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ABSTRACT 

 

Genome Mining for Microbial Siderophores:  

Improving Structural Predictions 

 

by 

 

Zachary Lawrence Reitz 

 

Nearly all life requires iron; however, under aerobic conditions, Fe(III) is nearly 

insoluble. To meet their metabolic needs, many bacteria synthesize siderophores: small-

molecule, high-affinity Fe(III) chelators.  The discovery of new siderophores has been 

streamlined by genome mining, where bacterial genomes of interest are scanned for 

siderophore biosynthetic gene clusters (BGCs).  This dissertation is focused on the 

development of new bioinformatics tools to improve siderophore structural predictions, as 

well as the application of those tools towards traditional natural product isolation. 

Some peptidic siderophores contain the chelating ligand β-hydroxyaspartate (β-

OHAsp), which provides bidentate OO′ coordination to Fe(III). Current genome mining 

methods cannot reliably predict which aspartate residues will be hydroxylated, nor the 

resulting stereochemistry, leaving structural ambiguities which must be rectified 

experimentally. Through coupling BGCs with verified structures, the origin of the β-OHAsp 

diastereomers in siderophores is reported. Two functional subtypes of nonheme Fe(II)/α-

ketoglutarate–dependent aspartyl β-hydroxylases were identified in siderophore BGCs. Each 

aspartyl β-hydroxylase subtype effects distinct diastereoselectivity. A previously 



 

 x 

undescribed, noncanonical member of the nonribosomal peptide synthetase (NRPS) 

condensation domain superfamily is identified, named the interface domain, which is 

proposed to position the β-hydroxylase and the NRPS-bound amino acid prior to 

hydroxylation. Through mapping characterized β-OHAsp diastereomers to the phylogenetic 

tree of siderophore β-hydroxylases, methods to predict β-OHAsp stereochemistry in silico 

are realized. 

The DHB-CAA-Ser family of triscatechol siderophores each contain a different 

cationic amino acid (CAA = D-Arg, D-Lys, or L-Orn), hinting at the existence of their 

diastereomers with L-Arg, L-Lys, and D-Orn. With no knowledge of which bacteria, if any, 

are capable of their production, a novel high-throughput genome mining workflow was 

developed, the Catechol Siderophore Cluster Analysis (CatSCAn). Over 11,000 bacterial 

genomes were scanned for siderophore BGCs, revealing about 1% potentially capable of the 

biosynthesis of the combinatoric suite of DHB-CAA-Ser siderophores with L- and D-CAA. 

The NRPS from Marinomonas sp. TW1 was found to be unusually promiscuous, producing 

a relatively rare example of a suite of siderophores with D-Arg, D-Orn, and L-Orn amino 

acids. 

CatSCAn produced a rich dataset of putative BGCs that may be coupled with 

structurally- characterized siderophores to study the chemistry and biology of triscatechol 

siderophores.  A detailed analysis of BGCs highlighted key features within siderophore 

pathways.  Mapping known and predicted siderophores onto a phylogenetic tree of NRPS 

proteins reveals repeated changes in CAA stereochemistry and identity within the DHB-

CAA-Ser family. Parsimony suggests that the ancestor of all DHB-CAA-Ser siderophores 

was trivanchrobactin, (DHB-DArg-Ser)3.  A model of DHB-CAA-Ser siderophore evolution 

is presented where enzyme promiscuity allows for the biosynthesis of new siderophores. 
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Genome mining for VibH homologs reveals several species of Acinetobacter with a 

gene cluster that putatively encodes the biosynthesis of catechol siderophores with an amine 

core. A. bouvetii DSM 14964 produces three novel biscatechol siderophores: propanochelin, 

butanochelin, and pentanochelin. This strain has a relaxed specificity for the amine substrate, 

allowing for the biosynthesis of a variety of non-natural siderophore analogs by precursor 

directed biosynthesis. Of potential synthetic utility, A. bouvetii DSM 14964 condenses 2,3-

dihydroxybenzoic acid (2,3-DHB) to allylamine and propargylamine, producing catecholic 

compounds which bind iron(III) and may be further modified via thiol–ene or azide–alkyne 

click chemistry. 
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Chapter 1. Introduction: Siderophore-mediated iron acquisition 

Sections of this chapter were adapted from Reference 1 with permission from The Royal 

Society of Chemistry. 

 

1.1.  Iron homeostasis and siderophores 

The majority of bacteria require iron to grow, yet obtaining iron presents a challenge 

to microbes in most environments. Iron(III) is insoluble at neutral pH in aerobic 

environments [Ksp of Fe(OH)3 = 10−39], thus severely limiting the availability of this 

essential nutrient in marine and terrestrial environments. Iron availability is also limited in 

human-host environments, due to sequestration of cellular Fe(III) by the iron transport and 

storage proteins transferrin, lactoferrin, and ferritin. One strategy bacteria use to acquire iron 

is to produce siderophores, low molecular weight organic compounds that bind Fe(III) with 

high affinity. Siderophores solubilize, capture, and deliver Fe(III) to the cells (Figure 1.1). 

Several hundred structures of siderophores are known, all of which contain key functional 

groups for Fe(III) coordination. The most common bidentate coordinating groups are 

catechols, hydroxamates, α-hydroxycarboxylates, salicylates, and N-diazeniumdiolates 

(Figure 1.2).  Most siderophores contain three chelating groups, providing hexadentate 

coordination around the Fe(III) center. A siderophore’s affinity for ferric iron is often 

expressed in terms of its proton-independent Fe(III) stability constant (Kf or β110), a formal 

convention calculated based on competition experiments with EDTA and estimated Ka 

values of the coordinating atoms. In reality, a siderophore’s affinity for Fe(III) is not proton-

independent, but varies with pH.2 A more physiologically relevant (albeit still artificial) 

measure of the ability to bind ferric iron is pFe(III), the equilibrium free iron concentration 

in a pH 7.4 solution of 10-6 M Fe(III) and 10-5 M ligand. 
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Figure 1.1. Siderophore-mediated iron acquisition in bacteria. 

 

Figure 1.2. Common siderophore iron(III) coordinating groups.  The coordinating groups of 

representative siderophores are highlighted in blue and labeled.  The names of the specific 

monomers are given in parentheses.  

 

1.1.1.  Metal-center chirality of ferric siderophore complexes 

Upon Fe(III) coordination, siderophores may gain an additional stereocenter, i.e., the 

metal center itself, with configurations named ∆ or Λ (Figure 1.3).  Crucially, the “wrong” 

Fe(III)-center chirality has been implicated in reducing siderophore efficacy by hindering 

receptor recognition.3-7  The metal center chirality of several ferric siderophore complexes 

has been determined by circular dichroism (CD) spectroscopy and X-ray crystallography, 
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allowing for the relationship between siderophore structure and metal center chirality to be 

explored.   

A pair of enantiomeric ligands will each bind a metal with equal affinities and 

opposite metal-center chiralities. Transport studies of unnatural siderophore stereoisomers 

provided the first evidence for stereoselective siderophore-based iron acquisition.  Synthetic 

enantiomers enantio-ferrichrome,3,8 D-parabactin,9 and enantio-rhodotorulic acid4 are not 

imported into bacteria or fungi. Iron(III) bound to enantio-enterobactin likewise doesn’t 

support growth in E. coli.10 However, the outer and inner membrane receptors of E. coli are 

able to transport both enantiomers of enterobactin; instead, enantioselectivity lies at the 

esterase Fes, which is unable to cleave the D-Ser macrolactone of ferric enantio-

enterobactin, preventing iron release and utilization.11,12 

 

Figure 1.3. Enantiomers of Fe(III) coordinated by three bidentate ligands. 

 

Synthetic siderophore enantiomers provided the first evidence for the impact of iron 

center chirality on the uptake of siderophores; however, they lack the true ecological 

relevance of natural siderophore stereoisomers paired with matching uptake machinery. 

Three naturally occurring pairs of enantiomeric siderophores have been reported to date: 

R,R-rhizoferrin versus S,S-rhizoferrin (from Mucorales fungi and γ-proteobacteria, 

respectively),6,13 pyochelin versus enantio-pyochelin (from Pseudomonas aeruginosa and P. 

fluorescens, respectively),14,15 and madurastatin C1 versus (–)-madurastatin C1 (each from 
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different Actinomadura spp.).16,17  S,S-rhizoferrin producing bacterium Ralstonia pickettii 

was able to take up R,R-rhizoferrin with equal efficiency, while the fungus Rhizopus 

arrhizus imported the native R,R-rhizoferrin at a two-fold faster rate compared to S,S-

rhizoferrin.6  Pyochelin and enantio-pyochelin are only recognized as siderophores and 

signalling molecules in their respective strains.15 X-ray crystallography revealed that the 

outer membrane receptors FptA and FetA show high structural similarities, but share no 

homology in the siderophore binding sites.18 Additional enantioselectivity occurs at the inner 

membrane receptors and transcriptional regulators.19,20   

In contrast to enantiomeric pairs, two siderophore diastereomers do not necessarily 

have equal affinities for iron(III). Indeed, salicyl thiazoline-containing siderophores 

pyochelin and yersiniabactin are isolated as rapidly equilibrating mixtures of epimers; only 

one diastereomer is able to bind iron(III).21,22 Other thiazoline/oxazoline-containing 

siderophores isolated as epimers include watasemycins,23 thiazostatins,24 spoxazomicins,25 

and tetroazolemycins.26  Similar epimeric siderophores agrochelin and massiliachelin were 

each reported as single diastereomers (from Agrobacterium sp. and Massilia sp. NR 4-1, 

respectively), although no iron(III) chelation experiments were performed.27,28   

 

1.1.2.  Transport of ferric siderophore complexes 

 In Gram-negative bacteria, ferric siderophore [Fe(III)-Sid] complexes are recognized 

and imported by cognate outer membrane receptors (OMRs).  These large proteins are 

composed of a β-barrel domain, which forms the channel, and a plug domain, which 

prevents the unintended transit of other molecules.29  Upon Fe(III)-Sid binding, the TonB-

ExbB-ExbD inner membrane complex transduces energy from proton motive force to the 

receptor, moving the plug and allowing passage of the Fe(III)-Sid complex.29 A periplasmic 
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binding protein (PBP) then binds the siderophore complex, escorting it either to an ATP-

binding cassette (ABC) inner membrane transporter complex, or directly to a periplasmic 

iron release mechanism (see below). Gram-positive bacteria lack an outer membrane; 

instead, a membrane-bound PBP homolog called a siderophore binding protein (SBP) 

recognizes the Fe(III)-Sid complex and facilitates import to the cytoplasm through an ABC 

transporter.30 The representative ferric siderophore uptake systems of pyoverdine of 

Pseudomonas aeruginosa and enterobactin in Escherichia coli are shown in Figure 1.4. 

 

 

Figure 1.4. Mechanisms of ferric siderophore transport and iron release in (A) Pseudomonas 

aeruginosa and (B) Escherichia coli. Both ferric siderophores are transported across the 

outer membrane (OM) by a TonB-ExbB-ExbD-powered outer membrane receptor. (A) 

Ferric pyoverdine (FeIII-Pvd) is escorted through the periplasm by FpvCF.  FpvGHJ reduces 

complexed Fe(III), liberating Fe(II) and apo-Pvd.  FpvC escorts Fe(II) to FpvDE for inner 

membrane (IM) transport to the cytoplasm, while FpvF escorts apo-Pvd to the OmpQ-

PvdRT efflux pump to be recycled into the environment. (B) Ferric enterobactin (FeIII-Ent) is 

escorted through the periplasm by FepB and transported intact through the IM by FepCDG.  

Cytoplasmic Fes cleaves the FeIII-Ent backbone prior to Fe(III) reduction by YqjH. 
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1.1.3.  Mechanisms of iron release 

Iron must be released from the siderophore before it can be incorporated into 

metalloenzymes.  Bacterial metalloenzymes and iron storage proteins cannot compete with 

the high Fe(III) affinity of siderophores; however, a siderophore’s affinity for Fe(II) is 

generally much lower (ex: Kf(FeIII) = 30.8, Kf(FeII) = 9.0 for pyoverdine).31  In Pseudomonas 

aeruginosa, pyoverdine-bound Fe(III) is reduced by inner membrane protein complex 

FpvGHJ (Figure 1.4A).32 Iron(II) is then transferred to periplasmic binding protein FpvC, 

and apo-pyoverdine is recycled back into the environment.32  The low reduction potential of 

Fe(III)-enterobactin (–750 mV at pH 7) prevents biological reduction.33  The macrolactone 

backbone of Fe(III)-enterobactin must first be cleaved by esterase Fes, bringing the reduction 

potential to –350 mV and allowing NADPH-dependent reduction by YqjH to occur (Figure 

1.4).33,34 

 

1.2.  Common siderophore biosynthesis pathways 

1.2.1.  Nonribosomal peptide synthetases (NRPSs) 

Many microbial secondary metabolites, including siderophores, are produced by 

nonribosomal peptide synthetases (NRPSs).  A NRPS is a large, multifunctional 

enzyme that utilizes an assembly line approach to synthesize a specific peptide 

product. NRPSs are organized into one or more catalytic modules, each of which is 

responsible for incorporation of a specific monomer unit (often an L-amino acid) into 

the peptide. A NRPS may work alone or function in tandem with other NRPSs or 

polyketide synthase (PKS) enzymes. Iterative NRPSs use each module more than 

once during the synthesis of a single peptide, producing multimeric products.  In 

addition to L- amino acids, nonribosomal peptides can include D-, non-proteinogenic, 
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and modified amino acids, as well as fatty acids, aryl acids, and diamines.35  In the 

NRPS-based synthesis of siderophores, this monomer flexibility allows for the 

control of chelating moieties, solubility, and conformation needed to effectively 

coordinate Fe(III). The representative NRPS-mediated biosynthesis of serobactin A is 

shown in Figure 1.5. 

A NRPS comprises three core catalytic domains: adenylation (A) domains, 

thiolation (T) domain (also known as a peptidyl carrier protein, PCP), and 

condensation (C) domains.   The A domain selectively binds and adenylates an amino 

acid substrate, activating it for further processing. Stachelhaus et al. identified 10 key 

residues that interact with the substrate.36 These residues compose a “specificity-

conferring code” that can be used to predict A domain specificity based on peptide 

sequence.37 A variety of other sequence-based predictive methods have since been 

developed.38-40 The resulting aminoacyl-adenylate is transferred to a thiol moiety of 

4’-phosphopantetheine (Ppant), which is tethered to a T domain, to form an 

aminoacyl-thioester.  A Ppant transferase is responsible for posttranslational insertion 

of the Ppant moiety onto a conserved serine within the active site of the T domain.41  

The T domain functions as a shuttle, carrying its thioester-bound substrate to and 

from various catalytic domains of the NRPS.  The C domain catalyzes peptide-bond 

formation between specific aminoacyl substrates.  

In addition to the core A, T, and C domains, NRPSs may also contain domains 

responsible for substrate modifications, including cyclization, N-methylation, N-

formylation, oxidation, and reduction.  C-terminal NRPS modules typically contain a 

thioesterase (Te) domain.35  The Te domain catalyzes the release of the covalently 

tethered product in the final step of peptide biosynthesis.  In this step, the full-length 



 

 8 

product is transferred from the T domain to a conserved Ser in the Te active site. The 

Te domain catalyzes release of the acyl-O-Te intermediate either via hydrolysis, 

leading to a linear peptide product, or through intramolecular nucleophilic attack, 

leading to a cyclic peptide product.42   

 

 

Figure 1.5. Proposed nonribosomal biosynthesis of serobactin A. Aspartyl β-

hydroxylases (βH) and interface (I) domains are described in Chapter 2. Adenylation 

(A) domains are labelled by the substrate they activate and incorporate. C, 

condensation domain; E, epimerization domain; T, thiolation domain; Te, thioesterase 

domain. 

 

D-amino acids are generally not directly activated and incorporated into bacterial 

non-ribosomal peptides; rather, an L-amino acid is first adenylated and condensed 

before conversion to the D-amino acid by an epimerization (E) domain, which 

deprotonates and reprotonates the α-carbon with catalytic His and Glu residues.43,44  

This process favors the D-amino acid, but still provides a mixture of D- and L- 

isomers.45 The high stereoselectivity of NRPS modules is therefore provided by the 
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downstream C domain.45,46 These C domains, downstream from an E domain and 

selective for catalyzing the formation of an amide bond between D- and L-amino 

acids, are termed DCL. By contrast, LCL domains are selective for an upstream L-

amino acid and follow T domains directly.46,47  

As condensation domains require an upstream and downstream residue, the N-

terminal initiation module of a NRPS generally lacks a C domain.48 However, Rausch 

et al. delineated a class of condensation domains found only in the initiation module, 

called Starter C (Cstart) domains.  A Cstart domain acylates the first amino acid with an 

acyl group, often a β-hydroxy fatty acid or a hydroxylated aryl acid derivative such as 

salicylate or 2,3-dihydroxybenzoate (DHB).47  Fatty acids are activated by a long-

chain fatty acid CoA ligase, and react directly with the Cstart domain,49-52 while aryl 

acids are adenylated by a standalone A domain and transferred to an external 

thiolation domain.53-55 This T domain, also called an aryl carrier protein (ArCP), 

interacts with the Cstart domain during condensation.56  These domain subtypes — 

LCL, DCL, and Cstart — each have unique structural motifs. Thus, sequence analysis 

can be used to predict reactivity.47 
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1.2.2.  Biosynthetic origins of various chelating groups 

1.2.2.1.  2,3-dihydroxybenzoate (2,3-DHB)  

2,3-Dihydroxybenzoate (2,3-DHB) is synthesized from chorismate, part of the 

shikimate amino acid synthesis pathway.  The three-step biosynthesis is catalyzed by 

an isochorismate synthase, an isochorismatase, and a 2,3-dihydro-2,3-

dihydroxybenzoate dehydrogenase (Figure 1.6). Synthesized 2,3-DHB is activated 

via a DHB-AMP ligase and transferred to the a NRPS aryl carrier protein (ArCP) for 

incorporation into peptidyl siderophores (see below). 

 

1.2.2.2.  Hydroxamate 

Hydroxamates are all produced by the hydroxylation and acylation of a primary 

amine (Figure 1.6).  In peptidic siderophores, the amine is usually ornithine, which is N5-

hydroxylated by an flavin-dependent monooxygenase.57 An acyltransferase may then 

catalyze the formation of δ-N-acyl-N-hydroxyornithine, most often δ-N-formyl- (fOHOrn) or 

δ-N-acetyl-δ-N-hydroxyornithine (AcOHOrn). Lactamization of δ-N-hydroxyornithine forms 

cyclic N-hydroxyornithine (cOHOrn). Alternatively, a NRPS condensation domain can ligate 

N-hydroxyornithine to an upstream amino acid.  

 

1.2.2.3.  β-Hydroxyaspartate and β-hydroxyhistidine 

Aspartic acid and histidine may be hydroxylated by a family of non-heme Fe(II)/ α-

ketoglutarate dependent β-hydroxylases (Figure 1.6).  Based on homology to the 

syringomycin aspartyl β-hydroxylase SyrP, these enzymes are believed to act on amino acids 

tethered to the thiolation domain of a NRPS.58 New insights into β-hydroxylation are 

presented in Chapter 2. 
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1.2.2.4.  Salicylate 

Like 2,3-DHB, the biosynthesis of salicylate in siderophores branches from chorismate 

of the shikimate amino acid pathway (Figure 1.6). In pyochelin biosynthesis, the 

isochorismate synthase PchA isomerizes chorismate to isochorismate. PchB, an 

isochorismate pyruvate lyase (IPL), then produces salicylate, releasing pyruvate.59,60  The 

salicylate synthases Irp9 and MbtI (of yersiniabactin and mycobactin biosyntheses, 

respectively) are each single bifunctional domains that carry out both transformations.61-63  

 

1.2.2.5.  Diazeniumdiolate 

The novel siderophore iron binding group diazeniumdiolate was recently discovered in 

gramibactin (Figure 1.2).64 Gene knockouts have revealed two enzymes responsible for the 

synthesis of the diazeniumdiolate-containing amino acid graminine, GrbD and GrbE.65  The 

latter is homologous to SznF, a ferroenzyme that catalyzes N-N bond formation in the 

biosynthesis of streptozotocin.66  Several more diazeniumdiolate siderophores have since 

been isolated from Burkholderiaceae based on the presence of grbDE homologs in the 

genomes.65 
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Figure 1.6.  Biosyntheses of 2,3-dihydroxybenzoate, salicylate, hydroxamate, β-

hydroxyaspartate, and β-hydroxyhistidine chelating groups. β-hydroxyasparagine has also 

been reported in one siderophore.67 
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1.3.  Structural and biosynthetic considerations of catechol siderophores  

1.3.1.  Serine- and threonine-based triscatechol siderophores 

Enterobactin, the macrolactone trimer of N-2,3-dihydroxybenzoyl-L-serine 

(Figure 1.7), coordinates Fe(III) with three 2,3-dihydroxybenzoate (DHB) catechol 

groups.  As one of the first discovered siderophores, much is known about microbial 

production of enterobactin, as well as how it functions in microbial iron uptake.  The 

exceptional affinity of enterobactin for Fe(III) has been attributed, in part, to pre-

organization of the DHB groups for Fe(III) coordination as a result of 

macrolactonization of the tri-serine backbone.   

Given the exceptional affinity of triscatecholate complexes for Fe(III), 

especially of those which pre-orient the catechol for octahedral Fe(III) coordination, 

it is not surprising that bacteria have evolved variants of enterobactin which retain 

both the pre-organized ester scaffold and three catechol groups.68-72  Salmochelin and 

bacillibactin (Figure 1.7) are other well-known tri-Ser and tri-Thr macrolactone 

siderophores, respectively. Recently, several additional triscatechol macrolactone 

siderophores based on L-Ser and L-Thr scaffolds have been reported, i.e., amphi-

enterobactins,51 cyclic trichrysobactin,73 paenibactin,74 and griseobactin (also called 

streptobactin),75,76 as well as linear versions with L-Ser, i.e., trivanchrobactin and 

turnerbactin (Figure 1.7).77,78  Other distinct siderophores may well be discovered, 

with further variation in cyclic versus linear structures, D- versus L-amino acids, and 

Ser versus Thr scaffolds.  The biosynthetic gene clusters for many of the siderophores 

in Figure 1.7 have been sequenced, facilitating investigations of the biosynthesis of 

this class of siderophore, as reviewed herein. 



 

 14 

 

Figure 1.7. Triscatechol siderophores framed on a trimeric L-Ser or L-Thr backbone. 
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1.3.1.1.  Enterobactin, salmochelins, and microcins 

The biosynthesis of enterobactin by EntABCDEF has been studied extensively.35  

2,3-Dihydroxybenzoate (DHB) is first synthesized and activated by EntABCE 

(Figure 1.8A). EntC is an isochorismate synthase, the N-terminus of EntB is an 

isochorismatase, and EntA is a 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase. 

Synthesized 2,3-DHB is activated via EntE, a stand-alone A domain, and transferred 

to the C-terminal T domain of EntB. EntF, an iterative NRPS with a domain 

architecture of C-A-T-Te, is the core of enterobactin biosynthesis, catalyzing the 

formation of each ester and amide bond (Figure 1.8B). The A domain recognizes and 

adenylates L-Ser, which is transferred to the 4’-phosphopantetheinyl (Ppant) arm of 

the T domain. The N-terminal starter C domain of EntF binds DHB-bound EntB and 

catalyzes formation of the DHB–LSer amide bond.  DHB–LSer is transferred to the 

thioesterase domain, which carries the monomer, dimer, and trimer, with each 

subsequent iteration, before catalyzing the macrocyclization of the trimer and release 

of the completed enterobactin siderophore.  EntD is a 4’-phosphopantetheinyl 

transferase required to activate the T domains of EntF and EntB. 
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Figure 1.8. Biosynthesis of enterobactin. (A) Synthesis and activation of 2,3-

dihydroxybenzoate (2,3-DHB) by EntABCE. (B) Assembly of enterobactin by NRPS 

EntF. IC – isochorismatase; C – condensation domain; A – adenylation domain; T – 

thiolation domain; Te – thioesterase domain. 
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Salmochelin S4, diglucosyl enterobactin, is produced by Salmonella spp. and 

certain strains of E. coli and Klebsiella spp.79 Biosynthesis of salmochelin requires 

IroB, a C-glucosyl-transferase, in addition to the ent cluster. IroB catalyzes the 

formation of a C–C bond between the C5 carbanion of enterobactin and the anomeric 

C1’ of UDP-glucose.80,81 Glucosylation is distributive, with the successive buildup of 

mono-, di-, and triglucosyl enterobactin (MGE, DGE (salmochelin S4), and TGE, 

respectively) in vitro (Figure 1.9).80 In vivo, MGE is only seen in certain strains, and 

TGE has not been reported, a consequence of differing relative rates of glucosylation 

and export.80,82-84 Salmochelin S4 may be linearized by two esterases: periplasmic 

IroE cleaves once to yield salmochelin S2, while cytoplasmic IroD will continue to 

hydrolyze S2 to the monomers Glc–2,3-DHB–LSer (salmochelin SX) and 2,3-DHB–

LSer (Figure 1.9).85,86 
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Figure 1.9. Post-synthetic modifications made to enterobactin.  
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Salmochelin S4 is believed to have evolved to evade host immune response. 

Siderocalin (Scn, also known as Lcn2, neutrophil-gelatinase-associated lipocalin, 

24p3, and uterocalin) is a mammalian protein produced in response to bacterial 

infection to sequester siderophores and deprive bacteria of iron.87,88 Although 

enterobactin and bacillibactin have two of the highest known Fe(III) affinities, neither 

is able to contribute to virulence because they are intercepted by Scn.89  The shallow, 

positively charged calyx (binding site) of Scn can accommodate both enterobactin 

and bacillibactin, but salmochelin S4 evades sequestration through steric bulk.87 

Glucosylation of enterobactin thereby allows salmochelin-producing strains to retain 

virulence in the presence of Scn without sacrificing iron acquisition. 87,88,90 

Homologs of IroB and IroD (MceC and MceD) are found in the gene clusters of 

siderophore-microcins MccE492, MccM, MccH47, and MccI47 (Figure 1.9).91  These 

pore-forming toxins feature a small (5-10 kDa) peptide post-translationally modified 

with an O-glycosidic bond to linear MGE. The linear enterobactin moiety, capable of 

binding iron, allows entry into the target cell through catecholate receptors Fiu, Cir, 

IroN, and FepA.92,93  Biosynthesis of MccE492, like other siderophore-microcins, 

requires enterobactin.94 C-glucosyltransferase MceC synthesizes MGE, but MGE is 

not an efficient substrate for glucosylation, and DGE (salmochelin S4) is not seen in 

MccE492 producing strain Klebsiella pneumoniae RCY492.95 IroB or external 

salmochelin can complement MceC.96 MGE is linearized by esterase MceD, and 

MceI and MceJ ligate the precursor peptide MceA to MGE.95   
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1.3.1.2.  Amphi-enterobactin 

Vibrio campbellii BAA-1116, formerly V. harveyi, produces an amphiphilic 

derivative of enterobactin known as amphi-enterobactin (Figure 1.7).51 As in 

enterobactin, iron chelation is provided by three 2,3-DHB groups; however, amphi-

enterobactin contains a fourth L-Ser in the cyclic backbone, which serves as an 

attachment point for a fatty acid tail. 3-hydroxydodecanoate (shown in Figure 1.7) is 

the most prevalent fatty acid, but 6 others, ranging C10 to C14, were observed.51 The 

biosynthetic cluster is similar to that of enterobactin, but requires AebG, a long-chain 

fatty acid CoA ligase (FACL, Figure 1.10). After activation, fatty acyl–CoA is 

condensed onto L-serine in the first iteration of the NRPS. The next three iterations 

proceed as in EntF, with three DHB–LSer monomers successively added to the 

thioesterase-bound fatty acyl–LSer, followed by the release of the cyclic 

tetralactone.51 

The AebF condensation domain is therefore unique in recognizing two different 

donors: fatty acyl–CoA and 2,3-DHB–Ppant–AebB.  In vitro studies confirmed that 

AebF reacts directly with fatty acyl–CoA in the absence of an acyl carrier protein. 

Similar reactivity is predicted for the N-terminal condensation domains of acyl 

peptidic siderophores amphibactin and cupriachelin,97 and has been demonstrated in 

vitro for SrfAA, the first NRPS in the biosynthesis of surfactin, a cyclic lipopeptide 

antibiotic.49 Surfactin biosynthesis does not have a dedicated FACL, but instead 

seems to use fatty acyl-CoA produced by primary fatty acid metabolism.49 Knockout 

mutation of aebG disrupts amphi-enterobactin biosynthesis,51 but the gene’s effect on 

fatty acid metabolism has not been investigated. Recombinant AebF will not react 

with DHB–Ppant–AebB in the absence of fatty acyl–CoA, suggesting that fatty acyl–
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CoA must be condensed in the first iteration before DHB–LSer condensation can 

occur.51 A structural basis for this selectivity is not known, though the loading of fatty 

acyl–LSer on the thioesterase domain may cause a conformational shift that allows for 

the protein-protein interaction between AebF and AebB.  

 

 

Figure 1.10. Proposed biosynthesis of amphi-enterobactins. AebG activates a fatty 

acid, which is condensed with L-serine in the first iteration of AebF. The next three 

iterations condense 2,3-DHB to L-serine as in enterobactin, followed by cyclization 

and release. IC – isochorismatase; C – condensation domain; A – adenylation 

domain; T – thiolation domain; Te – thioesterase domain. 
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1.3.1.3.  Spacer-containing triscatechol siderophores 

Bacillibactin (Figure 1.7), produced by several Bacillus species, including anthrax agent 

B. anthracis, was the first of a family of trimeric siderophores with elongated arms created 

by adding a spacer amino acid between 2,3-dihydroxybenzoate and the tri-serine or tri-

threonine core, (2,3-DHB–XXX–Ser/Thr)3.89,98 The cyclic trimer of 2,3-DHB–Gly–Thr was 

originally reported in 1997 from Corynebacterium glutamicum under the name 

“corynebactin”99 and was rediscovered in 2001 from B. subtilis and named “bacillibactin”.100  

Genomic and 55Fe studies later showed that C. glutamicum does not produce a catechol 

siderophore.101 Thus, “bacillibactin” is preferred, while the name “corynebactin” is now used 

for an unrelated citrate-based siderophore.102   

A decade later, five related siderophores were discovered (Figure 1.7): 

griseobactin (also called streptobactin) from Streptomyces spp.,75,76 trivanchrobactin 

from Vibrio campbellii DS40M4,77 cyclic trichrysobactin from Dickeya chrysanthemi 

EC16,73 paenibactin from Paenibacillus elgii B69,74 and turnerbactin from 

Teredinibacter turnerae T7901,78 all of which share the (2,3-DHB–XXX–Ser/Thr)3 

structural motif. 

The biosyntheses of these amino acid spacer-containing triscatechol siderophores 

are similar to the biosynthesis of enterobactin and require homologs of entABCDEF. 

These genes are clustered alongside genes required for siderophore export and uptake 

(Figure 1.11).  In griseobactin producer Streptomyces sp. ATCC 700974, a premature 

stop codon separates EntB bifunctionality into two separate proteins: the 

isochorismatase DhbB, and the acyl carrier protein DhbG.75  The structural variation 

in these triscatechol siderophores is provided by the homologs of EntF: each contains 

two domains that determine the spacer and the ester core (Figure 1.6). The 
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biosynthetic clusters have undergone significant rearrangement; whole cluster 

phylogenetic analysis may shed light on their evolutionary history. 

 

 

Figure 1.11. Triscatechol siderophore gene clusters. Each cluster is drawn to scale 

and truncated to core biosynthesis genes. Arrows represent the direction of 

transcription. Genomic data were retrieved from GenBank: enterobactin – 

Escherichia coli K12, amphi-enterobactin – Vibrio campbellii BAA-1116, 

bacillibactin – Bacillus subtilis 168, paenibactin – Paenibacillus elgii B69, 

griseobactin – Streptomyces sp. ATCC 700974, turnerbactin – Teredinibacter 

turnerae T7901, chrysobactin – Dickeya dadantii 3937, vanchrobactin – Vibrio 

anguillarum RV22. Chrysobactin producer D. dadantii 3937 and vanchrobactin 

producer V. anguillarum RV22 were used in lieu of published complete genomes of 

cyclic trichrysobactin producer D. chrysanthemi EC16 and trivanchrobactin producer 

V. campbellii DS40M4. 
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Each biosynthesis also requires a homolog of Ppant transferase EntD. However, 

NRPS-related Ppant transferases are not substrate specific, and one gene may be used 

for multiple secondary metabolites.103,104  The biosynthesis of bacillibactin requires 

the Ppant transferase gene sfp, located in the gene cluster of non-ribosomal peptide 

surfactin.103,105,106  Bacillus subtilis type strain 168 and derived strains carry a 

frameshift mutation in sfp, and are negative for both bacillibactin and surfactin 

production.103,104 Of the spacer-containing siderophores, only the vanchrobactin locus 

contains a Ppant transferase. 

The biosynthesis of cyclic trichrysobactin by the cbs operon is shown in Figure 

1.12.  2,3-DHB is synthesized and activated by CsbABCE and loaded onto the Ppant 

arm of CbsB.  CbsF adenylation domain A1 activates the spacer amino acid L-Lys, 

and the N-terminal condensation domain forms the DHB–LLys amide bond. L-Lys is 

then converted to D-Lys by an epimerization domain, which is found only in cyclic 

trichrysobactin and trivanchrobactin NRPSs. Domain A2 activates L-Ser, and the 

internal condensation domain catalyzes the formation of the 2,3-DHB–DLys–LSer 

monomer.  The monomer is transferred to the C-terminal thioesterase domain, and 

this process is repeated twice more to yield thioesterase-bound (2,3-DHB–DLys–

LSer)3. Intramolecular addition forms the trilactone core and releases cyclic 

trichrysobactin. In some strains, the siderophores are instead released as the DHB–

XXX–Ser/Thr monomer or the (DHB–XXX–Ser/Thr)3 linear trimer (vide infra). 
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Figure 1.12. Proposed biosyntheses of cyclic trichrysobactin and chrysobactin. IC – 

isochorismatase; C – condensation domain; A – adenylation domain; T – thiolation 

domain; E – epimerization domain; Te – thioesterase domain. 

 

NRPS domain analysis47,107 shows L-threonine-based siderophores bacillibactin, 

paenibactin, and griseobactin NRPSs each contain an LCL domain, while serine-based 

siderophores turnerbactin, cyclic trichrysobactin, and trivanchrobactin NRPSs each 

contain a DCL domain (Figure 1.13). However, the turnerbactin NRPS, TnbF, lacks an 

epimerization domain; accordingly, only cyclic trichrysobactin and trivanchrobactin 

include D-amino acids.73,77,78 Evidence of a lost epimerization domain can also be 

seen in the turnerbactin thiolation domain, which contains a conserved GGDSI motif 

(Figure 1.14A) that is required for epimerization domain interaction.108 Thiolation 

domains followed by LCL, including those of bacillibactin, paenibactin, and 
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griseobactin, share the motif GGHSL.108  Condensation domains have been found to 

be highly stereoselective,43,109 but the TnbF domain has lost this specificity.  Similar 

convergent evolution of DCL domains toward LCL activity has previously been seen in 

glycopeptide NRPSs.47   

 

 

Figure 1.13. Domain architecture of NRPSs involved in the biosynthesis of spacer-

containing triscatechol siderophores. Each adenylation domain is represented by the 

selected amino acid. Domains were identified using the PKS/NRPS Analysis Web 

Server. See Figure 1.11 caption for a list of strains. 
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Figure 1.14. Multisequence alignments of (A) NRPS T1 domains, and (B) NRPS Te 

domains. Blue backgrounds indicate catalytic residues; yellow backgrounds indicate 

residues found to influence reactivity, as described in the text. Numbering is relative 

to the whole protein, with the exception of surfactin, which refers to the Te domain 

excised by Bruner et al.110 Modules were extracted using the PKS/NRPS Analysis 

Web Server;107 alignments were made using MUSCLE (EMBL-EBI).111,112 

 

1.3.1.4.  Monomeric and dimeric spacer-containing siderophores 

The EntF thioesterase domain is an efficient catalyst for trimerization and 

cyclization, and recombinant EntF produced only enterobactin in vitro.113,114  This 

result suggests that any 2,3-DHB–Ser monomer, dimer, or linear trimer produced in 

vivo is a product of enzymatic or non-enzymatic hydrolysis. The same is presumed to 

be true of the other trilactone siderophores (bacillibactin, griseobactin, cyclic 

trichrysobactin, and paenibactin), though selectivity for cyclization has not been 

confirmed in vitro.73-75,100 By contrast, cyclic forms of turnerbactin and 
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trivanchrobactin have not been found;77,78 moreover, in certain strains, only 2,3-

DHB–XXX–Ser/Thr monomers have been found. The best studied of these 

monocatechol siderophores is chrysobactin (2,3-DHB–DLys–LSer, Figure 1.15),115-119 

a virulence factor in planta.120-124 Chrysobactin was first found in plant pathogen 

Dickeya dadantii 3937 (formerly Erwinia chrysanthemi) and later in Serratia 

marcescens, Pseudomonas luteola, and D. carotovora subsp. carotovora.125-128 Three 

other 2,3-DHB–XXX–Ser/Thr monomers have been found without oligomeric 

counterparts: vanchrobactin (2,3-DHB–DArg–LSer) from strains of marine fish 

pathogen Vibrio anguillarum,129-133 bacillibactin monomer SVK21 (2,3-DHB–Gly–

LThr) from thermoresistant Bacillus licheniformis VK21,134 and griseobactin 

monomer benarthin (2,3-DHB–LArg–LThr) from Streptomyces xanthophaeus MJ244-

SF1 (Figure 1.15).135,136  Benarthin was only investigated as a pyroglutamyl peptidase 

inhibitor,135 but both vanchrobactin and SVK21 bind Fe(III) and promote growth in 

their respective strains.129,134 

Figure 1.15. Reported monocatechol 

siderophores of the motif DHB–XXX–

LSer/LThr. 
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Given the superior Fe(III) affinity of trilactone triscatechol siderophores and the 

fidelity of EntF, it is tempting to suggest that monomers and linear trimers are merely 

hydrolysis products. However, nonenzymatic hydrolysis during siderophore 

extraction is unlikely to be the cause in most cases. The threonine trilactone core of 

bacillibactin was found to be highly resistant to hydrolysis; the cyclic ester remained 

mostly intact after stirring in 6M HCl for 12 hours.12 Under the same conditions, 

enterobactin hydrolyzed, but with significant amounts of dimer and trimer 

remaining.12 This precludes the possibility that any reasonable workup would 

completely hydrolyze the trilactones to their monomers.  To determine if turnerbactin 

was hydrolyzed to the linear trimer during workup, Han et al. performed a side-by-

side extraction of T. turnerae T7901 and D. chrysanthemi EC16 under identical 

conditions (XAD-2 adsorption, MeOH/H2O extraction, HPLC purification).78  

Monomers, dimers, and trimers were seen in both cultures, but only trichrysobactin 

was found in cyclic form.78 Such a control experiment has not yet been performed 

with a monomer-producing strain, but a similar extraction of S. marcescens with 

XAD-2 resin yielded only chrysobactin and serratiochelin.126   

These “precursor” siderophores could be the final product of their respective 

biosyntheses if oligomerization or cyclization is interrupted (Figure 1.12). The factors 

that determine different thioesterase activities—iteration, hydrolysis, and 

cyclization—are not well understood, but certain features have been shown to play a 

role. Thioesterase activity requires a conserved Ser–His–Asp catalytic triad (in EntF: 

Ser1138, His1271, Asp1165; Figure 1.14B), where Ser1138 is the nucleophile that 

holds the DHB–Ser precursors.114 Mutation of this serine (Ser1138→Ala) stops all 

oligomerization, and DHB–Ser monomer is slowly released with a ~1500–3000-fold 
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drop in turnover.113,114 With the loss of Ser1138, DHB–Ser is trapped on the Ppant 

arm of the thiolation domain and is slowly released by hydrolysis. A His1271→Ala 

mutant was still able to produce enterobactin with a ~10,000-fold drop in 

turnover.113,114 Catalytic base His1271 is required for efficient turnover, but the 

precursors held in the thioesterase domain are sufficiently shielded from water to 

allow oligomerization and cyclization to occur.  

To prevent hydrolysis, thioesterases of EntF and other cyclizing NRPSs contain a 

“lid” structure that excludes water from the active site (Figure 1.16).137 The lid 

encloses a hydrophobic pocket, which accommodates the growing tripeptide and 

holds it in a bent conformation that encourages macrocyclization.110,137 To investigate 

the cyclization of surfactin, a cyclic non-ribosomal peptide produced by B. subtilis, 

Tseng et al. focused on a proline residue adjacent to the oxyanion hole.42 The residue 

is conserved among NRPS thioesterases, while lipases, which only catalyze 

hydrolysis, contain a conserved glycine.42 Mutation of this proline in the surfactin 

thioesterase (Pro26→Gly) reversed selectivity from cyclization to hydrolysis (12-fold 

change in ratio).42 When N,N-dimethylformamide is used as a solvent, the 

Pro26→Gly mutant and the wildtype thioesterase catalyze cyclization with similar 

efficiencies, and no hydrolysis is seen.138 Pro26 is not required for cyclization sensu 

stricto, but likely provides rigidity to the thioesterase, whereas the conformational 

flexibility of glycine allows water to bypass the lid and enter the active site, resulting 

in the release of a linear peptide. A multisequence alignment of triscatechol 

siderophore thioesterase domains (Figure 1.14B) shows that serine replaces the 

conserved proline in the NRPS VabF responsible for linear trivanchrobactin, 

providing a possible explanation for the absence of cyclized product.139 On the 
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contrary, proline is conserved in TnbF (linear turnerbactin). Furthermore, vicibactin 

is a trilactone hydroxamate siderophore synthesized by an iterative NRPS (Figure 

1.17)140 that contains the glycine supposedly indicative of hydrolysis. Thus, while this 

residue may influence cyclization, other factors are in play, and further mutational 

studies are needed help identify the structural basis for iteration and cyclization in 

these triscatechol NRPS. Mutating the conserved proline of EntF (Pro1073) to 

glycine may result in the release of linear DHB–Ser trimer, which has not been 

reported in other EntF mutants.114,141  

 

Figure 1.16. Structure of the T–Te portion of EntF. The Te domain (green) contains a 

lid region (red) that shields the active site from water. Catalytic Ser1138 is circled. 
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Figure 1.17. Proposed iterative NRPS biosynthesis of the trilactone vicibactin, a 

hydroxamate siderophore. IC – isochorismatase; C – condensation domain; A – 

adenylation domain; T – thiolation domain; Te – thioesterase domain. 

 

 

1.3.1.5.  Perspective on Ser- and Thr-based triscatechol siderophores 

Enterobactin is a seemingly perfect Fe(III) chelator, but three factors limit its 

effectiveness in certain environments: unfavorable partitioning into membranes,90 

sequestration by mammalian siderocalin,87 and piracy by competing bacteria.142-144 

The family of triscatechol siderophores in Figure 1.7 represents a natural 

biocombinatoric library based on the enterobactin scaffold. Divergent evolution has 

modified the trilactone serine backbone, glucosylated the catechol binding groups, 

and even inserted additional amino acids, creating an array of siderophores with 

unique chemical and biological properties. 

Linearizing the trilactone core, whether through hydrolysis or biosynthesis, 

increases hydrophilicity at the expense of Fe(III) affinity,90,145 while expansion to a 

tetralactone scaffold allows for further tailoring of hydrophobicity by the addition of 

a fatty acid tail.51 Incorporation of threonine in place of serine in the macrolactone 

core both provides resistance to non-enzymatic hydrolysis and prevents enzymatic 

hydrolysis by competing bacteria.12  C5-glucosylation of the catechol prevents 
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sequestration of salmochelins by siderocalin, while simultaneously improving Fe(III) 

acquisition rates in membrane-rich environments.87,90 

Structural expansion by the insertion of a spacer amino acid between the 

macrolactone scaffold and DHB provides a handle for further variation. Though the 

glycine spacer of bacillibactin slightly decreases Fe(III) affinity by increasing 

conformational freedom,146 the elongated ferric complex cannot be transported 

through enterobactin-specific receptor FepA, preventing piracy;12 other amino acid 

spacers likely provide the same effect. The significance of D or L spacer 

configuration is currently not known, but it may prevent piracy by inhibiting 

siderophore uptake or by preventing Fe(III) release; cross-feeding experiments will 

provide more insight here. Siderocalin is able to bind bacillibactin, but larger side 

chains may provide enough steric bulk to evade sequestration. Notably, while 

enterobactin and bacillibactin are neutral compounds which gain a -3 charge upon 

Fe(III) complexation, cationic-spacer containing siderophores form neutral iron 

complexes. In addition to affecting solubility and membrane partitioning, this charge 

difference may disrupt the coulombic and cation−π interactions required for 

siderocalin binding.147 

The array of siderophore structures described herein hints at potential 

undiscovered variations on the enterobactin scaffold. Despite differences in structure, 

all of the known triscatechol siderophores share key biosynthetic elements: DHB 

biosynthesis genes homologous to entABCE and a NRPS homolog of entF that begins 

with a Cstart domain and ends with a module selective for serine or threonine (Figures 

1.11 and 1.13). These conserved elements are prime targets for genome mining. 

Indeed, genomic analysis has led to the discoveries of paenibactin,74 turnerbactin,78 
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and amphi-enterobactins.51  While genome mining certainly confers powerful 

predictive advantages, current genome mining tools are not able to replace the 

process of isolation and characterization of siderophores or other natural products: 

adenylation domain analysis failed to predict the spacer amino acids of paenibactin 

and turnerbactin,74,78 the amphi-enterobactin locus aeb was predicted to encode for 

enterobactin,51 and the factors determining thioesterase activity remain unknown. 

Triscatechol siderophores, though structurally diverse, share a conserved genetic 

scaffold; therefore, they can provide unique insights into how siderophores are 

synthesized and evolve. 

 

1.3.2.  Other catechol siderophores 

Three classes of enzymes in the condensation domain superfamily have been 

reported to be responsible for the incorporation of NRPS-bound 2,3-DHB into siderophore 

structures: Cstart domains, heterocyclization (Cy) domains, and VibH-like domains.  Cstart 

domains are involved not only in serine- and threonine-based triscatechol siderophore 

biosynthesis (see above), but also in the biosyntheses of a variety of other siderophores 

where 2,3-DHB is condensed to an amino acid, the ε-nitrogen of Lys, or even the Ω-nitrogen 

of Arg (Figure 1.18). A smaller set of reported siderophore biosyntheses features a Cy 

domain, which catalyzes the condensation of 2,3-DHB to Ser, Thr, or Cys, as well as the 

subsequent cyclodehydration to form a oxazoline, methyloxazoline, or thiazoline, 

respectively (Figure 1.18).148 A third class of catechol siderophores is based on a diamine or 

polyamine core. DHB–amine bond formation is catalyzed by a family of standalone NRPS C 

domains typified by VibH of vibriobactin biosynthesis, which transfers Ppant-bound DHB to 

a primary amine of norspermidine.149  
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Figure 1.18. Representative siderophores produced by each of the three condensation 

domain subtypes responsible for siderophore DHB incorporation. 

 

1.4.  A primer to select bioinformatic techniques 

The work herein depends on several publicly-available bioinformatic tools.  Full 

explanations of their utility can be found in their respective publications, as well as in 

bioinformatics tutorials aimed at genome miners.150-152 

1.4.1.  BLAST: Pairwise alignments 

Two genomic sequences are considered homologous if they share a common 

ancestor.153 Homologs are created during either a speciation event (orthologs) or during a 

gene duplication event (paralogs). Over evolutionary time, the two sequences diverge as 

mutations accumulate. Homology can be inferred when sequences have a degree of 

similarity in their sequences that is unlikely to have arisen by chance.  Pairwise alignment 

tools such as BLAST (Basic Local Alignment Search Tool) determine if the “excess 

similarity” between two sequences is statistically significant.154 



 

 36 

 

1.4.2.  MUSCLE: Multiple Sequence Alignments 

Not all residues within an enzyme are tolerant of mutations: loss of a catalytic base, 

metal binding site, or structural disulfide bond may disrupt enzyme function. These crucial 

residues are therefore expected to be strictly conserved across all functional representatives 

of the protein family. In contrast, residues distant from the catalytic site(s) may be free to 

drift over time.  A multiple sequence alignment of three or more homologous sequences not 

only allows for the visualization of conserved residues, but also serves as a starting point for 

more advanced enzyme profiles and phylogenetic reconstruction (see below).  Multiple 

sequence alignments are much more computationally intensive than pairwise alignments, 

and different alignment algorithms make different trade-offs of time and accuracy. The 

current work primarily uses MUSCLE (MUltiple Sequence Comparison by Log-

Expectation), a popular algorithm that generates alignments with good accuracy and 

speed.111   

 

1.4.3.  HMMER and PFAM: Profile hidden Markov Models 

The Universal Protein Resource Knowledgebase (UniProtKB)155 contains a 

staggering 180 million proteins (October 2019).156 Studying every protein of interest in vitro 

or in vivo is simply not possible; indeed, only ~150,000 proteins in the UniProtKB database 

have experimental evidence supporting their existence.156  Instead, the majority of protein 

function is proposed using amino acid sequence homology. Pairwise alignment tools like 

BLAST are not suited to finding distant homologs or classifying diverse protein families, as 

they cannot place any emphasis on conserved residues. Profile hidden Markov models 

(pHMMs) are position-specific probabilistic models that can be generated from multiple 
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sequence alignment with HMMER.157  The resulting pHMM can then be compared to an 

amino acid sequence of interest using HMMER to determine the probability that the 

sequence belongs to the family. Several large databases of pHMMs have been built to aid in 

protein classification and automated genome annotation; the work herein uses Pfam,158 

which integrates well with the EMBL-EBI HMMER Web Server.159 Other protein family 

databases include the Conserved Domain Database (CDD),160 TIGRFAMs,161 and 

InterPro.162   
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Chapter 2. Genomics and stereochemistry of β-hydroxylation 

 This chapter was adapted from Reference (1) with permission from The National 

Academy of Sciences. 

2.1.  Introduction 

Many peptidic siderophores contain β-hydroxyaspartate (β-OHAsp), which provides 

bidentate OO’ coordination to Fe(III) (2). The first structural determination of a β-OHAsp-

containing siderophore came with the crystallization of ferric pyoverdine from Pseudomonas 

B10 (Figure 2.1) in 1981 (3). Since then, a variety of peptidic siderophores with β-OHAsp 

have been characterized from both marine and terrestrial bacteria.  Like other α-

hydroxycarboxylate ligands, β-OHAsp bound to Fe(III) can undergo photo-induced 

reduction of Fe(III) to Fe(II) accompanied by oxidative decarboxylation of the ligand (2, 4). 

Far fewer siderophores contain the chelating group β-hydroxyhistidine (β-OHHis). The 

first reported example is pyoverdine pf244 of Pseudomonas fluorescens 244 (Figure 2.1) (5). 

β-OHHis has since been identified in the peptide of pyoverdines from a variety of 

pseudomonads (6-8). Some Pseudomonas strains produce the fatty-acyl peptidic 

siderophores corrugatin, ornicorrugatin, or histicorrugatin (Figure 2.1), which contain both 

β-OHHis and β-OHAsp (9-11). One β-hydroxyasparagine-containing siderophore has been 

reported, pyoverdine VLB120 from Pseudomonas taiwanensis VLB120 (Figure 2.1) (12, 

13).  
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Several families of enzymes are responsible for the β-hydroxy amino acids found in 

nonribosomal peptides, namely Fe-heme monooxygenases (14), diiron monooxygenases 

(15), and non-heme Fe(II)/α-ketoglutarate-dependent dioxygenases (16). Only this last class 

of FeNH/αKG dioxygenases have been found to hydroxylate aspartic acid (16-18). OrbG, 

encoded in the biosynthetic gene cluster of the siderophore ornibactin (Figure 2.1), was the 

first enzyme predicted to be an aspartyl β-hydroxylase based on homology to FeNH/αKG 

dioxygenases (19).  All β-OHAsp-containing siderophores feature at least one homolog of 

orbG in their biosynthetic gene cluster, either as a discrete gene, or as a tailoring domain 

fused to the C-terminus of a NRPS gene (e.g. serobactin, Figure 2.2) (2). No siderophore β-

hydroxylases of aspartate or histidine have been characterized, although they have high 

sequence similarity (47-76%) to SyrP, the only NRPS-associated aspartyl β-hydroxylase 

characterized in vitro (16). SyrP is involved in the biosynthesis of syringomycin (Figure 2.3), 

a phytotoxin produced by Pseudomonas syringae (16). Originally annotated as a regulatory 

protein, SyrP was found to hydroxylate not free Asp, but Asp tethered to a thiolation domain 

of the syringomycin NRPS SyrE (16).   
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Figure 2.2. Proposed non-ribosomal biosynthesis of serobactin A. β-hydroxylases (βH), 

which may be standalone enzymes (e.g., SbtH) or fused NRPS tailoring domains (e.g., 

orange domain on SbtI1), hydroxylate ʟ-Asp residues while they are tethered to the 

thiolation domain of the NRPS. Some β-hydroxylases are associated with an interface (I) 

domain (e.g., green domain on SbtI2), newly identified and described in the text. 

Adenylation (A) domains are labeled by the substrate they activate and incorporate.  T – 

thiolation domain; C – condensation domain; E – epimerization domain; Te – thioesterase 

domain. 
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Figure 2.3. Phytotoxins with β-OHAsp residues. 

 

Based on homology to SyrP and OrbG, the existence of a number of β-OHAsp residues 

in siderophores has been rationalized (7, 11, 20-24) or predicted (25-29). Recently, Kurth 

and coworkers used cucF, a β-hydroxylase domain from the cupriachelin (Figure 2.1) gene 

cluster, as a handle to scan genomes for photoactive Fe(III)-siderophores, leading to the 

discovery of variochelin (Figure 2.1) (29).  Genome mining for β-OHAsp-containing 

siderophores has been quite successful, but current techniques can leave ambiguity in the 

predicted structure. Although the taiwachelin (Figure 2.1) NRPS was correctly predicted to 

load two Asp residues, predicting that only one would be hydroxylated by TaiD, the putative 

Asp β-hydroxylase, was not possible at the time (25). Some pyoverdines also retain an 

unmodified Asp (e.g., pyoverdine G4R, Figure 2.1) (7, 23). In contrast, both Asp residues 

are hydroxylated in cupriachelin, serobactin, pacifibactin, and alterobactin (Figure 2.1) (21, 

26, 30).   
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Further complicating structural predictions, β-OHAsp has two stereocenters (i.e., at the 

α- and β-carbons); thus, β-OHAsp potentially exists as any of four diastereomers. All 

stereochemically-characterized siderophores were reported to contain either ᴅ-threo (2R, 3R) 

or ʟ-threo (2S, 3S) β-OHAsp until 2018, when the ʟ-erythro (2S, 3R) isomer was reported in 

the amphiphilic siderophore imaqobactin (Figure 2.1) (31). The ʟ- or ᴅ- configuration of the 

α-carbon can easily be predicted by the absence or presence of an E domain; however, no 

methods exist for predicting the stereochemistry at the β-carbon.  

To develop refined genomic tools to predict the reactivity and stereoselectivity of β-

hydroxylation in siderophores, gene clusters responsible for the biosynthesis of structurally 

characterized siderophores containing β-OHAsp or β-OHHis were analyzed. Functional 

subtypes of β-hydroxylases emerged, which were corroborated with phylogenetic analysis. 

These subtypes show clear patterns in genomic organization (standalone enzymes or 

integrated NPRS tailoring domains), amino acid substrate (Asp or His), and reactive NRPS 

partner.  Significantly, the subtypes also exhibit divergent diastereoselectivity, enabling the 

prediction of the conformation at the C3 stereocenter. A previously undescribed member of 

the NRPS condensation domain superfamily was also identified, which is associated with 

certain β-hydroxylase subtypes. This class of enzymes was named the interface (I) domain 

for a proposed role in positioning the β-hydroxylase and the NRPS-bound amino acid 

substrate prior to hydroxylation.  

 

2.2.  Methods 

2.2.1.  Collection of known siderophore biosynthetic gene clusters 

Genomes of bacterial strains with reported β-OHAsp- and β-OHHis-containing 

siderophores were downloaded as assemblies from NCBI RefSeq (Table 2.5) (69).  The 
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collection covers siderophore structures published through June 2019.   Siderophores 

produced by unsequenced strains were excluded from this analysis, with the exception of 

alterobactins.  Originally isolated from an unsequenced marine isolate of 

Pseudoalteromonas luteoviolacea (70), a putative catechol/β-OHAsp gene cluster consistent 

with alterobactin is present in all sequenced P. luteoviolacea strains. NRPS domain 

organization was determined by comparing the amino acid sequences to a database of 

common NRPS domain HMMs using hmmscan (HMMER3 (68)) and confirmed by 

comparison to the linear structure of the siderophore.  

 

2.2.2.  Protein sequence manipulation 

In each genome of interest, putative β-hydroxylase domains were identified using 

hmmsearch (HMMER3 (68)) to find matches to the Pfam TauD family PF02668 (39). The 

amino acid sequences of these domains were excised from the proteins by trimming to the 

resulting hmmsearch envelope range.  Sequences then were aligned using MUSCLE (71).  

Interface (I) domains were too poorly conserved to be trimmed by hmmsearch with the 

PFAM condensation domain family PF00668 (39). Instead, parent NRPS protein sequences 

were truncated to the 500 N-terminal amino acids and aligned using MUSCLE. Using the 

profile-profile alignment function from MUSCLE, these sequences were aligned to the 

condensation domain alignment created by Rausch et al. (16), and trimmed to length using 

SeaView (72). The resulting excised I domains were then realigned with MUSCLE. To 

visualize the multiple sequence alignments, sequence logos were created using WebLogo 

(73), trimming any position with >50% gaps. Profile Hidden Markov models (pHMMs) were 

created for each of the β-hydroxylase subtypes. Representative protein sequences were 
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collected and aligned with MUSCLE (71), then HMMs were constructed from these multiple 

sequence alignments using the hmmbuild function from HMMER3 (68).   

 

2.2.3.  Phylogenetic analyses 

Phylogenetic trees of β-hydroxylases and of the condensation domain superfamily were 

reconstructed. Multiple sequence alignments of protein sequences were prepared with 

MUSCLE (71) and trimmed with SeaView (72).  The maximum likelihood phylogenetic tree 

was reconstructed in IQ-TREE 1.6.7 (74), using the best-fit model of protein evolution for 

each alignment as chosen by ModelFinder (Akaike information criterion) (75). Branch 

support was assessed by bootstrapping (100 bootstrap replicates).  Phylogenies were 

visualized with FigTree (http://tree.bio.ed.ac.uk/software/figtree/).  To place the interface 

domain in the condensation domain superfamily, we recreated the unrooted phylogeny from 

Rausch et al. 2007, Figure 2.5 (16). Using the profile-profile align function from MUSCLE, 

we aligned our interface domains to the 203 taxa used by Rausch and coworkers (16), and 

trimmed the interface domain sequences to the existing alignment before IQ-TREE 

reconstruction. 

 

 

2.3.  Results and Interpretation 

2.3.1.  Compilation and organization of β-hydroxylase genes from known siderophores 

A comprehensive literature search revealed more than 35 β-OHAsp- and β-OHHis-

containing siderophores with reported structures (Tables 2.1 and 2.2), of which 26 were 

isolated from strains with published genomes (Table 2.5). The associated biosynthetic gene 

clusters were extracted and annotated, resulting in a final dataset of 30 β-hydroxylases 

http://tree.bio.ed.ac.uk/software/figtree/
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(Table 2.1). Two families of aspartyl β-hydroxylases emerged with distinct genetic 

organizations: (1) integrated tailoring domains fused to the core NRPS machinery, and (2) 

standalone enzymes encoded by discrete genes within the biosynthetic cluster (Table 2.1). 

The gene clusters for cupriachelin, serobactin, and pacifibactin each encode two putative 

aspartyl β-hydroxylases (e.g., SbtH and SbtI1 in serobactin; Figure 2.2). All three 

hydroxylases putatively responsible for β-OHHis synthesis are found in the biosynthetic 

gene clusters as standalone genes. By coordinating the genomic organization of the β-

hydroxylase with both the NRPS architecture and the final peptidic siderophore structure, 

contrasting reactivity was found, as summarized in Table 2.1 and elaborated below. 

 

2.3.2.  Reactivity by the aspartic acid β-hydroxylase NRPS domain 

The aspartyl β-hydroxylase domains are found at the C-terminus of a NRPS gene, 

directly following a C domain (Figure 2.4). These tailoring domains hydroxylate Asp 

residues loaded by NRPS modules with the domain architecture C*-A-T. While this C* 

domain is homologous to other C domains, it lacks the typical condensation domain catalytic 

motif, HHxxxDG (32).  The β-hydroxylase-associated C* domains form a distinct 

phylogenetic clade within the condensation domain superfamily (vide infra); we name this 

previously unreported subtype the interface (I) domain for a putative role in positioning the 

β-hydroxylase and NRPS-bound substrate for hydroxylation, as discussed below. 

Accordingly, we name the integrated aspartyl β-hydroxylase domain the interface-associated 

Asp β-hydroxylase (IβHAsp).  Taiwachelin has a single IβHAsp domain in TaiD and two 

modules that load Asp; hydroxylation is only found to occur in the TaiE module containing 

an I domain (Figure 2.4) (25).   
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Table 2.1. Putative amino acid β-hydroxylases found in siderophore biosynthesis clusters. 

 

Interface-associated Asp 

β-Hydroxylases (IβHAsp) 
NRPS domain 

TE-Associated Asp  

β-Hydroxylases (TβHAsp) 
Standalone enzyme 

Interface-associated His 

β-Hydroxylases (IβHHis) 
Standalone enzyme 

Siderophore Name 
Stereo- 

isomer* 
Name 

Stereo- 

Isomer* 
Name 

Stereo- 

isomer* 

Alterobactin AltH ʟ-threo     

PVD 17400 PvdJ ʟ-threo     

PVD Pf0-1 PvdJ [ʟ-threo]     

Taiwachelin TaiD ʟ-threo     

Variobactin Var4 [ʟ-threo]     

Variochelin VarG ʟ-threo     

Cupriachelin CucF ʟ-threo CucE ʟ-erythro   

Pacifibactin PfbH ʟ-threo PfbF ᴅ-threo   

Serobactin SbtI1 ʟ-threo SbtH ᴅ-threo   

Acidobactin   Aave_3734 [ʟ-erythro]   

Azotobactin   AVCA_RS11700 ᴅ-threo   

Crochelin   CroC [ᴅ-threo]   

Delftibactin   DelD ʟ-erythro   

LB400   MbaH ᴅ-threo   

Malleobactin   MbaH ᴅ-threo   

Marinobactin   ENO16757 ᴅ-threo   

Ornibactin   OrbG ᴅ-threo   

PVD 1448a   Pspph_RS09710 [ᴅ-threo]   

PVD B10   BXA01_RS25280 ᴅ-threo   

PVD GB-1   PputGB1_4087 ᴅ-threo   

PVD G4R   PP_4222 [ᴅ-threo]   

PVD W15Oct28   AK81_RS20255 [ᴅ-threo]   

Vacidobactin   Vapar_3747 [ʟ-erythro]   

Histicorrugatin   HcsC ʟ-erythro HcsE [ʟ-threo] 

PVD pf244     SyrP21245 ʟ-threo 

PVD L48     PSEEN_RS14940 [ʟ-threo] 

Genomic data were retrieved from RefSeq (Table 2.5).  

* Brackets indicate predicted β-OHAsp or β-OHHis stereochemistry, as described in the text. 

Bold text indicates stereochemistries reported herein. ʟ-threo, (2S, 3S); ʟ-erythro, (2S, 3R); 

ᴅ-threo, (2R, 3R). 
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Table 2.2. Siderophores with β-Hydroxy amino acids from unsequenced bacteria 

Siderophore Producing Strain β-OH AA 
Stereo- 

Isomer 

Structure 

Ref 

Aquachelins Halomonas aquamarina DS40M3 β-OHAsp ʟ-threo (33) 

Halochelins Halomonas sp. SL01 β-OHAsp - (34) 

Loihichelins Halomonas sp. LOB-5 β-OHAsp ᴅ-threo (35) 

Sodachelins Halomonas sp. SL28 β-OHAsp - (36) 

Imaqobactin Variovorax sp. RKJM285 β-OHAsp ʟ-erythro (31) 

Pseudoalterobactins Pseudoalteromonas sp. KP20-4 β-OHAsp - (37) 

Corrugatin Pseudomonas corrugata 
β-OHAsp ʟ-threo 

(9) 
β-OHHis ʟ-threo 

Ornicorrugatin Pseudomonas fluorescens AF76 
β-OHAsp ʟ-threo 

(10) 
β-OHHis ʟ-threo 

 

Pyoverdine VLB120* Pseudomonas taiwanensis VLB120 β-OHAsn - (12, 13) 

Gramibactin* Paraburkholderia graminis C4D1M β-OHAsp ᴅ-threo (38) 

* Genomes of P. taiwanensis VLB120 and P. graminis C4D1M have been reported, but no 
Fe(II)/αKG β-hydroxylase was identified in the siderophore gene clusters. 

 

 

Table 2.3. Putative amino acid β-hydroxylases found in phytotoxin biosynthetic gene 

clusters 

Phytotoxin Sequenced Producing Strain Hydroxylase 
NCBI 

Accession 

Structure 

Ref 

Cluster 

ID 

Syringomycin Pseudomonas syringae pv. syringae B301D SyrP AKF46133.1 (39) (16, 40) 

Nunamycin Pseudomonas fluorescens In5 NupP KPN90375.1 (41) (41) 

Thanamycin Pseudomonas sp. SH-C52 ThaF ALG65284.1 (42, 43) (43) 
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Figure 2.4. Representative reactivity of amino acid β-hydroxylases in siderophore 

biosynthesis. Aspartyl β-hydroxylases may be interface-associated (IβHAsp), and interact only 

with Asp-loading modules with the architecture I-A-T, or TE-associated (TβHAsp), and 

interact only with modules containing a GGDSI motif in the thiolation domain. Siderophore 

histidyl β-hydroxylases are also interface-associated (IβHHis). The proposed reactivity 

partners explain the unmodified Asp residues in taiwachelin and pyoverdine GB-1. Genomic 

data were retrieved from RefSeq (Table 2.5). For NRPS domain abbreviations, see caption 

of Figure 2.2. 
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2.3.3.  Reactivity by the standalone amino acid β-hydroxylase enzyme 

The second class of aspartyl β-hydroxylases, encoded by standalone genes within the 

biosynthetic cluster, generally acts on Asp loaded by C-A-T-E modules, which leads to ᴅ-β-

OHAsp in the peptidic siderophore.  A sequence-level analysis of these targeted C-A-T-E 

modules shows a strictly conserved GGDSI (TE) motif in the thiolation domain in place of 

the more common GGHSL (TC) motif. The TE motif is indicative of a T domain followed by 

an E domain (44).  We therefore name this class of standalone enzymes the TE-associated 

aspartyl β-hydroxylase (TβHAsp) family. Several of the standalone TβHAsp enzymes 

hydroxylate Asp attached to modules which lack the E domain, thereby forming ʟ-β-OHAsp; 

however, the TE domain is still present. The pyoverdine GB-1 cluster encodes one TβHAsp 

enzyme (PputGB1_4087) and two Asp residues, loaded by C-A-TC and C-A-TE-E modules, 

of which only the latter is hydroxylated (Figure 2.4) (23). On the other hand, the pyoverdine 

1448a gene cluster encodes a single TβHAsp enzyme (Pspph_RS09710) which hydroxylates 

Asp bound to two different C-A-TE-E modules (Figure 2.4) (20). 

Histidyl β-hydroxylases form a third functional subtype of amino acid β-hydroxylases. 

Only three sequenced examples were found in reported siderophores, all from Pseudomonas 

species (Table 2.3). These His β-hydroxylases are standalone enzymes, and they appear 

alongside an interface domain; therefore, they are herein named IβHHis (interface-associated 

histidyl β-hydroxylase) enzymes. Histicorrugatin has two β-OHHis residues, both loaded by 

NRPS I-A-T modules, and the gene cluster only encodes a single IβHHis enzyme (HcsE; 

Figure 2.4) (11). 

All three siderophore amino acid β-hydroxylase subtypes—IβHAsp, TβHAsp, and IβHHis—

functionally contrast a fourth subtype found in non-siderophore peptides, which includes the 

aspartyl β-hydroxylase SyrP of syringomycin biosynthesis (Figure 2.3, Table 2.3).  Two 
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other SyrP-like β-hydroxylase (SβHAsp) enzymes are encoded by orthologous phytotoxin 

biosynthetic gene clusters, i.e. ThaF and NupP of thanamycin and nunamycin biosyntheses, 

respectively (Figure 2.3, Table 2.3) (41, 43). SyrP, ThaF, and NupP are standalone enzymes 

that hydroxylate Asp loaded by C-A-TC modules. They require neither an I domain nor the 

TE motif, and a driver of residue selectivity could not be determined.  

 

2.3.4.  Phylogeny and sequence analyses of Asp and His β-hydroxylases 

To corroborate the existence of distinct IβHAsp, TβHAsp, and IβHHis amino acid β-

hydroxylase functional subtypes, we reconstructed an unrooted phylogenetic tree of 30 

known β-hydroxylase protein sequences from the 26 siderophore clusters (Figure 2.5). Three 

members of the SyrP-like family (SβHAsp) were also included (Table 2.3). All four subtypes 

formed distinct clades with the exception of IβHAsp, which is paraphyletic with respect to 

SβHAsp (Figure 2.5).   

All of the siderophore amino acid β-hydroxylases belong to the TauD/TdfA family of 

non-heme Fe(II)/α-ketoglutarate-dependent dioxygenases (PFAM family: PF02668) (45).  

Crystallographic studies of taurine dioxygenase TauD, 2,4-dichlorophenoxyacetate 

monooxygenase TdfA, and related enzymes (46-50) have elucidated a 2-His-1-carboxylate 

facial triad Fe(II) binding motif (51, 52).  The α-ketoglutarate cofactor, which coordinates 

Fe(II), is bound by strictly conserved Thr and Arg residues (53).  A multiple sequence 

alignment of the 33 collected β-hydroxylases across the four subtypes (IβHAsp, TβHAsp, 

IβHHis, and SβHAsp) reveals 31 residues (~11% of the total domain length) that are absolutely 

conserved, including the expected combined Fe(II)/α-ketoglutarate binding motif of H-N-E-

X24-T-X164-170-H-X8-R (Figure 2.6) 
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Figure 2.5. Maximum likelihood phylogenetic tree of 33 β-hydroxylases inferred from 

aligned amino acid sequences. The NRPS module that loads the residue to be hydroxylated 

is indicated next to each subtype. The two highlighted clades within the TβHAsp subtype do 

not act on E domain-containing modules. The phylogenetic tree was reconstructed in IQ-

TREE using the LG+F+R5 model, as chosen by ModelFinder (Akaike information criterion) 

(54). Branch support was assessed by bootstrapping (100 bootstrap replicates); support 

values are only shown for inter-subtype branches. The scale bar indicates the average 

number of substitutions per site. 

 

.  
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Figure 2.6. Sequence logo of Asp and His β-hydroxylases. Strictly conserved residues are 

highlighted in yellow; Fe(II) and α-ketoglutarate binding residues are marked with an 

asterisk (*) and a dagger (†), respectively. 
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2.3.5.  Phylogeny and Sequence Analyses of Interface Domains 

Interface domain amino acid sequences were collected from siderophore biosynthetic 

clusters, including two domains each from histicorrugatin (Figure 2.1) and alterobactin 

(Figure 2.1), resulting in a dataset of 10 IβHAsp-associated and 4 IβHHis-associated interface 

domains (Table 2.4). All 14 of the I domains belong to the PFAM condensation domain 

family PF00668 (45). Rausch and coworkers previously delineated NRPS condensation 

domain subtypes and reconstructed their phylogenetic relationship (55).  We aligned our 

extracted I domain sequences to their dataset and reconstructed a maximum-likelihood 

phylogenetic tree (Figure 2.7). The I domains form a well-supported clade, justifying the 

assignment of a separate subtype. The multiple sequence alignment shows strikingly few 

conserved residues; in fact, only nine residues are strictly conserved in the I domain family 

(Figure 2.8), less than three percent of the total domain length, and none are specific to the I 

domain. The canonical HHxxxDG active site is absent from I domains; only the Asp remains 

(Figure 2.7). Crystallographic studies of the condensation domains of VibH and EntF 

(NRPSs of vibriobactin and enterobactin, respectively) have revealed that this Asp residue is 

not catalytic, but rather structural, forming a salt bridge with an Arg residue (Figure 2.8: 

residue 228), and the pair is strictly conserved throughout the condensation domain 

superfamily (56, 57).  
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Table 2.4.  Interface domains found in siderophore biosynthetic gene clusters. 

Siderophore NRPS Enzyme 
Module 

Architecture 
NCBI Accession 

Corresponding β-

Hydroxylase 

βH-ase  

Type 

Alterobactin 
AltG I-A(Asp)-TC WP_063365585.1 

AltH IβHAsp 
AltI I-A(Asp)-TC-Te WP_063365570.1 

Cupriachelin CucG I-A(Asp)-TC WP_082236112.1 CucF IβHAsp 

Pacifibactin PfbI I-A(Asp)-TC WP_052269209.1 PfbH IβHAsp 

Pyoverdine 17400 PvdK I-A(Asp)-TC WP_029293154.1 PvdJ IβHAsp 

Pyoverdine Pf0-1 PvdK I-A(Asp)-TC WP_011333311.1 PvdJ IβHAsp 

Taiwachelin TaiE I-A(Asp)-TC WP_012356046.1 TaiD IβHAsp 

Variobactin Var5 I-A(Asp)-TC ALG65340.1 Var4 IβHAsp 

Variochelin VarH  I-A(Asp)-TC WP_062469880.1 VarG IβHAsp 

Serobactin SbtI2 I-A(Asp)-TC WP_048348543.1 SbtI1 IβHAsp 

Histicorrugatin 
HcsF I-A(His)-TC WP_053122086.1 

HcsE IβHHis 
HcsI I-A(His)-TC-Te WP_053122092.1 

Pyoverdine pf244 PvdJ I-A(His)-TC AJW67534.1 SyrP21245 IβHHis 

Pyoverdine L48 PSEEN_RS14935 I-A(His)-TC WP_011534377.1 PSEEN_RS14940 IβHHis 
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Figure 2.7. Maximum likelihood phylogenetic tree of the condensation domain 

superfamily and sequence logos of canonical condensation active sites. With the exception 

of the interface domains, amino acid sequences were originally collected and aligned by 

Rausch et al (55). The full Newick-formatted tree with sequence names is available in 

Dataset S1. The phylogenetic tree was reconstructed in PhyML v3.0 (58) through 

http://phylogeny.fr (59). The LG+I+F+G4 model was chosen by ModelFinder (Akaike 

information criterion)(54). Branch support was assessed by bootstrapping (100 bootstrap 

replicates). The scale bar indicates the average number of substitutions per site.  Inset box: 

the traditional HHxxxDG condensation domain active site is poorly conserved in interface 

(I) domains. The epimerization (E) domain retains the motif, while the X domain has a 

conserved but modified HRxxxDD motif. Sequence logos were made with WebLogo (60), 

trimming any position with >50% gaps. 

http://phylogeny.fr/
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Figure 2.8. Sequence logo of interface domains extracted from siderophore biosynthetic 

gene clusters. Strictly conserved residues are highlighted in yellow.  The canonical 

condensation domain active site motif, HHxxxDG, is not present. Starred residues Asp108 

and Arg228 form a structural salt bridge that is strictly conserved within the condensation 

domain superfamily.
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2.4.  Discussion 

2.4.1.  Stereochemistry of β-OHAsp residues in siderophores 

 Many of the β-OHAsp-containing siderophores in Table 2.1 have been 

stereochemically characterized. The 2S or 2R C2 stereochemistry (i.e. ʟ- or ᴅ-) of each β-

OHAsp residue is consistent with the absence or presence of an epimerization domain in the 

NRPS (61), while the C3 stereochemistry is set during hydroxylation (Figure 2.9A). The 

products of seven of nine IβHAsp domains (with the exception of pyoverdine Pf0-1 and 

variobactin) have reported β-OHAsp stereochemistry, all 3S (25, 26, 29, 30, 62-64). The 

target NRPS module of each IβHAsp domain lacks an E domain, thereby producing the ʟ-

threo (2S, 3S) configuration of β-OHAsp (Table 2.1, Figure 2.9A). The stereochemistry of 

ten of 18 siderophores with TβHAsp-mediated hydroxylation has been reported in the 

literature (3, 21, 22, 26, 28, 30, 33, 65-67). In contrast to the IβHAsp clade, most of the 

TβHAsp enzymes were reported to hydroxylate Asp to form the 3R product. The TβHAsp 

target modules generally contain an E domain, resulting in the ᴅ-threo (2R, 3R) 

configuration of β-OHAsp (with exceptions below).  

To clarify the reactivity of the TβHAsp family and test the subtype-derived model of β-

OHAsp stereochemistry, four representative siderophores from the β-hydroxylase 

phylogenetic tree in Figure 2.5 were selected for stereochemical characterization of the β-

OHAsp residues.  Clifford D. Hardy, a graduate student in the Alison Butler group, 

performed isolation and characterization of the siderophores, assisted by undergraduate 

researcher Jaewon Suk and visiting researcher Jean Bouvet.  Pyoverdine from Pseudomonas 

putida GB-1 was determined to contain β-OHAsp in solely the ᴅ-threo configuration, while 

delftibactin from Delftia acidovorans DSM 39 and histicorrugatin from Pseudomonas 

thivervalensis DSM 13194 were observed to contain only ʟ-erythro β-OHAsp (1, 68). A 
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reexamination of cupriachelin from Cupriavidus necator H16 found two β-OHAsp 

diastereomers, confirmed as ʟ-erythro and ʟ-threo (1, 68), in contrast to the previous report 

of solely ʟ-threo β-OHAsp (21). Thus, all TβHAsp enzymes appear to selectively produce the 

3R diastereomers ʟ-erythro and ᴅ-threo β-OHAsp (Figure 2.9B). 

 

 

 

Figure 2.9. Divergent stereochemical products of aspartyl β-hydroxylases.  (A) NRPS-

bound ʟ-Asp may be β-hydroxylated to give one of two diastereomers. ʟ-Threo (2S, 3S) β-

OHAsp is produced by the IβHAsp and SβHAsp subtypes.  ʟ-Erythro (2S, 3R) β-OHAsp is 

produced by the TβHAsp subtype, and is converted to ᴅ-threo (2R, 3R) β-OHAsp if an 

epimerization domain is present. ᴅ-Erythro β-OHAsp has not been observed in any 

stereochemically-characterized siderophore. Condensation to the upstream amino acid, 

which likely precedes epimerization (44), has been omitted for clarity. (B) Stereochemically 

characterized siderophores produced by members of the TβHAsp clade. The boxed subclades 

lack an epimerization domain and the hydroxylation product remains as ʟ-erythro β-OHAsp. 

The phylogenetic tree was produced by midpoint rooting the phylogenetic tree from Figure 

2.5. 
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SyrP of syringomycin (Figure 2.2) biosynthesis produces only the ʟ-threo isomer in 

vitro, in accordance with the biosynthetic gene cluster, which lacks an E domain, and the 

structure of syringomycin (16); thus the entire SβHAsp/IβHAsp clade likely produces ʟ-threo 

β-OHAsp isomers (Figure 2.9A). The β-OHHis residue of pyoverdine pf244 (Figure 2.1) 

was reported to be in the ʟ-threo configuration (5), and we therefore predict that the IβHHis 

subtype is also ʟ-threo selective. Corrugatin and ornicorrugatin (Figure 2.1), both reported in 

unsequenced Pseudomonads, were likewise determined to contain ʟ-threo β-OHHis, and no 

other β-OHHis isomer has been reported in siderophores to date (9, 10). 

β-Hydroxylation in siderophore biosynthesis is expected to be under strict 

stereochemical control. Many siderophore β-OHAsp residues have been stereochemically 

characterized (Table 2.1); all were reported as the ʟ-threo (2S, 3S) or ᴅ-threo (2R, 3R) 

isomers until the recent report of ʟ-erythro (2S, 3R) β-OHAsp in imaqobactin (Figure 2.1), 

produced by an unsequenced isolate (31).  Both ʟ-erythro and ᴅ-threo β-OHAsp share the 3R 

configuration; therefore, ᴅ-threo could arise from the epimerization of ʟ-erythro (2S, 3R) β-

OHAsp (Figure 2.9). The stereochemical determination of β-OHAsp in histicorrugatin and 

delftibactin (Figure 2.1), as well as the stereochemical re-assignment of one β-OHAsp 

residue in cupriachelin (Figure 2.1), supports this mechanism(1, 68). Each of these 

siderophore biosynthetic gene clusters encodes a TβHAsp enzyme that acts on a C-A-TE 

module lacking an E domain, and each siderophore contains the ʟ-erythro isomer. These 

results do not necessarily preclude the scenario where epimerization preceeds hydroxylation; 

however, they do show that epimerization is not required for TβHAsp-mediated β-

hydroxylation, and that the α-carbon configuration does not control the stereochemistry of β-

hydroxylation. Stereochemical control can instead be attributed to—and be predicted by—

the functional subtypes identified herein (Figure 2.9A). 
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The divergent stereochemistry of the Asp β-hydroxylases is consistent with the 

reactivity of other Fe(II)/α-ketoglutarate-dependent β-hydroxylases. Kutzneride (Figure 2.10) 

biosynthesis involves two Fe(II)/αKG glutamyl β-hydroxylases, KtzO and KtzP, both of 

which have been characterized in vitro (69). KtzO stereospecifically reacts with NRPS-

bound ʟ-Glu to produce ʟ-threo (2S, 3R) β-OHGlu, which is then epimerized to the ᴅ-

erythro (2R, 3R) isomer (69); KtzP has the opposite selectivity, first producing the ʟ-erythro 

(2S, 3S) isomer before epimerization to ᴅ-threo (2R, 3S) β-OHGlu (69).  The FeNH/αKG-

dependent amino acid β-hydroxylation mechanism involves β-hydrogen abstraction by a 

reactive Fe(IV)-oxo species, followed by rebound hydroxylation to form the alcohol (2, 70). 

To achieve such stereospecificity, the amino acid substrate must be oriented in the active site 

with only one β-hydrogen (pro-threo or pro-erythro) oriented toward the active site. A 

comparison of the product-bound crystal structures of AsnO, a threo-selective ʟ-Asn β-

hydroxylase, and VioC, an erythro-selective ʟ-Arg β-hydroxylase, revealed that the two 

homologs hold their substrates in different rotational conformations: in AsnO, the sidechain 

of ʟ-Asn is held trans, pointed towards the center of the enzyme, while VioC holds ʟ-Arg in 

a more strained gauche(–) conformation, pointing the sidechain towards the enzyme surface 

(49, 50).  Similarly, we suspect that the contrasting β-OHAsp stereochemistry is caused by a 

difference in ʟ-Asp positioning.  
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Figure 2.10. Select specialized metabolites with ß-hydroxylated amino acids. Hydroxylated 

residues are shown in red. 

 

2.4.2. Application of β-hydroxylase subtypes towards improved siderophore structural 

predictions 

In sum, the chemistry of siderophore aspartyl β-hydroxylation follows two divergent 

routes (Figures 2.4 and 2.9A, Table 2.1). Asp β-hydroxylase domains fused to the C-

terminus of a NRPS enzyme selectively hydroxylate Asp bound to a NRPS module in the 

presence of an interface (I) domain, a member of the condensation domain superfamily 

newly described herein (Figure 2.7). The interface-associated aspartyl β-hydroxylase 

(IβHAsp) domains exclusively produce the ʟ-threo (2S, 3S) isomer of β-OHAsp (Table 2.1, 

Figure 2.9A). In the second pathway, Asp β-hydroxylases encoded by discrete genes in the 

biosynthetic cluster selectively act on Asp bound to thiolation domains with the TE sequence 

motif (GGDSI), and are consequently named the TE-associated aspartyl β-hydroxylase 

(TβHAsp) enzymes. All of these standalone enzymes produce ʟ-erythro (2S, 3R) or ᴅ-threo 
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(2R, 3R) β-OHAsp, requiring opposite stereospecificity of β-hydroxylation relative to IβHAsp 

domains (Table 2.1, Figure 2.9). Remarkably, the two drivers of residue specificity proposed 

here (i.e., the interface domain, and the TE-type thiolation domain, Figure 2.4) parallel 

selectivity seen in the cytochrome P450 family of enzymes involved in glycopeptide 

antibiotic and skyllamycin biosyntheses (71) (vide infra).  

The reactivity of an undescribed siderophore aspartyl β-hydroxylase can now be 

predicted based solely on whether the β-hydroxylase is fused to the NRPS machinery 

(IβHAsp) or a free-standing enzyme (TβHAsp). The two drivers of residue specificity we 

propose here (i.e., the interface domain and the TE-type thiolation domain) then allow for 

quick prediction of hydroxylation sites. A more rigorous subtype determination can be made 

using profile hidden Markov models (pHMMs), probabilistic representations of the amino 

acid sequences. pHMMs for each subtype may be incorporated into domain and structure 

prediction workflows with HMMER3 (72).  A sequence that poorly matches each of the four 

pHMMs (bitscore < 400) may belong to a new functional subtype distinct from the subtypes 

described herein. For example, glutamyl β-hydroxylases KtzO and KtzP of kutzneride 

(Figure 2.10) biosynthesis (69) best match the IβHHis pHMM with bitscores of 340 and 224, 

respectively, well below the cutoff. 

 

2.4.3.  Parallels to glycopeptide antibiotic (GPA) biosynthesis 

GPA biosynthesis provides an example of a specialized NRPS domain responsible for 

positioning a standalone hydroxylase.  After NRPS-based assembly, the GPA peptide 

precursor, still attached to the NRPS, is extensively crosslinked by several cytochrome P450 

(Oxy) enzymes (73-75). The final module of the NRPS Tcp12 of teicoplanin biosynthesis 

contains a member of the C domain superfamily called the X domain, which is missing the 
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HHxxxDG catalytic motif (Figure 2.7) (55). Haslinger et al. found through X-ray 

crystallography that the X domain is required to recruit the Oxy enzymes to the NRPS-bound 

peptide through protein-protein interaction (76). We propose the I domain function 

resembles that of the X domain, although this similarity is likely superficial, as the two 

subfamilies are distantly related phylogenetically (Figure 2.7) and interact with entirely 

different protein families (i.e., non-heme Fe(II) dioxygenases and Fe-heme monooxygenases, 

respectively). Additionally, the X domain has a conserved, albeit modified, HRxxxD[DE] 

motif that blocks the traditional condensation active site (76), in contrast to the poorly-

conserved active site of the I domain (Figure 2.7). 

 

2.4.4.  Parallels to skyllamycin biosynthesis.  

The TE motif GGDSI is generally found when an epimerization (E) domain follows a T 

domain, and contrasts the GGHSL (TC) core motif usually found in T domains (44). 

Mutational studies showed that the TE motif is required for proper interaction between the T 

and E domains (44).  TβHAsp enzymes may also require the GGDSI motif to properly interact 

with the T-bound amino acid. Cytochrome P450sky of skyllamycin (Figure 2.10) biosynthesis 

similarly selects residues for β-hydroxylation by interacting only with specific T domains, as 

determined by X-ray crystallography (77). In contrast to the TE domain, even non-interacting 

T domains within the skyllamycin pathway contain the key residues for P450sky interaction, 

and selectivity is believed to arise from minor changes in T domain tertiary structure that 

disrupt the NRPS/P450sky interface (71, 77). TβHAsp enzymes may similarly select modules 

for binding based on subtle structural changes, undetectable in the primary sequence of the 

NRPS. Regardless, the TE motif serves as a useful predictor of selectivity in the TβHAsp 

family. 
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2.5.  Conclusion 

Genome mining is streamlining the discovery and structural elucidation of new 

specialized metabolites, but can leave ambiguities in the predicted structures that must be 

rectified experimentally. Comparing siderophore biosynthetic gene clusters to verified 

structures reveals the origin of the β-OHAsp diastereomers in siderophores, providing both 

predictive tools and avenues for future research. We have identified three functional 

subtypes of β-hydroxylases involved in siderophore biosynthesis (i.e., IβHAsp, TβHAsp, and 

IβHHis), placing their reactivity in contrast to SyrP (16) and SyrP-like enzymes (SβHAsp).  

These newly delineated subtypes, validated by phylogenetic reconstruction (Figure 2.5), 

show clear patterns in genomic organization (standalone enzymes or integrated NPRS 

tailoring domains), amino acid substrate (Asp or His), reactive NRPS partner (IAT, CATE, 

or CATC), and stereochemistry (ʟ-threo, ʟ-erythro, or ᴅ-threo) (Table 2.1). 

With two stereocenters, β-OHAsp can exist as any of four diastereomers. Through 

mapping stereochemically-characterized β-OHAsp residues in siderophores to the 

phylogenetic tree of β-hydroxylases, we have developed the first method to predict β-OHAsp 

stereochemistry in silico. While IβHAsp domains consistently produce ʟ-threo (2S, 3S) β-

OHAsp, the TβHAsp subtype produces the ʟ-erythro (2S, 3R) isomer, which is often 

epimerized to ᴅ-threo (2R, 3R) β-OHAsp (Figure 2.9A). The ᴅ-erythro (2R, 3S) stereoisomer 

has not been identified in any siderophore, but would be consistent with an IβHAsp domain 

paired with epimerization by an I-A-T-E NRPS architecture. The contrasting pro-R versus 

pro-S β-hydroxylation that we identified may have arisen from a reconfiguration of the 

active site, holding the aspartyl substrate in a different orientation. Future work will 

elucidate the structural basis of Asp β-hydroxylase stereospecificity. 
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2.6. Appendix 

Table 2.5. Amino acid β-hydroxylases found in siderophore biosynthetic gene clusters. 

Siderophore Producing Strain Hydroxylase NCBI Accession 
References 

Structure  Cluster  Stereo 

Alterobactin 
Alteromonas luteoviolacea 
DSM 6061 

AltH WP_063365570.1 (62) 
This 
work 

(62) 

Pyoverdine 
17400 

Pseudomonas fluorescens 
ATCC 17400 

PvdJ WP_081041737.1 (63) (78) (63) 

Pyoverdine 
Pf0-1 

Pseudomonas fluorescens 
Pf0-1 

PvdJ WP_041475189.1 (64) (79) - 

Taiwachelin 
Cupriavidus taiwanensis 
LMG 19424 

TaiD WP_012356045.1 (25) (25) (25) 

Variobactin Variovorax paradoxus P4B Var4 ALG65339.1 (43) (43) - 

Variochelin 
Variovorax boronicumulans 
NBRC 103145 

VarG WP_062469881.1 (29) (29) (29) 

Cupriachelin Cupriavidus necator H16 
CucF WP_011617408.1 

(21) (21) 
(21), 
This 
work CucE WP_011617409.1 

Pacifibactin 
Alcanivorax pacificus W11-
5 

PfbH WP_008737432.1 
(30) (30) (30) 

PfbF WP_008737428.1 

Serobactin 
Herbaspirillum seropedicae 
SmR1 

SbtI1 WP_013234320.1 
(26) (26) (26) 

SbtH WP_053075621.1 

Acidobactin 
Acidovorax citrulli AAC00-
1 

Aave_3734 WP_011796775.1 (43) (43) - 

Azotobactin Azotobacter vinelandii CA 
AVCA_RS1170
0 

WP_012701132.1 (65) (80) (65) 

Crochelin 
Azotobacter chroococcum 
NCIMB 8003 

CroC WP_039806858.1 (81) (81) - 

Delftibactin Delftia acidovorans SPH-1 DelD WP_012206556.1 (82) (82) 
This 
work 

LB400 
Burkholderia xenovorans 
LB400 

MbaH WP_011492714.1 (28) (28) (28) 

Malleobactin 
Burkholderia pseudomallei 
K96243 

MbaH WP_004526940.1 (22) (22) (22) 

Marinobactin 
Marinobacter nanhaiticus 
D15-8W 

ENO16757 WP_004583267.1 (33) (24) (33) 

Ornibactin 
Burkholderia cenocepacia 
J2315 

OrbG WP_006486082.1 (66) (19) (66) 

Pyoverdine 
1448a 

Pseudomonas syringae 
1448a 

Pspph1922 WP_004664616.1 (20) (20) - 

Pyoverdine 
B10 

Pseudomonas sp. B10 
BXA01_RS252
80 

WP_076567019.1 (3) (83) (3) 

Pyoverdine 
GB-1 

Pseudomonas putida GB-1 PputGB1_4087 WP_012273660.1 (23) (23) 
This 
work 
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Pyoverdine 
G4R 

Pseudomonas putida 
KT2440 

PP_4222 WP_010954977.1 
(7, 12, 

67) 
(7, 79) (67) 

Pyoverdine 
W15Oct28 

Pseudomonas putida 
W15Oct28 

AK81_RS20255 WP_043201845.1 (84) (84) - 

Vacidobactin Variovorax paradoxus S110 Vapar_3747 WP_015866525.1 (43) (43) - 

Histicorrugatin 
Pseudomonas thivervalensis 
LMG 21626 

HcsC WP_082343559.1 
(11) (11) 

This 
work HcsE WP_053122094.1 

Pyoverdine 
pf224 

Pseudomonas taiwanensis 
DSM 21245 

SyrP21245 AJW67533.1 (5, 8) (8) (5) 

Pyoverdine 
L48 

Pseudomonas entomophila 
L48 

PSEEN_RS149
40 

WP_011534378.1 (7) (7) - 
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Chapter 3. Targeted genome mining of spacer-containing triscatechol siderophores 

3.1.  Introduction 

 The triscatechol siderophores trivanchrobactin, cyclic trichrysobactin, and 

turnerbactin (Figure 3.1) are an apparent expansion of the well-known enterobactin structure.  

Each features a different cationic spacer amino acid (D-Arg, D-Lys, and L-Orn, respectively) 

between 2,3-dihydroxybenzoate (DHB) and the triserine core. The elongated spacer-

containing arms may prevent piracy by competing bacterial strains while only minimally 

affecting Fe(III) affinity.1,2 However, the significance of the D- versus L- spacer 

configuration remains unknown. Upon Fe(III) coordination, these siderophores gain an 

additional stereocenter. Triscatecholate siderophores like enterobactin may adopt either a ∆ 

or Λ configuration around the ferric coordination centre, with a facial configuration of the 

asymmetric 2,3-DHB moieties (Figure 3.2).  Crucially, the “wrong” Fe(III)-center chirality 

has been implicated in reducing siderophore efficacy by hindering receptor recognition.3-7  

 

Figure 3.1. Previously reported DHB-CAA-Ser triscatechol siderophores. 
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The metal center chirality of several ferric triscatecholate complexes has been 

determined by circular dichroism (CD) spectroscopy and X-ray crystallography, allowing for 

the relationship between siderophore structure and metal center chirality to be explored 

(Table 3.1).  The L-Ser core of enterobactin enforces the ∆ Fe(III) complex, recently 

confirmed by the long-sought crystal structure of ferric enterobactin.8-11  Ferric enantio-

enterobactin, with a D-Ser macrolactone, has the opposite Λ configuration.1,11 Interestingly, 

insertion of a glycine spacer reverses the stereochemistry around iron; synthetic Fe(III)–LSer-

Gly-Cam has the Λ configuration, while Fe(III)–DSer-Gly-Cam has a ∆ configuration.1 Metal 

center chirality may also be enforced by a chiral spacer amino acid.  Tren-Lys-Cam is a 

synthetic cyclic trichrysobactin mimic with an achiral polyamine core; Tren-LLys-Cam and 

Tren-DLys-Cam form ∆ and Λ iron complexes, respectively.2  

 

Figure 3.2. Enantiomers of Fe(III) coordinated by three bidentate ligands. 

 

Trivanchrobactin and cyclic trichrysobactin, with stereocenters stemming from the L-

Ser backbone and D- amino acid spacer, both form the Λ ferric complex in solution.12 This 

configuration is determined by the L-Ser core (cf. LSer-Gly-Cam) and/or the D- amino acid 

spacer (cf. Tren-DLys-Cam), each of which enforces the Λ stereoisomer when alone.2,13 Is 

backbone chirality or spacer chirality the dominant factor in controlling the configuration of 

the metal center? The diastereomeric partners of trivanchrobactin and trichrysobactin, with 



 

 86 

L-Ser and an L- amino acid spacer, would be affected by the opposing influences of the core 

(cf. LSer-Gly-Cam, Λ13) and the spacer (cf. Tren-LLys-Cam, ∆2). The CD spectrum of such a 

complex could help parse the relative impact that triscatechol siderophore structure 

components have on metal center chirality; however, no pair of diastereomeric triscatechol 

siderophores has been reported to date. 

 

Table 3.1. Fe(III) center chirality of triscatechol siderophores and synthetic mimics 

Ferric complex Core Spacer Enantiomer Reference 

Enterobactin L-Ser - Δ 11 

Enantioenterobactin D-Ser - Λ 2 

Linear enterobactin L-Ser - Δ 14 

Trivanchrobactin L-Ser D-Arg Λ 12 

Cyclic trichrysobactin L-Ser D-Lys Λ 12 

Bacillibactin L-Thr Gly Λ 13 

LSer–Gly–Cam L-Ser Gly Λ 13 

DSer–Gly–Cam D-Ser Gly Δ 1 

Tren–LLys–Cam tren L-Lys Δ 2  

Tren–DLys–Cam tren D-Lys Λ 2  

 

The discovery of novel siderophore structures has been greatly aided by scanning 

bacterial genomes for biosynthetic enzymes. Genome mining for siderophores generally 

takes one of three forms.  In an “organism-first” approach, taxa of interest are scanned for 

any specialized metabolite biosynthetic gene clusters using workflows like PRISM or 

AntiSMASH. Alternatively, in an “enzyme-first” strategy, a desired class of siderophores 

may be found by searching for homologs of a biosynthetic enzyme using BLAST or 

HMMER, followed by manual or automatic structure prediction. A third “structure-first” 

strategy may be used when a siderophore is discovered and structurally characterized before 
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a genome of the producing strain is available. Based on existing knowledge of siderophore 

biosynthesis pathways, genes required for the biosynthesis of the orphan siderophore may be 

predicted. Once available, the genome of the producing strain can be searched for the 

relevant biosynthesis genes. The biosyntheses of DHB-CAA-Ser siderophores are 

sufficiently understood to make structural predictions from the genomic sequence. (For a full 

discussion of Ser-based triscatechol siderophore biosynthesis, see Chapter 1.) The variation 

of cationic spacer amino acids in trivanchrobactin, trichrysobactin, and turnerbactin come 

from the NRPSs (Figure 3.3). The first adenylation (A) domain selects which amino acid 

will be activated and incorporated as the spacer, and the epimerization (E) domain, if 

present, catalyzes formation of the D-amino acid spacer. Based on the structures and NRPS 

architectures of the previously reported siderophores, the NRPSs that could be responsible 

for the novel diastereomers may be predicted (Figure 3.3).   

 

Figure 3.3. NRPS domain architectures of previously reported DHB-CAA-Ser triscatechol 

siderophores turnerbactin, (cyclic) trichrysobactin, and trivanchrobactin, as well as predicted 

architectures of novel siderophores with spacer amino acids not previously reported.  
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Both the organism-first approach and the enzyme-first approach cast broad nets and 

would give many false positives when looking for the novel triscatechol diastereomers. On 

the other hand, the highly-targeted structure-first strategy is only feasible when a producing 

strain is already known.  The target siderophores were hypothetical, with no knowledge of 

which bacteria, if any, are capable of their production. Therefore, a hybrid strategy was 

developed, where a large set of bacterial genomes are successively filtered until the 

remaining genomes all putatively encode for the biosynthesis of a DHB-CAA-Ser 

siderophore. The final workflow, named the Catechol Siderophore Cluster Analysis 

(CatSCAn), was implemented in Python. Over 11,000 NCBI RefSeq Representative 

genomes were scanned with CatSCAn, resulting in only 99 genomes with the predicted gene 

cluster.  The predictive models were tested with traditional siderophore isolation. 

 

3.2.  Methods 

3.2.1.  Development of a high-throughput genome mining workflow 

The Catechol Siderophore Cluster Analysis (CatSCAn) workflow was primarily 

written in Python 3 using the Biopython package for protein sequence manipulation and file 

parsing.  CatSCAN also relies on MUSCLE for multiple sequence alignments and 

HMMER3 for profile hidden Markov models (pHMMs). The full source code is available 

from GitHub (http://github.com/zreitz/catscan). 

3.2.1.1.  Profile hidden Markov models 

Custom and previously-published profile hidden Markov models (pHMMs) were 

used to identify domains (Table 3.3).  Amino acid sequences of domains involved in DHB 
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biosynthesis (EntA, EntB [isochorismatase domain], and EntC) and incorporation (EntE and 

ArCP) were collected from known catechol siderophore biosyntheses (Table 3.2). Amino 

acid sequences of the condensation domain superfamily members LCL, DCL, Cstart, and E were 

obtained from Rausch et al. 2007. Collected sequences were aligned with MUSCLE, and 

pHMMs were constructed using the hmmbuild function from HMMER3.  pHMMs for 

adenylation (PF00501), thiolation (PF00550), and thioesterase (PF00975) domains were 

obtained from Pfam and used without further modification.  E-value cutoffs were determined 

manually (Table 3.3). 

3.2.1.2.  Identification of putative DHB-CAA-Ser siderophore biosynthesis clusters 

 RefSeq representative bacterial genomes were downloaded from NCBI (11064 as of 

April 1, 2020). Each genome was scanned for a 2,3-dihydro-2,3-dihydroxybenzoate 

dehydrogenase (EntA) with the hmmscan function of HMMER3.  If entA was present, 

genomes were then scanned with hmmscan for domains present in the biosyntheses of 

known DHB-CAA-Ser siderophores: DHB biosynthesis domains (EntA, EntB, and EntC), 

NRPS domains for DHB incorporation (ArCP, EntE, and Cstart), and traditional NRPS 

domains (A, DCL, T, E, and Te). Genes less than 15 kbp apart were clustered by a greedy 

algorithm.  Clusters were only kept if they contained one of the two NRPS domain 

architectures found across all DHB-CAA-Ser siderophores: Cstart-A-T-DCL-A-T-Te or Cstart-

A-T-E-DCL-A-T-Te.  Adenylation domain specificity was determined by comparison to a 

database of Stachelhaus codes adenylation domains with known specificity using 

NRPSPredictor2,15 as implemented by SANDPUMA.16  Siderophore structures were then 

predicted from any remaining gene clusters based on their NRPS domain architecture and A 

domain selectivity.  No attempts were made to predict Ser oligomerization and cyclization, 
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as the governing factors are currently unknown. The [Empedobacter] haloabium genome 

GCF_008011715.1 was a representative genome on April 1, 2020, and is predicted to encode 

for turnerbactin biosynthesis; however, the genome has since been excluded from RefSeq 

(“untrustworthy as type”), and is therefore excluded from all genome counts. 

3.2.2.  General instrumental methods 

 Analytical reverse-phase high-pressure liquid chromatography (RP-HPLC) was 

performed on an analytical Waters YMC ODS-AQ C18 column (250 × 4.6-mm, 1 mL/min 

flow rate), coupled to a Waters 2998 photodiode array detector.  Preparative RP-HPLC was 

performed on a semipreprative YMC ODS-AQ C18 column (250 × 20-mm, 7 mL/min flow 

rate). Ultraperformance liquid chromatography electrospray ionization mass spectrometry 

(UPLC-MS) was performed on a Waters Xevo G2-XS QTof coupled to a Waters Acquity H-

Class UPLC system (Waters BEH C18 column).  

3.2.3.  Strains and culture conditions 

Yersinia ruckeri YRB was obtained from D. Rozak (U.S. Army Medical Research 

Institute of Infectious Diseases) and maintained on LB agar plates.  Marinomonas sp. TW1 

was obtained from R. Paerl (North Carolina State University) and maintained on 2216 agar 

plates. Chitinimonas koreensis DSM 17726 was obtained from the German Collection of 

Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen, DSMZ) and maintained on LB agar plates.  To induce siderophore production, 

Y. ruckeri and C. koreensis were cultured in casamino acid minimal medium containing 5 

g/L Bacto low-iron casamino acids, 1.54 g/L K2HPO4, and 0.25 g/L MgSO4⋅7H2O)  

Marinomonas sp. TW1 was cultured in M6 medium containing 15.5 g/L NaCl, 0.75 g/L 

KCl, 0.2 g/L MgSO4•7H2O, 0.1 g/L CaCl2•2H2O, 1 g/L NH4Cl, 5 g/L sodium succinate, and 
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3 g/L K2HPO4, adjusted to pH 7.0. Strains were grown in 1 L of medium in a 2 L acid-

washed Erlenmeyer flask on an orbital shaker (150 rpm) at ambient temperature. Growth 

was monitored by measuring the optical density at 600 nm, and the culture was tested for 

siderophore production by the ferric chrome azurol S (CAS) colorimetric assay.17  For 

precursor directed biosynthesis, Marinomonas sp. TW1 was grown in 30 mL of medium in a 

100 mL flask; potential substrates were added prior to sterilization.  

3.2.4.  Siderophore isolation and purification 

  Upon reaching late logarithmic or early stationary phase (3-6 days), cells were 

pelleted by centrifugation (6000 rpm, 30 min, 4 °C). Decanted supernatant was shaken with 

10% v/v water-washed Amberlite XAD-2 (Marinomonas and Y. ruckeri) or XAD-4 (C. 

koreensis) resin for 3 hours. The resin was isolated by filtration and washed with 5 column 

volumes nanopure water and 5 column volumes 10% v/v methanol in nanopure water. 

Organic compounds were eluted with 3 column volumes 90% v/v methanol in nanopure 

water and concentrated in vacuo. Catechol species were identified in the resultant 

supernatant extract by analytical RP-HPLC, employing a linear gradient of 5-100% 

acetonitrile in ultrapure water (both with 0.05% trifluoroacetic acid) over 45 min.  

Siderophores were purified by preparative RP-HPLC, employing a linear gradient of 5-60% 

methanol in ultrapure water (both with 0.05% trifluoroacetic acid) over 55 min. Pooled 

fractions were concentrated in vacuo and lyophilized.  Extracts and compounds were further 

analyzed by UPLC/ESIMS, employing a linear gradient of 0-60% acetonitrile in ddH2O 

(both with 0.1% formic acid) over 10 min. 



 

 92 

3.2.5.  Amino acid analysis by Marfey’s method 

Purified siderophore (1 mg) was hydrolyzed in 6M HCl for 18 hours at 110°C in a 

sealed glass ampoule. HCl was removed by three evaporation-rehydration cycles.  The 

sample was dissolved in 250 μL H2O and derivatized with 1-fluoro-2,4-dinitrophenyl-5-L-

alanine amide (FDAA; Marfey’s reagent).18 To 100 μL of hydrolysate solution was added 

200 μL of a 1% w:w solution of FDAA in acetone and 40 μL of 1 M NaHCO3. The solution 

was heated to 40 °C for 1 hr, then quenched with 20 μL 2 M HCl.  Derivatized samples were 

analyzed via analytical RP-HPLC using a linear gradient of 10-40% acetonitrile in ultrapure 

water (both +0.05 trifluoroacetic acid) over 45 min, monitoring at 340 nm. Samples were 

compared to amino acid standards prepared identically. 

 

3.3.  Results and Interpretation 

3.3.1.  Development of the Catechol Siderophore Cluster Analysis (CatSCAn) 

A comparative analysis of gene clusters responsible for the biosynthesis of 

previously reported DHB-CAA-Ser siderophores (Chapter 1) shows that each cluster 

encodes homologs of EntABCE, responsible for DHB biosynthesis and incorporation, and a 

two-module NRPS with the domain architectures Cstart-A-T-DCL-A-T-Te or Cstart-A-T-E-

DCL-A-T-Te (Figure 3.3).19 All biosynthetic enzymes and NRPS domains were identified by 

comparison to profile hidden Markov models (pHMMs).  Existing protein families in the 

Pfam database were not specific enough to select for genes involved in siderophore 

biosynthesis.  For example, the short chain dehydrogenase family (PF00106) includes not 

only functional homologs of EntA, but also 3-ketoacyl ACP reductases involved in fatty acid 

biosynthesis. To eliminate these false positives, custom pHMMs were built using the amino 
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acid sequences of EntABCE homologs and aryl carrier proteins (ArCP) collected from 

previously reported catechol siderophore biosynthetic gene clusters (Table 3.2).  

Significance cutoffs (E-values) for each of EntABCE pHMMs were determined 

manually from a random set of 1000 complete bacterial genomes from NCBI RefSeq.20 Of 

428 genomes with matches to all four genes (E-value <1e-5), 181 contained a colocalized 

cluster of all four genes.  The highest (least significant) E-values for each pHMM in these 

181 genomes were used as the cutoff, with a conservative 0.85 multiplier to prevent false 

negatives. The resulting E-values (Table 3.3) successfully eliminated most enzymes 

annotated with undesired functions, particularly for EntA (Figure 3.4). Among 223 genomes 

in the test set with a significant match to the EntA pHMM, 222 (99.6%) also contained 

significant matches to each of EntBCE in the genome. Thus, the presence of an entA 

homolog alone is a reliable indicator that a genome encodes for the synthesis and activation 

of DHB. 
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Table 3.2.  Catechol siderophores included in custom CatSCAn profile hidden Markov 

models  

Siderophore Bacterium Reference 

Amonabactin Aeromonas salmonicida A449 21 

Amphi-enterobactin Vibrio campbellii BAA-1116 22 

Bacillibactin Bacillus subtilis 168 23 

Chrysobactin Dickeya dadantii 3937 24 

Enterobactin Escherichia coli K12 25 

Fuscachelin Thermobifida fusca YX 26 

Griseobactin Streptomyces sp. ATCC 700974 27 

Heterobactin Rhodococcus erythropolis PR4 28 

Hyalachelin Hyalangium minutum 29 

Mirubactin Actinosynnema mirum 30 

Myxochelin Stigmatella aurantiaca Sg a15 31 

Paenibactin Paenibacillus elgii B69 32 

Protochelin Azotobacter vinelandii CA 33 

Rhodochelin Rhodococcus jostii RHA1 34 

Trivanchrobactin Vibrio campbellii DS40M4 35 

Turnerbactin Teredinibacter turnerae T7901 36 

Vanchrobactin Vibrio anguillarum RV22 37 

Acinetobactin Acinetobacter baumannii ATCC 19606 38 

Agrobactin Agrobacterium tumefaciens B6 39 

Anguibactin Vibrio anguillarum 775(pJM1) 40 

Brucebactin Brucella abortus 41 

Fimsbactin Acinetobacter sp. ADP1 42 

Photobactin Photorhabdus temperata subsp. khanii NC19 43 

Serratiochelins Serratia plymuthica V4 44 

Vibriobactin Vibrio cholerae O395 45 

Vulnibactin Vibrio vulnificus CMCP6 46 
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Figure 3.4. Significance cutoffs and histogram plots for EntABCE pHMMs. For each 

pHMM, hits were sorted into buckets by E-value order of magnitude. Plots are composed of 

the single most significant hit for each of 428 genomes with matches to all four genes (E-

value <1e-5). Conservative significance cutoffs were determined as described in the text.  
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Table 3.3. Profile hidden Markov models incorporated in CatSCAn. 

Name Description E-value cutoff Source 

EntA 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase 1e-65 this work 

EntB Isochorismatase 1e-60 this work 

EntC Isochorismate synthase 1e-90 this work 

EntE 2,3-dihydroxybenzoate-AMP ligase 1e-165 this work 

ArCP Aryl carrier protein 1e-10 this work 

A Adenylation domain 1e-50 PF00501 

T Thiolation domain 1e-5 PF00550 

Te Thioesterase domain 1e-20 PF00975 

LCL LCL-type condensation domain 1e-50 47 

DCL DCL-type condensation domain 1e-50 47 

Cstart Aryl-selective condensation domain 1e-50 47 

Cy Heterocyclization domain 1e-50 47 

E Epimerization domain 1e-50 47 

 

The genome mining workflow was automated in Python, resulting in a workflow 

named the Catechol Siderophore Cluster Analysis (CatSCAn, Figure 3.5).  RefSeq 

Representative Genomes are downloaded from NCBI.20 To reduce computing time, genomes 

are first filtered for the presence of a significant match to the EntA pHMM. The remaining 

strains, all putative 2,3-DHB producers, are then scanned for the full suite of biosynthetic 

enzymes (Table 3.3). A second round of filtering requires a single NRPS gene with one of 

the two domain architectures common to all three reported DHB-CAA-Ser siderophores: 

Cstart-A-T-DCL-A-T-Te or Cstart-A-T-E-DCL-A-T-Te (Chapter 1).19  The absence or presence 
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of an E domain determines the stereochemistry of the first amino acid. The selectivity of the 

two adenylation domains are then predicted by NRPSpredictor2,15 comparing the extracted 

10AA Stachelhaus codes to a database of adenylation domains with known specificity.48 A 

minimum percent identity cutoff was determined using 10AA codes from the catechol 

siderophore biosyntheses in Table 3.2. Within this dataset, a 90% or 100% match between 

codes was required to ensure two A domains load the same amino acid. For example, the 

first A domains from griseobactin and turnerbactin are an 80% match (DAWDVGLVDK 

versus DSWDGGLVDK) and load Arg and Orn, respectively. Supplementing the A domain 

database with catechol siderophores reported previously (Table 3.2) and herein improved 

amino acid prediction (vide infra). 

 

Figure 3.5.  An overview of the CatSCAn workflow for the high-throughput discovery of 

triscatechol siderophore biosynthetic gene clusters. 

 

3.3.2.  Prevalence of triscatechol siderophore biosynthesis clusters 

A total of 11064 bacterial genomes from the NCBI RefSeq Representative Genome 

database (April 1, 2020) were scanned for DHB-CAA-Ser biosynthetic gene clusters.  

Homologs of entA are present in 10.7% of genomes scanned, mostly among Proteobacteria, 

Firmicutes, and Actinobacteria (Figure 3.6A).  Of the 1179 genomes with entA, only 99 

contain a NRPS with the required NRPS architecture and a second module selective for Ser, 

thereby putatively capable of producing a DHB-CAA-Ser siderophore (Table 3.5).  Nearly 
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all are proteobacteria, the sole exception being the Actinobacterium Arthrobacter glacialis 

(Figure 3.6B).  

The second adenylation domain of each NRPS was confidently predicted as Ser 

using the Stachelhaus codes; each was a perfect match to known adenylation domains. 

However, the default NRPSPredictor2 training set could not predict the spacer amino acid 

for any of the 100 NRPS (Table 3.5). For example, turnerbactin of Teredinibacter turnerae 

(L-Orn) was predicted as Glu with eight of ten matching amino acids in the binding pocket, 

and the majority of adenylation domains had multiple closest AA codes with only 60 or 70% 

matches.  Adding Stachelhaus codes from previously reported catechol siderophores 

(Table 3.2) greatly improved the predictions; 57 of the 100 adenylation domains had codes 

that were 90-100% matches to the updated training set (Table 3.5). 
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3.3.3.  Isolation and characterization of novel siderophores predicted by CatSCAn 

3.3.3.1.  Ruckerbactin from Yersinia ruckeri YRB 

In addition to the previously reported siderophores vanchrobactin, chrysobactin, and 

turnerbactin (D-Arg, D-Lys, and L-Orn spacers, respectively, Figure 3.1), CatSCAn 

predicted the biosynthesis of novel siderophores with L-Arg and L-Lys spacer amino acids.  

The L-Arg spacer was only predicted in a single species, Yersinia ruckeri.  The gene cluster 

identified by CatSCAn was previously discovered and was determined to encode for the 

biosynthesis and transport of the catechol siderophore ruckerbactin; however, no structural 

characterization was performed.49  A targeted scan of RefSeq Y. ruckeri genomes revealed 

that the cluster is strictly conserved within the species. To test the predictive power of 

CatSCAn and determine the identity of ruckerbactin, Y. ruckeri YRB was obtained for 

further analysis. 

Siderophores of Yersinia ruckeri YRB were extracted from the supernatant of a low-

iron culture with Amberlite XAD-4 resin. RP-HPLC and RP-UPLC analysis of the 

methanolic eluent revealed three compounds with absorbance bands in the UV spectrum at 

approximately 250 and 315 nm, consistent with the presence of DHB (Figure 3.7). UPLC-

ESIMS found these three compounds had identical masses to vanchrobactin (m/z 398 

[M+H]+), divanchrobactin (m/z 389 [M+2H]2+), and trivanchrobactin (m/z 386 [M+3H]3+);50 

a mass of 1200, consistent with Ti(IV)-bound trivanchrobactin, was also observed 

(Figure 3.8).  ESIMS/MS revealed fragmentation consistent with losses of DHB, Arg, and 

Ser (Figures 3.9-3.11). These analyses, together with a lack of an E domain, are consistent 

with the ruckerbactin family of siderophores from Y. ruckeri YRB as the L-Arg 

diastereomers of vanchrobactin, divanchrobactin, and trivanchrobactin (Figure 3.12).  
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Figure 3.7. UPLC chromatogram of Y. ruckeri YRB low iron supernatant XAD extract. 

Peaks A, B, and C correspond to the ruckerbactin monomer, dimer, and trimer, respectively. 

Top: UPLC dual-wavelength detector output monitoring at 250 nm. Bottom: ESIMS total 

ion chromatogram. Multiply-charged ions are given with their corresponding singly-charged 

equivalents in parentheses. 

 

Figure 3.8. ESIMS of the ruckerbactin monomer (A), dimer (B), and trimer (C). 
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Figure 3.9. ESIMS/MS spectrum of the ruckerbactin monomer with proposed structure and 

fragmentation. 

 

 

Figure 3.10. ESIMS/MS spectrum of the ruckerbactin dimer with proposed structure and 

fragmentation. Multiply-charged ions are given with their corresponding singly-charged 

equivalents in parentheses. 
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Figure 3.11. ESIMS/MS spectrum of ruckerbactin with proposed structure and 

fragmentation. Multiply-charged ions are given with their corresponding singly-charged 

equivalents in parentheses. 

 

 

 

Figure 3.12. Proposed structures of the ruckerbactin family of siderophores.  
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3.3.3.2.  Turnerbactin from Acinetobacter nosocomialis 8399 and Azospirillum 

brasilense Az39. 

 NRPSs from a diverse group of alpha-, beta-, and gammaproteobacteria have the 

identical Stachelhaus code DSLDLGLVDK (Table 3.5). CatSCAn was unable to definitively 

predict an amino acid, with closest matches Orn and Arg tied at 80% identity. A literature 

review revealed that two representatives of this group were previously reported to produce 

catechol siderophores.  Acinetobacter nosocomialis 8399 (formerly A. baumannii) and 

Azospirillum brasilense az39 were each found to produce catechol siderophores that were 

never fully characterized.51,52  The A. brasilense az39 siderophore, named spirillobactin, was 

determined to contain equimolar DHB, Orn, and Ser.52  This partial characterization and the 

lack of an E domain led to the prediction that spirillobactin is identical to turnerbactin, 

(DHB-LOrn-LSer)3.  

3.3.3.3.  Trivanchrobactin from Chitinimonas koreensis DSM 17726 

 Of nine betaproteobacteria predicted to produce a DHB-CAA-Ser siderophore, only 

one, Chitinimonas koreensis DSM 17726, had a definitive spacer amino acid prediction: D-

Arg (Table 3.5). The Stachelhaus code was 90% identical to the first A domain of FscG of 

fuscachelins biosynthesis. The two A domains have 45% identity across their length. The 

highest sequence similarity among catechol siderophores was with the Orn-selective A 

domain of A. brasilense az39 at 61% identity; however, the Stachelhaus codes only shared 

seven of ten residues. The XAD extract of a low-iron culture of C. koreensis DSM 17726 

contained trace amounts of three catecholic compounds (Figure 3.13) with mass to charge 

ratios of 398, 777, and 386, consistent with DHB-Arg-Ser, (DHB-Arg-Ser)2, and triply-

charged (DHB-Arg-Ser)3, respectively (Figure 3.14 and Figure 3.15). The most abundant 
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ions in the trimer ESIMS are consistent with Si-bound (DHB-Arg-Ser)3 (m/z 1180, [M+Si-

3H]+, and 590, [M+Si-2H]2+). Under our growth conditions, the compounds were not 

produced in sufficient quantities for isolation and full characterization.  Nevertheless, the 

presence of an epimerization domain and the UPLC-ESIMS data lead us to conclude that the 

siderophores of Chitinimonas koreensis DSM 17726 likely have a D-Arg spacer amino acid 

and are identical to vanchrobactin, divanchrobactin, and trivanchrobactin (Figure 3.16). 

 

Figure 3.13. RP-HPLC–UV/Vis chromatogram of the Chitinomonas koreensis DSM 17726 

low iron supernatant XAD extract. Column eluent was monitored at 215 nm (blue) and 310 

nm (red). Peaks putatively corresponding to vanchrobactin (M), divanchrobactin (D), and 

trivanchobactin (T) are labeled. 
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Figure 3.14. UPLC–ESIMS TIC chromatogram of the Chitinomonas koreensis DSM 17726 

low iron supernatant XAD extract. Peaks putatively corresponding to vanchrobactin, 

divanchrobactin, and trivanchobactin are labeled. 

 

 

Figure 3.15. ESI mass spectrometry of the Chitinomonas koreensis DSM 17726 

siderophores, putatively assigned as vanchrobactin (A), divanchrobactin (B), and 

trivanchrobactin (C). 
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Figure 3.16. Proposed structures of vanchrobactin family of siderophores produced by 

Chitinomonas koreensis DSM 17726.  

 

3.3.3.4.  Mixed-spacer siderophores from Marinomonas sp. TW1 

 A phylogenetic tree of the siderophore NRPSs was reconstructed (see Chapter 4). A 

large clade with no isolated siderophore representative was primarily composed of 

Marinomonas strains. The NRPSs from two strains (M. balearica CECT 7378 and M. 

mediterranea MMB-1) were a 90% match to the Lys-selective A domain of S. marcescens 

(Table 3.5). Five other Marinomonas strains did not have a definitive A domain prediction; 

the majority had an 80% match to Glu as their closest known Stachelhaus code and were at 

least 90% identical to each other (Table 3.5).  Marinomonas sp. TW1 was obtained for 

further analysis. HPLC analysis of the methanolic supernatant extract revealed five major 

compounds with characteristic catechol UV absorbance bands (Figure 3.17).  UPLC-ESIMS 

molecular ions were consistent with monomeric and dimeric DHB-Orn-Ser (m/z 356 and 

693), monomeric and dimeric DHB-Arg-Ser (m/z 398 and 777), and a mixed Orn/Arg dimer 

(DHB-Orn-Ser)(DHB-Arg-Ser) (m/z 735) (Figures 3.18-3.20). No trimeric (DHB-Orn-Ser)3 

or (DHB-Arg-Ser)3 masses were observed.   
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All five compounds were isolated, and the constituent amino acids were established 

by Marfey’s analysis.18 Arg was solely present in the D- configuration, consistent with the 

presence of an E domain in the NRPS (Figure 3.22, Figure 3.24, Figure 3.25). The Orn 

monomer, Orn dimer, and mixed dimer each contained mostly D-Orn, but a significant 

portion of L-Orn was present (Figure 3.21, Figure 3.23, Figure 3.25). Partial racemization 

during acid hydrolysis may have occurred; DCl/D2O hydrolysis will determine if this is the 

case.53  However, during hydrolysis of the mixed dimer, Orn and Arg were subjected to the 

same conditions, and only Orn was found as a mixture of enantiomers (Figure 3.25).  To test 

the effect of amino acid concentration on siderophore production, the growth medium was 

supplemented with either L-Orn or L-Arg (20 mM final concentration).  Addition of L-Orn 

caused a slight increase in DHB-Orn-Ser and (DHB-Orn-Ser)2 relative to the other catechol 

compounds, while addition of L-Arg nearly abolished the production of all three Orn-

containing compounds (Figure 3.26).  Furthermore, a new major species was present in the 

supernatant extract with an ESIMS spectrum consistent with apo and Si-bound linear (DHB-

Arg-Ser)3 (Figure 3.26 and Figure 3.27). 
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Figure 3.17. RP-HPLC–UV/Vis chromatogram of Marinomonas sp. TW1 low iron 

supernatant XAD extract. Labeled peaks correspond to the isolated siderophores DHB-Orn-

Ser [A], DHB-Arg-Ser [B], (DHB-Orn-Ser)2 [C], (DHB-Orn-Ser)(DHB-Arg-Ser) [4], and 

(DHB-Arg-Ser)2 [E].  
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Figure 3.18. UPLC–ESIMS spectra of Marinomonas sp. TW1 low iron supernatant extract. 

Top: ESIMS total ion chromatogram. Middle: UPLC dual wavelength detector output 

monitoring at 215 nm. Bottom: UPLC dual wavelength detector output monitoring at 310 

nm.  Labeled peaks correspond to the isolated siderophores DHB-Orn-Ser [A], DHB-Arg-

Ser [B], (DHB-Orn-Ser)2 [C], (DHB-Orn-Ser)(DHB-Arg-Ser) [4], and (DHB-Arg-Ser)2 [E].  
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Figure 3.19. ESI mass spectrometry of the Marinomonas sp. TW1 siderophores DHB-Orn-

Ser [A], DHB-Arg-Ser [B], (DHB-Orn-Ser)2 [C], (DHB-Orn-Ser)(DHB-Arg-Ser) [4], and 

(DHB-Arg-Ser)2 [E].  

 

 

Figure 3.20. Proposed structures of siderophores from Marinomonas sp. TW1.  
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Figure 3.21. RP-HPLC–UV/Vis spectra of FDAA-derivatized DHB-Orn-Ser and amino acid 

standards.  

 

 

 

Figure 3.22. RP-HPLC–UV/Vis spectra of FDAA-derivatized DHB-Arg-Ser and mixed 

amino acid standard.  
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Figure 3.23. RP-HPLC–UV/Vis spectra of FDAA-derivatized (DHB-Orn-Ser)2 and amino 

acid standards.  

 

 

Figure 3.24. RP-HPLC–UV/Vis spectra of FDAA-derivatized (DHB-Arg-Ser)2 and amino 

acid standards.  
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Figure 3.25. RP-HPLC–UV/Vis spectra of FDAA-derivatized (DHB-Orn-Ser)(DHB-Arg-

Ser) and amino acid standards.  
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Figure 3.26. Amino acid supplementation studies in Marinomonas sp. TW1. UPLC-

ESIMS total ion chromatograms of the supernatant extract for Marinomonas sp. TW1 grown 

with (top) no added substrate, (middle) 20 mM L-Orn, or (bottom) 20 mM L-Arg. Labeled 

peaks correspond to the isolated siderophores DHB-Orn-Ser [A], DHB-Arg-Ser [B], (DHB-

Orn-Ser)2 [C], (DHB-Orn-Ser)(DHB-Arg-Ser) [D], and (DHB-Arg-Ser)2 [E], as well as 

(DHB-Arg-Ser)3 [F], produced only under Arg supplementation. 
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Figure 3.27. ESI mass spectrometry of the Marinomonas sp. TW1 siderophore (DHB-Arg-

Ser)3, produced only under Arg supplementation. 

 

3.4.  Discussion 

3.4.1.  CatSCAn-aided DHB-CAA-Ser siderophore discovery 

 The discovery of cationic amino acid (CAA) spacer-containing triscatechol 

siderophores trivanchrobactin, cyclic trichrysobactin, and turnerbactin with D-Arg, D-Lys, 

and L-Orn spacer amino acids, respectively (Figure 3.1), suggested the existence of 

diastereomeric novel DHB-CAA-Ser siderophores with L-Arg, L-Lys, and D-Orn spacers.  

Predicting what bacteria, if any, are capable of producing these hypothetical siderophores 

required a novel genome mining workflow that is not only high-throughput, but also precise 

enough to distinguish between the three CAAs.  The Catechol Siderophore Cluster Analysis 

workflow (CatSCAn, Figure 3.5) successively filters genomes by the presence of (1) a 

homolog of entA, encoding the final step of DHB synthesis, (2) a two-module NRPS gene 

with the correct domain architecture, and (3) adenylation domains selective for a CAA and 

Ser, until only putative DHB-CAA-Ser producers remain.  By choosing different enzyme 
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families or NRPS domain requirements, CatSCAn is easily adapted to search for other 

siderophore families.  

CatSCAn searched over 11,000 representative bacterial genomes, revealing just 99 

strains putatively capable of DHB-CAA-Ser siderophore biosynthesis (Figure 3.6 and Table 

3.5). Of these strains, eight were predicted to incorporate a novel L-Lys spacer, and only a 

single strain, Y. ruckeri YRB, was predicted to incorporate L-Arg. Based on the results from 

CatSCAn, siderophores were isolated from several species. Y. ruckeri YRB was found to 

produce ruckerbactin, (DHB-Arg-Ser)3. Further characterization of ruckerbactin, carried out 

by Emil Thomsen, a visiting Masters student in the Alison Butler group, found ruckerbactin 

to have a structure consistent with (DHB-LArg-LSer)3.54  Trivanchrobactin and ruckerbactin 

are the first reported pair of triscatechol siderophore diastereomers. Their characterization 

will allow for the exploration of the impact of spacer amino acid chirality on both the 

chemistry of iron chelation and the biology of siderophore uptake.  Additionally, the NRPS 

from Marinomonas sp. TW1 was found to be unusually promiscuous, producing a suite of 

siderophores with D-Arg, D-Orn, and L-Orn spacer amino acids (Figure 3.20).  

Parker R. Stow, a graduate student in the Alison Butler group, tested several more 

predictions made by CatSCAn.55 Y. frederiksenii ATCC 33641 was found to produce a 

catechol siderophore consistent with the novel L-Lys diastereomer of linear trichrysobactin, 

named frederiksenibactin (Figure 3.28). Siderophores consistent with the turnerbactin family 

(Figure 3.29) were observed in cultures of Azospirillum brasilense Az39, Acinetobacter 

nosocomialis 8399, A. nosocomialis 216872, A. nosocomialis 1571545, and A. pittii 573719 

(work in progress).55 
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Figure 3.28.  Proposed structures of the frederiksenibactin family of siderophores from Y. 

frederiksenii ATCC 33641 

 
Figure 3.29. Proposed structures of the turnerbactin family of siderophores produced by 

Azospirillum brasilense and Acinetobacter spp.  

 

In total, DHB-CAA-Ser siderophores were predicted across 32 genera (Table 3.4), 

resulting in a diverse set of potential targets for further exploration.  With the structural 

elucidation of ruckerbactin and frederiksenibactin (L-Arg and L-Lys spacers, respectively), 

only one CAA spacer remains undiscovered: D-Orn.  Unfortunately, none of the 100 

putative siderophore producers were predicted to encode both an E domain and an Orn-

selective A domain.  If a siderophore with a D-Orn spacer amino acid exists, potentially 

promising taxa to investigate are those where CatSCAn could not make a trustworthy amino 

acid prediction: Arthrobacter glacialis, Chromobacterium spp., Gynuella sunshinyii, 
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Iodobacter fluviatilis, and Pararhizobium polonicum (Tables 3.4 and 3.5). In particular, a 

recent study of Chromobacterium violaceum ATCC 12472 used AntiSMASH to discover the 

same putative DHB-CAA-Ser biosynthetic gene cluster found by CatSCAn.56 Knocking out 

the NRPS halted production of a catechol siderophore named viobactin; however, no 

structural characterization was performed. The NRPS Stachelhaus codes from I. fluviatilis 

and G. sunshinyii are 90% identical and isolation of one can inform the other; likewise with 

P. polonicum and A. glacialis. 

Table 3.4. Predicted spacer amino acids among genera with DHB-CAA-Ser clusters.* 

L-Arg L-Lys L-Orn L-CAA 

Yersinia † Marinomonas Acinetobacter † Catenovulum 

 Serratia Azospirillum † Vibrio 

 Yersinia † Blastochloris  

  Marinomonas  

D-Arg D-Lys Massilia D-CAA 

Chitinimonas † Brenneria Mesorhizobium Arthrobacter 

Hahella Dickeya † Microbulbifer Chromobacterium 

Vibrio † Erwinia Notoacmeibacter Gynuella 

 Lonsdalea Pseudoduganella Iodobacter 

 Mixta Rugamonas Pararhizobium 

 Pantoea Teredinibacter †  

Mixed Arg/Orn Pectobacterium †  L-XXX 

Marinomonas † Serratia †  Methylocystis 

 Xenorhabdus  Methylosinus 

* Genera are listed by final spacer amino acid predictions made after the characterization of 

siderophores reported herein. Original predictions and a full list of strains are given in Table 

3.5. Dagger symbol (†) indicates that a siderophore with the predicted spacer has been 

characterized in at least one strain belonging to the genus (Table 3.2, or as described in the 

text). CAA indicates that a specific cationic amino acid could not be predicted. Genomic 

analyses indicate Methylocystis and Methylosinus may incorporate an amino acid other than 

a CAA (See Chapter 4).   
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3.4.2.  Development of the CatSCAn workflow 

Predicting adenylation domain specificity based on peptide sequence remains an 

unsolved problem in NRPS research. The first method, developed by Stachelhaus et al., 

extracts from the A domain sequence 10 key residues that interact with the substrate to form 

a “specificity-conferring code”. The “Stachelhaus codes” are still used today, primarily as a 

portion of NRPSPredictor2,15 which serves as the A domain substrate prediction tool for 

AntiSMASH 5.57  Several other tools have since been developed based on both active site 

residues and whole domain sequences.16 Chevrette et al. recently developed an improved 

ensemble method, SANDPUMA, that was found to outperform individual algorithms;16 

unfortunately, the underlying dataset was flawed, leading to its removal from AntiSMASH.58 

Khayatt et al. developed an alternative prediction method based on substrate-specific pHMM 

ensembles.59 Implementation into CatSCAn led to several mis-predictions, including the Y. 

ruckeri NRPS as Lys (found L-Arg) and the C. koreensis NRPS as Orn (found D-Arg).  

Chevrette et al. similarly found that active site-based prediction software out-performed 

whole domain pHMMs.16   

The CatSCAn workflow incorporates NRPSPredictor2,15 as implemented by 

AntiSMASH 5,57 to predict A domain selectivity using the 10AA Stachelhaus codes and a 

minimum 90% identity cutoff. Because this method requires comparison to known A 

domain selectivities, performance is strongly dependent on the sequence space covered by 

the dataset. The original NRPSPredictor2 dataset did not contain a single Stachelhaus code 

that could be used to predict which CAA would be activated in the DHB-CAA-Ser family. 

Supplementing the dataset with the 10AA codes of previously reported siderophores 

(Table 3.2) allowed the selectivity of 57 NRPS to be predicted, including the correct 

prediction of novel siderophores from Y. ruckeri YRB and Y. frederiksenii ATCC 33641 
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(Table 3.5).  Each structural characterization provides another A domain code that can be 

used to improve future predictions. Upon adding newly-discovered siderophores into 

CatSCAn’s Stachelhaus code database, the number of strains without a 90 or 100% match 

dropped from 41 to 13 (Table 3.5).  Among structurally characterized DHB-CAA-Ser 

siderophores, a 90% match is sufficient to differentiate amino acids; however, the 

Stachelhaus code from Microbulbifer thermotolerans DAU221 is 90% identical to codes for 

both Arg and Orn (Table 3.5), and thus a 90% match, while informative, cannot possibly be 

a guaranteed predictor.  

CatSCAn uses successive filtering of genomes to reduce computing time 

(Figure 3.5). Further work is saved by using the presence of entA as the sole indicator for 

DHB synthesis, rather than searching for all of entABCE. Several other optimization 

methods were explored during the development of CatSCAn. In one iteration, the 50kbp 

region around an entA homolog was excised, and only that region was scanned for 

biosynthetic genes.  Although this step significantly reduced computing time, siderophores 

produced by a NRPS in a cluster distinct from entABCE homologs were missed, including 

the previously reported siderophore trivanchrobactin. Vibrio campellii DS40M4 produces 

vanchrobactins, amphi-enterobactins, and anguibactin; homologs of entA, entC, and entE are 

only found in the amphi-enterobactin cluster. The current version does not require co-

localization of genes.   

3.4.3.  Chelation of Ti and Si by DHB-CAA-Ser siderophores 

 ESIMS spectra for trimeric siderophores in C. koreensis DSM 17726 (Figure 3.15) 

and Marinomonas sp. TW1 (Figure 3.27) each contained masses 24 amu higher than 

expected for the apo siderophore, consistent with the Si(IV)-bound compound. Triscatechol 
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siderophores enterobactin and salmochelin were previously reported to form Si(IV) 

complexes.60  ESIMS spectrum for trimeric ruckerbactin contains a peak (m/z 1200) 

consistent with the Ti(IV) complex (Figure 3.8). The putative Si and Ti complexes may be 

forming during siderophore extraction or UPLC-ESIMS rather than during growth; 

nevertheless, these ions hint at an affinity for tetravalent Si and Ti among the DHB-CAA-Ser 

siderophores that should be explored further. 
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3.5.  Appendix 

Table 3.5. Table of CatSCAn predictions 
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Table 3.5 (cont). Table of CatSCAn predictions 
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Table 3.5 (cont). Table of CatSCAn predictions 
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Table 3.5 (cont). Table of CatSCAn predictions 
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Chapter 4. Genomic diversity of spacer-containing triscatechol siderophores 

4.1. Introduction 

A series of three triscatechol siderophores have been reported with unique cationic 

amino acids (CAAs) between DHB and a Tri-Ser core (Figure 4.1): trivanchrobactin (CAA = 

D-Arg), trichrysobactin (CAA = D-Lys), and turnerbactin (CAA = L-Orn).  The chemistry 

and biosynthesis of these three siderophores are reviewed in Chapter 1.   Chapter 3 describes 

a high-throughput genome mining workflow, Catechol Siderophore Cluster Analysis 

(CatSCAn), which predicted the production of DHB-CAA-Ser siderophores in nearly 100 

bacterial species with no characterized triscatechol siderophore. Three additional DHB-

CAA-Ser siderophore families have been characterized (Figure 4.1): ruckerbactin (CAA = L-

Arg), frederiksenibactin (CAA = L-Lys), and moabactin (CAA = D-Arg and DL-Orn). 

CatSCAn produced a rich dataset of newly identified biosynthetic gene clusters, paired with 

experimentally characterized siderophore structures, that may be used to study the chemistry 

and biology of the DHB-CAA-Ser siderophore family. 

Eleven biosynthetic gene clusters encoding for characterized DHB-CAA-Ser 

siderophores were analyzed in detail, revealing shared aspects of DHB-CAA-Ser 

biosynthesis and transport. The turnerbactin pathway was found to involve a putative inner 

membrane reductase previously only reported among hydroxamate siderophores. The 

distribution of the newly-discovered siderophore frederiksenibactin (Figure 4.1) was 

explored; biosynthetic genes have been lost on at least two occasions in Y. frederiksenii.  

Mapping known and predicted siderophore CAAs onto a phylogenetic tree of NRPS proteins 

reveals repeated E domain loss and A domain selectivity switching during the evolution of 

DHB-CAA-Ser siderophores. Parsimony suggests that the ancestor of DHB-CAA-Ser 
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siderophores had a D-Arg spacer (vanchrobactin, Figure 4.1).  A model of DHB-CAA-Ser 

siderophore evolution is presented where NRPS enzyme promiscuity allows for the 

biosynthesis of new siderophore structures. 

 

 

Figure 4.1. DHB-CAA-Ser siderophores. 
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4.2.  Methods 

4.2.1.  Protein sequence manipulation 

The function of enzymes encoded in siderophore biosynthetic gene clusters (BGCs) were 

predicted by homology to reported enzymes, found using HMMER31,2 and NCBI BLAST.3 

Putative DHB-CAA-Ser BGCs were found using CatSCAn (see Chapter 3), resulting in a 

dataset of 99 BGCs (Chapter 3, Appendix A).  NRPS amino acid sequences were extracted 

from the clusters identified by CatSCAn aligned using MUSCLE.4 Individual NRPS 

domains were excised from the multiple sequence alignment using SeaView5 based on the 

pHMM envelope regions determined by CatSCAn. NRPS sequences were sorted into non-

redundant clusters with CD-HIT.6 Before phylogenetic analysis, alignments were cleaned 

with Gblocks7 using less-stringent settings, as implemented by SeaView.5  

4.2.2.  Phylogenetic analyses 

Maximum-likelihood phylogenetic trees were reconstructed from aligned sequences with 

PhyML8 (NGPhylogeny.fr9 webserver) using the appropriate evolutionary model, as chosen 

by ModelFinder (Bayesian information criterion).10 Branch support was assessed by 

bootstrapping (100 bootstrap replicates). The Bayesian phylogenetic tree was reconstructed 

from the aligned sequences with MrBayes11 (NGPhylogeny.fr9 webserver; 105 generations, 4 

chains, invgamma rates). Dendroscope was used to visualize trees, collapse branches with 

low support (ML: <75% bootstrap support; Bayesian: <90% posterior probability), and 

create tanglegrams.12,13  
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4.2.3.  Whole genome phylogeny of Y. frederiksenii 

Thirty Y. frederiksenii genome assemblies were retrieved from NCBI RefSeq.14 The 

whole genomes were aligned with RealPhy15 (default parameters) using Y. enterocolitica 

8081 as the reference genome. A maximum-likelihood phylogenetic tree was reconstructed 

in IQ-TREE16 from the resulting 516,076 nucleotide alignment using the TVM+F+I+G4 

model, as chosen by ModelFinder (Bayesian information criterion).10 Y. enterocolitica 8081 

was used as the outgroup. Branch support was assessed by bootstrapping (100 bootstrap 

replicates). The phylogenetic tree was visualized in Dendroscope.12 

 

4.3. Results and discussion 

4.3.1.  Common genes shared among Ser-based triscatechol siderophore biosynthetic 

gene clusters 

The DHB-CAA-Ser siderophore biosynthetic gene clusters (BGCs) are similar to 

each other and to the well-studied enterobactin locus of E. coli, allowing for the assignment 

of homologous enzymes across each siderophore pathway (Table 4.1 and Figure 4.2).  Full 

annotations of the biosynthetic gene clusters are given in Tables 4.2 to 4.12.  Several clusters 

contain at least one gene where a siderophore-related function could not be proposed. For 

these genes, the encoded Pfam protein family is given in brackets, or the function is listed as 

“Hypothetical” if no protein family matches were found.  These genes were not shared 

among clusters. 
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Figure 4.2. Gene clusters encoding for DHB-CAA-Ser siderophore pathways. Each cluster 

is drawn to scale; arrows represent the direction of transcription. Only the locus surrounding 

the NRPS gene is shown; siderophore-related genes may be present in other loci, as 

described in the text. Full descriptions of each cluster are given in Tables 4.2 to 4.12. 
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Table 4.2. The ruckerbactin biosynthetic gene cluster of Yersinia ruckeri YRBa 

Name Locus tag Accession Putative function 

rucA BD65_RS06575 WP_042528296.1 2,3-dihydro-2,3-DHB dehydrogenase 

rucB BD65_RS06580 WP_042525917.1 Isochorismatase / Aryl carrier protein 

rucE BD65_RS06585 WP_042525919.1 2,3-DHB–AMP ligase  

rucC BD65_RS06590 WP_042525922.1 Isochorismate synthase 

rupB BD65_RS06595 WP_042528298.1 ABC periplasmic binding protein 

rucS BD65_RS06600 WP_042525924.1 MFS transporter  

rupD BD65_RS06605 WP_042528300.1 ABC permease 

rupG BD65_RS06610 WP_042525926.1 ABC permease 

rupC BD65_RS06615 WP_042525928.1 ABC ATP-binding 

- BD65_RS06620 WP_042525930.1 [Hypothetical] 

rucF BD65_RS06625 WP_042525932.1 NRPS 

rucI BD65_RS06630 WP_072089264.1 MbtH-like protein 

rucH BD65_RS06635 WP_042525934.1 Esterase 

rupA BD65_RS06640 WP_042525936.1 TonB-dependent receptor 

a The ruckerbactin locus was obtained from NCBI RefSeq (NZ_CP009539.1). Gene names 

reflect literature precedent and homology to other triscatechol biosynthetic gene clusters using 

the mnemonics ruc generally and rup for ruckerbactin uptake.19 Genes with no proposed 

siderophore-related function are left unnamed. 
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Table 4.3. The vanchrobactin biosynthetic gene cluster of Chitinimonas koreensis DSM 17726a 

Name Locus tag Accession Putative function 

vabD F559_RS0115770 WP_028446931.1 Ppant transferase 

vabR1 F559_RS0115775 WP_051319164.1 Response regulator 

vabR2 F559_RS0115780 WP_028446932.1 Response regulator 

fvtA F559_RS0115785 WP_028446933.1 TonB-dependent receptor 

vabH F559_RS0115790 WP_028446934.1 Esterase 

vabI F559_RS0115795 WP_028446935.1 MbtH-like protein 

vabF F559_RS0115800 WP_169730210.1 NRPS 

- F559_RS0115805 WP_028446936.1 [PF00487: Fatty acid desaturase] 

- F559_RS0115810 WP_034607404.1 [PF00497: ABC solute binding protein] 

- F559_RS0115815 WP_051319165.1 [Hypothetical] 

fvtC F559_RS0115820 WP_051319166.1 ABC ATP-binding component 

fvtG F559_RS0115825 WP_028446939.1 ABC permease 

fvtD F559_RS0115830 WP_034607405.1 ABC permease 

vabS F559_RS0115835 WP_028446941.1 MFS transporter 

- F559_RS0115840 WP_028446942.1 [Hypothetical] 

fvtB F559_RS0115845 WP_157462062.1 ABC periplasmic binding protein 

vaxA F559_RS0115850 WP_051319167.1 RND periplasmic adapter 

vaxB F559_RS0115855 WP_028446944.1 RND pump 

- F559_RS0115860 WP_028446945.1 [Hypothetical] 

- F559_RS0115865 WP_028446946.1 [PF04237: YjbR-like DNA binding protein] 

- F559_RS0115870 WP_051319168.1 [PF03572: Peptidase family S41] 

vabA F559_RS0115875 WP_028446947.1 2,3-dihydro-2,3-DHB dehydrogenase 

vabB F559_RS0115880 WP_028446948.1 Isochorismatase / Aryl carrier protein 

vabE F559_RS0115885 WP_034607406.1 2,3-DHB–AMP ligase  

vabC F559_RS0115890 WP_157462036.1 Isochorismate synthase 

vabG F559_RS0115895 WP_051319241.1 DAHP synthase 

a The vanchrobactin locus was obtained from NCBI RefSeq (NZ_KE386747.1). Gene names 

reflect homology to other triscatechol biosynthetic gene clusters using the mnemonics vab 

generally, fvt for ferric vanchrobactin transport, and vax for vanchrobactin efflux.20,51 Genes 

with no proposed siderophore-related function are left unnamed. 
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Table 4.4. The vanchrobactin biosynthetic gene cluster of Vibrio anguillarum 96Fa 

Name Locus tag Accession Putative function 

vabD VAF_RS0102290 WP_013857278.1 Ppant transferase 

fvtA VAF_RS0102295 WP_013857277.1 TonB-dependent receptor 

vabH VAF_RS0102305 WP_019280823.1 Esterase 

vabI VAF_RS0102310 WP_013857274.1 MbtH-like protein 

vabF VAF_RS0102315 WP_019280824.1 NRPS 

vabS VAF_RS0102320 WP_019280825.1 MFS transporter 

vabB VAF_RS0102325 WP_094124597.1 Isochorismatase / Aryl carrier protein 

vabE VAF_RS0102330 WP_013857269.1 2,3-DHB–AMP ligase  

vabC VAF_RS0102335 WP_013857268.1 Isochorismate synthase 

vabA VAF_RS0102340 WP_013857267.1 2,3-dihydro-2,3-DHB dehydrogenase 

vabG VAF_RS0102345 WP_019280827.1 DAHP synthase 

a The vanchrobactin locus was obtained from NCBI RefSeq (NZ_AEZA01000009.1). Gene 

names reflect literature precedent and homology to other triscatechol biosynthetic gene clusters 

using the mnemonics vab generally and fvt for ferric vanchrobactin transport.20,51  

 

 

Table 4.5. The vanchrobactin biosynthetic gene cluster of Vibrio campbellii DS40M4a 

Name Locus tag Accession Putative function 

fvtA DSB67_RS23645 WP_029388829.1 TonB-dependent receptor 

vabH DSB67_RS23650 WP_050545982.1 Esterase 

vabI DSB67_RS23655 WP_010648831.1 MbtH-like protein 

vabF DSB67_RS23660 WP_010648829.1 NRPS 

- DSB67_RS23665 - ABC permease (Fragment) 

- DSB67_RS23670 - ABC ATP-binding (Fragment) 

vabS DSB67_RS23675 WP_010648822.1 MFS transporter 

a The vanchrobactin locus was obtained from NCBI RefSeq (NZ_CP030789.1). Gene names 

reflect literature precedent and homology to other triscatechol biosynthetic gene clusters using 

the mnemonics vab generally and fvt for ferric vanchrobactin transport.20,51  
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Table 4.6. The frederiksenibactin biosynthetic gene cluster of Yersinia frederiksenii ATCC 

33641a 

Name Locus tag Accession Putative function 

freA DJ58_RS13865 WP_032911814.1 2,3-dihydro-2,3-DHB dehydrogenase 

freB DJ58_RS13870 WP_004711933.1 Isochorismatase / Aryl carrier protein 

freE DJ58_RS13875 WP_032911801.1 2,3-DHB–AMP ligase  

freC DJ58_RS13880 WP_004711937.1 Isochorismate synthase 

ffuB DJ58_RS13885 WP_004711939.1 ABC periplasmic binding protein 

freS DJ58_RS13890 WP_004711941.1 MFS transporter 

ffuD DJ58_RS13895 WP_004711942.1 ABC permease 

ffuG DJ58_RS13900 WP_032911802.1 ABC permease 

ffuC DJ58_RS13905 WP_080544678.1 ABC ATP-binding component 

freF DJ58_RS13910 WP_050504533.1 NRPS 

freI DJ58_RS13915 WP_032911217.1 MbtH-like protein 

freH DJ58_RS13920 WP_080544642.1 Esterase 

ffuA DJ58_RS13925 WP_004709694.1 TonB-dependent receptor 

a The frederiksenibactin locus was obtained from NCBI RefSeq (NZ_KN150731.1). Gene names 

reflect homology to other triscatechol biosynthetic gene clusters using the mnemonics fre 

generally and ffu for ferric frederiksenibactin uptake. 
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Table 4.7. The chrysobactin biosynthetic gene cluster of Dickeya dadantii 3937a 

Name Locus tag Accession Putative function 

cbsA DDA3937_RS14720 WP_013318793.1 2,3-dihydro-2,3-DHB dehydrogenase 

cbsB DDA3937_RS14715 WP_013318792.1 Isochorismatase / Aryl carrier protein 

cbsE DDA3937_RS14710 WP_013318791.1 2,3-DHB–AMP ligase  

cbsC DDA3937_RS14705 WP_013318790.1 Isochorismate synthase 

fctA DDA3937_RS14700 WP_013318789.1 TonB-dependent receptor 

cbsH DDA3937_RS14695 WP_033111969.1 Esterase 

cbsI DDA3937_RS14690 WP_013318786.1 MbtH-like protein 

cbsF DDA3937_RS14685 WP_033112377.1 NRPS 

- DDA3937_RS14680 WP_013318784.1 [PF01548/PF02371: Transposase] 

fctC DDA3937_RS14675 WP_033111968.1 ABC ATP-binding component 

fctG DDA3937_RS14670 WP_033112376.1 ABC permease 

fctD DDA3937_RS14665 WP_013318781.1 ABC permease 

cbsS DDA3937_RS14660 WP_013318779.1 MFS transporter 

fctB DDA3937_RS14655 WP_033111967.1 ABC periplasmic binding protein 

a The chrysobactin locus was obtained from NCBI RefSeq (NC_014500.1). Gene names reflect 

literature precedent and homology to other triscatechol biosynthetic gene clusters using the 

mnemonics cbs generally and fct for ferric chrysobactin transport.17,40 Genes with no proposed 

siderophore-related function are left unnamed. 

 

Table 4.8. The chrysobactin biosynthetic gene cluster of S. marcescens SM6a 

Name Locus tag Accession Putative function 

fctA EG355_RS08760 WP_131164681.1 TonB-dependent receptor 

cbsH EG355_RS08755 WP_041922239.1 Esterase 

cbsI EG355_RS08750 WP_004937955.1 MbtH-like protein 

cbsF EG355_RS08745 WP_131164680.1 NRPS 

cbsS EG355_RS08740 WP_004937950.1 MFS transporter 

a The chrysobactin locus was obtained from NCBI RefSeq (NZ_SDUW01000003.1). Gene 

names reflect literature precedent and homology to other triscatechol biosynthetic gene clusters 

using the mnemonics cbs generally and fct for ferric chrysobactin transport.17,40 
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Table 4.9. The turnerbactin biosynthetic gene cluster of Teredinibacter turnerae T7901a 

Name Locus tag Accession Putative function 

ftbA TERTU_RS18025 WP_015817255.1 TonB-dependent receptor 

- TERTU_RS18030 WP_015820466.1 [Hypothetical] 

- TERTU_RS18035 WP_015819999.1 [Hypothetical] 

ftbB TERTU_RS18040 WP_015819539.1 Ferric reductase 

tnbC TERTU_RS18045 WP_015819844.1 Isochorismate synthase 

tnbE TERTU_RS18050 WP_187148814.1 2,3-DHB–AMP ligase  

tnbB TERTU_RS18055 WP_015816823.1 Isochorismatase / Aryl carrier protein 

tnbA TERTU_RS18060 WP_015818365.1 2,3-dihydro-2,3-DHB dehydrogenase 

tuxA TERTU_RS18065 WP_015817978.1 RND periplasmic adapter 

tuxB TERTU_RS18070 WP_015817325.1 RND pump 

tnbH TERTU_RS18075 WP_015816819.1 Esterase 

tnbI TERTU_RS18080 WP_015818593.1 MbtH-like protein 

tnbF TERTU_RS18085 WP_041590315.1 NRPS 

tnbS TERTU_RS18090 WP_015819712.1 MFS transporter 

a The turnerbactin locus was obtained from NCBI RefSeq (NC_012997.1). Gene names reflect 

literature precedent and homology to other triscatechol biosynthetic gene clusters using the 

mnemonics tnb generally, ftb for ferric turnerbactin, and tux for turnerbactin efflux.29 Genes 

with no proposed siderophore-related function are left unnamed. 
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Table 4.10. The turnerbactin biosynthetic gene cluster of Acinetobacter nosocomialis 216872a 

Name Locus tag Accession Putative function 

fur J633_RS08670 WP_004887245.1 Ferric uptake regulator 

ftbA J633_RS08675 WP_004887246.1 TonB-dependent receptor 

tuxB J633_RS08680 WP_004887247.1 RND pump 

tnbB J633_RS08685 WP_004887248.1 Isochorismatase / Aryl carrier protein 

tnbE J633_RS08690 WP_004887249.1 2,3-DHB–AMP ligase  

tnbC J633_RS08695 WP_004887250.1 Isochorismate synthase 

tnbA J633_RS08700 WP_004887251.1 2,3-dihydro-2,3-DHB dehydrogenase 

tnbH J633_RS08705 WP_004887252.1 Esterase 

thbI J633_RS08710 WP_004708805.1 MbtH-like 

tnbF J633_RS08715 WP_031952544.1 NRPS 

tnbS J633_RS08720 WP_004887256.1 MFS transporter 

tnbD J633_RS08725 WP_004887259.1 Ppant transferase 

- J633_RS08730 WP_004887261.1 [Hypothetical] 

ftbB J633_RS08735 WP_004887263.1 Ferric reductase 

a The turnerbactin locus was obtained from NCBI RefSeq (NZ_JFEM01000004.1). Gene names 

reflect homology to other triscatechol biosynthetic gene clusters using the mnemonics tnb 

generally, ftb for ferric turnerbactin, and tux for turnerbactin efflux.18,29 Genes with no proposed 

siderophore-related function are left unnamed. 
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Table 4.11. The spirilobactin (turnerbactin) biosynthetic gene cluster of Azospirillum brasilense 

Az39a 

Name Locus tag Accession Putative function 

ftbB ABAZ39_RS25185 WP_040136709.1 Ferric reductase 

ftbA ABAZ39_RS25190 WP_040136711.1 TonB-dependent receptor 

tnbS ABAZ39_RS25195 WP_040136713.1 MFS transporter 

tuxA ABAZ39_RS25200 WP_040136715.1 RND periplasmic adapter 

tuxB ABAZ39_RS25205 WP_040136717.1 RND pump 

tnbC ABAZ39_RS25210 WP_040136720.1 Isochorismate synthase 

tnbE ABAZ39_RS25215 WP_040136723.1 2,3-DHB–AMP ligase  

tnbB ABAZ39_RS25220 WP_040136725.1 Isochorismatase / Aryl carrier protein 

tnbA ABAZ39_RS25225 WP_040136727.1 2,3-dihydro-2,3-DHB dehydrogenase 

tnbI ABAZ39_RS25230 WP_040136729.1 MbtH-like protein 

tnbF ABAZ39_RS25235 WP_051658519.1 NRPS 

tnbH ABAZ39_RS25240 WP_051658520.1 Esterase 

tnbR ABAZ39_RS25245 WP_040136731.1 GntR family regulator 

a The turnerbactin locus was obtained from NCBI RefSeq (NZ_CP007795.1). Gene names 

reflect homology to other triscatechol biosynthetic gene clusters using the mnemonics tnb 

generally, ftb for ferric turnerbactin, and tux for turnerbactin efflux.29 Genes with no proposed 

siderophore-related function are left unnamed. 
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Table 4.12. The moabactin biosynthetic gene cluster of Marinomonas sp. TW1a 

Name Locus tag Accession Putative function 

mmbC OA79_RS10010 WP_063333093 Isochorismate synthase 

mmbE OA79_RS10015 WP_063333094 2,3-DHB–AMP ligase  

mmbB OA79_RS10020 WP_063333095 Isochorismatase / Aryl carrier protein 

mmbA OA79_RS10025 WP_063333096 2,3-dihydro-2,3-DHB dehydrogenase 

mmbD OA79_RS10030 WP_063333097 Ppant transferase 

fmtA OA79_RS10035 WP_063333098 TonB-dependent receptor 

mmbH OA79_RS10040 WP_063333099 Esterase 

mmbI OA79_RS10045 WP_063333100 MbtH-like protein 

mmbF OA79_RS10050 WP_082825444 NRPS 

mmbS OA79_RS10055 WP_063333101 MFS Transporter 

fmtC OA79_RS10060 WP_063333102 ABC ATP-binding component 

fmtG OA79_RS10065 WP_063333103 ABC permease 

fmtD OA79_RS10070 WP_063333104 ABC permease 

fmtB OA79_RS10075 WP_063333105 ABC periplasmic binding protein 

a The moabactin locus was obtained from NCBI RefSeq (NZ_JSEE01000009.1). Gene names 

reflect homology to other triscatechol biosynthetic gene clusters using the mnemonics mmb 

generally and fmt for ferric moabactin transport.  

 

A comprehensive review of DHB-CAA-Ser siderophore biosynthesis is given in Chapter 

1. The biosynthesis and activation of the DHB precursor is carried out by homologs of 

EntABCE,17-20 which are encoded in most DHB-CAA-Ser siderophore clusters. However, 

one set of DHB genes may be shared among multiple catechol siderophores;21,22 EntABCE 

homologs are located in separate loci in V. campbellii DS40M4 and S. marcescens SM6 

(Figure 4.2). The DHB biosynthesis pathway begins with chorismate, part of the shikimate 

amino acid pathway. The vanchrobactin clusters in V. anguillarum and C. koreensis each 

encode a putative 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase, which 

controls carbon flow into the shikimate pathway.23 Bacteria have up to three copies of 
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DAHP synthases to allow for fine-tuned regulation controlled by multiple conditions.23-25 In 

V. anguillarum RV22, the DAHP synthase gene vabG is required for optimal siderophore 

production despite the presence of a second homolog elsewhere in the genome.25 

The first thiolation domain of each NRPS contains the TE active site motif GGDSI, 

which is characteristic of a T domain preceding an E domain.26 The second condensation 

domain belongs to the DCL subfamily, which generally follows an E domain and enforces D- 

stereochemistry.27 Together, the TE and DCL domains suggest that the NRPS responsible for 

turnerbactin, frederiksenibactin, and ruckerbactin lost an ancestral E domain (Chapter 1).28-30 

NRPS enzymes require the post-translational ligation of a phosphopantetheine (Ppant) arm 

to each T/ArCP domain for function;31 genes encoding Ppant transferases are often located 

elsewhere in the genome.30 The MbtH-like family of NRPS accessory proteins are often 

required for NRPS solubility or adenylation domain activity,32 and they are strictly 

conserved across DHB-CAA-Ser siderophores. 

Fully-synthesized enterobactin is first transported to the periplasm through the major 

facilitator superfamily (MFS) efflux pump EntS,33 then exported into the environment by 

one of several promiscuous resistance-nodulation-cell division (RND) family efflux 

complexes.34,35  All ten DHB-CAA-Ser siderophore clusters contain an entS homolog, while 

only three contain putative RND transport genes. The frederiksenibactin locus is also 

adjacent to a putative RND transport operon (DJ58_RS13935-50); however, the genes are 

predicted to encode a CusCFBA-like transporter responsible for heavy metal ion efflux.35  

Fe(III)-bound siderophores are recognized and transported into the periplasm by TonB-

dependent outer membrane receptors (OMRs), present in all clusters. Fe(III)-enterobactin is 

transported to the cytoplasm via the ATP-binding cassette (ABC) transporter complex 

FepCDG, assisted by periplasmic binding protein FepB. Only half of the clusters contain 
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fepBCDG homologs. Inner membrane ABC transporters are less specific than OMRs and 

may be shared across substrates;36  V. anguillarum 96F and V. campbellii DS40M4 each 

encode FepBCDG homologs in the anguibactin cluster, while the S. marcescens 96F genome 

contains an ABC transport locus distinct from any biosynthesis. The vanchrobactin cluster of 

V. campbellii DS40M4 still contains remnants of an ancestral ABC transporter system 

(Figure 4.2, Table 4.5).  None of the turnerbactin BGCs (from T. turnerae T7901, A. 

nosocomialis 216872, and A. brasilense Az39) encode putative FepBCDG homologs (vide 

infra).  In addition to fepBCDG homologs, C. koreensis DSM 17726 contains an additional 

gene predicted to encode an ABC solute binding protein (F559_RS0115810). This gene has 

no homology to the PBP fepB, and belongs to a different Pfam (PF00497 vs PF01497 for 

PBPs). This Pfam corresponds to “family 3” of binding proteins, which are often specific for 

polar amino acids.37 Therefore, F559_RS0115810 could be involved in importing the L-Arg 

precursor for vanchrobactin biosynthesis.  

 In the cytoplasm of E. coli, the trilactone core of ferric enterobactin is cleaved by the 

esterase Fes,38 allowing iron release by the YqjH-mediated reduction of Fe(III) to Fe(II).39 

Fes homologs are strictly conserved across the DHB-CAA-Ser BGCs (Figure 4.2). 

Surprisingly, the Fes homolog CbsH of chrysobactin producer D. dadantii 3937 is not 

required for the utilization of iron from ferric chrysobactin, as determined by Mössbauer 

spectroscopy.40 Nevertheless, in the absence of CbsH, growth is inhibited, and ferric 

chrysobactin accumulates in the cytoplasm. Rauscher et al. propose that CbsH is not an 

esterase, but rather a serine peptidase that cleaves the iron-free chrysobactin backbone to 

form DHB-Lys and serine, preventing toxic iron sequestration by chrysobactin.40 No DHB-

CAA-Ser Fes homolog has been investigated since the report of oligomeric vanchrobactin 

and chrysobactin, and cleaved DHB-Lys has not been reported in bacterial cultures.  The 



 

 149 

factors governing the varying ratios of monomer, dimer, linear trimer, and cyclic trimer 

remain unknown; further investigation of CbsH and other Fes homologs will provide key 

insights into whether monomer and dimer arise from incomplete biosynthesis or from 

hydrolysis. 

 Instead of an ABC transporter system homologous to FepBCDG, each turnerbactin BGC 

(from T. turnerae T7901, A. nosocomialis 216872, and A. brasilense Az39) encodes a 

PepSY_TM transmembrane helix protein (Pfam: PF03929) (Tables 4.9-4.11).  The enzymes 

show homology to the inner membrane proteins FegB, FoxB, and VciB of Bradyrhizobium 

japonicum, Pseudomonas aeruginosa, and Vibrio cholerae respectively.41-43  FegB and FoxB 

are required for hydroxamate siderophore utilization in their respective strains, although the 

precise functions of these enzymes remain unknown.41,42 VciB was demonstrated to reduce 

periplasmic ferric iron in vivo, putatively using electrons from the electron transport chain.43 

Reductase activity required two His residues;43 both are conserved across FegB, FoxB, and 

the turnerbactin PepSY_TM enzymes. Furthermore, T. turnerae T7901 and A. nosocomialis 

216872 are the only DHB-CAA-Ser producers in Table 4.1 that do not encode a homolog of 

cytoplasmic reductase YqjH anywhere in their genomes. Thus, we propose an alternative 

pathway for iron acquisition from ferric turnerbactin: after FtbA-mediated outer membrane 

transport, PepSY_TM protein FtbB reduces periplasmic ferric turnerbactin, then the Feo 

system transports ferrous iron to the cytoplasm. (Figure 4.3). The turnerbactin BGCs encode 

the esterase TnbH, which is predicted to be cytoplasmic by SignalP.44 If ferric turnerbactin 

does not cross the inner membrane, TnbH may cleave apo-turnerbactin directly after 

synthesis, similar to the salmochelin esterase IroE.38 
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Figure 4.3. Proposed DHB-CAA-Ser siderophore-mediated iron acquisition pathways for 

(A) ruckerbactin and (B) turnerbactin. Both ferric siderophores are transported across the 

outer membrane (OM) by a TonB-ExbB-ExbD-powered outer membrane receptor. (A) 

Fe(III)-ruckerbactin is likely escorted through the periplasm by RupB and transported intact 

through the IM by RupCDG.  Cytoplasmic RucH cleaves the Fe(III)-Sid backbone prior to 

Fe(III) reduction by a YqjH homolog located elsewhere in the genome. (B) In contrast to 

other DHB-CAA-Ser siderophores, periplasmic Fe(III)-turnerbactin is putatively reduced by 

inner membrane reductase FtbB. Ferrous iron is then transported to the cytoplasm by the Feo 

system. The fate of turnerbactin and the function of cytoplasmic esterase TnbH are unclear. 

 

 

The ferric uptake regulator (Fur) protein is generally responsible for blocking 

transcription of iron acquisition genes under iron-replete conditions, ensuring that 

siderophores are only produced during iron starvation.45,46 Only the Acinetobacter 

turnerbactin locus contains a Fur homolog, although Fur-mediated regulation of other DHB-
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CAA-Ser siderophore pathways has been demonstrated.25,40,47  The vanchrobactin cluster of 

V. anguillarum RV22 also encodes VabR, a putative LysR-family regulator which was found 

to promote the transcription of the DAHP synthase gene vabG, but no other vanchrobactin-

related genes.25 The vanchrobactin locus in V. anguillarum 96F does not contain a vabR 

homolog. The siderophore gene clusters in C. koreensis DSM 17726 and A. brasilense Az39 

each contain putative regulatory genes (of the single-domain response regulator48 and 

GntR49,50 families, respectively). 

 

4.3.2.  Distribution of frederiksenibactin biosynthesis genes in Y. frederiksenii 

Frederiksenibactin biosynthesis genes were detected in 25 out of 30 sequenced Y. 

frederiksenii strains. Using RealPhy and IQTREE,15,16 a whole-genome phylogeny of these 

Y. frederiksenii strains was reconstructed (Figure 4.4). Four of the fre negative strains form a 

single clade, and no other siderophore biosynthesis genes were found in their genomes. Y. 

frederiksenii isolate BR166/97 has independently lost frederiksenibactin biosynthesis and 

export genes freABCEFIS, but retains inner membrane permease genes ffuBCDG and the 

esterase gene freH (ERS008531_02295-9), suggesting the strain may still be able to use 

pirated frederiksenibactin as a source of iron. BR166/97 and eight other strains contain a 

chromosomally-encoded NRPS-independent siderophore biosynthesis cluster (Figure 4.4), 

consistent with the report that some Y. frederiksenii strains produce aerobactin.52   
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Figure 4.4. Distribution of siderophore biosynthesis genes in Yersinia frederiksenii. Two 

clades have independently lost frederiksenibactin biosynthesis genes (fre); strain BR166/97 

retained the genes for ferric frederiksenibactin uptake (ffu). Strains with aerobactin 

biosynthesis genes form a single clade. The strain Y. frederiksenii ATCC 33641, from which 

frederiksenibactin was isolated, is shown in bold.  Y. enterolitica 8081 was chosen as an 

outgroup and reference strain for the whole-genome phylogeny, reconstructed using RealPhy 

and IQTREE.15,16 The scale bar indicates the average number of substitutions per site.  
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4.3.3.  Evolution of NRPS genes encoding for the production of spacer-containing 

triscatechol siderophores 

The spacer amino acid variation seen in DHB-CAA-Ser siderophores comes from the 

NRPS: the selectivity of the first A domain determines the identity of the amino acid, and 

the absence or presence of the E domain determines the chirality.30  There are two major 

methods by which a change in A domain selectivity may occur.53  Mutations in the NRPS 

sequence will naturally accumulate over time; sufficient genetic drift and selective pressure 

may enforce a new A domain selectivity. Alternatively, recombination may replace an 

existing A domain with a new domain that originated elsewhere. These two methods may be 

distinguished phylogenetically.  In the former case, the entire NRPS is mutating in concert, 

and phylogenetic trees of individual domains will have topologies consistent with each other 

and with the NRPSs as a whole. A recombinant domain, in contrast, does not have the same 

evolutionary history as its neighbor. 

 

4.3.3.1.    Evidence of intra-NRPS recombination in methanotrophs  

Amino acid sequences for the first and second A domains were extracted from the 

CatSCAn results (see Chapter 3) and combined to form a single maximum-likelihood 

phylogenetic tree. The A1 and A2 sequences largely form separate clades; however, A1 

domains from methanotrophs Methylocystis and Methylosinus are sister to the Methylocystis 

and Methylosinus A2 domains (Figure 4.5).  Thus, the ancestor of the methanotrophs’ 

NRPSs underwent a relatively recent recombination event where A2 was copied and replaced 

the original A1. Accordingly, Methylosinus sporium NRPS has a high inter-module percent 

identity compared with other DHB-CAA-Ser NRPS (Figure 4.6).  The neighboring C and T 
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domains in the Methylocystis NRPS do not have excess sequence identity, suggesting that 

the recombination event was limited to the A domain.  The Stachelhaus code of the 

methanotroph A1 domains (DVGNFIVVEK) is dissimilar to any known codes in our 

database, and shares only 50% identity with the Stachelhaus code of the methanotroph A2 

domain.  

Phylogenetic trees of individual NRPS domains (Cstart, A1, E, DCL, A2, and Te) were 

reconstructed and compared as tanglegrams in an attempt to detect inter-cluster 

recombination.13  Unfortunately, the phylogenetic trees had poor branch support regardless 

of methods used (nucleotide versus amino acid sequences, MUSCLE versus hmmalign 

versus PROMALS3D alignment, and maximum likelihood versus Bayesian estimation).  

None of the domain tree pairs had any incongruencies after low-support branches were 

collapsed, including A1 and A2 (Figure 4.7), which should have different topologies due to 

the methanotroph intra-cluster recombination described above.  Single NRPS domains may 

not have sufficient phylogenetic signal to support or refute inter-cluster recombination. 
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Figure 4.5 Phylogenetic reconstruction of DHB-CAA-Ser siderophore NRPS adenylation 

domain amino acid sequences.  Adenylation domains from module 1 (A1) and module 2 

(A2) form distinct clades, with the exception of Methylosinus sporium and Methylocystis 

hirsuta (highlighted), where the first adenylation domain is sister to the second. NRPS 

sequences from 99 CatSCAn genomes were sorted into non-redundant clusters with CD-

HIT6 at a 70% identity threshold, resulting in 45 representative strains. A maximum-

likelihood phylogenetic tree was reconstructed from the aligned sequences with PhyML8 

(NGPhylogeny.fr9 webserver) using the LG+I+F+G4 model, as chosen by ModelFinder 

(Bayesian information criterion).10 Branch support was assessed by bootstrapping (100 

bootstrap replicates).  
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Figure 4.6 Inter-module amino acid identity across DHB-CAA-Ser siderophore NRPSs. 

Each series depicts the 25 amino acid trailing average percent identity between modules 1 

and 2 of a single NRPS sequence. The two adenylation domains of the Methylosinus 

sporium NRPS (blue) share a high percent identity compared to the adenylation domains of 

other NRPSs, suggesting A domain recombination occurred.  NRPS sequences from 99 

CatSCAn genomes were sorted into non-redundant clusters with CD-HIT6 at a 50% identity 

threshold, resulting in 30 representative strains. For each strain, the Cstart-A1-T1 (module 1) 

and the DCL-A2-T2 (module 2) regions were excised from the NRPS and all 60 modules were 

aligned using MUSCLE.4 All positions with gaps were removed before the calculation of 

rolling percent identity between modules. 
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Figure 4.7 Tanglegram of reconstructed phylogenies of DHB-CAA-Ser siderophore NRPS 

amino acid sequences, A1 and A2. No topological discrepancies were found between the first 

and second A domains, suggesting no recombination occurred. The methanotroph (boxed in 

blue) intra-cluster recombination event (Figure 4.5 and Figure 4.6) was not detectable by this 

method.  NRPS sequences from 99 CatSCAn genomes were sorted into non-redundant 

clusters with CD-HIT6 at a 70% identity threshold, resulting in 45 representative strains. 

Adenylation domains were excised by trimming to the adenylation domain Pfam54 envelope 

range determined by hmmsearch1 and aligned with MUSCLE.4  A maximum-likelihood 

phylogenetic tree was reconstructed from the each alignment with PhyML8 

(NGPhylogeny.fr9 webserver) using the LG+I+F+G4 model, as chosen by ModelFinder 

(Bayesian information criterion).10 Branch support was assessed by bootstrapping (100 

bootstrap replicates), and branches with <75% support were collapsed to polytomies.  The 

tanglegram was created with Dendroscope.12  
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4.3.3.2.     Reconstruction of the NRPS phylogenetic tree  

A whole-NRPS phylogenetic tree was reconstructed to explore the evolution of DHB-

CAA-Ser siderophore diversity.  The sequences of NRPS responsible for DHB-CAA-Ser 

siderophores characterized previously (Table 4.1) were included in the analysis.  Sequences 

with recombinant regions may lead to erroneous topologies in phylogenetic analyses,55 so 

the NRPSs from methanotrophs Methylocystis and Methylosinus were excluded. Nineteen 

genomes from Nocardia spp. were predicted by CatSCAn to have NRPS with the expected 

NRPS architectures Cstart-A-T-DCL-A-T-Te or Cstart-A-T-E-DCL-A-T-Te, but eliminated due 

to a second A domain not predicted to be Ser-selective.  These Nocardia NRPSs were 

introduced back into the dataset as an outgroup to root the phylogeny.  MUSCLE produced 

dubious alignments between sequences with and without an E domain, so the E domain was 

excised in addition to Gblocks processing. The maximum-likelihood phylogenetic tree of 

DHB-CAA-Ser NRPSs is presented in Figure 4.8. The ML tree showed excellent agreement 

with the Bayesian tree produced by MrBayes, and both methods failed to resolve similar 

polytomies (Figure 4.9).  
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Figure 4.8 Reconstructed phylogeny of DHB-CAA-Ser siderophore NRPS amino acid 

sequences. Taxa are boxed based on the predicted spacer amino acid identity and chirality. 

Taxa in bold produce characterized siderophores. After excluding the recombinant NRPSs 

from Methylosinus sporium and Methylocystis spp., NRPS sequences from 118 CatSCAn 

genomes and 10 genomes with known siderophores were sorted into non-redundant clusters 

with CD-HIT-2D6 at a 70% identity threshold, resulting in 55 representative strains. A 

maximum-likelihood phylogenetic tree was reconstructed from the aligned sequences using 

the LG+I+F+G4 model.  Branch support was assessed by bootstrapping (100 bootstrap 

replicates), and branches with <75% support were collapsed to polytomies.  
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Figure 4.9 Tanglegram of DHB-CAA-Ser siderophore NRPS amino acid sequence 

phylogenies reconstructed using maximum likelihood (ML) and Bayesian (Bayes) methods. 

The two methods give consistent topologies. After excluding the recombinant NRPSs from 

Methylosinus sporium and Methylocystis spp., NRPS sequences from 118 CatSCAn 

genomes and 10 genomes with known siderophores were sorted into non-redundant clusters 

with CD-HIT6 at a 50% identity threshold, resulting in 30 representative strains. NRPS 

sequences were aligned with MUSCLE,4 and trimmed with Gblocks,7 then the epimerization 

domain region was removed. The scale bar indicates the average number of substitutions per 

site. The tanglegram was created with Dendroscope.12 Left: A maximum-likelihood 

phylogenetic tree was reconstructed from the aligned sequences with PhyML8 

(NGPhylogeny.fr9 webserver) using the LG+I+F+G4 model, as chosen by ModelFinder 

(Bayesian information criterion).10 Branch support was assessed by bootstrapping (100 

bootstrap replicates), and branches with <75% support were collapsed to polytomies. Right: 

A Bayesian phylogenetic tree was reconstructed from the aligned sequences with MrBayes 

(NGPhylogeny.fr9 webserver; 105 generations, 4 chains, invgamma rates). Branches with 

<90% posterior probability were collapsed to polytomies. 
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NRPS genes with no epimerization domain each contain a thiolation domain with a 

GGDSI (TE) motif and a DCL-type condensation domain. Both of these domain subtypes are 

generally associated with epimerization domains and provide evidence of an excised E 

domain (See Chapter 1).26,28,30 Collapsing the ML tree based on the absence or presence of 

an epimerization domain (Figure 4.10) shows four separate domain deletion events in the 

DHB-CAA-Ser siderophore family. E domain deletion has also been reported in β-OHAsp 

siderophores and glycopeptide antibiotics;27,56 similar phylogenetic analyses in those 

families may determine if the events similarly reoccurred. 

 

 

 

Figure 4.10. Evolution of spacer amino acid chirality in the DHB-CAA-Ser siderophore 

family. The phylogenetic tree in Figure 4.8 was simplified by collapsing clades where all 

members share the same predicted spacer chirality. Taxa highlighted blue lack an 

epimerization domain in the NRPS, and are predicted to produce siderophores with L- amino 

acid spacers. 
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The whole-NRPS phylogeny in Figure 4.8 was simplified by collapsing clades with the 

same CAA identity (i.e. Arg, Lys, or Orn) as observed experimentally or predicted by 

CatSCAn (Figure 4.11). Each clade was “anchored” by the existence of at least one 

experimentally characterized siderophore, with the exception of a small clade predicted to 

produce D-Lys-containing siderophores. All putative turnerbactin (L-Orn) NRPSs form a 

single clade.  Frederiksenibactin (L-Lys) and chrysobactin (D-Lys) NRPSs are sister to each 

other, suggesting they both descend from a single change in CAA selectivity. 

Trivanchrobactin (D-Arg) NRPSs from C. koreensis DSM 17726 and Vibrio spp. do not 

form a clade.  

The moabactin (mixed Orn/Arg) family of siderophores of Marinomonas sp. TW1 

contains a mixture of D- and L-Orn, but only D-Arg (not L-Arg) (Chapter 3). Furthermore, 

amino acid supplementation resulted in trimeric DHB-Arg-Ser formation, but no Orn-

containing trimer was observed (Chapter 3). Together, these suggest that the ancestor of the 

Marinomonas sp. TW1 NRPS was optimized for D-Arg, but has lost selectivity (vide infra).  

D-Arg selectivity is the most dispersed in the phylogenetic tree (Figure 4.8); thus, the most 

parsimonious evolutionary history of DHB-CAA-Ser siderophore biosynthesis includes a 

shared ancestor that was selective for D-Arg (i.e. a vanchrobactin producer). Surprisingly, 

ruckerbactin (L-Arg) biosynthesis did not evolve directly from trivanchrobactin (D-Arg) 

biosynthesis by loss of an E domain. Instead, the ruckerbactin NRPS lies within the 

frederiksenibactin (L-Lys) clade. 
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Figure 4.11. Evolution of spacer amino acid identity in the DHB-CAA-Ser siderophore 

family. The phylogenetic tree in Figure 4.8 was simplified by collapsing clades where all 

members share the same observed or predicted CAA identity and chirality. Taxa are 

highlighted based on the predicted spacer amino acid identity: yellow, Arg; red, Lys; blue, 

Orn; and green, mixed Orn/Arg.  Uncolored clades did not have an amino acid prediction.  

The D-Lys clade marked with an asterisk does not have a characterized representative.
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4.3.3.3.    Enzyme substrate promiscuity in moabactin biosynthesis 

The genome of Marinomonas sp. TW1 contains a single NRPS gene, mmbF. In low-iron 

medium, Marinomonas sp. TW1 was found to produce five different catechol compounds: 

DHB-Orn-Ser and (DHB-Orn-Ser)2 (also referred to as the Orn monomer and dimer), DHB-

Arg-Ser and (DHB-Arg-Ser)2 (also referred to as the Arg monomer and dimer), and the 

mixed Orn/Arg dimer [(DHB-Orn-Ser)(DHB-Arg-Ser)], named moabactin. Furthermore, the 

Orn-containing compounds were found to exist as a mixture of D- and L- Orn.   

This remarkable mixture of siderophores requires not only relaxed amino acid specificity 

for Arg and Orn in the first A domain of MmbF, but also flexibility in the downstream E 

domain, DCL domain, and Te domain, all of which have been observed to act as secondary 

gatekeepers to ensure the correct natural product, with correct stereochemistry, is produced 

by the NRPS.57-59  The A and E domains are evidently non-specific for amino acid identity, 

as both Arg and Orn are observed, although the final product ratio may be influenced by 

differential rates of Arg/Orn adenylation and epimerization. In contrast, the Te domain and 

DCL domain both appear to have retained some selectivity, limiting the siderophores 

observed.   

The Te domain is responsible for the esterification of DHB-CAA-Ser to produce dimers 

and trimers, but the factors governing the extent of oligomerization and cyclization are 

currently unknown. Marinomonas sp. TW1 naturally produces the Arg monomer and dimer, 

the Orn monomer and dimer, and the mixed Arg/Orn dimer moabactin. Upon the addition of 

20 mM Arg to the growth medium, the Arg trimer (trivanchrobactin) was produced, but no 

Orn trimer was detected during Orn supplementation. The thioesterase of MmbF appears to 

tolerate Orn substrates for dimerization, but not trimerization. In vitro studies suggest 
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thioesterase promiscuity varies across biosyntheses;60-62 other triscatechol siderophore 

thioesterases may be more permissive to spacer amino acid substitutions. 

 Epimerization domains produce an equilibrium mixture of D- and L- amino acids. 

The strict D- stereospecificity seen in most NRPSs with E domains comes from the DCL 

domain, a clade of C domains which only accepts D- amino acids into the upstream donor 

active site. Some domains within the DCL clade are capable of forming peptide bonds 

between two L- amino acids, as seen in triscatechol NRPSs TnbF, RucF, and FreF (of 

turnerbactin, ruckerbactin, and frederiksenibactin biosyntheses, respectively) and in the 

biosynthesis of glycopeptide antibiotics.27  The DCL domain of Marinomonas NRPS MmbF 

faithfully selects D-Arg over L-, but does not fully exclude L-Orn from the active site 

(Figure 4.12A). Similarly variable stereoselectivity was observed during in vitro studies of 

the C5 domain of tyrocidine biosynthesis. Domain C5 forms a peptide bond between the T-

bound substrates (D-Phe-L-Pro-L-Phe)-D-Phe and L-Asn (Figure 4.12B). The pentapeptide 

is only formed when the final Phe residue of the tetrapeptide is in the D- configuration.63 In 

contrast, when the upstream T domain is loaded with only Phe, dipeptides L-Phe-L-Asn and 

D-Phe-L-Asn are produced in a 2:1 mixture.58 The aminoacyl Phe substrate has more 

flexibility in the binding pocket than the natural tetrapeptidyl Phe substrate, allowing both L- 

and D-Phe to be condensed to Asn.63  
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Figure 4.12. Variable stereoselectivity of DCL domains involved in moabactin and tyrocidine 

biosyntheses. (A) The DCL domain of MmbF is selective for D-Arg over L-Arg, but not D-

Orn over L-Orn. (B) Similarly, domain C5 of tyrocidine biosynthesis is selective for D-Phe 

in the case of the native tetrapeptide, but not in the case of the single amino acid. 
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4.3.3.4.    A proposed model of NRPS evolution through enzyme promiscuity 

 The MmbF DCL domain is only able to enforce a strict D- stereochemistry for Arg, 

and trimerization by the Te domain is only observed for the D-Arg substrate.  These 

observations support the whole-NRPS phylogeny hypothesis (Section 4.3.3.2) that the 

ancestor of MmbF produced trivanchrobactin before the first A domain evolved to accept 

both Orn and Arg (Figure 4.13A).  MmbF produces siderophores with three observed spacer 

CAAs (i.e. D-Arg, D-Orn, and L-Orn). One may envision pathways by which MmbF 

continues to evolve, becoming more specific for any single CAA as A domain and/or DCL 

domain selectivities shift (Figure 4.13A and B). 

Alternatively, a sudden deletion of the MmbF epimerization domain should result in the 

sole production of the turnerbactin (L-Orn) family (Figure 4.14A). With no mechanism to 

produce D- amino acids, L-Orn would be the only substrate compatible with the DCL 

domain. Adenylation and thiolation of L-Arg would be a dead end, and the first A domain 

would be under selective pressure to disfavor the L-Arg substrate.  In this scenario, true 

stereospecificity in the DCL domain would not be necessary.  Indeed, C7 of teicoplanin 

biosynthesis, a member of the DCL clade with LCL-like activity, is able to accept a D- amino 

acid donor in vitro with only a 20% loss in yield.64 TnbF, RucF, or FreF engineered to 

reintroduce a compatible E domain may still be capable of producing mixtures of the 

respective D- and L- diastereomers if their DCL domain was non-selective at the point of E 

domain deletion.   

The phylogenies reconstructed herein suggest that the DHB-CAA-Ser siderophore NRPS 

family has undergone multiple changes in adenylation domain selectivity and repeated loss 

of the epimerization domain.  The NRPS MmbF of Marinomonas sp. TW1, which 

incorporates D-Arg, D-Orn, and L-Orn into the final natural products, may be a snapshot of 



 

 168 

NRPS evolution in progress. Promiscuous enzymes with multiple products serve as starting 

points for functional divergence, allowing for an exploration of the fitness landscape without 

losing the central function (in this case, siderophore activity).53,65,66  Particularly, 

stereochemical promiscuity in the DCL domain may be required before E domain deletion 

can occur; deletion in a strictly D- amino acid selective module would likely be a deleterious 

mutation that halts all siderophore formation (Figure 4.14B). In Marinomonas sp. TW1, 

relaxation of A1 domain specificity has allowed for L-Orn to bypass the DCL domain (Figure 

4.14A). NRPSs for turnerbactin (L-Orn) and frederiksenibactin (L-Lys) may have both 

evolved through an MmbF-like intermediate. Intriguingly, the ruckerbactin (L-Arg) NRPS is 

not directly descended from the D-Arg ancestral NRPS in the phylogenetic tree, but sits 

within the frederiksenibactin clade. A potential evolutionary history of frederiksenibactin, 

ruckerbactin, and cyclic trichrysobactin based on their phylogenetic relationship is depicted 

in Figure 4.15. The structural diversity of DHB-CAA-Ser siderophores is borne of a 

relatively simple two-module NRPS; studying their evolutionary history may provide 

broader insights into how siderophores and other non-ribosomal peptides evolve.  

 

 



 

 169 

 

Figure 4.13. Hypothetical pathways for the evolution of amino acid identity and 

stereochemistry in DHB-CAA-Ser siderophores. Only the first adenylation (A1) domain, 

epimerization (E) domain, and DCL-type condensation domain are shown. Amino acids are 

first selected by the A1 domain (in the L- configuration), condensed to DHB, then 

epimerized to a DL- mixture by the E domain.58 The DCL domain controls which 

stereoisomer(s) will be condensed to the downstream L-Ser. Species excluded from entering 

the DCL domain are shown in red and species incorporated into the siderophore are shown in 

bold. (A) The whole-NRPS phylogeny supports an ancestral D-Arg-selective NRPS (Section 

4.3.4.2).  MmbF (Marinomonas sp. TW1) contains an A1 domain with relaxed selectivity to 

allow both Arg and Orn adenylation. The DCL domain maintains D- selectivity only for Arg. 

A reinforcement of Arg selectivity in A1 would produce vanchrobactin.  (B) Selective 

pressures could shift A1 specificity in MmbF to Orn, resulting in a mixture of solely D- and 

L-Orn siderophores. The DCL domain could regain traditional DCL activity to produce the 

(hereto unknown) D-Orn siderophore, or could instead become selective for L-Orn, resulting 

in turnerbactin production.  
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Figure 4.14.  Hypothetical E domain deletion events in DHB-CAA-Ser siderophores. Only 

the first adenylation (A1) domain, epimerization (E) domain, and DCL-type condensation 

domain are shown. Amino acids are first selected by the A1 domain (in the L- configuration), 

condensed to DHB, then epimerized to a DL- mixture by the E domain.58 The DCL domain 

controls which stereoisomer(s) will be condensed to the downstream L-Ser. Species 

excluded from entering the DCL domain are shown in red and species incorporated into the 

siderophore are shown in bold. (A) A deletion of the E domain in MmbF would eliminate D- 

amino acid production. L-Arg would not be able to enter the active site of the DCL domain; 

however, turnerbactin (L-Orn) could still be produced due to the flexibility of the DCL 

domain. (B) If the vanchrobactin NRPS DCL domain strictly enforces D- stereochemistry, a 

sudden deletion of the E domain would stop siderophore production, as no L-Arg could 

access the binding pocket of the DCL domain. 
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Figure 4.15. A proposed evolutionary history of NRPSs responsible for ruckerbactin (L-

Arg), cyclic trichrysobactin (D-Lys), and frederiksenibactin (L-Lys). The whole-NRPS 

phylogeny supports an ancestral D-Arg selective NRPS (1) (Section 4.3.4.2), but not the 

direct evolution of L-Arg selectivity (2) by E domain deletion. Instead, the A1 domain 

selectivity relaxed to include Lys, giving a promiscuous NRPS (3) similar to MmbF. Strict 

selection of Lys by A1 would then result in a mixture of D- and L- Lys incorporation (4). The 

DCL domain of NRPS 4 could regain traditional DCL activity to produce cyclic 

trichrysobactin (5), or could instead become selective for L-Lys, resulting in 

frederiksenibactin production (6). The modern-day frederiksenibactin NRPS architecture (7) 

lacks the E domain, which could have been deleted from NRPS 6 or directly from NRPS 4. 

Finally, another shift in A1 selectivity from Lys to Arg resulted in the production of 

ruckerbactin (2). Other possible transformations include single-mutation changes in A1 

selectivity (i.e., from NRPSs 1 to 4 or NRPSs 7 to 2) that bypass the promiscuous 

intermediates. 
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Chapter 5.  Polyamine catechol siderophores of Acinetobacter bouvetii DSM 14964 

This chapter was reproduced from Reference 1 with permission from The Royal Society 

of Chemistry. 

 

5.1.  Introduction  

Many bacteria acquire iron from their environment by producing small-

molecule, high-affinity iron(III) chelators called siderophores. Siderophores 

containing the catechol 2,3-dihydroxybenzoic acid, a common ligand in siderophores, 

are synthesized by nonribosomal peptide synthetases (NRPSs), large multi-domain 

enzymes that function in an assembly-line manner.  2,3-DHB is synthesized in three 

steps from chorismate, activated by a 2,3-DHB–AMP ligase, and transferred onto an 

aryl carrier protein (ArCP).2  A condensation domain then catalyzes amide bond 

formation between 2,3-DHB and an amine, most often a NRPS-bound amino acid.  

VibH of vibriobactin (Figure 5.1) biosynthesis is an unusual standalone condensation 

domain that condenses ArCP-bound 2,3-DHB and norspermidine, forming the amide 

linkage.3,4  Several other siderophore biosyntheses feature VibH-like enzymes 

putatively responsible for the condensation of 2,3-DHB to diamines and polyamines, 

including brucebactin (Figure 5.1), fluvibactin, and agrobactin, among others.5-7   

  
Figure 5.1.  Structures of vibriobactin (based on norspermidine), brucebactin (based 

on spermidine), and acinetoamonabactin (based on tris(aminomethyl)-methylamine). 
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 Precursor directed biosynthesis (PDB) was one of the first methods used to 

generate novel NRPS products.8 Non-natural substrates, when added to the growth 

medium of a bacterial culture, are incorporated into the final molecule by the native 

biosynthetic pathway.9-11  PDB can access novel secondary metabolites while 

bypassing the complexities of synthetic chemistry or synthetic biology. Cleto and Lu 

combined PDB and heterologous expression to generate a variety of analogs, 

demonstrating the versatility of VibH by producing several non-natural 2,3-DHB-

diamine and 2,3-DHB-polyamine conjugates.12 However, the reactivity of VibH is 

limited to installing a single DHB moiety and no bis-catechol product was 

reported.3,12 In contrast, the VibH homolog involved in the biosynthesis of 

brucebactin (Figure 5.1) twice adds 2,3-DHB to spermidine.7   Similarly the 

unsequenced strain Acinetobacter soli MTCC 5918, which produces 

acinetoamonabactin (Figure 5.1) may also possess a homolog of VibH capable of 

condensing three 2,3-DHB moieties to tris(aminomethyl)methylamine, a new 

polyamine scaffold in siderophores.13 Catecholic compounds have been shown to 

adhere to surfaces in aqueous conditions,14 15 as well as to promote the adhesion of E. 

coli to titania via the siderophore enterobactin.16 Thus a VibH homolog capable of 

iterative 2,3-DHB conjugation is an attractive candidate for further PDB 

investigations directed towards biosynthesis of new catechol materials.  

 Using VibH as a genomic handle, we identified several Acinetobacter species that 

could potentially produce polyamine-based catechol siderophores similar to 

acinetoamonabactin (Figure 5.1). We report herein three novel biscatechol siderophores 

present in the low-iron culture supernatant of A. bouvetii DSM 14964, named propanochelin 

(1), butanochelin (2), and pentanochelin (3). Precursor directed biosynthesis demonstrates 
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that A. bouvetii DSM 14964 can incorporate non-natural amines in vivo to produce a variety 

of siderophore analogs.  We found that PDB using A. bouvetii DSM 14964 is particularly 

effective at condensing 2,3-DHB to propargylamine and allylamine, forming catechol 

products which would be suitable for click-directed chemical modifications in the design of 

potential new wet adhesive catechol materials. 

 

5.2.  Methods  

5.2.1.  Genome mining  

 The protein sequence for VibH was retrieved from UniProtKB (A0A0H3AII5).  

Homologs were found with phmmer (EMBL-EBI web server), targeting the UniProtKB 

database and restricting taxonomy to Acinetobacter. Results were filtered by domain to find 

standalone condensation domains. 

 

5.2.2.  Culture conditions 

Acinetobacter bouvetii DSM 14964 was obtained from DSMZ GmbH, Braunschweig, 

Germany. For siderophore isolation, A. bouvetii DSM 14964 was cultured in 1 L casamino 

acid minimal medium (5 g/L Bacto low-iron casamino acids, 1.54 g/L K2HPO4, and 0.25 g/L 

MgSO4) in a 2L acid-washed Erlenmeyer flask. For the precursor-directed biosynthesis 

investigations, A. bouvetii DSM 14964 was cultured in 100 mL casamino acid medium in a 

250 mL acid-washed Erlenmeyer flask; potential substrates were added directly after 

autoclave sterilization. Cultures were grown on an orbital shaker (180 rpm) at ambient 

temperature. Growth was monitored by measuring the optical density at 600 nm. 
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5.2.3.  Siderophore isolation 

 After 72 h, the bacterial cell culture was centrifuged at 10000 rpm for 25 min to pellet 

the cells. Decanted supernatant was shaken with Amberlite XAD-4 resin (10% v/v) for 3 

hours. The resin was isolated by filtration and washed with 5 column volumes nanopure 

water followed by 5 column volumes 10% v/v MeOH/H2O. Organic compounds were eluted 

with 5 column volumes 90% v/v MeOH/H2O and concentrated in vacuo. Siderophores were 

purified by reverse-phase high-pressure liquid chromatography (RP-HPLC) on a semi-

preparative C4 column using a constant 7 mL/min flow rate and a linear methanol gradient (5 

– 60%, 2%/min).  Pooled fractions were concentrated in vacuo.   

 

5.2.4.  Siderophore characterization   

 Extracts were analyzed through positive ion mode ESI-MS or ESI-MSE on a Waters 

Xevo G2-XS QTof coupled to a Waters Acquity H-Class UPLC system.  A Waters BEH 

C18 column was used with a gradient of 0% to 60% acetonitrile/water (both with 0.1% w/v 

formic acid) over 12 minutes. GC-CI accurate mass data was obtained on a Waters GCT 

Premier Time of Flight mass spectrometer. Gas chromatography was performed using an 

Agilent 7890A GC equipped with a J&W Scientific DB-5MS narrow bore column (30m, 

0.250mm ID, 0.25μm film thickness). Chemical ionization was achieved using methane 

reagent gas. Positive mode accurate mass data was calibrated using known fragments of 

perfluorotributylamine as an internal standard. ESI accurate mass data was obtained on a 

Waters LCT Premier Time of Flight mass spectrometer. LC-MS grade methanol (Fisher 

Optima) was used as background eluent and solvent with no additives. Samples were 

directly infused using an Alliance 2695 Separations Module as solvent pump and 

autosampler. Positive mode accurate mass data were calibrated using polyethylene glycol or 
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polyethylene glycol monomethyl ether internal standards as appropriate. NMR spectroscopy 

was carried out on Varian Unity Inova 500 MHz and 600 MHz spectrometers or a Bruker 

Avance NEO 500 MHz spectrometer equipped with a Prodigy coldprobe. Chemical shifts 

were referenced through residual DMSO-d6 solvent peaks at 2.50 (1H) or 39.51 (13C) ppm. 

 

5.3.  Results and interpretation  

5.3.1.  Identification and annotation of the Acinetobacter bouvetii DSM 14964 

siderophore biosynthetic gene cluster  

 VibH homologs were found in Acinetobacter genomes by searching the UniProtKB 

protein database with phmmer.17  Filtering the results to standalone condensation domains 

eliminated traditional condensation domains that are generally fused to other NRPS 

domains. Homologs were found in A. bouvetii, A. larvae, A. gandensis, A. piscicola, A. 

pragensis, A. puyangensis, and several unspecified strains (Table 5.1). Each VibH homolog 

is part of an identical gene cluster, which contains genes putatively encoding 2,3-DHB 

biosynthesis and incorporation enzymes, a TonB-dependent outer membrane receptor 

protein, a Fe(III)-siderophore reductase, and a PLP-dependent enzyme annotated as a 

Orn/Lys decarboxylase (Figure 5.2, Table 5.2).  Together, these genes are predicted to 

encode for the biosynthesis and utilization of a catechol siderophore with a diamine 

backbone. 

 
Figure 5.2.  The biosynthetic gene cluster in A. bouvetii DSM 14964 putatively responsible 

for siderophore production. The cluster is drawn to scale; arrows represent the direction of 

transcription. A full description of the gene cluster can be found in Table 5.2. 
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5.3.2.  Structural characterization of propanochelin, butanochelin, and pentanochelin  

 To identify the natural catechol siderophores putatively produced by the VibH 

homolog AbsH, Acinetobacter bouvetii DSM 14964 was cultured in a low-iron 

medium (See SI for culture and isolation conditions). The methanolic supernatant 

extract contained three peaks with a UV-Vis absorbance band near 310 nm and an 

ESI-MSE fragment of 137 m/z, each consistent with catechol-containing compounds 

(Figures 5.3, 5.6, and 5.7).  The three peaks had base molecular ions at 347, 361, and 

375 m/z, respectively, suggesting a suite of compounds each differing by a methylene 

unit (Figures 5.8-5.10). Each is capable of binding Fe(III), as indicated by ions 

corresponding to [L+Fe]+ and [L2+Fe]+ (Figures 5.8-5.10). The observed masses and 

fragmentation patterns are consistent with biscatechol siderophores based on 

diaminopropane, putrescine, and cadaverine; herein named propanochelin (1), 

butanochelin (2), and pentanochelin (3), respectively.  

 

 

5.3.3.  Precursor directed biosynthesis of unnatural siderophores  

The flexibility and fidelity of the biosynthesis pathway was investigated by precursor 

directed biosynthesis (Table 5.3). The ratios of the three natural siderophores could 
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be shifted by the addition of diaminopropane, putrescine, or cadaverine to the growth 

medium, although diaminopropane had only a slight effect on production of 

propanochelin, 1 (Figure 5.3). No 2,3-DHB-diamine single addition product was 

identified by ESI-MS. In contrast, supplementation with ethylenediamine resulted in 

only the single 2,3-DHB addition product, while 1,6-diaminohexane resulted in a 

mixture of single and double 2,3-DHB addition products (Figure 5.3, 5.11, and 5.12).  

Thus, the biosynthetic pathway can accommodate a wider variety of diamines for the 

addition of the first 2,3-DHB than the second 2,3-DHB. 

Next we investigated whether functionalized amines could be accepted as 

substrates in the biosynthetic pathway of A. bouvetii DSM 14964 (Table 5.3).  No 

condensation products were formed with the amino acids L-diaminobutyric acid, L-

ornithine, or L-lysine; however, the addition of L-Orn caused an increase in 

butanochelin (2) production (Figure 5.4). Therefore, the PLP-dependent enzyme AbsI 

is likely responsible for the decarboxylation of ornithine to putrescine. The polyamine 

diethylenetriamine is an isostere of cadaverine (1,5-diaminopentane) and was 

likewise incorporated as the biscatechol product 4 (Figures 5.5 and 5.13-5.18).  

Norspermidine (1 mM final concentration) and the branched polyamine tris(2-

aminoethyl)amine (tren; 1 mM) both inhibited detectible growth of A. bouvetii DSM 

14964. Histidine (1 mM) was not incorporated, and instead partially inhibited natural 

siderophore production (Figure 5.19).  
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Figure 5.3.  Precursor directed biosynthesis of natural and unnatural diamine 

conjugates in growth of A. bouvetii DSM 14964. Peaks corresponding to mono-2,3-

DHB (†) and di-2,3-DHB (‡) conjugates are marked. The methanol eluent from the 

XAD column of 72 h cultures were monitored by HPLC-UV/Vis at 310 nm to detect 

catechol-containing compounds. Casamino acid minimal medium (control) was 

supplemented with diamines (1 mM final concentration for each) prior to inoculation. 

The di-2,3-DHB conjugates for n=3, n=4, and n=5 correspond to the natural 

siderophores 1, 2, and 3, respectively.  Conjugate identities were confirmed by 

UPLC/MS (Figure 5.8-5.12). 
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Figure 5.4.  HPLC trace of catechol-containing products resulting from addition of L-Lys, L-

Orn and L-Dab to cultures of A. bouvetii DSM 14964. The methanol eluent from the XAD 

column of 72 h cultures were monitored by HPLC-UV/Vis at 310 nm to detect catecholic 

compounds.  Peaks corresponding to natural siderophores 1, 2, and 3 are labeled.  Casamino 

acid minimal medium (control) was supplemented with the indicated amino acids (1 mM 

final concentration for each) prior to inoculation.   

 

 Propargylamine showed the most efficient coupling of any of the amines 

tested, nearly abolishing native siderophore production in favor of the 2,3-DHB-

propargylamine conjugate 5 (Figures 5.5 and 5.20-5.23). The 2,3-DHB-allylamine 

conjugate 6 was also produced in greater quantities than the natural siderophore 

(Figures 5.5 and 5.24-5.27). Increasing the medium concentration of allylamine to 10 

mM suppressed native compounds to levels similar to 1 mM propargylamine; 

however, the production of the desired conjugate 6 also decreased relative to 1 mM 

allylamine addition.   
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Figure 5.5.  HPLC trace of catechol-containing products resulting from addition of 

diethylaminetriamine, allylamine, and propargylamine to cultures of A. bouvetii DSM 14964.  

The methanol eluent from the XAD column of 72 h cultures were monitored by HPLC-

UV/Vis at 310 nm, indicative of catecholic compounds. Peaks corresponding to natural 

siderophores 1, 2, and 3 are labeled. Conjugate identities were confirmed by MS and NMR 

analyses (Figures 5.13-5.18 and 5.20-5.27). Casamino acid minimal medium (control) was 

supplemented with the indicated amines prior to inoculation. 
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5.4.  Discussion 

 In sum, the genomes of several species of Acinetobacter were found to contain 

homologs of vibH, alongside biosynthetic genes putatively encoding the biosynthesis 

of catechol siderophores with an amine core.  A. bouvetii DSM 14964 was found to 

produce three novel biscatechol siderophores: propanochelin (1), butanochelin (2), 

and pentanochelin (3). The amide bond-forming enzyme, putatively assigned as 

AbsH, is able to append a second 2,3-DHB molecule to diamines and polyamines, 

albeit with less flexibility than the first addition. Precursor directed biosynthesis 

revealed that the biosynthetic machinery has a relaxed specificity for the diamine 

substrate, allowing for the biosynthesis of a variety of non-natural siderophore 

analogs.  Of particular significance, A. bouvetii DSM 14964 condenses 2,3-DHB to 

allylamine and propargylamine, producing catecholic compounds which bind iron(III) 

and may be further modified via thiol-ene or azide-alkyne click chemistry.18,19 

Propargylamine was particularly well incorporated, outcompeting the natural diamine 

substrates at 1 mM concentration. With the exceptions of tren and norspermidine, 

growth of A. bouvetii DSM 14964 was not significantly affected by diamine 

supplementation. Future enzymatic studies in vitro or in a heterologous system will 

provide further evidence that AbsH is responsible for amide bond formation.  AbsH 

and other VibH homologs may prove useful in the synthesis of catechol compounds 

tailored for robust adhesion in salty aqueous conditions, such as those with attendant 

amine functionalities mimicking mussel foot proteins.15,20  
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5.5. Appendix 

5.5.1.  Characterization of novel compounds 

N,N'-(azanediylbis(ethane-2,1-diyl))bis(2,3-dihydroxybenzamide) (4). 1H NMR (600 

MHz, DMSO) δ 12.31 (s, 2H), 9.23 (br s, 2H), 8.93 (br t, J = 5.6 Hz, 2H), 8.72 (br s, 1H), 

7.28 (dd, J = 8.2, 1.5 Hz, 2H), 6.93 (dd, J = 7.8, 1.4 Hz, 2H), 6.69 (t, J = 7.9 Hz, 2H), 3.59 

(q, J = 5.9 Hz, 4H), 3.17 (m, 4H). 13C NMR (126 MHz, DMSO) δ 170.76, 149.84, 146.68, 

119.48, 118.52, 118.10, 115.58, 46.91, 36.07. HRMS for C18H22N3O6
+: calcd. [M+H]+ 

376.1508, found: 376.1507. 

 

2,3-dihydroxy-N-(prop-2-yn-1-yl)benzamide (5). 1H NMR (500 MHz, DMSO) δ 12.31 

(s, 1H), 9.21 (s, 1H), 9.14 (br t, J = 5.5 Hz, 1H), 7.26 (dd, J = 8.1, 1.5 Hz, 1H), 6.91 (dd, J = 

7.9, 1.5 Hz, 1H), 6.68 (t, J = 8.0 Hz, 1H), 4.06 (dd, J = 5.6, 2.5 Hz, 2H), 3.15 (t, J = 2.5 Hz, 

1H). 13C NMR (126 MHz, DMSO) δ 169.79, 149.85, 146.68, 119.53, 118.66, 117.86, 

115.33, 81.18, 73.68, 28.76. HRMS for C10H10NO3
+: calcd. [M+H]+ 192.0661, found: 

192.0654. 

 

N-allyl-2,3-dihydroxybenzamide (6). 1H NMR (500 MHz, DMSO) δ 12.66 (br s, 1H), 

9.16 (br s, 1H), 8.96 (br t, J = 5.9 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 

6.69 (t, J = 8.0 Hz, 1H), 5.90 (ddt, J = 16.0, 10.5, 5.3 Hz, 1H), 5.18 (d, J = 17.2 Hz, 1H), 

5.12 (d, J = 10.3 Hz, 1H), 3.92 (t, J = 5.6 Hz, 2H). 13C NMR (126 MHz, DMSO) δ 170.01, 

150.07, 146.68, 135.22, 119.30, 118.46, 117.68, 116.00, 115.41, 41.67. HRMS for 

C10H12NO3
+: calcd. [M+H]+ 194.0817, found: 194.0818. 
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5.5.2. Supplementary tables 

Table 5.1. Acinetobacter strains putatively containing a siderophore biosynthetic gene 

cluster with a VibH homolog. 

Protein Accession Organism 

A0A4Q7ARR8_9GAMM Acinetobacter bouvetii 

N9DJ67_9GAMM Acinetobacter bouvetii DSM 14964 = CIP 107468 

A0A1A7R8J8_9GAMM Acinetobacter gandensis 

A0A1B2M479_9GAMM Acinetobacter larvae 

A0A4Q4H0F1_9GAMM Acinetobacter piscicola 

A0A151Y3Z5_9GAMM Acinetobacter pragensis 

A0A240ECV6_9GAMM Acinetobacter puyangensis 

A0A241WES3_9GAMM Acinetobacter sp. ANC 3813 

A0A4R0ECX9_9GAMM Acinetobacter sp. ANC 4249 

A0A1H7NGA5_9GAMM Acinetobacter sp. DSM 11652 

N9M6P9_9GAMM Acinetobacter sp. NIPH 713 

A0A031LTQ2_9GAMM Acinetobacter sp. Ver3 

A0A3B7LX09_9GAMM Acinetobacter sp. WCHAc010005 

A0A3B7PT29_9GAMM Acinetobacter sp. WCHAc010034 

A0A3B7M868_9GAMM Acinetobacter sp. WCHAc010052 

 

Table 5.2. The putative siderophore biosynthetic gene cluster of A. bouvetii DSM 14964  

Name Locus tag Accession Putative function 

bsuB B090_RS0102660 WP_005009566.1 Ferric siderophore reductase 

absH B090_RS0102665 WP_005009568.1 VibH-like condensation domain 

absA B090_RS0102670 WP_005009570.1 2,3-dihydro-2,3-DHB dehydratase 

absC B090_RS0102675 WP_005009576.1 Isochorismate synthase 

absE B090_RS0102680 WP_005009579.1 2,3-DHB–AMP ligase  

absB B090_RS0102685 WP_005009581.1 Isochorismatase 

absG B090_RS0102690 WP_005009583.1 Aryl carrier protein 

absI B090_RS0102695 WP_005009584.1 Ornithine decarboxylase 

bsuA B090_RS0102700 WP_026253326.1 TonB-dependent receptor 
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Table 5.3. Natural and non-natural amines used in precursor directed biosynthesis studies.* 

Substrate 

Single Addition 

Product 

Double Addition 

Product 

Diamines 

Ethylenediamine Major N.D.† 

1,3-Diaminopropane N.D. Major 

Putrescine (1,4-diaminobutane) N.D. Major 

Cadaverine (1,5-diaminopentane) N.D. Major 

1,6-Diaminohexane Major Major 

Amino acids 

L-Diaminobutyric acid N.D. N.D. 

L-Ornithine N.D. N.D. 

L-Lysine N.D. N.D. 

Polyamines 

Diethylenetriamine N.D. Major 

Norspermidine No growth detected 

Tris(2-aminoethyl)amine (Tren) No growth detected 

Other amines 

Histamine N.D. - 

Allylamine Major - 

Propargylamine Major - 

* Substrates were added to casamino acid minimal medium prior to inoculation at a final 

concentration of 1 mM.  
† N.D., not detected. 
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5.5.3.  Supplementary figures 

 

Figure 5.6. HPLC–UV/Vis chromatogram of A. bouvetii DSM 14964 supernatant extract 

from growth in low iron medium. Top: chromatogram monitored at 215 nm. Bottom: 

chromatogram monitored at 310 nm. Peaks corresponding to natural siderophores 1, 2, and 3 

are labeled.
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Figure 5.7. UPLC–ESIMS spectra of A. bouvetii DSM 14964 supernatant extract from a low 

iron medium. Top: Total ion chromatogram. Bottom: MSE high-collision-energy extracted 

ion chromatogram for 137 m/z. Peaks corresponding to natural siderophores 1, 2, and 3 are 

labeled. 
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Figure 5.8. Mass spectrometry and fragmentation of propanochelin (1).  Top: ESIMS 

spectrum. Bottom: high-collision-energy MSE fragmentation.   

 

 

Figure 5.9. Mass spectrometry and fragmentation of butanochelin (2).  Top: ESIMS 

spectrum. Bottom: high-collision-energy MSE fragmentation.  
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Figure 5.10. Mass spectrometry and fragmentation of pentanochelin (3).  Top: ESIMS 

spectrum. Bottom: high-collision-energy MSE fragmentation.  

 

 

 

Figure 5.11. Mass spectrometry and fragmentation of the catecholic product unique to 

ethylenediamine supplementation in the growth medium.  A: ESIMS spectrum and proposed 

structure. B: high-collision-energy MSE fragmentation. 

 

 

 



 

 195 

 

Figure 5.12. Mass spectrometry and fragmentation of the catecholic products unique to 1,6-

diaminohexane supplementation in the growth medium.  A: ESIMS spectrum of the single 

2,3-DHB addition product. B: high-collision-energy MSE fragmentation and proposed 

structure. C: ESIMS spectrum of the double 2,3-DHB addition product. D: high-collision-

energy MSE fragmentation and proposed structure. 
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Figure 5.13. Mass spectrometry and fragmentation of the catecholic product 4 unique to 

diethylene triamine supplementation.  A: ESIMS spectrum. B: high-collision-energy MSE 

fragmentation and proposed structure. 

 

 

Figure 5.14. High-resolution mass spectrometry (positive-mode ESI) of the catecholic 4 

product unique to diethylene triamine supplementation.   
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Figure 5.15. 1H NMR (DMSO-d6; 500 MHz) of the catecholic product 4 unique to 

diethylene triamine supplementation. 
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Figure 5.16. 13C NMR (DMSO-d6; 126 MHz) of the catecholic product 4 unique to 

diethylene triamine supplementation.  
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Figure 5.17. 1H-13C HSQC NMR (DMSO-d6; 600 MHz) of the catecholic product 4 unique 

to diethylene triamine supplementation. 
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Figure 5.18. 1H-13C HMBC NMR (DMSO-d6; 600 MHz) of the catecholic product 4 unique 

to diethylene triamine supplementation. 
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Figure 5.19. Supplementation of A. bouvetii DSM 14964 growth with functionalized amines.  

HPLC of the bacterial supernatant monitored at 310 nm of A. bouvetii DSM 14964 grown 

with (A) no added substrate or (B) 1 mM histamine. Peaks corresponding to natural 

siderophores 1, 2, and 3 are labeled.  

 

 

Figure 5.20. Mass spectrometry and fragmentation of the catecholic product 5 unique to 

propargylamine supplementation.  A: ESIMS spectrum. B: high-collision-energy MSE 

fragmentation and proposed structure. 
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Figure 5.21. High-resolution mass spectrometry (positive-mode CI) of the catecholic product 

5 unique to propargylamine supplementation.   
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Figure 5.22. 1H NMR (DMSO-d6; 500 MHz) of the catecholic product 5 unique to 

propargylamine supplementation.
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Figure 5.23. 13C NMR (DMSO-d6; 126 MHz) of the catecholic product 5 unique to 

propargylamine supplementation. 
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Figure 5.24. Mass spectrometry and fragmentation of the catecholic product 6 unique to 

allylamine supplementation.  A: ESIMS spectrum. B: high-collision-energy MSE 

fragmentation and proposed structure.  

 

 

Figure 5.25. High-resolution mass spectrometry (positive-mode CI) of the catecholic product 

6 unique to allylamine supplementation.   
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Figure 5.26. 1H NMR (DMSO-d6; 500 MHz) of the catecholic product 6 unique to 

allylamine supplementation.
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Figure 5.27. 13C NMR (DMSO-d6; 126 MHz) of the catecholic product 6 unique to 

allylamine supplementation. 
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