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I. INTRODUCTION AND STATEMENT OF THE PROBLEM

A variety of bacteria produce infectious diseases of fish resulting
in major economic loss among commercially important species. Controlling
infectious diseases of fish remains the single most important factor in

the success of aquaculture. Vibrio anguillarum 775, a marine fish

pathogen which causes vibriosis (a terminal hemorrhagic septicemia in
fish), carries a 65 kilobasepair (kb) plasmid (pJM1) that is necessary
for virulence. This plasmid also mediates iron sequestration by the
bacteria. Despite an extensive literature on the disease process
vibriosis, the molecular basis for this important disease is not
understood. Therefore, my thesis project has been involved with the
characterization of the pJMl1 virulence plasmid mediator of iron

sequestration in Vibrio anguillarum 775 from a genetic and physiologic

approach.

Derivative plasmids of pJM1 were generated using transposition
mutagenesis with the TnA transposon Tnl donated from the plasmid RP4.
Host bacteria containing certain of the derivative plasmids were changed
in their ability to sequester iron and cause disease. That is, those
bacteria unable to obtain iron due to a Tnl insertion into the pJM1
plasmid or a subsequent deletion of the pJMI plasmid due to a Tnl inser-
tion/deletion event were avirulent as determined in a salmonid fish model
system. Mutants unable to grow under conditions of iron limitation were
further screened in a physiologic bioassay system able to distinguish
those strains deficient in a siderophore activity and/or a receptor
activity for a ferrisiderophore complex. Two different types of mutants

were found, one class having a siderophore activity minus receptor



activity positive phenotype and the other class a siderophore and
receptor activity minus phenotype. Physiologic comparison studies have
shown that other species of Vibrio were not able to reverse the growth
inhibition of iron stressed V. anguillarum 775; however, some strains of
V. anguillarum (other than 775) have been found to cross-feed V.
anguillarum 775 iuc mutants as well as juc, iut mutants and the isogenic
plasmidless V. anguillarum.

Restriction endonuclease analysis of the plasmid using the various
Tnl insertions has allowed me to map the iron sequestration region of the
pJM1 plasmid to an area containing BamHI fragment 1 and possibly parts of
BamHI fragments 5 and 6 which border BamHI fragment 1. Eight BamHI
fragments ranging in size from 19.9 kb to 2.1 kb were generated from a
complete digestion of the pJMl1 plasmid and 4 Sall fragments ranging from
29.7 kb to 1.4 kb.

There are similarities in the pathogenesis of vibriosis in marine
fish and the invasive septicemic diseases in man and domestic animals.
The system that most closely parallels the iron sequestration
capabilities of the pJM1 virulence plasmid is the pColV-K30 plasmid in

Escherichia coli. To investigate the similarity at the genetic level of

the pColV-K30 and the pJM1 plasmids with respect to iron sequestration,
cloned regions involved in iron uptake were used to determine DNA
homology between the two systems. We found an extensive lack of homology
between the pColV-K30 and the pJM1 plasmids with respect to their iron
sequestration regions; moreover, using a physiologic biocassay no

cross-feeding between the two systems was found.



The objectives of this thesis project were:

1.

Generate Vibrio anguillarum mutants in iron sequestration

through the transposon Tnl insertion into the pJM1 plasmid.
Generate a restriction endonuclease map of the pJM1 plasmid.
Generate a restriction endonuclease map of the Tnl insertions
with their orientation on the pJMI plasmid.

Generate comparison studies on the iron sequestration proper-

ties of Vibrio anguillarum 775 and its pJMI1 plasmid through

physiologic and genetic comparison with a similar virulence
plasmid pColV-K30 and a physiologic comparison of other Vibrio

species and V. anguillarum strains.



I¥. LITERATURE REVIEW

A The Pathogenic Vibrio

The type genus of the family Vibrionaceae is Vibric (Pacini, 1854).

The genus Vibrio (Fig. 1) contains short asporogenous curved or straight
rods, 0.5 by 1.5-3.0 pm, and is motile by means of a single polar
flagellum (with some exceptions). Vibrio are Gram-negative,
non-encapsulated facultative anaerobes, that ferment glucose without
forming gas and are mostly oxidase-positive (Shewan and Veron, 1974).
The genus Vibrio is closely related to the genera Aeromonas,

Photobacterium, Lucibacterium, Plesiomonas, and Pseudomonas. The genus

Vibrio contains some of the most important intestinal pathogens of man

including the cause of epidemic Asiatic cholera, Vibrio cholerae

(Trevisan, 1885; Lankford, 1959). The cholerae bacillus, O=-group 1, is
separated by O-group 1 antiserum positive agglutinability from the
"non-agglutinable vibrios" (NAGs) or the "non-cholera vibrios" (NCVs)

which include the species V. parahaemolyticus, V. vulnificus, V.

alginolyticus and V. fluvialis. These species have all been found to

cause disease in man (Blake et al., 1980). Vibrio cholerae is the type

species, a human pathogen that causes a diarrheal (profuse, watery
diarrhea with no inflammatory cells) disease by interaction of the
cholera bacillus at the site of the small intestine. Man, and his
contaminated water supply, are the only major reservoirs of infection.
The bacteria attach to mucosal cells, rarely penetrating, and multiply on
the epithelial cell surface. They induce disease by producing a potent
enterotoxin (Finkelstein, 1973) with extraintestinal manifestations of

dehydration, shock, and hypokalemic nephropathy. V. parahaemolyticus,




another intestinal pathogen, is the leading cause of diarrheal disease in
Japan (Miwatani & Takeda, 1976.) This marine organism, which inhabits
estuaries and other coastal waters throughout the world, is a major cause
of gastroenteritis involving seafood. It appears to be transmitted
exclusively by food, usually raw or cooked seafood and has been reported
to have a nine minute generation time under ideal conditions enabling the

organism to multiply very rapidly in mishandled foods (Katoh, 1965). V.

alginolyticus and V. vulnificus are two human pathogens associated with
wound infections and septicemia (Baumann et al., 1973; Blake et al.,

1980; Pezzlo et al., 1979). V. alginolyticus was not believed to be a

human pathogen until 1973 when six tissue infection samples were

identified to be V. alginolyticus by Zen-Yoji et al. (1973). This

organism has also been recovered from ears (acute otitis media patients),
blood, cutaneous ulcers, and burn patients. V. vulnificus was earlier
referred to as the lactose fermenting (L+) Vibrio (Hollis et al., 1976).
Usual victims have had contact with seawater or saltwater crabs;
moreover, patients with septicemic onset appeared to have been infected
by eating raw oysters {(Blake et al., 1979). The median incubation
periods were 12 hr for wound infections and 16 hr for primary
septicemias. V. fluvialis, previously called Group F (EF6), have been
reported to cause a cholera-like disease in humans (Blake et al., 1980;
Hug et al., 1980; Lockwood et al., 1982; Tacket et al., 1982) except that
some patients had blood and mucus in their stools and some abdominal pain
and fever. V. anguillarum, the organism of primary interest in this
author's research project, is a pathogen of salmonid fishes that causes a
terminal hemorrhagic septicemia with mortalities approaching 100 percent

if the disease is left unchecked (Fryer et al., 1972; Rucker et al.,



1953). It was first described as the cause of "red pest of eels' in the
Baltic Sea by Bergman (1909) and later found to also attack cod, Gadus
morhua, (Bergman, 1912). The quest for the mechanism used by this
bacterium to cause disease has led to an investigation of its ability to
sequester iron from its enviroment {(Crosa, et al., 1977; Crosa, 1980;
Crosa, et al., 1980; Walter, et al., 1983). The next section discusses

iron and virulence.

B. Iron Acquisition And Tts Role In Bacterial Virulence

Many iron containing compounds are found in living cells. The
iron-containing electron transfer compounds, such as ferredoxins and
cytochrome oxidases, as well as the iron-containing oxygenases and
hydroperoxidases all play essential roles in the basic metabolism of many
cell types. Moveover, iron is an essential component of ribotide
reductase, an enzyme with a key role in the synthesis of deoxyribonucleic
acid (DNA). Thus, in view of the many and varied requirements for iron
in each cell, it might be expected that there would be multiple systems
for the acquisition of iron. This section of the literature review will
focus on how bacteria sequester the essential nutrient iron from their
environment and how the ability to compete successfully for iron from a
host enables a disease state.

Most if not all bacteria require iron for growth (Waring & Werkman,
1942) with the possible exception of the lactic acid bacteria (Neilands,
1972); however, iron in an aerobic environment is not readily available
for assimilation by bacteria. Under physiologic pH, ferric ion (Fe3+)
0-38.7M

forms an insoluble precipitate of iron hydroxide Fe(OH)3, K501= 1

(Spiro & Saltman, 1969), which means that ferric hydroxide will tend to



polymerize and precipitate once the free (Fe3+) concentration exceeds
1()_18 M (Bullen et al., 1971). Moreover, bacteria attempting to colonize
their hosts also face an iron shortage. The free iron concentration in
blood is 10-18 M or less being in equilibrium with iron bound to the serum
iron binding proteins transferrin (in serum) and lactoferrin (in
secretions) (Bullen et al., 1978). These proteins bind iron with
association constants as high as 1036 M and are only partially
saturated. The presence of these unsaturated iron-binding proteins has
been shown repeatedly to contribute to the bacteriostatic and
bacteriocidal qualities of serum and secretions (Bullen et al., 1974;
Sussman, 1974; Arnold et al., 1977). Thus, bacterial adaptation to the
low amounts of available iron in body fluids is a prerequisite for
pathogenicity (Bullen, 1981; Miles & Khimji, 1975). It is well known
that there are several other factors that can affect virulence, such as
invasion of tissues by bacteria, bacterial attachment, inhibition of
phagocytosis, complement dependent bacterial killing, and toxin
production (McCloskey, 1979). However, even though virulence is
multifactorial, it can only be obtained once an organism has established
growth. The question of how an organism can establish itself in an
environment of free iron too low to allow growth has been investigated
(Payne & Finkelstein, 1978; Weinberg, 1978). The adaptation of bacteria
to low iron conditions can take at least three forms, 1. production of
iron-chelating agents that can compete with partially saturated host
iron-binding proteins for (Fe3+) (Neilands, 1977), 2. uptake of heme
compounds (Perry & Brubaker, 1979), and 3. activity with iron-binding

factors on the bacterial cell wall itself (Simonson et al., 1982).

However, in the presence of high levels of inorganic iron, cells



nonspecifically transport the iron into the cytoplasm. Little is known
about how this system operates except that it is the one used by cells to
assimilate iron when they are grown in complex laboratory media or in a
media in which the iron concentration is several micromolar or higher.

There is evidence to suggest that iron overload or increased serum
iron saturation predisposes human beings to infection (Caroline, 1974;
Weinberg, 1974; Weinberg, 1975). It has been reported that people with
kwashiorkor or acute myelogenous leukemia, two disease states that
demonstrate high serum iron saturation, are more prone to bacterial
infections (McFarlane et al., 1970; Caroline et al., 1969). Moreover, it
has been known that during trauma injury the mammalian host is more
susceptible to infection which may be due to lysed erythrocytes releasing
heme compounds into the injured area. Thus, nonvirulent organisms, those
usually unable to sequester iron from the host, are then able to grow and
cause disease. This example has been well illustrated by the

colonization of E. coli in the peritoneal cavity after strangulation of

the gut (Bullen, 1981). Moreover, it is believed that the heme that is

coinjected with Yersinia pestis (plague bacillus) after a flea bite

allows this organism to initiate an infection in the otherwise
iron-limiting environment of the host (Perry & Brubaker, 1979).
Experimentation on the effect of added iron upon microbial infection has
shown that iron added in sufficient quantity to double the saturation
value of the host iron-binding proteins will have a marked effect on the
ability of various microbial strains to multiply. A decrease in the
inoculum size to achieve growth by four to five log units has been
noted. Thus, it has been determined that in many cases, iron treated

animals were more prone to infection from a variety of microorganisms



than were their untreated counterparts (Bullen et al., 1974; Sussman,
1974; Payne & Finkelstein, 1975; Sawatzki et al., 1983). Even though the
actual role of injected iron has not been determined, the most popular
notion is that injected iron simply and easily fulfills a nutritional
requirement. However, procedures that reduce the concentration of iron
(mice fed an iron-deficient diet) showed an increase in resistance to
bacterial infection (Puschmann & Ganzoni, 1977).

When a bacterial cell is exposed to ferric iron limitation
conditions (less than 1 pM) those cells that are able invoke a high
affinity system of iron uptake. High affinity iron transport systems are
composed of two parts 1. a soluble low molecular weight ferric-specific
ligand called a siderophore (Lankford, 1973; Neilands, 1972; Neilands,
1973) and 2. a matching membrane receptor for the iron-siderophore
complex (Neilands, 1981). The expression of this system is under the
control of iron. Chemically, siderophores are generally all-oxygen,
hexadentate ligands with a specificity for iron. Siderophores are
virtually specific for Fe(III) with formation constants in the range of
1020 to 1050 M. Siderophores range in size from about 500 to 1000 d
(daltons) which makes them too large to diffuse freely through the small
water-filled pores of the Gram-negative outer membrane (Nielands, 1976).
Most of the chemically identified siderophores fall into two classes, the
catechols and the hydroxamic acids. The prototype siderophore of the
catechol member of microbial iron carriers is enterobactin, a complex of
cyclo-tri-2,3-dihydroxybenzoylserine that binds iron via three bidentate
catechol groups yielding a hexacoordinate ferric complex (O'Brien &
Gibson, 1970; Pollack et al., 1970; Neilands, 1973). The prototype

hydroxamate is ferrichrome, a trihydroxamate complex of a
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cyclohexapeptide (Emery & Neilands, 1961) binding to ferric ion via the
bidentate hydroxamate group [-N(OH)-CO-] forming a hexacoordinate complex
(Neilands, 1973). The second component of this high affinity system is
the production of outer membrane protein receptors and any necessary
enzymes involved in the uptake and release of iron from the
ferric-ligands.

In response to bacterial infection the unified effect of all
iron-restricting mechanisms in normal and immune animals has been called
nutritional immunity (Kochan, 1973; Weinberg, 1974). Nutritional
immunity can be defined as a host's ability to discourage microbial
growth by producing a hypoferremia. Hypoferremia may occur by 1.
decreasing the absorption of iron from the gastrointestinal tract, 2.
increasing the production of iron-binding proteins, 3. suppressing the
production or activity of siderophores and/or, 4. contraction of irom in
the plasma compartment plus expansion of iron in the storage compartment
(Kochan, 1975; Weinberg, 1978). As mentioned above, the injection of
iron into infected animals overcomes this nutritional immunity and allows
the unrestricted growth of the invading infectious microorganism (Rogers,
1973; Yancey et. al., 1979). The infection promoting effect of iron has
shown that iron predisposes not only normal but also immune animals to
bacterial infections (Kochan et al., 1978); moreover, iron was not found
to interfere with the development of immunity, production of antibodies
and their serological activities, or delayed hypersensitivity but was
found to interfere with the expression of antibacterial responses in
vaccinated animals (Kochan, 1983). Kochan et al. (1984) found the
percent mortality in normal mice and immune mice (vaccinated with live

avirulent S. typhimurium) were very different after 20 days, 40%
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mortality for nonimmune mice but 07 wmortality for immune mice. However,
upon addition of iron with the test virulent organism there was no
difference in mortality. Iron addition appears to not only serve as a
nutrilite but also to neutralize the actively acquired immunity. Their
findings alsc suggested that more iron was needed for neutralization of
immunity than for satisfaction of the nutritional need of infecting
bacteria. Using both live and killed vaccines of 8. typhimurium, two
antibacterial systems were found; one that was neutralizable by iron and
can be induced by live vaccines from avirulent bacteria and the other
that was resistant to iron and was induced in animals by a combined
effect of live avirulent and killed virulent bacteria. Further studies
on this system led the authors to conclude that iron-resistant immunity
may be due to the synergistic action of phagocytes of immunologically
stimulated animals and the action of a specific antibody that appears to
be induced by an antigen common to virulent S. typhimurium. Thus, it
appears that most students of this field agree that the efficiency with
which the bacteria acquire iron in the body of the infected host is a
significant factor in virulence (Kochan et al., 1977, 1984; Payne &

Finkelstein, 1975; Weinberg, 1978).

C. Procaryotic Iron Sequestration Systems - An Overview

Many microorganisms excrete high affinity chelating agents,
siderophores, in order to sequester iron from their environment
(Neilands, 1981). Siderophore iron transport has been investigated, for
one, by following the rate of uptake of radioactively labeled iron. Two
basic mechanisms have been proposed for iron uptake from ferric

siderophores using a °%Fe- or 55Fe-labeled iron and a '%C- or 3H-labeled
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ligand. In the first, illustrated by ferrichrome transport by Ustilago
sphaerogena (a smut fungus), both labeled iron and labeled ligand are
taken up at an identical rate (Emery, 1971). 1In every case so far
examined, removal of iron from the ferric ionophore (binds alkali-metal
cations; that is, ferrichrome may be a ferric ionophore) inside the cell
involves reduction of siderophore iron (III) to irom {(II) and then the
ligand reappears in the medium readv for further chelate formation
(Cooper et al., 1978). Further studies with ferrichrome transport using
isotope transport assays coupled with EPR (electron paramagnetic
resonance spectroscopy) indicate that reduction of the iron in
ferrichrome lags behind the rate of ferrichrome uptake suggesting that
the chelate molecule is taken up without dissociation (Ecker et al.,
1982). A version of this mechanism found the ferric siderophore entering
the cell but the siderophore was destroyed upon iron release. An example
of this was found with the enterobactin system (Emery, 1971; Cooper et
al., 1978). 1In the second mechanism, the uptake of labeled iron occurred
without the uptake of the ligand; that is, the siderophore brought the
iron to the cell surface where dissociation occurred. Iron uptake via
ferrichrome A (a second siderophore secreted by this smut fungus) in U.
sphaerogena occurs by this "iron taxi' (Raymond & Carranc, 1979)
mechanism; that is, iron from ferrichrome A was transported into the cell
at a rate equal to the rate of disappearance of the EPR signal in the
cell suspension (Ecker et al., 1982). Thus this "iron taxi" mechanism
involves a reductive removal of iron at the cell surface rather than
intracellular reduction as is the case for ferrichrome. Iron uptake from

ferric exochelins in Mycobacterium smegmatis (Ratledge et al., 1982) and
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ferric rhodotorulic acid in Rhodoturula pilimanae (Carrano & Raymond,

1978) also occur by the 'iron taxi' mechanism.

The requirement for a receptor for the ferrisiderophore complex
follows from the observation that water-soluble compounds greater in size
than 500 to 600 d cannot cross the Gram-negative bacteria's small
water-filled pores (Nikaido, 1979). The function of a receptor is to
bring the ferri-siderophore to, or through, the envelope of the organism
where the iron is made available for the nutritional requirements of the
cell. The actual first identification of a siderophore receptor was the
ferrichrome receptor (Wayne & Neilands, 1975). This particular protein
also acts as the attachment site for the phages T1, T5, and @80 and for
colicin M and the antibiotic analogue of ferrichrome, albomycin
(Neilands, 1982). It is believed that the 78,000 d outer membrane
protein (tonA) visible on sodium dodecyl sulfate polyacrylamide gels
(SDS-PAGE) is the protein receptor or a protein component of the
ferrichrome receptor complex. Both inner membrane and outer membrane
proteins have been found involved with iron transport; however, the
majority of iron-related proteins detected are in the outer membranes.
Studies on carbohydrate transport in bacteria have found periplasmic
proteins involved in binding or processing of transported solutes (Dills
et al., 1980); however, no periplasmic proteins have been found to be
involved in iron transport. Monosaccharides and amino acids, being small
in molecular weight (below the exclusion limit of the Gram-negative outer
cell envelope), will pass through the protective barrier with no apparent
need for an outer membrane receptor. Thus one can see a different
problem for the cell in the way it sequesters small nutrients and the way

it acquires nutrients in a size too large for entry into the periplasmic
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space. The molecular weights of the iron-related outer membrane
proteins, about 80,000 d by SDS-PAGE analysis, are large enough to easily
span the periplasmic space and contact the inner membrane to allow
transport of iron into the cytoplasm. Bayer demonstrated by electron
microscopy that the ferrichrome receptor is located at a Bayer adhesion
zone (Bayer, 1968) perhaps allowing insight on the mechanism of iron
transport from the extracellular space into the cytoplasm.

For those organisms that transport the entire ferrisiderophore it
has been proposed that the release of iron may be accomplished by one of
the three following mechanisms: (i) enzymatic reduction of iron, (ii)
hydrolysis of the ferrisiderophore, and (iii) nonenzymatic transfer of
iron to a second chelator (Arceneaux, 1983). It is generally thought
that release of iron from ferrisiderophores by enzymatic reduction of
iron to an acceptor or directly into a metabolic sequence is feasible
since the ferrous iron is only weakly bound to siderophores (Neilands,
1973). Some studies, in support of this mechanism, have found
ferrisiderophore reductase activities that catalyzed reduction of iron
from various ferrisiderophores to ferrous acceptors in Pseudomonas

aeruginosa (Cox, 1980A), Bacillus megaterium (Arceneaux & Byers, 1980),

Micrococcus denitrificans (Tait, 1975), B. subtilis (Gaines et al., 1981;

Lodge et al., 1980) and U. sphaerogena (Straka & Emery, 1979). Extensive
studies have been performed on the mechanism of iron release by
ferrichrome and enterobactin (Cooper et al., 1978). Despite the
similarity in function and regulation of these two siderophores, the
basic mechanism of iron release is different. With the hydroxamate
chelates, after the intracellular iron was released, the iron-free ligand

was secreted back into the medium to be reused (Emery, 1971).
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Ferrisiderophore reductases may be an essential part of a bridge complex
that makes receptor bound iron available to the cellular metabolism and
thus one siderophore molecule can shuttle more than one iron iomn into the
organism. In contrast, the cyclic triester linkages of ferric
enterobactin are cleaved by a specific esterase that results in the
unusable cleavage product, 2, 3-dihydroxybenzoylserine (Emery, 1971). It
was established that esterase activity is vital to enterobactin-mediated
iron transport since esterase-deficient mutants are pink colored due to
an accumulation of intracellular ferri-enterobactin and are growth
limited under conditions of iron stress (Langman et al., 1972; Cooper et
al., 1978). O'Brien et al. (1971) suggested that enterobactin cleavage
was necessary because of the very low reduction potential of the
ferric-enterobactin complex, lower than physiologically available;
however, the ferric tris (2, 3-dihydroxybenzoylserine) complex is readily
reduced electrochemically at potentials well within the physioclogical
range (Cooper et al., 1978). This hydrolysis of ferric enterobactin must
be necessary because the enterobactin binds the ferric iron so strongly
[Fe(III) + ent® = Fe(ent)?® , log K=52 (Hollifield & Neilands, 1978)] that
the cytoplasmic milieu cannot simply reduce the iron off but must destroy
the integrity of enterobactin after only one iron transport cycle.
However, since enterobactin has such a high affinity for iron it is
believed the bacteria may use this as a growth advantage by denying iron
to microorganisms in the same environment. Simply stated, the microbial
hydroxamate iron transport chelates are reduced at potentials near those
of physiological reductants such as NAD(P)H but the extremely low redox
potential of ferric enterobactin preclude this mechanism and thus the

ligand is modified instead of the iron. The non-enzymatic route of iron
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release has been predicted to require too much time under physiological
conditions since the rate of incorporation of iron into macromolecules
has been observed to be more rapid (Arceneaux & Byers, 1976) than the
exchange between ferri- and deferri-compounds (Harris et al., 1979;
Tufano et al., 1981).

Synthesis of many siderophores and some components of their
transport systems studied to date is regulated. One gene has been found
by mutant studies that coordinately regulated all iron uptake systems in
E. coli, the fur (ferric uptake regulation) gene (Hantke, 1982). The fur

gene product is thought to regulate the tonA, fhuB, fhuC, fecA, fecB,

ent, fep, fes , tonB, cir, exbB, and the iron uptake region on ColV

plasmids (Braun, 1983). Much of the knowledge about iron regulation has
been determined with a technique developed by Casadaban to determine
quantitatively the expression of genes involved in iron uptake (Casadaban
& Cohen, 1979). Phage Mu[Ap(ampicillin), lac(lactose)], which carries
the structural genes for lactose utilization but lacks the regulatory
elements of the lac operon, is integrated into a gene in the target host
chromosome in the orientation of its transcription and thus the lactose
structural genes come under the control of that gene. The amount of
B-galactosidase produced was measured under iron sufficient and insuffi-
cient conditions. This technique has been used to determine that the
tonA, fhuB, fepA, cir, tonB, exbB , and the iron uptake regions on the
ColV plasmid are all regulated by iron concentration (Braun, 1983).

There is insufficient information concerning the fec genes' regulation by
iron since a mutant containing the Mp phage inserted into one of the fec
genes in the proper orientation for P-galactosidase production has not

been obtained.
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Aside from the more obvious changes in outer membrane protein
profiles, another change has been found when E. coli is grown under iron
stress in the presence of transferrin, lactoferrin, or ovatransferrin.
Iron-replete cells have a t-RNA composition different than cells grown
under iron stress. The t-RNAs for phenylalanine, tyrosine, tryptophan,
and serine elute earlier on a column than do the same t-RNAs from
cells grown under iron sufficiency (Buck & Griffiths, 1982; Griffiths et
al., 1978; McLennan et al., 1981). These altered t-RNAs lack a
methylthio(ms?) moiety on an adenosine base found adjacent to the 3' end
of the anticodon of the t-RNA. This alteration may have a regulatory
effect since it has been found that the loss of the methylthio group
reduces the translational efficiency of the molecule (Buck & Griffiths,
1982). Their evidence suggests that these altered t-RNAs relieve
transcription termination at the attenuators of certain operons of the
aromatic amino acid biosynthetic pathway and thus lead to the increased
expression of these operons under iron limitation conditions.
Enterochelin, the siderophore common to all enteric bacteria, is
synthesized by way of a branch of the aromatic amino acid biosynthetic
pathway (Rosenberg & Young, 1974) with iron being a part of the first
enzyme of the common pathway (McCandliss & Herrmann, 1978). It is of
interest to note that these changes in t-RNAs have also been found with
E. coli growing in vivo under conditions of iron stress in the peritoneal
cavities of lethally infected animals (Griffiths et. al., 1978).

The role of iron serving as a regulator is not new. Toxins, such as

diphtheria toxin from Corynebacterium diphtheria (Pappenheimer & Johnson,

1936; Pope, 1932), toxin A from P. aeruginosa (Bjorn et al., 1978), shiga

toxin from Shigella dysenteriae 1 (van Heyningen & Gladstone, 1953),
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tetanus toxin from Clostridium tetani (Mueller & Miller, 1945), and

alphatoxin from C. perfringens (Pappenheimer & Shaskan, 1944) are
regulated by iron as well as other virulence factors such as elastase,
alkaline protease, and hemagglutinin of P. aeruginosa (Bjorn et al.,
1979). Even though the molecular mechanism of the iron regulation on
these cellular products has not been elucidated, it is felt that the
ability to grow under conditions of iron limitation as well as produce
substances deleterious to the host has been most important in the
evolution of pathogenic bacteria.

It is clear from the work of Klebba et al. (1982) that E. coli can
detect and respond rapidly to fluctuations in extracellular iron availa-
bility. Using the natural biological chelator apotransferrin, ovatrans-
ferrin, and deferriferrichrome A to bind available medium iron, they
examined the biosynthesis of six iron-regulated membrane proteins. The
synthesis of five proteins with molecular weights of 83,000 d (83K), 81K
(Fep), 78K (Ton A), 74K (Cir), and 25K were induced under iron depriva-
tion conditions and their induction was also affected by the initial iron
availability. That is, cells exposed to iron deprivation induced these
proteins rapidly whereas iron-rich cells began induction only after a
lag. A 90K protein's synthesis was inhibited by iron deprivation but
stimulated by iron repletion and it was suggested by these authors that
this protein may be used in iron storage.

The following set of sub-headings will examine in detail some of the
better studied systems of bacterial iron sequestration:

1. Ferric enterobactin transport in Escherichia coli.

The structural genes for the seven biosynthetic enzymes (entA to

entG) used to synthesize enterobactin (enterochelin) map near minute 13
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on the E. coli chromosome. Enterobactin, formation comnstant for iron of
10°2, is a cyclic trimer of 2,3-dihydroxybenzoylserine that is formed
from the precursors L-serine and 2,3-dihydroxybenzoic acid (DHBA), the
latter being formed from chorismate. The gene products of entA, entB,
and entC are involved in the formation of DHBA from chorismate (Young et

al., 1971) while the products of genes entD, entC, entF, and entG make up

enterobactin synthetase which converts DHBA and L-serine into
enterobactin (Luke & Gibson, 1971; Woodrow et al., 1975). Cox et al.
(1970) first described an E. coli mutant (fep) that was defective in
ferric enterochelin uptake. The product of the fepA gene is an 81,000 d
outer membrane protein (Fep A) which has been designated the ferric
enterobactin receptor where initial binding of the ferric enterobactin to
the cell envelope occurs (Hancock et al., 1976; Pugsley & Reeves, 1976).
This protein also serves as the receptor for colicin B. Guterman and
Luria (1969) were the first to show a relationship between colicin B and
enterochelin with later studies demonstrating that enterochelin protects
cells from colicin B activity by acting as a inhibitoer of colicin
adsorption (Guterman, 1973). There is now considerable evidence that the
outer membrane receptor for ferric enterochelin uptake and for colicin B
are the same (Hollifield & Neilands, 1978).

Other genes involved with the enterobactin iron transport system in
E. coli are the product of the fes gene which codes for an esterase
activity that enables release of the iron from the internalized ferric
enterobactin complex (Langman et al., 1972), the fepB gene which has been
postulated to be an inner membrane permease based on studies with E. coli
spheroplasts (Wookey & Rosenberg, 1978), and two other membrane protein

products those specified by the tonB and exbB genes which code for the
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general membrane functions required for the transport of all iron
compounds and vitamin By, (Frost & Rosenberg, 1975). There has existed a
controversy over the function and location of the tonB gene (Wookey &
Rosenberg, 1978; Weaver & Konisky, 1980). Konisky (1979) and Weaver &
Konisky (1980) have proposed that the tonB product serves as a physical
link between inner and outer membrane components of these systems, an
energy dependent 'gate', while Wookey & Rosenberg (1978) felt the tonB
gene product was required for transport across the inner membrane. It is
interesting that only those systems using outer membrane receptors have
been found dependent on a functional tonB product. The gene order of

the ent cluster on the E. coli chromosome is entD), fes, fepA, enth; fepB,

entC, entA, entG, entB, and entE (Laird & Young, 1980; Pierce et al.,
1983; McIntosh, 1983) starting from purE at 11 min and going toward the
tonB at 27 min and exbB at 64 min.

Synthetic analogs of entercbactin were studied for their ability to
support the growth of E. coli K-12 under iron limitation (Heidinger et
al., 1983). The cyclic compound MECAM
[1,3,S-N,N'N”-tris(2,3-dihydroxybenzoy1)-triaminomethylbenzene] and its
methyl derivative promoted growth whereas sulfonated derivatives did not.
However, linear sulfonated derivatives did reverse the growth inhibition.
The uptake of active analogs required fepB, fesB, and tonB; morever,
MECAM protected cells from colicin B.

2! Ferrichrome transport in Escherichia coli. The ferrichrome

transport system in E. coli demonstrates a special case where E. coli has
maintained a functioning transport system for a complex, ferrichrome,
that it does not produce but is produced by all Penicillium molds and

many other fungal species. This siderophore binds iron with a formation
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constant of 102°., As mentioned earlier, the tonA gene product was
designated the ferrichrome receptor through studies demonstrating, for
one, that ferrichrome was a potent specific inhibitor of plaque formation
by the bacteriophage #80 (Wayne & Neilands, 1975). Moreover, the tonA
gene product, 78,000 d protein on SDS-PAGE, has been shown to bind
ferrichrome in vitro (Luckey et al., 1975). The tonA gene has also been
designated the fhuA gene, ferric hydroxamate uptake, (Kadner et al.,
1980); however, this designation has not been well received because

it implies little ligand specificity whereas studies by Wayne (Wayne &
Neilands, 1975) showed that the inhibition of phage plaques of @80 by
ferrichrome was indeed very specific. Coulton et al. (1983) cloned a 3.5
kb DNA fragment from the E. coli chromosome that contained the fhuld gene.
The Fhu A" phenotype was conferred on E. coli P8 which normally lacks the
ferrichrome iron receptor protein of 78,000 d and a protein, the
presumptive fhuA gene product of 78,000 d appeared in the outer membrane
protein profile. E. coli tonA mutants are not only unable to sequester
iron from ferrichrome but are resistant to phages TI, T5, @80, colicin M
and the ferrichrome analog albomycin. Fecker & Braun (1983) cloned the
fhu region into the plasmid pBR322. Using restriction endonuclease
analysis, Tn5 insertion mutations, and complementation studies they found

at least four genes involved in the transport of ferrichrome. These

genes are transcribed in the following order: tonA (fhuA), fhuC, fhuD,
and fhuB. The fhuCDB region is involved in iron supply to tﬁe cell from
ferrichrome as well as three other hydroxamates, aerobactin, rhodotorulic
acid, and coprogen. However, the outer membrane protein receptor for
ferrichrome is the tonA gene product (Wayne & Neilands, 1975), for

aerobactin the cloacin receptor protein (Tut) (Grewal et al., 1982), and
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for ferric coprogen and rhodotorulic acid the Fhu E protein of 76,000 d
(Hantke, 1983).

Mutations in the fhuCBD region imparts a phenotype that is unable to
use any type of hydroxamate siderophore and the (fhu) designation seems
more appropriate. It had mostly been believed that the fhuB gene product
was an inner membrane protein since studies with pronase treated cells
remained transport negative while a control tonA mutant acquired the
capacity to transport ferrichrome under the same experimental conditions
(Wookey et al., 1981); moreover, kinetic studies have shown iron-starved
E. coli cells of an ent mutant possessed inner membrane vesicles capable
of transport of (3H) ferrichrome with a Km (Michaelis constant) of 0.2 pM
(Negrin & Neiland, 1978) suggesting that there exists a discrete
transport system in the inner membrane. Hider et al. (1980) found that
ferrichrome transport is interrupted by metabolic inhibitors and there is
some evidence to suggest a symport transport mechanism possibly involving
divalent cations. However, through molecular cloning analysis, Prody &
Neilands (1984) have recently presented evidence for an outer membrane
location for the fhuB gene product which may be a 20,000 d protein.
Furthermore, these authors found using radioactive iron uptake studies
with ferrichrome and rhodotorulic acid, that in Kaback (inner membrane)
vesicles both tonB and fhuB mutants transported the substrates in an
energy dependent manner. Fecker & Braun (1983) suggested that the Fhu C
and Fhu D proteins were cytoplasmic membrane proteins since they were

solubilized by Triton X-100 in the presence of MgClz.
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3. Ferric Citrate Transport in Escherichia coli.

Ferric citrate transport in E. coli is yet another way that this
organism can sequester iron for growth. Based partially on the finding
that citrate stimulates both growth and iron uptake in a fep mutant of E.
coli, Cox et al. (1970) concluded that the organism possessed a
citrate-mediated iron transport system. When E. coli cells were grown in
the presence of citrate (formation constant for iron of 1BESS 2
substrate which E. coli cannot use as a carbon source, a citrate
transport system was induced. The fec gene locus (ferric citrate) was
determined by Woodrow et al. (1978) to be located at six minutes on the
E. coli chromosome which is distinct from the tonA gene and genes of the
enterochelin system. It is believed that the citrate system of iron
uptake was genetically distinct from the enterochelin and ferrichrome
systems since fec mutants did not affect iron sequestration by
enterochelin or ferrichrome and conversely the fep, fes, ent, tonA, and
fthu mutations did not affect iron uptake via citrate. Subsequently, the
fec gene locus was divided into fecA and fecB with the fecA gene coding
for the 80,500 d (SDS-Page analysis) (Wagegg & Braun, 1981) Fec A outer
membrane protein (Hussein et al., 1981). This protein has been shown to
be present in cells grown in 1 mM citrate and iron but to a much lesser
extent in cells grown without citrate supplementation (Hancock et al.,
1976). The presence of both iron and citrate are needed for the
induction of the Fec A outer membrane protein. It is of interest that

Salmonella typhimurium is able to use citrate as a carbon source but

cannot utilize iron citrate (Pollack et al., 1970).
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4. Ferric aerobactin transport in Escherichia coli (to be

reviewed in greater detail in section D.1.)
Aerobactin is a citrate hydroxamate siderophore first isolated by

Gibson & Magrath (1969) from Aerobacter aerogenes (Enterobacter

aerogenes). A question has arisen as to the multiplicity of uptake
systems that E. coli possesses, especially those strains that transport
iron via the enterobactin system (formation constant for iron of 1052)
and the aerobactin system (formation constant for iron of 1023),
Neilands (1982) has suggested that iron is an element that E. coli has
determined must never be eliminated from its dietary regime independent
of its environment. Aerobactin has been purified from Aerobacter
aerogenes (Gibson & Magrath, 1969), E. coli (Stuart et al., 1980),

Salmonella austin (Warner, et al., 1981) S. memphis (Warner, et al.

1981), Arizona hinshawii (Warner et al., 1981), E. cloacae

(vanTiel-Menkveld et al., 1982), S. flexneri (Payne, 1980) and some
strains of S. boydii (Payne, 1983). Those E. coli that have been known
to produce aerobactin have been shown to contain the genes for aerobactin
synthesis on the ColV (colicin V) plasmid; however, work by Valvano and
Crosa have recently shown that aerobactin is chromosomally encoded by
certain clinical strains of E. coli (Valvano & Crosa, submitted for
publication). Cloacin DF13, a bacteriocin produced by strains of E.
cloacae, is lethal to nonimmune strains of E. coli and E. cloacae;
however, vanTiel-Menkveld et al. (1981) found that ferric aerobactin
protects these two organisms against cloacin DF13 and it is believed that
this protection is due to a common receptor site in the cells' outer
membrane. The ferric-aerobactin receptor, or at least a protein part of

the ferric aerobactin receptor, has been determined to be a 74,000 d



25

outer membrane protein by SDS-PAGE analysis (Grewal et al., 1982). As
mentioned in the preceding section, the fhuB, fhuC, and fhuD genes were
required for uptake of ferric aerobactin (Fecker & Braun, 1983) and it
should also be mentioned that the tonB, and exbB were required (Braun et
al., 1982).

Konopka et al., (1982) demonstrated that both aerobactin and
enterobactin were capable of removing iron (III) from transferrin in a
buffered solution; however, aerobactin displaced the iron much more
slowly than enterobactin with the rate for aerobactin mediated removal
accelerated by pyrophosphate. These authors suggested that the transfer
of iron (III) from transferrin to aerobactin may proceed through a
ternary complex invelving iron transferrin and aerobactin. They also
found that not only the affinity constants but also the chemical
structure of the competing ligand play an important role in the rate of
iron mobilization from transferrin. Despite the superior affinities for
iron of deferriferrichrome A and deferriferrioxamine B (two hydroxamate
chelators) compared to aerobactin, they show a significantly slower rate
of iron removal from transferrin than does aerobactin. However, this
rate can be changed by addition of certain anions to the reaction mixture
(Pollack et al., 1977). 1In the presence of PPi (pyrophosphate), Konopka
et al. (1982) suggested the iron (III)-transferrin is converted to a
apotransferrin-like conformation (Bates, 1981) and the labilized Fe (III)
is released and forms a stable complex with aerobactin. In serum, the
measured rate of aerobactin removal of iron (III) from transferrin was
greater than for enterobactin especially when receptor-bearing cells of
E. coli were present to act as a 'sink' for the iron. Thus, aerobactin

must be endowed with special structural features favoring its adoption as
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a plasmid specified iron carrier in clinical isolates of E. coli.
Section D.1. discusses more on the aerobactin system of iron uptake with
respect to its plasmid location.

5 Iron Uptake by Neisseria meningitidis and Neisseria gonorrhoeae

It had been shown that iron availability influences the virulence of

Neisseria gonorrhoeae and N. meningitidis (Payne & Finkelstein, 1975;

19775 1978). Using the test organism Arthrobacter flavescens J6-9 that

has an absolute growth requirement for hydroxamic acids or hemin (Burnham

& Neilands, 1961; Byers et al., 1967), halos of Arthrobacter growth

formed around the colonies of N. gonorrhoeae and N. meningitidis

indicating that these organisms produced a hydroxamate~class siderophore
(Yancey & Finkelstein, 1981). As expected, the synthesis of gonobactin
(the siderophore of the gonococcus) and meningobactin (the siderophore of
the meningococci) was enhanced when the content of available iron was
decreased. Meningobactin and gonobactin were easily dialyzable, poorly
extractable in ethyl acetate and chloroform; however, they were
extractable in chloroform-phenol as was the dihydroxamate siderophore
schizokinen (Mullis et al., 1971). The piliated, virulent T1 gonococci
produced more gonobactin than did the nonpiliated T3 strains consistent
with the finding that the T1 gonococci are more virulent than the
avirulent T3 gonococci and better able to acquire iron in the chicken
embryo model (Payne & Finkelstein, 1975). Added gonobactin was also
found to enhance the virulence of the gonococcus in chicken embryos
(Finkelstein & Yancey, 1981). The meningococci produced three to five
times more siderophore than the gonococci and both siderophore
preparations could cross-feed the other culture but the homologous

activity was more pronounced. These authors suggest that the compounds,
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although similar, were not identical (Yancey & Finkelstein, 1981). There
has been much debate in the past several years as to the mechanism
whereby Neisseria obtain iron. The work from Dr. Finkelstein's
laboratory has been very suggestive of a diffusible hydroxamate
siderophore produced by the gonococci and meningococci; however, other
workers have not found evidence for the classic E. coli like diffusible
siderophores (Archibald & DeVoe, 1979; Simonson et al., 1982). Currently
the detection of these siderophores is even more questionable due to the
complication that a siderophore-like factor has recently been iscolated
after processing large quantities of control culture medium (R.A.
Finkelstein, personal communication via J.H. Crosa). Archibald & DeVoe
(1979) found that transferrin separated from a meningococcal culture by a
dialysis membrane (12,000 d exclusion limit) did not permit growth of the
organisms but transferrin added directly to the culture medium, so that
cell contact with transferrin was possible, supported meningococcal
growth. With the further studies by Simonson & DeVoe (1982) showing that
culture supernatant fluids from the iron-deprived meningococci were
unable to labilize 59Fe from Sepharose immobilized transferrin, it was
concluded that direct contact of the transferrin at the bacterial surface
was necessary for the incorporation of transferrin iron. Kinetic studies
used to elucidate the mechanism of iron release from transferrin for use
by the meningococci were conducted using 59Fe-transferrin, apotransferrin
and bovine serum albumin. The purpose of these experiments was to
determine if iron was recognized by an iron-specific cell associated
siderophore or if the organism may recognize and even bind transferrin on
its surface and then remove the iron via an iron reductase or a

surface-attached siderophore (Simonson & DeVoe, 1983). The results
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demonstrated that addition of apotransferrin significantly inhibited the
acquisition of iron from 59Fe-transferrin whereas bovine serum albumin, a
protein of similar molecular weight, had no effect. This led the authors
to conclude that the removal of iron must involve recognition of the
transferrin molecule as an initial step in iron uptake. Since the
transferrin molecule is about 80,000 d; its recognition by the bacterial
cell must be almost certainly at the level of the bacterial outer
membrane. Moreover, treatment of the cells with trypsin and also heating
the cells for five min at 60°C eliminates their ability to use
transferrin iron. Comparison of outer membrane protein profiles of the
meningococci and the nonpathogenic neisseria N. flava, both under iron
replete and iron deficient conditions, showed the appearance of a 69,000
d protein in the outer membrane profile of meningococci harvested under
iron deficient conditions but on none of the other conditions or strains
mentioned. This protein is a candidate for the transferrin receptor or
the protein component of the transferrin receptor.

6. Miscellaneous studies of iron uptake by bacteria.

The Pseudomonas organisms are known to form several different
structural types of siderophores: pyoverdine, pyochelin, pseudobactin,
ferribactin, and various ferrioxamines. Moreover, they are able to use
ferric citrate. Pyochelin from P. aeruginosa, a salicylic
acid-substituted cysteinyl peptide (Cox et al., 1981), enables iron
uptake in a two stage process (1) an energy-independent step (presumably
binding to the cell surface) and (2) an energy-dependent process,
accumulation of iron (Cox, 1980b). Only a single rate of uptake was
observed by Cox (1980b) when cells were mixed with 55Fe-citrate.

Moreover, ferric citrate uptake which did not correlate with pyochelin



29

synthesis and was not induced by citrate, did involve an energy-dependent
process. Iron uptake via the pyochelin system appeared to be controlled
by the iron concentration in the growth media with the system most
productive in low iron concentration. Sokol & Woods (1983) reported that
outer membranes prepared from P. aeruginosa grown under low iron
conditions bound more ferric pyochelin than membranes from cells grown
under iron replete conditions. A protein of 14,000 d was found to bind
9Fe-pyochelin. Pseudobactin was isolated from the fluorescent
Pseudomonas B10 (Teintze et al., 1982) and characterized to be a linear
hexapeptide. Moores et al. (1984), working with Pseudomonas B10,
determined a minimum of 12 genes (arranged in four gene clusters) were
required for biosynthesis of pseudobactin. The yellow-green,
fluorescent, water-soluble pigment of P. fluorescens has been
characterized and determined to meet the properties of a siderophore
(Neilands, 1973): (1) specific derepression under conditions of Fe3+
deficiency and (2) very high affinity for Fe3+ (affinity constant of
about 1032 for this fluorescent pigment) and (3) a lack of affinity for
Fe2+ (Meyer & Abdallah, 1978). Studies demonstrating the role of
pyoverdine in Fe3+ transport have been successful (Meyer & Hornsberger,
1978).

Russell & Holmes (1983) have reported on a dialyzable factor present

in low-iron conditioned medium that was not present in high-iron

conditioned media from growth of Corynebacteria diphtheria. This factor

stimulated iron uptake by C. diphtheria and may be a candidate for a
siderophore; however, the authors were not able to demonstrate, by
chemical assay, the presence of phenolate or hydroxamate compounds in

low-iron conditioned media. This iron uptake system was inhibited by the
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addition of energy inhibitors as well as sulfhydryl group inhibitors.
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