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Abstract 

The pathogen Vibrio anguillarum causes a fatal hemorrhagic septicemia in 

salmonid fishes and many isolates of this bacterium possess a plasmid-mediated iron 

uptake system that has been shown to be essential for virulence. This iron acquisition 

system centers on the siderophore anguibactin that is synthesized from 2,3-

dihydroxybenzoic acid, cysteine and histidine via a nonribosomal peptide synthetase 

mechanism. Nonribosomal peptide synthetases (NRPSs) are multimodular proteins that 

assemble peptides in the absence of an RNA template. A wide variety of compounds, 

such as siderophores and antibiotics, have been shown to be produced by these enzymes 

that operate as an assembly line in which the order of the modules is co linear to the order 

of the amino acids in the final product. NRPS synthesis of peptides is more versatile than 

the classic tRNA based assembly since they have at their disposal a larger number of 

monomers that are also modified once incorporated in the compound. 

In this thesis I analyzed the sequence of plasmid pJMI harbored by the virulent V 

anguillurum strain 775 and showed that the biosynthesis genes for the siderophore 

anguibactin are all harbored on this plasmid. These genes encode proteins with domains 

highly similar to NRPSs involved in the synthesis of siderophores produced by other 

bacteria. I determined the role that some of these gene products have in anguibactin 

assembly and showed that the domain organization of this system is unusually 

fragmented. Functionality of the domains was also assessed by genetic analysis 

introducing residue substitutions in highly conserved motifs within the domains and 

testing the resulting mutant strains for their ability to produce anguibactin and establish 

infection in the fish host. I also initiated the biochemical determination of the domain 

XV 



activities and showed a correlation of the results obtained by the in vivo and in vitro 

approach. 
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CHAPTER 1 

Introduction 

Part of the topics presented in this introduction were published in: 

Vibrio 

Manuela DiLorenzo. Michie! Stork, Alejandro F. Alice, Claudia S. Lopez. and Jorge H. Crosa 

Chapter 16 (p. 241-255) in J. H. Crosa, A. R. Mey and S.M. Payne (ed.) 

Iron transport in bacteria. ASM Press Washington D.C. USA. 
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1.0. Introduction 

Iron is a very abundant metal on the Earth's crust and displays remarkable 

chemical properties mainly due to its wide range of redox potentials (23 ). In most 

organisms many essential cellular functions, such as respiration, nitrogen fixation, 

photosynthesis and DNA precursor biosynthesis, are performed by iron containing 

proteins thus this metal is an essential element for the growth of nearly all living 

organisms. The amount of iron required for growth varies between 1 o-6 and 1 o-7 M 

( 145). Iron is highly insoluble at neutral pH in the presence of oxygen and in nature is 

primarily found as part of ferric-hydroxide complexes ( 136). Furthermore, if not 

complexed iron can be extremely toxic to cells since in its ferrous form (Fe2+) it can react 

with superoxides and hydrogen peroxide and generate highly reactive hydroxide radicals 

(24, 69). 

In the vertebrate biological fluids the amount of total iron is quite high, however 

the amount of iron freely available is extremely low, about 10-18 M, because most of it is 

bound by high-affinity iron-binding proteins that store and transport iron (136, 193). 

Furthermore, the majority of iron in vertebrates is found inside the cells bound to 

ferritin and heme, with the latter mainly found in erythrocytes as part of the protein 

hemoglobin. In case of red blood cell lysis, the free hemoglobin in the blood is rapidly 

bound by haptoglobin and the resulting complexes removed from circulation by 

reticuloendothelial cells ( 141 ). If circulating haptoglobin is saturated, heme is released 

from hemoglobin by oxidation. Unbound-heme is complexed by the proteins hemopexin 

and albumin, but only heme bound to hemopexin can be removed from the serum by 
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hepatic parenchymal cells. The heme-albumin complexes instead continue circulating in 

the blood stream until heme can be transferred to apo-hemopexin and cleared (176). 

Ferritins are intracellular iron-storage proteins found in most animal and plant 

tissues. Ferritins are water-soluble high molecular weight protein complexes (24 protein 

subunits of 19-21 kDa) that can accommodate a prosthetic group of iron hydroxide

phosphate composed of more than 4,000 atoms offerric iron (Fe3+) (136). At 

physiological pH, ferritins can solubilize iron by binding the highly toxic ferrous iron, 

oxidizing it to ferric iron and thus sequestering the metal in its less toxic form ( 168). 

Bacterial ferritins and bacterioferritins perform in the bacterial cell the same function of 

iron storage and iron detoxification as ferritins in the eukaryotic cell (155). 

The extracellular iron is bound by lactoferrin in secretions and transferrin in 

serum. The association constant of these proteins for iron is about 1022 M and they are 

normally only partially saturated with iron, as a consequence, even when the iron 

concentration is above normal values, it can be complexed by the high-affinity iron

binding proteins to keep the amount of free iron limited (136, 193). 

Transferrins are single-chain glycoproteins with molecular weights of 75-80 kDa 

and they have two similar but not identical binding sites for iron. In the blood about 95% 

of iron is bound to the transferrins that are saturated with iron only 30-40% in normal 

conditions (136, 193). The main role of transferrin is to transport iron from the area 

where it is released to another area where it can be either utilized or stored. Transferrins 

can be transported in the eukaryotic cells where they release the ferric ions without been 

degraded and they are then recycled to the extracellular fluids (193). Lactoferrins have a 
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structure similar to transferrins and have an analogous function in mucosal secretions 

such as milk, tears, nasal mucus and saliva ( 1 0). 
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1.1. Bacterial iron acquisition systems 

The necessity of vertebrates to complex iron to overcome the solubility and 

toxicity issues of this element resulted in the evolution of an environment very poor in 

free iron that does not allow growth of invading microorganisms. To establish an 

infection, pathogenic bacteria must possess one or more efficient iron-scavenging 

systems to acquire the complexed-iron from the host (187). 

Obviously iron is not the only factor required for bacteria to establish an infection. 

Several components are required for pathogenesis and determinants of virulence include 

various factors that allow the colonization of a specific niche in the host, invasion of 

tissues and/or cells and the synthesis of metabolites that are advantageous for the 

invading bacteria and could be detrimental for the host. 

Pathogenic bacteria have evolved several mechanisms to compete with or to mine 

the iron transport and storage mechanisms of the host. These mechanisms are also 

utilized in any other environment in which iron availability is a limiting factor for growth 

and they are expressed only when necessary for survival (23, 136, 145, 193). 

Mechanisms of microbial iron uptake can be divided into two main groups: those 

mediated by siderophores that scavenge iron from the high-affinity iron-binding proteins 

of the host and those that employ cell surface receptors that specifically recognize host 

iron proteins (136, 193). 

Systems from both groups require outer membrane receptors with high affinity for 

their cognate ligands (Fig. 1.1 ). Transport through these receptors is an active process 

and requires energy for iron internalization. Unlike the inner membrane, the outer 

membrane does not have any of the classical means to generate energy for transport, such 
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as A TP hydrolysis or an established ion gradient. Thus, transport through the outer 

membrane receptors is energized by the proton motive force (PMF) of the inner 

membrane and it requires a complex of proteins, the TonB system (132). The TonB 

system consists of three proteins, TonB, ExbB and ExbD that interact at the cytoplasmic 

membrane and transduce the PMF energy to the outer membrane receptors (Fig. 1.1 ). 

TonB is the actual energy transducer of the complex and it consists of three distinct 

functional domains: the amino-terminal, the central and the carboxy-terminal domain. 

The amino-terminal domain ofTonB is the transmembrane domain and it has been shown 

to be important for energy transduction. On the other hand, the carboxy-terminal domain 

is essential for the interaction with the outer membrane transporters. The central region 

spans most of the peri plasmic space and possesses a proline-rich domain that seems to 

play a structural role more than having any direct involvement in transducing the energy 

to the outer membrane. Although the TonB protein is a cytoplasmic membrane protein it 

has been found almost in equal amounts associated with the outer membrane where it 

interacts with the ligand-bound receptor (93). The model for energy transduction to the 

outer membrane receptor proposes that the T onB protein exist in two basic 

conformations: the uncharged TonB that is associated with ExbB and ExbD in the inner 

membrane and the charged T onB generated by the combined action of ExbB, ExbD and 

PMF. This energized conformation ofTonB is able to shuttle to the outer membrane and 

directly contact the ligand-bound receptor, transducing the PMF energy and allowing 

active transport of the ligand into the periplasmic space. The discharged TonB returns to 

the cytoplasmic membrane in a process that requires ExbB and ExbD (132). 
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As shown in Figure 1.1, once in the periplasm the ligand is recognized by soluble 

periplasmic binding proteins (PBPs) that serve as high-affinity carriers to escort ligands 

to the inner membrane transporters (89). Since the PBPs target substrates to their 

cytoplasmic membrane transporters, the binding affinity of these proteins for the 

substrates they transport into the cytoplasm, is not necessarily strong. Transport across 

the inner membrane requires additional energy and occurs by means of an ABC 

transporter (89). ABC transporters consist of four domains, two hydrophobic domains 

and two hydrophilic membrane-associated A TP binding domains (Fig. 1.1 ). One or two 

proteins, forming homo- or heterodimers in the inner membrane, constitutes the 

hydrophobic portion of the membrane-spanning transporter while two copies of the same 

protein harboring the ATP-binding cassette are usually found associated with each 

monomer. A TP hydrolysis provides the energy to transport the ligands delivered by the 

PBPs across the inner membrane into the cell cytosol (89). 

1.1.1. Utilization of iron proteins of the host 

A quite diverse array of receptors for host iron proteins (transferrins, lactoferrins 

and hemoglobin) can be found in a growing number of bacterial pathogens (136). 

The transferrin receptors have been very well characterized in Neisseria species 

and in Haemophilus influenzae (148, 149). In both bacteria the receptor constitutes of 

two proteins, TbpA and TbpB, which form a complex at the outer membrane able to 

recognize Fe3+-transferrin. TbpA is a TonB-dependent outer membrane transporter and 

Neisseria mutants that do not express TbpA were unable to grow in media containing 

transferrin as the sole iron source. TbpB has been shown to be a lipoprotein and it has 

been proposed that its lipid tail tethered it to the outer leaflet of the outer membrane. 
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Mutants in either tbpA or tbpB are still able to bind transferrin at the outer membrane 

with the tbpB mutant still showing iron uptake from transferrin though at a lower rate 

than the wild type (33). TbpB binds transferrin in a 1:1 ratio, while two molecules of 

TbpA appear to bind each molecule of transferrin. Furthermore, a different affinity for 

ferric-transferrin was observed in the two proteins with TbpB binding preferentially 

diferric-transferrin and TbpA showing no preference for the iron status of its ligand (33). 

Based on these observations a model has been proposed for the mechanism of recognition 

and iron extraction from transferrin by the TbpA and TbpB proteins of Neisseria (34, 

136). In this dynamic model TbpB initially recognizes and binds holotransferrin that is 

then presented to the TbpA dimer in the outer membrane. Assocation of both receptor 

proteins with the ferrated ligand may induce conformational changes in the transferrin 

resulting in iron release. Each ferric-iron ion is then internalized to the periplasm through 

one of the TbpA molecules in an event that requires energy transduced from the TonB 

complex. Once in the periplasm iron is bound by the periplasmic binding protein FbpA 

that then interacts with the FbpB and FbpC proteins in the inner membrane. FbpB 

resembles a permease while FbpC is the A TPase that provides the energy to facilitate the 

passage of iron through FbpB to the cytoplasm (136). Neisseria species also express a 

receptor for lactoferrin that is, in many respects, similar to the transferrin receptor TbpBA 

(34). 

The ability to use heme as an iron source is associated with a growing number of 

pathogenic bacteria (136). Not surprisingly, since heme is ubiquitous in the living matter, 

heme acquisition systems have been also identified in nitrogen-fixing bacteria, such as 

Sinorhizobium meliloti and Rhizobium leguminosarum (127). In the blood, bacterial 
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access to heme and hemoglobin is limited due to the host sequestration mechanisms. To 

increase the concentration of these iron sources, some bacteria secrete hemolysins and 

cytolysins that release the heme and the hemoglobin from red blood cells (127). 

All heme uptake systems have a strict requirement for the presence of an outer 

membrane receptor but different systems show variability in their components as well as 

in the substrates recognized. Nevertheless, two common mechanisms can be found in 

heme transport in bacteria (136). Some bacteria secrete hemophores that bind heme or 

hemoproteins with high affinity and deliver them to the outer membrane receptor. The 

other mechanism is non-hemophore-dependent and the heme or the hemoproteins bind 

directly the bacterial cell surface through the outer membrane transporters ( 44, 136). 

These receptors differ in their ability to recognize heme alone or heme in the context of 

the host hemoproteins (hemoglobin, hemoglobin-haptoglobin, heme-hemopexin, heme

albumin and myoglobin), with few of these transporters limited to only one or a few 

structurally similar substrates (136). Recognition of the hemoproteins seems to occur 

mainly through heme and not the surrounding protein scaffold (127). 

The best-characterized hemophore is the HasA protein of Serratia marcescens 

( 44, 136). HasA is a 19 kDa protein that binds one molecule of heme with high affinity 

in a solvent-exposed pocket. Two residues in this pocket (histidine 32 and tyrosine 75) 

are the axial iron ligands and bind heme in a fashion similar to the majority of 

hemoproteins ( 44, 136). HasA captures heme by interacting with hemoglobin. This 

interaction reduces the affinity of the globin for the heme ligand allowing transfer of 

heme to the binding pocket of HasA ( 44, 136). Hemophores can also capture heme from 

hemopexin and myoglobin although in some cases only one heme carrier protein can be 
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recognized by a specific hemophore, e.g. hemopexin is the only substrate for H 

influenzae hemophore (136). The heme-hemophore complexes bind the receptor and 

heme must be transferred to the transporter since only the intact heme ligand is taken up 

by the cell. Conformational changes that reduce the affinity for heme must occur in the 

hemophore upon binding since the receptor has a lower affinity for heme than the 

hemophore. A possible involvement in the heme-stripping step of the energy transducing 

TonB complex has been proposed (44). 

Similarly, when hemoproteins directly bind to TonS-dependent receptors, heme 

needs to be released from the protein scaffold to be transported to the periplasm. 

Histidine residues in the receptor could act as axial ligands for heme and play a major 

role in internalization (136). Once heme has crossed the outer membrane it is recognized 

by the PBP and shuttled to a heme-specific ABC transporter in the inner membrane. The 

heme-specific ABC transporter differs from the non-heme ABC transporter in having 

only one permease protein that does not form a dimer in the cytoplasmic membrane ( 44 ). 

The heme delivered in the cytoplasm can be directly incorporated into enzymes or the 

iron can be removed by heme oxygenases that degrade the porphyrin ring. 

1.1.2. Siderophore-mediated iron uptake systems 

Siderophores are low molecular weight compounds ( < 1,000 Da) that contain side 

chains and functional groups that can coordinate ferric-iron ions with high affinity and 

specificity, with their dissociation constants ranging from 1 o-22 to 1 o-so M (136, 137, 

193). The siderophore affinity for iron is sufficiently high to remove Fe3
+ from 

transferrin, lactoferrin and ferritin but not to remove the iron from the heme proteins. 

Ferric iron has a valence of 5 and to be thermodynamically stable requires hexadentate 
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coordination (137). To be able to coordinate iron, siderophores need functional groups 

possessing a lone pair with good electron donor properties. Three main functional groups 

of siderophores have been identified: catecholates, hydroxamates and 

hydroxycarboxylates ( 13 7, 182). However, the variety of functional groups identified 

( oxazoline, thiazoline, hydroxypyridinone, a- and (3-hydroxy acids and a-keto acid) is 

growing with the increasing number of siderophore structures solved (13 7, 182). 

Catecholate and phenolate siderophores are characterized by the presence of 

functional phenolic hydroxyl groups. The main catechol and phenol ring found in 

siderophore structures are 2,3-dihydroxybenzoic acid (DHBA) and 2-hydroxybenzoic 

acid, also known as salicylate (137, 182). These two compounds are made from 

chorismic acid, the central intermediate of aromatic amino acid biosynthesis, by 

specialized enzymes that in conditions of iron limitation reroute the flux of chorismate to 

the production of siderophore precursors. Chorismic acid convertion to DHBA requires 

three enzymes, isochorismate synthase, isochorismate lyase (ICL) and 2,3-dihydro-2,3-

DHBA dehydrogenase (Fig. 1.2), that have been well characterized in the Escherichia 

coli enterobactin system, entABC ( 100, 117, 140). DHBA is the precursor of several 

other siderophores such as vibriobactin of Vibrio cholerae and vulnibactin of V 

vulnificus, and the same enzymes identified for the pathway of DHBA biosynthesis in E. 

coli are encoded by genes found within the gene clusters for these siderophores (99, 194). 

Salicylate is produced from chorismic acid by Pseudomonas species making pyochelin in 

a two-enzyme pathway (60, 154) that does not require the dehydrogenase (Fig. 1.2). 

Since in Yersinia species that produce yersiniabactin only one gene, ybtS, has been 

identified in the pathogenicity island for the salicylate pathway, formation of this 
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phenolate from chorismic acid may follow a different reaction mechanism in these 

bacteria (62). Interestingly, all the siderophores mentioned above, with the exception of 

enterobactin, possess besides the catecholate or phenolate functional group, five-member 

heterocyclic rings, such as oxazoline and thiazoline (Fig. 1.3) that have been shown to be 

involved in the coordination of ferric iron (182). 

Enterobactin, a cyclic trimer of 2,3-dihydroxybenzoylserine (DHBS), is the most 

studied siderophore system and it is found in most enteric bacteria (36, 125). 

Enterobactin is assembled via a nonribosomal peptide synthetase mechanism (see section 

1.2.) from DHBA and serine by the products of the entBDEF genes, as shown in Figure 

1.4 ( 182). The genes required for DHBA biosynthesis, entABC, are also encoded by this 

system and they are found with the other ent genes and the genes encoding the transport 

proteins,fep, organized in 7 transcriptional units (51). The EntB protein is a bifunctional 

protein required for DHBA production but also intervening in enterobactin biosynthesis 

(61). Once synthesized enterobactin is secreted into the environment probably through 

EntS a member of the major facilitator superfamily of export pumps (59). Enterobactin 

has the highest dissociation constant for iron, 1 o-52 M, of all siderophores studied so far 

and can readily acquire ferric iron from transferrins and other iron-chelating compounds 

(51, 137). Ferric-enterobactin is recognized by the outer membrane receptor FepA and 

internalized in a TonS-dependent process (51). The other F ep proteins, F epBCDG, 

complete the transport to the cytoplasm of iron still bound to the siderophore (51). Once 

in the cytoplasm iron is released from enterobactin by the activity ofFes, an esterase that 

hydrolyzes the siderophore molecule at its three ester bonds thus reducing the affinity of 
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enterobactin for ferric iron (51). Some bacteria do not produce enterobactin but express a 

receptor for it that enables them to utilize this siderophore whenever present ( 46). 

Hydroxamate siderophores are observed with both linear and cyclic backbones 

with typically two hydroxamate groups per molecule (Fig. 1.5). Alcaligin from 

Bordetella species and ferrichrome from the fungus Ustilago sphaerogena are examples 

of macrocyclic hydroxamate siderophores while aerobactin found in enteric bacteria has a 

linear structure (53, 108, 114). Although hydroxamates can be the only functional group 

present in a siderophore, several structures have been described in which additional iron

chelating functional groups were found in conjunction with hydroxamate groups, e.g. 

mycobactin of lo.1ycobacterium tuberculosis, pyoverdine from Pseudomonas aeruginosa 

and ornibactin of the closely related Burkholderia cepacia (1, 64, 160). The lone pair of 

hydroxamate oxygens are extremely good nucleophiles due to the proximity of the lone 

pair of electrons on the nitrogen. As a result hydroxamate groups are highly efficient in 

coordinating ferric iron. The hydroxyl is derived from molecular oxygen reduced by two 

electrons to generate the hydroxamate (137, 182). Monooxygenase catalyze the amine 

oxygenation reaction and the best-characterized enzyme is lucD, the lysine: N6
-

hydroxylase of the aerobactin system. IucD functions as a tetramer with a FAD cofactor 

that accepts electrons from NADPH the preferred source of reducing equivalents (167). 

Aerobactin is assembled from two molecules of lysine and one molecule of citrate 

that serves as a central linker (Fig. 1.6). The aerobactin system is organized in a single 

operon of 5 genes iucABCDiutA that encode the enzymes for the synthesis of the 

siderophore, iuc, and the receptor for ferric-aerobactin, iutA ( 42). During synthesis the 

lysine molecules are converted to N6 -hydroxy lysine by the product of the iucD gene, as 
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described above. This intermediate is the substrate for IucB, which N-acetylates the 

hydroxamate with an acetyl group derived from acetyl-CoA ( 42). IucA and IucC are the 

a and ~ subunits of the synthetases that assemble the two N6 -acetyl-N6 -hydroxy lysine 

molecules onto the citrate in two discrete steps ( 42). Following aerobactin synthesis and 

secretion, the ferric-aerobactin is recognized by the IutA receptor and it is internalized in 

a TonS-dependent process ( 42). Additional proteins are required to complete the 

transport of ferric-aerobactin to the cytoplasm, FhuB, the PBP, and FhuCD, the ABC 

transporter. These proteins are part of the ferrichrome transport system and their genes, 

jhuBCD, form a genetic cluster that is not linked to the aerobactin cluster or any other 

siderophore biosynthesis genes (22). 

Although aerobactin has a dissociation constant for ferric iron of 1 o-23 M that is 

lower than that of enterobactin, aerobactin seems to be more effective than enterobactin 

in competing for iron with the host iron-binding proteins in vivo (191). The main 

difference between the two siderophores lies in the ability of the host to recognize, bind 

and inactivate enterobactin through albumin and lipocalin (a protein associated with the 

immune response) limiting, in the blood, the effectiveness of enterobactin in supplying 

iron to the bacterium (57). It is then not surprising that E. coli strains associated with 

extraintestinal infections express aerobactin in addition to enterobactin and production of 

the former siderophore has been associated with virulence ( 184, 191 ). 
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1.2. Nonribosomal peptide synthetases and siderophore synthesis 

Most siderophores are synthesized via a nonribosomal peptide synthetase (NRPS) 

mechanism that catalyzes the formation of peptides such as siderophores and antibiotics 

in the absence of an RNA template (85, 177). The NRPS precursors are exceedingly 

diverse (more than 300 have been identified to date) and allow the synthesis of a wide 

variety of secondary metabolites. In contrast, the mRNA-dependent ribosomal synthesis 

of peptides is restricted to the incorporation of only 20 amino acid precursors (21 when 

selenocysteine is included) clearly limiting the variability of the compound primary 

structures (103, 115). 

Three domain types are required for peptide bond formation, the adenylation (A), 

the peptidyl carrier protein (PCP) and the condensation (C) domains (Fig.1. 7). Although 

a wide variety of domain arrangements have been identified in the different systems, the 

following description represents a "typical" NRPS in which repeats of A-PCP-C are 

found tethered to each other. Each repeat constitutes a module that is responsible for the 

incorporation of one amino acid into the final product through a step-by-step elongation 

process (159). Modules are semiautonomous units carrying all the information for 

recognition, activation and tethering of one substrate and these units are organized 

colinearly with the order of the amino acids in the peptide (83). Thus, NRPSs are 

multimodular enzymes that work as an enzymatic assembly line in which the order and 

the number of the modules determine the sequence and the length of the peptide (178). 

Each step of the synthesis requires that the amino acid substrate is activated by 

ATP hydrolysis to its adenylate form (Fig. 1. 7). Activation of the substrate as aminoacyl 

adenylate is mediated by the A domain at the expense ofMg2+-ATP (32, 103). The 
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aminoacyl adenylate is an unstable intermediate that is transferred and bound as a 

thioester to the PCP domain of the same module (Fig. 1. 7). The adenylation domain is 

the major determinant of specificity of each module and as a consequence it is the A 

domain arrangement that dictates the sequence of the peptide ( 103, 182). 

The site oftethering of the substrate onto the PCP domain is at the enzyme-bound 

4' -phosphopantetheinyl ( 4' -PP) cofactor (157). The site of cofactor binding of PCP 

domains has a signature sequence LGx(HD)SL that is highly homologous to the same site 

of acyl carrier proteins (ACP) of modular fatty acid and polyketide synthases (1 03, 157). 

Although the ACP and PCP proteins perform similar functions, the homology between 

these two groups of proteins is limited only to the site of tethering of 4' -PP. This 

cofactor is posttranslationally added to the PCP domains by 4' -PP transferases that use 

coenzyme A (CoA) and carrier protein domains as substrates (92). This superfamily of 

proteins catalyze the conversion of apo-proteins to their halo forms by nucleophilic attack 

of the 13-hydroxy side chain of the conserved serine in the signature sequence of ACP and 

PCP domains on the pyrophosphate bond of Co A. The 4'-PP arm is transferred on the 

attacking serine and 3' ,5' -ADP is released (92). Protein-protein interactions seem to 

determine specificity of the 4'-PP transferases for the carrier protein domains and each 

NRPS system identified so far has a gene encoding a dedicated 4'-PP transferase 

associated with the peptide synthetase operons (51, 135, 194). Experimental evidence 

has accumulated proving the essential role of the serine residue in the function of PCP 

domains (147, 157). 

The C domain catalyzes formation of a peptide bond between two activated 

substrates tethered on PCP domains of different modules (97, 139). Therefore, although 
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modules can act independently of each other, their concerted action is required for 

peptide elongation. The activated amino acid of the upstream module is transferred to the 

substrate on the PCP of the downstream module (Fig. I. 7). The growing peptide is 

translocated with each elongation step along the NRPS from its N-terminus to the C

terminal end (I 03). A mechanism for C domains has been proposed based on the 

homology of these domains with the chloramphenicol acetyltransferases (CAT) and 

dihydrolipoyl transacetylases (E2p), part of the pyruvate dehydrogenase multienzyme 

(16, 81). The homology ofthe C domains to CAT and E2p is limited to a core motif 

(HHxxxDG) and the second histidine of this motif is thought to act as the general base 

promoting nucleophilic attack of the hydroxy molecule of chloramphenicol in CAT and 

of the thiol group ofCoA in the E2p catalytic domain (the first histidine of the motif is 

not conserved in E2p) (103). The conservation ofthe HHxxxDG motif and the similar 

reaction catalyzed by the C domain may indicate a similar function of the second 

histidine in this NRPS domain. Mutations in this residue resulted in a drastic reduction of 

condensation activity of the C domain of VibF of the vibriobactin system and TycB of 

the tyrocidine A biosynthetic pathway, supporting the essential role of the second 

histidine in the active site ( 16, 1 06). In the case of VibH, the free-standing C domain of 

the vibriobactin system, the results obtained with a mutant in which the histidine was 

replaced by an alanine do not coincide with a critical role of this residue for the reaction 

(80, 81 ). It should be noted that the second histidine is still in the active site of VibH as 

determined by X-ray diffraction analysis and the role played by this histidine may be 

different in each C domain depending on the donor and acceptor involved in the peptide 

bond formation (80, 81). 
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At the C-terminal end of the module that adds the last amino acid to the peptide, a 

region with homology to thioesterases is usually found in place of the C domain. The 

thioesterase (TE) domain releases the synthesized peptide from the PCP domain of the 

last module by transfer to a water molecule for linear products (Fig. 1. 7) or to a 

nucleophile on the peptide itself in the case of cyclic products ( 18, 182). In association 

with NRPS systems, TE domains encoded by a distinct gene and not as part of a module 

can be found. These enzymes, called type II TE, are involved in clearing mischarged 

PCP domains that are blocked by a non-specific thioesterification of their 4' -PP cofactor 

(150, 196). 

Besides the domains just described several other domains can be found in a given 

module that modify the corresponding amino acids to be inserted in the peptide (86, 181 ). 

Cyclization (Cy) domains are specialized C domains that form five-member heterocyclic 

rings using amino acids possessing ~-carbon nucleophiles, such as cysteine, serine and 

threonine (50, 106). Heterocyclization occurs in two steps, the first ofwhich is the initial 

amide bond formation similar to the condensation carried out by typical C domains (Fig. 

1.8). In the second step cyclodehydration occurs; the thiol group of cysteine or the ~-OH 

of serine/threonine attack the carbonyl group of the newly formed amide creating a 

tetrahedral intermediate that by loss of water generates the cyclic thiazoline/oxazoline 

rings (Fig. 1.8). The epimerization (E) domain converts the L-amino acids to their D form 

by racemization of the a-carbon. Substrate epimerization can occur at different stages of 

peptide bond formation including direct activation and tethering on the PCP domain of 

the D-amino acid (96, 124, 181). Methylation (MT), oxidase (Ox) and reductase (Red) 

domains are auxiliary domains that add to the amino acid functional diversity often 
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critical to the biology of the peptide ( 103, 182). Additional variability to the compounds 

is acquired by incorporation of non amino acid monomers. Although only amino acids 

are capable of upstream and downstream attachment, carboxylic acid can be utilized as 

the initial monomer of the peptide and amine can be the final acceptor for transfer of the 

peptide. Several siderophores can be found that are N-capped with carboxylic acids or C

capped with amines (79, 133). In the case ofsiderophore containing carboxylic acid 

monomers, an additional domain is required for tethering of the activated substrate, the 

aryl carrier protein (ArCP) domain, while when an amine is the acceptor for the peptide 

there is no need for aTE domain to catalyze the release of the final product. 

In the typical NRPS all modules are incorporated in one single polypeptide and 

transfer of the growing peptide between modules occurs intramolecularly (or in cis) 

within the same multimodular protein. This organization is not the most common found 

in siderophore systems that tend to distribute the modules on multiple proteins. In these 

instances, peptide bond formation can become an intermolecular (or in trans) event in 

which the growing peptide is transferred from one protein to another. Furthermore, some 

systems can extend this fragmentation to extremes in which divisions occurs even within 

modules forcing intermolecular interactions of the single domains (1 03, 182). 

Vibriobactin biosynthesis is described in the following section as an example of a 

siderophore produced via a NRPS mechanism, albeit a nonstandard one (Fig. 1.9). 

Vibriobactin is synthesized from three molecules of DHBA, two molecules of L

threonine and one molecule of norspermidine (NSPD). NSPD, the backbone of the 

vibriobactin molecule, has no free carboxylate moiety for thioester attachment to the PCP 

domain of an NRPS. As a consequence, intermediates to the finished product need to be 
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free, soluble molecules instead of phosphopantetheine-tethered thioesters of typical 

NRPSs (Fig. 1.9). 

The free-standing A domain, Vi bE, activates DHBA and tethers it onto the 4' -PP 

arm ofthe ArCP domain of the bifunctional ICL!ArCP protein VibB (79). One ofthe 

three DHBA is transferred directly to one of the primary amines of the NSPD molecule in 

a reaction catalyzed by the condensation domain, VibH (80). The other two DHBA 

residues are linked to L-threonine by the VibF protein. The 270 kDa VibF NRPS with its 

predicted six domains, Cy 1-Cy2-A-C1-PCP-C2, is the core of the vibriobactin assembly 

line ( 1 06). The A domain of VibF activates L-threonine and installs it on the PCP 

domain of the same protein. Both Cy domains ofVibF are required to catalyze 

condensation of DHBA with the amino group of the L-threonine and heterocyclization of 

threonine to an oxazoline ring to yield dihydroxyphenyl-methyloxazolinyl (DHP-mOX) 

loaded on the PCP domain of VibF ( 1 06). The requirement for both Cy domains of VibF 

to yield the DHP-mOX intermediate is a consequence of the division of functions 

between these two domains with the Cy2 domain in charge of the condensation step and 

the Cy 1 domain taking over the cyclodehydration. This distribution of labors is not found 

in other Cy domains like those present in the pyochelin and yersiniabactin systems that 

catalyze both steps, condensation and cyclodehydration, to yield the heterocyclic ring 

(124, 166). In the next step ofvibriobactin synthesis, the C2 domain ofVibF transfer the 

heterocyclic acyl DHP-mOX group to the primary amine of DHB-norspermidine 

generating a free intermediate (DHP-mOX-NS-DHB). A second DHP-mOX group is 

then transferred by the same C2 domain to the secondary amine ofDHP-mOX-NS-DHB 

to yield the final product vibriobactin (79). 
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1.3. Regulation of bacterial iron uptake systems 

Expression of the genes involved in iron acquisition is tightly regulated in 

response to the iron status of the cell. The Fur (ferric uptake regulator) protein is a global 

regulator that represses gene transcription in the presence of intracellular ferrous iron 

(43). Fe2
+ binds directly to the Fur protein that only when in complex with iron acquires 

a conformation capable of binding specific DNA sequences, the Fur box. When the 

concentration of ferrous iron is low, Fe2
+ dissociate from Fur and this results in a drastic 

decrease of the protein affinity for the Fur box ( 43). As a consequence Fur-regulated 

genes are expressed under iron-limiting conditions. Determination of the three

dimensional structure of Fur protein suggested how the binding of ferrous iron to Fur 

affects the ability of this protein to recognize its DNA binding sites. The Fur protein 

from P. aeruginosa possesses two domains: anN-terminal DNA binding domain and a C

terminal dimerization domain. One structural Zn atom is found in the linker region 

between these two domains, while the site for the Fe2
+ ion is probably in the dimerization 

domain (43). Metal binding at the dimerization domain could lead to a conformational 

change affecting the relative orientation ofthe DNA-binding domains of the dimer 

increasing the affinity for the target DNA (43). The Fur box consists of a 19 bp inverted 

repeat as determined by DNase I footprinting analyses of several Fur-binding sites. It is 

not clear how the Fur- Fe2
+ dimer binds to this sequence and how many nucleotide 

repeats are required for a fully functional repression ( 43). Although several Fur-DNA 

recognition models have been proposed so far, no definitive mode of binding could be 

proposed to explain the results obtained at different promoters. 
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Some iron acquisition systems possess additional levels of regulation downstream 

of the Fur protein. Extracytoplasmic function (ECF) sigma factors have been identified 

in many bacteria. The ECF sigma factors respond to specific extracellular signals and 

regulate expression of several gene clusters ( 12). In E. coli the fee system (jeclR and 

fecABCDE) of iron dicitrate transport is repressed by Fur and induced by the Feci-FecR 

system in response to ferric-dicitrate (101). Feci is the ECF sigma factor and FecR is an 

integral membrane protein that acts as an anti-sigma factor. When the outer membrane 

receptor F ecA binds ferric-dicitrate, a conformational change occurs in the transporter 

and it is transmitted to FecR. Feel is then released from the complex with FecR and 

activates transcription of the fee genes. Besides inhibiting the action of Feci by binding 

to it, the FecR protein seems to play a role also in converting the sigma factor to a 

conformation competent for transcriptional activation ( 101 ). ECF sigma factor/anti

sigma factor systems have been identified in P. aeruginosa to induce expression of the 

pyoverdine-mediated iron acquisition system only in the presence of the siderophore in 

the extracellular milieu in a mechanism similar to the dicitrate system of E. coli ( 13). A 

difference between the dicitrate system and the pyoverdine system is that in the Feci

FecR system only the genes for the transport proteins are present and induced while in 

the pyoverdine system also the biosynthesis genes are induced. Two sigma factors are 

present in P. aeruginosa, PvdS and Fpvi, and they both interact with the same anti-sigma 

factor FpvR (13). Fpvi controls expression of the pyoverdine receptor, Fpv A, while 

PvdS induces expression of the pvd biosynthesis genes and the other genes required for 

transport of the ferric-siderophore. In this system, the pvd biosynthesis and transport 

genes are not directly controlled by Fur. Iron regulation of the pvd genes occurs 
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indirectly, through the sigma factor PvdS, as a result of Fur control of pvdS expression 

(13). 

Other regulatory mechanisms have been identified that do not involve ECF sigma 

factors. Regulation of pyochelin production and the ferric-pyochelin receptor (jptA) in P. 

aeruginosa is controlled by Fur and by the positive regulator PchR (71). PchR is an 

AraC family regulator necessary for the expression of the jptA and the pyochelin 

biosynthesis genes (pch). The siderophore pyochelin also plays a positive role in the 

expression of these genes in a process mediated by PchR (71 ). Siderophore-dependent 

expression of the cognate transport genes seems to be a common theme in P. aeruginosa 

that allows to up-regulate expression only of the most appropriate iron acquisition system 

in this bacterium that can utilize a wide variety of endogenous and heterologous 

siderophores and xenosiderophores, i.e. siderophores produced by other microorganisms. 
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1.4. Vibrio anguillarum iron acquisition systems 

The Gram-negative bacterium, V anguillarum, is a polarly flagellated comma

shaped rod that causes the fish disease vibriosis, a highly fatal hemorrhagic septicemic 

disease ( 4). Vibriosis generally occurs at temperatures above l0°C, particularly when the 

surface of the fish is damaged or there are other stress-related conditions present. This 

pathogen can invade the fish epithelium at multiple sites, including the skin and the 

intestinal tract ( 4). In the first stages of infection, bacteria can be observed in the lower 

intestine and colon, where V anguillarum can adhere to the intestinal mucus and 

proliferate using it as a nutrient source. Colonization of the intestinal tract is followed by 

accumulation of fluid and severe tissue damage in these areas as a result of toxin 

production by the bacteria. As the infection progresses, bacteria are transported across 

the intestinal epithelium by endocytosis to the surrounding tissues and to the bloodstream 

( 4). Once the disease becomes systemic, the infection quickly spreads throughout the 

fish and at the later stages of infection, V anguillarum can be isolated from liver, kidney 

and muscle tissue of rainbow trout (Oncorhynchus mykiss). 

Several virulence factors have been identified in V anguillarum and the role that 

these determinants play in the establishment and progress of the infection has been 

determined. The polar flagellum plays a role in the first step of vibriosis pathogenesis 

when chemotactic motility is required for colonization. Mutations resulting in the loss of 

the flagellum (flagellin-deficient mutants and mutants in the rpoN gene, a regulator of 

flagellar biosynthesis) or in a defect in chemotactic motility (mutants in the cheR gene, 

encoding a chemotaxis methyl transferase) affected the ability of V anguillarum to 

spread in the intestinal tract (113, 118, 119). Interestingly, these attributes were essential 
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for virulence only when fish were immersed in water harboring the bacteria, but not when 

bacteria were injected intraperitoneally, suggesting that chemotactic motility is needed 

for colonization but not proliferation within the host. 

In addition to chemotactic motility, an extracellular metalloprotease has also been 

shown to be an important factor necessary for early steps in the infection process. When 

the gene encoding this metalloprotease, empA, is mutated the resulting strain is I 000-fold 

less virulent than the wild type when infection is initiated by immersion or anal 

intubation, but only 10-fold less virulent when fish are infected intraperitoneally (112). It 

has been suggested that bacterial proteases act as virulence factors by causing massive 

tissue damage in the host thereby aiding in host cell entry ( 112). 

Once in the bloodstream, the ability to utilize iron complexed by the high affinity 

iron-binding proteins of the host becomes an essential requirement for multiplication and 

spreading of V anguillarum to several organs. V anguillarum possesses several different 

mechanisms for iron acquisition including the utilization of heme and hemoglobin as iron 

sources and siderophore-mediated uptake system. 

A cluster harboring genes necessary for the uptake of heme and hemoglobin as 

well as a gene encoding a hemolysin have been identified in V anguillarum. The process 

of heme uptake is probably important during the septicemic stage of infection when the 

bacteria encounter abundant erythrocytes and the ability to produce a hemolysin could 

increase the availability of free heme/hemoglobin in the blood. One of the genes identified 

in the heme uptake cluster of V anguillarum encodes an outer membrane protein, HuvA 

that is essential for heme uptake (I 07, 116). A mutant in the huvA gene showed a 

dramatic decrease in virulence when compared to the wild type strain, however this 
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happened only in experimental infections in which fishes were overloaded with heme, 

suggesting that heme is not an essential iron source during the infection (116). 

For many pathogenic serotype 01 V anguillarum strains, the key feature to 

survive and cause an infection in the vertebrate host is the possession of a ~65 kb 

virulence plasmid (172). The plasmid provides the bacterium with an iron sequestering 

system consisting of the siderophore anguibactin and a specific transport complex for the 

ferric-siderophore (37, 39, 183). On the other hand, serotype 01 strains without a 

virulence plasmid and serotype 02 strains of V anguillarum rely on a chromosomal

encoded siderophore system that is different from that encoded by the plasmid (94). The 

siderophore vanchrobactin, encoded on the chromosome of V anguillarum strains was 

shown to possess catechol groups, most likely DHBA, and to be similar to enterobactin. 

Strains producing vanchrobactin are unable to synthesize and/or utilize anguibactin while 

strains harboring the plasmid-encoded system, although not producing vanchrobactin, 

could utilize it as an iron source (94). The chromosomal genes encoding the biosynthesis 

and transport proteins of vanchrobactin have not yet been identified. 

The siderophore anguibactin is synthesized from DHBA, L-cysteine and histidine 

(29, 170, 188) (Fig. 1.10). The structure of anguibactin has been characterized as w-N

hydroxy -w-N-[[2' -(2" ,3 "-dihydroxypheny 1) thiazolin-4' -yl ]carboxy ]histamine by crystal 

X-ray diffraction studies and chemical analysis (2, 77). Thus, the anguibactin molecule 

contains three types of iron-chelating groups, the hydroxyl group of the catechol moiety 

ofDHBA, the nitrogen of the thiazoline ring and theN-hydroxyl group of 

hydroxy histamine, all in a compact siderophore structure (Fig. 1.1 0). As shown in Figure 

1.11, from the structure determination of anguibactin complexed with Ga3
+, used in place 
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of ferric iron, anguibactin binds to ferric iron in a 1:1 stoichiometry in which all three 

functional groups of the siderophore coordinate the metal ion. The additional groups 

needed for the hexadentate coordination of Fe3
+ are provided by the deprotonated 

nitrogen of the imidazole ring and by two molecules of water that are packed between 

two molecules of anguibactin in complex with two metal ions (77). 

From a transposon insertion collection in a plasmid derivative harboring a 25 kb 

region of the virulence plasmid of V anguillarum strain 775, several mutants were 

isolated that were affected in anguibactin production and/or transport ( 169). Analyses of 

some of these mutants led to the identification of an operon containing the 

fatDCEAangRT genes (Fig. 1.12). Most of the studies of the anguibactin iron uptake 

system have focused on this operon including the role of each gene product and 

regulation of expression. 

As shown in Figure 1.12, the fatDCEA genes encode the energy-dependent 

transport system that internalizes the iron-anguibactin complex (88). The ferric

anguibactin receptor FatA is an 86 kDa protein that is essential for anguibactin transport. 

The FatA amino acid sequence is similar to other receptors involved in iron transport like 

FhuA and FepA of E. coli and a TonB box can be identified at its amino terminal end (3). 

V anguillarum harbors two tonE systems: tonE] and tonE2, both chromosomally 

encoded (163 ). The presence of multiple tonE systems has been shown to be a 

characteristic of Vibrio species (153, 163). Only the TonB2 protein is able to energize 

transport through the FatA receptor while both TonBs are proficient in the uptake of 

heme/hemoglobin through the HuvA receptor (163). 
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Once in the periplasm the ferric-anguibactin is bound by the periplasmic binding 

protein FatB, a 35 kDa lipoprotein that is anchored in the inner membrane (5). FatB 

shuttles ferric-anguibactin to the permeases FatC and FatD in the inner membrane that 

internalize the ferric-anguibactin complex to the cytoplasm, using the energy generated 

by A TP hydrolysis ( 6). The A TP-binding component of this ABC transporter has not yet 

been identified. 

Mutations in the angR gene resulted in an anguibactin deficient phenotype 

suggesting a role for this gene in biosynthesis of the siderophore ( 190). In line with this 

assumption, the product of this gene, AngR, possesses three domains found in NRPSs, 

Cy-A-PCP, as shown in Figure 1.12. This latter domain seems to be defective in the 

AngR protein since the highly conserved serine necessary for attachment ofthe 4'-PP 

cofactor is naturally replaced by an alanine ( 190). It is possible that the 110 kDa AngR 

protein provides the A domain required for the adenylation of cysteine, while thioester 

tethering of cysteine may require another protein to provide the essential PCP domain in 

view of the fact that the PCP domain of AngR could be defective. TheN-terminal Cy 

domain of AngR may form the thiazoline ring identified in the anguibactin structure. An 

interesting finding is that in V anguillarum strain 531 A, AngR harbors a histidine to 

asparagine change at position 267 (H267N) and this amino acid substitution results in 

overproduction of the siderophore anguibactin in strain 531 A ( 171 ). 

A role in siderophore biosynthesis has also been proposed for the angT gene 

found downstream of angR (190). The angT gene encodes a predicted protein with 

similarity to a type II TE domain ofNRPSs, and deletion of the gene results in a 

decrease, but not in a complete shutoff of anguibactin production. This phenotype is not 
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surprising since type II TE domains are not essential for biosynthesis but affect the 

efficiency of the system. 

From the transposition mutagenesis experiment, an additional gene was identified 

that is not part of the iron transport biosynthesis (ITB) operon but is located in a 

contiguous region on the pJMl plasmid. This gene, angH, encodes a histidine 

decarboxylase enzyme that produces histamine from histidine by release of a carbon 

dioxide molecule (ll, 170). Mutants in the angH gene do not produce histamine or 

anguibactin and are unable to grow in iron-limiting conditions. Growth under iron 

starvation of the angH mutants could be restored by addition of histamine to the medium 

further confirming that histamine is a precursor in the biosynthesis of the siderophore 

(170). 

The anguibactin precursors DHBA and histamine are dedicated metabolites made 

by V anguillarum for siderophore production. The enzymatic activity required for 

histamine production is encoded directly on the plasmid as explained above, while the 

enzymatic activities that convert chorismic acid to DHBA are encoded by chromosomal 

genes since a plasmidless derivative of V anguillarum strain 775 could still produce this 

catechol. Some variability in the ability to produce DHBA has been observed in serotype 

0 I strains cured from the virulence plasmid (29). The plasmidless derivatives of some 

strains do not produce DHBA while they are perfectly proficient in the production of this 

catechol when the plasmid is present (188). The virulence plasmid of one of these 

strains, strain 531A, harbors genes ofthe DHBA pathway, one of which, the angB gene, 

is essential for DHBA and anguibactin production (188). The AngB protein was shown 

to be bifunctional, with its amino end conferring an ICL activity required for the 
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production of DHBA and its carboxyl end serving as an ArCP domain functioning in 

anguibactin assembly. Furthermore, the carboxy-terminal end of AngB can be 

synthesized as an independent polypeptide that, like AngB, also functions as an ArCP 

domain (188). 

Virulence experiments with V anguillarum mutants lacking either the ability to 

synthesize or utilize the siderophore anguibactin showed an approximate 10,000-fold 

decrease in LD50 when tested by intramuscular injection (163, 190, 192). These results 

proved that this iron scavenging system is absolutely necessary for virulence in this 

pathogen, in contrast with the heme iron uptake system. 

As in many other Gram-negative bacteria, the siderophore-mediated iron uptake 

system in V anguillarum is negatively regulated by the chromosomal-encoded Fur (180, 

189). It has been shown that upon binding at the Fur box of the ITB operon promoter Fur 

bends the DNA blocking RNA polymerase from binding in a mechanism quite different 

than the proposed simple repressor model (26). Furthermore the anguibactin system of V 

anguillarum was the first example of the presence of additional regulators modulating the 

expression of siderophore biosynthesis and transport genes (Fig.1.12). Additionally to 

the negative regulator Fur, two positive regulators, the AngR protein and products 

encoded in the Transacting Factor (T AF) region, were shown to act at the same promoter 

(55, 169). Thus, AngR is a bi-functional protein that besides its role in the biosynthesis 

of anguibactin, is also involved in regulation. The TAF product is encoded in a region of 

the virulence plasmid noncontiguous to the ITB operon (169). Besides the positive 

regulators AngR and T AF, expression of the ITB operon is also positively regulated by 

the siderophore anguibactin itself (31 ). 
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Expression of this operon is also regulated posttranscriptionally by two antisense 

RNAs encoded within the same operon but on the opposite strand. RNAa is a long 

untranslated RNA molecule encoded withinfatB open reading frame in the opposite 

orientation, while the other antisense RNA, RNA~, is a 427 nt molecule that is 

transcribed across the intergenic region betweenfatA and angR, starting within angR and 

ending infatA (30, 142, 143, 179). These two antisense RNAs control the levels of 

specific mRNA within the ITB operon by interaction with the transcribed polycistronic 

message. 
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1.5. Virulence plasmids and iron acquisition systems 

Genes associated with virulence in bacteria are often harbored by mobile genetic 

elements such as phages, transposons and plasmids. These elements can mediate the 

transfer of entire gene clusters that once acquired endow the bacteria with a complete 

new array of virulence attributes. 

Plasmids are extrachromosomal elements that code for additional information that 

is not necessary for the survival of the bacteria containing the plasmid but gives a 

selective advantage in a specific environment for example plasmids encoding nitrogen 

fixation gene clusters found in symbiotic Rhizobium species (65). The majority of 

plasmids are circular DNA molecules of varied size encoding all the functions necessary 

for their maintenance in a bacterial population. They can autonomously replicate in the 

bacterial cells and distribute in both daughter cells at each cell division. Each plasmid 

depending on the bacteria and the growing conditions is maintained in a specific number 

per cell, defined as copy number, and this number is determined by the plasmid origin of 

replication. 

A wide variety of virulence factors has been found associated with virulence 

plasmids, the most common of which are the R plasmids that encode antibiotic resistance 

genes. Iron utilization systems are also found encoded on plasmids but they are limited 

to only two families of plasmids: the pJMl-like and the pColV -K30-like plasmids. 

pJMl-like plasmids are found in V anguillarum strains and the anguibactin system 

encoded on these plasmids has been shown to be an essential virulence factor during the 

septicemic disease vibriosis (see section 1.4.). A similar association with virulence has 

been found for the ColV plasmids of E. coli strains associated with bacteremia of humans 
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and domestic animals (184, 185). The pColV -K30-like plasmids also harbor a 

siderophore-mediated iron uptake system, the aerobactin system (see section 1.1.2.) that 

can also be found encoded in the chromosome (108). Plasmids ofthe pColV-K30 family 

have been found in many invasive strains of Shigella, Salmonella and Klebsiella (185). 
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1.6. Summary of the work presented in this thesis 

This work focuses on the pJMl plasmid and the biosynthesis of the siderophore 

encoded by this virulence plasmid. 

In Chapter 2, the complete sequence of the pJMl plasmid of strain 775 is 

presented with the annotation of the 59 ORF identified. pJMl is the first virulence 

plasmid encoding an iron uptake system to be completely sequenced. Sequencing of the 

plasmid revealed that all the genes required for the biosynthesis of the siderophore 

anguibactin from its precursors are encoded on pJMI. Furthermore, only one of the 

functions required for the synthesis of the two metabolites, DHBA and histamine, is 

missing from this plasmid making this plasmid almost an independent unit for the 

assembly of a siderophore. Another interesting feature ofpJMl is that a high percentage 

of the ORFs (32%) have homology with proteins involved in iron metabolic functions. 

Several gene clusters on the plasmid show a transposon-like organization, that together 

with their G+C content, suggest that these clusters were acquired by pJMl as modules, 

with a marked bias toward those containing iron acquisition genes. Taking advantage of 

the information obtained from the plasmid sequence, I proposed a pathway for 

anguibactin biosynthesis. 

In Chapter 3, I identified a homologue of the plasmid-encoded angB on the 

chromosome of strain 775 and analyzed the functions of each homologue in DHBA and 

anguibactin production. Both proteins, thus both ICL domains, are functional in the 

production of DHBA in V anguillarum as well as in E. coli but only the plasmid-encoded 

ArCP domain can participate in anguibactin production. These results suggest a system 

specificity of the NRPS domains in which interaction occurs only amongst the proteins of 
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the same system. The identification of an angB gene in the chromosome allows also 

some speculation on the evolution of the different siderophore-mediated iron uptake 

systems of V anguillarum strains. This study was the first example of site-directed 

mutagenesis of an ICL domain associated with an ArCP domain and I could clearly show 

that a mutant in the ICL domain does not affect the function of the ArCP domain and vice 

versa. Furthermore the mutants were tested for their functions using in vivo and in vitro 

approaches that generated results that were in agreement. 

In Chapter 4, I examined the product of one of the genes identified on the pJMl 

plasmid that shows homology with NRPS proteins. The domain organization of this 

putative NRPS, called AngM, is quite intriguing since the PCP and C domains found in 

this protein are not associated with an A domain. I first demonstrated that the angM gene 

is essential for anguibactin production since an insertion mutant in this gene resulted in 

the complete abolition of this siderophore's synthesis. I further characterize the role of 

AngM by substituting with alanine serine 215 in the PCP domain and histidine 406 in the 

C domain. The residue mutated in each domain had been previously shown to be 

essential for the activity of the domains and I wanted to demonstrate the functionality of 

the two domains of AngM. Each mutant results in an anguibactin-deficient phenotype 

underscoring the importance of these two domains in the function of this protein and in 

the production of the siderophore. As expected all the mutants in angM affecting 

anguibactin production resulted in a dramatic attenuation of the virulence of V 

anguillarum 775 highlighting the importance of this gene in vivo during infection of the 

vertebrate host. I also analyzed transcription of the angM gene and showed that this gene 

is part of an operon that overlaps the ITB operon promoter and operates in the opposite 
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direction. The existence of a possible overlap also of the Fur box at these two promoters 

suggests a concerted repression by Fur of both transcriptional units in iron rich 

conditions. The results obtained with AngM confirmed the role that had been proposed 

for this protein in the biosynthetic pathway for anguibactin prompting some 

modifications of the model to better fit the experimental results. 

In Chapter 5, I analyzed a second gene identified on the pJMl plasmid. This 

gene, angN, encodes a predicted protein of I 08 kDa that like AngM shows similarity to 

NRPSs. AngN is an atypical NRPS that possess two free-standing Cy domains in 

tandem. I showed that this protein is essential for anguibactin biosynthesis with both Cy 

domains being functional since only mutation in both domains (D 133A/D575A and 

Dl38A/D580A) resulted in anguibactin-deficient phenotypes. In addition, mutations in 

the angN gene that resulted in the loss of anguibactin production showed a dramatic 

attenuation in virulence. Even more interesting in the virulence experiments were those 

mutants that, although affected in anguibactin synthesis, could still produce reduced 

amounts of the siderophore. The attenuation in virulence of these mutants correlates with 

the levels of anguibactin produced in the test tube. Analysis of the transcriptional start 

point for the angN gene highlighted a similar organization of the angN promoter and an 

overlapping transposase promoter transcribing in the opposite orientation as the one 

described for the tnp-angM and the ITB operon promoters. Expression of the angN gene 

is regulated by Fur, in a negative fashion, and AngR and TAF, as activators. This is the 

first example of a gene that is not part of the ITB operon to be regulated by AngR. This 

study of the role of AngN in the biosynthesis of anguibactin further confirms the pathway 

proposed. 
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In conclusion, the collection of the chapters in this thesis presents a thorough 

analysis of the biosynthetic pathway of the siderophore anguibactin and its contributions 

to the virulence of V anguillarum by the study of mutations in the genes encoding the 

biosynthetic enzymes. 
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Figure 1.1. Schematic representation of the mechanisms of bacterial iron 

acquisition systems. Hemophores and siderophores are synthesized within the bacterial 

cell and secreted to the extracellular environment where they bind their ligands. The 

complex is transported to the periplasm via a specific outer membrane receptor (OMR). 

Once in the periplasm, it is recognized and bound by the periplasmic binding protein 

(PBP) that mediates shuttling to the ABC transporter complex in the inner membrane 

through which it is internalized into the cell cytosol. The iron is then removed from the 

complex and reduced to ferrous iron or it can incorporated directly into proteins in the 

case of heme. Iron can also be acquired by directly binding of the ferric-proteins of the 

host to the cognate outer membrane receptor. Internalization of the iron source follows 

the same general pathway as described for the siderophore/hemophore-mediated 

transport. Transport through the OMR is energized by the TonB-ExbB-ExbD complex. 
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Figure 1.2. Biosynthesis of catechols and phenolates. Chorismic acid is the precursor 

for catechols and phenolates and it is synthesized from primary metabolites. Chorismic 

acid is converted to isochorismic acid by isochorismate synthetase enzymes (E 1 ). This 

intermediary can be converted to either 2,3-dihydro 2,3-dihydroxybenzoic acid or 2-

hydroxybenzoic acid (salicylate) by the same class of enzymes, isochorismate lyases 

(E2). An additional step is required to synthesize 2,3-dihydroxybenzoic acid (DHBA) in 

a reaction catalyzed by 2,3-dihydro-2,3-DHBA dehydrogenases (E3). 
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Figure 1.3. Some representatives catechol siderophore structures. Enterobactin 

(Escherichia coli); pyochelin (Pseudomonas aeruginosa); yersiniabactin (Yersinia 

species); vibriobactin (Vibrio cholerae); vulnibactin (Vibrio vulnificus). 
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Figure 1.4. Biosynthesis of enterobactin from 2,3-dihydroxybenzoic acid (DHBA) 

and serine (Ser). Adapted from Walsh, C. T. and Marshall, C. G. (182). 
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Figure 1.5. Some representatives of hydroxamate siderophore structures. Alcaligin 

(Bordetella species); ferrichrome ( Ustilago .sphaerogena); pyoverdine (Pseudomonas 

aeruginosa); aerobactin (Escherichia coli); ornibactin from (Burkholderia cepacia); 

mycobactin (ivfycobacterium tuberculosis). 
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Figure 1.6. Biosynthesis of aerobactin from lysine, citrate, acetyi-CoA (AcCoA) and 

02. Adapted from Walsh, C. T. and Marshall, C. G. (182). 
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Figure 1. 7. Required activities in NRPS modules. The amino acid substrate is 

activated by the adenylation (A) domain through ATP hydrolysis. The unstable 

aminoacyl adenylate is transferred and bound as a thioester to 4'-phosphopantetheinyl 

cofactor tethered on the peptidyl carrier protein (PCP) domain of the same module. The 

condensation (C) domain catalyzes formation of a peptide bond between an upstream 

donor and a downstream acceptor amino acids. The thioesterase (TE) domain releases 

the synthesized peptide from the PCP domain of the last module. Adapted from Walsh, 

C. T. and Marshall, C. G. (182). 
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Figure 1.8. Predicted mechanism for the formation of heterocyclic rings by 

cyclization (Cy) domains. Heterocyclization is achieved in a two-step reaction. In the 

first step the amide bond is formed between the two substrates as it is proposed for the 

condensation (C) domains. The amino acid is then cyclized though the nucleophilic 

attack of the thiol group of cysteine or the ~-OH group of serine and threonine to the 

carbonyl group of the amide. The loss of a water molecule completes cyclization of the 

amino acid substrate. A: adenylation domain; PCP: peptidyl carrier protein domain. 

Adapted from Walsh, C. T. and Marshall, C. G. (182). 
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Figure 1.9. Biosynthesis of vibriobactin from 2,3-dihydroxybenzoic acid (DHBA), 

threonine and norspermidine (NSPD). DHP-mOX: dihydroxyphenyl

methyloxazolinyl. Adapted from DiLorenzo, M. et al. (46). 
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Figure 1.10. Structure of anguibactin and its precursors, dihydroxybenzoic acid 

(DHBA), cysteine and histidine. 
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Figure 1.11. Anguibactin in complex with ferric-iron. The color code used in this 

figure correspond to the one used in Figure 1.1 0. 
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Figure 1.12. Schematic representation of the ITB operon. The functions in 

anguibactin uptake and the localization within the cell of the products encoded by this 

operon are shown. The different regulators acting at several levels of ITB operon 

expression are also included. 
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CHAPTER2 

The complete sequence of the virulence plasmid pJMl from 

the marine fish pathogen Vibrio anguillarum strain 775 
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2.0. Abstract 

The virulence plasmid pJMl enables the fish pathogen Vibrio anguillarum, a 

gram-negative polarly flagellated comma-shaped rod bacterium, to cause a highly fatal 

hemorrhagic septicemic disease in salmonids and other fishes, leading to epizootics 

throughout the world. The pJMl plasmid 65,009-nucleotide sequence, with an overall 

G+C content of 42.6%, revealed genes and open reading frames (ORFs) encoding iron 

transporters, nonribosomal peptide enzymes, and other proteins essential for the 

biosynthesis of the siderophore anguibactin. Of the 59 ORFs, approximately 32% were 

related to iron metabolic functions. The plasmid pJMl confers on V. anguillarum the 

ability to take up ferric iron as a complex with anguibactin from a medium in which iron 

is chelated by transferrin, ethylenediamine-di( a-hydroxyphenyl-acetic acid), or other 

iron-chelating compounds. The fatDCBA -angRT operon as well as other downstream 

biosynthetic genes is bracketed by the homologous ISV-Al and ISV-A2 insertion 

sequences. Other clusters on the plasmid also show an insertion element-flanked 

organization, including ORFs homologous to genes involved in the biosynthesis of 2,3-

dihydroxybenzoic acid. Homologues of replication and partition genes are also identified 

on pJMl adjacent to this region. ORFs with no known function represent approximately 

30% of the pJMl sequence. The insertion sequence elements in the composite 

transposon-like structures, corroborated by the G+C content of the pJMl sequence, 

suggest a modular composition of plasmid pJMl, biased towards acquisition of modules 

containing genes related to iron metabolic functions. We also show that there is 

considerable microheterogeneity in pJMl-like plasmids from virulent strains of V 

anguillarum isolated from different geographical sources. 
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2.1. Introduction 

The fish pathogen Vibrio anguillarum strain 775 is the causative agent of 

vibriosis, a highly fatal hemorrhagic septicemic disease ( 4). This bacterium disseminates 

in the vertebrate host by using the otherwise unavailable iron bound by high-affinity iron 

binding proteins, such as transferrin and lactoferrin. Furthermore, V anguillarum 775 

has the ability to grow in vitro in media in which iron is chelated by transferrin, 

ethylenediamine-di(o-hydroxyphenyl-acetic acid), and other iron chelators (37, 169). 

The metabolic pathway supporting the ability of this bacterium to grow under iron

limiting conditions is linked to the presence in the bacterial cells of the virulence plasmid 

pJMl (37). 

Iron metabolic plasmids are rare; in addition to the pJM 1-like plasmids only the 

pColV -K30 family of plasmids, identified in human clinical strains of Escherichia coli 

and other enteric bacteria, have been associated with iron metabolism. However, the 

pJM1 and pColV-K30 plasmid-mediated iron uptake systems are unrelated (40, 185). 

pJMl-like-plasmids, usually around 65 to 67 kb, have been reported by us and others in 

different virulent V anguillarum strains isolated from many epizootics throughout the 

world (121, 126, 175). In this family ofplasmids the best characterized is the 65-kb 

pJM1 plasmid that has been isolated from the V anguillarum strain 775 and is the one 

that we chose to sequence. The diverse biochemical features ofthe pJM1 gene products 

and the possibility of horizontal evolution provided by the existence of insertion elements 

surrounding some of these genes make this fascinating plasmid also of interest for the 

study of evolutionary ecology. 
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Here we report the nucleotide sequence and annotation of the entire pJMl 

virulence plasmid from V. anguillarum strain 775. 
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2.2. Materials and methods 

2.2.1. Bacterial strains, plasmids, and growth conditions. V anguillarum strain 775 

harboring the virulence plasmid pJMl was grown in M9 minimal medium supplemented 

with mineral salts and Casamino Acids (Difco) as previously described ( 190). Plasmids 

carrying subclones from pJMl were propagated in E. coli HB 101 in Luria-Bertani 

medium in the presence of chloramphenicol (30 f-lg/ml). Plasmid DNA was extracted 

using the Qiagen Midi kit. 

2.2.2. Determination of the pJMl sequence. Sequencing primers were designed using 

Oligo 6.8 primer analysis software and purchased from the Oregon Health and Science 

University-Molecular Microbiology and Immunology (OHSUMMI) Research Core 

Facility (http://www.ohsu.edu/core) and Invitrogen. The DNA template used for 

sequencing reactions was either the complete pJM1 plasmid or fragments cloned using 

pBR325 as cloning vehicle. DNA sequencing reactions were carried out manually by the 

chain-termination method and by the OHSU-MMI Research Core Facility using a model 

3 77 Applied Biosystems Inc. automated fluorescence sequencer. Base calling was 

performed on a Macintosh computer with the ABI base-calling program. Cycle 

sequencing was performed with AmpliTaq FS DNA polymerase with "Big-Dye" labeled 

terminators, both from Applied Biosystems Inc. The Sequencher software (Gene Code 

Corporation) was used for sequence assembly and editing. Codon usage tables were 

generated by the GCG Wisconsin Package. Coding regions were identified with BLAST 

(8). Coding sequences with associated ribosome binding sites were predicted with 

GENEMARK (20) and GLIMMER (bttp://www.tigr.org/sothvare/glimmer/) and 

compared to the BLAST alignments to establish the coding sequence start. Regions 
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lacking identified open reading frames (ORFs) and giving no BLAST results but 

revealing, on visual inspection, coding sequences with ribosomal binding sites were 

included in the annotation. G+C content analyses were performed with Oligo 6.8 primer 

analysis software. 

2.2.3. Nucleotide sequences accession number. The complete circular nucleotide 

sequence of pJMl from V anguillarum strain 775 has been deposited in the GenBank 

sequence library and assigned the accession number A Y312585. 
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2.3. Results 

2.3.1. Nucleotide composition. The circular plasmid is comprised of 65,009 bp, and the 

overall G+C content is 42.6%, which is slightly lower than the average G+C content of 

the two V anguillarum 775 chromosomes ( 44%) (146). The G+C content is also 

reflected by the lack of restriction sites for Asci (GGCGCGCC), Notl (GCGGCCGC), 

and Srjl (GCCCGGGC) and the presence of only one site for Fsei (GGCCGGCC). The 

bias towards A and T in the third codon position is also a consequence of this structural 

feature (data not shown). 

With no demonstrated origin of replication (see below), position 1 ofthe sequence 

was arbitrarily assigned to 290 nucleotides upstream of a BamHI site, which corresponds 

to the last base ofthe angMgene (ORF1). A total of86.6% ofthe plasmid genome 

appears to have a coding function, and 41 of the 59 ORFs either correspond to 

biochemically characterized proteins or can be correlated with assigned or described 

functions by high degrees of similarity to sequences in the databases. Additionally, 18 

ORFs predicted by GENEMARK, GLIMMER, or visual inspection but having no 

significant similarity to sequences in the databases may be functionally relevant (Table 

2.1). Two additional genes, rnaA and rnaB, were found on the pJM1 plasmid and were 

shown to encode two antisense RNAs. The ORFs and the two antisense RNA genes are 

distributed between the strands in a ratio of 36 on one and 25 on the other strand. 

2.3.2. ORF analysis. A graphical representation of the 59 known or predicted ORFs, 

and the two antisense RNA genes, appears in Figure 2.1. Their relationships to 

representative homologues in databases are detailed in Table 2.1. Two ORFs, identified 

by using GLIMMER software, are not included in Table 2.1 because they are encoded 
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within ORF54 in the opposite strand, they show no homology with any known proteins or 

ORFs in GenBank, and no obvious Shine-Dalgarno sequence was identified upstream of 

the AUG ofthese ORFs. 

Based on gene similarity search results, functions associated with ORFs may be 

classified into the following categories: utilization of iron, transposition, and replication

partition (Table 2.1 ). 

In Figure 2.2 the G+C content of each ORF is shown, including the relative 

position of insertion sequence (IS) elements. 

2.3.3. Utilization of iron. The predicted metabolic abilities linked to pJM1 center on 

iron uptake and utilization (Figure 2.1). We have demonstrated that the genesfatDCBA 

(ORF3 to ORF6) confer on pJM1-carrying bacteria the ability to utilize ferric-anguibactin 

and so are part of the pathway of iron utilization (3, 5, 6, 88). We also demonstrated that 

the genes angM(ORF1), angR (ORF7), angT(ORF8), angN (ORF10), and angBG 

(ORF41) encode nonribosomal peptide synthetases while angU (ORF9) and angH 

( ORF 13) encode tailoring enzymes for the biosynthesis of anguibactin, since transposon 

insertions in each of these genes resulted in no siderophore production ( 40, 169-171 ). 

Other ORFs encoded on pJMl (ORF39 to ORF43 and ORF59) show high similarity to 

siderophore biosynthetic genes found in other bacteria, and some of them could intervene 

in anguibactin biosynthesis. The homologies in Table 2.1 suggest that the predicted 

polypeptides of these ORFs could play a role in the early stages of anguibactin 

biosynthesis: ORF39 (AngD) is a phosphopantetheinyl transferase; ORF41 (AngBG) 

possesses the isochorismate lyase and aryl carrier protein (ArCP) domains; ORF42 

(AngE) is the 2,3-dihydroxybenzoic acid (DHBA) AMP ligase; and ORF43 (AngC) is an 
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isochorismate synthetase. ORF40 may have a function in the transport of ferric

anguibactin into the cell cytosol. Upstream of angM (ORF 1) there is another ORF 

(ORF59) with similarity to a stretch of 159 amino acids within the amino acid sequence 

of the 2,3-dihydro-DHBA dehydrogenase of Vibrio cholerae, the last enzyme in the 

DHBA biosynthetic pathway (194). Further upstream of ORF59 is a small (23-amino

acid) ORF that corresponds to the amino-terminal end of the 2,3-dihydro-DHBA 

dehydrogenase. It is thus possible that ORF59 could have been generated by a frame

shift of the original full-length gene, resulting in a shorter ORF truncated at the amino

terminal end. The small ORF upstream of ORF59 has not been included in Table 2.1. 

Retrobiosynthesis of anguibactin indicates that it is composed of one molecule of 

DHBA, one of cysteine, and one of N-hydroxyhistamine (2, 77). Cysteine is converted to 

a thiazoline ring, through cyclization, in the process of synthesis, and N

hydroxyhistamine is obtained from the modification of histidine. 

In V anguillarum strain 775, the anguibactin precursor DHBA is synthesized by 

chromosome-encoded proteins, as shown by the ability of the plasmidless strain to 

produce DHBA (29), although some virulent strains of V anguillarum, such as 531A, 

rely on the pJHCl (a pJMl-like plasmid)-encoded AngBG protein for the synthesis of 

this precursor ( 188). The amino terminus of the pJHC !-encoded AngBG possesses the 

isochorismate lyase activity, thereby explaining the need for this protein for the synthesis 

ofDHBA in this strain (188). Analysis of mutations in the angB ORF ofpJHCl 

provided evidence that, in addition to angB, an overlapping gene, angG, exists at this 

locus and that it encodes polypeptides, which are in frame to the carboxy-terminal end of 

the isochorismate lyase. The carboxy terminus of AngBG encodes an ArCP domain that 
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is also present in the internal AngG polypeptides and is where phosphopantetheinylation 

occurs at a conserved serine residue, the phosphopantetheinylate moiety acting as an 

acceptor of an activated aryl or amino acid group (188). In strain 775 the angBG gene is 

also found on the pJMl plasmid (ORF41); however, we do not know at present if the 

product of this gene is essential for anguibactin biosynthesis, as is the case for strain 

53 I A. 

The enzymology of anguibactin biosynthesis is still under investigation; however, 

predictions can be made based on our knowledge of the structure of this siderophore, 

genetic evidence, and functions of potential biosynthetic proteins inferred by homology 

studies ( 40, 164 ). The results of this combined genetic and in silico analysis are shown in 

the model in Figure 2.3. In the biosynthesis of other phenolic siderophores, activation of 

DHBA, before loading on the specific ArCP domain, occurs by the action of a 2,3-

dihydroxybenzoate-AMP ligase, VibE in vibriobactin biosynthesis in V cholerae, and 

EntE in enterobactin biosynthesis in E. coli. ORF42 in pJM1 shows homology with 

VibE and EntE adenylation domains (Table 2.1), suggesting that it could act as the 2,3-

dihydroxybenzoate-AMP ligase in anguibactin biosynthesis. The activated DHBA is 

then ligated to the phosphopantetheinyl moiety in AngBG. Phosphopantetheinylation of 

this protein might have occurred by the action of the pJM1-encoded AngD (ORF39), 

showing homology to phosphopantetheinyl transferases. The pJM1 plasmid-encoded 

proteins AngR (ORF7), AngM (ORF1), and AngN (ORF10) must play a role in 

subsequent biosynthetic steps, although AngR, in addition to its biosynthetic function, is 

also essential for regulation of iron transport gene expression (31, 38, 40, 55, 142, 164, 

171, 190). Cysteine, one of the anguibactin precursors, is likely activated by the A 
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domain of AngR. Activated cysteine is then loaded onto the peptidyl carrier protein 

(PCP) domain of AngM. Although the AngR amino acid sequence also contains a PCP 

domain, this may not be functional because an essential serine is replaced by alanine in 

this domain. The condensation (C) domain of AngM then catalyzes the formation of a 

peptide bond between DHBA and cysteine, resulting in the DHBA-cysteine dipeptide 

bound to the PCP domain of AngM. Another plasmid-encoded protein, AngN, contains 

two tandem cyclization (Cy) domains that are involved in the cyclization of the cysteine 

moiety to form the thiazoline ring. Another Cy domain is found in the AngR protein; 

however, the essential first aspartic acid is replaced by asparagine in the highly conserved 

Cy motif, suggesting that also this domain of AngR is not functional. Anguibactin is 

released from the PCP domain of AngM by nucleophilic attack of N-hydroxyhistamine to 

the phosphopantetheinyl arm of the PCP domain of AngM. N-Hydroxyhistamine is 

produced by modification of histidine catalyzed by the histidine decarboxylase AngH 

(ORF13) (170) and a monooxygenase homologue, AngU (ORF9). AngT (ORF8), the 

thioesterase identified in this system, is not included in this model because it does not 

appear to be strictly necessary for anguibactin production, since an angT mutant results in 

only a 17-fold-lower yield of anguibactin ( 40, 190). 

After anguibactin is synthesized, it is secreted to the extracellular space. Two 

ORFs (ORF 14 and ORF 15), downstream of angH, related to the ABC-type transporter, 

are perhaps involved in secretion as part of the complex that exports anguibactin to the 

extracellular space. After the siderophore is secreted and bound to iron, the ferric

siderophore complex is transported to the cytosol via a highly specific transport system 

(3, 5, 6, 88, 169, 173, 174). In V anguillarum 775 this system includes the outer 
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membrane receptor FatA (ORF6), which binds ferric-anguibactin and shuttles it to the 

periplasm (3, 5). The energy necessary for this transport is mediated by a chromosomally 

encoded TonB-ExbB-ExbD complex, which interacts with the FatA protein (163). 

The next step in internalizing the ferric-siderophore complex involves the 

periplasmic binding protein FatB (ORF5). FatB is a lipoprotein (5) that is anchored to 

the inner membrane, unlike the E. coli homologues FhuD and FepB, which are free in the 

periplasm (87, 161). 

We believe that the last step in internalization of ferric-anguibactin involves the 

inner membrane proteins FatD (ORF3) and FatC (ORF4) and that these catalyze the 

transport offerric-anguibactin from the periplasm to the cytosol (6, 88). In other 

systems, such as the ferrichrome and enterobactin systems, the energy for this transport 

through the inner membrane is provided by an ATP-binding protein (14, 87, 122). 

ORF40 shows homology with many ofthese iron(III) ATP-binding proteins and could 

provide the missing A TP-binding domain of the permease complex, although the activity 

of chromosomally encoded A TP-binding proteins cannot be ruled out. 

The genesfatDCBA together with the genes angR and angT are located in the iron 

transport-biosynthesis (ITB) operon (Figure 2.1) (190). Regulation of this operon is 

carried out at the transcriptional level by the positive regulator AngR and the 

chromosomally encoded negative regulator Fur and at the posttranscriptionallevel by two 

antisense RNAs, RNAa and RNA(), encoded within this operon by the rnaA and rnaB 

genes, respectively (Figure 2.1) (30, 143, 179, 180). These two genes have been shown 

to encode RNAs that are not translated. Another positive regulator of the ITB operon, the 

trans-acting factor (T AF), is encoded in a region noncontiguous to this operon 
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encompassing ORF29 to ORF53 (169, 174, 188). The TAF determinants have not been 

identified as yet, and no ORF included in the T AF region shows homology with 

regulatory proteins, with the exception of ORF51, which shows very low homology (24% 

identity) to an E. coli arylsulfatase regulatory protein. 

2.3.4. Insertion elements and transposons. The ITB operon and the biosynthetic genes 

angU (ORF9) and angN (ORF1 0) are located within a structure that resembles a 

transposon, flanked by the almost identical ISV-A1 and ISV-A2 elements (173). There is 

a second putative composite transposon on pJM1 that contains homologues of genes 

(ORF39 to ORF43) involved in the synthesis ofDHBA, one ofthe anguibactin precursors 

(Table 2.1 ). These genes are also organized as a cluster that is flanked by identical ISV

A2 sequences. Figure 2.2 shows very clearly that the ISV-A2-flanked DNA has an 

average G+C content of 39.3%, significantly lower than the average G+C content of the 

pJM 1 plasmid, suggesting a horizontal acquisition of this composite gene region. A third 

set ofORFs, ORF1 (angM) and ORF59, is flanked by ISV-Al and ISV-A2 sequences, 

although the ISV-A2 element is interrupted at the 5'-end ofthe putative transposase gene 

by an insertion of a sequence containing four ORFs (ORF54 to ORF57). It is of interest 

that one of these ORFs (ORF54) shows homology to a transposase gene, while another, 

ORF55, shows high similarity to a resolvase. ORF56 shows similarity to spnT, a Serratia 

marcescens gene encoding a protein with no homologues, although when overexpressed 

it affected both sliding motility and prodigiosin production in this bacterium (76). The 

other ORF in this cluster, ORF57, encodes a predicted protein with homology to RecX, a 

recA regulator (162). Furthermore this cluster is flanked by 5-bp direct repeats, 

suggesting that the interruption of the ISV -A2 transposase gene (ORF58) could have 
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resulted from insertion of a transposon containing these four ORFs. 

Besides ISV -A1 and ISV -A2, pJM1 carries several hypothetical IS elements 

(Table 2.1). Two of them show homology to a Vibrio metschnikovii ISVme insertion 

sequence, and they both contain all three ORFs found in this IS element. These two 

identicallSVme-like sequences flank a region of 24,085 bp containing 27 ORFs (from 

ORF19 to ORF45), almost half of the coding capacity of pJMl. Another IS element, RSI 

carrying ORF21, which shows homology to a transposase, is found as a single copy in 

pJMl. Two other ORFs, ORF12 and ORF50, show similarity to transposases; however, 

no other components of ISs were identified. 

2.3.5. Replication and partition. The pJM1 plasmid replicates at a copy number of 1 to 

2 in V anguillarum cells (28). ORF 19 to ORF28, encoding hypothetical proteins that 

could be involved in replication and partition, are clustered adjacent to the T AF region. 

ORF 19 shows homology with the RepA protein of Aeromonas salmonicida plasmid 

pRAS3 (91). The presence of four 21-bp direct repeats in the proximity ofORF19, 

spanning bp 29013 to 29136, and the relatively low G+C content of 33.7% are consistent 

with the existence of a possible oriV in this region. The predicted amino acid sequences 

of ORF27 and ORF28 show similarity to those ofParB and ParA, respectively. In other 

systems, the plasmid-encoded ParA and ParB proteins form one operon autoregulated by 

the Par proteins. The ParA protein is an A TPase that assembles with ParB subunits and 

forms a nucleoprotein complex that binds to a cis-acting centromere-like site, parS (90). 

As predicted for ParA proteins, ORF28 exhibits at its N terminus an ATP-GTP binding 

consensus sequence (63). In other bacteria, homologues of parA andparB map adjacent 

to the chromosomal and plasmid origin regions of replication (95, 128), and this is the 
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case for pJMl. Experiments are being carried out to characterize the functions of the 

pJM 1 replication region. 

2.3.6. The microheterogeneity of pJMl-like plasmids in strains of V. anguillarum. 

Different virulent V anguillarum strains harboring the pJMl-like-plasmids showed 

microheterogeneity in their restriction endonuclease patterns. A listing of the Bam HI 

restriction fragment length polymorphisms as well as the BamHI profiles for several 

naturally occurring pJM 1-like virulence plasmids that we have examined is given in 

Figure 2.4. 
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2.4. Discussion 

The presence of genes of a complex biosynthetic pathway for a siderophore and 

the carriage of the iron transport operon together with its role in virulence of V 

anguillarum 775 are unique features ofplasmid pJMl (37, 38, 40). The 65,009-

nucleotide sequence, with an overall G+C content of 42.6%, revealed 59 genes and ORFs 

encoding functions associated with utilization of iron, transposition, and partition. 

Approximately a third of these ORFs and genes are related to iron metabolic functions, 

including ferric anguibactin transport proteins, nonribosomal peptide enzymes, and other 

proteins essential for the biosynthesis of the siderophore anguibactin. The majority of the 

ORFs encoding iron metabolic functions were experimentally demonstrated to be 

involved in anguibactin mediated iron metabolism (ORFl to ORF13). Other ORFs with 

homology to proteins involved in the biosynthesis and activation of the precursor of 

anguibactin DHBA, such as ORF39 to ORF43, were also identified. Our recent work has 

demonstrated that one of these, ORF42, named angE, encodes a 2,3-dihydroxybenzoate

AMP ligase that could act in activating DHBA. In a previous publication we reported 

that the angE homologue in plasmid pJHCl, a pJMl-like plasmid found in V 

anguillarum strain 531 A, was not essential for anguibactin production (188). A deletion 

that eliminated a region including the angB and angE genes was complemented by just 

the angB gene, demonstrating the existence of a chromosomal homologue of the angE 

gene in this strain (188). We have recently identified in the 775 strain chromosome 

homologues of angE and other genes involved in the production, activation, and 

incorporation of DHBA in the anguibactin biosynthetic pathway; therefore, the pJMl 

plasmid-carried angE gene in the 775 strain might not be essential for anguibactin 
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biosynthesis (7). It is of interest that the amino acid sequence of this chromosomally 

encoded AngE is identical to that reported previously (7, 75). It is also of interest that 

ORF39 to ORF43 are organized as a cluster that is flanked by ISV -A2 sequences and that 

the DNA in this cluster shows an average G+C content of 39.3%, significantly lower than 

the average G+C content of the pJMl plasmid. It is tempting to speculate that this 

ISV A2-flanked structure is a transposon that has been horizontally acquired from other 

bacteria. Furthermore, the existence of chromosome homologues for some of these ORFs 

suggests the attractive possibility that there could also have been an integration event in 

one of the two V anguillarum chromosomes. Curiously, the ITB operon,fatDCBA

angRT (ORF3 to ORF8, respectively), and other anguibactin biosynthetic genes, angU 

(ORF9) and angN(ORFIO), located downstream ofthis operon, are also bracketed by the 

highly related ISV -Al and ISV-A2 ISs. Nevertheless, the fact that ORFs and genes on 

pJMl are flanked by IS elements does not necessarily imply that the composite structures 

are transposons, since the relative orientation of the flanking IS elements is not always as 

found with the IS elements flanking known composite transposons such as Tn5, Tn7, and 

Tnl 0 (15, 35, 84). The positions ofiS elements forming a composite transposon-like 

structure, corroborated by the G+C content of the pJMl sequence, suggest a modular 

composition of the virulence plasmid pJMl of V anguillarum strain 775 biased towards 

acquisition of transposon modules containing genes related to iron metabolic functions. 

An important final step is the secretion of the siderophore to the extracellular 

milieu, a still-unsolved question for siderophore-mediated iron transport systems. In this 

vein, although not yet proven, ORF 14 and ORF 15 could function in the export of 

anguibactin, since these ORFs show homology to ABC transporters involved in efflux. 
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Elucidation of their function, if any, will have to await current genetic analysis. 

Regions that have features consistent with replication and partitioning functions 

have been identified adjacent to the T AF region. It is possible that the product of ORF 19 

is a replication protein that interacts with the 21-bp repeats located in proximity. 

Whether these sequences are truly involved in these functions await further analysis, 

which is currently being carried out. 

We also report in this work considerable microheterogeneity in pJM1 plasmids 

isolated from many parts of the world, even from both the east and west coasts of the 

United States. Previous work has also shown microheterogeneity in many other 

examples ofpJM1-like plasmids (121, 126, 171, 172). For instance the pJM1-like 

plasmid pJHC1 from strain 531A shows two major changes, two extra insertions ofthe 

RS l sequence and also an angR gene that has a single nucleotide change that results in an 

amino acid substitution in the AngR protein (H267N). This change was associated with 

an increased anguibactin production not only in the 531A strain but also in other strains 

in which the AngR protein shows this H-to-N alteration (171). In other cases the existing 

microheterogeneity has only been characterized by restriction endonuclease analysis 

without further genetic analysis (121, 126, 172). 

Recently a partial sequence of a pJMl-like plasmid (pEIBl) was submitted to 

GenBank (accession number A Y255699). This plasmid is another example of the 

microheterogeneity ofthe pJM1-like plasmids: pEIBl differs from pJM1, in the sequence 

of at least two anguibactin biosynthesis genes. The angR sequence has the H267N 

substitution found in several pJM1-like plasmids that leads to a higher siderophore 

production phenotype ( 1 71 ), while the angN sequence shows an internal deletion 
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compared with the angN gene present in pJMl. The deletion in this pJMl-like plasmid 

resulted in a frameshift splitting the angN gene (ORFIO in pJMl) into two ORFs, 

truncating the first Cy domain of AngN while leaving the second Cy domain intact. It 

would be of interest to know whether the strain harboring the pJMl-like plasmid with this 

angN deletion is still able to produce anguibactin. Since there is no information on the 

origin of the strain, we cannot identify whether this plasmid is one of the already 

described pJMl-like plasmids. Furthermore, this partial sequence submission 

erroneously assigns homology of the ORF JM15, which is 100% homologous to our 

ORF56, to the TcbA insecticidal toxin from Photorhabdus luminescens (GenBank 

accession number AAC38627). By our analysis ORF56, and thus JM15, shows only low 

homology (20% identity) to a 11 0-amino-acid stretch of the 2,504-amino-acid-long TcbA 

protein. Conversely, we found a strikingly high homology (92% identity [Table 2.1]) of 

the predicted 464-amino-acid product of ORF56, and thus JM 15, to the 464-amino-acid

long SpnT (GenBank accession number AAN52497), an S. marcescens protein possibly 

involved in both sliding motility and prodigiosin production in this bacterium (76). 

Our complete sequence analysis and annotation of pJMI present for the first time 

the entire sequence of an iron metabolic regulon that is in its majority encoded on a 

plasmid and that is an essential factor of virulence in V angui I! arum infections of fish. 
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Table 2.1. Summary ofORFs identified by significant homology (BLAST search) or prediction or previously experimentally 
verified 

ORF Length CDS . . Data bank 
Identity ('Yo) 

e 
(amino acids) ~start codon-sto~ codon)' Gene or functwn of closest relat1ve (source) reference valueh 

705 l-2118c NRPS YibF (V cho/erae) gbiAAG005661 1 209/535 (39%) e-103 
302 2207-3115c transposase for ISV-AI (V. angzu//anun) gbiAAA81774 .11 30 I /302 (99%) e-173 
314 3578-4522 iron transport protein FatD (V ant,'lullamm) gbiAAA25641 .II 314/314 (100%) e-141 
317 4519-5472 iron transport protein FatC (V angwl/amm) gbiAAA25642 II 317/317 (100%) e-139 

5 322 5526-6494 iron transport protein FatB (V angwl/amm) gbiAAA91580 .11 322/322 (100%) e-178 
6 726 6598-8778 iron transport protein FatA ( V. anJ.,'lllllamm) gbiAAA91581 .11 726/726 (I 00%) 0.0 

1048 8863-12009 NRPS AngR (V. angzul/amm) gbiAAA 79860 .II 1048/ 1048 (100%) 0.0 
252 12006-12764 NRPS AngT (V. angwl/arum) gbiAAA 79861 . II 252/252 (100%) e-150 

9 442 12862-14190c rhizobactin biosynthesis protein RhbE 
gbiAAK65920 .11 237/435 (54%) e-143 

(Smorhi::ohtum melt/ott) 
10 956 14314-17184c NRPS YibF ( V cho/erae) gbiAAG00566 .11 332/931(35%) e-157 
II 306 17396-18316 transposase for IS V -A2 ( V. an;,:wllamm) gb iAAA81776 .11 305/306 (99%) 6-174 
12 322 18437-19405 transposase (f '. vu/mjicnl) gb iAAO I 0886 .11 3011322 (93%) e-152 
13 386 19652-20854 histidine decarboxylase Angf-1 ( 1·. ongwl/amm) emb1CAA83945 .l l 386/386 (100%) 0.0 
14 536 20970-22580 ABC transporter homologue (E. colt) gbiAAN79727 II 37/548 (25%) 3e-27 

15 560 22577-24259 putative ABC transporter 
embiCACI7507 . l l 132/461 (28%) 2c-40 

(Streptomyces coeltco/or) 
16 105 24444-24761 Orfl ISYme (f'. melschnrkovu) gbiAAN33020 . l l 24/96 (25%) 1.4 
17 117 24 758-25111 Orf2 ISYme (V. metschmkovu) gbiAAN33021 .11 41/103 (39%) e-15 
18 513 25171-26712 Orf31SYme(l'. metschnrkovu) gb iAAN3:;0221 217/526(41%) 2e-99 
19 304 26817-27731c RepA (Aero111011as su/monrcrdu) gb1AAK97757 .11 52/205 (25%) e-07 

20 343 27728-28759c related to DNA mismatch repair protein 
gbiAAN59686.1 1 28/93 (30%) 0.67 

(Streptococcus mutans) 
11 362 29673-30761 c transposase for IS80 I (Pseudo!lrnnu.l .\ytmgue) embiCAA40540 II 17 1/]4 1 (50%) 8e-92 
22 128 31031-31417 Unknown (I '. vu/mjicus) gb AA007608 .l l 34/99 (.14%) 0.014 

23 99 31555-31854 conserved hypothetical protein 
embCAC86752l l 54/92 (58%) e-22 (/'.11!1/domona., putrda) 

24 96 31878-32168 hypothetical protein (/'. putrdu) embiCAC86751 II 48/83 (57%) 2e-21 
25 409 32297-33526c GLIMMER, GENEMARK prediction ; no homolob'Y 
26 127 33513-33896c GLIMMER prediction ; no homolob'Y 
27 323 33902-3487 3c ParB (.\);/el/af(7.\lrdw.,a) gbiAAF85627 . II 64/218 (29%) 5e-16 
28 273 34870-35691 c Par/\ (l,eptosprra i111erroga11.1) gbiAAN51545.11 74/24 7 (29%) 3e-22 

29 514 35892-37436 putative bacteriophage protein 
gbiAA069541.1 1 I 0 I /307 (12%) 5e-32 

(.\'a/monel/a enterrca) 
30 115 37505-37852 GLIMMER prediction , no homology 
31 103 37883-38194 GLIMMER predict10n : no homolok-'Y 
32 264 38616-39410 GLIMMER, GENE MARK prediction ; no homolob'Y 
33 104 39738-40052 GLIMMER, GENEMARK prediction ; no homology 
34 116 40152-4045 I GLIMMER prediction ; no homology 
35 93 40396-40677 GLIMMER prediction; no homology 
36 136 40727-41137 GLIMMER prediction; no homology 
37 176 41246-41776 GLIMMER prediction; no homology 
38 306 41945-42865c transposase for ISY-A2 (V an1-,'111llamm) gbiAAG338551 1 306/306 (I 00%) e-174 

39 239 43053-43772 
NrgA (l'hotnrhahdus /wnrnescens) 

gbiAA017175.1 1 91 /227 (40%) 3e-40 similar to EntD (F colt) 

40 251 43873-44628 
iron(! II) ABC transporter 

dbj iBAC62003 . II 183/250 (73%) e-1 01 
( V. parahacnwlyllcus) 

41 287 44 827-4 5690 AngB/G (V ang ur//anun) gbiAAG33854 .1 i 287/287 (100%) 0.0 
42 546 45741-4738lc DHBA-AMP ligase (V cho/erae) gbiAAF93937 II 307/536 (57%) e-151 
43 393 4 7362-48543c isochorismate synthase ( V vu/nrficus) gb!AA0077581 1 252/392 (64%) e-149 
44 306 48880-49800 transposase for ISV-A2 (V an!-,'111//amm) gbiAAG33856 .l l 306/306 (I 00%) e-174 
45 277 49943-50776c Of-lAP synthase ( V vu/mficus) gbiAA007756 .l l 149/268 (55%) 2e-82 
46 513 50796-52337c Orf3 ISVme ( V mctschnrkov11) gbiAAN330221 1 217 /526(41%) 2e-99 
47 117 52397-52750c Orf2 ISYme (V metschnrkov11) gb iAAN33021 II 41 / 103 (39%) e-1 5 
48 105 52747-53064c Orfl ISYme (V metschmkov11) gbiAAN33020.1 1 24 /96 (25%) 14 
49 115 53664-54011 GLIMMER prediction; no homology 
50 153 55181-5556lc putative transposasc (K/ehste//a pnewnonrae) embiCAA09339l l 981151 (64%) 4e-55 
51 112 55679-5595lc putative arylsulfatase regulatory protein(/:'. co/r) gbiAAN83151.1 1 24/97 (24%) 0.73 
52 140 55971-56393c GLIMMER prediction ; no homology 
53 389 56383-57552c hypothetical protein (/'. putrda) gb1AAN662271 .11 34/10 I (33%) 0.002 
54 980 57830-60772 transposase (lvlesorhtzohrum loll) dbj :BAB54451 .11 431 /965 (44%) 00 
55 194 60891-61475 putative resolvase (.'>erratra marcescens) gbiAAN52496.1 1 18.11194 (94%) 8e-88 
56 464 61553-6294 7 SpnT (S. marcescens) gb!AAN52497l l 430/464 (92%) 00 
57 144 62944-633 7 8 RecX (/:·. coli) dbj!BAA 16560.11 54 /146 (36%) e-18 
58 299 63430-64329 transposase for ISY-A2 ( V an~'1u//a111m), partial gb iAAG33855 .II 293/293 (I 00%) e-166 
59 175 64326-64853c YibA ( V cho/erae), partial gbiAAF93939.11 91 / 159 (57%) 2e-42 
'CDS, coding sequence: c, complementary strand . 
bAnE value of >0.4 indicates no homology 
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Figure 2.1. Schematic representation of the ORFs on the two strands of pJM 1 DNA. 

Red, ORFs related to biosynthesis of the siderophore; blue, ORFs related to transport of 

the siderophore; green. ORFs related to IS clements and composite transposon; cyan, 

ORFs related to replication and partitioning; yellow, conserved hypothetical ORFs and 

ORFs with no known functions; black. ORFs with functions that do not fall in any of the 

above categories. The black blocks represent genes encoding antisense RNAs: rnaA, 

antisense RNAa and rnaB, antisense RNA[). 
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Figure 2.2. G+C contents of the ORFs of pJMl. Dashed line, mean G+C content of 

pJMl DNA (42.6%). Asterisks indicate the highly related ISV-Al and ISV-A2. 
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Figure 2.3. Model of anguibactin biosynthesis. The predicted ORF numbers from 

Table 2.1 are given under the protein designations. Abbreviations: DHB, corresponds to 

DHBA and radicals thereof such as a diphenolic ring; Cyst, cysteine; Thiaz, thiazoline 

ring; PPant, phosphopantetheinyl moiety; isochor.,isochorismate. 
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Figure 2.4. Microheterogeneity of pJMl-like plasmids from V. anguillarum strains. 

*, "kb" indicates sizes in kilo base pairs of each of the pJM I Bam HI restriction 

endonuclease fragments. 
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Strain Geographic BamHI restriction pattern* 
source 

775 Washington I 
kb II III IV v VI 

133-S I 
V15 Washin ton v 20--
PB1 Tukushima,Ja an I 14--
PT77022 Tukushima,Ja an IV 10--
PT77052 Tukushima,J a an I 
PT77082 Tukushima,Ja an IV 
PT77097 Tukushima,Ja an I 
PT223 Tukushima,Ja an I 
LS-173 
LS-174 
507 Maine III 
521 Maine II 
521A Maine III 
522A Maine II 
522C Maine II 
523B Maine II 
527 Maine III 
528 Maine III 
531A Maine II 
531B Maine II 
532 Maine III 
533 Maine II 
535 Maine II 
540A Maine II 
543A Maine III 
547B Maine III 
500 New Ham shire III 
509 New Ham shire III 
R61 Galicia, S VI 
R72 VI 
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3.0. Abstract 

Anguibactin, the siderophore produced by Vibrio anguillarum 775 is synthesized 

from 2,3-dihydroxybenzoic acid (DHBA), cysteine and hydroxyhistamine via a 

nonribosomal peptide synthetase (NRPS) mechanism. Most ofthe genes encoding 

anguibactin biosynthetic proteins are harbored by the pJMl plasmid. In this work we 

report the identification of a homologue of the plasmid-encoded angB on the 

chromosome of strain 77 5. The products of both genes harbor an isochorismate lyase 

(ICL) domain that converts isochorismic acid to 2,3-dihydro-2,3-dihydroxybenzoic acid, 

one of the steps ofDHBA synthesis. We show in this work that both ICL domains are 

functional in the production ofDHBA in V. anguillarum as well as in E. coli. 

Substitution by alanine of the aspartic acid residue in the active site of both ICL domains 

completely abolishes their isochorismate lyase activity in vivo. The two AngB proteins 

carry also an aryl carrier protein (ArCP) domain but in contrast with the ICL domain only 

the plasmid encoded ArCP can participate in anguibactin production as determined by 

complementation analysis and site-directed mutagenesis, S248A, in the active site. The 

site-directed mutants, D37A in the ICL domain and S248A in the ArCP domain of the 

plasmid encoded AngB were also tested in in vitro reactions clearly showing the 

importance of each residue for the domain function and that each domain operates 

independently. 
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3.1. Introduction 

Vibrio anguillarum is a marine bacterium responsible for both marine and 

freshwater fish epizootics throughout the world ( 4 ). Certain strains of V anguillarum 

possess the 65-kb virulence plasmid pJMl encoding an iron-scavenging system, which is 

essential for virulence in this bacterium (37, 39, 45, 183). This system includes a low

molecular-weight iron-binding compound, anguibactin, which once secreted, competes 

for bound iron within the host fish (6, 192). The iron-anguibactin complex is then 

internalized by a transport system that includes the FatA, -B, -C, and -D proteins and 

requires the TonB2 complex as the energy-transducing system (2, 5, 163). Anguibactin 

possesses both a catechol and a hydroxamate group and it has been characterized as w-N

hydroxy-w-N((2'-(2" ,3 "-dihydroxyphenyl)thiazolin-4'-yl)carboxy )histamine by crystal X

ray diffraction studies and chemical analysis (2, 77). Retrobiosynthesis and experimental 

data showed that anguibactin is synthesized from 2,3-dihydroxybenzoic acid (DHBA), 

cysteine, and hydroxyhistamine (7, 29, 170, 188). 

The genes encoding proteins involved in the biosynthesis and transport of 

anguibactin lie on a 25-kb contiguous region of the virulence plasmid (169). An 

additional gene cluster was identified in a non-contiguous region of pJM 1 and the 

products encoded by the genes in this cluster are homologues to enzymes involved in the 

biosynthesis and activation of DHBA ( 47). We have also reported the presence of this 

cluster in the pJM1-like plasmid pJHC-1 of strain 531A including the gene encoding the 

bifunctional AngB protein: its amino end conferring an isochorismate lyase activity 

required for the production of DHBA and its carboxyl end provides an aryl carrier protein 

functioning in anguibactin assembly (188). Furthermore, the carboxy-terminal end of 
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AngB can be synthesized from the 3' region of angB, as an independent polypeptide 

which, like the carboxy terminal portion of AngB, also functions as an aryl carrier protein 

involved in anguibactin assembly ( 188). This pJHC 1 plasmid-mediated angB gene is 

essential not only for anguibactin biosynthesis but also for the production of DHBA in 

the 531A strain since when this strain was cured of the pJMl-like plasmid pJHCl, 

resulting in strain S531A-1, it could no longer produce DHBA (188). Previous work in 

our laboratory had shown that the prototypic strain 775 when cured of the pJMl plasmid, 

generating plasmidless strain H775-3, still produced DHBA (29). Recently a partial 

sequence of an open reading frame (or./) with homology to the plasmid-encoded angB 

gene was identified in the chromosomal DNA of V anguillarum 775 (7). We report in 

this work the complete sequence of this chromosomal angB gene from strain 775 and an 

analysis of its activities as compared to the plasmid-encoded version. Our results also 

explain the phenotypic differences in DHBA production between the 531A and 775 

strains of V anguillarum. 
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3.2. Materials and methods 

3.2.1. Bacterial strains, plasmids and growth conditions. Bacterial strains and 

plasmids used in this study are described in Table 3.1. V anguillarum was cultured at 

25°C 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 TSAS supplemented with the appropriate antibiotics and passed to M9 

minimal medium (144) supplemented with 0.2% Casamino acids, 5% NaCl, the 

appropriate antibiotics and either ethylenediamine-di-(o-hydroxyphenyl acetic acid) 

(EDDA) for iron-limiting condition or ferric ammonium citrate for iron-rich conditions. 

Antibiotic concentrations used for V anguillarum were ampicillin (Ap) 500 to 800 

flg/ml, rifampicin (Rif) 100 flg/ml, spectinomycin (Sp) 100 flg/ml, chloramphenicol (Cm) 

10 to 15 flg/ml and kanamycin (Km) 100 to 200 flg/ml. 

E. coli strains were grown in Luria-Bertani (LB) medium in the presence of the 

appropriate antibiotics. Antibiotic concentrations used for E. coli were Ap 100 flg/ml, Sp 

100 flg/ml, Cm 30 flg/ml, Km 50 flg/ml and trimethropim (Tp) 10 f.tg/ml. 

3.2.2. General methods. Plasmid DNA preparations were performed using the alkaline 

lysis method (17). Sequence quality plasmid DNA was generated using Wizard® Plus 

SV Minipreps (Promega). Restriction endonuclease digestion of DNA was performed 

under the conditions recommended by the supplier (Invitrogen, Roche, NEB). 

Transformations in the E. coli strains HB101, XL1 Blue and BLR(DE3) and other 

cloning strategies were performed according to standard protocols (144). DNA 

sequencing reactions were carried by the OHSU-MMI Research Core Facility 

(http://www.ohsu.edu/core) using a model 377 Applied Biosystems Inc. automated 
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fluorescence sequencer. Sequencing primers were designed using Oligo 6.8® primer 

analysis software and purchased from the OHSU-MMI Research Core Facility 

(http://www.ohsu.edu/core) and Invitrogen. DNA and protein sequence analysis were 

carried out at the NCBI using the BLAST network service (8). The web server Tcoffee 

(http://igs-server.enrs-mrs.fr/TcotTee/tcoffee cgi/index.cgi) was used for multiple 

sequence alignment (129, 130). 

Plasmids were transferred from E. coli to V anguillarum by triparental 

conjugation as previously described ( 169). 

3.2.3. Construction of the complementing clone. The fragment containing the angB 

gene from the pJM1 plasmid was amplified by PCR and cloned into the pBR322 

derivative pTW99 as previously described for the angB gene of plasmid pJHC 1 ( 188). 

The generated construct, pAngBp, was sequenced to confirm that the angB gene 

sequence was not mutated during the PCR amplification or the cloning. A 1.1 kb 

fragment containing the chromosomal copy ofthe angB gene of strain 775 was amplified 

by PCR using the AngBc-C/alF (5'-CAATCGATTTTTATGCGTAGAC-3') and the 

AngBc-BamHIR (5'-AGTGGATCCGGTATACTCAAA-3') primers and pJM1 as a 

template. The forward and the reverse primer were modified to contain restriction 

endonuclease sites (underlined in the sequence) suitable for cloning downstream of the 

promoter of the tetracycline resistance gene of pBR322. Reactions consisted of 3 

minutes at 95°C followed by 30 cycles of 45 seconds at 94 °C, 1 minute at 55°C, and 2 

minutes at 72°C followed by a single cycle at 72°C for 10 minutes. The PCR product 

was cloned in the pCR®2.1-TOPO® vector using the TOPO T A PCR Cloning Kit 

(Invitrogen). The 1.1 kb Clal-BamHI fragment was subcloned into the Clal-BamHI sites 
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of pBR322 to generate the pAngBc plasmid carrying the angBc gene. After recloning in 

pBR322 the entire angBc gene was sequenced to verify that no mutation was generated in 

the gene during amplification or cloning. 

3.2.4. Site-directed mutagenesis. Site-directed mutants were generated using the 

Quickchange™ site-directed mutagenesis kit (Stratagene). Plasmids pAngBp and 

pAngBc as template and the primer pairs 037 A-U (5'

TCGGTTGTTCTAGTTCACGCTTTACAGGCTT ATTTTCTCA-3')/ 037 A-L (5'

TGAGAAAATAAGCCTGTAAAGCGTGAACTAGAACAACCGA-3') and D71A-U 

(5'-GCGGTACTGCTCATTCACGCTATGCAAAAGTACTTTATCA-3')/ D71A-L (5'

TGATAAAGTACTTTTGCATAGCGTGAATGAGCAGTACCGC-3') were used for the 

mutation in the ICL domain ofthe plasmid (pAngBpD37A) and chromosomal 

(pAngBcD71A) copy respectively. For the mutant in the ArCP of the plasmid copy 

primers S248A-U (5'-TGATTTTCCTTGGACTTGATGCGATACGCATAATGACACT-

3') and S248A-L (5'-AGTGTCATTATGCGTATCGCATCAAGTCCAAGGAAAATCA-

3') were used with plasmid pAngBp as template to generate pAngBpS248A. The whole 

procedure was performed according to the manufacturer recommendations, with 16 

cycles consisting of: 30 seconds at 95°C followed by 1 minute at 55°C and 12 minutes at 

68°C. For the amplification, Pfu polymerase was used and after the PCR, the mixture 

was treated with Dpnl to cleave the parental DNA. Then 1 f.tl of the mixture was 

transformed in the XL 1 Blue chemically competent cells provided with the 

Quickchange™ kit. Site-specific mutations were confirmed by DNA sequencing with the 

appropriate primers and the entire angB mutant genes were sequenced to verify that no 

other region was affected during mutagenesis. 
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3.2.5. Construction of V. anguillarum mutant strains by allelic-exchange. Mutants 

775(pJM1 ::Q) and 775(pJM1 ::K) were generated as previously described by Welch et al 

(188), employing the suicide vector pTW-MEV harboring either the angBp::Q or the 

angBp::K mutant 

To construct mutant 775angBc::Cm, the angBc gene was replaced with the 

chloramphenicol resistance cassette in the cosmid vector SuperCos harboring a 15 kb of 

insert containing the angBc gene (Cos #2) using the A.red system ( 41 ). Cos #2 was 

obtained as part of a cosmid library by Dr. Hiroaki Naka in the laboratory. The 

chloramphenicol acetyl transferase (cat) gene was amplified from plasmid pKD3 with 

primers angBc-Pl (5' -GGCTTTAAGGCATCACGAACGAGAAAAGCCTCTTTTAAC 

AGTGTAGGCTGGAGCTGCTTC-3') and angBc-P2 (5'-AACTGGTTGCTCTTCAGT 

AGAACGCGTGTCCGTT ACTTGACATA TGAAT A TCCTCCTT AG-3 ')that have 40 

bases of homology to the angBc sequence at their 5 '-end and 20 bases of homology with 

pKD3 at the 3' -end. The PCR product was transferred by electroporation in HB 101 cells 

harboring Cos #2 and pKD46. Cells were made electro-competent by washing the cells 

grown in the presence of arabinose (0.2%) four times with ice-cold sterile water at ooc. 

Transformants were plated on LB plates containing Cm at 37°C. At this temperature the 

pKD46 plasmid is lost and only cells containing Cos #2 where the angBc sequence is 

replaced with the cat gene are able to grow. Plasmid isolation and restriction digest was 

performed to assure no rearrangements occurred during the mutagenesis. The Not! 

fragment containing the entire insert from the cosmid was cloned in vector pTW-MEV 

using the Cm resistance cassette replacing the angBc gene as a selection in the 

transformation. The angBc null-mutant was obtained using the mutation-containing 
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suicide vector as described for the plasmid mutants. The same procedure was repeated 

for the 775(pJM1 ::Q) and 775(pJM1 ::K) strains to obtain the double mutants. 

3.2.6. Determination of DHBA and anguibactin production. DHBA was assayed by 

employing the Arnow reaction for catechols (9). In addition, a bioassay with Salmonella 

strains that require DHBA to synthesize enterobactin and grow was used to confirm the 

presence of this catechol (131 ). 

The siderophore anguibactin was detected by three methods. Chrome azurol S 

(CAS) plates were used to test production of iron-binding compounds by each strain 

(152). The results obtained on CAS plates were confirmed by a bioassay using strains 

CC9-16 and CC9-8 that detect specifically anguibactin synthesis, as previously described 

(169, 183). Furthermore, strains were tested for sensitivity to the iron-chelating 

compound EDDA via growth assay in liquid minimal medium. 

3.2. 7. AngBp protein expression and purification. The complete angBp gene was 

cloned in the expression vector pQE60 under the control of the T5 promoter 

(pQEAngBp ). Cloning into the Bglll site of pQE60 adds a C-terminal histidine tag and 

two extra amino acids to the overexpressed protein (GSHHHHHH). Site-directed 

mutants in the overexpression clone were generated using primer pairs 037 A-U/037 A-L 

(pQEAngBpD37A) and S248A-U/S248A-L (pQEAngBpS248A), the angBp gene cloned 

in pQE60 as template and the same procedure used for the mutants in the complementing 

clone. The AngBp proteins were purified from E. coli XL 1 Blue containing the 

expression vector. Cultures were grown in LB broth supplemented with Ap at 3 7°C to an 

006oo of 0.3 and then cooled to room temperature. Gene expression was induced with 

100 !-!M isopropyl-~-D-thiogalactopyranoside (IPTG) at 25°C for 4 h. The harvested 
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cells were resuspended in 25 mM Tris-HCl, pH 8.0, 300 mM NaCl and 2 mM MgCb, 

lysed by sonication and the lysate clarified by centrifugation. The supernatant was 

incubated with Qiagen Ni-NTA Superflow resin for 16 hat 4°C. Proteins were eluted 

with a step gradient of 5 column volumes of lysis buffer containing 25-200 mM 

imidazole in 25 mM increments. Fractions containing purified AngBp proteins (as 

determined by 12% SDS-PAGE analysis) were pooled and dialyzed against 20 mM Tris, 

pH 8.0, 50 mM NaCl, 2 mM MgCh, 1 mM DTT and 10% glycerol. Samples were 

concentrated using a Centricon YM-3 (Amicon) and quantified from absorbance at 280 

nm using the predicted molar extinction coefficient, E = 48,790 as determined using 

http:/ I au.expasy. org/too ls/protparam.html. 

3.2.8. Expression and purification of EntC, Sfp and VibE. The entC gene was 

amplified from E. coli HB101 genomic DNA using primers EntC-Ndel (5'

TGTGGAGGATCATATGGATA-3') and EntC-Xhol (5'-CTCGCTCGAGATGCAA 

TCCA-3 ') and cloned in the corresponding sites of the expression vector pET29b. The 

resulting plasmid pEntC expressed the EntC protein as a translational fusion of a C

terminal hexahistidine tag. The construct was transferred to strain BLR(DE3) for 

expression. For overproduction ofEntC a procedure as the one used for the AngBp 

proteins was followed with few modification. Cultures were grown in LB broth 

supplemented with kanamycin at 37°C to an OD600 of 0.5 prior induction with 500 [!M 

IPTG. Harvested cells were resuspended in 50 mM Tris-HCl, pH 8.0, 300 mM NaCl and 

20 mM ~-mercaptoethanol and then disrupted by sonication. 

The construct overexpressing the Sfp and the VibE proteins as translational 

fusions to C-terminal hexahistidine tags were received from the laboratory of Professor 
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Christopher T. Walsh (Harvard Medical School). VibE was expressed and purified as 

previously described (79). Sfp was expressed and purified following the same procedure 

of the AngBp proteins with minor modification. Strain BLR(DE3)pSfp was cultured in 

LB broth supplemented with kanamycin at 37°C to an OD600 of 0.6 prior to induction 

with 1 mM IPTG for 5 h at 25°C. 

3.2.9. Assay for isochorismate lyase activity. Isochorismate lyase activity of the ICL 

domain of the AngBp protein was determined by a coupled assay with L-lactate 

dehydrogenase, LDH (140, 154). In this assay the concentration of pyruvate in the 

reaction mixture was calculated from the decrease of absorbance at 340 nm due to NADH 

oxidation. Pyruvate and 2,3-dihydro-2,3-dihydroxybenzoic acid are formed from 

isochorismic acid in equimolar amounts in the reaction catalyzed by isochorismate lyases. 

Reaction mixtures contained 100 mM Tris-HCl, pH 7.5, 6 mM MgCh, 1.3 mM chorismic 

acid, 76 nM EntC, 80 nM AngBp (wild type and mutant proteins), 0.2 mM NADH and 7 

units of LDH. The reaction mixtures were incubated at 25°C for 40 minutes and the 

OD34o measured every 5 minutes. After 40 minutes, virtually all the NADH was oxidized 

in the reaction mixtures containing an active ICL domain. 

3.2.10. Analysis of covalent [14C] salicylation of the ArCP domain. Reaction 

mixtures contained 75 mM Tris-HCl, pH 7.5, 10 mM MgCh, 2 mM 

tris(carboxyethyl)phosphine (TCEP), 200 1-!M Coenzyme A, 1 1-!M Sfp (the 

phosphopantetheinyl transferase) and 10 1-!M AngBp (wild type and mutant proteins). 

After 1 h incubation at 25°C to obtain holo-AngB, 10 mM ATP, 100 1-!M [14C] salicylate 

and 1 1-!M VibE (adenylation enzyme) were added to the mixtures and the samples were 

incubated at 25°C for additional 60 minutes before precipitation with 10% trichloroacetic 
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acid (TCA) and 60 !!g of BSA. Pellet were washed twice with 10% TCA, redissolved in 

88% formic acid and submitted for liquid scintillation counting. The percentage of label 

protein was calculated from the cpm, the specific activity of [14C] salicylate and the 

moles of AngB protein present in the reaction (1 05). 

The accessory proteins Sfp and VibE used in this assay are not the proteins 

specific for the AngBp protein and the anguibactin system. It was previously shown that 

Sfp and VibE work to high efficiency in the phosphopantetheinylation of AngB and 

activation of the substrate to be loaded on AngB (105). Salicylate is not the actual 

substrate for VibE or AngB but it was shown to work in this system and the natural 

substrate DHBA is not available in radioactive-labeled form ( 1 05). 

3.2.11. Nucleotide sequences accession number. The GenBank accession numbers for 

the sequences were as follows: for angBp, A Y312585 for strain 775 and AF311973 for 

strain 531A; for entC, M36700. 

The sequences of the angBc genes of 775 and 531A strains were deposited with 

GenBank and assigned the accession numbers XXXXX and XXXXX (pending). The 

previously deposited sequence (A Y7381 06) contains several errors in the partial 

sequence of the 775 angBc gene. 
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3.3. Results 

3.3.1. Identification of a chromosomal angB gene in strain 775. Previous work in our 

laboratory had shown that strain 775 of V anguillarum, when cured of the pJMl plasmid 

(H775-3) still produced 2,3-dihydroxybenzoic acid, DHBA (29). In contrast, the 

plasmid-less strain derivative of 531A (S531A-1) could no longer produce DHBA (188). 

Furthermore, it was also shown that in the 531 A strain only one of the genes of the 

DHBA biosynthetic pathway, angB, encoded on the pJM1-like plasmid pJHC1, was 

required to complement strain S531A-1 (188). Recently a partial sequence of an open 

reading frame (orj) with homology to the plasmid-encoded angB gene was identified in 

the chromosomal DNA of V anguillarum 775 (7). Completion of the nucleotide 

sequence of the chromosomal gene revealed an orf of 1 03 8 bp that encodes a predicted 

protein with 64% identity and 78% similarity to the plasmid-encoded AngB (Fig. 3.1A). 

The chromosomally encoded AngB (AngBc) of 775 possesses the isochorismate lyase 

(ICL) and the aryl carrier protein (ArCP) domains that are also found in the plasmid

encoded AngB, AngBp (Fig. 3.1 B). ICL domains are involved in DHBA biosynthesis 

and catalyze the conversion of isochorismic acid to 2,3-dihydro 2,3-dihydroxybenzoic 

acid ( 61, 140). The ArCP domain is the domain required for tethering of activated 

DHBA and thus required for siderophore biosynthesis ( 61, 188). 

Sequencing of the same locus of V. anguillarum 531A showed that the same orfis 

present in this strain but a deletion of a base at the 5 '-end of the gene resulted in 

premature termination of translation. As shown in Figure 3.1 C, in 531 A the predicted 

product of the angBc gene is only 94 amino acids long. Welch et al (188) previously 

showed that in 531A the angBp gene is required for DHBA and anguibactin production, 
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thus the frame-shift generated by the base deletion in the chromosomal angB copy of 

531A resulted in the plasmid-encoded copy becoming essential for DHBA production. 

3.3.2. Mutational analysis of the angBp gene in strain 775. To test the functionality of 

the chromosomal-encoded angB we generated a mutant, 775(pJMl::O), consisting ofthe 

insertion of the n transcriptional-translational tem1inator (58) at the Bglii site in the 5 '

end of the angBp gene (Fig. 3.2A). This mutant was tested for its ability to produce 

DHBA by the Arnow test, specific for catechols, and the results were confirmed by 

bioassay using Salmonella strains enb-1 and enb-7 that require DHBA and/or 

enterobactin to grow in iron limiting conditions. Anguibactin production was determined 

by CAS agar and growth in iron limiting conditions. To confirm that the iron-binding 

compound detected on CAS agar is actually anguibactin, bioassays employing strains 

CC9-8(pJHC9-8) and CC9-16(pJHC9-16) as explained in the Materials and Methods 

section were performed. As shown in Figure 3.2A, strain 775(pJMl ::0) did not produce 

anguibactin but it was still able to produce DHBA. We then constructed a second mutant 

in the angBp gene of 775 that should affect only the ICL domain and not the ArCP 

domain. Mutant 775(pJM1 ::K) is a 4-bp insertion at the Bglll site in angB, generated by 

cleaving the Bglll site and filling in the ends with the Klenow fragment of DNA 

polymerase I prior tore-ligation. This mutant could still produce anguibactin as 

determined by CAS and bioassay without any DHBA exogenously added to the media 

since it was able to produce DHBA endogenously (Fig. 3.2A). In conclusion, the ICL 

domain of the chromosomally encoded AngB in 775 must be functional although not 

essential while the ArCP of AngBp is essential for anguibactin biosynthesis. 

Furthermore, the results obtained with mutant 775(pJM1 ::K) indicate that also in 775 the 
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plasmid-encoded ArCP domain can be translated and function independently of the ICL 

domain. 

3.3.3. Mutational analysis of the angBc gene and generation of a double angB 

mutant in strain 775. To confirm that the chromosomally encoded angB is only 

functional in DHBA production and that the AngBp protein possesses the only ArCP 

domain involved in anguibactin biosynthesis, we generated a mutation in the angBc gene 

by replacing almost the complete gene with a chloramphenicol resistance gene as 

explained in the Materials and Methods section. The angBc gene was replaced by the 

angBc::Cm construct in 775, 775(pJM1 ::Q) and 775(pJM1 ::K) at its chromosomal 

location in each strain and the resulting derivatives analyzed for DHBA and anguibactin 

production. Anguibactin was determined by CAS agar, bioassay and growth of the 

strains in minimal media supplemented with 2 f!M ethylenediamine-di-(a-hydroxyphenyl 

acetic acid), EDDA. The presence of DHBA in the supernatant was determined with the 

Arnow test and verified by a bioassay with Salmonella strains that require DHBA to 

synthesize enterobactin. Strain 775(pJM1 ::Q) although not able to synthesize 

anguibactin can still produce DHBA (Fig. 3.2). Strain 775angBc::Cm and strain 

775(pJM1 ::K) are not affected in DHBA and in anguibactin production, while both 

double mutants, 775angBc::Cm(pJM1 ::Q) and 775angBc::Cm(pJM1 ::K), are unable to 

produce either compound (Fig. 3.2B). As expected, addition of DHBA to the growth 

media restored siderophore production in strain 775angBc::Cm(pJMl::K), data not 

shown. Clearly both ICL domains function in the synthesis ofDHBA and they are the 

only two ICL domains present in strain 775. Therefore, the chromosomal and plasmid 

versions of the AngB protein can intervene in DHBA production, an essential precursor 
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of anguibactin. This product can then be incorporated in the siderophore only by the 

plasmid-encoded ArCP domain. 

3.3.4. Characterization of the AngB functions in vivo. Each angB gene from V 

anguillarum was cloned in vector pBR322 under the control of the tetracycline resistance 

gene promoter generating pAngBp and pAngBc, respectively. To analyze the 

functionality of both AngB domains, we mutated conserved residues in the ICL and 

ArCP domain by site-directed mutagenesis. In the ICL domain the residue to be mutated 

was chosen based on an alignment of this domain with several other ICL domains. In the 

isochorismate lyase PhzD from Pseudomonas aeruginosa, an aspartic acid residue in the 

active site is essential for 2,3-dihydro-3-hydroxyanthranilic acid production from 2-

amino-2-deoxyisochorismate (123). The PhzD protein possesses only an ICL domain 

and it is involved in the biosynthesis ofphenazine (123). The same aspartic acid and 

several surrounding residues are conserved in AngB as well as in the ICL domain of 

several enzymes involved in DHBA production (Fig. 3.3). This conserved aspartic acid 

residue was mutated to an alanine in the construct harboring either the angBp or the 

angBc gene generating the constructs pAngBp037A and pAngBcD71A, respectively. In 

the ArCP domain of AngBp, the residue mutated to an alanine was the conserved serine 

(S248) that has been shown for the AngBp protein of strain 531A to be essential for the 

attachment of the phosphopantetheinyl arm (188). Since we have shown that the ArCP 

domain of AngBc is not functional in anguibactin production, we did not mutate this 

domain, although it is worthy to notice that a conserved serine (S283) in the 

chromosomally encoded AngB corresponds to the serine residue 248 of AngBp and to the 

conserved serine residue of other ArCP domains (Fig. 3.3). 
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The wild type and mutant constructs were used to complement strain AN192 (an 

E. coli entB mutant) as well as the plasmid terminator mutant 775(pJM1 ::!2) and the 

double angB mutant of V anguillarum. 

The E. coli strain AN192 can be complemented for DHBA production by both 

wild type angB genes of V anguillarum (Fig. 3.4A). Strain AN192 complemented with 

pAngBp or pAngBc were demonstrated to produce enterobactin as determined by growth 

in iron-limiting conditions and by bioassay with the Salmonella strains (Fig. 3.4A). 

Enterobactin production in strain AN192 does not require the ArCP domain of AngB 

since the mutation in entB in this strain affects the functionality of the ICL domain of 

EntB but not the ArCP domain (156). The ICL D to A mutants in either of the pAngBp 

or pAngBc constructs were not able to complement strain AN192, clearly showing that 

the aspartic acid residue is indeed essential for the activity of the ICL domain of both 

proteins (Fig. 3.4A). 

Complementation of both V anguillarum mutants with pAngBp restores 

anguibactin production while strains containing pAngBc still cannot produce the 

siderophore; nevertheless both constructs in the double mutant restored DHBA 

production (Fig. 3.4B). As it was the case in E. coli, the ICL mutant constructs could not 

complement the double V anguillarum mutant for DHBA (Fig. 3.4B). Furthermore, the 

ArCP mutant in AngBp (pAngBpS248A) could not complement strain 775(pJM1 ::Q) for 

anguibactin production although it was able to restore DHBA production in strain 

775angBc::Cm(pJM1 ::!2) (Fig. 3.4B and data not shown). These results further confirm 

that the ArCP domain of AngBp is the only one that can tether DHBA to be utilized in 

107 



anguibactin production while either version of the ICL domain can intervene in DHBA 

production. 

3.3.5. ICL and ArCP domain activities in vitro. To assess the functionality in vitro of 

the AngBp domains, we overexpressed the wild type and the mutant proteins as C

terminal His-tagged proteins in E. coli as described in the Material and Methods section. 

To determine ICL activity, we used an L-lactate dehydrogenase-coupled assay in 

which pyruvate concentration in the reaction mixture was calculated from the amount of 

NADH oxidized, measured by the decrease of absorbance at 340 nm (140, 154). In the 

reaction that converts isochorismate to 2,3-dihydro-2,3-dihydroxybenzoic acid catalyzed 

by ICL domains, pyruvate is produced in equimolar amounts with 2,3-dihydro-2,3-

dihydroxybenzoic acid (Fig. 3.5A). As shown in Figure 3.5B, NADH was completely 

oxidized to NAD+ in the reaction containing wild type AngBp or the ArCP mutant 

protein. On the contrary the ICL mutant protein behaved as the no-ICL sample in the 

oxidation ofNADH confirming the results obtained in vivo for this mutant protein (Fig. 

3.5B). 

Functionality ofthe ArCP domain was determined by in vitro salicylation with 

14C labeled salicylate of the purified proteins (105). Although the wild type AngB 

protein purified from E. coli is obtained partially in its holo form, i.e., with the 

phosphopantetheine arm already tethered to the ArCP domain (data not shown), holo

ArCP was formed in vitro prior of the salicylation reaction by incubation with the 

phosphopantetheinyl transferase of Bacillus subtilis, Sfp (135) and coenzyme A (CoA). 

Figure 3.6 shows that the wild type AngBp protein as well as the ICL mutant can be 

salicylated in vitro to similar extent while the percentage of the ArCP S248A mutant 
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labeled with C4CJ salicylate is similar to that of the sample in which no adenylation 

domain (VibE) was added. These results are in agreement with the results obtained for 

the AngB-S248A mutant in anguibactin production in vivo. 
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3.4. Discussion 

The iron uptake system mediated by the plasmid pJM1 is composed of a small 

molecular weight compound, the 348-Da siderophore anguibactin that is synthesized 

from DHBA, cysteine and hydroxyhistamine, and a membrane receptor complex specific 

for ferric-anguibactin. This system is an important virulence factor for the fish pathogen 

V anguillarum ( 192). 

The sequence of the pJM1 plasmid of strain 775 revealed a gene cluster (orj39 to 

43) that encodes products that share homology with proteins involved in synthesis and 

activation ofDHBA (47). A similar cluster was identified on the pJM1-like plasmid 

pJHCl of strain 531A and it was shown that the angB gene (orf41) in this cluster is 

essential for DHBA and anguibactin production in this strain (188). One interesting 

difference between the two V anguillarum strains 77 5 and 5 31 A can be assessed by 

studying their plasmidless derivatives. H775-3, the 775 derivative, is proficient in 

DHBA production while S531 A-1, the 531 A derivative, is not. Therefore, an additional 

copy of the angB gene must be present on the chromosome of strain 775. We identified 

an orf with homology to the plasmid-encoded angB gene in the chromosomal DNA of V 

anguillarum 775. Sequencing ofthis or/revealed that it encoded a protein 78% similar 

and 64% identical to the plasmid-encoded AngB, although 57 amino acids longer. The 

predicted amino acid sequence of the chromosomal copy includes the ICL and ArCP 

domains as it is the case for the plasmid copy. Surprisingly, the same sequence was 

found on the 5 31 A chromosomal DNA but deletion of a base at the 5' -end resulted in a 

non-functional truncated protein as the truncation occurs in the ICL domain before the 

conserved residues of the active site. 
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Furthermore, in this work we also characterized the two angB gene copies of 775 

and assessed by a combination of knock-out and site-directed mutation and determined 

that the ArCP domain of the plasmid-encoded copy is essential for anguibactin 

biosynthesis, while the ICL domain of either the chromosomal copy or the plasmid copy 

can be used in DHBA production. The two ICL domains can also complement an E. coli 

entB mutant for DHBA production. 

Site-directed mutagenesis of the ICL domain of the two AngB proteins of 775 

confirmed that the active site of this domain corresponds to the active site of PhzD an 

isochorismate lyase that is not an enzyme of the DHBA biosynthetic pathway and is not 

associated with an ArCP domain ( 123 ). In vitro experiments with the purified plasmid

encoded AngB protein demonstrated that the site-directed mutant in the ICL domain was 

affected in the isochorismate lyase activity but its ArCP domain could still be loaded with 

C4CJ-salicylate as is the case for the wild type protein. The same was true for the ArCP 

domain mutant (S248A), whose ability to convert isochorismate to 2,3-dihydro

dihydroxybenzoic acid was not altered while the loading of [14C]-salicylate was 

completely abolished. Thus the in vitro results confirmed those obtained in vivo in V 

anguillarum and E. coli. Furthermore, the in vitro experiments with the site-directed 

mutants (D37 A and S248A) clearly showed the importance of each residue for the 

domain function and that each domain operates independently. 

The identification of a chromosomal-encoded copy of the angB gene leads us to 

speculate the evolution of the iron-uptake systems of V anguillarum species. The 

chromosomal-encoded gene lies within a cluster of other genes dedicated to DHBA 

biosynthesis and activation (7). Therefore, it is possible that the genes in this cluster 
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were part of a chromosomal encoded iron uptake system that became not essential once 

the plasmid-encoded cluster was acquired. Serotype 01 strains without a pJM1-like 

plasmid and serotype 02 strains of V anguillarum, produce a chromosomal-encoded 

siderophore that contains DHBA (94). The fact that an apparently functional ArCP 

domain, the chromosomally encoded one, is not able to participate in anguibactin 

production may also suggest a system specificity of the NRPS domains in which 

interaction occurs only amongst the proteins of the same system. A recent publication 

points to the involvement of short N-terminal and C-terminal sequences in protein

protein interactions in the NRPS family (70). Taking in account these recent findings in 

other systems and the fact that the chromosomal encoded AngB presents amino acid 

extensions at both ends of the protein when compared with the other homologues 

including the V anguillarum plasmid copy, the lack of functionality of the AngBc ArCP 

domain in siderophore production could be explained by an impairment of this protein to 

interact with the other proteins of the anguibactin system, AngE, AngM, AngN and AngR 

(7, 45, 47, 190). The system specificity ofthe anguibactin pathway may not apply to 

DHBA biosynthesis since the ICL domain activity seems to be independent of the other 

enzymes and strain background. 
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Table 3.1. Strains and plasmids used in this study. 

Strain and plasmids 

Vib rio anguillarum 

775(pJMI) 

531 A(pJHC I) 

775(pJM I ::Q) 

775(pJMI :: K) 

775angBc::Cm 

775angBc :Cm(pJM I ::Q) 

775angBc :Cm(pJMI::K) 

CC9-16(pJHC9-16) 

CC9-8(pJHC9-8) 

Escherichia coli 

XLI Blue 

HBIOI 

BLR(DE3) 

ANI92 

Salmonella typhimurium 

enb-1 

enb-7 

Plasm ids 

pJMI 

pJHCI 

pJHC9-16 

pJIIC9-8 

pRK2073 

pCR "2. 1-TOPO " 

SuperCos I 

pTW-MEV 

pTW99 

pBR322 

pKD46 

pKDJ 

pQE60 

pET29b 

Cos #2 

pAngBp 

pCR-angBc 

pAngBc 

pAngBpD37A 

pAngBcD71A 

pAngBpS248A 

pQEAngBp 

pQEAngBpD3 7 A 

pQEAngBpS248A 

pEntC 

pVibE 

pSfp 

Relevant characteristics 

Wild type; Pacific Ocean prototype 

Wild type; Atlantic Ocean prototype 

775 carrying pJMI with Q transcription-translation terminator at the Bgfll site in angB 

775 carrying pJMI with a Klenow modification at the Bgfll site in angB 

775 with the angBc gene replaced by the chloramphenicol resistance cassette gene 

775 with the angBc gene replaced by the chloramphenicol resistance cassette gene, 

carrying pJM I with Q transcription-translation terminator at the Bglll site in angB 

775 with the angBc gene replaced by the chloramphenicol resistance cassette gene, 

carrying pJM I with a Klenow modification at the Bglll site in angB 

Anguibactin-deficient, iron transport-proficient 

Angu ibactin-deficient, iron transport-deticient 

recA I . endAI,gyrA.J6. thi. hsdR/7. supE.J.J. rel..l. lac F' [proAB -. lac!'. lacZt1!1JI5 

TniO(tet')] 
supE.J.J hsd20 (r- 11 m-'~ recA 13 ara-I.J proA2 lacY I ga1K2 1psL20 xyl-5 mtl-1 

F ompT hsdS11 (r- 11 m- 1~ gal dcmt1(srl-recA)306:.TniO(tetll) (DE3) 

proC I.J leu-6 11pEJ8 thi-1 jhuA23 lac Y I mtl-1 xyl-5 !psL/09 azi-6 tsx-6 7 entB.J02 

L T2 derivative, enterobactin·. Sm' 

L T2 derivative, enterobactin-, DHBA. Sm' 

Indigenous plasmid in strain 775 

Indigenous plasmid in strain 531 A 

pJM I derivative carrying TAF and transport genes, 

pJM I derivative carrying only the TAF region 

Helper plasmid for conjugation, Tp', Tra ' 

Cloning vector, Ap', Km' 

Cosmid vector, Ap' 

Suicide vector, R6K ori, sac B. Ap' 

pBR322 with kanamycin resistance gene from pUC4K cloned in Sail site 

Cloning vector, Tc ', Ap' 

pSC I 0 I or iTS, Parall y {3 exo, Ap' 

R6K ori, Cm', Ap' 

T5 phage promoter expression vector, Ap' 

T7 phage promoter expression vector, Km' 

SuperCos I harboring a 15 kb fragment from 775 genomic DNA 

angBp gene of plasmid pJM I cloned by PCR in pTW99 

1.1 kb PCR fragment from 775 genomic DNA containing the angBc gene cloned in 

pC R "2. 1-TO PO" 
Clai-BamHl fragment from pCR-angBc cloned in pBR322 

pAngBp with mutation D37A in lCL domain 

pAng Be with mutation D71 A in ICL domain 

pAngBp with mutation S248A in ArCP domain 

angBp cloned as a Ncol-Bglll fragment in pQE60 

pQEAngBp with mutation D37A in ICL domain 

pQEAngBp with mutation S248A Ill ArCP domain 

entC cloned in pET29b 

vib£ cloned in pET29b 

sfp cloned in pET29b 
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Source or 
reference 

(39) 

( 175) 

This study 

This study 

This study 

This study 

This study 

( 183) 

( 183) 

Stratagene 

(21) 

Novagen 

( 156) 

( 131) 

( 131) 

(39) 

(175) 

( 169. 183) 

( 169, 183) 

(56) 

Invitrogen 

Stratagene 

( 188) 

( 188) 

(19) 

(41) 

(41) 

Qiagen 

Novagen 

H. Naka 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

(80) 

CT. Walsh 



Figure 3.1. Chromosomal and plasmid-encoded AngB proteins and their domain 

organization. Panel A. Amino acid sequence alignment of the AngBc and AngBp 

proteins from 775. The plusses show conserved amino acid substitutions, while the 

identical residues are shown between the two protein sequences. Panel B. The ICL and 

ArCP domain organization common to the two AngB proteins of V anguillarum 775 and 

their function in DHBA and anguibactin production, respectively, are shown. Panel C. 

Schematic representation of the predicted chromosomal angB products from V 

anguillarum 775 and 53 I A. The 531A AngB possesses only a truncated ICL domain. 
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Figure 3.2. DHBA and anguibactin production of mutants of the V. anguillarum 

angB genes. Panel A. The angBp mutants with their DHBA and anguibactin production 

phenotypes are shown and compared to the wild type strain. Presence of DHBA in the 

supernatant of cultures grown in iron-limiting conditions was analyzed by using the 

Arnow reaction and confirmed by bioassays with Salmonella strain enb-1 and enb-7. 

Anguibactin production by the different strains was detected by CAS agar, bioassays and 

growth in iron limiting conditions. The results obtained on CAS agar plates are shown 

where a lighter halo around the colony indicates production of an iron-binding compound 

by the bacterial cells. Panel B. The angBp, angBc and the double mutants with their 

phenotype in DHBA and anguibactin production are shown and compared to the wild 

type strain. DHBA and anguibactin production was analyzed by the same methods in 

Panel A. Anguibactin production is shown as the ability of each strain to grow in iron

limiting conditions achieved by supplementing minimal media with 21-1M EDDA. 
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Figure 3.3. Multiple sequence alignment of isochorismate lyase enzymes. All the 

proteins in this alignment except PhzD participate in DHBA biosynthesis as well as in 

siderophore biosynthesis. PhzD possesses only the ICL domain and it is involved in the 

biosynthesis of phenazine. The identical residues are shown shaded in darker grey while 

the conserved amino acids are shaded in lighter grey. The two conserved residues in the 

ICL and ArCP domains that were mutated to an alanine in the AngB proteins are boxed 

and indicated with an asterisk. 
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Figure 3.4. Complementation of the entB mutant of E. coli and the angB mutants of 

V. anguillarum 775. Panel A. Complementation of the E. coli entB mutant AN92 with 

the wild type and mutant constructs of the two angB genes of V anguillarum. The ability 

to produce DHBA and enterobactin of each strain is measured as the ability to grow in 

iron-limiting conditions and by bioassay with the Salmonella strains enbl and enb7. 

Panel B. The phenotypes in DHBA and anguibactin production of the complemented 

angB mutants are shown and compared to the wild type strain. DHBA production was 

measured by the Arnow test on supernatant of cultures grown in iron-limiting conditions. 

Growth in iron-limiting conditions (minimal media supplemented with 211M EDDA) is 

used to determine the ability of each strain to produce anguibactin. 
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Figure 3.5. In vitro ICL reaction with purified wild type and mutant AngBp 

proteins. Panel A. Scheme ofthe in vitro ICL reaction. Isochorismic acid, the substrate 

for AngB is obtained from chorismic acid by addition of purified EntC protein. 

Production of pyruvate from isochorismic acid is measured as the oxidation ofNADH by 

L-lactate dehydrogenase in the reaction mix. Panel B. Production of pyruvate expressed 

as nanomoles is plotted over time for each AngB protein. Each point is calculated as the 

mean of three independent experiments in which the same amount of proteins and 

substrate were used. The error bars indicate the standard error of the mean (SEM) of the 

results from replicate samples. 
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Figure 3.6. In vitro salicylation reaction with purified wild type and mutant AngBp 

proteins. The percentage of ArCP domain labeled with [14C]-salicylate is shown with 

each bar calculated from the mean of three independent experiments in which the same 

amount of proteins and substrate where used. As controls each AngB protein was 

incubated without the adenylating enzyme VibE. The means for the wild type and the 

D3 7 A mutant AngBp proteins are not significantly different when compared by the t test 

at P :S 0.05 (P = 0.45). The error bars indicate the standard error of the mean of the 

results from replicate samples. wt, wild type AngBp; D3 7 A, D3 7 A mutant of AngBp; 

S248A, S248A mutant of AngBp. 
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4.0. Abstract 

Anguibactin, a siderophore produced by Vibrio anguillarum, is synthesized via a 

nonribosomal peptide synthetase (NRPS) mechanism. We have identified a gene from 

the V anguillarum plasmid pJMl that encodes a 78-kDa NRPS protein termed AngM, 

which is essential in the biosynthesis of anguibactin. The predicted AngM amino acid 

sequence shows regions of homology to the consensus sequence for the peptidyl carrier 

protein (PCP) and the condensation (C) domains ofNRPSs, and curiously, these two 

domains are not associated with an adenylation (A) domain. Substitution by alanine of 

the serine 215 in the PCP domain and of histidine 406 in the C domain of AngM results 

in an anguibactin-deficient phenotype, underscoring the importance of these two domains 

in the function of this protein. The mutations in angM that affected anguibactin 

production also resulted in a dramatic attenuation of the virulence of V anguillarum 775, 

highlighting the importance of this gene in the establishment of a septicemic infection in 

the vertebrate host. Transcription of the angM gene is initiated at an upstream 

transposase gene promoter that is repressed by the Fur protein in the presence of iron. 

Analysis of the sequence at this promoter showed that it overlaps the iron transport

biosynthesis promoter and operates in the opposite direction. 
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4.1. Introduction 

Iron is an essential element for nearly all microorganisms, and bacteria have 

evolved systems, such as siderophores, to scavenge ferric iron from the environment and 

in particular from the iron-binding proteins of their hosts (23, 24, 136). Siderophores are 

low-molecular-weight iron chelators (36, 67, 136), and the systems include the 

biosynthetic machinery to assemble the siderophores and the specific membrane 

receptors and transport protein complexes that recognize the ferric siderophore (23, 54). 

These systems are tightly regulated in their expression by the concentration of free iron in 

the environment. Thus, once synthesized under conditions of iron limitation, secreted 

siderophores act as extracellular solubilizing agents for organic compounds or minerals. 

Vibrio anguillarum is the causative agent of vibriosis ( 4 ), a terminal hemorrhagic 

septicemia in salmonid fishes, and many isolates of this bacterium possess a plasmid

mediated iron uptake system that has been shown to be essential for virulence (37, 192). 

Our laboratory has recently reported the complete sequence of the 65-kb virulence 

plasmid pJMl of V anguillarum strain 775 (37). This plasmid harbors most of the genes 

encoding the proteins for the biosynthesis of the 348-Da siderophore anguibactin as well 

as those involved in recognition of the ferric-anguibactin complex and transport of iron 

into the cell cytosol (3, 6, 47, 169). Anguibactin belongs to a unique structural class of 

siderophores that possess both a catechol and a hydroxamate group, and it has been 

characterized as a w-N-hydroxy-co-N((2' -[2",3"- dihydroxyphenyl]thiazolin-4'

yl)carboxy ]histamine by crystal X-ray diffraction studies and chemical analysis (2, 77). 

We predict that anguibactin is synthesized from 2,3- dihydroxybenzoic acid, cysteine, 

and histamine. Indeed, recent investigations demonstrated that both 2,3-
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dihydroxybenzoic acid and histamine are required for the biosynthesis of this siderophore 

(29, 170, 188). 

Proteins belonging to the nonribosomal peptide synthetase (NRPS) family are a 

hallmark in the biosynthesis of peptide siderophores ( 40, 52, 106, 11 0). NRPSs 

synthesize peptide siderophores or antibiotics in the absence of an RNA template via a 

multistep process (83, 115, 177). Diverse peptide structures are derived from a limited 

number of catalytic domains ofNRPSs. Sets of catalytic domains constitute a functional 

module containing the information needed to complete an elongation step in peptide 

biosynthesis. Each module combines the catalytic functions for activation by A TP 

hydrolysis of a substrate amino acid, for transfer of the corresponding adeny late to the 

enzyme-bound 4' -phosphopantetheinyl cofactor, and for peptide bond formation. A 

classic module thus consists of an adenylation (A) domain, a peptidyl carrier protein 

(PCP) domain, and a condensation (C) domain, with additional domains that could lead 

to modification of the substrates if required in the synthesis of the peptide (1 03, 159, 

178). In V anguillarum, we have already characterized two of the anguibactin 

biosynthetic proteins, AngR and AngB, as NRPSs ( 188, 190). 

A mutant was isolated from a transposon insertion collection that did not produce 

anguibactin. In this work, we characterized the mutated gene, designated angM, 

revealing that it encodes a novel NRPS that harbors only PCP and C domains. 

Mutagenesis and complementation studies demonstrated that AngM is essential for the 

biosynthesis of anguibactin and for the virulence of V anguillarum in the fish host. 
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4.2. Materials and methods 

4.2.1. Bacterial strains, plasmids, and growth conditions. The bacterial strains and 

plasmids used in this study are described in Table 4.1. V anguillarum was cultured at 

25°C 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 TSAS supplemented with the appropriate antibiotics and passaged to 

M9 minimal medium (144) supplemented with 0.2% Casamino Acids, 5% NaCl, 

appropriate antibiotics, and either various concentrations of ethylenediamine-di-( o

hydroxyphenyl acetic acid) (EDDA) for iron-limiting condition or 2 1-!g of ferric 

ammonium citrate per ml for iron-rich conditions. The antibiotic concentrations used for 

V anguillarum were ampicillin at 1 mg/ml, tetracycline at 5 ~-tg/ml, rifampin at 1 00 

~-tg/ml, chloramphenicol at 1 0 to 15 ~-tg/ml, and gentamycin at 1 0 ~-tg/ml. 

Escherichia coli strains were grown in Luria-Bertani (LB) medium in the 

presence of the appropriate antibiotics. The antibiotic concentrations used for E. coli 

were ampicillin at 100 ~-tg/ml, tetracycline at 10 ~-tg/ml, chloramphenicol at 30 ~-tg/ml, 

gentamycin at 1 0 ~-tg/ml, and trimethropim at 1 0 ~-tglml. 

4.2.2. General methods. Plasmid DNA was prepared with the alkaline lysis method 

( 17). Sequence-quality plasmid DNA was generated with the Qiaprep Spin miniprep kit 

(Qiagen) and Wizard Plus SV minipreps (Promega). Restriction endonuclease digestion 

of DNA was performed under the conditions recommended by the supplier (Invitrogen, 

Roche, and New England Biolabs). Transformations in E. coli strains HB101 and XLI 

Blue and other cloning strategies were performed according to standard protocols (144). 

DNA sequencing reactions were carried by the OHSU-MMI Research Core Facility 
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(http://\\\vw.ohsu.edu/core) with an Applied Biosystems Inc. model 377 automated 

fluorescence sequencer. Manual sequencing was performed by the dideoxy chain 

termination method with the Sequenase version 2.0 DNA sequencing kit (U.S. 

Biochemicals) with appropriate primers. Sequencing primers were designed with Oligo 

6.8 primer analysis software and purchased from the OHSU-MMI Research Core Facility 

(http://www.ohsu.edu/core) and Invitrogen. DNA and protein sequence analyses were 

carried out at the NCBI with the BLAST network service and also with 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. 

4.2.3. Construction of the complementing clone. A 2.5-kb fragment containing the 

angMgene was amplified by PCR with the AngM-F (5'-TAACGGAGTGGAAATCT 

GAGTC-3') and AngM-NheiR (5'-GACTCAATGCCACATGCAACT GTAC-3') 

primers and pJMl as a template. Reactions consisted of 4 min at 94°C, followed by 30 

cycles of 30 sat 94°C, 30 sat 60°C, and 3 min at 72°C, followed by a single cycle at 

72°C for 7 min. The PCRproduct was cloned in the pCR-Bluntii-TOPO vector with the 

Zero Blunt TOPO PCR cloning kit (Invitrogen), resulting in plasmid pMDL4. A EstEll 

(blunt)-Nhei fragment from pMDL4 was subcloned into the Clal (blunt) and Nhei sites of 

pBR325-M200 to generate plasmid pMDL21 carrying the angM gene. After recloning in 

pBR325-M200, the entire angM gene was sequenced to verify that no mutation was 

generated in the angM gene during amplification or cloning. The pBR325-M200 cloning 

vector was derived from pBR325 by digestion with Psti, blunting of the ends with T4 

DNA polymerase (Gibco ), and religation, resulting in inactivation of the ampicillin 
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resistance gene. 

4.2.4. Site-directed mutagenesis. Plasmids pMDL4-S215A and pMDL4-H406A were 

generated with the Quickchange site-directed mutagenesis kit (Stratagene). The template 

used in this experiment was pMDL4, which contains the angM gene. Primers S215A-F 

(5'-GATTCTTGTTGCTAATAACGCGTGACCACCCATTTC-3') and S215A-R (5'

GAAATGGGTGGTCACGCGTTATTAGCAACAA GAATC-3') were used for the 

mutation in the PCP domain, and primers H406A-F (5'-AGTTTTATCTTTCCTAATCC 

ATGCAATGA TTATTGATGAATG-3') and H406A-R (5' -CATTCATCAATAA TCAT 

GCATGGATTAGGAAAGATAAAACT-3') were used for the mutation in the C 

domain. The whole procedure was performed according to the manufacturer's 

recommendations, with 16 cycles that consisted of 30 sat 95°C, followed by 1 min at 

55°C and 12 min at 68°C. For the amplification, Pfu polymerase was used, and after the 

PCR, the mixture was treated with Dpnl to cleave the parental DNA. Then 1 I of the 

mixture was transformed into the XL 1 Blue chemically competent cells provided with the 

Quickchange kit. Site-specific mutations were confirmed by DNA sequencing with the 

appropriate primers. Once mutated, a EstEll (blunt)-Nhel fragment from each derivative 

was subcloned into the Clal (blunt) and Nhei sites of pBR325-M200 to generate plasmids 

carrying angM derivatives with mutations in the PCP and C domain listed in Table 4.1. 

After recloning in pBR325-M200, the entire angM mutant genes were sequenced to 

verify that no other region of angM was affected during mutagenesis or cloning. 

4.2.5. Construction of promoter fusions in pKK232-8. The 1. 9-kb EcoRI fragment 

from pJMl harboring the transposase (tnpAJ) gene of the ISV-A1 sequence and the 

beginning of the angM gene was cloned in the EcoRI site of pBluescript SK, generating 
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plasmid pECO 13. Plasmid pECO 13 was used to generate nested deletions, and the full

length EcoRI fragment as well as each deletion were subcloned from pEC013 and 

derivatives by BamHI-Hindiii digestion and ligation in the corresponding sites in 

pKK232-8. Each construct in pKK232-8 was sequenced to verify the sequence of the 

insertion. 

4.2.6. Construction of V. anguillarum strains by conjugation and allelic exchange. 

Plasmids were transferred from E. coli to V anguillarum by triparental conjugation as 

previously described ( 169). 

To generate strain 775(pJMl ::63), plasmid pJHC-T7::63 was transferred to V 

anguillarum 775 by conjugation. In a second conjugation, plasmid pPHIJI, whose origin 

of replication is incompatible with the replicon ofpJHC-T7::63, was transferred to the 

strain obtained from the first conjugation. By plating in the presence of gentamycin (the 

resistance marker of pPHIJI) and ampicillin (the resistance gene harbored by 

TnJ::HoHo1), it was possible to select cells in which the angM gene with the 

TnJ::HoHol insertion had replaced the wild-type gene on plasmid pJMl. The loss of 

pJHC-T7 was confirmed by Southern blot hybridization with the p VK 102 vector 

sequence for probing (data not shown). 

4.2.7. Growth in iron-limiting conditions and detection ofanguibactin. For mutant 

and wild-type strains, we determined the MIC of EDDA with liquid cultures at increasing 

concentrations of EDDA (1, 2, 5, and 10 ~-tM) in M9 minimal medium at 25°C. From 

these analyses, we chose a concentration of 2 ~-tM EDDA to assay for the ability of all the 

strains to grow in iron-limited conditions. 

The siderophore anguibactin was detected by the chrome azurol S (CAS) assay 
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and by bioassays with strains CC9-16 and CC9-8 as previously described (188, 190). 

4.2.8. Fish infectivity assays. Virulence tests were carried out on juvenile rainbow trout 

(Oncorhynchus mykiss) weighing ca. 2.5 to 3 g which were anesthetized with tricaine 

methane sulfonate (0.1 g/liter). A total of 50 anesthetized fish were inoculated 

intraperitoneally with 0.05 ml of each bacterial dilution, i.e., 50 fish per bacterial dilution. 

The dilutions were prepared with saline solution from 16-h cultures grown at 25°C in 

TSBS containing antibiotics for selection of the plasmids harbored by the strains. The 

dilutions were prepared to test a range of cell concentrations from 1 02 to 1 08 cells/ml per 

strain. Therefore, 350 fish were tested per strain. After bacterial challenge, test fish were 

maintained in fresh water at 13°C for 1 month, and mortality was checked daily. 

Virulence was quantified as the 50% lethal dose (LD50) (mean lethal dose; the number of 

microorganisms that will kill 50% of the animals tested) as determined by the method of 

Reed and Muench (138). 

4.2.9. CAT assay. V anguillarum strains were cultured into either minimal medium 

supplemented with 0.5 !lM EDDA (iron-limiting conditions) or minimal medium 

supplemented with 2 !lg of ferric ammonium citrate (iron-rich conditions) per ml with the 

appropriate antibiotics and grown to an optical density of 0.3 to 0.5 at 600 run (OD600). A 

commercial chloramphenicol acetyltransferase (CAT) enzyme-linked immunosorbent 

assay kit (Roche) was used, and 1-ml samples of total proteins were prepared from each 

culture following the supplier's instructions. All samples were normalized for total 

protein levels prior to assay. All assays were repeated at least three times. 

4.2.10. RNA isolation. A 1:100 inoculum from an overnight culture was grown in 

minimal medium with appropriate antibiotics. Cultures were grown with 2 !lg of ferric 
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ammonium citrate (iron-rich) per ml or with EDDA (iron-limiting) added to achieve 

similar levels of iron-limiting stress for each strain tested (see the figure legends). Total 

RNA was prepared when the culture reached an OD600 of0.3 to 0.5 with the RNAwiz 

(Ambion) isolation kit, following the manufacturer's recommendation. 

4.2.11. Primer extension. The primer extension experiment was carried out with the 

synthetic primer PEX -tnp ( 5 '-CA TCT A TGGCTGAA TCA TCT A TCC-3 '), which is 

complementary to the 5 -end region of the tnpA 1 gene. The primer was end labeled with 

T4 polynucleotide kinase (Life Technologies, Inc.) in the presence of [y_3 2P]ATP and 

annealed to V anguillarum 775 total RNA (50 f.!g). Reverse transcription from the 

primer with avian myeloblastosis virus reverse transcriptase (Promega) and 

electrophoresis on a urea-polyacrylamide (6%) gel were carried out as previously 

described (26). Manual sequencing was performed by the dideoxy chain termination 

method with the Sequenase version 2.0 DNA sequencing kit (U.S. Biochemicals), 

plasmid pSC25 as the template, and primer Seq 1762 (5' -GTGTACTATTGGTGCGAGC-

3'). 

4.2.12. RNase protection assays. Labeled riboprobes were generated by in vitro 

transcription of 1 f.!g of the linearized DNA with T7 or T3 RNA polymerase (Maxiscript 

by Ambion) in the presence of [a-32P]UTP with pMN5 (linearized withXhal) as a 

template for angM and QSH6 (linearized with Rsal) as a template for aroC. The probes 

were gel purified on a 6% polyacrylamide gel. For each probe, the amount corresponding 

to 4 x 105 cpm was mixed with each RNA sample (20 f.!g). RNase protection assays were 

performed with the RP A III (Ambion) kit following the supplier's instructions. The aroC 

riboprobe was used in each reaction as an internal control for the amount and quality of 
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RNA. 

137 



4.3. Results 

4.3.1. Sequencing and analysis of a transposon insertion in the angM gene. A 

collection of biosynthetic and transport mutants were generated by insertional 

mutagenesis with transposon Tn3::HoHo1 in the recombinant clone pJHC-T7 (169), 

which contains a stretch of DNA from plasmid pJM1 with iron uptake genes involved in 

anguibactin biosynthesis and transport. We sequenced one of these transposon mutants, 

pJHC-T7::63, that is deficient in anguibactin production and found that the site of 

Tn3::HoHo1 insertion is_ within the 2,145-bp open reading frame (ORF) that we named 

angM. The insertion occurred 4 3 8 bp from the 3 '-end of angM, which is predicted to 

encode a polypeptide of 715 amino acid residues, with a calculated molecular mass of 

about 78 kDa (GenBank accession number AAA81775) (47). 

Homology searches of the DNA and the protein databases with the BLAST search 

engine (8) produced significant matches with other polypeptides involved in the 

biosynthesis of siderophores, such as VibF of Vibrio cholerae, PhbH of Photorhabdus 

luminescens, and DhbF of Bacillus subtilis. As shown in Figure 4.1A, AngM shows 58% 

similarity and 39% identity with a stretch of 209 amino acids within the sequence of the 

V. cholerae six-domain NRPS VibF, which is required for vibriobactin biosynthesis (25). 

The AngM protein sequence possesses domains highly homologous to the PCP and C 

domains of NRPSs. However, no sequence corresponding to the A domain, which is 

usually found adjacent to the PCP domain, was identified in AngM (Fig. 4.1B). The PCP 

and C domains in AngM are located at positions 196 to 248 and 279 to 569, respectively. 

4.3.2. Construction of an angM mutant in plasmid pJMl and complementation with 

the cloned angM gene. To discard any possible effect of the copy number of the 
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recombinant clone pJHC-T7 (8 to 10 copies per cells) originally used to generate mutant 

63, the 63 insertion mutant was integrated by allelic exchange onto the angM gene on 

plasmid pJMl, resulting in V anguillarum 775(pJM1 ::63). The site ofTnJ::HoHol 

insertion in pJMl ::63 was confirmed to correspond to the same site of insertion in pJHC

T7::63 by sequencing. Strain 775(pJM1 ::63), harboring the insertion in the angM gene 

on plasmid pJMl, was tested for its ability to grow in iron-limiting conditions. The 

results shown in Figure 4.2 demonstrated that this strain was indeed impaired in its 

growth under iron-limiting conditions, behaving like the plasmidless strain derivative of 

V anguillarum 775, H775-3 (37). 

For complementation analyses, expression of the angM gene was placed under the 

control of the tetracycline resistance gene promoter ofthe pBR325 vector by cloning a 

PCR product encompassing the complete angM gene as a BstEII (blunt)- Nhel fragment 

in the Clal (blunt) and Nhel restriction sites in pBR325-M200 to generate plasmid 

pMDL21. Plasmid pMDL21 was introduced by triparental mating into V anguillarum 

775(pJM1 ::63), and growth of the mutant strain and its complemented derivative was 

determined in the presence of the iron chelator EDDA at a concentration of 2 flM with 

the wild-type strain harboring pJMl and the empty vector (pBR325) as a positive control. 

Figure 4.2 shows that the mutant strain, V anguillarum 775(pJM1 ::63/pR325-

M200), did not grow at this EDDA concentration, while the complemented strain, 

775(pJM1: :63/pMDL21 ), grew to wild-type levels under these conditions. Therefore, the 

presence of an intact angM gene is required for growth under iron-limiting conditions. 

Consistent with the results of the growth experiment, the mutant strain did not produce 

anguibactin, as determined by CAS plate assays (Fig. 4.2) and bioassays (data not 
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shown), while complementation resulted in a level of anguibactin that was comparable to 

that of the wild-type strain (Fig. 4.2). 

It is clear that the ability conferred by angM on V anguillarum to grow under 

iron-limiting conditions is due to an essential role in anguibactin biosynthesis. 

4.3.3. PCP and C domains of AngM are essential for anguibactin biosynthesis. 

During siderophore biosynthesis, the PCP domains of NRPSs undergo covalent 

phosphopantetheiny lation prior to attachment of the assembling siderophore. 

Phosphopantetheinylation occurs at a specific serine residue within the highly conserved 

motif(DxFFxLGGDSL) ofthis domain (147, 157, 186). A homologous motif including 

the specific serine residue (DDFFEMGGHSL) is present in the PCP domain of AngM. 

Therefore, we decided to replace the serine residue with an alanine to assess its influence 

on anguibactin production. By site-directed mutagenesis, a serine-to-alanine (S215A) 

mutation was generated in angM, resulting in plasmid pMDL21-S215A. This plasmid 

was conjugated into the 775(pJMl ::63) strain. Figure 4.2 shows that the S215A mutation 

in plasmid pMDL21-S215A completely abolished the ability of this construct to 

complement insertion mutant 63, as determined by growth ability and CAS plate assays. 

The highly conserved motif(HHxxxDGWS) ofthe C domain ofNRPSs possesses 

two histidine residues, of which the second one has been shown to be essential to catalyze 

peptide bond formation (16). The C domain of AngM possesses this conserved motif 

(HHMIIDEWS). Therefore, to determine whether the second histidine residue also 

played an important role in anguibactin biosynthesis, we mutated it to an alanine 

(H406A) by site-directed mutagenesis. The mutant angM gene in pMDL21-H406A was 

then tested for its ability to complement the angM null mutant V anguillarum 
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775(pJM1 ::63). As was the case for the site-directed mutation in the PCP domain, this 

mutation also affected the ability to complement insertion mutant 63 for anguibactin 

production and growth in iron-limiting conditions (Fig. 4.2). Analysis, by western blot 

with an AngM polyclonal antibody, of the proteins synthesized by V anguillarum 

775(pJM1 ::63) harboring the clones containing the wild-type angM, the PCP domain 

S215A mutant, and the C domain H406A mutant identified a 78-kDa protein in all three 

strains, suggesting that the mutations did not affect the integrity of the AngM protein 

(data not shown). 

4.3.4. Effect of angM mutations on the virulence phenotype of V. anguillarum 175. 

Since angM mutations affected anguibactin production and growth under iron limitation, 

we predicted that they would also affect virulence. To determine whether expression of 

AngM is correlated with the virulence phenotype of V anguillarum in the fish model of 

infection (3 7, 39), we carried out experimental infections of rainbow trout with the 

775(pJM1 ::63) mutant and this mutant complemented by either pMDL21, pMDL21-

S215A, or pMDL21-H406A. The results in Table 4.2 show that mutant 63, the AngM 

PCP domain mutant, and the AngM C domain mutant were all attenuated in virulence 

compared to the wild type. The LD50s for these mutants are of the same order of 

magnitude as the LD50 obtained with the plasmidless strain H775-3 (Table 4.2). Plasmid 

pMDL21 carrying the wild-type angM gene could complement the transposition mutant, 

resulting in an LD50 of the same order of magnitude as that of the V anguillarum strain 

carrying pJM 1 . 

4.3.5. Transcription and regulation of the angM gene. To determine the location of 

the promoter for the angM gene, we constructed several transcriptional fusions with the 
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chloramphenicol acetyltransferase (cat) gene. The EcoRI fragment from plasmid 

pEC013 as well as various deletions (Fig. 4.3) ofthis fragment were cloned upstream of 

the promoterless cat gene of pKK232-8. Each construct was transferred by conjugation 

into the plasmidless derivative H775-3, and the amount of CAT protein produced by each 

construct in V anguillarum was measured in iron-rich and iron-limiting conditions. The 

results in Figure 4.3 indicate that one main iron-regulated promoter is located upstream of 

the transposase (tnpAJ) gene of the ISV-Al element (173). Other very weak promoters, 

as assessed by the level of CAT enzyme, could be identified in a region between the A at II 

restriction endonuclease site within tnpA 1 and the beginning of angM, but these weak 

promoters do not seem to be iron regulated (Fig. 4.3). 

To determine the transcription start site of the tnpA 1-angM mRN A, we performed 

a primer extension experiment with a primer (PEX-tnp) complementary to the beginning 

of tnpAJ. The results showed three iron-regulated primer extension products (Fig. 4.4, 

PI, P2, and P3) initiated within a 121-bp region upstream of tnpAJ, confirming the 

existence of an iron-regulated promoter for the tnpA 1-angM operon. In a primer 

extension analysis carried out with a primer complementary to the 5' -end of the angM 

gene, numerous primer extension products could be identified (data not shown). These 

products could originate from processing of the larger mRNA encoding the tnpAJ and the 

genes transcribed from the transposase promoter, or they could be the result of initiation 

of transcription from the putative weak promoters identified in the transcriptional fusion 

experiments. As shown in Figure 4.5, analysis of the sequence upstream of tnpAJ and of 

the P 1 primer extension product revealed -10 and -35 sequences adjacent to the iron 

transport-biosynthesis operon promoter (piTBO) but in the opposite orientation (26). 
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From the primer extension and cat fusion experiments, it was obvious that the 

transcription of angM is negatively regulated by iron at the transposase promoter. To 

confirm that iron regulates the expression of angM, we performed RNase protection 

assays with total RNA obtained from V anguillarum 775 cultures grown under iron-rich 

and iron-limiting conditions. To quantify the amount of angM-specific mRNA, we used 

an internal fragment of the angM gene as a probe. An aroC-specific riboprobe was 

included in each reaction to provide an internal control for the quality of the RNA and the 

amount of RNA loaded onto the gel, since the aroC housekeeping gene is expressed 

independently of the iron concentration of the cell (29). The results shown in Figure 4.6, 

lanes 1 and 2, demonstrated that angM gene transcription is indeed dramatically reduced 

under iron-rich conditions. 

To determine whether iron repression of angM gene expression is mediated by 

Fur, we also performed an RNase protection assay with a V anguillarum 775 strain 

(775MET11) that has a null mutation in the fur gene (189). Inspection of Figure 4.6, 

lanes 3 and 4, indicates that the angM gene is constitutively expressed in the Fur

deficient strain under both iron-rich and iron-limiting conditions, although the level of 

transcription appears to be reduced compared to the wild type under iron limiting 

conditions (Fig. 4.6, lane 2). As shown in Figure 4.5, the tnpAI-angMoperon promoter 

is located within the already identified Fur binding sites that regulate expression of the 

piTBO (26); therefore, Fur regulates the expression of these two divergent promoters by 

binding to common sequences. 
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4.4. Discussion 

The iron uptake system mediated by plasmid pJM1 is an important virulence 

factor for the fish pathogen V anguillarum (37). This system is composed of 

anguibactin, a 348-Da siderophore, and a membrane receptor complex specific for ferric 

anguibactin (6, 88). Besides the genes encoding the transport proteins, many genes on 

the virulence plasmid are part of a biosynthetic circuit in which NRPSs and tailoring 

enzymes result in the production of anguibactin ( 4 7). 

In this work we characterized one of these essential genes, angM. Knockout of 

this gene dramatically affected anguibactin production and also resulted in a very 

significant decrease in virulence. The amino acid sequence deduced from the nucleotide 

sequence of angM revealed a 78-kDa polypeptide harboring the PCP and C domains of 

NRPSs. Curiously, the A domain that is usually associated with these two domains in 

other NRPSs (80, 82, 103, 106, 134, 139, 158) was not identified in this protein. The 

amino-terminal end ofthe AngM protein shows no similarity with any of the domains of 

NRPSs or any ATP-binding domain of any protein family (32, 68, 120). Although the 

possibility that AngM contains an atypical adenylation domain at its amino terminus 

cannot be discarded, the lack of any homology of the first 162 amino acids with motifs 

found in proteins that bind A TP strongly suggests otherwise. 

Site-directed mutagenesis of S215 in the PCP domain and of H406 in the C 

domain of AngM resulted in an anguibactin deficient phenotype, underscoring the 

importance of these two domains in the function of this protein. It is of interest that 

although the LD50 for mutant 63, the AngM PCP domain mutant, and the AngM C 

domain mutant were all ofthe same order of magnitude as the LD50 obtained with the 
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plasmidless derivative H775-3, the attenuation in virulence resulting from lack of a 

functional AngM was about halfthat obtained with the cured derivative (Table 4.2). This 

difference in attenuation might be explained by considering that the cured derivative 

H775-3 does not produce any of the intermediaries that are produced by the angM 

mutants and that these products could participate in the pathogenesis of V anguillarum. 

One of the products that the plasmidless derivative fails to produce is histamine (11, 170), 

which could play a role in amplifying the inflammatory response of the fish to the 

bacterial infection and result in septic shock with a smaller number of infecting bacteria. 

Several genes, including angM, encoding NRPSs, and tailoring enzymes were 

identified on plasmid pJM1 (47). It is of interest that one of them, AngR, which plays a 

role in regulation of the expression of iron transport genes as well as in the production of 

anguibactin, possesses a cyclization (Cy) domain, an A domain, and a PCP domain (190). 

However, in this PCP domain, the highly conserved serine present in most PCP domains 

(14 7) is replaced by an alanine. The serine residue in PCP domains is necessary for the 

attachment of a phosphopantetheine group for thioester formation during the process of 

biosynthesis. Therefore, an attractive possibility is that AngM provides an operational 

PCP domain, while AngR provides the A domain required to activate a substrate amino 

acid, possibly cysteine, prior to tethering it on the PCP domain of AngM (Fig. 4. 7). 

We propose that the C domain of AngM catalyzes the formation of the peptide 

bond between the dihydroxyphenylthiazolinyl group, which is still tethered to AngM, and 

the secondary amine group ofhydroxyhistamine (Fig. 4.7). As in the case ofVibH 

during vibriobactin biosynthesis (80-82), the C domain of AngM does not interact with 

two carrier protein domains but rather with only one upstream (the PCP domain of 
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AngM), while the downstream substrate is the soluble nonprotein-bound 

hydroxyhistamine. The proposed biosynthetic pathway of anguibactin is shown in Figure 

4. 7 with the additional enzymes required. The expression of angM at the level of 

transcription was repressed by high iron concentrations, and this negative regulation 

required the Fur protein. In the Fur-deficient strain, the angM gene is constitutively 

expressed, although at a reduced level. We do not know if this is a peculiarity of angM 

mRNA expression in the Fur mutant strain or is a more general phenomenon. 

Experiments to identify the mechanism responsible for this reduced expression are being 

carried out. 

The main iron-regulated transcript was initiated at the ISV -Al transposase 

promoter ( 1 73 ), suggesting the existence of an operon encoding the transposase and 

angM genes, although minor transcripts could also be initiated in a region between the 

tnpAJ and angM genes. The fact that angM is expressed as part of an iron-regulated 

operon with the upstream gene encoding a transposase is intriguing because there is no 

clear reason why a transposase-like protein should be expressed with an NRPS involved 

in siderophore biosynthesis. This operon could just be the result of a modular acquisition 

by the plasmid of mobile elements containing genes involved in siderophore biosynthesis 

as well as genes necessary for transfer of the mobile element. 

Analysis of the sequence at the tnpA 1-angM operon promoter shows that it 

overlaps the iron transport-biosynthesis operon promoter piTBO and operates in the 

opposite orientation. Our previous work (26) identified the region on the piTBO 

sequence where the Fur protein binds and determined that this interaction causes a 

bending of the DNA in that stretch leading to DNase !-hypersensitive sites on the 

146 



complementary strand. The region that Fur binds includes the -35 and -10 sequences of 

the promoter of the tnpA 1-angM operon, strongly supporting the idea that Fur binding 

leads to concerted repression of the two divergent operons. 

The possibility that angM is part of a mobile genetic element and its role in the 

virulence of V anguillarum 775 not only underscore the importance of this gene in the 

establishment of a septicemic infection in the host vertebrate but also suggest possible 

mechanisms for the epizootic spread of this virulence factor. 
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Table 4.1. Strains and plasmids used in this study. 

Strain or plasmid Relevant characteristics 

Vibrio anguillarum 

775(pJMI) Wild type 

H775-3 Plasmidless derivative of775 

775METll (pJMl) Fur-deficient mutant of775(pJM 1) 

CC9-16(pJHC9-16) Anguibactin-deficient, iron transport-proficient 

CC9-8{pJHC9-8) Anguibactin-deficient iron transport-deficient 

775(pJM l ::#63) 775 carrying pJM I with TnJ::Ho-Ho l insertion in angi\4 

Escherichia coli 

XLI Blue 

HBIOI 

Plasm ids 

pJMl 

pJHC-T7 

pJHC-T7#63 

pJHC9-8 

pJHC9-16 

pPHlJI 

pRK2073 

recAI, endAI ,gyrA46, thi, hsdR/7, sup£-1-1. ref.{ /acF' fproAB, lacf1, 

laclt1M/5 Tn/0 (Te{)) 
sup£44 hsd20 (r-H m-H) recA 13 a ra-J -1 proA2 lacY I ga!K2 rpsL20 xy/-5 mt/-
1 

Indigenous plasmid in strain 775 

Recombinant clone carrying a 17.6 kb region of pJM I cloned in pY K I 02, 
Tcr 

pJHC-T7 with a TnJ::I-Io-Ho I insertion in ang,\1, Tcr. Apr 

pJM I derivative carrying only the T AF region 

pJM I derivative carrying T AF and transport genes, 

Plasmid with RP4 ori. incompatible with pJHC-T7. Gmr 

Helper plasmid for conjugation, Tpr, Tra+ 

pBlucscript SK+ Cloning vector, Apr 

pCR®-Bluntli-TOPO® Cloning vector, Kmr 

pBR325 Cloning vector, Tcr, Cmr, Apr 

pBR325-M200 Cloning vector derived from pBR325, Tcr. Cmr, Ap5 

pKK232-8 

pMDL4 

pMDL4-S215A 

pMDL4-H406A 

pMDL21 

pMDL-S215A 

pMDL-H406A 

pECOI3 

pKKEI3 

pKKE13-I 

pKKE 13-2 

pKKEl3-3 

pSC25 

pMN5 

pQSH6 

Cloning vector carrying a promoterless cat gene, Apr 

2.5 kb PCR fragment from pJM I cloned in pCR®-8 !until-TO PO® 

pMDL4 with mutation S215A in PCP domain 

pMDL4 with mutation H406A inC domain 

BstEll-Nhel fragment from pJM I cloned in pBR325-M200 

BstEll-Nhel fragment from pMN4-S215A cloned in pBR325-M200 

BstEll-Nhel fragment from pMN4-H406A cloned in pBR325-M200 

1.9 kb £coRI fragment from p.IM I cloned in pBluescript SK+ 

BamHJ-Hindl II fragment from pECO 13 cloned in pKK232-8 

Pstl-Aatll deletion ofpECO 13 cloned in pKK232-8 

Psti-BstEII deletion of pECO 13 cloned in pKK232-8 

Pstl-Hpai deletion of pECO 13 cloned in pKK232-8 

421 bp Sa!J-Pvul fragment ofthefatB gene cloned in pBluescript SK+ 

102 bp BamHl-BstXl fragment of the angi\1 gene cloned in pBluescript SK+ 

415 bp Sali-C/al fragment of the a roC gene cloned in pB luescript SK+ 
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Source or 
reference 

(39) 

(39) 

( 189) 

(183) 

(183) 

This study 

Stratagene 

(21) 

(39) 

( 169) 

( 169) 

( 169) 

( 169) 

(74) 

(56) 

Stratagene 

Invitrogen 

( 19) 

This study 

Pharmacia 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 



Table 4.2. Virulence as assessed by LD50 and relative fold attenuation. 

V anguillarum strains 

775(pJM1/pBR325) 
H 77 5-3 (pB R3 25) 
775(pJM1 ::#63/pBR325-M200) 
775(pJM1 ::#63/pMDL21) 
775(pJM1: :#63/pMDL21-S215A) 
775(pJMl ::#63/pMDL21-H406A) 

LDso 

4.2 xl03 

1.9 xl 05 

0.5xl05 

5.2 x103 

0.8 x105 

1.1 X 105 

Attenuationa 
(fold) 

44 
12 
1.2 
19 
26 

a Attenuation is calculated by the LD50 of each strain normalized to the LD50 ofthe wild-type 

strain . 
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Figure 4.1. Amino acid sequence and domain alignment of AngM and VibF. A. 

Amino acid sequence alignment of AngM from V. anguillarum and VibF from V. 

cholerae. The consensus sequence of the highly conserved motifs ofthe PCP and C 

domains is underlined. The plusses show conserved amino acid substitutions, while the 

identical residues are shaded and shown between the two protein sequences. B. 

Alignment ofthe AngM domains with the domains ofVibF. 
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340 IX;SIQQVIDEKDLICYSWEWSSAESGTES---LESEASYVFDLSKEIPLRIBFFI<DRI<T 395 
Q VI ++ Y W:FW+S ++ S L EA + FDLS+EIPLR+ F +D +T 

2014 GQPYQeyiAASNIEI-YQWFWTSKINAACSVARLLACEAEHI'FOLSQEIPLRLNFVBDEQr 2073 

396 ~vt;i.~I~6MIIDEWSLfm~~IsrnYLARSQNQE~myDKSAYSJ~DYALAQKNRGP 455 
Q £s L a:H+++oEWs+~ LM EL+ y Q :P+w H++A Q++ 
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456 IAEDJ·~.·.···.·.fW.· .. ·.·.·.·.·.'.''.''.·.· NHLBG.·,·,·,,S'ISGLtL····.· .. ·.·.·.·•.·,TcrE-P····.'.·.·.DQl ... GPEYNPIJ!!Atl}'J· .. ·.·.·.• .. IE!. ID~FS. AYHp.VHSL,.f\R .• E 514 +l!·~,ri+ G lp + P N V+ ,E Y¥+EI L S S++ LA+ 
2134 NQTHIJ;iYWL'IKFAGVFWAQILFMDHPLSNS'IGVDLGEGGWVEIKLPI<STMVSLYQLAKA 2193 

515 YNSSIFSVVYSAIA~HNAGNLKDLVIGTSASGRDDAKYFDSVGYFTTMJAHRVIFEPD 574 
++~+F+y+Y+f\,!+ ++H G + L++G'l' _A.SGR DA++FDtVGYF'fTM V F 

219 4 RHA.§~~;J:SASVHCLgAPEK):.L V@:I'PA~RLI)AEFlJ'DlV~Tq:'f£\QLVDFTKV 2 2 53 

575 QSFGKLIENVTMTINDSMPHATVPIDM\QREL-GLDPK-tGLLFDVYAQIHADNALYGSL 632 
Q+ +LIE V +IN SMP+ +PID+++ L G++ + G +F+V+ Q+HA N L+G L 

2254 QTVWQJ.IEQ'IJKNS!~SMI?Y'IDIPIDLIEEGLKGVEHETEGHMFEVFIQLHAKNKLHGEL 2313 

6 3 3 QI'PNN JPVPYS'J'f;;1IlPNKNK$LFGf.HF1J!ltMENV:J:GDERTIRt IVTYQ'lARYNAKQV 68 7 
+ +QQ+ P+K++S GL fEI+E I ++TIR++++Y + Y+ QV 

2314 LLTEGH\IRFQQVCPDKSESGLGLQFEILEERIEQKQTLRVMMSYMSKHYSPAQV 2368 
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Figure 4.2. Growth in iron limiting conditions and anguibactin production of V. 

anguillarum strains. Ability of V anguillarum strains to grow under iron limitation is 

expressed as a percentage of the growth in 2 j.!M EDDA normalized to the growth in 

iron-rich conditions (2 j.lg ferric ammonium citrate per ml) for each strain. The results 

are the means of five independent experiments, with the error bars showing the standard 

deviations. Anguibactin production for each of these strains, as detected on CAS plates, 

is shown below the graph. 
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Figure 4.3. CAT assay with fusions of DNA fragments spanning the region between 

angM and the transposase gene, to a promoterless cat gene. The fragments cloned in 

plasmid pKK232-8 upstream of the promoterless cat gene are shown on the left-hand side 

of the figure. On the right-hand side of the figure, the production of CAT protein for 

each construct is shown as a histogram, with solid bars representing the level of CAT 

enzyme in iron-rich conditions (2 ~g of ferric ammonium citrate per ml) and the open 

bars representing the level of CAT enzyme in iron-limiting conditions (0.5 ~M EDDA). 

The CAT levels plotted are the means of three experiments with the error bars showing 

the standard deviations. Restriction endonuclease: E, EcoRI; A, Aatll; B, EstEll; H, 

Hpal. 
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Figure 4.4. Primer extension analysis of the transposase gene promoter region. 

Primer extension analysis with a primer at the beginning of the ISV-Al element 

transposase gene and RNA obtained from cultures grown in various iron concentrations 

(lanes 1-4). Lanes G, A, C and T represent the sequence of plasmid pCS25 using primer 

Seq 1762. P 1, P2 and P3 are putative transcription start sites for the transposase gene. 

Supplements to the medium: lane 1, 2 1-1g ferric ammonium citrate per ml; lane 2, none; 

lane 3, 3 ~-tM EDDA; lane 4, 6 ~-tM EDDA. 
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Figure 4.5. Map of a 13 kb DNA region from plasmid pJMl encoding the tnpAJ and 

angM genes and the ITB operon. The nucleotide sequence of the region between the 

tnpAI and thefatD genes is shown under the map, with the primer (underlined) used in 

the primer extension experiment of Figure 4.4 and the locations of the putative 

transcription starts (arrowheads labeled Pl, P2 and P3). The -35 and -10 sequences for 

the PI product and the opposite orientation -10 and -35 sequences for the ITB mRNA 

are shown as open boxes, while the Fur binding sites are shown as shaded boxes. 

Restriction endonucleases: X, Xhol; E, EcoRI; S, Sail. 
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Figure 4.6. RNase protection assays. RNase protection assay with a probe specific for 

the angM gene and total RNA isolated from cultures of wild type V anguillarum (lanes 1 

and 2) and a Fur-deficient V anguillarum strain (lanes 3 and 4). RNA was obtained 

under iron-rich conditions (2 Jlg of ferric ammonium citrate, per mllanes 1 and 3) or 

iron-limiting conditions (1 JlM EDDA, lanes 2 and 4). The aroC-specific riboprobe was 

included in both RNase protection assays to provide an internal control for the quality of 

the RNA and the amount of RNA loaded onto the gel, since the aroC gene is expressed 

independently of the iron concentration of the cell. 
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Figure 4. 7. Model of the biosynthetic step catalyzed by AngM. The A domain of 

AngR activates the cysteine, which is then tethered to the PCP domain of AngM. The C 

domain of AngM catalyzes peptide bond formation between the dihydroxyphenylthiazol 

(DHPT) group loaded on the PCP domain of AngM and the secondary amine group of 

hydroxyhistamine. AngE, AngB, AngN, AngU and AngH are other NRPSs and tailoring 

enzymes that intervene in anguibactin biosynthesis. PCP* indicates the nonfunctional 

PCP domain of AngR. 
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5.0. Abstract 

Anguibactin, the siderophore produced by Vibrio anguillarum 775, is synthesized 

via a nonribosomal peptide synthetase (NRPS) mechanism. Most of the genes encoding 

anguibactin biosynthetic proteins are harbored by the pJMl plasmid. Complete 

sequencing of this plasmid identified an orf encoding a 108 kDa predicted protein, AngN. 

In this work we show that AngN is a NRPS that possess two free-standing cyclization 

domains in tandem and is essential for anguibactin biosynthesis. Substitution by alanine 

of the aspartic acid residues of each and both domains in separate experiments 

demonstrated a hierarchy in their functioning during siderophore biosynthesis. Site

directed mutants in both domains (Dl33A/D575A and Dl38A/D580A) result in 

anguibactin-deficient phenotypes underscoring the importance of these two domains in 

AngN function. These mutations also resulted as expected in a dramatic attenuation of 

the virulence of V anguillarum 775 highlighting the importance of this gene for the 

biosynthesis of anguibactin and in the establishment of a septicemic infection in the 

vertebrate host. Transcription of the angN gene is repressed by the Fur protein in the 

presence of iron and is enhanced by AngR and T AF under iron limitation. Analysis of 

the sequence at the angN promoter demonstrated that it overlaps a putative transposase 

promoter that transcribes in the opposite direction, thus mirroring the situation described 

for the tnp-angM and iron transport-biosynthesis promoters in a contiguous region of the 

pJM 1 plasmid. 
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5.1. Introduction 

The possession of specialized iron transport systems is crucial for bacteria to 

override the iron limitation imposed by the host or the environment (23). Pathogenic 

bacteria have evolved systems, such as siderophores, to scavenge ferric iron from the 

iron-binding proteins of the host (24, 136). Peptide siderophores are in general low 

molecular-weight iron chelators (36, 67) that are synthesized by proteins belonging to the 

nonribosomal peptide synthetase (NRPS) family ( 40, 52, 106, 134). NRPSs catalyze the 

formation of a wide variety of peptides, such as antibiotics and siderophores, in the 

absence of an RNA template ( 102, 115, 177). These multimodular enzymes work as an 

enzymatic assembly line in which the order of the modules determines the order of the 

amino acids in the peptide ( 103, 159, 178). Each module contains the complete 

information for an elongation step combining the catalytic functions for the activation of 

the substrate amino acid (adenylation domain, A), the tethering of the corresponding 

adenylate to the enzyme-bound 4' -phosphopantetheinyl ( 4 '-PP) cofactor (peptidyl carrier 

protein domain, PCP) and the formation of the peptide bond by the condensation domain, 

C (83, 103, 177). In some cases the condensation steps can also be catalyzed by a 

specialized condensation domain, the cyclization domain (Cy) that converts specific 

amino acids such as cysteine and threonine to their cyclic derivatives, thiazoline and 

oxazoline respectively, in the process of peptide bond formation (1 06, 111, 134, 181 ). 

The bacterial fish pathogen Vibrio anguillarum is the causative agent of vibriosis, 

a highly fatal hemorrhagic septicemic disease in salmonids and other fish including eels 

(4). Many pathogenic strains of V anguillarum possess a virulence plasmid that encodes 

an iron-sequestering system that includes a 348-Da siderophore, anguibactin (w-N-
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hydroxy-w-N((2'-(2",3"-dihydroxyphenyl)thiazolin-4'-yl)carboxy)histamine), and a 

transport protein system for the binding and transport of iron as a complex with the 

siderophore anguibactin into the cell cytosol (2, 3, 6, 169). The sequence of the 65 

kilobase (kb) virulence plasmid pJM1 of V. anguillarum strain 775 has been completed 

(47) and it revealed that almost all the proteins proposed to be involved in anguibactin 

biosynthesis are encoded by genes on the plasmid. 

One of the genes harbored by the virulence plasmid pJM1, encodes a putative 

NRPS, AngN, which shows an unusual domain organization with only two cyclization 

domains in tandem. Transposon insertions in this gene resulted in anguibactin-deficient 

mutants (169). In this work we present results that demonstrate the role of this gene and 

the cyclization domains in anguibactin biosynthesis. 
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5.2. Materials and methods 

5.2.1. Bacterial strains and plasmids. Bacterial strains and plasmids used in this study 

are described in Table 5.1. V anguillarum was grown at 25°C in either trypticase soy 

broth or agar supplemented with 1% NaCl, TSBS and TSAS respectively. To determine 

iron uptake characteristics, the strains were grown in M9 minimal medium (144) 

supplemented with 0.2% Casamino acid, 5% NaCl, the appropriate antibiotics and either 

various concentration of ethylenediamine-di-(o-hydroxyphenyl acetic acid) (EDDA) for 

iron-limiting condition or 4 ~J.g/ml ferric ammonium citrate for iron-rich conditions. 

Antibiotic concentrations used for V anguillarum were ampicillin (Ap) 1 mg/ml, 

tetracycline (Tc) 2.5 ~J.g/ml, rifampicin (Rif) 100 ~J.g/ml, chloramphenicol (Cm) 10 to 15 

~J.g/ml and gentamycin (Gm) 10 ~J.g/ml. 

E. coli strains were grown in Luria-Bertani (LB) medium in the presence of the 

appropriate antibiotics. Antibiotic concentrations used for E. coli were Ap 100 ~J.g/ml, Tc 

10 ~J.g/ml, Cm 30 ~J.g/ml, Gm 10 ~J.g/ml and trimethropim (Tp) 10 IJ.g/ml. 

5.2.2. General methods. Plasmid DNA preparations were performed using the alkaline 

lysis method ( 17). Restriction endonuclease digestion of DNA was performed under the 

conditions recommended by the supplier (Invitrogen, Roche, NEB). Transformations in 

the E. coli strains HBIOI and XLI Blue and other cloning strategies were performed 

according to standard protocols (144). Plasmids were transferred from E. coli to V 

anguillarum by conjugation as previously described (169). 

The Wizard® Plus SV Minipreps (Promega) and Qiaprep® Spin Miniprep Kit 

(Qiagen) were used to generate sequence quality plasmid DNA. DNA sequencing 

reactions were carried out by the OHSU-MMI Research Core Facility 
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(http://www.ohsu.edu/core) using a model 377 Applied Biosystems Inc. automated 

fluorescence sequencer. Sequencing primers were designed using Oligo 6.8® primer 

analysis software and purchased from the OHSU-MMI Research Core Facility 

(http://www.ohsu.edu/core) and Invitrogen. DNA and protein sequence analysis were 

carried out at the NCBI using the BLAST network service. 

5.2.3. Mobilization of the #120 insertion mutant in angN from pJHC-T2612 to the 

pJMl plasmid. To generate strain 775(pJM1#120), plasmid pJHC-T2612#120 was 

transferred to V anguillarum 775 by conjugation. In a second conjugation, plasmid 

pPHlJI, whose origin of replication is incompatible with the replicon ofpJHC

T2612#120, was transferred to the strain obtained from the first conjugation. By plating 

in the presence of Gm (the resistance marker of pPH 1 JI) and Ap (the resistance gene 

harbored by TnJ::HoHo1), it was possible to select for those cells in which the angN 

gene with the TnJ::HoHol insertion had replaced the wild type gene on the pJMl 

plasmid. The loss of pJHC-T2612 was confirmed by Southern blot hybridization using 

the pVK102 vector sequence for probing (data not shown). 

5.2.4. Construction of the complementing clone. A 3.2 kb fragment containing the 

angN gene was amplified by PCR using the angN-F and the angN-BamHIR primers 

(Table 5.2) and pJM1 as a template. Reactions consisted of 2 minutes at 95°C followed 

by 30 cycles of 1 minute at 95°C, 1 minute at 53°C, and 4 minutes at 72°C followed by a 

single cycle at 72°C for 10 minutes. The PCR product was cloned in the pCR®-Bluntii

TOPO® vector using the Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen) resulting in 

the pMDL6 plasmid. A Clai-BamHI fragment was subcloned from pMDL6 into the 

Clai-BamHI sites ofpBR325-M200 to generate the pMDL30 plasmid carrying the angN 
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gene. After recloning in pBR325-M200 the entire angN gene was sequenced to verify 

that no mutation was generated in the angN gene during amplification or cloning. The 

pBR325-M200 cloning vector was derived from pBR325 by digestion with Pstl, blunting 

of the ends with T4 DNA polymerase (Gibco) and religation, resulting in a 4-bp deletion 

leading to the inactivation of the ampicillin resistance gene. 

5.2.5. Site-directed mutagenesis. The plasmids pMDL6-D133A, pMDL6-D138A 

pMDL6-D575A and pMDL6-D580A were generated using the Quickchange™ site

directed mutagenesis kit (Stratagene), plasmid pMDL6 as a template and the primers 

listed in Table 5.2. The whole procedure was performed according to the manufacturer 

recommendations, with 16 cycles consisting of: 30 seconds at 95°C followed by 1 minute 

at 55°C and 16 minutes at 68°C. Plasmids pMDL6-Dl33A/D575A and pMDL6-

D138A/D580A were generated with the same procedure but using plasmids pMDL6-

Dl33A and pMDL6-Dl38A as templates, respectively. Site-specific mutations were 

confirmed by DNA sequencing with the appropriate primers. Once mutated, a Clai

BamHI fragment from each derivative was subcloned into the Clai-BamHI sites of 

pBR325-M200 to generate the plasmids carrying the angN derivatives with mutations in 

the Cy domains listed in Table 5.1. After recloning in pBR325-M200 the entire angN 

mutant genes were sequenced to verify that no other region of angN was affected during 

mutagenesis or cloning. 

5.2.6. Growth in iron-limiting conditions and detection of anguibactin. For each 

mutant and wild type strains we determined the MIC for EDDA by using liquid cultures 

at increasing concentrations ofEDDA in M9 minimal medium at 25°C. From these 
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analyses we chose a range of concentrations of EDDA to assay for the ability of all the 

strains to grow in iron-limiting conditions. 

The siderophore anguibactin was detected by CAS assay and by bioassays using 

strains CC9-16 and CC9-8 as previously described ( 188, 190) with few modifications. 

For the bioassay experiment each strain was grown in M9 minimal medium 

supplemented with 0.25 !J-M EDDA and after 16 hours the culture volume corresponding 

to an OD6oonm = 1 was collected to obtain the supernatant. The supernatants were 

lyophilized to dryness, resuspended in 500 !J-l of methanol and stored at -80°C. Before 

spotting on the bioassay plates 10 !J,l of each sample were dried and resuspended in 3 !J-l 

of water. 

5.2.7. Fish infectivity assays. Virulence tests were carried out on juvenile rainbow trout 

(Oncorhynchus mykiss) weighing ca. 2.5-3 g, which were anesthetized with tricaine 

methane sulfonate (0.1 g/liter). A total of 50 anesthetized fish were inoculated 

intramuscularly with 0.05 ml of each bacterial dilution, i.e., 50 fish per bacterial dilution. 

The dilutions were prepared with saline solution from 16 h cultures grown at 25°C in 

TSBS containing antibiotics for selection of the various plasm ids harbored by the strains. 

The dilutions were prepared to test a range of cell concentrations from 101 to 107 cells/ml 

per strain. Therefore, 350 fish were tested per strain. After bacterial challenge, fish were 

maintained in fresh water at 13°C for 1 month and mortalities were checked daily. 

Virulence was quantified as the 50% lethal dose (LD50) as determined by the method of 

Reed and Muench (138). 

5.2.8. RNA isolation. A 1:100 inoculum from an overnight culture was grown in 

minimal medium with appropriate antibiotics. Cultures were grown with 2 11g of ferric 
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ammonium citrate per ml (iron-rich) or with EDDA (iron-limiting) supplemented to 

achieve similar levels of iron-limiting stress for each strain tested (see figure legend). 

Total RNA was prepared when the culture reached an OD600 of0.3 to 0.5 using the 

RNAwiz™ (Ambion) isolation kit, as previously described (45). 

5.2.9. Primer extension. Primer extension experiments were carried out with the 

synthetic primer PEX-angN (Table 5.2), which is complementary to the 5'-end region of 

the angN gene. The primer was end-labeled with T4-polynucleotide kinase (Life 

Technologies, Inc.) in the presence of [y _3
2P]-ATP and annealed to V anguillarum 775 

total RNA (50 )lg). Reverse transcription from the primer by avian myeloblastosis virus 

reverse transcriptase (Promega) and separation on an urea-PAGE (6%) were carried out 

as previously described ( 45). Manual sequencing was performed by the dideoxy chain

termination method using the Sequenase Version 2.0 DNA Sequencing Kit (USB), 

plasmid pMDL6 as template and the same primer used in the primer extension 

experiment. 

5.2.10. Ribonuclease protection assays. Labeled riboprobes were generated by in vitro 

transcription of 1 1-1g of the linearized DNA with T7 or T3 RNA polymerase 

(MAXIscript® by Ambion) in the presence of [ a-32P]-UTP using as a template pSC50 

(linearized with BamHI) for fatE and QSH6 (linearized with Rsal) for aroC. The 

template DNA for the angN probe was generated by PCR using the two primers angN

T7L and angN-T7R in which the T7 promoter sequence was added at the 5' -end of the 

angN-T7R primer (Table 5.2). The probes were purified on a 6% polyacrylamide gel. 

For each probe, the amount corresponding to 4xl 05 cpm was mixed with each RNA 

sample (20 ~-tg). RNase protection assays were performed using the RPA III™ (Ambion) 
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kit following the supplier's instructions. The aroC riboprobe was used in each reaction 

as an internal control for the amount and quality of RNA. 
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5.3. Results 

5.3.1. Analysis of the AngN sequence. We have reported the complete sequence of 

plasmid pJM1 and identified several orfs that encode predicted proteins that are part of 

the iron uptake system ( 4 7). orfl 0, named angN, is predicted to encode a polypeptide 

(AngN) of 956 amino acid residues, with a calculated molecular mass of about 108 kDa 

(GenBank accession number NP943556 and (47)). The predicted AngN amino acid 

sequence showed significant matches to members of the family of nonribosomal peptide 

synthetases (NRPSs) such as VibF of V cholerae, PchE and PchF of Pseudomonas 

aeruginosa and HMWP2 of Yersinia pestis (25, 68, 134). The similarity that AngN 

shares with these NRPSs is limited only to the cyclization (Cy) domain of these proteins. 

Like VibF but differently from the other proteins, the AngN protein possesses two 

tandem cyclization domains at its N-terminal end with 54% similarity and 35% identity 

with 927 amino acids ofVibF. Figure 5.1 shows the alignment ofthe amino acid 

sequence of the entire AngN protein with only the 973 N-terminal amino acids ofVibF. 

5.3.2. Disruption of the angN gene and complementation with a wild type angN 

gene. To establish the role of this putative NRPS in anguibactin production, we selected 

from a collection oftransposon insertions generated with TnJ::HoHol on a cloned region 

ofpJM1, pJHC-T2612, two insertions, #120 and #68. These insertions occurred 

downstream of the ITB operon in the region of orfl 0 (Fig. 5.2) and each mutant was 

affected in anguibactin biosynthesis (169). DNA sequencing of the #120 and #68 

mutants confirmed that these insertions were in orflO at 417 bp and 1,913 bp respectively 

from the 5 '-end. Since the insertion were on pJHC-T2612 containing only a partial 

sequence of pJM 1, we had to determine the effect of angN mutations on the iron-uptake 
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system encoded by the whole pJMl plasmid. Therefore, the Tn3::HoHol insertion in 

mutant #120 was integrated by allelic-exchange onto the pJMl plasmid resulting in V 

anguillarum 775(pJM1#120). As expected strain 775(pJM1#120) was unable to grow in 

iron-limiting conditions at increasing concentrations of the iron chelator 

ethylenediamine-di-(0-hydroxyphenylacetic acid) (EDDA) since it did not produce 

anguibactin as detected by CAS (data not shown) and bioassay (Fig. 5.3A and B). 

For complementation studies we constructed a clone, pMDL30, containing the 

complete angN gene expressed under the control of the tetracycline resistance gene 

promoter of the pBR325 vector and tested its ability to restore the growth of the V 

anguillarum mutant 775(pJM1#120) under iron limitation. Plasmid pMDL30 was 

introduced into V anguillarum 775(pJM1#120) and growth of the complemented mutant 

was determined in the presence of increasing concentrations of EDDA. The 

complemented strain grew as well as the wild type strain 775 under these conditions and 

produced levels of anguibactin comparable to that of 775 (Fig. 5.3A, strains 1 and 3). 

Therefore, angN plays an essential role in anguibactin biosynthesis and growth under iron 

limiting conditions. 

5.3.3. Effect of site-directed modification of the angN gene on anguibactin 

production. It has been demonstrated that cyclization domains catalyze peptide bond 

formation and cyclization of amino acids such as threonine and cysteine (50, 106, 134 ). 

In the case of anguibactin it is likely that the thiazoline ring in anguibactin results from 

the incorporation of the amino acid cysteine in the siderophore. Therefore, it was 

necessary to determine the functionality of the two Cy domains of AngN in anguibactin 

biosynthesis. We performed site-directed mutagenesis of the first and second aspartic 
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acid in the highly conserved motif (DxxxxDxxS). Mutations in each of the aspartic acid 

residues ofCy domains have been shown to affect the activity ofthe Cy domains ofVibF 

(106). Both Cy domains of AngN possess the two aspartic acid residues in the Cy motif 

(DMIAIDPDS in Cy1 and DALILDARS in Cy2). Each aspartic acid residue (shown as 

bold above) was mutated by site-directed mutagenesis to an alanine in the complementing 

construct pMDL30 generating four mutant constructs, pCy1DJ-D133A, pCy1D2-DlJ8A, 

pCy2D1-D575A and pCy2D2-D580A. Strains containing each plasmid were conjugated 

with the angN-deficient mutant 775(pJM1 #120) and the resulting strains tested for their 

ability to grow in iron-limiting conditions. As shown in Figure 5.3A, the insertion 

mutant # 120 was complemented by the constructs harboring each of the mutated Cy 

domains (strains 4 to 7) although not as efficiently as with the construct harboring the 

wild type angN gene (strain 3). Furthermore, D to A mutations of each aspartic acid of 

the second cyclization domain seemed to have a greater effect on the ability to 

complement the knock-out mutant. The reduced growth in iron-limited medium of each 

strain perfectly correlated to the amount of anguibactin produced as determined by 

bioassays (Fig. 5.3B). 

Since a mutation in each of the aspartic acids had only a minor effect in anguibactin 

biosynthesis and growth, we decided to generate double mutations of the two Cy 

domains. Two plasmid derivatives of pMDL30 were constructed in which the first or the 

second aspartic acid of each domain, were mutated to an alanine (pCy 112D1-

D133A/D575A and pCy112D2-D138A/D580A). These two constructs were no longer able 

to complement the AngN-deficient mutant on pJMl and no anguibactin could be detected 

by bioassay (Fig. 5.3A and B, strains 8 and 9). 
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5.3.4. AngN cyclization domains and the virulence of V. anguillarum. Our laboratory 

has shown that a clear correlation exists between anguibactin production and the 

multiplication of the bacterium in the fish host (39, 45, 190). Since the mutations in 

angN affected anguibactin production to a different extent, we wanted to determine how 

this would be reflected in the virulence phenotype of each strain. Experimental infections 

of rainbow trout were performed with several dilutions of the wild type and the 

775(pJM1#120) mutant and this mutant complemented by the constructs harboring wild 

type or mutant angN to calculate the LD50 ( 138). As expected mutations that resulted in 

an anguibactin-deficient phenotype (#120 insertion and #120 insertion complemented 

with the double aspartic acid mutant) had a reduced LD50 as compared to any strain that 

still produced anguibactin (Fig. 5.3C). Interestingly the LDso for the mutant in the first 

Cy domain, although producing reduced levels of anguibactin, was of the same order of 

magnitude as the LD50 obtained with strain 775(pJM1#120) complemented with the wild 

type gene (Fig. 5.3C, strains 3 and 4), while the LD50 for the Cy2 mutant strain, which 

produced even lower amounts of anguibactin, was reduced by one order of magnitude as 

compared with the two strains above (Fig. 5.3C, strains 3, 4 and 6). 

5.3.5. Transcription and regulation of the angN gene. Primer extension analysis was 

performed to determine the transcription start site of the angN mRNA using primer PEX

angN complementary to the 5' -end of the angN gene and RNAs isolated from cultures 

grown at increasing iron limitation. Two iron-regulated products can be identified 

upstream of the angN gene (Fig. 5.4A and B, P1 and P2) with the first putative 

transcription start site 143 nt upstream of the start codon. Possible -10 and -35 boxes for 
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the angN promoter and the position of primer PEX-angN are indicated in Figure 5.4B 

with the putative transcription start sites. 

From these experiments it can be gathered that expression of the angN gene is 

repressed in iron rich conditions. To confirm this result we performed ribonuclease 

protection assays with total RNAs obtained from strain 775 cultures grown in iron-rich 

(minimal medium supplemented with 2 !!g/ ml of ferric ammonium citrate) and in iron

limiting conditions (minimal medium supplemented with 1.5 !!M EDDA and 2 !!M 

EDDA). The RNase protection assay results (Fig. 5.5 panel A, lanes 1 and 2) clearly 

show that angN mRNA is virtually undetected in iron-rich conditions, while angN is 

highly transcribed in iron-limiting conditions. A riboprobe specific for the aroC-mRNA 

was added to each reaction as a control for RNA quality and loading. 

In the anguibactin iron uptake system two positive regulators, AngR and TAF, 

have been identified that regulate expression of genes included in the ITB operon, 

fatDCBAangRT (31, 190). Since the angN promoter is adjacent to an ISV A2-transposase 

gene and transcribed in the opposite orientation, mirroring the organization of the piTBO, 

we wished to determine whether AngR and/or T AF products also regulate the 

transcription of angN. RNA was extracted from cultures of angKtaf+ and angR+ taF 

strains that were grown in iron-limiting conditions (minimal medium supplemented with 

0.5 !!M EDDA) and RNase protection assay analysis was performed using an angN 

specific probe. We compared the changes in expression of the angN-mRNA and the 

ITB-mRNA using a/atE-specific probe. Figure 5.5 shows that AngR and T AF have a 

similar effect on expression of angN (panel A, lanes 3 to 5) as of fatE (panel B, lanes 1 to 
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4) demonstrating that in addition to the ITB operon promoter they can also enhance 

transcription from the angN promoter. 
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5.4. Discussion 

Sequencing of the plasmid pJM 1 of V. anguillarum resulted in the identification 

of several genes encoding NRPSs and tailoring enzymes ( 4 7). In this work we have 

characterized one of these genes, angN, and established its role in vivo in anguibactin 

production and in virulence. 

As part of this analysis we found that the predicted AngN protein showed 

homology with the cyclization domain of other NRPSs. AngN consists of two Cy 

domains in tandem with no associated additional domains and it is the first NRPS so far 

identified that has two free-standing Cy domains. Each domain has the two aspartic acids 

residues in the highly conserved motif that have been shown in in vitro experiments with 

VibF to be essential for the function of Cy domains (1 06). In this work we have shown 

that single amino acid substitutions of the conserved aspartic acid in either one of the 

domains partially abolishes anguibactin production, suggesting the possibility that one 

wild type Cy domain of AngN is sufficient to catalyze the cyclization reaction. 

Furthermore, mutations in the aspartic acid residues of both Cy domains (Dl33A/D575A 

and Dl38A/D580A) resulted in cessation of anguibactin biosynthesis demonstrating that 

these Cy domains are essential for production of anguibactin in vivo. It is of interest that 

AngR, which plays a role in regulation of the expression of iron transport genes as well 

as in the production of anguibactin, possesses also a cyclization ( Cy) domain ( 190). 

However the first aspartic acid residue of the conserved motif is replaced by an 

asparagine in the Cy domain of AngR. From the results presented in this work the Cy 

domain of AngR is unable to functionally replace the mutated Cy domains of AngN in 

anguibactin production. 
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The unusual domain arrangement of AngN and the results obtained with the 

mutants affecting only one domain of AngN suggest that AngN is a protein with a 

redundant catalytic activity, in which each domain is functional independently of the 

other. However, the lower levels of anguibactin produced by the mutants and the fact 

that site-directed mutations in either of the two aspartic acid residues in Cy2lead to a 

more dramatic decrease in anguibactin biosynthesis than similar mutations in Cy1 suggest 

a different functionality with respect to their operation during anguibactin biosynthesis. 

This is further supported by the differences in the LD5o of the mutants in the virulence 

experiments, which seem to be directly correlated with the amount of anguibactin 

produced by each strain. 

It is intriguing that a division of labor by two Cy domains was also demonstrated 

in an in vitro experiment with VibF (106), an NRPS that in addition to two cyclization 

domains also has an adenylation, a peptidyl carrier protein and two condensation 

domains, and thus is not a free standing cyclization enzyme like AngN. From the 

experiments with VibF it was proposed that the first cyclization domain does the actual 

cyclization reaction while the second one does the condensation step ( 1 06). The in vitro 

VibF experiments taken together with our in vivo results with the AngN mutants strongly 

suggest that the reason for the dramatic decrease in anguibactin biosynthesis when Cy2 is 

mutated is that this domain might also work on the condensation step in the cyclization 

reaction. Moreover, sequence alignment of each Cy domain of AngN with other seven 

Cy domains (VibFCy 1, VibFCy2, HMWP2Cy 1, HMWP2Cy2, PchFCy, PchECy and the 

other Cy domain of AngN) revealed an average of22.7% identity for Cy 1 and 18.6% 

identity for Cy2. The percentage of identity of AngNCy2 to other Cy domains is 
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relatively lower than the overall average of 25.4% of the other domains while the 

similarity shared with VibFCy2 is significantly higher (32%). Furthermore, the same 

sequence alignment showed that the amino acid residues that have been shown to be 

important in cyclization but not in condensation activity of Cy domains (50) were not 

conserved in the Cy2 domain of AngN as it was the case for the Cy2 domain ofVibF. 

Our study together with the results obtained for the two VibF Cy domains and the 

identification of the residues involved in the cyclization/condensation activity of the Cy 

domain (50, 1 06) support the hypothesis that the Cy2 of AngN is a dedicated 

condensation domain that forms the peptide bond between DHBA and cysteine prior to 

the cyclization step catalyzed by its Cy 1 domain. 

In this work we also determined that expression of the angN gene is negatively 

regulated by the iron concentration of the culture medium. Analysis of the sequence at 

the angN promoter shows that it overlaps a putative transposase promoter that transcribes 

in the opposite direction, thus mirroring the situation described for the tnp-angM and iron 

transport-biosynthesis promoters ( 45). An exciting result was that the angN promoter is 

positively regulated by AngR and TAF, making it another member of the AngR and T AF 

regulon. 
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Table 5.1. Strains and plasmids used in this study. 

Strain and plasmid 

Vibrio anguillarum 
775(pJM I) 

CC9-I6(pJHC9-16) 

CC9-8(pJHC9-8) 

775(pJM I# I20) 

Escherichia coli 
XLI Blue 

HBIOI 

Plasm ids 
pJMI 

pJHC-T2612 

pJHC-T2612# 120 

pJHC9-8 

pJHC9-16 

pPH IJI 

pRK2073 

pBiuescript SK+ 

pCR®-Bluntll-TOPO® 

pBR325 

pBR325-M200 

pMDL6 

pMDL6-D 133A 

pMDL6-D 138A 

pMDL6-0575A 

pMDL6-0580A 

pMDL6-D 133A/D575A 

pMDL6-D 138A/0580A 

pMDL30 

pCyt 0 1-D 133A 

pCytDrD138A 

pCy2D1-D575A 

pCy2Dz-D580A 

pCyt 120 1-D l33A/D575A 

pCy 112 Dz-D 138A/D580A 

pSC50 

pQSH6 

Relevant characteristics 

Wild type 

Anguibactin-deficient, iron transport-proficient 

Anguibactin-deficient, iron transport-deficient 

775 carrying pJM I with TnJ::Ho-Ho I insertion in angN 

recAI, endAI ,gyrA-16, thi, hsdR/7, sup£-1-1, re/A , lacF ' [proAB ;, lacf1, 

lacZ.1Jf/5 Tn/ 0 (Td)] 
sup£44 hsd20 (r-H m-H) recA 13 ara-1-1 proA2/acri galK2 rpsL20 xy/-
5 mtl-1 

Indigenous plasmid in strain 775 

Recombinant clone carrying a 24 kb region of pJM I cloned in 
pVKI02, Tcr 
pJHC-T2612 with a TnJ ::Ho-Ho I insertion in angN, Tcr, Apr 

pJM l derivative carrying only the T AF region 

pJM I derivative carrying TAF and transport genes, 

Plasmid with RP4 ori. incompatible with pJHC-T2612. Gmr 

Helper plasmid for conjugation, Tpr, Tra ' 

Cloning vector, Apr 

Cloning vector, Kmr 

Cloning vector, Tcr, Cmr, Apr 

Cloning vector derived from pBR325. Tcr, Cmr, Ap5 

3.2 kb PCR fragment from p.JM l containing the angN gene cloned in 
pCR®-Bluntl1-TOPO® 
pMDL6 with mutation D I33A in Cy 1 domain 

pMDL6 v.ith mutation D138A in Cy 1 domain 

pMDL6 with mutation 0575A in Cy2 domain 

pMDL6 with mutation 0580A in Cy2 domain 

pMDL6 with mutation 013JA in Cy 1 domain and D575A in Cy2 

domain 
pMDL6 with mutation 0138A in Cy 1 domain and 0580A in Cy2 

domain 
C!al-BamHI fragment from pMDL6 cloned in pBR325-M200 

Clai-BamH! fragment from pMDL6-D I JJA cloned in pBR325-M200 

Clal-BamHI fragment from pMDL6-D I J8A cloned in pBR325-M200 

Clai-BamHI fragment from pMDL6-D575A cloned in pBR325-M200 

Clai-BamH! fragment from pMDL6-D580A cloned in pBR325-M200 

Clal-BamHI fragment from pMDL6-D 13JA/D575A cloned in 
pBR325-M200 
Clal-BamHl fragment from pMDL6-D 138A/D580A cloned in 
pBRJ25-M200 
125 bp Sau3AI fragment ofthe.fcaB gene cloned in pBiuescript SK+ 

415 bp Sali-Clai fragment of the aroC gene cloned in pBiuescript SK.,. 
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Source or 
reference 

(39) 

( 183) 

( 183) 

This study 

Stratagene 

(21) 

(39) 

( 169) 

( 169) 

( 169) 

( 169) 

(74) 

(56) 

Stratagene 

Invitrogen 

( 19) 

(45) 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

( 188) 

(45) 



Table 5.2. DNA primers used in this study. 

Primer name 

angN-F 
angN-BamHIR 
Dl33A-F 

Dl33A-R 

D138A-F 

D138A-R 

D575A-F 

D575A-R 

D580A-F 

D580A-R 

PEX-angN 

angN-T7L 

angN-T7R 

Nucleotide sequencea 
5'-ACGACGATTGATGGGTGTAGC-3' 

5 '-TTGT A TTCACT A TGG A TCCTTGC-3' 

5 '-CGCTT A CAT A TTG AT AGCG CT A TG A TTG CT A TTG ACCCAG-3' 

5 '-CTGGG TCAA T AGCAA TCA T AGCGCT A TC AA T A TG T AA GCG-3' 

5 '-CGATA TGATTGCTATTGCCCCAGA TAGTTGCCGAG-3' 

5 '-CTCGGCAACT A TCTGGGGCAA T AGCAA TCA T A TCG-3' 

5 '-GTATTTTCTCGCTTTGCTGCATTAATTCTTGA TGCTCGCTC-3' 

5 '-GAGCGAGCATCAAGAA TTAA TGCAGCAAAGCGAGAAAA TAC-3' 

5 '-CTTTGATGCA TTAA TTCTTGCTGCTCGCTCCA TTGCTTC-3' 

5 '-GAAGCAATGGAGCGAGCAGCAAGAATTAATGCA TCAAAG-3' 

5 '-TGCCCA TT A TCTTTTCTTCC-3' 

5 '-CGAAAGTTCTATTATTGA TGTT-3' 

5 ' -ggatcctaatacgactcactatagggaggAGGTAATAAACTAACGGAGAAT-3' 

a Restriction sites are underlined, base changed from the wt sequence are shown in italics, T7 promoter sequence in 
lower case 
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Figure 5.1. Amino acid sequence alignment of AngN from V. anguillarum and VibF 

from V. clwlerae. The sequence of the highly conserved motif of the Cy domains are 

underlined. The plusses show conserved amino acid substitutions, while the identical 

residues are shown between the two protein sequences. 

187 



AngN: 1 MSELTPMQAACWFGRKDNGQLGNVASHLYTEFDGENINIDKLNSALGSLYKRHEMLRLKV 60 
M E+T MQAA W GR+ + L VA+HLY EFDG+ +N L A+ +LY +H MLRL + 

VibF: 1 MKEMTAMQAAYWLGRQHDCLLDGVAAHLYAEFDGQALNRQALTEAVRALYAKHPMLRLAI 60 

AngN: 61 NHLGESSIIDVPNHALLEIEDFTHLSPENMHKALIEKRQSWAHQMLDLTQGQVARFSVSL 120 
G+ I+ + L+++D + P+ + + KRQ HQMLDLTQG S++L 

VibF: 61 TKDGQQKILPLSTFHQLKVDDLSQWKPDEVESFVHTKRQRMTHQMLDLTQGNPIEISLTL 120 

AngN: 121 LPDNAFRLHIDSDMIAIDPDSCRVLIEDLAMLY----ESGASEVKNNP-TFFSWHGMAKN 175 
LP+ RLHID+DMIA D S R+L++DL LY E ++++ TFF + + 

VibF: 121 LPEGKHRLHIDADMIACDAQSFRLLVDDLTSLYLEAIEHRLEIIESDVVTFFQYLDAQQA 180 

AngN: 176 DPILKSQRKSDRAWWKSNLNNIAPSPSLPFFEPNTN--KAESHHYSAWLDAEQRTDLITL 233 
D L +++ D+ WW+ L I PSLP+ T+ A S ++ W +R L + 

VibF: 181 DRALAKRKEVDKKWWQERLATIPAEPSLPYQPVPTDAVSANSQRFAHWFTPVERKGLAEV 240 

AngN: 234 ARKNNLTPANLMLGLFARTLGKATGDETFRINVPTFWRPPIIEGTESLVGDFVNFVVLSV 293 
AR+++LT L L LF++ + A + FR+NVPTF R E +GDF N ++ S 

VibF: 241 ARQHHLTLTQLTLALFSQVIANACQERQFRLNVPTFHRGNRSLDIEHTIGDFSNLLIFSA 300 

AngN: 294 DMKESKTLLEFCHMVADKMGLLLGHSRYDGVSMMRDLSLHHGCTQLAPVVFTSAIDLPSG 353 
D+ ++TLL C A+++ LL H Y GVS+MRDLS G Q +P+VFTS +++ 

VibF: 301 DVGTTQTLLSLCQQTANQLHQLLRHESYSGVSVMRDLSRKQGGVQRSPIVFTSGMEMRDE 360 

AngN: 354 NLFSRRVHKHFGKMDWTISQGSHVALDSQVVSIDGGIMINWDVRQEALPKEWTSAMFENF 413 
+FS V +H G+M+W ISQG+ V LD+Q+ GI++NWDVR E + +A+F ++ 

VibF: 361 EIFSDHVTQHLGRMNWVISQGAQVTLDAQIAPAYEGILLNWDVRMENFADKDITALFAHY 420 

AngN: 414 VALTKSVISTPDLLVAPLDKLQPKLVCL---SHFESELTPMQRAYLLGRTTQMPLGGVAM 470 
V L + V P+++ + ++ +L S E LTP+Q+AYLLGR+TQ+ LGGVAM 

VibF: 421 VDLIRCVALHPEMMQQSVQQIDAQLGYARRESIQEMPLTPLQQAYLLGRSTQIALGGVAM 480 

AngN: 471 QETLEHRGTLSASSIRHRLSTMVVKYPCLRTFIDSKSLKLQVSQCPQVNLAHVDLRHLEK 530 
E E+RG + S+ RL +V P LRT ID + VS C +N +DL+HL + 

VibF: 481 HEFREYRGHIDTQSLHSRLLYLVEHIPALRTRIDQEKWIQWVSPCIALNWQAIDLQHLSR 540 

AngN: 531 DKAEEELARFRYTYNHNMFDLDQPLWNVTTFSL-----SETDTYVFSRFDALILDARSIA 585 
++A + R Y M DL + W + L E + V + FDALI+D R+ A 

VibF: 541 EQALLAVEPVRQQYQQRMHDLTRSPWQICVVQLPIEEQEEFSSIVLTSFDALIVDGRTHA 600 

AngN: 586 SLLVELFDEQAPYIPSF- ----DFEPDHEHVQSARAKDEKYWLNKLATVEKSMCFPWHKP 640 
+L L + P I D + S +A+DE YW +KL PW + 

VibF: 601 LILAALLGSEEPDITQVVQNARDTQSISPQFASKKAQDEAYWKSKLHPDCPPPALPWKQA 660 

AngN: 641 LKSISHSRYQRQSLKIEKETVKKLVRVAGKEGLYKNTLMMSVAMEALSSHVCNGQLCVAV 700 
L++I+ SRY R+SL+I KE+V KL R + GL+ N+L+ + ++ LS + V 

VibF: 661 LETITTSRYARESLQIPKESVGKLNRCGIENGLFLNSLLTATILDVLSYWTTEIGMRVGF 720 

AngN: 701 PVL-PMTSANYASQSSFIVTQWNAHQYDFLQRAKTLQVDTLEGLEHLAFSGVDLARVLFE 759 
PVL P ++A ++SSF++ + L +A LQ + LE LEHLAFSGVDL R+L 

VibF: 721 PVLIPSSNAIDGNESSFVILEHEKSTLSLLSQASKLQREMLEALEHLAFSGVDLNRLLMN 780 

AngN: 760 RCGPAPALPIVITNGLSWPVLSDDASMTLQRGLTQTPQVAMDIRFVAITGGSIMFSVDYA 819 
+ A LP+V+TNGLSW L+ + ++TL G+TQTPQVA+DIR +++ S DYA 

VibF: 781 QAPQALVLPVVLTNGLSWKTLNPEDAVTLFDGVTQTPQVALDIRLTYDEQKNLIISFDYA 840 

AngN: 820 SEAVADDLVKAILDRIDMILDHMVETSQYVVQSHKLLPIGRSRVVELVDRDPNESWDIDL 879 
+ +L++ +L + L + ++ + + R + D + S D D 

VibF: 841 LAVLETELIREMLSALHHRLSQITSSASLAAPLEPCIDLSHYR----FNSDESASHDCDF 896 

AngN: 880 TKRKIFDIYCQVIGKEKNNSDSDSLPFSQLGLRPSHLKQISIDLNKELQVDLPVMQLIRC 939 
+ ++ + K +L ++QLG Q + L I 

VibF: 897 LAKLAQQLFVRTEDKTAVICGEQTLSYAQLGYARRESIQEMPLTPLQQAYLLGRSTQIAL 956 

AngN: 940 RNADDIKDLALQQVVDF 956 
+ + +D 

VibF: 957 GGVAMHEFREYRGHIDT 973 
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Figure 5.2. Map of a 17 kb DNA region from the pJMl plasmid encoding the angN 

gene and the ITB operon. Restriction endonucleases: E, EcoRI; S, Sail. 

189 



~I 

L1.J 

L1.J 

L1.J 

190 



Figure 5.3. Growth in iron-limiting conditions, anguibactin production and 

virulence of the angN mutant strains. A. The ability of V anguillarum strains to grow 

under-iron limitation is expressed as% growth that corresponds to the growth in EDDA 

normalized to the growth in iron-rich conditions ( 4 11g of ferric ammonium citrate per ml) 

for each strain. Each column for each strain corresponds to concentrations of EDDA, 

from bottom to top, of0.5, 0.75 and lf.,I,M, respectively. Results are the mean ofthree 

independent experiments with the error bars showing the standard error of the mean. B. 

Measurement of anguibactin production by bioassay in mm of growth. The results shown 

are the average of three independent experiments with corresponding error. C. Virulence 

experiments were carried out as described in Material and Methods and the LD50s were 

calculated by the method of Reed and Muench. ND = not determined 
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A B c 

1 775 pBR325 16 ± 0 0.3x103 

2 775 120 pBR325 0±0 O.Sx107 

3 775 120 pMDL30 
15 ± 0.6 1.6x104 

4 775120 pCy1D1 
12 ± 0 0.6x104 

5 775120 pCy1D2 
12 ± 0.6 ND 

6 775 120 pCy2D1 
10 ± 1 3.4x105 

7 775 120 pCy2D2 
11 ± 1 ND 

8 
0±0 0.3x106 

9 
0±0 ND 

0 10 20 

%growth 
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Figure 5.4. Mapping of the transcription start sites of angN mRNA. A. Primer 

extension analysis using a primer at the beginning of the angN gene and RNA obtained 

from cultures grown in iron-rich (lane I) and in iron-limiting conditions (lane 2 and 3). 

Lanes G, A, C and T represent the sequence of plasmid pMDL6 using primer PEX-angN. 

PI and P2 are putative transcription start sites for the angN gene. The supplements to the 

medium were: lane I, 2 flg of ferric ammonium citrate per ml; lane 2, 1.5 f.lM EDDA; 

lane 3, 2f.lM EDDA. B. The nucleotide sequence of the region upstream of the angN 

gene is shown with the primer used in the primer extension experiment and the location 

of the putative transcription starts (arrow heads PI and P2 and bold letters). The -35 and 

-I 0 sequences for the PI product are shown as open boxes and the A TG for AngN is 

underlined. 
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A 
G A T c 1 2 3 

Pl 

P2 

B 
AAAAGGTCAG AGAACCACGG TTGATTAAGG CTTTGTTGTA 

-35 -10 
CTG~TCCAGI TTAGTTGTTT TGTAAC~GG TT~GGCATG 

~Pl 
AGGC ACGAC GATTGATGGG TGTAGCCGAT CAGATCGTAG 

CTTCTAGATT TAGTTCCATC 
tP2 

GATTTAA A ACAAAGCCGT 

TCAGAGGTGT CGCACTTCGT ACTTGAATCC AAGTCTCTTA 

TCTAGTTAAT AATAAGGTTT TTATTGTAAA TGATTATCGT 

TTGCAAAATA ATGGCGCCTA ACAAATGAAT TGTCAACAAA 

GTGAAAGCTG ATGAGTGAAT TAACACCAAT GCAGGCTGCA 

TGTTGGTTTG GAAGAAAAGA TAATGGGCAA CTAGGCAATG 
c cttcttttct attacccgt (PEX-angN) 

TTGCTTCTCA CCTTTACACC GAATTCGATG GCGAAAATAT 
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Figure 5.5. Effect of iron, AngR and TAF on transcription of angN andfatB. A. 

RNase protection assay using a probe specific for the angN gene and total RNA isolated 

from cultures grown under iron-rich and iron-limiting conditions. V anguillarum wild 

type (lanes 1, 2 and 4); V anguillarum AngR-deficient strain (lane 3); V anguillarum 

T AF -deficient strain (lane 5). RNA obtained under: iron-rich conditions, lane 1 (2 11g of 

ferric ammonium citrate per ml); iron-limiting conditions, lanes 2 and 4 (1.5 11M EDDA) 

and lanes 3 and 5 (0.5 11M EDDA). B. RNase protection assay with the same RNA used 

in panel A from the cultures grown under iron-limiting conditions using a fatE-specific 

riboprobe. V anguillarum wild type (lanes 1 and 4); V anguillarum AngR-deficient 

strain (lane 2); V anguillarum TAP-deficient strain (lane 3). The aroC-specific 

riboprobe is included in both RNase protection assays to provide an internal control for 

the quality of the RNA and the amount of RNA loaded onto the gel, since the aroC gene 

is expressed independently of the iron concentration of the cell. 
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CHAPTER6 

Discussion 
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6.0. Discussion 

I will address here the contributions of this work to the field of siderophore 

biosynthesis and NRPS mechanism of action and suggest future studies that could spawn 

from my findings. 

The sequence of the pJMl plasmid presented in Chapter 2 represents the first time 

that an iron metabolic plasmid has been completely sequenced. The analysis of the ORFs 

found on this plasmid showed that the anguibactin iron transport system is in its majority 

encoded on pJMl and that it is the only virulence factor harbored on the plasmid, since 

no ORFs encoding for additional determinants such as colicins and antibiotic resistances 

could be identified. The lack of additional traits that could be associated with virulence 

could be an explanation for the fact that the pJM 1-like plasmids are not as widespread as 

the pColV -K30 family, the only other known type of plasmid that encodes a siderophore

mediated iron acquisition system but also genes for colicins and several antibiotic 

resistances (185). However, in V anguillarum serotype 01 strains the pJM1-like plasmid 

evolved to become essential for virulence, solely due to the iron uptake system (37, 45). 

The finding of this family of plasmids only in the V anguillarum serotype 01 strains 

could also be a consequence of the inability ofpJMl-like plasmids to be transferred from 

one bacterium to another since no transfer region could be identified by sequencing and 

annotation. A pJM1-like plasmid could have evolved within the bacterial host, from a 

replicon already present in the cell by step-wise acquisition of transposons. The bacterial 

strain containing this newly assembled plasmid could be the ancestor of the serotype 0 l 

strains harboring the pJM1-like plasmids. The modular composition ofthe pJM1 plasmid 

as well as the limited variability (mainly the presence of additional insertion sequences) 
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found in the different plasmids of this family supports this hypothesis. The pJMl 

sequence in combination with the growing number of plasmid genomes available offers a 

wealth of information on the evolution and distribution of these extrachromosomal 

elements that will be useful in the future for comparative studies with other natural 

plasmids from environmental and clinical isolates. 

The structure of anguibactin, the pJMl-mediated siderophore, is also quite 

exceptional since it contains three different chemical groups, all possessing iron-chelating 

properties. Furthermore, this highly compact iron-binding compound is assembled from 

only one proteinogenic amino acid, cysteine, and two metabolites, DHBA and histamine, 

that are synthesized exclusively for siderophore production and possess either a 

carboxylic or an amino group. These features of the two precursors channel the synthesis 

of anguibactin in only one possible direction with the carboxylic acid capping theN

terminus and the amine functioning as the final acceptor. This simple but unusual 

structure can be assembled by a limited number ofNRPS domains that in this system are 

distributed in a highly fragmented and original arrangement as determined from my in 

silico analysis. 

From the sequence data and the annotation analysis, I proposed a model for the 

biosynthesis of the siderophore anguibactin that takes into account the current knowledge 

on NRPSs and peptide synthesis. The pathway based on the pJMl sequence was the 

starting point for the work done in this thesis on the single components of the anguibactin 

assembly line. I will present here the model as proposed at this point taking in account 

all the conclusions of this thesis. As shown in Figure 6.1 in the proposed pathway, 

DHBA is activated by AngE and tethered on the ArCP domain of AngB in a similar 
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manner as it occurs in the vibriobactin and the enterobactin systems of V cholerae and E. 

coli, respectively (52, 61, 79, 105). Using an algorithm designed to predict the identity of 

the amino acids activated by NRPS A domains based on their amino acid sequences (27), 

I proposed that the A domain of AngR, possibly the only functional domain of this 

protein, activates cysteine. Once the activated cysteine is loaded on the PCP domain of 

AngM, at serine 215, the dihydroxyphenilthiazolyl (DHPT) intermediary is formed in 

two steps, first amide bond formation between DHBA tethered on the ArCP domain of 

AngB and the amino group of cysteine followed by cyclodehydratation, both catalyzed 

by the Cy domains of AngN. The final product anguibactin is then released by transfer of 

DHPT from the PCP domain of AngM to the secondary amine ofhydroxyhistamine in a 

reaction that requires the activity of the AngM C domain. The amine acceptor, 

hydroxyhistamine, is synthesized from histidine by two tailoring enzymes, AngH, the 

histidine decarboxylase, and AngU, the histamine monooxygenase. 

The predictions made on the basis of anguibactin structure and on the domains 

found in the biosynthesis proteins were tested using an in vivo genetic approach. 

Mutants that completely obliterated the proteins or that affected only specific residues in 

the domains were used to determine functionality of each domain. Since all the mutants 

were tested in vivo for their ability to multiply either in a medium depleted of iron or 

inside the host fish, this study represents a different and novel approach to analyze 

NRPSs. Biochemical methods are usually applied to study these proteins and their 

domains with analyses of their functions performed in in vitro systems with highly 

purified components (79, 110, 134). Since both methods provide invaluable information 

on the mechanisms by which each single domain acts, they should be used in 
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combination to completely understand how many of the reactions observed in vitro occur 

also in vivo. This became quite clear in the analysis of the AngB protein domains where 

the site-directed mutants of the plasmid-encoded protein were used in in vivo and in vitro 

analyses to test the functionality of each domain (Chapter 3). Loading of the ArCP 

domain of AngB with the non-specific salicylate monomer could be achieved in vitro but 

no siderophore production could be measured in vivo when the same substrate was used 

in cross-feeding experiments of a V anguillarum strain that is not able to produce DHBA 

but still expresses the ArCP domain. In contrast, anguibactin synthesis could be restored 

in the same strain when grown in medium supplemented with the natural substrate 

DHBA. Thus, although the results obtained for the ArCP domain in the in vitro reactions 

confirmed those in vivo, i.e. that the ArCP domain of the AngBp protein is functional, 

they clearly posed the question if the ArCP domain can actually be loaded with salicylate 

within the bacterial cells. I need to point out that from our experiments we could not 

discard the possibility that salicylate can still be loaded onto the ArCP domain in vivo 

and the limiting step for the assembly of salicylate in the anguibactin molecule occurs in 

reactions catalyzed by downstream domains such as the Cy domains of AngN that could 

be unable to recognize this phenolate as a substrate. 

The new approach for the study ofNRPS domains used in this thesis could 

become quite useful in the possible applications that the understanding of this systems 

have as the final goal. The increasing interest in NRPS systems comes from the 

fascinating prospect to use these synthetases to assemble alternative bioactive secondary 

metabolites, such as new antibiotics or bactericidal compounds (78, 115). The ability to 

tweak sets of domains to incorporate specific monomers in a predetermined order in the 
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peptide could vary depending which method is used for the biosynthesis. Probably, 

fewer limitations are encountered in the in vitro versus the in vivo assembly but the use 

of the latter should be greatly favored since larger yields of product can be obtained from 

a system working in bacterial cells, an important asset if the final goal is a medical 

application of the compound. 

An additional contribution of this thesis to the field of siderophore biosynthesis 

comes from the results obtained with the two AngB homologues with respect to 

anguibactin assembly. Although highly similar, these two proteins showed very different 

functionality of their ArCP domains in vivo. As discussed in Chapter 3, the 

chromosomal-encoded ArCP domain is not able to participate in anguibactin production 

and this could be due to an impairment of this protein to interact with the other proteins 

of the anguibactin system. Although specific protein-protein interactions have been 

already suggested to interfere with domain swapping in different systems in several in 

vitro studies (105, 151, 165), the two AngB proteins are encoded in the same bacterium 

and more closely related than the previously tested domains were to each other. 

Furthermore, the recent findings of additional chromosomal and plasmid-encoded gene 

pairs in the same strain of V anguillarum (7) point to a more complex system of 

interactions. One of these gene pairs codes for the DHBA-specific A domain and it has 

been shown that both gene products are proficient in anguibactin production (7). Further 

analyses are needed to understand the mechanism underlying the different behavior 

observed in the system specificity ofthese two domains. 

The identification of a functional AngB encoded on the chromosome within a 

cluster of other DHBA and siderophore biosynthesis genes is an interesting finding both 
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for the evolution of the iron-uptake systems of V anguillarum species and the future 

study of the siderophore produced by serotype 0 1 and 02 strains of V anguillarum that 

do not carry a pJM1-like plasmid (94). This chromosomal-encoded siderophore that also 

contains DHBA, can be recognized by the outer membrane receptor for enterobactin but 

not by that for anguibactin pointing to a structure more similar to the siderophore 

produced by enteric bacteria than to the siderophore produced by V anguillarum strains 

(94). 

In Chapters 4 and 5, I presented the characterization of two NRPSs with an 

unusual domain organization. I determined that both AngM and AngN do not even 

possess a complete module with AngM missing the A domain and AngN harboring the 

activity for only one step of an elongation round, the cyclization function. Although 

domain fragmentation has been observed in other systems, it is usually limited to 

distribution of the domains for activation and tethering of the catecholate or phenolate 

monomers (79, 1 05). This is probably a consequence of the fact that the genetic 

information for the incorporation of these building blocks in very many siderophore 

systems was acquired as a single gene cluster in which all the enzymatic activity required 

for the synthesis and assembly of the precursors were present. The only two exceptions 

to the usual organization of the domains for catechol and phenolic groups (i.e. A and 

ArCP domains expressed in two independent proteins) were found in the yersiniabactin 

system where the ArCP domain for DHBA is part of the HMWP2 synthetase N-terminus 

and in the pyochelin assembly where the tethering domain for salicylate is encoded by the 

PchE amino terminal end (82, 134). The distribution of domains constituting a single 

module on distinct polypeptides found in the anguibactin system goes beyond the step of 
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DHBA incorporation and the activities required for the assembly of the final product are 

spread over five proteins (including those encoding the A and ArCP domains for DHBA). 

This is even more striking if we consider that only two modules are required for 

anguibactin biosynthesis for a total of six domains: it is almost one domain per NRPS. 

Comparisons with the vibriobactin system showed that the same domains found on 

AngM, AngN and AngR in V anguillarum are all grouped together in only one 

polypeptide, the VibF protein from V cholerae (VibF has also an extra C domain, C,, 

that was shown to be catalytically non-functional but important for its dimerization) (72, 

73, 106). Thus, the highly fragmented system for anguibactin biosynthesis requires a 

considerable larger number of protein-protein interactions than those needed in the 

vibriobactin assembly line, to assure the correct processing of the precursors to yield the 

final molecule of siderophore. Recent findings in the tyrocidine system point to short N

terminal and C-terminal sequences in the NRPS as the intermolecular communication 

domains between the different synthetases (70, 98). The fragmentation of the anguibactin 

NRPS domains makes this a rather appealing system to create new module combinations 

for the production of novel compounds in vivo, due to the larger number of units and the 

better manageability of the protein sizes. Once the extent of the intermolecular 

communication domains are defined for the proteins of the pJM 1 system, each of the 

anguibactin NRPS could be used as a protein scaffold in which cassettes containing 

different domains can be swapped for the indigenous domains. 

The conclusions on the Cy domains of AngN presented in Chapter 5 are similar to 

the results obtained for VibF heterocyclization of threonine ( 104, 1 06) and they represent 

the second instance in which two Cy domains in tandem are required for a reaction that in 
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the yersiniabactin and the pyochelin systems can be performed by a single Cy domain 

(124, 166). Furthermore, while it can be argued that vibriobactin assembly entails the 

cyclization of two threonine monomers and thus requires two Cy domains ( 1 06), during 

anguibactin biosynthesis only one heterocyclization step is needed and the presence of 

two domains with the same functionality seems redundant. Although few residues were 

identified within the autonomously active domains and these residues were not conserved 

in those Cy domains that can work only in tandem (50), the question remains open if 

there is a different mode of action at the molecular level of the two Cy domain kinds. 

The anguibactin biosynthetic pathway needs further validation in some of the 

steps, for example if the A domain of AngR is indeed specific for cysteine and the Cy 

domain of this same protein is completely obliterated in its function, and additional 

experiments can be developed to better characterize each domain reaction at a molecular 

level. 

An interesting evolutionary twist to the study of the anguibactin biosynthetic 

pathway was added by the identification of a highly similar system encoded on the 

chromosome of the opportunistic human pathogen Acinetobacter baumanii ( 48, 1 09). 

The structure of the acinetobactin siderophore differs from anguibactin in that instead of 

the thiazoline ring of anguibactin generate by cyclization of cysteine there is a 

methyloxazoline ring in acinetobactin obtained by cyclization of a threonine residue 

(195). Completing the evolutionary link between these two pathogens it was recently 

discovered that the outer membrane receptor of each system can recognize and internalize 

the siderophore produced by the other system (49). Finally, sequencing of the A. 

baumanii gene cluster showed that the domain organization of the acinetobactin genetic 
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system mirrors topologically that found in the V anguillarum system with minor 

differences ( 49, 1 09). The findings in this thesis can therefore contribute to the analysis 

of the biosynthetic mechanisms by which acinetobactin is produced. The existence of 

these two highly related siderophore-mediated iron uptake system in two very distantly 

related bacteria is interesting not only for the study of their NRPS domains but also from 

an evolutionary standpoint. As a golden brooch to this section, I would like to add that 

there have been reports that the human opportunistic pathogen A. baumanii was identified 

as a commensal bacterium in the fish gut (66), which could be the site where the two 

species met and exchanged genetic information. 
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6.1. Summary and conclusions 

The studies presented in this thesis identified most of the siderophore biosynthesis 

genes on the plasmid pJM 1 and confirmed that the iron uptake system is the only 

virulence determinant harbored on the plasmid (Chapter 2). From the analyses of 

Chapter 2, a model was proposed for the synthesis of anguibactin and the validation of 

the pathway steps initiated in Chapters 3, 4 and 5. Overall the results from these chapters 

confirmed the assumptions made from the in silico analysis, but also brought new 

insights on the possible mechanisms of action ofNRPS during the assembly of the 

peptide. 

The use of genetics to investigate the functions of the NRPS domains in vivo 

represents a new approach to study the activity of these enzymes and offers to this field 

an alternative method to exploit the NRPS systems for the production of novel bioactive 

compounds. As shown in Chapter 3, the combination of in vitro and in vivo methods can 

offer the most complete view on the mode of action of each domain and prevent wrong 

assumptions caused by the limitations of each methodology. 

An additional future development ofthe study of the iron uptake system of V 

anguillarum comes from the comparison of the biosynthetic machinery of anguibactin 

with those of other similar siderophores. The many similarities and differences found 

between the different pathways can be further analyzed to obtain a better understanding 

of the common mechanisms underlying the synthesis of peptide siderophore and other 

secondary metabolites. 
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Figure 6.1. Proposed pathway for anguibactin biosynthesis. 
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