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ABSTRACT

Vibrio anguillarum causes acute hemorrhagic septicemia in salmonids. Virulence of V.
anguillarum is directly correlated to the presence of the plasmid pJM1. This virulence
plasmid encodes an iron uptake system which consists of the siderophore anguibactin, and
an energy dependent transport system whereby the anguibactin-Fe(III) complex is
internalized into the bacterial cell. The pJM1 virulence plasmid also encodes at least two
positive regulatory elements, AngR and TAF, which are necessary for full expression of
the biosynthetic and iron transport gene transcripts under iron limiting conditions.
Expression of the plasmid encoded iron transport genes is negatively regulated by the
plasmid encoded anti-sense RNAo molecule. There is also a chromosomally encoded Fur
protein which acts as a negative regulator, at the transcription initiation level.

The goals of my thesis are to a) elucidate the mechanism for Fur function at the
molecular level and b) elucidate the role played by the AngR protein in iron acquisition.
The Fur protein is a chromosomally encoded negative regulator which specifically interacts
with Fe(II). Once complexed with Fe(II), Fur binds the operator sequence of the iron
regulated genes. In Chapter 1, I present experiments in which I relate the subcloning and
sequencing of the V. anguillarum fur, and analysis of recombinant V. anguillarum mutant
Fur proteins in E.coli. In Chapter 2, I present a further analysis of Fur, using mutant Fur
strains of V. anguillarum. This work revealed several key features, primarily that the Fur
protein is essential and that without selective pressure, mutant strains revert to the wild
type. In addition, I found that mutations within the third predicted helix of Fur resulted in
reduced regulatory function and aberrant migration of the Fur protein in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In Chapter 3, I demonstrate that
the iron transport genes are transcribed as a polycistronic mRNA, possibly from a strong

iron-regulated promoter found within a 2.1 kb region upstream of fatD. The activity of this



promoter region is reduced by 90% when bacteria are cultured in the presence of 4 uM
ferric ammonium citrate. My fourth chapter details the characterization of the positive
regulator AngR. AngR has several domains found in regulatory proteins such as helix-
turn-helix and leucine zipper motifs. In addition AngR contains a large region just beyond
amino acid 500, which contains all 6 core regions found in non-ribosomal peptide
synthetases. Some enzymes involved in biosynthesis of siderophores have recently been
identified as non-ribosomal peptide synthetases. In Escherichia coli, for example, the EntE
and EntF proteins have been found to be involved in non-ribosomal peptide synthesis of
the E.coli siderophore enterobactin; EntE serves as an adenylating enzyme while EntF is a
non-ribosomal peptide synthetase. Therefore, we generated a panel of site-directed
mutants throughout angR to assess the structural-functional relationship of these predicted
structural regions and their phenotypes. One mutation, designed to introduce a helix
breaking proline into the first helix-turn-helix, led to the loss of both the regulatory and
biosynthetic functions. All of the other mutants were capable of regulation and most had
diminished biosynthetic function as assayed by anguibactin bioassay. Thus, AngR may
also be a non-ribosomal peptide synthetase, most likely involved in activation of 2,3-
dihydroxybenzoic acid (2,3-DHBA) and perhaps in its thioesterification with other
precursors in anguibactin biosynthesis such as cysteine and histamine. These findings are
consistent with AngR serving two functions, one as a regulatory protein essential for

positive regulation of the iron transport genes, and the other as a biosynthetic enzyme.



INTRODUCTION
Part I: TRON: AN ESSENTIAL ELEMENT FOR LIFE

Iron, the second most abundant metal in the earth's crust (just behind aluminum) is
remarkably insoluble at neutral pH. In nature, iron is primarily found as a constituent of
insoluble oxyhydroxide polymers (e.g. goethite, hematite). Ironically, almost all living
organisms require iron for critical cellular functions such as respiration and ribonucleotide
synthesis (lactobacilli are the exception, as they utilize manganese and cobalt as biocatalysts
in place of iron) (43).

Iron is remarkably versatile and serves many critical roles as a bio-essential element.
An important role of iron is its ability to change valence. A variety of organic ligands
subtly modify the ability of iron to change valence, thus providing electron transport
proteins a wide range of redox potential (47). The oxidation capacity of iron as an electron
transfer catalyst from ferredoxin to cytochrome C oxidase spans 1000 mV (74). Iron is
also required for such processes as fixation of dinitrogen, photosynthesis, dioxyribotide
synthetase and oxygen metabolism.

Iron may have been established as a bio-essential element during the anaerobic phase of
early Earth. Under anaerobic conditions Fe(II) (ferrous) is stable and quite soluble at
physiologic pH. Thus, in the early environment it is thought that specific ligands were not
required and iron was assimilated by simple pathways analogous to those followed by
other divalent metal ions (97). It was not until the anaerobic atmosphere was slowly
converted to aerobic, an event which was probably achieved by the O, generating blue-
green algae, that surface iron began to be oxidized and precipitated as insoluble
oxyhydroxide polymers (74). It is this challenge of solubilizing the otherwise unavailable
iron, which most living things must overcome, that makes the study of iron assimilation

fundamentally important.



Iron's dark side: iron can be toxic.
Iron is essential. However, if not complexed, it may react with superoxides and
hydrogen peroxide to generate reactive hydroxyl radicals, as summarized by the following

three reactions (44):

Fe3+ +  02- o ® Fe2+ 4+ 0, (1

Fe2+ + Hy0p g% Fed+ + OH- + OH. (2)  Fenton Reaction

Oy + H0; 44— Oy + OH- + OH (3) Haber-Weiss
Reaction

These hydroxyl radicals are extremely reactive causing lipid peroxidation, DNA strand
breaks, and degradation of various biomolecules (45, 47). Vertebrates deal with the toxic
effects of iron by synthesizing extracellular transferrin and intracellular ferritins to retain
iron in the unreactive Fe(IIl) (ferric) form. At physiologically relavent pH, ferritin is able
to solubilize iron, capturing the highly toxic Fe(Il), oxidizing it and finally sequestering it
as Fe(III), thus limiting its toxicity (47, 115). Therefore, the major role of ferritin for
vertebrates is to provide a means of iron storage. Ferritin is uniquely designed to keep
polynuclear iron in a soluble and available form. Prokaryotes also synthesize ferritin,
known as bacterioferritin. Bacterioferritin also captures the toxic Fe(II) and sequesters it as
Fe(Ill), limiting iron toxicity within the bacterial cell. Ferritin-iron incorporation appears to
follow conserved pathways from humans to bacteria: iron is taken up through pores in the
ferritin protein shell, is oxidized at specific sites (at least initially) and then resides in a
preformed cavity (47).
Iron absorption in eukaryotes:

Humans maintain, on average, about 3-5 g of iron (47). About two-thirds of this iron
is found in circulating red blood cells as hemoglobin and 15-25% in storage as ferritin and

hemeosiderin (16). The remaining iron is in myoglobin (about 8%) and in cytochromes



and iron containing enzymes. Plasma transferrin accounts for only 3 mg of iron. The main
role of transferrin is iron distribution. On a daily basis there is about 1 mg of iron taken up
from foodstuffs and 1 mg excreted, primarily from the gut and kidney (47).

Iron is in a constant state of flux in the host. The role of transferrin is to sequester iron
as it is released from one area, and to transport it to another area that can either utilize or
store it. On a daily basis, 22 mg of iron is released by destruction of red blood cells, 7 mg
from parenchymal tissue, and about 1 mg from mucosal cells of the intestine. The iron
from all these sources is bound by transferrin and deposited in the erythroid marrow and
other tissues for synthesis of various iron proteins and for storage. The transfer of iron
between transferrin and its various recipients and donors involves an interaction with
specific receptors followed by endocytosis and recycling of apotransferrin and the
transferrin receptor (33, 47, 106).

In humans, the major sites for iron storage include the liver, where about 1/3 of the
body's iron is stored, followed by the spleen and bone marrow. Muscle is also an
important storage site because of its large mass, although the actual concentration of iron in
muscle tissue is quite low at 40 mg per kg (108).

In mammalian cells, ferritin is primarily localized in the cytoplasm (58). In the gastric
mucosa, ferritin plays a role in the regulation of iron entry into the body by sequestering
unneeded iron which is lost when the cells are desquamated (55, 98). In conditions of
elevated body iron, ferritin levels reach a maximum and then hemeosiderin becomes

prominent (56).

General strategies for iron acquisition:
Bacteria and fungi acquire iron primarily by producing small organic molecules with
high affinity for Fe(III) (ferric) iron. These iron carriers (siderophores) may contain

phenolate and/or hydroxamate moieties. A common feature of siderophores is that they



contain six coordinate sites for Fe>+ (73). Siderophores scavenge iron from various high
affinity iron binding proteins such as ferritin, lactoferrin and transferrin (detailed in Part II).

Humans and other omnivores acquire the majority of their iron by consuming meat.
Meat contains iron-rich heme which is more readily absorbed as compared to other iron
sources. Plants tend to be poor sources of iron because of the presence of phosphates,
phylates, and polyphenols which inhibit iron absorption (43).

Plants themselves have adopted several strategies for iron acquisition including,
translocating iron into their root systems, releasing protons or organic acids leading to
localized lowering of soil pH, or synthesizing reductants which convert Fe (III) to the more
soluble Fe (II) (47). Some plants release chelating agents and others actually exploit their

siderophore-producing symbiotic microbes and utilize the ferric-siderophore complexes.



PART II: IRON ACQUISITION IN BACTERIA

This section specifically addresses how different microbes acquire iron, emphasizing
bacterial pathogens. I will begin by presenting the non-siderophore and siderophore
mediated systems of iron acquisition. Then I will discuss the specific siderophore mediated
systems in E. coli and Pseudomonas spp. 1will also briefly discuss mechanisms used by
the Yersineae. 1 will conclude this section with a discussion of the general mechanisms
employed to regulate iron acquisition systems. Once a human pathogen enters the hostile
environment of the host, the pathogen finds that iron is complexed with high affinity iron
binding proteins such as transferrin, lactoferrin, and heme. Interestingly, even in the
terrestrial and aquatic environments, iron is not readily accessible, as it is insoluble. As
mentioned earlier, the actual assimilation of iron poses two very critical problems for
microbes. First, the microbe must overcome the insolubility of iron in the particular
environment, and second it must regulate iron uptake because iron has the potential for
wreaking cellular havoc by way of hydroxyl radicals - therein lies a paradox. Not only is
iron essential and found in various unavailable forms, it is also potentially toxic - even for
microbes! In response to this paradox microbes have developed a variety of iron uptake
systems and extensive mechanisms of regulation.

Microbes in anaerobic environments have it easy, as iron is far more accessible under
physiologic conditions in the absence of oxygen. The iron acquisition mechanisms used by
anaerobes resemble simple diffusion systems similar to other essential ions (97). The
aerobes and facultative anaerobes are the creative ones as they have been forced to develop
active mechanisms to acquire the nearly insoluble iron in their acrobic environment. Table

1 illustrates some examples of the strategies used by various microbes (120).



Table 1. Mechanisms of iron uptake by pathogenic bacteria.

(Modified from Wooldridge, 1993 (120))

SIDEROPHORE MEDIATED NON-SIDEROPHORE MEDIATED
Species Endogenous Exogenous Host Iron Other
Siderophores Siderophores
Bordetella pertussis Transferrin,
Ovotransferrin,
Lactoferrin
Campylobacter jejuni Enterobactin Heme, hemoglobin
Corynebacterium Uncharacterized Aerobactin
diptheriae
Escherichia coli Enterobactin Ferrichrome Heme )
Dihydroxybenzoic acid ~ Ferricrysin, Alpha-hemolysin
Dihydroxybensoyl- Ferricrosin Ferrous Iron
serine Coprogen,
Aecrobactin Rhodotorulic acid
Citrate
FerrioxamineB
Haemophilus Enterobactin Heme
influenzae
Neisseria meningitides Heme,
Hemoglobin
Transferrin
Lactoferrin
Neisseria gonorrhoeae Aerobactin Heme,
Hemoglobin
Transferrin
Lactoferrin
Pseudomonas Pyoverdin Enterobactin Pyocyanin
aeruginosa Pyochelin
Enterobactin
Staphylococcus- Uncharacterized
aureus
Vibrio anguillarum  Anguibactin Enterobactin Transferrin
Enterobactin-like Ferrichrome
Vibrio cholera Vibriobactin Heme Hemolysin
Hemoglobin
Vibrio vulnificus Catechol-type, Heme
- Hydroxamate-type
Yersinia spp. Uncharacterized Aerobactin Heme

Hemoglobin




Figure 1. Comparison of the gene products that facilitate transport of iron for pathogenic
Neisseria spp. (Modification of Mietzner, 1994(69)). Note that the general classes of
proteins for gram-negative pathogenic Neisseria spp. involve an outer membrane receptor
(Lbpl, or Tbp1), a periplasmic binding protein (Fbp), a cytoplasmic permease* (Fbp C),
and a nucleotide binding protein* (Fbp B). In the pathogenic Neisseria spp. cartoon, Tbp
1 stands for the transferrin binding protein 1, Tbp 2 is transferrin binding protein 2. Lbp
1 stands for the lactoferrin binding protein 1 and Fbp is the ferric binding protein. Fec
stands for ferric dicitrate. *Fbp C and Fbp B are hypothetical nucleotide-binding protein

and permease respectively.



IRON UPTAKE MECHANISMS

As illustrated in Table 1, a bacterium may possess multiple mechanisms for iron
uptake. Although not discussed in this report, it should be noted that bacteria also have
passive iron uptake mechanisms. The active mechanisms can be divided into two

categories, non-siderophore binding mechanisms and siderophore synthesis mechanisms.

Non-Siderophore Binding Systems

There are two basic mechanisms of iron acquisition which are not mediated by a
siderophore: 1) the direct reduction of ferric iron, 2) the direct utilization of host iron
compounds (transferrin, heme, or hemoglobin as well as simply lysis of red blood cells)
(63). Figure 1 illustrates some examples of binding mechanisms utilized by the pathogenic

Neisseriae.
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Transferrin and lactoferrin uptake Studies of Neisseria meningitidis and N.
gonorrhea in the early 1980's revealed that siderophores were possibly not the mechanism
for iron utilization in Neisseria. An experiment was carried out using dialysis bags
containing ferri-transferrin, where the bag was immersed in an iron limiting medium, and
either E.coli or N. meningitidis were inoculated into the medium outside the bag. The
researchers discovered that E.coli grew whereas N. meningitidis did not. Since E. coli
secretes a siderophore which can transverse the dialysis bag, the siderophore will complex
the iron and then be taken up by the E.coli for growth. Obviously, N. meningitidis
required direct contact with the iron source ferric-transferrin (9, 69).

The next question was how is transferrin incorporated into the meningococcal cell.
Isogenic mutants in the tbpA and thpB genes were generated (57). These isogenic mutants
were deficient in tranferrin binding protein 1 (Tbpl) and transferrin binding protein 2
(Tbp2), respectively. The isogenic mutants exhibited reduced binding of transferrin by
whole cells and total membrane preparations and could not utilize transferrin for growth.
This indicated an involvement of both proteins in transferrin binding at the meningococcal
surface, as both proteins in wild type cells are surface exposed (69). Sequence searches
revealed that the Tbpl protein has a striking similarity with the TonB-dependent outer
membrane receptors FepA, FecA, IutA, FhuA and FhuE (25) implying that a TonB analog
must exist in pathogenic Neisseria species. Recently, a tonB homologue has been cloned
and characterized from N. meningiditis (105). TonB is thought to be involved in the
transmission of the electrochemical potential across the cytoplasmic membrane. The TonB
protein is anchored in the cytoplasmic membrane and spans the periplasmic space to interact
with the outer membrane bound receptor proteins to which the substrates to be transported
are bound (18, 86).

In addition to binding transferrin, Neisseriae also bind lactoferrin. Some parameters of
lactoferrin uptake are common to transferrin uptake but there are also distinctive

differences. One important aspect of lactoferrin binding is that Neisseriae only bind human
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lactoferrin whereas they can bind transferrin from many other species. Interestingly,
production of receptors for both lactoferrin binding and transferrin binding appears to be
linked through a non-receptor gene product essential for obtaining iron from both sources
(15).

Once bound to its appropriate receptor, iron transferrin is transported onto a 37 kDa
major iron-regulated protein, ferric iron-binding protein (Fbp) (32). All pathogenic
Neisseriae strains examined to date possess Fbp as reported in a recent review (69). Fbp
was recently localized to the periplasm and found to accept iron transiently as a basic
periplasmic protein (see Figure 1).

In mammalian cells transferrin is internalized via receptor mediated endocytosis (121).
The entire receptor protein-iron complex is internalized: subsequently the iron is removed
from transferrin by cellular endosomes, generating apo-transferrin. The apo-transferrin is
then released by the cell. However endocytosis does not occur in the case of bacterial
uptake of transferrin. Bacterial transport of transferrin is distinct from the mammalian

process and is not well understood (69).

Heme uptake Several microbes e.g., Haemophilus influenzae type B, Vibrio
vulnificus (51), Campylobacter jejuni (82) and some Neisseria species rely on heme (37).
The mechanism of uptake via heme requires a means of accessing the intracellular pool of
hemoproteins (i.e., hemolysins, proteases, or cytolysins etc.). It also requires the ability to
extract heme bound to serum carrier proteins. Additionally, specific outer membrane
proteins as well as periplasmic binding proteins are required to transport intact heme.
Recently it was described that the meningococcal lactoferrin, transferrin and
hemoglobin receptors share significant amino acid homology (104), suggesting at least
some common structure. In addition, transport of heme, transferrin or lactoferrin all appear
to be TonB dependent. An interesting feature of the heme uptake system involves the fact

that there is no correlation between the ability to transport heme and virulence, although
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heme binding has long been recognized as a virulence factor (80). It appears that the
ability to aggregate heme around the exterior of the cell may involve proteins not engaged in
transport. This accumulation of heme might act as an external storage reservoir for iron
(81). In addition it may be serving as a type of armor with rudimentary antioxidant
defense. As both heme and hemoproteins readily bind nitric oxide (63, 71), this shell may

insulate the bacterium against the oxidative ravage of nitric oxide (63).

Siderophore systems

Siderophores are low molecular weight high affinity iron binding molecules (73).
There are two basic classes of siderophore, phenolates (catechols) and hydroxamates. The
prototypical phenolate is enterobactin (also called enterochelin) and aerobactin is the
prototypical hydroxamate (74). Figures 2 and 3 illustrate the prototypical siderophores

enterochelin and aerobactin, respectively, as well as their putative biosynthetic pathways.

E.coli uptake mechanisms E.coli uses several iron uptake mechanisms such as:
endogenous siderophore uptake, which include enterobactin and aerobactin; exogenous
siderophore uptake i.e., uptake of siderophores made by other bacteria or fungi which
include enterobactin, ferrichrome and citrate; and direct binding of host iron compounds
such as heme. E.coli also possesses an alpha hemolysin, and can directly reduce ferrous
iron (Table 1). Figure 4 illustrates the many different iron transport systems utilized by E.
coli. The best described mechanisms of siderophore uptake are those involving
enterobactin and aerobactin so I will briefly detail what is currently understood regarding
the synthesis and transport of these two compounds. I will also briefly detail the ferric
citrate uptake system in which some rather novel regulation mechanisms have been
characterized recently (6). Siderophore transport (Figure 4) is an energy dependent

mechanism involving several membrane bound proteins. The E.coli: TonB-ExbB-ExbD
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Figure 2. Biosynthesis of enterobactin from chorismic acid (Silver 1992 77
Chorismic acid is converted to 2,3-dihydroxybenzoic acid sequentially by the action of
three enzymes EntC, EntB, and EntA. 2,3-Dihydroxybenzoic acid and serine are coupled
in a Mg2*-ATP dependent reaction to form DHBS monomer, which is attached to the four-
polypeptide biosynthetic protein complex (consisting of EntD, EntE, EntF and EntG).
Two DHBS monomers are coupled to form the DHBS dimer, and a third DHBS monomer
is added to form the trimer, which is still attached to the protein complex. The final ester
linkage in trimeric DHBS (i.e. enterobactin) is formed with the release of the siderophore

from the protein complex.
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Figure 2.  Enterobactin structure and biosynthesis pathway.

L 2,3 dihydro-
Chortsmic acid Ieochoriemic acid 23 dﬂrydmybemolc 23 dihydroxyborzolc

oYcoo- ° Q(x
ch T
HaH Ente 'oH Entd ou EmA
coo coor

OH
NH

OH DHBS
OH
B OH EntD, EmE, EmtF, (EmG) g
o]

LS



Figure 3. Biosynthesis of aerobactin (Silver, 1992 (97)). The g-amino group of lysine
is hydroxylated with molecular oxygen by the IucD polypeptide. An acetyl gorup from
acetyl coenzyme A is added to the same €-amino group by the IucB protein. Citrate is
added to the other (0t-) amino group of lysine by the IucA polypeptide, and then the second

€-N-hydroxylysine is added by the IucC protein, to complete the synthesis of aerobactin.
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Figure 3.

Aerobactin structure and biosynthesis pathway.
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Figure 4. Scheme of iron-uptake systems in Esherichia coli. (Guerinot, 1994 (43)).
Inner and outer membranes are shaded. Light shading indicates the three proteins known
to be common to all three hydroxamate(a), citrate (b), and catechol (c) transport systems.

PP=periplasm. Proteins are not drawn to scale.
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Figure 4. Mechanisms of iron transport in E.coli
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dependent systems include all specific ferri-siderophore binding outer membrane proteins:
enterobactin (FepA), aerobactin (IutA), citrate (FecA), ferrichrome (FhuA) and

Rhodoturulate (FhuE) (11).

Enterobactin: Enterobactin (Figure 2) is a cyclic trimer of 2,3-dihydroxybenzyl
serine (DHBS) in which peptide bonds connect the serine to catechol and the serine
residues are cyclized by ester linkages. Synthesis involves the ens genes and transport
involves the fep genes, a total of 14 genes in 7 transcriptional units in both orientations
(Figure 5). All of these fall within a 22 kb segment of the chromosome. Synthesis
involves the interaction of some 10 proteins. EntE and EntF are of specific interest as they
have been characterized quite extensively. These two proteins are directly involved in the
active synthesis of enterobactin (34, 60, 89-91). EntE serves as the 2,3- dihydroxybenzoic
acid (2,3-DHBA) AMP-ligase enzyme. EntF is the serine adenylating enzyme. These
enzymes belong to the family of adenylating enzymes and non-ribosomal peptide
synthetase enzymes (89-91, 99).

Transport of the ferric-siderophore complex occurs in an energy coupled manner and
involves the outer membrane protein receptor FepA (72). FepA is proposed to contact Gln-
165 (14, 72) of TonB in such a way that the potential of the cytoplasmic membrane is
transduced providing the metabolic energy for transport of the ferri-siderophore complex
through FepA. ExbB and ExbD function within the inner membrane to stabilize and
activate TonB function. Fes is the enterochelin esterase which cleaves the ester backbone
of enterobactin reducing the dissociation constant of the ferri-siderophore complex from
10-52M to about 10-8M (97). This is required to make the iron available for intracellular

metabolism.
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Figure 5. Fur protein binding to iron boxes (solid boxes) upstream of the seven
enterobactin (ent and fep genes)operons on the E.coli chromosome and the iuc
aerobactin operon on ColV plasmids (Silver, 1992 (97)). Individual genes and the
directions of transcription are shown as arrows. The intact enterobactin system

comprises 22kb.
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Figure 5. Map of enterobactin and aerobactin synthesis and transport genes
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Aerobactin: This siderophore is a hydroxamic acid consisting of two residues of
€-N-acetyl-e-N-hydroxylysine connected via peptide bonds to the terminal carboxyl groups
of citric acid (Figure 3). Synthesis involves the g-amino group of lysine which is
hydroxylated with molecular oxygen by the IucD polypeptide followed by acylation by the
IucB protein. Citrate is added to the other alpha amino group of lysine by the IucA
polypeptide and then the second £-N-acetyl-e-N-hydroxylysine is added by the IucC
protein. A single transport protein, IutA , is produced from the final gene in the operon.
This protein shows homology with FepA. Once iron is complexed with aerobactin it
interacts with IutA and is internalized in a mechanism involving the ferric hydroxamate
uptake proteins FhuB, FhuC, and FhuD in a process that is TonB, ExbB and ExbD

dependent (11).

Ferric dicitrate: The uptake of ferric dicitrate requires the FecA, FecI and FecR
proteins which are involved in signaling the presence of ferric citrate in the environment.
FecA is the outer membrane protein receptor, FecR is a periplasmic iron dicitrate sensor
which transmits a signal to Fecl. FecR straddles the membrane so as to interact with FecA
in the periplasm. FecR also interacts with Fecl with in turn binds the Fec operator region
on the DNA resulting in transcription of the fec transport genes. FecI/R is not related in
sequence to the two component regulator family that involves phosphorylation for signal
transfer. Activating the fec system requires both positive action by Fecl and the absence of
Fur (54). Then the cells respond to extracellular citrate. FecI has recently been shown to

be an extracytoplasmic function (ECF) sigma factor (6).

Pseudomonads Depending on which species, Pseudomonads secrete several
siderophores including pseudobactins (also called pyoverdins), pyochelins, and
enterobactin. Synthesis of these siderophores involves several different operons (68). The

psuedobactins are composed of a closely related chromophore, derived from 2,3-diamino-
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6,7-dihydroxyquinoline, bound to a peptide moiety which has considerable substrate
variation between pseudobactins produced by different strains and contain catechol,
hydroxamate and o-hydroxy acids (73). The peptide backbone maybe linear, partially
circular or completely circular and can consist of 5 to 12 amino acid residues with different
chiral configurations (1). Some pyoverdins are synthesized via non-ribosomal peptide
synthetase enzymes (68). The pyochelins are much simpler molecules consisting of
phenolate and thiazoline moieties (73). Each siderophore has its own cognate receptor
which is up regulated by the presence of its siderophore. In Pseudomonads, the transport
of iron-siderophore complex requires not only iron limitation, but also the presence of the

proper receptor (41, 83, 85).

Yersineae uptake mechanisms The Yersiniae appear to synthesize neither
classical siderophores nor siderophilin (host iron-transport protein) receptors but can obtain
iron from a variety of host iron binding proteins including: ferritin, hemin and hemin
complexes as discussed in the binding section. The mechanism for iron acquisition is still
unclear but appears to involve expression of high molecular weight iron regulated proteins
(101). However, siderophore activity has recently been observed and is currently being
investigated (69). In addition, during infection Yersiniae often remain in endocytic vesicles
which have been shown to be quite iron sufficient. It is believed that Yersinia can survive

within these intracellular environments (67).
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REGULATION:

Even in bacteria, iron is potentially toxic. Thus, it is essential not only to possess iron
binding proteins such as ferritins, to keep iron stable and within bacterial cells, but it is also
critical to regulate expression of the genes encoding components of the iron acquisition
systems. Initially regulation relating to the iron transport and acquisition systems was tied
directly to the ferric uptake regulator, Fur. In E.coli , fur was reported to serve as the
master switch for signaling iron limitation vs. iron surplus (46). fur gene homologs have
now been found in Vibrio anguillarum, Klebsiella pneumonia, Pseudomanas aeruginosa,
Salmonella typhimurium, Yersinia pestis, Bordetella pertusis, Campylobacter upsaliensis,
Campylobacter jejuni, Vibrio cholerae, Vibrio vulnificus, Staphylococcus epidermidis,
Legionella pneumoniae, and putative Fur box motifs , i.e. Fur DNA binding sites, have
been found in Bacillis subtillus and Serratia marcescens suggesting that Fur homologs may
exist in these species as well. (2, 7, 8, 12-13, 17, 22, 40, 42, 50, 53, 66, 102, 107, 112,
119). In iron rich conditions the Fur protein binds Fe(II) which allows the Fur-Fe(II)
complex to bind DNA. Once Fur is bound to DNA at its specific recognition site, usually
overlapping the -10/-35 promoter region, transcription via RNA polymerase is successfully
halted (10, 38, 52, 93, 117). Indirect evidence suggests that when the concentration of
iron begins to drop, the Fur-Fe(II) molecule dissociates and conformation changes, thus
Fur no longer can effectively bind to its operator sequence (26). The originally described
E. coli "Fur box" sequence is a 19 base pair dyad 5'-
GAT(A/T)ATGAT(A/T)AT(C/T)ATTTTC, based on the operator sequences found
upstream of the enterobactin and aerobactin synthesis and transport genes (Figure 5) (87,
114). However, as more Fur boxes became known via footprinting, a palindromic
sequence 5'- GATAATGATAATCATTATC was chosen to represent the general Fur box
(21, 36).

Researchers have uncovered novel systems involving sigma factors where Fur

regulation is indirect (76, 77, 88) An entire class of alternative sigma factors has now
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begun to be characterized. The extracytoplasmic function (ECF) subgroup of the sigma 70
family of eubacterial RNA polymerase sigma factors are environmentally responsive (96).
Each ECF responds to specific extracellular signals. In E.coli there are at least two such
ECF factors with different functions, one is a temperature-responsive heat shock sigma
factor (39) and the other is Fecl which is required for ferric iron dicitrate transport (54,
122). There are also ECF factors in Pseudomonads.

As mentioned, Pseudomonads are found in nearly every ecological niche and
accordingly they possess numerous receptors for a variety of siderophores. In addition
they have non-siderophore mediated iron uptake mechanisms. Thus, their mechanisms of
regulation become quite complex; consider just three of these uptake mechanisms which
involve pyoverdin, ferric enterobactin, and pseudobactin 358. In the case of pyoverdin
uptake in P. aeriginosa, the pvd genes are required (70). Expression of pvdS, has recently
been found to be directly controlled by Fur (64, 76). PvdS in turn appears to acts as a
sigma factor (31) and is required for expression of pvdA (64) and other genes (78). pvdA
codes for the L-ornithine N 5 oxygenase which catalyzes a key step of pyoverdin
biosynthesis (113). Ferric enterobactin uptake requires PfeA, an 80 kDa outer membrane
protein which is highly homologous to FepA, the enterobactin receptor. Expression of
pfeA is regulated by a two component regulatory pair PfeR (the regulator) and PfeS (the
sensor) (61). The latter pair's expression may be regulated by Fur although there are
currently no direct binding experiments published (34). Uptake of Pseudobactin 358
requires products of the pupl and pupR genes which share homology with fecl and fecR of
E.coli (62) Neither system shows homology with the two component regulator systems.

Fur has been found to regulate several of these components either directly or through
multiple regulatory complexes (35). Specifically, fur mutations result in a species specific
inability to use certain carbon sources. For instance in V. cholerae these include glycerol,
acetate, succinate, lactate, and fumarate when the bacteria are grown in minimal medium

(65). In Yersinia pestis, fur mutants show a loss of temperature control of hemin storage
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and under iron rich conditions present increased sensitivity to pesticin (100). In addition,
Fur has been found to be required for expression of some of the superoxide dismutase
genes both in E. coli (75) and P. aeruginosa (49) as well as for the expression of the
regulatory RNAo molecule in V. anguillarum , which also serves as a negative regulator
of the iron transport genes (23). Therefore Fur appears to be involved in a multitude of
cellular functions in addition to those directly related to iron uptake, including: metabolism,
fimbriae production, production of hemolysins (84, 103), generation of toxins (21, 79) and
Fur has recently been found to have multiple effects on the expression of superoxide

dismutase genes (49,75).
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PART III: VIBRIO ANGUILLARUM IRON ACQUISITION

The bacterial fish pathogen V. anguillarum is a gram negative rod possessing a polar
flagellum. V. anguillarum causes vibriosis, a highly fatal hemorrhagic septicemic disease
in salmonids. We use the V. anguillarum-host fish system as a model to study the
molecular mechanisms of host-pathogen interactions leading to human disease. The
disease caused by V. anguillarum has remarkable similarities to invasive septicemic disease
in humans and the sequence of events immediately after infection are very similar to
mammalian inflammation, except for obvious species-specific responses (27, 30). Another
important feature of our system is the fact that this bacterium is an actual pathogen for the
vertebrate host (30, 110, 118). Thus, inferences made from the study of the mechanisms
of interaction between the microorganism and the host will result in a valid assessment of
the host-parasite relationship and will lead to an increased understanding of invasive
diseases.

Our laboratory has elucidated a key feature which enable pathogenic strains of V.
anguillarum to survive within the salmonids: primarily the possession of a virulence
plasmid which provides the bacteria with an iron-uptake system (Figure 6) (28, 30).

The plasmid encoded iron-sequestering system is comprised of three regulators: the
positive regulators TAF (trans acting factor(s)), and AngR (anguibactin biosynthesis
regulator), and a negative regulator, antisense RNAq. The cast is completed by genes
involved in iron transport such as fatDCBA, and several genes involved directly in
siderophore production (Figure 6) (27-30). This plasmid mediated system centers upon the
production and uptake of the siderophore anguibactin (Figure 7 and 8). Anguibactin has a
molecular weight of 348 and its molecular composition is C15H16N404S (3, 59). It has a
unique structure containing both hydroxamate and catecholate structures. Single crystal

structure determination of the Ga(Ill) complex of racemized anguibactin revealed a 1:1
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metal to ligand stoichiometry in which the O-hydroxy group, the nitrogen of the thiazolin
ring, the hydroxamate (N-O group), and the deprotonated nitrogen of the imidazole ring
coordinate the metal ion (Figure 7) (59). The ferric-siderophore complex specifically binds
to the outer membrane protein FatA (3, 4, 28, 30). The iron is transported into the cell via
the interaction of at least 3 other proteins, FatB, a membrane-anchored periplasmic

spanning lipoprotein (5), and the integral membrane proteins Fat C and FatD (Figure 8).

29



Figure 6. Plasmid pJM 1
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Figure 7: Symbols: empty spheres, carbons; red spheres, oxygen (O); blue spheres,
nitrogen (N); dark blue spheres, sulfur (S); and yellow spheres, methoxy groups or water

molecules; grey spheres, gallium (Ga). The structure was elucidated by Jalal et. al. (59).
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Figure 7. Anguibactin structure complexed with gallium (59)
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Figure 8. Ferric-anguibactin transportinto V. anguillarum
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In addition to the components encoded by the virulence plasmid, we have recently
identified chromosomally encoded genes which code for proteins that are required for
siderophore production such as Aro C, and regulation such as Fur (Ferric uptake
regulator).

My thesis research focused on the mechanism of regulation of the plasmid mediated
iron uptake system of V. anguillarum. Specifically, I analyzed the chromosomally-
encoded negative regulator Fur, the mechanism of expression of the iron transport genes
fatDCBA, and the plasmid encoded positive regulator AngR.

In V. anguillarum, at least four regulators, two positive (TAF and AngR) and two
negative (Fur and antisense RNA o) are involved in regulating the expression of the iron
transport genes fatDCBA (Figure 6). The V. anguillarum Fur protein is one member of the
complex circuit, unlike in E. coli where regulation of much of the iron uptake gene
expression depends primarily on the Fur regulator (46). The Fur protein was first
described in E. coli (46). Although indirect, there is evidence implicating the C-terminal
portion of the E. coli Fur protein in Fe(IT) binding, which may induce a conformational
change in the N-terminal region of the protein that allows the binding, possibly as a dimer,
to the operator of Fur-regulated genes (26) However, the characteristic helix-turn-helix
motif (19, 20) present in many DNA-binding proteins is not found. Despite initial NMR
(nuclear magnetic resonance) and CD (circular dichroism) studies on E. coli Fur, its ligand-
free or corepressor Fe(II)-bound atomic structures have not been described (92-94).
Therefore, the study of the V. anguillarum Fur protein is of great importance not only to
understand the regulation of the iron uptake system within V. anguillarum but also as a
general model of regulation and DNA-protein interaction. In order to address these 1ssues
my thesis involved identification and isolation of the V. anguillarum fur gene (Chapter 1)
(112), characterization of both wild type and mutant Fur proteins (Chapter 2) (116), and

determination of the nature of transcription of the iron transport genes (Chapter 3).
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AngR, a 110-kDa protein encoded by pJM1-like plasmids (110, 111), acts as a trans-
activator of other genes of the iron uptake system (95, 111). AngR possesses two putative
helix-turn-helix motifs each preceded by putative leucine zipper motifs (109) which are
consistent with regulatory function. In addition to TAF and AngR, we recently discovered
that the siderophore anguibactin itself was able to stimulate the expression of the iron
transport genes fatA and farB, although not to the same extent as when all three regulators
are present (24).

Interestingly, it has also been demonstrated that AngR shares homology with several
biosynthetic enzymes from the firefly luciferase family which all utilize ATP. As AngR
possesses adenylation motifs and a thioester motif, we conducted experiments and
demonstrated that AngR can complement the biosynthetic enzyme EntE from E. coli. EntE
functions as the 2,3-dihydroxybenzoic acid AMP-ligase required for biosynthesis of the
siderophore enterobactin (Figure 2) (89). The fact that AngR can complement EntE,
further strengthens the concept that AngR is directly involved in anguibactin biosynthesis
(109). Thus, AngR may well serve two functions, one as a DNA-binding protein and
transcriptional activator, and the other as a biosynthetic enzyme. Although we have yet to
elucidate the specific DNA region recognized by AngR we have begun to dissect the
regions involved in activation and biosynthesis, my research has addressed these questions

(Chapter 4).
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ABSTRACT

The chromosomally-encoded Vibrio anguillarum fur gene was characterized. The amino
acid sequence of the Fur protein showed a very high degree of homology with those of V.
cholerae and V. vulnificus. The degree of homology was lower, although still high, with
the Escherichia coli and Yersinia pestis Fur amino acid sequences, while the lowest degree
of homology was found with the Pseudomonas aeruginosa Fur protein. The C-terminal
portion of Fur is the least conserved region among these Fur proteins. Within this portion,
two regions, spanning amino acids 105 to 121, and 132 to the end, are the least conserved.
A certain degree of variation is also present in the N-termini spanning amino acids 28 to 46.
Regulation of expression of the V. anguillarum fur gene by iron was not detected by
immunoblot analysis. Mutations in the cloned fur gene were generated either by site-
directed mutagenesis (the Lys77 was changed to a Gly to generate the derivative FurG77)
or by insertion of a DNA fragment harboring the aph gene in the same position. FurG77
was impaired in its ability to regulate a reporter gene with the Fur-box in its promoter,
while the insertion mutant was completely inactive. V. anguillarum fur mutants were
obtained by isolating manganese-resistant derivatives. In one of these mutants, which
encoded a Fur protein with an apparent lower molecular weight, the regulation of the
production of catechols and synthesis of the outer membrane protein FatA were partially
lost. In the case of another mutant, no protein was detected by anti-Fur serum. This
derivative showed a total lack of regulation of biosynthesis of catechols and FatA protein

by iron.
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INTRODUCTION

The ability of a bacterial pathogen to scavenge iron from its host's fluids is an important
factor in virulence (34, 60). Most bacteria possess efficient iron uptake systems that are
expressed when the bacterial cell enters a mammalian host, which is a low-iron
environment, allowing it to capture iron from the high affinity host's iron binding proteins.
In Escherichia coli, the iron regulation of the iron-uptake genes expression depends on a
single regulatory gene, fur (ferric uptake regulator), which acts as a classical TEpressor,
blocking transcription in the presence of high concentrations of iron (5, 28, 44). The C-
terminal portion of the E. coli Fur protein binds Fe2+, inducing a conformational change
in the N-terminal region of the protein which allows the binding to the operator of Fur-
regulated genes (13). This operator consists of a 21-bp dyad symmetric consensus
sequence (10, 11, 20-22). Fur was subsequently found in other bacterial species:
Salmonella typhimurium (25), Yersinia pestis (45), Vibrio cholerae (33), V. vulnificus
(35), and Pseudomonas aeruginosa (37). It was demonstrated that Fur also controls the
expression of toxins and other virulence factors apparently unrelated to iron metabolism,
€.g., hemolysin in V. cholerae (46), Shiga-like toxin of E. coli (10), and pH-regulated
proteins in S. typhimurium (25).

V. anguillarum is the causative agent of the fish disease vibriosis (40). Some virulent
strains carry a virulence plasmid, such as pIM1 in strain 775 (14-16, 53), which encodes a
very efficient iron-uptake system composed of anguibactin, a siderophore that has
hydroxamate and catechol moieties in its molecule (1, 30), and membrane components that
play arole in internalization of iron(IlI)-anguibactin complexes inside the cell (3, 32). This
is one of the first systems in which a perfect correlation of virulence and iron uptake was
demonstrated (14, 19, 52, 61). The expression of many genes of this system was shown
to be regulated by the concentration of iron in the medium (2, 17, 49). Studies of the

regulation of expression of genes encoding different components of this iron uptake systemn
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demonstrated that, in the V. anguillarum pJM1-encoded system, plasmid-encoded factors
such as the AngR protein, the trans-acting factor(s) (TAF) and an antisense RNA, RNAq,
play roles in regulation (41, 42, 49, 52, 55). However, we recently demonstrated the
presence of a chromosomally-encoded Fur-like activity in V. anguillarum (58) and
identified the presence of a putative Fur binding site within the promoter region of the gene
encoding the bifunctional protein AngR (24), a protein that plays a role as a regulator and
can also complement an entE mutant of E.coli (50). These findings suggested a role for
Fur in the pJM1-mediated iron uptake system. Hence, we conducted this study on the V.
anguillarum fur gene and present in this report its characterization and nucleotide sequernce,
as well as evidence of Fur-regulation of expression of the outer membrane protein FatA and
synthesis of catechols, which are presumed to be intermediates in the biosynthesis of
anguibactin. In addition, the isolation and characterization of V. anguillarum Sfur mutants

by the manganese resistance selection method (28) are described.

(Part of this research was presented at the 931d General Meeting of the American Society

for Microbiology, Atlanta, Ga. 16-20 May 1993.)
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MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The genotype and source of strains and
plasmids used in this study are shown in Table 1. E. coli HB101 or JM107 was used as the
bacterial hosts. Plasmid pPBCSK+ (Stratagene, La Jolla, CA) was used as vector for DNA
sequencing and site-directed mutagenesis. Plasmid pT7-5 was used for overexpression of
Fur with E. coli BL21(DE3)(pLysE) as the host. The uses of other plasmids and strains
are described below. V. anguillarum was grown in either trypticase soy broth or agar
supplemented with 1% NaCl or M9 minimal medium containing either 50 uM FeCl3 (iron-
rich) or 2.5 uM ethylenediamine-di-(o-hydroxyphenyl) acetic acid (EDDHA [iron-

limiting]).

Chemical and enzymatic determinations. Levels of 2,3-dihydroxybenzoic acid
(DHBA) in culture supernatants were determined with the Arnow phenolic assay (4). B-
galactosidase levels were measured by the method described by Putnam and Koch (38).
Units were determined as described by Miller (36). All experiments to determine 2,3-
DHBA and B-galactosidase levels we performed at least four times. The ratios between the
values among the different strains were constant. Protein concentrations were determined

as described by Bradford (9).

General DNA procedures.  Plasmid DNA was purified according to the method of
Birnboim and Doly (7) with the modifications described by Weickert and Chambliss (59).
Transformations were performed by the method of Cohen et al. (12). Sequencing of
double stranded DNA was performed by the dideoxy chain-termination method (43) with
the Sequenase kit (US Biochemical, Cleveland, OH) with the T7 and T3, and, in some
cases, with specific synthetic primers. Site directed mutagenesis of pPTAW1.8 was carried

out with the Muta-Gene Phagemid in vitro mutagenesis kit (Bio Rad Laboratories,
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Richmond, CA) and the synthetic mutagenic oligonucleotide
AAGGTGGAGGATCCGTTT, following the recommendations of the manufacturer with
modifications previously described (26), to generate plasmid PMETAW3.12. This
mutation was confirmed by the fast DNA sequencing method (51) using the appropriate
primers. Basically, the method consisted of electrophoresis of the sequencing reaction
mixtures obtained as described above (43) in a small gel 18 cm long run at 1,000 V for 20
minutes. Plasmid pMETAW4.1 was generated by insertion mutagenesis performed by
ligating the kanamycin resistance (Km?) fragment of pUC4K into the BamHI site generated
after site-directed mutagenesis. Hybridization experiments were carried out at 37°C under
low-stringency conditions (0.75 M sodium chloride, 0.075 M sodium citrate, Denhardt's
solution, 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS], 25% formamide). After
hybridization, the filters were washed at 50°C in a solution containing 0.3 M sodium

chloride, 0.03 M sodium citrate, and 0.1% SDS.

Immunoblot Analysis. Antiserum against Fur was raised in 6-month old rabbits as
previously described for FatA (2) by using purified E. coli Fur protein (a gift from J.
Neilands, University of California, Berkeley). Antiserum against FatA was prepared as
described before (2). Proteins from cytosol, total cell extracts or outer membrane
preparations were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), as
described by Crosa and Hodges (17), with prestained high-range protein molecular weight
standards, (Bio-Rad, Richmond, CA). After electrophoresis, the proteins were
electrophoretically transferred to nitrocellulose paper (0.2 um pore size, BAS 83,
reinforced NC, [Schleicher & Schuell]) essentially as described by Towbin et al. (56)
using the Genie electrophoretic blotter (Idea Scientific Company, Minneapolis, MN) under
the conditions recommended by the supplier. The blots were incubated in the presence of
the anti-Fur or anti-FatA serum and developed by reaction with peroxidase and staining

with H>O5 and horseradish peroxidase color development reagent (2).
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Isolation of Fur mutants by manganese selection. Isolation of Fur mutants in
the presence of manganese was carried out essentially as described by Hantke (28) for E.
coli, Serratia spp., and Klebsiella spp. with the modifications of Prince et al. (37) for
Pseudomonas aeruginosa. V. anguillarum 775 was cultured in Trypticase soy broth
supplemented with 1% NaCl at 24°C overnight. Aliquots (100 pl) of this culture were
spread onto Trypticase soy agar plates supplemented with 1% NaCl and 10 mM MnCl,.
After 5 days incubation at 24°C, the Fur proteins in growing colonies (about 5 per plate)

were analyzed by immunoblotting.

Overexpression of Fur in E. coli BL21(DE3)(pLysE). Both intact and
interrupted fur genes from recombinant clones PTAWI1.8 and pTAW4.1, respectively were
cloned under the control of the ¢10 promoter using the vector pT7-5 (48). Ligation of Xba
I- and EcoRI- digested pT7-5 with the Xba I-EcoRI fragment containing the fur gene in
PTAW1.8 generated pTAW2.1, and ligation with the Xba I-EcoRI fragment containing the
truncated fur gene in pTAW4.1 generated PMET31. Recombinant clones pTAW2.1 and
PMET31 were transformed into E. coli BL21(DE3)(pLysE). Cells were grown in Luria
broth containing ampicillin at 37°C until the optical density at 600 nm reached 0.7. Protein
expression was then induced by addition of 0.4 mM IPTG (isopropyl-B-D-
thiogalactopyranoside). The cells were incubated for an additional three hours and
collected by centrifugation. After washing with one volume of 10 mM magnesium sulfate
the cells were lysed with SDS-PAGE sample buffer at 100°C for 10 min. and analyzed by
SDS-PAGE.

Nucleotide sequence accession number. The nucleotide and predicted amino acid
sequences of the V.anguillarum fur gene will appear in the EMBL and Gen Bank sequence

libraries under accession no. 1.19717.
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RESULTS

Cloning of the V. anguillarum fur gene. A recombinant clone was isolated
from the plasmidless V. anguillarum H775-3 library (54) by screening pools of
recombinant plasmid DNA by Southern blot hybridization under low stringency conditions
with a HindIII-Bgll DNA fragment encompassing most of the Jur E. coli gene (27) used as
a probe. Recombinant plasmids in a hybridizing pool were then screened individually.
Recombinant clone pMET67 was isolated in this manner and its biological activity was
tested by introduction of this plasmid and the Fur reporter plasmid pSC27.1 (11) into the
Jur mutant E. coli BN4020. The activity of B-galactosidase was inhibited in the presence
of high concentrations of iron indicating that PMET67 produced a Fur-like activity (Figure
1). The Fur activity elicited by pMET67 was comparable to that of the E. coli Fur protein
coded for by pMHI15 (Figure 1).

The V. anguillarum fur gene was subcloned by performing a Sau3A I partial restriction
endonuclease treatment of pMET67 followed by ligation to BamHI digested pBCSK+.
Transformation of the Fur reporter E. coli RRIC1 produced a few white colonies (which
represented about 1% of the total transformants) when plated on McConkey agar
supplemented with 100 uM ferric chloride. One of these white colonies was further
analyzed and was shown to carry a recombinant plasmid, pTAW1.8, which had a 1.6 kbp

insert.

Nucleotide sequence and expression of the V, anguillarum fur gene.
The V. anguillarum fur gene included in PTAWI1.8 was sequenced. The nucleotide
sequence (Figure 2) showed homology to the nucleotide sequence of fur genes from other

bacterial species. Homologies to the fur coding sequence of V. cholerae (33), V.
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vulnificus (35), Y. pestis (45), E. coli (44) and P. aeruginosa (37) were 81.6, 80.4,
70.1, 70.0, and 60.9% respectively. An open reading frame of 149 amino acids was
present which had high degree of homology with the amino acid sequence of Fur proteins
of the other bacteria (Figures 2 and 3), especiallyV. cholerae and V. vulnificus. To identify
the V. anguillarum Fur protein, the pTAW 1.8 insert was recloned into the vector pT7-5to
generate pTAW2.1 which was transformed into E. coli BL21(DE3)(pLysE). Upon
induction with IPTG, a protein with a mass of about 20 kDa was detected which is the
approximate mass of the predicted V. anguillarum Fur protein (Figure 4). The identity of
this band was confirmed by analysis of the protein extract of E. coli
BL21(DE3)(pLysE)(pLyseE) harboring a derivative consisting of the insertionally mutated
Jur (see below) cloned in pT7-5 (plasmid pMET31). Figure 4 (lane F) shows that the 20
kDa band is indeed Fur since pMET31 did not express this protein. Immunoblot analysis
of a gel identical to that in Figure 4 with anti-Fur serum further confirmed that the 20 kDa
protein overexpressed by E. coli BL21(DE3)(pLysE) (pLysE, pTAW2.1) corresponds to

Fur (data not shown).

Regulation of expression of the V. anguillarum Jur gene.

To determine whether the biosynthesis of the V. anguillarum Fur protein was iron-
regulated, cells were grown under iron-rich and iron-limiting conditions and the cytosolic
extracts were subjected to immunoblotting. Immunoblot analysis (Figure 5) demonstrates
that the same amount of Fur protein was expressed in both conditions, indicating that its
expression is constitutive in V. anguillarum. The production of 2,3-DHBA was used as a
control for the expression of iron-regulated products. The optical densities at 510 nm
obtained when the Arnow reaction was carried out, as described in Materials and Methods
for the cultures under iron-rich and iron-limiting conditions, were 0.030 and 0.353,

respectively, showing that 2,3-DHBA production is iron-re gulated.
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Mutagenesis of the V. anguillarum fur gene. The V. anguillarum fur gene
in pTAW1.8 was mutated by site-directed mutagenesis; nucleotides 229 and 230 were
changed from AA to GG (Figure 2) to generate plasmid pTAW3.12. As a result of this
mutation, a BamHI site was generated and the amino acid at position 77 was changed from
Lys to Gly (this mutant derivative was called FurG77) (Figures 2 and 3). Another mutant
was generated by inserting the Km! fragment from pUC4K in the newly generated BamHI
site to originate plasmid pTAW4.1. The mutated recombinant clones were transferred to
the E. coli fur mutant RRIC1 and plated on McConkey agar plates supplemented with 100
uM FeCl3. E. coli RRIC1 with no plasmid or with pTAW4.1 produced red colonies
indicating that B-galactosidase was being produced. Colonies of E, coli RRIC1(pTAW1.8)
were white as a result of the inhibition of production of B-galactosidase in the presence of
Fur and iron. E. coli RRIC1(pTAW3.12) generated pink colonies, indicating that the
FurG77 encoded by this mutant is leaky. Next, B-galactosidase levels were determined for
these strains in iron-rich and iron-limiting conditions (Table 2). The results indicate that the
insertion mutant pTAW4.1 is a null mutant while pTAW3.12 encodes a protein, FurG77,
which has some Fur activity (Table 2).

The plasmid pTAW4.1 was used to attempt to construct a V. anguillarum fur mutant by
marker exchange. However, as was already described for P. aeruginosa (37), we were
unable to isolate a V. anguillarum fur mutant by this technique. Therefore, we attempted
to select V. anguillarum fur mutants using the positive selection method first described by
Hantke (28). V. anguillarum cells were spread onto plates containing 10 mM manganese
chloride and the plates were incubated for 5 days at 24°C. The colonies that grew in these
conditions were analyzed by immunoblotting to identify proteins that run differently than
the wild type Fur in SDS-PAGE. Two types of mutants were obtained, one that showed
the presence of a Fur related protein but migrates with an apparently lower molecular mass
(V. anguillarum TT5MET9) and another which showed no reaction against the anti-Fur

serum (V. anguillarum 775MET11) (Figure 6).
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These mutants were used to analyze whether components of V. anguillarum iron-uptake
system are under the control of Fur. For this purpose, the strains were cultured in iron-rich
or iron-limiting minimal medium and the biosynthesis of catechols and the FatA outer
membrane protein was analyzed. As shown in Table 3, although in the wild type strain
775 the production of catechols is iron-regulated, in V. anguillarum T15SMET11 all
regulation by the iron concentration in the milieu was lost. A degree of regulation can still
be seen in the case of V. anguillarum 77SMET9. This could indicate that V. anguillarum
775MET11 is a null or nearly null mutant while strain 77SMET9 is leaky.

The 86-kDa outer membrane protein FatA (2,53) is an important component of the
receptor for the ferric anguibactin complexes (2). Expression of the fatA gene is highly
regulated by the concentration of iron in the medium and at least two regulatory factors
have already been identified, TAF and RNAq (42, 49, 58). The results from experiments
analyzing regulation of expression of fatA using an E. coli Fur mutant and a recombinant
clone harboring the E. coli fur gene were inconclusive (58). Therefore, the V. anguillarum
manganese-resistant fir mutants were used to study regulation of expression of fatA by
Fur. Wild type V. anguillarum and the mutants 775MET9 and 775MET11 were cultured
under iron-rich and iron- limiting conditions, and outer membrane proteins were isolated.
The presence of FatA was detected by immunoblotting with anti-FatA serum. Figure 7
shows that while no FatA was detected in the wild type strain grown under iron-rich
conditions, this protein was present in the outer membrane preparation of both mutants.
However, it is also clear from Figure 7 that in the case of mutant 77SMET9 there 1isstill a
certain degree of regulation while the amounts of FatA detected in mutant 775SMET11
grown under iron-rich and iron-limiting conditions are virtually the same. This is likely
due to the fact that V. anguillarum 775MET9 behaves as a leaky mutant while the mutation

in derivative 775MET11 is null or nearly null.
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DISCUSSION

The pJM1-mediated iron uptake system of V. anguillarum is highly regulated by the
concentration of iron in the surrounding medium. Recently, several plasmid-encoded
regulators of this system have been identified: TAF (49); the bifunctional protein AngR
which besides its function as a regulator can complement an entE mutant of E. coli (50, 5
5), and RNAq, an antisense RNA that regulates the expression of FatA and FatB (42, 58).
Besides these plasmid-mediated regulators, a chromosomally-encoded protein with a Fur-
like activity was also detected (58). Here we report the cloning and sequencing of the gene
encoding that protein. The highest degree of homology of the V. anguillarum amino acid
sequence of the Fur protein was found with the Fur amino acid sequences reported for V.
cholerae and V. vulnificus (33, 35). The degree of homology was lower (although still
high) with the E. coli and Y. pestis Fur amino acid sequences (44, 45). The lowest degree
of homology was found with the P. aeruginosa Fur protein, which seems to be the most
distant from the rest of the Fur amino acid sequences reported so far. The C-terminal
portion of the protein seems to be the less conserved region of the Fur proteins. The
regions spanning amino acids 105 to 121, and 132 to the end (shaded in Figure 3) are the
least conserved within this C-terminal portion which has been described to play arole in the
binding of the metal ions (13, 29, 31). A certain degree of heterogeneity is also found in
the N-termini spanning amino acids 28 to 46 (shaded in Figure 3).

It has been suggested previously that expression of the E. coli fur gene is autoregulated
by its product (22); however, no iron regulation of the fur genes was detected in V.
cholerae or V. vulnificus (33, 35). Our results obtained by immunoblotting of extracts of
V. anguillarum cultured under iron-rich or iron-limiting conditions indicate that, in this
bacterium, regulation of expression of Sur byv iron either does not exist or is very low. We

are presently performing transcription and operon fusion analysis to confirm these results.
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Studies of metal ion activation of Fur proteolysis demonstrated that, in the presence of
MnCl; the E. coli Fur protein is digested by trypsin between the Lys76 and the Sery7
suggesting that upon binding the metal ion, the protein undergoes a conformational change
that makes this region available to trypsin (13). As a result of this conformational change,
the N-terminus of the Fur protein binds the DNA. This region has been postulated as one
probable boundary between the DNA-binding N-terminus and the metal ion-binding C-
terminus (13) and, with the exception of the P. aeruginosa Fur, its amino acid sequence is
conserved in all Fur proteins sequenced so far (see Figure 3). We generated a mutant by
site-directed mutagenesis in this region (plasmid pTAW3.12). The Lys77 (equivalent to the
Lys7¢ of the E. coli Fur) was changed to a Gly, generating the derivative FurG77.
Analysis of this mutant showed that FurG77 was impaired in its ability to regulate a gene
that has the Fur-box in its promoter.

Attempts to use pTAWA4.1 to generate a V. anguillarum Jur mutant by marker exchange
were unsuccessful. A similar result has been recently reported in the case of the P.
aeruginosa fur gene (37). A possibility is that a null mutant of Fur is lethal for some
bacteria. However, it is puzzling that, by manganese selection, we generated a mutant that
seems to be null or nearly null. Explanations could be that this mutant is not null and the
activity left is enough to support viability; or that, since it is known that Fur regulates other
traits, this mutant lost the ability to regulate some genes but is still partially or totally able to
regulate others. It is of interest that a manganese-resistant Fur mutant of P. aeruginosa is
affected in regulation of biosynthesis of siderophore but is not affected in regulation of
production of exotoxin A (37).

Of the manganese-resistant Fur mutants isolated by these techniques, two were further
analyzed in this work. One of them, V. anguillarum 7T15MET?9, partially lost its ability to
regulate the production of catechols as determined by the Arnow reaction. Precursors for
biosynthesis of the siderophore anguibactin as well as anguibactin itself are detected by the

Arnow reaction. Other factors have also been implicated in regulation of the biosynthesis

62



of anguibactin (41, 49, 55). Therefore, we cannot yet discriminate the step that is Fur
regulated in the synthesis of anguibactin. This mutant,V. anguillarum 775MET9, produced
a Fur protein with an apparently lower molecular weight, as determined by
immunoblotting. In the case of the other mutant, V. anguillarum 775MET11, no protein
was detected by anti-Fur serum. This could be due to a total loss of Fur production or to
the production of a very small Fur derivative or a protein that lost all recognizable epitopes.
Since the anti-Fur serum is polyclonal, this last possibility seems improbable. Iron-
regulation of biosynthesis of catechols in this mutant was completely lost.

In the case of FatA, a protein that is part of the receptor that recognizes ferric-
anguibactin complexes, regulation by iron was impaired in mutant 775MET9 and almost
lost in mutant 775MET11, as determined by immunoblot analysis. The presence of higher
levels of FatA in the mutants than in the wild type strain, when cultured under iron limiting
conditions, may be due to the existence of background levels of Fur in the wild type that
can exert some negative regulation even at the low iron concentrations present in those
conditions. Regulation of fatA by Fur was studied before in an E. coli background using a
clone of the E. coli Fur, with inconclusive results (58). We showed before that expression
of fatA is under the control of other regulatory factors such as TAF (49) or RNAq, (42,
49). The results in this manuscript prove that Fur plays an important role in regulation of
fatA, adding a new factor to the regulatory circuit of this gene. Experiments are presently
being carried out to assess the degree of contribution of TAF, RNAa, and Fur to the

regulation of farA.
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Table 1. Bacterial strains and plasmids

Bacterial strain or plasmid

Relevant genotype Source or reference

Bacterial strains:

E. coli
HB101

IM107

BL21(DE3)(pLysE)

BN4020
RRIC1

V. anguillarum

775
H775-3
TISMET9

775MET11

Plasmids:

pBCSK+
pT7-5

pUC4K

pSC27.1

pMH15
pTAWL1.8
pTAW3.12

pTAWA4.1

pTAW2.1
pMET31

reci3ara-14 proA2, rpsL20, xyl-5, hsdS20, 8
lacYl, galK2, mtl-l, supE44, (rB-,mB-))

thil(lac-proAB), gyrA96, endAl, 62
hsdR17, relAl, supE44, F'[traD36,
proABY, lacH, lacZAM15]

hsdS gal (Ac Its 857 ind1 Sam 7 nin5 Novagen(47)
lac UV5-T7 genel)(Studier and Moffatt 1986)

Sfur:Tns 5
derivative of E. coli BN4020 (fur )with a 39
lacZ reporter under the control

of thehuF Fur box

natural isolate, prototype, (pJM1) ' 14
plasmidless derivative of 775 18
JSur mutant isolated in the presence This work
of 10 mM MnCly

JSur mutant isolated in the presence This work

of 10 mM MnClp

cloning vector Stratagene, La Jolla, CA

expression vector 48

contains the Tn903 aph in a restriction 57

site mobilizing element

Fur reporter gene. B-galactosidase is 11

under the control of Fur

E. coli fur gene cloned in pACYC184 27

Jur V. anguiliarum gene cloned in This work

Site-directed mutagenized fur mutant This work

derivative of pTAW1.8. Nucleotides

229 and 230 were changed from AA to GG

Km resistance fragment from pUC4K This work

inserted in the BamHI site in pTAW3.12

V. anguillarum fur gene cloned in pT7-5 This work
This work

Insertionally mutated fur from pTAW4.1
cloned in pT7-5 ‘

— —_
=1
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Table 2. B-galactosidase activities

Plasmid in P-galactosidase activity@ Ratio
E. coli RRIC1 iron-limiting
ron-rich
iron-rich iron-limiting
None 1,762 1,486 0.84
pTAWL.8 155 1,304 8.41
pTAW3.12 352 1,679 4.76
pTAW4.1 2,081 2,243 197

4 In Miller units (36).



Table 3. Production of catechols by V. anguillarum strains.

V. anguillarum strain Catechols (ODs1)2
iron-rich iron-limiting
il 0.019 0.260
775MET9 0.118 0.323
775MET11 0.458 0.471

“*———__*__*——“7

ACatechols were determined by the method of Arnow (4) on overnight cultures as described before (23).
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Figure 1: B-galactosidase activities for E.coli derivatives. B-galactosidase
activities, expressed as Miller units (36), were determined for E. coli BN4020 harboring:
pSC27.1 (empty square) ; pSC27.1 and pMHIS5 (solid diamond); pSC27.1 and pMET67
(solid square) grown in minimal medium with the addition of 1 uM EDDHA and the FeCl3

concentrations indicated.
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Figure 2: Nucleotide and predicted amino acid sequences of the V. anguillarum
Jur. This sequence will appear in the EMBL/GenBank nucleotide sequence libraries under

the accession number L19717.
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Figure 3: Alignment of deduced amino acid sequences of Fur proteins from a
variety of bacterial species. The V. anguillarum (V.a) Fur protein amino acid sequence
(top) is compared with the Fur proteins from V. cholerae (V. ¢.), V. vulnificus (V. v.), E.
coli (E. c.), Y. pestis (Y. P.), and P. aeruginosa (P.a.). Differences are typed and blank
spaces represent identity with the V. anguillarum Fur sequence. Solid diamonds indicate
spacing changes to maximize alignment. The percentages of identity and similarity,
respectively, of the V. anguillarum Fur sequence with the other sequences are as follows:
V. cholerae, 98% and 94%; V. vulnificus, 97% and 92%; E. coli, 88% and 76%:; Y.
pestis, 84% and 76%; P. aeruginosa, 76% and 56%, respectively. Dots show conserved
amino acids substitutions; one or two dots indicate degree of similarity. Shaded areas
indicate regions with the least amino acid sequence conservation. The G represents the

position of the FurG77 site-specific mutation.
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Figure 4: Expression of Fur in E. coli BL21(DE3)(pLysE). The wild type and mutated fur
genes were subcloned in pT7-5 and transformed in E. coli BL21(DE3)(pLysE). Proteins were
analyzed by SDS-PAGE and immunobloting as described in Materials and Methods. E. coli
BL21(DE3)(pLysE) with: A and B, pT7-5; C and D, pTAW2.1 (wild type fur); E and F, pMET31
(fur mutated by insertion). A, C, and E non induced. B, D, and F, induced with 0.4 mM IPTG.

The arrow indicates the band corresponding to Fur.
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Figure 5: Regulation of expression of the V. anguillarum fur gene. Immunoblot
analysis of the cytosolic extracts of wild type V. anguillarum grown in minimal medium
under iron-rich (lane A) or iron-limiting conditions (lane B) as described in Materials and
Methods, using anti-Fur serum. Total extracts (50 ug of protein) obtained by sonication,
ultracentrifuged at 100,000 x g for 2 h and the cytosolic soluble protein were subjected to
SDS-PAGE and immunoblotting, using anti-Fur serum, as described in Materials and

Methods. Molecular masses (in kDa) are shown to the right.
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Figure 6: Immunoblot analysis of V. anguillarum fur mutants. The Fur proteins
present in total protein extracts of the V. anguillarum fur mutants selected in the presence of
10 mM MnCl; were analyzed by SDS-PAGE and immunoblotting, using anti-Fur serum,
as described in Materials and Methods. Strains analyzed were V. anguillarum 775 (lane
A), V. anguillarum T75MET9 (lane B), V. anguillarum 775MET11 (lane C). Molecular

masses (in kDa) are shown to the right.

85



kDa

86



Figure 7: Regulation of expression of FatA in V. anguillarum mutants. Outer
membrane proteins of V. anguillarum 775 (lanes A and B), 775MET9 (lanes C and D);
7TSMET11 (lanes E and F), cultured under iron-rich (lanes A, C, and E) or iron-limiting
(lanes B, D, and F) conditions, as described in Materials and Methods, were subjected to
SDS-PAGE, electrophoretically transferred to nitrocellulose paper, incubated with anti-
FatA serum, and developed as described in Materials and Methods. Molecular masses (in

kDa) are shown to the right.
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CHAPTER 2

JOURNAL OF BACTERIOLOGY, AUGUST 1994, P.5116-5122 Vol.176, No.16

Structural and Functional Analysis of Mutant Fur
Proteins with Impaired Regulatory Function

Anne M. Wertheimer, Marcelo E. Tolmasky, Luis A. Actis, and Jorge H. Crosa.
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ABSTRACT

Vibrio anguillarum Fur mutants, 775met9 and 775metl1 were characterized. V.
anguillarum 775met9 had a change D104- G104 located in the carboxy terminus reéulting
in impaired Fur activity. Computer analysis predicts perturbation of an alpha-helix in the
carboxy terminus which may interfere with Fur protein conformation. Strain 775met]1
had a change in the start codon resulting in no protein synthesis. The mutants are unstable

and reversion to wild type occurs frequently.
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An important virulence factor of the fish pathogen Vibrio anguillarum is its plasmid-
mediated iron uptake system, composed of the siderophore anguibactin and a receptor
complex that recognizes ferric-anguibactin (1, 13, 14, 22). In some bacterial species such
as Escherichia coli, regulation of the iron-uptake gene expression depends on a singlé gene,
Jur (ferric uptake regulator) (20), whose product acts as a classical repressor, blocking
transcription in the presence of high concentrations of iron (4, 21, 36). We recently
reported the cloning and characterization of the V. anguillarum Jur gene and determined that
Fur plays a role in regulation of the synthesis of anguibactin and the outer membrane
protein FatA (45, 42). In addition, in V. anguillarum there are at least three plasmid-
mediated regulators besides the chromosomally-mediated Fur (33, 34, 40, 41). The V.
anguillarum Fur protein shares a high degree of homology with the other Fur protein
sequences reported in the literature (5, 23, 24, 28, 37, 42).

Fur exerts its regulatory function by binding to the operator of Fur-regulated genes (4,
12, 16, 17). Although indirect, there is evidence implicating that the C-terminal portion of
the E. coli Fur protein binds Fe2+ which may induce a conformational change in the N-
terminal region of the protein allowing the binding, possibly as a dimer, to the operator of
Fur-regulated genes (12). However, the characteristic helix-turn-helix motif (8,9) present
in many DNA binding proteins is not present. Therefore, the study of the V. anguillarum
Fur protein is of great importance not only to understand the regulation of the iron uptake
system but also as a general model of regulation and DNA-protein interaction. As part of
these studies we characterized two V. anguillarum fur mutants that we recently isolated (42)
using the MnCl resistance selection method (21). In this work we characterize the
products of these mutations and investigate the implications of our findings to the structure

function relationships of Fur.

(Part of this research was presented at the 94th General Meeting of the American Society
for Microbiology, Las Vegas, NV, 23-27 May 1994).
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Complementation of fur mutants by the V. anguillarum wild type Fur.

We have recently isolated two V. anguillarum fur mutants, 775met9 and 775met11 (Table
1), by selection in the presence of MnCl2 (42). To determine the nature of these two
mutations we performed complementation studies with the wild type fur gene cloné from
V. anguillarum, pMET67 (45). We conjugated this plasmid with, either the reporter
plasmid pSC27.1 or the control plasmid pRT240 (10), into the mutant strains 775met9 and
775met11. The transconjugants possessed wild type Fur activity as measured by the p-

galactosidase activity of the reporter constructs (Table 2).

Cloning and sequencing of the mutant fur genes. Clones from V.
anguillarum Fur mutant 775met9 as well as the parent strain V. anguillarum 775 Nall RifT,
carrying the wild type fur gene, were obtained after PCR using the appropriate primers to
amplify the fur open reading frame (18). To detect functional Fur proteins we used the
reporter strain RRJC1(Table 1). This strain possesses a chromosomally encoded B-
galactosidase under the control of a promoter carrying an fhuF Fur box, which in the
presence of a functional Fur, is down regulated under high iron, resulting in white colonies
on MacConkey plates with 100 pM FeClI3. Therefore, after transformation of the PCR
clones containing either wild type fur or mutant 9 fur inserts, into the reporter E. coli
RRJCI1, we obtained derivatives with mutant phenotypes. In the case of mutant strain
775met11, we amplified by PCR the upstream region as well as the open reading frame to
analyze the sequence directly instead of cloning, as discussed in the following section.
Three of the clones containing mutation 9 were sequenced. In all three derivatives, we
identified a single point mutation, a base chaﬁge from T332 to C332 , which results in an
amino acid change from D to G at position 104 . This mutation occurs in an amino acid

conserved in most known Fur proteins.
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In the case of mutant 11, sequence analysis revealed a single point mutation of
nucleotide G3 to T3 resulting in a change of G to U in the translation initiation codon This
mutation results in the infrequently recognized initiation codon AUU (46).

We also sequenced the upstream region of the mutant fur genes up to about 200 base
pairs (bp) upstream from the Fur start site containing putative -10 and -35 sequences (44,
47). Features of this region are depicted in (Figure 1). Comparison of this sequence with
those of V. vulnificus and V. cholerae shows that there is a ca. 100 bp deletion occurring
in the V. anguillarum and V. vulnificus regions, while the remainder of the upstream region
remains considerably conserved, including the anticipated ribosomal binding site, the
predicted -35 and -10 promoter regions, and the predicted transcription start site. There
also is a region resembling a Fur box which overlaps both the putative -10 and the +1 site
of the V. anguillarum fur gene that is closer to the consensus sequence, as compared to the
same region in the fur genes from the other two Vibrios. No differences were found in the
upstream regions of mutant 9 nor mutant 11. These results were in agreement with the fact
that approximately similar levels and sizes of fur- specific transcripts were detected in all
samples from V. anguillarum 775, 775met9, and 775met11 under both iron-rich and iron-

limiting conditions (data not shown).

Analysis of the predicted secondary structure of Fur proteins. The E. coli
Fur protein has a high content of histidine (12). By different approaches, such as marker
exchange for V. cholerae (24), V. vulnificus (23) and Y. pestis (37) and by using
selection in the presence of MnCl, for Pseudomonas aeruginosa (28) and V. anguillarum
(42), it was possible to demonstrate that mutations in the Jfur-like gene in these bacteria also
led to constitutivity of specific iron regulated systems. Structural analysis of E. coli Fur
using nuclear magnetic resonance and circular dichroism revealed that approximately 50%
of the protein is alpha helical which is especially concentrated in four regions comprising

residues 15 to 36, 80 to 96, 105 to 123, and 130 to 147 (48). These alpha helices may
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interact with each other or with other regions of the protein upon the binding of metal ion
and/or DNA (32). However, these helices which are 21 residues in length, do not conform
to the classical helix-turn-helix motif which involves a two to three turn helix, a'4 residue
turn , followed by a four turn helix (8,9). Although, extensive work has been carried out
on the phenotype caused by fur mutations and some structural characterization has been
worked out in E. coli Fur, very little is known about the structure and function
relationships of the Fur proteins.

To gain information on the structure-function relationships of Fur we examined our
model system, the V. anguillarum Fur protein. We analyzed the computer-predicted
secondary structure, as well as the predicted structural changes resulting from a D14 to
G104 mutation, in the amino acid sequence of the V. anguillarum Fur protein using both
the Genetics Computer Group (1991), Program Manual for the GCG Package , Version 7.
and Mac Vector software (International Biotechnology's, Inc., New Haven CT). Figure 2
shows the computer-predicted secondary structure, as well as the predicted effect of a
simulated D104 to G104 mutation in the secondary structure of the Fur proteins from V.
cholerae (panels E and F), V. vulnificus, (panels G and H) and E. coli (panels C and D).

The computer analysis confirms secondary structure for E. coli Fur similar to the
experimental analyses cited above. We found that the general alpha helical pattern found in
the E. coli Fur occurs to a similar extent in the wild type Fur from V. anguillarum, V.
cholerae and V. vulnificus. The alpha helix patterns in the carboxy terminus of V,
anguillarum, V. cholerae and V. vulnificus Fur proteins are quite similar, yet these patterns
differ from the similar region in the E. coli Fur protein.

The D104 to G104 mutation results in a critical perturbation in the putative alpha helix
region found in the carboxy terminus of this protein, causing an interruption of the alpha
helix. (Figure 2, panels A and B) (27,31). As is the case for the V. anguillarum Fur
protein, introduction of a D104 to G104 mutation in the V. cholerae and V. vulnificus Fur

proteins, would also lead to a disruption in the alpha helix pattern. However, in these
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cases, the result of the mutation is that the initial alpha helix region of about 10 amino acid
residues, is no longer part of the alpha helix motif. It appears that this region in the wild
type Fur proteins from V. cholerae and V. vulnificus, may be less constrained to alpha
helicity as that of the wild type Fur from V. anguillarum. 1t is of interest that the E. coli
Fur protein alpha helix motif does not appear to be significantly altered by the D104 to
G104 mutation, a prediction which correlates with the fact that this alpha helix motif does
not begin until residue 105 (48). Thus, based both on our computer model as well as the
fact that the amino acid flanking this single mutation is a serine in the Vibrio's Fur protein
sequence this greatly increases the probability that the D104 to G104 mutation causes

termination of alpha helicity at this region of the carboxy terminus.

Analysis of the expression of the mutant Fur proteins The PCR insert
from mutant 9 with the D104 to G104 mutation in the V. anguillarum Fur protein, was
subcloned into the expression vector pT7-5 and then transformed into the E. coli strain
BL21(DE3)(pLysE) (39). Using IPTG to induce gene expression, we demonstrated that
.this mutant fur gene could be expressed in E. coli (Figure 3, lane D). It can be seen in this
figure that the mutant protein migrates more rapidly than the 17 kDa wild type protein
(compare lanes C and D). To corroborate that our findings are not an artifact of the
overexpression of the cloned mutant 9 gene in E. coli, we also analyzed the mobility of the
chromosomally-encoded mutant 9 protein synthesized by the V. anguillarum strain
775met9 as compared to that synthesized by the cloned mutant 9 fur gene in E. coli. Figure
4, lanes C and E, shows that both proteins migrate similarly.

To further assess that this single point mutation was responsible for the faster
migration, as well as for the diminished Fur function (42), we used pAWPCRY.1 which is
the mutant 9 gene cloned using pBluescript SK+ as the vector. This recombinant plasmid
was used to perform site-directed mutagenesis to revert the mutated fur gene to the wild

type sequence (pAWPCR9.1M) as well as to assess Fur activity. Transformation of
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PAWPCR9.1M DNA into E. coli RRIC1 resulted in white colonies on MacConkey agar
containing 100 pM FeCl3, indicating that the wild type form of Fur was recovered. As
shown by immunoblot analysis (Figure 4 lanes E and F), concomitant with the reversion
from G104 to D104, the wild type mobility of the revertant Fur is also recovered. |

Finally, we also performed site-directed mutagenesis of the cloned wild type Fur open
reading frame reproducing the mutation 9. This mutated clone encoded a mutant Fur
protein that migrated with the same mobility as the mutant 9 Fur protein isolated from
775met9 (data not shown). It is also apparent from Figure 4 that similar levels of Fur
protein are produced from both wild type and mutant 9 fur clones in E. coli, as is the case
for wild type and mutant 9 proteins in V. anguillarum.

The different migration and diminished activity of Fur mutant 9 occurs not only when
the mutated chromosomal fur gene is expressed in the V. anguillarum cell environment but
also as a cloned gene in an E. coli background, suggesting that the D104 to G104 mutation
results in a change that is intrinsically related to the protein encoded by the mutated gene,
either by changing the conformation or by making the protein more susceptible to
degradation. The loss of such a large negatively charged amino acid has previously been
determined to cause aberrant migration of a protein in SDS-PAGE (17b).

Our results showed that mutant 775met11 led to the constitutive expression of both, the
FatA outer membrane protein receptor, as well as catechols under both iron-rich and iron-
limiting conditions (2). Inspection of the total proteins with the Fur antiserum showed that
this mutant did not synthesize any Fur protein (Figure 4, lane B, and ref. 42). However, if
a five fold excess of the extract from 775met11 is loaded, a very faint band appears at the
proper molecular weight for wild type Fur (compare lanes A and B in Figure 4). In this
mutation, the initiation AUG codon was changed to AUU (46 ). Site directed mutagenesis

changing the AUU to AUG restored production of Fur protein (data not shown).
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Influence of the environment on the stability of fur mutations. We have
experienced a loss of the fur mutant phenotype in several cultures of mutants 775met9 and
775metl]l. We proceeded to investigate this phenomenon with the 775met9 strain.
Originally, we observed a decrease in the loss of the constitutive phenotype as determined
by Arnow assay for catechols (2). When total cell extracts were made from these cultures
of 775met9 (Figure 5, lane D), two protein bands appeared, one at the position of the wild
type Fur and one migrating as mutant 9 Fur protein. We hypothesize that the presence of
both species of proteins may be due to the fact that in the culture there is a mixture of
mutant and revertant cells.

Reversion to wild type Fur protein mobility was also observed for 775met9 extracts
after the strain had been passed from trypticase soy agar to trypticase soy broth. Such
reversion also resulted from serial passage from trypticase SOy agar to trypticase soy broth
to complete minimal medium (Figure 5, lanes D and E), and a final passage to complete
minimal medium with added iron (Figure 5, lane F) and complete minimal medium
containing EDDHA (iron-limiting) (Figure 5 lane G). It was of interest that when the final
passage was from complete minimal medium into iron-limited minimal medium (Figure 5,
lane G) we detected less wild type Fur protein. Furthermore, when the inoculum was
taken directly from the frozen stock into the iron-limited complete minimal medium (Figure
5, lane I) the migration of the mutant 775met9 Fur protein was maintained with no
reversion detected, even after a further passage in this medium. When an inoculum was
taken directly from the same trypticase soy agar plate as that used to initiate these
experiments involving 775met9, and directly inoculated into iron-limited complete minimal
medium (Figure 5, lane H) we detected more mutant 9 Fur protein as compared to the wild
type form. Figure 5 lanes A through C also shows that similar culture manipulations for
the 775 Nal® Riff parent strain do not cause any changes in the wild type mobility of the

Fur protein.
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Having demonstrated the ability to revert, we attempted to define a medium which
prevented reversion. When cultures were grown on trypticase soy agar with 1% NaCl

medium with increasing MnCl concentrations we discovered the disappearance of wild

type Fur protein in total cell extracts run in SDS-PAGE (Figure 6). Cultures grown from

frozen inoculum streaked onto trypticase soy agar with 1% NaCl with 4 mM MnCl2,

typically required 24-48 hours to grow, and only mutant 9 Fur protein was detected (Figure
6, lane E) yet at lower concentrations wild type Fur protein is present (Figure 6, lanes C
and D). The wild type 775 strain, also streaked directly from frozen inoculum, consistently
failed to grow within 48 hours on trypticase soy agar with 1% NaCl plates supplemented
with 4mM MnCl). An interesting note is that these reversions to wild type mobility of the
775met9 protein in V. anguillarum were not seen in any of the clones containing the mutant
9 fur gene in E. coli.

We have consistently seen selection for bacteria carrying the wild type Fur proteins
under nutrient rich and /or high iron conditions. Thus, we compared the growth of 775
and 775met9 in iron rich and iron limiting minimal medium (Table 3) and found that the
mutant Fur strain, 775met9 consistently grows poorly as compared with the wild type
strain. We also demonstrate that while the 775 wild type strain thrives in iron rich as
compared to iron limiting conditions, the mutant strain 775met9 grows considerable less
voraciously in non-iron limiting conditions yet it grows similarly to wild type in iron-
limiting medium. This difference in growth leads us to hypothesize that in these mutant
cultures once reversion to wild type Fur begins, the portion of the population containing
wild type Fur will grow more rapidly and out compete the mutant cells in that population
especially under iron rich conditions unless there is specific selection pressure in the form
of MnCl) to maintain the mutant population. We are quite interested in why the mutant
strain does not thrive in iron rich medium. As Fur has been shown in other bacteria to
function pleotropically, many possibilities for poor growth exist. Perhaps, high

intracellular iron concentration could be deleterious to the cell, for instance, by catalyzing

98



the production of free radicals as by a Haber-Weiss-type reaction (19). Functional Fur
protein may successfully coordinate or bind the metal ion and prevent damage by the free
iron or somehow maintain the intracellular iron balance.

Understanding the function-structure relationships leading to the interaction of the Fur
protein with iron, DNA, and other parameters will likely be increased by analysis of these,
and other mutants that we isolated. Thus, it has become clear that we have isolated two
very different types of mutations which lead to loss of Fur function. Fur mutant 9 gives us
the opportunity to examine questions involving structure-function of this DNA binding
protein while mutant 11 draws our attention to a more general role played by Fur within the

bacterium.
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Table 1. Bacterial strains and plasmids

Bacterial strain or plasmid Relevant characteristics Source or reference

Bacterial strains:

E. coli

X1L1Blue supE44 hsdR17 recAl endAl gyrA 46thi relA Stratagene
lac- FproABY lacH lacZAM1S5 Tnl0(tet 1))

BL21(DE3)(pLysE) hsdS gal (Ac Its 857 ind1 Sam 7 nin5 Novagen(38)
lac UV35-T7 genel)(Studier and Moffatt 1986) (38)

RRIC1 BN4020 derivative (E. coli fur mutant) with a (30)
B-galactosidase reporter gene under the control
of the fhiuF Fur box

V. anguillarum

775 Nal I Riff parent strain from which fur mutants derived (13)

775met9 fur mutant isolated in the presence of 10 mM MnCly 42)

775metl 1 fur mutant isolated in the presence of 10 mM MnCly 42)

T75met9(pMET67) pMET67 (wild type V. anguillarum fur) conjugated (42)
into 775met9

775metl 1(pMET67) pPMET67 (wild type V. anguillarum fur) conjugated 42)
into 775met11

Plasmids:

pBluescript SK Cloning vector Stratagene

pT7-5 Expression vector 39

pT7-6 Expression vector (39)

pMET67 V. anguillarum fur cloned in pVK102 (45)

PMETAWL.8 Jur V. anguillarum cloned into pBCSK+ (42)

pAWPCRO.1 mutant fur from 775met9 subcloned This work
into pBluescript SK+

PAWPCRY.1B mutant fur from 775met9 subcloned into pT7-5 This work

pPAWPCRY.1M site-directed mutagenized pAWPCRY.1 restoring This work
wild type D104 in fur subcloned into pBluescript SK*

PAWPCR11.3 site-directed mutagenized mutant fur from 775met11 This work
restoring wild type AUG initiation codon subcloned
into pBluescript SK*

pPAWPCRI11.3M site-directed mutagenized pAWPCR11.3 creating a This work
G104 mutation in fur , subcloned into pBluescript SK+

pSC27.1 Jfur reporter gene. B-galactosidase gene cloned under (10)
the control of the ompF promoter with a Fur between
the promoter and the open reading frame

pRT240 Control plasmid for fur reporter gene constructs with (10)
ompF promoter without Fur Box

pTAW2.1 V. anguillarum fur cloned into pT7-5 42)

DNA procedures: Modifications of already described methods for genomic PCR (3) were used. Genomic
DNA was isolated form cultures of V. anguillarum grown overnight at 27°C in trypticase soy broth
supplemented with 1% NaCl using a modification of the method of Birnboim and Doly (6). All

transformations were performed by the method of Cohen et al. (11).



s

Table 2. B-galactosidase activities of V. anguillarum derivatives

V. anguillarum 775 775met9 775met9 775metl1 775metl1
strains]  (pSC27.1) (pSC27.1)  (pSC27.1, pMET67)  (pSC27.1) (pSC27.1, pMET67)

B-galactosidase? 1.8 5.9 0.5 11.7 0.4

1 Cultures were grown under iron rich conditions 75-100 uM FeCl3. Conjugations

between V. anguillarum and E. coli were performed as described previously (40).

2 Units values were determined as described by Miller (26, 29). The results reported are

representative of three independent experiments.
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Table 3. Comparison of growth of wild type V. anguillarum 775
and mutant strain 775MET9

ODgoo
STRAIN Minimal Medium Minimal Medium RATIO FeCI3/EDDHA
- with 100 uM FeCl3 with 4 tM EDDHA

775 2.5 0.94 2.7
775met9 1.2 0.75 1.5

Comparison of growth between wild type 775 V. anguillarum and mutant strain 775met9.
An inoculum was taken directly from frozen cultures diluted into minimal medium then 100
1l was inoculated into minimal medium supplemented with 100 UM FeCl3 and into

minimal medium supplemented with 4 uM EDDHA then cultures were grown overnight at

27C!



Figure 1: Analysis of the upstream region of V. anguillarum fur in comparison to V.
vulnificus (V. v.) and V. cholerae (V. c.) illustrating a putative -35 and conserved -10
TATAAT sequences, transcriptional start site (down arrow), Shine-Dalgarno (SD) and
protein start site (plus sign). Sequencing of double-, single-stranded DNA or gel purified
PCR fragments, was performed by the dideoxy chain termination method (35) using

Sequenase kits (US Biochemical, Cleveland, OH).
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Figure 2:  Predicted Fur protein motifs depicting the secondary structure as calculated
using both Chou-Fasman and Robson-Garnier algorithms for Fur proteins from V.
anguillarum 775 (panels A and B), E. coli (panels C and D), V. cholerae (panels E and F),
and V. vulnificus (panels G and H). Predicted secondary structure for wild type Fur
(panels A, C, E, and G), and from the resulting proteins after a D104 to G104 change is
introduced (panels B, D, F, and H). The arrows indicate the characteristic perturbations

introduced by the D104 to G104 mutations.
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Figure 3: Overexpression of wild type and mutant 9 fur genes in E. coli
BL21(DE3)(pLysE) (pLysE)(1,15,25). Total extracts were électrophoresed on 15% SDS-
PAGE and Coomassie blue stained. Extracts from cells harboring pTAW 1.8 (wild type V.
anguillarum fur gene) (lanes A and C) or pAWPCR9B (mutant 9 Fur) (lanes B and D) were

obtained from cultures that were uninduced (lanes A and B) or induced in the presence of

IPTG (lanes C and D). Lane E, broad range Bio Rad molecular weight markers, the

molecular sizes are shown to the left.
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Figure 4: Detection of Fur proteins by immunoblot analysis from total cellular
lysates(1,7,15,25). Proteins synthesized from: Lanes A and B: V. anguillarum 775met11
(lane A, 5 times more total protein loaded); Lane C, V. anguillarum 775met9; Lane D, E,
coli RRIC1 harboring the wild type cloned V. anguillarum fur gene in plasmid pTAW1.8;
Lane E, E. coli RRIC1 harboring the cloned fur mutant 9 in plasmid pAWPCR9.1; Lane F,
E. coli RRIC1 harboring the G104-D104 revertant obtained by site-directed mutagenesis of
the cloned fur mutant 9 in plasmid pAWPCR9.1 generating pAWPCRY.1M; Lane G, V.

anguillarum 775. Molecular weight standards are indicated to the left.
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Figure 5: Detection of wild type and mutant Fur proteins from V. anguillarum cells
grown in different media. Immunoblot of total cellular lysates probed with anti-Fur anti
serum(1,7,15,25). Fur proteins from V. anguillarum 775 (lanes A-C) and mutant 775met9
(lanes D-I) obtained from respective trypticase soy broth agar plates and grown in: Lanes A
and D, trypticase soy broth; Lanes B and E, complete minimal medium inoculated from the
previous trypticase soy broth culture; Lanes C and F, iron-rich complete minimal medium
inoculated from the previous complete minimal medium culture. Lanes F and G, iron-rich
complete minimal medium (lane F) and iron-deficient complete minimal medium (lané G).
In this case, cells were first obtained from the same complete minimal medium culture used
to prepare the proteins shown in lane E and then inoculated into either the iron-rich or iron-
deficient complete minimal medium. In the case of lane H, proteins were obtained from
cells of mutant 775met9 grown in complete minimal medium that had been directly
inoculated from the same trypticase soy broth agar plate used to generate the cultures
described in lanes D-I; Lane I shows the proteins from 775met9 cells grown in complete
minimal medium obtained directly from a frozen stock. Lane J, extract from the nearly null
mutant 775met11 as a control for non-specific binding. Molecular weight standards are

indicated to the left.
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Figure 6: Detection of wild type and mutant Fur 9 proteins grown in the presence of
MnCl2. Immunoblot of tQtal cellular lysates probed with anti-Fur anti serum (1, 15, 25).
Fur proteins from V. anguillarum 775 (lane A) and mutant 775met9 (lane B) obtained from
cultures grown in trypticase soy broth with 1% NaCl and minimal medium respectively.
Lanes C, D, and E show proteins from 775met9 after plating frozen inoculum directly onto
trypticase soy agar with 1% NaCl supplemented with 1mM MnCl2, 2mM MnCly, and
4mM MnCl2. Molecular weight standards are to the left, and markers indicating wild type

Fur and mutant Fur 9 are to the right.
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ABSTRACT

Vibrio anguillarum owes its virulence to a plasmid mediated iron uptake system which is
composed of the siderophore anguibactin and the four transport proteins FatA, B, C, and
D. Expression of the genes encoding these proteins is repressed under iron rich conditions
by a chromosomal mediated Fur protein and a plasmid encoded antisense RNA, and is
positively regulated by the plasmid mediated AngR protein and TAF products. We have
performed reverse transcription coupled polymerase chain reaction (RT-PCR) to examine
the transcript(s) carrying fatDCBA. We found not only individual linkages between fatD
to fatC, farC to fatB, and fatB to fatA, but we have also identified a link from fatD to the
angR gene. Additionally, transposition insertions in the upstream regions, within fatD,
resulted in the polar loss of expression as assessed at both the transcription and translation
level. We also demonstrated that downstream mutations i.e. in fatB, result in the
production of a fat DCBA truncated transcript containing fatDC and a portion of fatB.
These data demonstrate the polycistronic nature of the transcribed iron transport genes
farDCBA. Using reporter gene fusions we have also identified a region containing an iron

regulated promoter element upstream of fatDCBA.
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INTRODUCTION

The bacterial fish pathogen Vibrio anguillarum, a gram negative pollarly flagellated rod,
is responsible for both marine and fresh water fish epizootics throughout the worl'd (13,
24). V. anguillarum causes vibriosis, a highly fatal hemorrhagic septicemic disease in
salmonids and other fishes including eels (6, 21). We use the V. anguillarum system as a
model to study the molecular mechanisms of host-pathogen interactions. The disease
caused by V. anguillarum has remarkable similarities to invasive septicemic disease in
humans and the sequence of events immediately after infection are very similar to
mammalian inflammation except for obvious species-specific responses (12).

The key feature which enables the pathogenic strains of V. anguillarum to survive
within the vertebrate host is the possession of a virulence plasmid, pJM1, which provides
the bacteria with an iron-sequesering system crucial in overcoming the non-specific defense
mechanisms of the host (9-11). This system centers upon both the synthesis and transport
of the siderophore (iron scavenging compound) anguibactin. The siderophore is produced
by the virulent strains in the host and in any other environment in which the bacteria's sole
source of iron is chelated by high affinity iron binding compounds. The plasmid encoded
iron-sequestering system is controlled via the concentration of available iron, through three
plasmid-encoded regulators: the positive regulators TAF [trans acting factor(s)}], and AngR
(anguibactin system regulator) and a negative regulator, anti-sense RNAQ); repression also
requires the chromosomally encoded Fur protein (7, 9-11, 19, 25, 26, 29, 31). To assess
the interaction of these regulators at the molecular level it was essential to first determine
how the iron transport genes fatDCBA are transcribed. In this work we demonstrate that
the pJM1 plasmid encoded iron transport genes are transcribed as a polycistronic mRNA.
Furthermore, we have identified a region containing an iron regulated promoter element

upstream of fatDCBA..
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MATERIALS AND METHODS

Bacterial strains, plasmids, and media. V. anguillarum (pJHC-T2612, pJHC9-8)
is a strain harboring the recombinant clone pJHC-T2612 which possesses all the genes
required for synthesis of anguibactin and the iron transport complex and pJHC9-8 which
encodes the regulator TAF which is essential for full expression of the iron uptake system
(25). For maps see Table 1 and Figure 1. V. anguillarum strains harboring either (pJHC-
T2612#20, pJHC9-8), (pJHC-T2612#17, pJHC9-8), or (pJHC-T2612#15, pJHC9-8)
have a Tn3Ho-Hol insertion denoted with a #, within the fatD, fatC, or fatB genes
respectively, carried on parental plasmid pJHC-T2612. The insertion mutants have been
described previously (25) and transferred into V. anguillarum (pJHC9-8) by conjugation
using the helper plasmid pRK2073 (25). Plasmid pBluescript SK(+) (Stratagene) was
used for cloning of DNA fragments forsite-directed mutagenesis and sequencing. V.
anguillarum was cultured in either trypticase soy broth (or agar) supplemented with 1%
NaCl (TSBS and TSAS respectively). For experiments determining iron uptake
characteristics, the strains were first grown on trypticase soy agar with 1% NaCl
supplemented with the appropriate antibiotics and passed to M9 minimal agar with the
appropriate antibiotics. The resulting cultures were tested either on plates for bioassay or
inoculated into M9 minimal medium supplement with ethylenediamine-di-(o-
hydroxyphenyl acetic acid) (EDDA) for iron limiting condition. Antibiotic concentrations

used were ampicillin 500 ug/ml and tetracycline 5 to 10 pg/ml.

General DNA procedures. Plasmid DNA was prepared using the alkaline lysis
method of Birnboim and Doly (3). Sequence quality plasmid DNA was generated using
the appropriate Qiagen kits (Chatsworth , CA). Automated sequencing was performed by
the Molecular Microbiology and Immunology (MMI) Core Facility on the PE/ABD377

DNA Sequencer using dye-terminator or dye-primer cycle sequencing chemistry or the
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A.L.F Pharmacia’s fluorescent sequencer and either dye-primer sequencing with
Sequenase, or cycle sequencing with Taq polymerase. Manual sequencing was performed
by the dideoxy chain-termination method using the Sequenase Kit (US Biochemical,
Cleveland, OH) again using appropriate primers. Primers were all synthesized by the MMI
Core Facility on a PE/ABD 394 automated synthesizer using standard phosphoramidite
chemistry on polystyrene solid supports. Restriction endonuclease digestion of DNA was
performed under the conditions recommended by the supplier (Life Technologies, Inc.).
Transformations and other cloning strategies were carried out as described in Molecular
Cloning (16.). DNA and protein sequence analysis were carried out at the NCBI using the
BLAST network service, and also using the Sequence Analysis Software Package of the
University of Wisconsin Genetics Computer Group (GCG). The GCG programs PILEUP

and BESTFIT were used for comparisons of amino acid sequences.

Reverse transcription polymerase chain reaction (RT-PCR). The parental
strain V. anguillarum (pJHC-T2612, pJHC9-8) or the mutant strains harboring either
(pTHC-T2612#20, pJHC9-8), (pJHC-T2612#17, pJHC9-8), or (pJHC-T2612#15,
pTHC9-8), grown in M9 minimal medium supplemented with 10uM EDDA for wild type
and 1uM for the mutants. Total RNA from these strains was then harvested by a modified
hot phenol method (28). Reverse transcription was carried out using 1 pg of RNA. Both
single and two tube reactions were performed (30). In the single tube method the reaction
was done in the presence of all the required materials for reverse transcription and
subsequent PCR. The two tube method involved a separate reverse transcription reaction
in the presence of a single primer for generation of the cDNA. Then an aliquot from this
reverse transcription reaction was used in a PCR reaction using two primers to amplify the
target region. The avian myeloblastosis virus (AMV) reverse transcriptase was used for
synthesis of the complementary DNA, which served directly as the template for PCR.

Reaction conditions were: 53°C for 30 minutes; 95°C for 5 minutes: 40 cycles of: 95°C for
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10 sec, 53°C for 20 sec, 73°C for 1 min.; followed with a final extension at 73°C for 5
minutes. The negative controls involved using RNA which had not been reverse
transcribed with AMV or, when the single tube method was used the reaction tube
containing reaction buffer and enzymes (TAQ [Promega-Madison WI] and AMV ]Gibco
BRL-Gaithersburg, MD])was heated to ‘IOO°C for 10 minutes. The reaction tube was then
cooled and the remainder of the reagents were added and cycling was performed. Cycling
parameters varied with the length of product anticipated but generally the manufacturers
parameters were as followed. In addition, we used the Titan one Tube RT-PCR kit from
Boehringer Mannheim (Indianapolis-IN) to generate longer fragments. We followed the
directions from the kits with minor modifications, again the negative control involved
heating the enzymes in buffer prior to their addition. Products were electrophoresed on
0.7-1.0% agarose gels. In addition to being the predicted size, products were sequenced to
verify they contained the iron transport genes. The primers used were Primer 1.fat: 5'
CCG CCG CAT TAG GGT TGA TAC TCG, Primer 2 fat: 5' GGA CTC GTA ACCCAT
AAT AGA TGG CG, Primer 3.fat: 5 GGA CCA ACT GCG TTC ATG GG, Primer
4.fat: 5' CCA AGG TCC GAA ATG TCA GGA GTG, Primer 5.fat: 5' GAT CGC ACA
GCG GTC ATG GAA GGC Primer 6.fat: GAA TGT GTT TGT CTG TGT ACCC, and
AngR.up: 5' CGT TAC TGC AGA ACG CGT ATC GGC C.

Measurement of the production of chloramphenicol acetyl transferase
(CAT) from the reporter constructions. V. anguillarum strains were cultured in
Trypticase soy agar with 1% NaCl (TSAS) with the appropriate antibiotics, then passed
onto M9 agar with the appropriate antibiotics, into M9 minimal medium with the
appropriate antibiotics, then inoculated at 1:50 into either iron limiting conditions (M9
minimal medium alone or with 5 pM EDDA) or into iron supplemented conditions (M9
minimal medium supplemented with 4 UM ferric ammonium citrate and grown to an optical

density of 0.8 to 1.2 at 600 nm. A commercial CAT ELISA kit (Boehringer Mannheim)

127



was used and 1ml samples were prepared following the supplier's instructions. This
particular enzyme linked immunosorbant assay (ELISA) detects the actual production of
chloramphenicol acetyl transferase (CAT) synthesized. All samples were normalized for
total protein levels prior to assay. All points represent samples assayed at least in duplicate

per assay and at two different linear values. All assays were repeated at least twice.

Ribonuclease protection assays. A 1:50 inoculum from a saturated overnight culture
grown in minimal medium plus appropriate antibiotics was used. When the culture reached
an ODggg of 0.4-0.6, the total RNA was collected using the hot phenol method (28) and
stored at -70°C until analyzed. Between 10-20ug of RNA was used for the RNase
protections. The RNA was annealed 8 to 16 hrs at 43 to 45°C, with either farA, or fatB,
and aroC probes (as an internal control for RNA concentrations) (1-5 x105cpm «32P),
Riboprobes were generated using in-vitro transcription using construct pMET13.1
(linearized with Clal), pJHC-LW260 (linearized with EcoRI) and pQC3.5 (linearized with
Rsal) phenol chloroform extracted after complete restriction digestion and ethanol
precipitated, then transcribed with T3 RNA polymerase generating the fatA, fatB and aroC
probe respectively. Each probe was gel' purified, and resuspended in annealing buffer and
kept at -70°C prior to use. After anneﬁling, ribonuclease A and T1 were added (to the
samples but not to the tubes containing the control probe) the samples were incubated 30
minutes at 30°C, proteinase K was then added and incubated an additional 30 minutes at
37°C. Samples were then treated with phenol chloroform, followed with an ethanol
precipitation and electrophoresed in a standard sequencing gel. Gels were exposed to X-

ray film for 1 to 4hrs with intensifying screens at -70°C.

Protein Analysis. The proteins encoded by the iron transport region were analyzed by
immunoblot. Immunoblot analysis to detect FatA was carried out with anti-FatA serum as

described previously (1). Immunoblot analysis to detect FatB was carried out with anti-

FatB serum as described previously (2).
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RESULTS

Transposition mutagenesis of the iron transport region. The diagram above
Figure 2 illustrates that the iron transport genes fatD, fatC, fatB, and JatA are positioned in
a head to tail fashion which suggested that these genes could be part of an operon (15).
Transposition mutations within the same region all resulted in an iron transport deficient
phenotype (25). However, we were not able to isolate any cA. 5 kb mRNA corresponding
to fatDCBA using Northern blots possibly because of transcript instability (Unpublished
observation-Waldbeser and Crosa). To demonstrate that the iron transport genes are
transcribed as an operon we analyzed the expression of fazA and JaiB at both the translation
and transcription level in each one of the transposition mutants. Using polyclonal
antiserum we were able to demonstrate in western blots as seen in Figure 2 panel A and
panel B, that transposition events upstream of both fazA and Jfat B lead to a significant loss
of protein synthesis from the genes downstream of the insertion. Specifically, insertion
mutations within fatD (#20), fatC (#17) and fatB (#15) resulted in a significant loss of
both FatA (panel A) and FatB (panel B) protein. This polar effect of insertion mutations
suggests that the genes may be contained within the same mRNA transcript.

Having shown that at the level of protein these genes appeared to be linked, we next
analyzed the effect of these mutations on transcription of fatA and fatB. Riboprobes
transcribed from constructs pMET13.1, and pJHC-LW260 using T3 RNA polymerase,
were used to detect specific fatA and fatB transcript, respectively. Figure 3 panel A and
panel B illustrate that indeed transposition events lead to a significant loss of transcription
from genes downstream of the insertion. Specifically insertion mutations within fatD
(#20), fatC (#17) and fatB (#15) result in significant loss of both farA (panel A) and faB
(panel B) mRNA. In the case of insertion 15 ( panel B lane 15), a truncated version of fatB

mRNA can be detected, an expected result since the riboprobe used hybridizes to both a
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region of fatB upstream and to one overlapping the actual site of insertion. Thus, the fatB
mRNA which is protected by the riboprobe is smaller than the entire riboprobe. This polar
effect of insertion mutations suggests that the genes may be contained within the same
mRNA transcript. Therefore by combining the results of protein and mRNA analysis it is

clear that the farDCBA must be transcribed as a polycistronic mRNA.

Linkage analysis of the iron transport genes by RT-PCR. In order to determine
if genes fatD, fatC, fatB, fatA were actually contained in a polycistronic message we
conducted RT-PCR experiments using both the wild type template as well as the constructs
with insertion mutants upstream of fatA and farB. Initially we had designed several
primers (Figurel) in order to span each intergenic region. Thus, primer 1 is positioned
such that in conjunction with primer 2, the segment between fatD and farC will be
amplified. The same concept was used for primer 3, and primer 4 (within fatC and fatB
respectively) and primer 5 and primer 6 (within fazB and JatA respectively). Figure 4 panel
A and B illustrates the results of our RT-PCR which detected a transcript spanning each of
the genes described. We also successfully detected a link between a primer within fatC to
JatA (see lane marked CA in panel B).

We also isolated RNA from each of the insertion mutants and used primers to detect the
JarDC transcript. Figure 4 panel C shows the results of this analysis. Insertions within
JatD or fatC lead to a loss of the fatDC transcript, however an insertion within faB has no
effect on the upstream transcript thus we were able to detect fatDCin lane 5. These results
suggested that these genes were contained in a single transcript of about 4.9kb. In order to
confirm that such a transcript contained all of the fat genes, we used the primer within
fatD and designed a new primer in the 5' region of angR. Using Boehringer Mannheim's
Titan RT-PCR kit we were able to amplify the predicted 4.9 kb fragment as seen in Figure
4 panel D lane 1).
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Identification of an iron regulated promoter activity upstream of fatD. Our
genetic and RT-PCR experiments indicate that there is a polycistronic message transcribed
from the fatDCBA operon. Therefor, we constructed plasmids containing various size
segments of the fatD upstream region, in order to identify promoter elements. Figure 5
panel A, illustrates the various constructions generated. The upstream regions to be
characterized for promoter activity were inserted after a strong translational and
transcriptional stop and just upstream of the chloramphenicol acetyl transferase (CAT) gene
in the pKK232-8 vector (Pharmacia). The ELISA procedure used detects the actual
concentration, pg/well of CAT produced which correlates with the promoter activity of the
DNA segment cloned into the reporter vector. Each subclone containing various upstream
regions of fatDCBA was first created in pBluescript, then subcloned into the pKK232-8
reporter vector and finally mobilized into V. anguillarum 775. The smallest clone,
PAWEH.C containing the 200bp EcoRI-HindIll fragment, had no significant promoter
activity. Plasmid pAWCH.C containing the Clal-HindIIl fragment also had extremely low
level of activity, which may or may not be physiologically relevant although, it is
significantly above background levels. Plasmid pPMET23.10 containing the Bstell- Clal
fragment showed significant promoter activity. Plasmid pAWEEH.C encompassing the
entire 2.1kb EcoRI-EcoRI-HindIll fragment also provides significant promoter activity.
The region where we find this promoter activity is consistent with the location of the
promoter for the polycistronic message as determined from our transposition mutagenesis
and RT-PCR analysis. Since the iron transport genes are regulated by the iron status of the
cell we next assayed whether this promoter region was regulated by iron.

We grew the strains carrying the constructs being assayed under either iron limiting
conditions (M9 minimal medium without supplement of iron) or under iron limiting
condition of M9 with 5 pM EDDA supplemented, or under iron rich conditions where
M9 medium is supplemented with 4uM ferric ammonium citrate. Figure 5 panel B shows

the bar graph comparing the growth conditions with the concentration of actual CAT

131



protein as measured in pg/well of CAT protein produced per 1mg/ml of total protein
assayed. As shown in Figure 5, the promoter activity within the 2.1 kb construct is
significantly iron regulated. The promoter activity within the 2.1kb fragment was most
active when the strain was grown in 5uM EDDA, synthesizing between 5587 to 5929
pg/well CAT protein. When the cells were cultured in M9 minimal medium, the promoter
activity was slightly less, between 4681 to 4826 pg/well of CAT protein. When the same
cells were cultured in M9 supplemented with 4 mM ferric ammonium citrate the amount of
CAT protein generated was quenched to 528 to 770 pg/well, approximately a 90%

decrease in promoter activity.
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DISCUSSION

Our initial characterization of the virulence plasmid pJM1 involved trénsposon
mutagenesis in order to begin mapping functional regions of pJM1 (25). These studies
revealed that a particular region spanning nearly 20 kb was required for iron acquisition. A
discrete sub region spanning just under 10 kb specifically was required for iron transport.
This region mapped to within a single EcoRI fragment (Figure 1). As this region was
further analyzed, a considerable amount of circumstantial evidence i, 25 13; 23, 27, 29)
suggested that the genes were transcribed as a single transcript. In addition, our discovery
of a chromosomally encoded Fur protein heightened the need to characterize the nature of
the mRNA transcribed from the iron transport region since Fur binds to the operator region
of several iron transport systems (14, 17, 18, 22). Earlier Northern blot experiments were
only able detect the existence of a 2.3 to 2.5 kb transcript (1, 29) rather than the anticipated
c.a. 5kb. Itis possible that the c.a. 5 kb mRNA containing fatDCBA is quite unstable,
thus found only at low concentrations, while processed products such as the 2.3 kb species
accumulate (29). Therefore, physical manipulations during isolation, or simply the nature
of the transcript was preventing us from physically isolating this large mRNA molecule. In
this work we present genetic evidence showing that expression of both fatB and fatA
genes decreases upon insertion of a transposon within any of the other upstream fat genes
(Figure 2 and 3), suggesting a polar effect of this upstream insertion and thus the existence
of a polycistronic mRNA. We decided to use reverse transcription coupled polymerase
chain reactioh (RT-PCR) in an attempt to physically detect this putative mRNA containing
the far genes. The advantage of using RT-PCR is that one is able to detect even a few
molecules of an unstable long transcript and generate a cDNA molecule. Once the cDNA
is synthesized, PCR is used to exponentially duplicate the molecule to a level which is
detectable by electrophoresis in an agarose gel. If the genes are transcriptionally linked the

transcript amplification of the cDNA will occur. Conversly, if there is a gap where the
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transcript stops and a separate transcript starts, the cDNA will be only be as long as the
transcript and thus no amplification will occur in the subsequent PCR, as long as the
primers are positioned properly on the ends of each transcript. Thus we endeavored to
show whether transcriptional linkage occurred between each fat gene and those genes
located upstream and downstream. Reverse transcription was used to generate a cDNA
from the total RNA then Taq polymerase was used to amplify the intergenic region. This
method worked remarkably well as seen in Figure 4 (panel A and B). Using the extended
PCR detailed in the results section, we were able to span the entire fatDCBA locus and
generated the predicted 4.9 kb product, which we confirmed contained the fat genes by
using restriction digestion and sequencing (Fig 4 panel D).

We also verified that when the total RNA was isolated from transposition mutants we
are only able to detect the transcript linkage prior to the site of insertion (Figure 4, panel C).
Thus, the DC linkage is detectable only for the strain with the transposition event occurring
within farB.

In order to identify potential promoter regions upstream of fatD we generated various
constructs with the CAT reporter gene to dissect the region We found that the entire 2.1 kb
region possesses significant promoter activity as analyzed by CAT ELISA (Figure 5). The
majority of promoter activity was found upstream of the Clal restriction site upstream of
orf7, which as yet has no identifiable function (23). This promoter element is significantly
affected by the iron concentration of the cell. It is of interest that the transposition
mutations used in this study carry a promoterless lacZ gene, which we previously found to
be iron regulated (25). This promoter element may indeed be involved in the control
mechanism for at least a portion of the negative regulation by iron on the iron transport
genes. Work is currently in progress to characterize this promoter as well as any cis

elements involved in the iron regulation of iron transport gene expression.

134



135

Table 1. Bacterial strains and plasmids
Relevant genotype

Bacterial strain or plasmid Source or reference

Bacterial strains:

Escherichia coli

XL1 blue recAl, endAl, gyrA46, thi, hsdR17, supF44, relA, lac Stratagene
F [proAB* laci9 lacZAM15 Tnl0(TetD] La Jolla, CA
HB101 supE4d, hsdS20,(rg",mp’), recl3, ara-14,proA2, lacyl, 5)
galK2, rpsL20 , xyl-5, mtl-1
IM109 recAl, endAl, gyrA96, thi- A, hsdR17, supE44, relAl, 0)
(lac-proAB), [F' traD36, proAB, lacld lacZAM15]
Vibrio anguillarum
775 wild type, prototype, (pJM1). )]
H775-3 plasmidless derivative of 775. (11)
Plasmids:
pBluescript SK+ cloning vector. Statagene,
LaJolla CA
pVK102 cloning vector. )
pKK232-8 CAT Reporter Vector. Pharmacia
pJHC-T2612 recombinant clone carrying the iron uptake region of pJM1 (24)
cloned in pVK102.
pJHC-T2612#20 recombinant clone pJHC-T2612 with Tn3::-HoHol 24
insertion in farD iron uptake deficient, FatD mutated,
pJHC-T2612#17 recombinant clone pJHC-T2612 with Tn3::-HoHol (24)
insertion in fatC iron uptake deficient, FatC mutated.
pJHC-T2612#15 recombinant clone pJHC-T2612 with Tn3::-HoHol (24)
insertion in fazB iron uptake deficient, FatB mutated.
pJHC9-8 pIM1 derivative carrying only the TAF region. (25)
pAW EEH.S 1.9 kbEco13 fragment of pJMI cloned into pAWEH.S. This Work
PAW EEH.C the Sall-HindIll fragment of pAWEEH.S This Work
cloned into the pKK232-8 cat reporter construct.
PAWEH.S The 300bp EcoR1-Hindlll fragment of pJM1 This Work
Just overlapping fatD cloned into pBluescript SK-II+.
PAWEH.C The Sall-HindIlI fragment of pAWEH.S This Work
cloned into the pKK232-8 cat reporter construct.
pAW CH.S The 600bp Clal-Hindlll region of pIJM1 This Work
cloned into pBluescript SK-IL
pAWCH.C The BamHI-HindIll region of pAWCH.S This Work
cloned into the pKK232-8 reporter construct.
pMET23.10. S The 600bp BstEII-Clal region of pJM1 (23)
cloned into pBluescript SK-II.
pMET23.10.CAT The 600bp BamHI-Clal region of pMET23.10 23)
cloned into the pKK232-8 reporter construct.
pMET13.1 92bp Clal-Sall fragment of the fatA region 29)
cloned in pBluescript-IISK+.
pJHC-LW260 191 bp Thal-Rsal fragment of the fatB region 29)
cloned in pBluescript-II SK+.
PQC3.5 420bp Sall-Clal fragment of the aroC gene 8)

cloned in pBluescript-II SK-+.



Figure 1:  Genetic and physical map of plasmids used in this work. Illustration of the
location for the transposition insertions, in pJHC-T2612. The transposition insertion is
approximately 12 kb and carries the ampicilin resistance marker in addition to a
promoterless lacZ (25). Restriction sites are as follows: X, Xhol; E, EcoRl; S, Sall:.
The pVK102 vector DNA is represented as either hatched The insert DNA from pIM1 is
represented by thick lines. The dark circle symbolizes the Tn3::HoHo 1 insertion mutants
#20, #17, and #15. The arrows indicate the specific genes and their direction of

transcription.
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Figure 2: Immunoblot analysis revealing the polar effect of insertion mutations in
various upstream positions on FatA and FatB synthesis. Total membrane proteins from
V. anguillarum strains cultured under iron limiting conditions (CM9 minimal medium with
the addition of SuUM EDDA) were subjected to SDS-PAGE, electrophoretically transferred
to nitrocellulose paper, incubated with anti-FatA (Panel A) or anti-FatB (panel B) serum
and developed by reaction with peroxidase and staining with H2O2 and horseradish
peroxidase luminescent development reagent. Panel A: Mutant strains are indicated above
each lane, WT stands for wild type V. anguillarum iron transport region. Lane 1: V.
anguillarum H775-3 (pJHC-T2612#15, pJHC9-8)), Lane 2:V. anguillarum H775-3
(pJHC-T2612#17, pJHC9-8) Lane 3: V. anguillarum H775-3 (pJHC-T2612#20, pJHC9-
8), and Lane 4: V. anguillarum H775-3 (pJHC-T2612, pJHC9-8) or 775. Panel B:

identical loading as Panel A.
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Figure 3:  The effect of insertion mutations on transcription of fatA and fatB. Total
RNA was harvested from V. anguillarum strains harboring various recombinant clones
grown under iron-limiting conditions. Riboprobes were generated using construct
pMET13.1, pJHC-LW260 and pQC3.5 and transcribed with T3 RNA polymerase which
generated the fatA, fatB and aroC probe, respectivel