramphenicol resistance cassette on the pHS2 plasmid, was
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Figure 33.  Cells and culture supernatants of wild type S. flexneri and the degP
mutant

Whole cells from SM100 (DegP+) and SM1100 (DegP-) at 37oC and 43oC
analyzed by SDS-PAGE (A).  Culture supernatants from equal numbers of
bacteria grown at 30oC, 37oC, and 43oC were precipitated and analyzed by SDS-
PAGE (B).  The gels are stained with Coomassie Blue.  The numbers at left are
sizes of protein markers in kDa. Reprinted with permission (109).
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used as a DegP+ control.  SM1100 (degP::cm) and SA511 (pHS2::cm) were

grown at 30oC then shifted to 37oC or 43oC.  Two hours after the temperature

shift, the amount of CAT protein in the bacterial cells and in the cell supernatant

was determined.  When the mutant was shifted to 37oC and 43oC, the cell

supernatant contained 6% and 15% of the total CAT protein, respectively.  Only

1% of the total CAT protein was found in the supernatant of the DegP+ strain

when shifted to either 37oC or 43oC.  These findings agree with those described

previously for an E. coli degP mutant that released increasing amounts of CAT

protein into the supernatant at elevated temperatures (65).  Release of cytoplasmic

proteins into the supernatant by the degP mutant SA1100 but not SA511 indicated

lysis or reduced integrity of the cell wall of the degP mutant at 43oC and, to a

lesser extent, at 37oC.

2. Sensitivity of the degP mutant to certain oxidizing agents

Most degP mutants characterized are more sensitive to oxidative stresses,

including hydrogen peroxide, superoxide radicals and hydroxyl radicals.  During

normal growth, reactive oxygen species accumulate as a result of aerobic

metabolism but can also be from environmental sources.  Formation of hydroxyl

radicals can be enhanced by the presence of metal ions, such as iron.  The redox

cycling agent paraquat is often used to catalyze the conversion of oxygen to

superoxide radicals.  Exposure to reactive oxygen intermediates results in damage

to proteins and DNA in the host cell.  In E. coli the role of DegP in the oxidative

stress response is most likely to degrade the oxidatively damaged proteins in the

periplasmic compartment (133).  To determine whether this role for DegP in
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oxidative stress response was conserved in S. flexneri, the degP mutant, SM1100,

was tested for resistance to a variety of oxidative stresses.  SM1100 showed

reduced survival compared to wild type upon exposure to 40 mM hydrogen

peroxide (Table 13).  Sensitivity to hydrogen peroxide was complemented by

degP on the low copy-number plasmid pGP25.2.  The degP mutant was no more

sensitive than wild type to cumene hydroperoxide, paraquat, or high

concentrations of iron (data not shown).  Sensitivity to one agent but not others

has been described previously in E. coli, which is sensitive to high concentrations

of iron, but not paraquat, cumene or hydrogen peroxide (133).

3. Acid-sensitivity of the degP mutant

The ability of tissue culture assays to mimic all conditions encountered in

the host environment is limited.  The low infectious dose of Shigella is due in part

to the ability to survive the acidic conditions present in the human stomach.  The

degP mutant was tested for the ability to survive in Luria broth pH 2.5 for two

hours.  The survival of stationary-phase SM1100 was reduced compared to wild

type upon exposure to acidic conditions.  The number of viable degP mutant

bacteria decreased ten-fold relative to wild type, and this defect was

complemented by degP expressed from the low-copy plasmid pGP25.2 (Figure

34).  Thus, DegP plays a role in survival in acidic conditions.
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Table 13.  The degP mutant sensitivity to hydrogen peroxide

log10kill in 40 mM H2O2
a

SM100
Wild type

0.082 +/- 0.002

SM1100
degP::cm

5.3 +/- 0.05

SM1100/pGP25.2
DegP+

0.06 +/- 0.008

a  Mid-logarithmic phase cultures were incubated with 40 mM H2O2 for two hours
and the log10kill was calculated as log10kill= (log10cfu in Luria broth)-
(log10cfu in Luria broth containing 40 mM H2O2).  A larger log10kill value
indicates increased bacterial killing by H2O2.  The mean log10kill and
standard deviation from three independent experiments is shown.
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Figure 34.  Survival of S. flexneri in acid.

Percent survival of SM100, SM1100 (degP::cm), and SM1100/pGP25.2 (DegP+)
after exposure to Luria broth pH 2.5 for two hours.  Reprinted with permission
(109).



123

IV. DISCUSSION

An important aspect of Shigella virulence is the ability of the bacteria to

invade intestinal epithelial cells, multiply within the host cell cytoplasm and

spread to adjacent cells.  Intercellular spread is mediated by IcsA-dependent actin

polymerization at the bacterial pole.  To identify bacterial factors required for this

process, a genetic screen of an S. flexneri library of transposon mutants was

performed.  One of the mutants that formed small plaques in confluent epithelial

cell monolayers was found to contain an insertion in degP.  degP mutants have

been characterized in other pathogens including Salmonella and Yersinia spp., and

it is known that DegP is required for full virulence of these organisms (55, 71,

154, 156).  The focus of this study was the characterization of S. flexneri DegP to

determine its role in intercellular spread and Shigella virulence.

The potential role of DegP in S. flexneri virulence was examined through

infection of cultured epithelial cells as well as in vitro assays designed to mimic

conditions encountered in the host environment.  An S. flexneri degP allelic

exchange mutant, SM1100, was constructed for this purpose.  DegP may be

important for several stages of Shigella infection, including transit through the

stomach, intercellular spread and bacterial clearance by the host immune

response.  In the laboratory, cultured epithelial cells are used as a model of the

host intestinal epithelium.  The ability of Shigella mutants to invade or to spread

from cell to cell in a confluent monolayer correlates with a virulent phenotype.

The S. flexneri degP mutant SM1100 invaded cultured Henle cells at wild type
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levels and grew inside the host cell cytoplasm.  However, the plaques formed by

SM1100 were half the diameter of wild type.  Since the degP mutant forms small

plaques, it is likely that SM1100 would not spread from cell to cell in the host

intestinal epithelium to the same extent as wild type bacteria.  In the host,

impaired intercellular spread may result in less damage to the intestinal

epithelium and a less severe infection.

The low infectious dose of Shigella is in part due to the ability of the

bacterium to survive in pH 2.5 for several hours (38).  The degP mutant survival

in pH 2.5 was roughly ten-fold lower than that of wild type.  If the degP mutant is

killed more effectively in the stomach, it is likely to require a larger infectious

dose than wild type Shigella.

Another potential role for DegP is in resistance to antimicrobial peptides

that would be encountered when establishing and maintaining an infection in the

host.  Cationic antimicrobial peptides are a component of the host immune

response.  In humans, more than 25 different antimicrobial peptides have been

identified on mucosal and epithelial surfaces as well as in neutrophils and PMNs

(43).  In PMNs, Shigella are killed by the bacteriocidal/permeability-increasing

protein and cationic antimicrobial molecules of the defensin family (74).  The

degP mutant SM1100 was more susceptible than wild type to the antimicrobial

peptide magainin 2.  Sensitivity to magainin 2 may correlate with more rapid

killing by the host PMNs.  An S. flexneri phoP mutant that was sensitive to

magainin 2 was killed in PMNs at a faster rate than wild type.  In a mouse

pulmonary model of infection this susceptibility may explain faster clearing of the
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phoP mutant infection than of the wild type infection (88).  However, PhoP is the

response regulator of the PhoPQ two-component regulatory system, and the phoP

mutation could have some other unknown defect in the host environment.  Further

studies of the S. flexneri degP mutant in an animal model are required to

determine if infection with the degP mutant is less severe than that with the wild

type bacteria and to determine the susceptibility of the degP mutant to the host

immune response.

It is likely that the degP mutant forms small plaques because of a defect in

IcsA localization.  IcsA localization in the degP mutant was observed by indirect

immunofluorescence.  While IcsA is localized properly to the pole of the degP

mutant, the mutant bacteria stain less intensely than the wild type bacteria,

suggesting the degP mutant had less IcsA on the surface.  However, Western

analysis indicated that wild type levels of IcsA were synthesized, and this IcsA

fractionated with the outer membrane.  A quantitative surface immunoassay

indicated that the degP mutant had 35-45% less IcsA accessible to antibody than

the wild type bacteria.  The most likely explanation is that IcsA is secreted to the

outer membrane, but the protein is inserted in such a way that the epitope is

inaccessible to antisera.  In the host cell cytoplasm, the N-terminal domain of

IcsA on the bacterial surface interacts with the host proteins vinculin and N-

WASP to nucleate F-actin polymerization.  Actin polymerization at the bacterial

pole propels the bacteria into the adjacent cell.  If there is reduced detection of

IcsA with antibody, it is reasonable to speculate that in the host cell cytoplasm

there is a reduction in the interactions between IcsA and the actin nucleating
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proteins.  Altered actin polymerization would explain the inefficient intercellular

spread of the degP mutant.

It is unclear exactly how the degP mutation affects IcsA surface

localization.  Factors known to affect IcsA localization and intercellular spread

were examined in the S. flexneri degP mutant including SopA levels and LPS

composition.  SopA, the outer membrane protease that cleaves IcsA, was present

at wild type levels in the outer membranes of the degP mutant.  In addition, SopA

was functional in SM1100 since the IcsA* cleavage product was observed in the

degP mutant supernatants.  Since LPS mutant are known to have defects in

intercellular spread, the LPS of the degP mutant was examined but was found to

be like wild type.  It was possible that the outer membrane of the degP mutant

was altered in some way that would affect protein insertion or translocation to the

bacterial surface.  The outer membranes of SM1100 were found to be slightly

more sensitive than those of wild type to detergent and antibiotics.  This suggests

a general membrane defect in the degP mutant that may affect IcsA insertion into

the outer membrane in its proper conformation.

The IcsA protein consists of an N-terminal passenger domain and a

C-terminal b -domain that is predicted to form a b -barrel of ampipathic

antiparallel sheets (Figure 35A).  The mechanism of IcsA insertion into the outer

membrane and subsequent translocation of the passenger domain to the bacterial

surface is not well understood.  IcsA is secreted across the inner membrane by the

Sec secretion system (Figure 35B).  In pulse-chase experiments a small
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Figure 35.  IcsA domains and model for IcsA secretion

In Panel A, the N-terminal passenger domain and the C-terminal b-domain are
indicated.  In Panel B, a model for IcsA secretion is illustrated.  IcsA is secreted
across the inner membrane by the Sec machinery (1), and is present briefly as a
soluble intermediate in the periplasm (2) before the b-domain inserts into the
outer membrane (3).  Then the N-terminal passenger domain is translocated to the
bacterial surface (4).
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 amount of IcsA was detected in the periplasm as a soluble intermediate.  Less

sensitive approaches have not detected IcsA in the periplasm.  It has been

suggested that the insertion of IcsA b-domain into the outer membrane occurs

rapidly and that the rate-limiting step is the translocation of the IcsA passenger

domain to the surface (11).  To be exposed on the surface, it is thought that the

IcsA passenger domain is threaded through the channel formed by the b-domain.

Since wild type levels of IcsA fractionate with the degP mutant outer membrane,

the degP mutant IcsA localization defect may be in the translocation of the IcsA

passenger domain to the bacterial surface in such a way that it can be detected.

One possibility is that the general membrane defect of the S. flexneri degP mutant

affects the conformation of the IcsA b-domain, thereby influencing the

translocation of the IcsA passenger domain to the bacterial surface in its proper

conformation.  This model would suggest that the effect of the degP mutation on

IcsA localization is indirect.

 In E. coli, DegP has been characterized as both a protease and as a

chaperone (138).  As a chaperone, it has been suggested that DegP interacts with

hydrophobic residues of unfolded protein substrates to promote refolding.  It is

not known how DegP discriminates between substrates that can be refolded and

substrates to degrade.  An S. flexneri DegPS210A point mutant that lacked protease

activity was constructed.  This protease point mutant was able to complement the

degP mutant SM1100 IcsA localization defect and restored intercellular spread to

wild type levels as determined by plaque assays.  This indicated that DegP

protease activity was not required for efficient intercellular spread and suggested
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that S!flexneri DegPS210A was functioning as a chaperone.  Recent genetic analysis

in E.!coli has suggested a role for DegP in outer membrane protein biogenesis

alongside the periplasmic chaperone Skp and the PPIase SurA, which also has

chaperone activity.  Specifically, two chaperone pathways have been suggested:

one containing DegP and Skp, the other containing SurA (7, 114).  Since DegP

chaperone activity was sufficient to restore IcsA localization, the ability of Skp

and SurA to suppress the degP mutant intercellular spread defect was examined.

Overexpression of skp was able to restore plaque size to that of wild type but the

overexpression of surA did not.

Multicopy suppression of the S. flexneri degP mutant intercellular spread

phenotype by skp is the first report of suppression of a degP mutant by another

chaperone.  In E.!coli, degQ  and sohB, both of which encode periplasmic

proteases, were found to be multicopy suppressors of the E. coli degP mutant

temperature sensitive growth phenotype.  Presumably DegQ and SohB degrade

protein aggregates in heat shocked cells as no chaperone activity has been

attributed to these proteins (5, 147).  Multicopy suppression by skp of the degP

mutant small-plaque phenotype supports a model where DegP and Skp interact

with immature outer membrane proteins in the periplasm, facilitating their proper

folding.  Proteins that remain unfolded are likely to be degraded by DegP in its

capacity as a protease, but can also be sequestered by the DegPS210A protease

mutant.  For example, DegPS210A can rescue the E. coli degP mutant lethality

caused by synthesis of OmpC or OmpF protein assembly mutants (13, 83).  In the

S. flexneri degP mutant SM1100, high levels of Skp most likely compensate for
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the absence of DegP chaperone activity in the periplasm by facilitating proper

folding of outer membrane proteins.  In this model, overexpression of skp restores

the degP mutant outer membrane to that of wild type and allows for proper IcsA

translocation to the bacterial surface and wild type levels of intercellular spread.

Much remains to be determined about DegP, including the mechanism for

the switch between chaperone and protease activities.  With the intention of

further characterizing the DegP functional domains required for proper IcsA

localization, DegP deletion mutants were obtained from M. Ehrmann.  These

deletion mutants were constructed based upon the E. coli DegP crystal structure to

gain insight into the action of DegP.  The plaque size defect of the S. flexneri

degP mutant was complemented by DegP∆40-76 that exhibits increased protease

activity.  This result indicated that while DegP protease activity was not required

for efficient intercellular spread of S. flexneri, elevated protease activity did not

impair wild type plaque formation.  The protease mutant DegP∆275-286 was not

able to complement the degP mutant intercellular spread phenotype, but did

complement the E. coli temperature sensitive growth phenotype.  It is possible

that in S. flexneri the chaperone activity DegP∆275-286 exhibits is not sufficient

for wild type levels of IcsA localization.  The third mutant tested, DegP∆189-195,

may not be a functional protein.  The six residues removed from DegP∆189-195

were predicted to be involved in substrate binding.  It appears that the ability of

this protein to bind substrates in a protease-independent manner has also been

compromised since it does not complement the E. coli degP temperature-sensitive

growth phenotype or the S. flexneri degP small plaque phenotype.  Further studies
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are needed to characterize DegP activity, specifically the domains or residues

involved in DegP chaperone activity.

To identify functions of DegP that may be important for S. flexneri

virulence or growth in the intracellular environment, protein profiles of the degP

mutant were compared to those of wild type.  A protein present in the inner

membrane fraction of wild type, but absent or reduced in that of the degP mutant

was isolated and identified by mass spectroscopy analysis as NarG, a subunit of

the bacterial nitrate reductase.  This suggested that the ability of the degP mutant

to use nitrate as a terminal electron acceptor could be compromised.  In in vitro

assays, the nitrate reductase activity of the degP mutant was 10-fold lower than

that of the wild type.  Growth under anaerobic conditions on rich media and on

minimal media containing nitrate as a terminal electron acceptor was abolished in

the degP mutant.  Comparison of the S. flexneri genome to the E. coli genome

indicated that there are mutations in several genes involved in anaerobic

respiration, including narZ, which encodes a subunit of the second membrane-

associated respiratory nitrate reductase.  This may increase the dependence of

Shigella on the NarGHI enzyme for the use of nitrate as a terminal electron

acceptor.  The third respiratory nitrate reductase, the periplasmic NapA enzyme,

is present in S.!flexneri.

An S. flexneri narG mutant SM1130 grew under anaerobic conditions and

formed larger plaques than wild type in cultured epithelial cells.  It is unclear

whether the narG mutant was able to grow at a faster rate in the intracellular

environment or spread from cell to cell more efficiently than wild type.  The narG
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mutation may result in the upregulation of the periplasmic Nap enzyme or some

other more efficient respiratory pathway.  This may allow for more prolific

growth of SM1130 inside the host cell.  Little is known about the conditions that

Shigella encounter when they multiply within the host cytosol.  Future studies on

the anaerobic respiration enzymes may facilitate a better understanding of

Shigella growth in the intracellular environment.
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