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Introduction

The outer membranes of Gram-negative bacteria ate intimately involved
in/the lifestyles of these organisms, including their lifestyle within a
human or animal host. Although outer membranes ate not often named

.as virulence determinants, they have several roles that metit such a designa-

tion including those in exclusion of bile salts, tesistance to proteases and
other enzymes, tesistance to serum bactericidal killing, excretion of other
bacterial vitulence factors, limitation of antibiotic uptake, uptake of impor-
tant nutrients in short supply in the host, endotoxicity, and anchoring of
adhesins and flagella (Nikaido and Vaara, 1985; Inouye, 1987; Hancock
and Bell, 1989; Hancock, 1991). In this chaptet we will summarize the
properties of the outer membrane proteins of E. co/s with special attention
to those important in virulence and/ot growth # vivo. Only a limited
discussion of regulation or mechanisms of secretion will be included and
the readets ate refetred to more detailed reviews on these subjects (Igo
etal., 1990; Mizuno and Mizushima, 1990; Pugsley, 1993). E. coli was
the prototype for the first investigations on outet membranes and is by
far the best studied of all organisms. For detailed discussion of outer
membranes in other organisms three tecent reviews may be consulted
(Nikaido and Vaara, 1985; Hancock, 1991; Hancock e#4/., 1993).

Outer Membrane Structure

The E. coli outer membrane constitutes a typical asymmetrical bilayer
studded with proteins (Fig.18.1; Hancock eza/., 1993). The outer
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Fig. 18.1. Schematic diagram of the Gram-negative outer membrane. '

monolayer of this asymmetrical bilayer contains the glycolipid molecule
lipopolysaccharide (LPS) (discussed in Chapter 17), while the inner
monolayer contains phospholipids, primarily phosphatidyl ethanolamine,
phosphatidyl glycerol and cardiolipin (Cronan, 1979). This partitioning of
lipidic species is almost complete as demonstrated by chemical and enzyme
accessibility studies, immuno-electron microscopy, and freeze fracture
studies (Avrameas, 1969; Funahara and Nikaido, 1980). The negatively
charged LPS in the outer monolayer and its tight non-covalent association
with itself via divalent cation crossbridging and with proteins via hydro-
philic, charge-charge and hydrophobic forces (Nikaido and Vaara, 1985;
Hancock, 1991; Hancock ez4/., 1993), confer several important properties
on the outer membrane. These include exclusion of many hydrophobic
substances, such as dyes, detergents and bile salts, and resistance to attack
by phospholipases and other enzymes. In addition, the uptake of cationic
substances including antibiotics, such as polymyxins, aminoglycosides
and azithromycin, and antibacterial peptides, such as defensins and
bactenicins, involves a self-promoted uptake pathway that is initiated
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by initial interaction of these cationic peptides at the divalent cation
crossbridging sites on LPS (reviewed in Hancock and Bell, 1989; Hancock,
1991).

Proteins constitute nearly 60% by weight of the E. co/i outer mem-
brane. The predominant protein species ate present at a copy number of
5 x 104 to 2 X 10’ polypeptides per cell and are termed ‘major’ outer
membrane proteins (Lugtenberg ez4/., 1975). The major outer membrane
proteins of E. coli cells grown on rich broth are OmpF, OmpC, OmpA
and Lpp. However other proteins can become predominant under specific
growth conditions or when E. co/i harbours phages or plasmids that
encode these proteins (see below). In addition to the major proteins, 50
or more other polypeptides can be observed in lower copy number on two-
dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Many of these proteins are exposed on the surface of the
outer membrane as judged by their function as phage or colicin receptors
(Table 18.1), or their reactivity in intact cells with antibodies. However,
this must be qualified since such assessments of surface localization are
usually performed in E. co/i K-12, which is a rough, LPS O-antigen-
deficient variant, and such variants are rarely found 7z vivo. E. coli strains
derived from infections, containing smooth LPS and/or capsules, fail to
react with a variety of phages, colicins or protein-specific antibodies (see
below).

Table 18.1. Functions of E. coli outer membrane proteins.

Function

Major components

Non-specific passage of small
hydrophilic compounds

Specific uptake of hydrophilic
substances

Uptake of fatty acids

Structural role

Protein excretion

Export and anchoring of surface
appendages

Enzymes

Receptors for phages

Receptors for colicins
F pilus mating aggregate stabilization

OmpF, OmpC

FepA, FecA, Fiu, FhuA, BtuB, LamB,
Tsx

FadL

OmpA, Lpp, ExcC, OmpH

TolC

FimD, FigH

OmpT, PIdA

FhuA, BtuB, LamB, FadL, OmpC,
OmpF, OmpA, Tsx

FepA, FhuA, Cir, BtuB, OmpF, Tsx

OmpA
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Outer Membrane Protein Functions

Outer membtane proteins have a variety of known functions, as sum-
marized in Table 18.1. The first functions described were receptor func-
tions for phages and bactetiocins (Konisky, 1979). However, since such
functions would result in eventual cell death, it seemed unlikely that these
were the major roles of the outer membrane proteins. Indeed, each of these
receptors has now been ascribed an alternative function. For example,
the receptors for phages T6 (Tsx) and N (LamB) function in nucleoside
and maltose/maltodextrin uptake, respectively, whilst the receptors for
colicins B and E1 function in ferri-enterobactin and vitamin B,, uptake,
respectively. In general, E. co/ outer membrane proteins serve the follow-
ing functions: the general porins mediate passage of hydrophilic solutes
in a size-dependent fashion; the substrate-specific porins have a binding
site within their channels that imparts selectivity for a given substrate;
they may have roles in cell shape and structural stability; and specific
proteins possess ‘enzymatic activities, ate involved in secretion and/or
anchoring of surface appendages, or mediate excretion of haemolysin into
the environment (Table 18.2). In addition, outer membrane proteins
expressed from plasmid or lysogenic phage genes can have functions of
importance in pathogenesis, including adhetrence and complement
resistance (Table 18.3).

Outer Membrane Proteins

E. coli K-12 has by far the best charactetized outer membrane of any
organism, with 25 chromosomally encoded proteins for which the genes
have been cloned and sequenced, and two othet genetically defined pro-
teins (Table 18.2). This section discusses the known properties of these
proteins.

General porins

Porins represent a ubiquitous class of outer membrane proteins that form
channels across the outer membrane (Hancock, 1986; Benz eza/., 1988).
They are highly conserved in both general structure and function, although
their primary sequences vary substantially from organism to organism
(Jeanteur ez 4/., 1993). Porins are characterized as outer membrane proteins
that are capable of forming channels when reconstituted into model
membrane systems (Table 18.4). These proteins have a number of prop-
etties in common: ‘

1. They all contain substantial 8-sheet structure.
2. They have similar molecular weights (31 000-48 000).

o —

Table 18.2. Chromosomally encoded outer membrane proteins of E. coli.

Other?

Regulation

Map

position Function

DNA seq
acc™ no.

Mol. wt

Name

MW94

By plasmid pMARS

Attachment and effacement

102,000 Z11541

Eae

of epithelial layers
Required for surface

Fim B/E; phase’ variation

98.1”

97,260 X51655

FimD

localization of type 1

fimbriae
Ferric iron uptake —
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Mws83

Low iron derepressible (fur)

18’

83,000

Fiu

scavenger pathway
Ferric citrate uptake (fur),

81,718 M20981

MW80.5

Low iron derepressible

93’

FecA

citrate inducible
Ferric-enterobactin receptor/ Low iron derepressible (fur)

Mws81

13.6’

79,908 J04216

FepA

permeation; colicins B,D

receptor; gated porin -
Ferri-ferrichrome receptor/

MW78

Low iron derepressible (fur)

3.7

78,992 X05810

FhuA

permeation; phages T1,

M12486

$80, T5 receptor; colicin

M receptor
Ferri-coprogen,

MW76

Low iron derepressible (fur)

247

77,453 X17615

FhuE

ferri-rhodoturulic acid,

ferrioxamine B receptor/

permeation

Ferric iron uptake-savenger

MW74

Low iron derepressible (fur)

46.4’

67,179 J04229

Cir

pathway; colicin la, Ib

receptor




Table 18.2. continued

DNA seq Map
Name Mol. wt  accM no. position Function Regulation Other?

BtuB 66,412 M10112 89.7" Vitamin B12 receptor/ — MW60
permeation; phage BF23
receptor; colicins E1, E2,

E3 receptor -

TolC 66,000 X54049 66.4° Required for haemolysin Constitutive minor protein MWe66, TRI
secretion .

Hag 51,172 M14358 42.4° Flageliin subunit Constitutive MWS5S5; HM

LamB 47,932 V00298 91.5" Maltodextrin-specific porin; Maltose induced (malT) PG MWS55, TRI, PG
phages A\, K10 receptor :

FadL 45,969 M37714 50.6’ Fatty acid binding/ Fatty acid induced, glucose MW43, HM

. permeation; phage T2 repressed )

receptor

K 40,000 — — General porin Found in encapsulated strains MW40, TRI, PG

NmpC 39,500 M13457 12.6’ General porin (defective Normally inactivated by 1S5 MW39.5, TRI,
Tsr’ encoded) insertion PG

OmpC 38,307 KO00541 47.7"  General porin, Phage Tulb High salt induced (envZz, MW37, TRI, PG
receptor, Phage K20, OmpRY); acid pH
K21, K22 receptor

OmpG 37,000 — 29’ General porin — weakly Cog MW37, TRI, PG

(CE1248) expressed
PhoE 36,782 X00786 5.7  General porin — anion Low phosphate induced MW38, TRI, PG
. selective (phoB, phoR,

phoM) - . .

OmpF 35,705 J01655 20.7°  General porin, colicin N Low salt induced (envZ, MW36, TRI, PG
receptor, phage Tul T OmpRY); high growth

receptor temperature
induced (mic F)

OmpT 35,667 X06903 12.9" Endoprotease Constitutive MW37
OmpA 35,159 J01654 21.7"  Porin; structural role — cell
shape, stability; Phage Constitutive MW33, HM,
K3, Tull receptor; PG (TRI)
stabilizes F pilus mating
aggregates
Tsx 31,418 M57685 9’ Nucleoside-specific porin; Dual promoters: (1)
albicidin uptake; phage T6 CAMP + CAP induced; cytR MW28
receptor, colicin K repressed; (2) desR )
receptor repressed
PIdA 30,809 X00780 86.1" Phospholipase A . Constitutive low level MwW27
X02143
FigH 27,000 — 24’ Flagella L-ring — Mw27
Pal 18,748 X65796 17’ Outer membrane stability Constitutive MW17, PG, LP
(excC)
OmpH 15,692 M21118 38’ LPS binding protein — Constitutive MW17
(HipA) possible ‘structural role ‘
Lpp 6,961 J01645 36.7"  Structure, osmotic stability Constitutive MW9, LP
OsmB ’ 6,949 M22859 28.0’ Unknown High osmolarity inducible Mws, LP

2Code for other:
MW33 = apparent mol. wt = 33 K after boiling prior to SDS-PAGE;

TRI = trimers observed when run on SDS-PAGE;

(TRI) = evidence of native trimers but not observed on SDS-PAGE;

HM = heat modifiable (moves from low apparent molecular weight position to high apparent molecular weight position upon
heating);

PG = peptidoglycan associated;
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Table 18.3. Plasmid and phage encoded outer membrane proteins of E. coli.
DNA seq
Name Mol. wt  acc™ no. Encoded by Function Regulation Other? .
FanD 84,500 X13560 pK99 Export/expression of pK99 — —_ 1
' functions ‘v\“
FaeD 82,100 X56003 pK88ab Export of K88ab fimbrial — — X
subunits §
PapC 81,000 X61239 pF13 Export/expression of P fimbriae — —_ 8
lutA 74,000 X05814 pColV Ferric aerobactin receptor/ Low iron MW74 :’
permeation (fur) derepressible §
ScrY 55,408 S44133 pUR400 Sucrose/maltodextrin specific Sucrose induced MW55, TRI >
porin; general porin (scR) ’v
TraB 55,000 — F F pilus assembly/biosynthesis —_ — _ §
Lc(HK253) 39,000 — $HK253 General porin; lambdoid phage  Growth temperature MW39, TRI ©
receptor
Lc(PA102) 36,500 J0O2580 PPA102 General porin — MW36.5
. TRI, PG
A~~~
TraT 25,000 JO1769 pR100 Complement resistance; —_ LP
surface exclusion -
25,000 X52553 pR6-5 Surface exclusion — LP
25,000 M13465 pED208 Surface exclusion — LP
26,017 X14566 F Complement resistance; — LP
surface exclusion g
TraF 25,000 M20787 F F pilus assembly/biosynthesis — —_ S
TraK 24,000 X54458 F F pilus assembly/biosynthesis — — =
: X54459° 3
TraP 23,500 — F Function unknown — - Ny
Tral 10,350 KO1147 F F pilus assembly/biosynthesis —_ - 3
BRP 2,900 X04466 pCloDF13 (geneH) Bacteriocin release protein — LP ~
JO1566  pColE1 (kil) Bacteriocin release protein — LP s
M29885  pColE2 (ce/B) Bacteriocin release protein - LP 3
JO1574 pCoIE3 (hic) Bacteriocin release protein — LP °
X02391 = pColA (cal) Bacteriocin release protein - LP —

?See Table 18.2 for codes.
® Genes from related plasmids.
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3. They form native trimers in the outer membrane as assessed by cross-
linking studies or ctystallography.

4. All contain channels that allow the passage of ions.

The two possible exceptions to these rules are an as yet uncharacterized
voltage-sensitive channel (Buechner ef4/., 1990) and the Tsx protein
(Bremer e4l.,71990), both of which have rather unusual properties.

The general porins lack known substrate specificity (Hancock, 1986;
Nikaido, 1992). Five of these have had their sequences defined genetically,
namely OmpF, OmpC, PhoE, NmpC and Lc(PA-2) (Tables 18.2 and
18.3). This group of proteins shares the following structural properties:
they have sequence similarity with about 56% identical amino acids,
they are immunologically cross-reactive, they have very similar molecular
weights of 35000-40 000, and they form trimers that are resistant to

denaturation by the detergent SDS. In addition, their functional properties

are qu.ite.analogops. Model membrane studies have indicated that they
have similar channels, with single channel conductances ranging from
1.5 to 2nS in 1M KClI solution, and weak ion selectivity (Table 18.4),

"Table 18.4. Conductance characteristics of E. coli porins,

Single channel
Growth conditions  conductance Selectivity

Porin favouring production in 1 M KClI (nS) (pK*/pCI”) Binding
OmpF Low salt ~1.9 Cation (3.7) -2
OmpC High salt 1.5 Cation (26) —
PhoE Low phosphate 1.8 Anion (0.33) —
OmpG Cog mutation 2.5 Cation (12.5) —
(CE1248)
NmpC IS5B deletion 1.8 Anion (0.27) —
OmpA Constitutive 0.7 Anion (0.7) —
LamB Maltose 0.16 Cation Maltose/
maltodextrins
Tsx Various 0.01 Cation (4.2) Bases/
nucleosides
Voltage
sensitive —P? 0.6 Cation -—
Lc(PA-2) Lysogeny ~ 2.0 Cation (6.5) —
Lc(HK253) Lysogeny 2.5 Cation (12) —
K Plasmid 1.8 ND —
ScrY Plasmid 1.4 Cation (8.6) Sucrose

maltodextrins

®No specific binding site.
bActual protein has not been isolated.
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indicating that all form large water-filled channels. Other porins, OmpG,
protein K and Lc (HK253) share similar properties and may thus be related
(Table 18.4).

The porins that have been investigated in the greatest detail are OmpF,
OmpC and PhoE. OmpF and OmpC can be observed in the outer mem-
branes of E. co/i grown in vitro on many laboratory media. However, their
production is influenced by medium constituents. The best studied of
these is the medium osmolarity; high osmolarity favours OmpC produc-
tion, whereas low osmolarity favours OmpF production. Osmolarity is
sensed by the transmembrane sensor EnvZ which phosphorylates the
OmpR activator, causing it to bind to the OmpC promotor and stimulate
transcription (Igo ez4/., 1990; Mizuno and Mizushima, 1990). Other
regulatory elements include the micF antisense RNA which is transcribed
from the upstream sequences of the omp C gene, and which down-regulates
OmpF production when OmpC production is stimulated by high osmo-
larity or by changes in other envitronmental conditions (Andersen ez /.,
1989). This inverse regulation is important since the high osmolarity found
in vivo has been proposed to result in almost exclusive synthesis of OmpC
(Nikaido and Vaara, 1985). Since OmpC has a smaller channel than OmpF
(Nikaido and Rosenberg, 1983; Benz ez 4/., 1985) it has been proposed that
this would restrict uptake of antibiotics, rendering E. co/s more antibiotic
resistant 7z vivo than in vitro.

PhoE which is highly similar to both OmpF and OmpC (they share
>85% identical amino acids) is not found under most growth conditions
and is absent iz vivo (Robledo ez4/., 1990). It is part of the phosphate-
starvation-inducible Pho regulon (Tommassen ez4/., 1987), and is acti-
vated upon growth in phosphate-deficient medium. However although
anion selectivity of its channel favours uptake of anions, it does not contain
a binding site for phosphates or polyphosphates (Darveau eza/., 1984;
Bauer eza/., 1989).

Recently the crystal structures of OmpF and PhoE were published
(Cowan eral., 1992). They demonstrated remarkable similarity to the struc-
ture of the general potin from Rbodobacter capsulatus (Weiss et al., 1991),
despite the almost complete lack of sequence homology (n.b. it must
be noted, however, that use of a refined amphipathicity prediction has
permitted conceptual alignment of these sequences (Jeanteur erd/.,
1993)). The general structure of the OmpF porin is shown in Fig. 18.2.
Both OmpF and PhoE consist of 16 8-strands tilted at an angle of 35-50°
and arranged in an ordered antiparallel fashion. The B-strands form a
B-barrel structure that circles the central channel. Between these S-strands
are eight short 8-turns of two to three residues on the periplasmic side and
eight longer loops on the outer surface side of the barrel. The loops are
tightly packed and one long loop, L3, enters the channel to create the
most constricted part of the channel and thus contribute to the channel’s

-
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Fig. 18.2. General structure of the OmpF porin. Arrows represent §-strands
and are labelled 1-16 starting from the strand after the first short turn. The

long loops are denoted L1—L8 while the short turns at the other end are called

T1-T8. Loop L2 protrudes to the viewer and is believed to be involved in
monomer association, while L3 folds back into the barrel and is believed to
contribute to the porin size. (Reproduced with permission from Cowan etal.,
1992))
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exclusion limit and ion selectivity (thtough charged amino acids in the
loop). For example, the replacement in loop L3 of Gly-131 of OmpF with
Lys-131 in PhoE, leading to an added positive charge at the channel con-
striction, explains the anion selectivity of PhoE, compated with OmpF
(Table 18.3). Three monomeric subunits asdescribed above are packed
into a native trimer with strong hydrophobic interactions involving many
residues of the subunits. This tight packing of monomers to form the native
trimer probably explains the resistance of porins to denaturation, whereas
the tight packing of the loop regions may explain the resistance of porins
to proteolysis.

The other five general porins mentioned above are difficult to ratio-
nalize. Only one, OmpG, is found in wild-type E. co/s K-12 strains. Mista
and Benson (1989) observed a porin-like protein, OmpG, in E. co/f cells
that had acquired the ability to grow on large oligosaccharides in the
absence of the specific porin LamB. Subsequently, Hancock e4/. (1992)
found a porin, which they called CE1248 porin, which was made in low
levels in porin-deficient E. co/i mutants. The large single channel conduc-
tance of this porin indicates that it should permit passage of larger sugars
than OmpF or OmpC, and thus we hypothesize that this potin is OmpG,
and is responsible for trans-outetmembrane permeation of hydrophilic
substances in the absence of OmpF or OmpC. Two other general porins,

-« L. (HK253) and L, (PA-2), are encoded by lysogenic phages (Blasband

etal., 1986; Verhoef ezal., 1987), whereas the porin NmpC is encoded
by the defective lambdoid prophage Tsr, but is inactivated in wild-type
E. coli by insertion of IS5B (Blasband ez4/., 1986). NmpC was found in
pseudorevertants of porin-deficient E. co/s strains which had spontaneously
excised this insertion element. Protein K on the othet hand is found almost
exclusively in encapsulated E. co/s strains (Sutcliffe ez 4/., 1983; Whitfield
etal., 1983). Although clearly related to OmpF, its regulation and genetics
have not been well studied.

One other general porin that is cleatly unrelated to the OmpF family
has recently come to light, namely OmpA. It was assumed for many years
that OmpA lacked porin activity, but the strong homology of this protein
to the well-characterized potin OptF of P. aeruginosa (Woodruff and
Hancock, 1989) caused a re-examination of this assumption. OmpA was
demonstrated to form channels in two different model systems (Sugawara
and Nikaido, 1992; Saint ez4/., 1993). These channels appear to be quite
large but to have low permeability, an apparent contradiction that has been
teconciled by proposing that the channel contains a bend which increases
frictional interactions within the channel. OmpA seems to be a member
of a family of proteins with homology in their C-terminal 150 amino acids
(Woodruff and Hancock, 1989; Gentry-Weeks eza/., 1992) and due to jts
role in cell structute will be discussed in more detail below. It is worth
noting that OmpA has many structural similarities to the OmpF family,
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including high content of B-sheet structure, native trimer configuration,
similar monomer size, association with the peptidoglycan and LPS, and
lack of long stretches of hydrophobic amino acids (see Hancock, 1986;
Woodruff and Hancock, 1989).

Substrate specific porins

Nikaido (1992) argued that outer membrane channel-forming proteins that
contain, within their channels, a specific binding site, should be termed
specific channels due to their fundamental differences in physiological
behaviour, However these proteins retain many of the distinguishing
features of porins including trimeric association, high content of $-sheet,
association with the peptidoglycan and LPS and significant permeability
to ions. Thus while the maltodextrin-specific channel-forming LamB
protein has a rather distant evolutionary relationship to the OmpF-like
porins or the OmpA family (Jeanteur ez4/., 1993), we utilize the term
substrate-specific potins here to reflect these structural similarities since it
is often difficult to discriminate these families. For example the major
- porin of Bordetella pertussis is anion specific but related to the non-specific
porins of Neisseria spp. (Li ezal., 1991). The plasmid encoded ScrY porin
of E. coli on the other hand has the permeability characteristics of both
specific and non-specific porins (Table 18.4). :

Only three substrate-specific potins are known in E. co/s (Table 18.4).
An earlier conclusion that PhoE was phosphate and/or polyphosphate
- selective (Overbeeke and Lugtenberg, 1982; Dargent ez a/., 1986) was in
error (Darveau ez4/., 1984; Bauer ez 4/., 1989), although PhoE, by virtue
of its anion selectivity, demonstrates relatively high intrinsic permeability
to large anions.

The best characterized substrate-specific porin is LamB, which is
named for its role as the cellular receptor for bacteriophage A. It is present
in low amounts in cells growing on rich medium but is maltose inducible
by a process that involves the 7a/T apoactivator and maltose as a coactivator
(Smelcman and Hofnung, 1975). Genetic studies including linker insertion
mutagenesis, insertion of foreign epitopes, and sequencing of mutants that
affect phage or antibody binding, have resulted in a sophisticated two-
dimensional folding model for LamB (Saurin ez4/., 1989). Cells deficient
in LamB can still grow on maltose, since at high concentrations of external
maltose, uptake through the general porins is sufficient to permit transit
of maltose across the outer membrane. However LamB is obligately
required (Smeleman and Hofnung, 1975) for growth on larger malto-oligo-
saccharides (maltodextrins),

Model membrane studies have confirmed that LamB channels contain
a binding site for maltose and maltodextrins. For example, in planar lipid
bilayer experiments, these sugars block the conductance of ions through
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the channel, by binding to sites within the channel. As the size of the
maltodextrin increases, the binding affinity (concentration of sugar leading
to a 50% decrease in ion conductance) increases, up to maltopentose
(K = 59 uM) and stays high for larger sugars (Benz ezal., 1987). The
existence of such binding sites has been confitmed by starch binding
(Francis ezal., 1991a, b) and equilibrium flow dialysis (Gehring ez 4/.,
1991) experiments. The latter have confirmed the existence of three
independent binding sites, presumably one per monomer in the LamB
trimer, and two-dimensional crystal reconstruction studies (Lepault ez4/.,
1988) have indicated an analogous structure (i.e. three independent chan-
nels) to that observed for OmpF (Fig. 18.2). Molecular genetic studies have
identified specific amino acids that are involved in maltodextrin binding
including residues 8-18, 74-82, 118-121, 152-154 and 360, suggesting
that several regions of the polypeptide must collaborate in forming the
binding site(s) (Datgent eza/., 1988; Heine eza/., 1988; Francis ezd/.,
1991a, b; Benz ez4/., 1992; Chan and Ferenci, 1993). As discussed
by Benz and colleagues (Benz eza/., 1987, 1992), the higher affinity of

- the channel for maltodextrins with four or more glucose residues implies

that the channel may have a series of binding sites spaced in such a way that
they can bind to more than one residue of the maltodextrin simultaneously.
The plasmid-encoded ScrY porin is involved in sucrose utilization by

* cells containing the sucrose regulon of plasmid pUR400 (Schmid ez4/.,

1988; Hardesty eza/., 1991). ScrY shows 23% amino acid identity with
LamB. As mentioned above, the general permeation properties of Scr Y
are similar to OmpF in that it forms large water-filled channels (Schiilein
etal., 1991). However it is also similar to Lam B in having a maltodextrin
binding site(s) for which binding affinity is a function of size of the
maltodextrin. ‘

The Tsx protein was originally characterized as the receptor for colicin
K and bacteriophage T6. Hantke (1976) demonstrated that cells lacking
Tsx had decreased rates of uptake of nucleosides and deoxynucleosides
when these substrates were present at low (nM) extracellular concentrations.
Model membrane channel studies (Benz ez4/., 1988; Maier and Bremer,
1988) indicated that Tsx had limited permeability for ions, with a single
channel conductance nearly 200-fold lower than that of OmpF. However
this low conductance could be blocked by a variety of nucleosides apd
deoxynucleosides with a binding constant (K;) as low as 50 uM. Despite
these similarities to LamB, Tsx is unusual in that is quite susceptible to
detergent denaturation (Bremer e#4/., 1990) in conttast to all other porins.
As befits a nucleoside channel, it is regulated by two repressors, DeoR and
CytR (acting at separate, tandem promoters), which also control nucleo§idc
transport/catabolism. Tsx is also involved in uptake of a plant-derived
antibiotic albicidin which has no close resemblance to a nucleoside, but
is a DNA synthesis inhibitor (Birch eza/., 1990).
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~ The FadL pgga’n is known to be involved in uptake of long-chain
fatty acids from the medium (Black er4/., 1987). It is as yet unknown
whether it functions as a substrate-specific porin or through another
mechanism, although its role in outer membrane translocation has been
definitively demonstrated and it binds fatty acids with very high affinity
(K4 = 6.3 nM) (Black ez4/., 1987; Mangtoo and Gerber, 1992)). Unlike
the porins, its sequence demonstrates an abundance of hydrophobic
residues (Black, 1991). Nevertheless, it is heat modifiable on SDS-PAGE
gels (Black ez 4/., 1987), a result consistent with its high content of B-sheet,
while its molecular weight is similar to that of the substrate-specific porin
LamB (Table 18.2). FadL is induced by the presence of fatty acids in the
medium. Interestingly it demonstrates 42% identity with protein P1 from
Haemophilus influenzae (Black, 1991).

Iron regulated outer membrane proteins

Iron is an essential nutrient of most bacteria and is available in limited
amounts under most environmental conditions and ## vivo (Braun eza/.,
1976a). When E. coli cells are grown under conditions of low iron, they
synthesize an enzyme system that produces, from shikimic acid, the
siderophore enterobactin, a cyclic trimer of dihydroxybenzoylserine. In
addition, five iron-regulated outer membrane proteins of apparent mole-
cular weights 83K (Fiu), 81K (FepA), 78K (FhuA and FhuE) and 74K
(Cir) are synthesized (Braun eza/., 1976a; Hancock efa/., 1976). The
biosynthetic and outer membrane protein genes constitute a regulon which
is repressed by the Fur repressor which binds to a consensus Fur-box
nucleotide sequence present in the upstream region of each of the operons
involved (Hantke, 1982). It has been proposed that iron is a cotepressor
such that iron deficiency causes the Fur repressor to dissociate from the
Fur-box permitting transcription of all of the coregulated operons (Bagg
and Neilands, 1987a,b). In addition to the above iron-regulated outer
membrane proteins, the FecA protein is Fur-regulated and depressed by
growth on low iron, providing citrate is present (Pressler eza/., 1988),
whereas the col V-plasmid-encoded outer membrane protein Iut and the
biosynthetic genes for the siderophore aerobactin are also ifon regulated
in E. coli cells harbouring this plasmid (de Lorenzo efa/., 1986).
Siderophores bind iron with high affinity, and when released into
the medium, can capture iron from other weaker iron binding systems
such as the human serum protein transferrin. Subsequently, the iron—
siderophore complex binds to a specific outer membrane protein and this
triggets translocation across the outer membrane. Of the E. co/s proteins
mentioned above, FepA binds the complex of iron with enterobactin
(Braun ez4/., 1976a; Armstrong ez al., 1990), whereas FecA binds ferric—
citrate complexes (Pressler eza/., 1988) and Iut binds ferric—aerobactin
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complexes (Bagg and Neilands, 1987b). The proteins Fiu gm Cir appar-
ently have quite loose specificity and bind complexes of iron with
enterobactin breakdown products (Nikaido and Rosenberg, 1990) as well
as complexes of iron with a vatiety of catechol-containing -lactams (Curtis
etal., 1988; Nikaido and Rosenberg, 1990; Critchley ez4/., 1991), and
have thus been proposed to serve as scavenger systems to enhance iron
influx, However the two other iron-regulated outér membrane proteins,
FhuE and FhuA, function strictly as agents of parasitism since they
demonstrate specificity for the ferrated siderophores of fungi (Sauer ez 4/.,
1990; Killmann and Braun, 1992),

The translocation of iron across the outer membrane depends in all
cases on a protein called TonB (Postle, 1990). It was ptoposed, based on
the influence of #072B mutations on the energized, itreversible binding of
bacteriophages T1 and ¢80 to FhuA (fotmetly called TonA) that TonB
serves to couple the proton motive force to this outer membrane protein
(Hancock and Braun, 1976). Subsequently this proposal was extended to
the translocation of siderophore-iron complexes and vitamin B,, (via
BtuB) across the outer membrane (Schéffler and Braun, 1989; Hannavy
etal., 1990; Kadner, 1990). It was demonstrated that TonB is a cytoplasmic
membrane protein anchored by a single N-terminal hydrophobic anchor
(Postle, 1990). However, it was proposed that an unusual segment of X-Pro
.dipeptide repeats served to span the periplasm and contact the iron-
regulated outer membrane proteins and BtuB, permitting the transmission
of ‘protein conformational changes from the cytoplasmic membrane across
the periplasm’ as a means of coupling the proton motive force to outer
membrane transport (Hannavy eza/., 1990). Consistent with this, it was
previously demonstrated that point mutations in the TonB boxes of
specific iron-regulated outer membrane proteins and BtuB could suppress
point mutations in the so#B gene which otherwise inactivated TonB
(Gudmundsdottir eza/., 1989) and vice versa (Bell ezal., 1990).

Recently evidence was presented that FepA might function as a gated
potin, in which TonB would serve in a gatekeeper role (Rutz ez4/., 1992).
Thus deletion of those cell surface loops that were involved in binding of
ferric enterobactin resulted in mutant ptoteins that wete incapable of high
affinity uptake. Instead these mutant FepA derivatives formed non-specific
diffusion channels indicating that the parent channel might be a gated
channel.

FepA, FhuA and the related TonB-dependent outer membrane
vitamin B,, translocator BtuB, have been subjected to genetic manipula-
tions designed at mapping the transmembrane and surface topology of
these proteins (Maier and Bremer, 1988; Murphy and Klebba, 1989;
Atmstrong et a/., 1990; Carmel ez 4/., 1990; Murphy ez 4/., 1990; Koebnik
and Braun, 1993). Each protein has been confirmed as having similarities
to the two-dimensional maps of the porins with antiparallel 8-sheet regions

-
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i
separated by loop regions. However, they are proposed to contain 29-32
membrane-spanning B-chains (Murphy ez4/., 1990; Koebnik and Braun,
1993). Ligand, monoclonal antibody and bacteriocin binding domains
have been localized on the two-dimensional maps.

Detailed studies have been performed on the events that occur subse-
quent to translocation across the outer membrane (see Postle, 1990), but
are not within the scope of this chapter. However it is worth noting that
two proteins, ExbB and TolQ, have been proposed to potentially be
involved in translocation of specific siderophore-iron complexes across
the outer membrane (Postle, 1990),

Structural proteins

Deletion of both outer membrane proteins, OmpA and Lpp, resulted in
cells that adopted a rounded morphology and were unable to grow in
medium with low divalent cation concentrations (Sonntag eza/,, 1978).
This suggested a structural role for both sets of proteins.

Subsequently it was demonstrated that OmpA is a multifunctional
outer membrane protein that serves as the parent of a family of proteins
in other bacteria with related carboxy-terminal sequences (Gentry-Weeks
etal., 1992), one of which, P. aeruginosa OprF, has a similar structural
role to that proposed for OmpA (Woodruff and Hancock, 1989). Inter-
estingly, studies with deletion variants of OprF have indicated that the _
sequences required to complement the structural consequences of the
lack of OptF in P. aeruginosa OptF:Q mutants, reside within the OmpA
homologous carboxy-terminal region (E. Rawling and R.E.W. Hancock,
unpublished). The way in which OmpA serves such a structural role
in shape determination is unknown, but apparently does not involve a
loss of the other known shape-determining protein of E. co/i, namely
penicillin-binding protein 2 (Sonntag era/., 1978). Nevertheless, since
the peptidoglycan is involved in shape maintenance, it is possible that the
tight association of OmpA with the underlying peptidoglycan (Endermann
etal., 1978) may be of some importance. In addition to this structural role,
OmpA serves as a porin (Sugawara and Nikaido, 1992: Saint etal., 1993),
as a phage receptor (Skurray ezal., 1974), is involved in stabilization of
mating aggregates between F-plasmid containing donors and plasmidless
recipients (Skurray ez 4/., 1974; Ried and Henning, 1987), and plays a role
in pathogenesis (see below). :

The N-terminal portion of OmpA is arranged as a porin-like sequence
of eight antiparallel B-strands separated by small periplasmic or larger
external loop regions. However the proposed periplasmic localization of
the carboxy-terminal region of OmpA (Morona etal., 1985) should be
re-examined based on its high content of B-sheet and the demonstration
that the homologous region of OprF contains at least four sutface-localized
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epitopes (Finnen ez4/., 1992), whereas the homologous region of Nessseria
protein PIII is partly involved in the serum blocking activity of this protein
(Vigji and Heckels, 1989), a function shared by OmpA (see below).

The other protein involved in cell structure is Lpp, otherwise known
as the Braun lipoprotein. Lpp is a 58 amino acid protein containing three
covalently bound fatty acids at the N-terminal cysteine. It is present in
E. co/i in high copy number (7 x 10° copies per cell) with one-third
of Lpp molecules being covalently linked by the e-amino group of its
C-terminal lysine to the carboxyl group of diaminopimelate of the pepti-
doglycan; the other two thirds are not covalently linked to the pepti-
doglycan (Inouye ez4/., 1972; Braun, 1975). Both forms of Lpp are largely
organized in alpha-helices (Braun ez /., 1976b) and are probably associated
with the outer membrane primarily via insertion of the fatty acids into the
inner monolayer of the outer membrane. Loss of lipoprotein causes cells
to become leaky (Suzuki ez /., 1978), consistent with the structural role
mentioned above, in /pp ompA double mutants (Sonntag ezal., 1978).
Again the association of lipoptotein with the peptidoglycan seems to be
of importance in this structural role, and it seems likely that the covalently
bound form is most important in this regard (Fung ez4/., 1978; Woodruff
and Hancock, 1989). Another small lipoprotein found in the E. co/s outer
membrane is OsmB (Jung ez4/., 1989). Although osmotically inducible,

+ its precise function is at present unknown.

In addition to these two structural proteins, E, co/ also contains an
outer membrane protein, the peptidoglycan associated lipoprotein (PAL),
which is part of a family of related higher-molecular-weight lipoproteins
that are non-covalently peptidoglycan associated (Mizuno, 1979: Chen and
Henning, 1987). Mutants (excC) lacking this protein demonstrate leakage
of several periplasmic enzymes and increased sensitivity to deoxycholate
and other compounds (Lazzaroni and Portalier, 1992). Use of TnphoA
fusion techniques demonstrated that the N-terminal portion is associated
with the outer membrane, whereas the carboxy-terminal portion is neces-
sary for interaction with the peptidoglycan. Of great interest is the recent
observation that the carboxy terminus of PAL can be partially aligned with
that of OmpA (Gentry-Weeks ezal., 1992) (Fig. 18.3).

A protein previously termed histone-like protein I (HLP-I) was found
to have 91% identical amino acids to the OmpH outer membrane protein
of S. typhimurium, suggesting it may be an outer membrane protein
(Hirvas ez 4/., 1990). Its high basicity (pI > 10) indicates a potential struc-
tural role in binding to negatively charged LPS. The protein, termed
Protein III by Hindennach and Henning (1975), may possibly be OmpH, -
but confirmation of this and its possible function awaits the isolation of
mutants lacking OmpH.
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’OmpA apkdntwytgaklgwsqyhdtgf innngpt:hepqlgaga fggyqunpyvgfemgydwlgr 60
OprF qggnsveieafgkryf tdsvrnmknadlyggs1gyfltddvelalaygeyhdvrgtyetg 60
PAL cssnknasndgsegmlgagtgmdanggngnmsseeqary --=—--«ccmocomemomme .o 38
PIII geaqugytvsgqsneivrrmygecwknayfdkasqgrvecgdava\rpepepapvaweq 60
OmpA mpykgsvengaykaqgvql taklgypitdd].diytrlgg'mvwradtksnvygkn}:ldtgvs 120
OprF nkkvhgnltsldaiyhfgtpgvglrpyvsaglahq-nitninsdsqgrqqmtmanxgaglk 1§g
PAL T e LD
PIII L e et PR R B 63
OmpA pvfaggveyaitpeiatrlequtnnigdahtigtrpdngmlslgvsyxfgqgeaapwa 180
OprF yyftenffakasldgqyg1ekrdnghqgewmaglgvgfnfggskaapapepvadvcsdsd lgg
PAL
PIII 63
OmpA PAPAPAPE= === m=mmmm e VQTKHFTLKSDVLFNFNKATLKPEGQAALDQLYS 222
OprF ndgv'cdnvdkcpdtpanvtvdangcpAVAEVVRVQLDVKFDFDKSKVKENSYADIKNLAD 240
PAL el LQMQQLQONNIVYFDLDKYDIRSDFAQMLDAHAN 72
PITI =~ eememmmm e YVDE'I‘ISLSAKT[.FGFDKDSLRAEAQDNLKVLAQ 97
OmpA QLSn1dpkdgSVVVLGYTDRIGSDAYNQGLSERRAQSWDYLISK-GIPADKISARGMGE 281
OprF FMKqypst - - STTVEGHTDSVGTDAYNQKLS ERRANAVRDVLVNEYGVEGGRVNAVGYGE 298
PAL FLRSNpsy - -KVTVEGHADERGTPEYNISLGERRANAVKMY LQGK~GVSADQISIVSYGK 129
PIII RLSrtnvg- ~SVRVEGHTDFMGSEKYNQALSERRAYVVANNLVSN-GVPASRISAVGLGE 154
OompA SNPVTGNTcdnvkqraalidclapdrrveievkgi kdvvtagpga-----=-===~-=c-- 325
OprF SRPVADNAtaegrainrrveaeveaeak=-===---oscoaoomoomoomooooo oo 326
PAL EKPAVLGHdeaaysknrravl\ry--—--—-—————-———---7-—7 -------------- 152
PIIT SQI\QMTQchaevaklgakaskakkrealiaciepdrrvdvk;r51vtrqvvparnhhqh 214

Fig.18.3. Sequence alignment of OmpA, PIIl, OprF and PAL amino acid
sequences. The signal sequence has been removed to simplify the alignment.
Upper case letters represent blocks of homology as defined by the program
MACAW, version 1.06 (Schuler etal., 1991).

Enzymes

Only two well-characterized enzymes (PIdA and OmpT) are known to
be associated with the outer membrane of E. co/i. PIdA is the so-called
detergent-resistant phospholipase A of E. co/i (Homma etal., 1984).
OmpT is identical to protease VII from E. coli (Grodberg eza/., 1988;
Sugimura, 1988), and is well known for its role in degradation of secreted
recombinant proteins (Baneyx and Georgiou, 1990). However, neither
enzyme has been definitively identified as having a physiological function.

Appendages

Most E. co/i cells contain flagella which are involved in directed movement
(chemotaxis) towards attractant chemicals (McNab, 1987a, b). The struc-
tural protein of flagella, flagellin (FliC), may often be observed in outer
membranes as a doublet of approximately 52,000 molecular weight,
although strictly speaking it is not an outer membrane protein. The
flagellin traverses the outer membrane through the outer membrane ring
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protein, FlaY, which has been proposed to form a tight greaseless bearing
that permits flagella rotation without disrupting the outer membrane
(McNab, 1987a, b).

About 70% of wild-type E. co/ strains contain type 1 or common
fimbriae that mediate mannose-inhibitable binding to eukaryotic cells
(Pallesen ez4/., 1989). The structural subunit of type 1 fimbriae, FimA,
is apparently assembled by the outer membrane FimD protein (Klemm,
1985). FimD has general homology to the PapC protein which is part
of the operon for expression of P (pyelonephritis associated) pili and to
FaeD and FanD which are involved in expression of K88 and K99 pili,
respectively (Krogfelt, 1991). The best studied of these proteins, PapC, has
been proposed to function as an outer membrane usher that releases the
pilin structural subunit from the PapD protein (the PapD protein serves
to ‘chaperone’ the pilin subunit actoss the petiplasm), and then orchestrates
an ordered progression of pilin subunits into the growing pilus (Jones e#4/,,
1992). Another outer membrane protein, PapH, which is associated with
the synthesis of P fimbriae, has been ptoposed to setve as an outet mem-
brane anchor for the pilus. Given the general homology of the pilus expres-
Sion systems in E. co/, we assume that analogous proteins are present for
other pili. While the type 1 fimbriae are by far the most common, other

‘chromosomally encoded pili operons have been found in E. cols (including

the P-pili mentioned above) and as many as three separate operons have
been demonstrated in a single uropathogenic E. co/s strain (Rhen etal.,
1983).

Many E. co/i contain the F plasmid. This plasmid encodes as many
as eight different Tra proteins which reside in the outer membrane and
have general functions in pilus assembly or surface exclusion (Willetts and
Skurray, 1987).

Protein export

Thete are few proteins that are exported across the outer membtane of
E. coli, other than the appendage proteins discussed above. In the case of
fimbriae, there are specific proteins involved in the translocation across
the outer membrane and assembly of these fimbriae as discussed above,
However the haemolysin of E. co/s is secreted from cells by an independent
pathway. In this case, it is thought that the minor outer membrane
protein TolC is involved in secretion in some as-yet undetermined fashion
(Wandersman and Delepelaire, 1990). Interestingly, recent data has sug-
gested that TolC may be a peptide-specific porin (R. Benz, unpublished
results).
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Role of Outer Membrane Proteins in Pathogenesis

The functions served by outer membrane proteins during growth of cells
in vitro may also be of some importance during growth in a host. For
example the regulation and pore functions of porins play a role in antibiotic
susceptibility iz vivo, the export of pilin and flagellin is important in the
adhesive and motility functions of these appendages, and the excretion
of haemolysin provides E. co/i with its only excreted virulence factor. In
addition to these general functions, there is a variety of functions more
specifically associated with pathogenesis.

Attachment and effacement

In most cases, the adherence of E. co/i to eukaryotic cells is mediated by
a minor protein subunit that is attached as part of a complex to the tip
of pili (Chapter 16). For example, the adhesin for type 1 pili is actually
the FimH protein (Krogfelt eza/., 1990), whereas the adhesin for P fim-
briae is the PapG protein (Jones ez 4/., 1992). In the latter case, it has been
demonstrated that transposon mutants lacking the actual fimbrial subunit
PapA, can still adhere (Jones ezal., 1992). Under such circumstances,
the PapG adhesin subunit would be in close juxtaposition to the outer
membrane, and it would be difficult to prove definitively whether such
an adhesin were an outer membrane protein or not.

Thete is strong evidence that a specific outer membrane protein is
involved in a process known as attachment and effacement (Chapter 20).
This process involves a 94-kDa outer membrane protein (Eae or intimin),
which is the product of the chromosomal eseA gene, and a plasmid-
encoded regulator called Per (Jerse and Kaper, 1991). The Eae protein may
be involved in the more intimate adherence of E. co/i with epithelial cells
that causes cytoskeletal rearrangements but it is uncertain whether this
protein is an actual adhesin, or whether it acts indirectly in this process.
The eseA gene has been cloned and sequenced from both enteropath-
ogenic and enterohaemorrhagic E. co/ and has substantial homology to
Yersinia proteins called invasins that are involved in invasion (Isberg e# /.,
1987). Interestingly, an outer membrane protein of similar molecular
weight has been proposed to function in epithelial cell invasion by
enterotoxigenic E. co/i (Elsinghorst, 1992), suggesting quite broad distribu-
tion of this outer membrane function in pathogens.

Serum resistance
E. coli cells harbouring F plasmid or F-like plasmids are more resistant to

the bactericidal action of serum. One of these F-like plasmids, Col V,
is strongly associated with virulence (Binns eza/., 1979). This serum
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(complement) resistance is mediated by a plasmid-encoded protein TraT
(Moll ez al., 1980), an oligomeric lipoptotein that is exposed on the surface
of the outer membrane (Sukupolvi and O’Connor, 1990). Colony
hybridization studies using gene probes have shown that as many as 70%
of strains from patients with bacteraemia, septicaemia, or enteric infections
contain a homologue of TraT, whereas only 20-40% of E. co/ strains from
normal faeces gave positive hybridization signals (Montenegro ez 4/., 1985).
The natural function of TraT in F-plasmid biology is to mediate surface
exclusion, which inhibits DNA transfer from cells harbouring a closely
related plasmid (Harrison er4/., 1992). This property is independent of
serum resistance per se, since F-like plasmids fall into surface exclusion
specificity groups that appear to depend on differences in a 5-amino acid
region of TraT (Hatrison ezal., 1992). :

The molecular mechanism whereby TraT mediates resistance to serum
is unclear, although it has been suggested that TraT influences the correct
functioning or assembly of the membrane attack complex (components
C5-9) (Moll ezal., 1980; Ogata era/., 1982). One possible mechanism
could be the blocking of specific LPS divalent cation binding sites which
have been proposed to be involved in complement insertion into outer
membranes (Hancock, 1984). Alternatively, TraT could support the role
of OmpA in serum resistance (see below), since Riede and Eschbach (1986)
have demonstrated that TraT is capable of interacting with OmpA.

Recently, Weiser and Gotschlich (1991) demonstrated that OmpA-
deficient mutants of an E. co/i K-1 strain demonstrated a substantially
increased susceptibility to killing via the classical pathway of complement
killing. Coincident with this, the OmpA-deficient strain demonstrated a
significantly reduced ability to cause chick embryo lethality and bacterae-
mia in neonatal rats. Thus OmpA has a clear role in serum resistance.
Interestingly, OmpA shows substantial carboxy-terminal sequence homol-
ogy to protein plll from Neisseria gonorrhoeae which mediates tesistance
to complement-mediated killing (Vitji and Heckels, 1989). Indeed protein
plII has been termed the serum-blocking protein since specific IgG anti-
bodies to pIII block the bactericidal action of even immune serum (Rice
etal., 1986). Preliminary data suggest this is also true for OmpA (Weiset
etal., 1992).

In vivo expression/antigenicity

Many studies have examined heterogeneity in the SDS-PAGE profiles of
E. coli isolates from normal faeces (Hofstra and Dankert, 1980; Jann and
Jann, 1980), neonatal meningitis (van Alphen ez4/., 1983), urinary tract
(Jann and Jann, 1980; Achtman e#4/., 1983, 1986), intestinal disease (Jann
and Jann, 1980; Chart ez4/., 1988) and septicaemia (Kapur e#a/., 1992).
In every case substantial variability was observed in the apparent molecular
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“weights and amounts of the majot outer membrane proteins. This was evi-
dent for outer membrane proteins, identified by immunological methods
ot from the influence of solubilization temperature on the electrophoretic
mobilities, including OmpA, the porins (Hofstra and Dankert, 1980; van
Alphen ezal., 1983) and the iron-regulated outer membrane proteins
(Chart ez4/., 1988). Although this has been suggested to indicate a clonal
relationship for similar isolates (Achtman ez 4/., 1983), no unique relation-
ship between such clonal groups and virulence or disease specificity has
been identified. In addition there is no obvious utility of clonal sub-
grouping by outer membrane protein patterns, in direct contrast to results
for other bactetia.

E. coli have been isolated directly from animal models (Griffiths ez /.,
1983; Sciortino and Finkelstein, 1983) and from infected human utine
(Lam ezal., 1984; Robledo ezal., 1990) and charactetized without sub-
cultuting. With one major exception, their outer membrane profiles
demonstrate a similar complement of proteins to those observed in cells
grown i# vi¢ro in tich broth. Iron-regulated outer membrane proteins are
highly induced, indicating that bacteria grow ## »#vo under iron-deficient
conditions, at least when growing at the densities required to permit sub-
sequent analysis. Another consequence of i »ivo growth is apparently
down-regulation of OmpF, as indicated by the phenotype of a -lactam-
resistant isolate obtained from an infected patient (Medeiros ez 4/., 1987)
and by the outer membrane protein profiles of bacteria obtained directly
from the urine of bacteriutic patients (Robledo ez4/., 1990).

The expression of outer membrane proteins 7 vivo is also revealed by
the immune response to sutface antigens. Taplits and Michael (1979)
suggested that the immune response to the sutface proteins of E. co/s B,
a rough non-encapsulated bacterium, was dominant. Proteins recognized
include OmpA (Puohiniemi ez4/., 1990), the potins, Pal and Lpp (Nicolle
etal., 1988; Henriksen and Maeland, 1990). Extensive investigations
have demonstrated strong conservation of most outer membrane protein
epitopes, including those of OmpF, OmpC (Hofstra and Dankert, 1980;
Bentley and Klebba, 1988), PhoE (van der Ley ez4/., 1986a), Pal, Lpp
(Henriksen ezal., 1989), FepA (Rutz etal., 1991), OmpA (Hofstra and
Dankert, 1980; Overbeeke and Lugtenberg, 1980), TraT (Bittcr-Suermann
etal., 1984), Fiu and Cir (Chart eza/., 1988). Nevertheless, with few
exceptions, outer membrane proteins usually make poor vaccines (Bolin
and Jensen, 1987; Vuopio-Vatkila ez4/., 1988). Moreover, it appears that
antigenic epitopes on the surface of outer membrane proteins are weakly
ot not-at-all accessible to antibodies (Hofstra ez a/., 1979; van der Ley ez a/.,
1986b; Gémez-Miguel ezal., 1987; Bentley and Klebba, 1988), high-
molecular-weight substrates (Ferenci and Lee, 1986) and phages (van der
Ley etal., 1986a) due to shielding by LPS O-side-chains, and furthermore,
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the most surface-exposed epitopes have undergone the greatest antigenic
variation (Pagds eza/., 1988; Rutz ezal., 1991).

Endotoxin-associated proteins

Almost all outer membrane proteins, when extracted, remain non-
covalently associated with LPS (e.g. Yamada and Mizushima, 1980) and
this interaction appears to be tight and specific (Datta ezal., 1977;
Schweizer ezal., 1978; Parr etal., 1986). Lipopolysaccharide isolated by
various techniques (Strittmatter and Galanos, 1987) often contains outer
membrane proteins. Likewise LPS (and its Lipid A pottion, endotoxin) may
be released together with proteins i vivo (Leive etal,, 1968). Although
this association can modulate the effects of endotoxin, it is still uncertain
as to whether it is physiologically important.

Other roles

A vatiety of other roles in pathogenesis have been asctibed to outer mem-
brane proteins, based latgely on ## vitro assays. However it is not known
whether these functions have any i v#vo significance. For example, reactive
arthritis is caused, in patients with the HLA-B27 type, by a variety of

"+ Gram-negative bacteria, but not E. co/i. This is thought to be due to

moleculat mimicty in which a bacterial surface antigen induces self anti-
bodies directed against HLA-B27. It is of interest that antisera specific for
HLA-B27 reacts with two E. co/ outet membrane proteins of apparent
molecular weights 35,000 and 23,000. The former is OmpA (Zhang et d/.,
1989) and the specific epitopes have been shown to comptrise two peptide
regions, both of which contain two consecutive arginine residues (Yu
etal., 1991).

Outer membrane proteins are capable of interacting directly with B
lymphocytes as judged by their ability to stimulate B cell teplication
(mitogenicity). E. co/f proteins that have been ascribed this function are
OmpF, OmpA (Bessler and Henning, 1979), Lpp (Melchers ez4/., 1975)
and endotoxin ptotein (Sultzer and Goodman, 1976). Evidence has also
been presented that porins can specifically bind Clq and activate antibody-
independent killing via the classical complement pathway (Loos and Clas,
1987).

Use as vaccines and carriers of epitopes
As discussed above, outer membrane proteins have demonstrated limited

promise as vaccines against heterologous bacteria. However 2 vatiety of
E. coli outer membrane ptoteins including LamB, TraT, PhoE and OmpaA,
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have been shown to be able to accept extra amino acids without com-
promising expression or correct assembly into the outer membrane (see
Hofnung, 1991 for'review). Comparisons of the PhoE sites accepting extra
amino acids (which are introduced as oligonucleotides into the corre-
sponding location in the gene) with the three-dimensional structure have
demonstrated that it is the surface loops connecting adjacent antiparallel
B-strands which exclusively accept insertion of epitopes (Cowan ezal.,
1992). A wide variety of foreign epitopes have been expressed in outer
membrane proteins and, when the resultant recombinant antigens are
“used as vaccines, specific protective antibodies can be elicited in animals

(Hofnung, 1991).

Future Perspectives

We are approaching a time when every single outet membrane protein in
E. coli will have been characterized. For example, more than 25% of the
E. coli K-12 genome has been sequenced (Médigue ez 4/., 1991). However
while we now understand how many individual outer membrane proteins
function, we still have an inadequate understanding of the interactions
between components of the outer membrane, and the way outer mem-
branes are functionally integrated with other cell compartments. It is in
this area that we expect the majority of work will concentrate in the next
decade.
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Iron and Bacterial Virulence

Spectacular advances in biochemistty, molecular biology and immunology
over the past decade, together with the advent of recombinant DNA
technology, have yielded powerful new techniques for studying bacterial
pathogens and the diseases they cause. Although several approaches are
cutrently being used, most investigations into bacterial virulence have been
carried out with organisms grown #z vitro under conditions that do not
necessatily reflect microbial behaviour 7z vzvo. That this is likely to give
at best only a partial picture of bacterial characteristics associated with
virulence is now increasingly recognized and more and mote attention
is being given to the environmentally regulated properties of bacterial
pathogens (Griffiths, 1991).

One of the best understood properties of the environment encountered
by pathogens in host tissues, and of its effects on bacterial characteristics
and growth, concerns the availability of iron. Our understanding of the
way the host normally restricts the availability of the metal has increased
enormously in recent years and a considerable literature has developed on
the relationship between iron and pathogenicity (Bullen and Griffiths,
1987; Crosa, 1989; Weinberg, 1989; Martinez ez a/., 1990; Williams and
Griffiths, 1992; Wooldridge and Williams, 1993). Iron is now recognized
as playing a crucial role in infection. Its importance lies in the strictly
limited availability of the metal in living tissues and progress made in
understanding the strategies used by pathogens for acquiring iron 7z vivo,
and theit responses to iron restriction has provided a fresh insight into
microbial pathogenicity. Much of this new understanding of what is
happening as pathogenic bactetia adapt to and grow in the iron-restricted
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