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A new scientific truth does not triumph by convincing its opponents and making
them see the light, but rather because its opponents eventually die, and a new

generation grows up that is familiar with it“

-Max Planck



Abstract
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Iron is of prominent importance for most living organisms, involved in many central
processes, such as respiration or photosynthesis. To circumvent iron limitation, many organisms
have developed strategies to keep ferric iron soluble, for instance by production of siderophores,
which are small high-affinity iron-chelators. A remarkable example in this context are
pyoverdines, being produced by the fluorescent pseudomonads, a very diverse group of
organisms. Pyoverdine research has along and illustrious history and was first described in 1892.
From this time on, scientists were faced with elementary questions of chemistry and biology that
could only be unraveled by a rewarding interplay of disciplines.

However, a number of questions remained unresolved that are now addressed in this thesis.
Specifically, the acylated ferribactin precursor, generated by non-ribosomal synthesis in the
cytoplasm, is exported to the periplasm and there subject to a number of tailoring reactions
performed by PvdMNOPQ to form the mature siderophore. However, only the functions of PvdP
and PvdQ were known. In this thesis, it was discovered that PvdN is an unusual pyridoxal
phosphate-containing enzyme, catalyzing a novel oxidative decarboxylation under retention of
the amine involved in the side-chain modification of pyoverdine. Furthermore, the enzyme PtaA
was determined to catalyze a transamination-reaction converting a glutamic acid- into an
a-ketoglutaric acid side-chain. The relevance of these side-chain modifications remains obscure
although further investigations indicate a role in pyoverdine export by PvdRT-OpmQ. Moreover,
PvdO is required for the completion of the oxidative cyclization reactions in conjunction with
PvdP, forming the characteristic chromophore of pyoverdine. Finally, PvdM could be postulated

to function as a membrane-associated peptidase involved in the pyoverdine signaling-pathway.
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Zusammenfassung

Schlagworte: Eisen, Siderophore, Pyoverdin, Periplasma, Pyridoxalphosphat, Pseudomonas

Eisen ist von herausragender Bedeutung fiir die meisten lebenden Organismen und ist an
vielen zentralen Prozessen, wie Atmung und Photosynthese, beteiligt. Um Eisenlimitation zu
verhindern haben viele Organismen Strategien entwickelt um Fe(Ill) in Losung zu halten z.B.
durch die Produktion von Siderophoren, kleinen hochaffinen Eisenchelatoren. Ein in diesem
Kontext bemerkenswertes Beispiel sind die Pyoverdine, welche durch fluoreszierende
Pseudomonaden, einer heterogenen Gruppe an Organismen, gebildet werden.
Pyoverdinforschung hat eine lange und illustre Geschichte, beginnend im Jahr 1892 mit der
Erstbeschreibung. Pyoverdine haben seitdem Wissenschaftler vor elementare Fragen der Chemie
sowie der Biologie gestellt, die nur durch die aufiergewohnliche Zusammenarbeit von
verschiedenen Disziplinen entratselt werden konnten.

Viele Fragen blieben allerdings unbeantwortet, welche Thema dieser Arbeit sind.
Insbesondere wird der akylierte Ferribactin-Vorldufer, welcher im Zytoplasma durch nicht-
ribosomale Peptidsynthese generiert wird, in das Periplasma exportiert, wo er durch eine Reihe
von Modifikationen - ausgefiihrt von PvdMNOPQ - in das fertige Siderophor umgewandelt wird.
Bislang waren nur die Funktionen von PvdP und PvdQ bekannt. Im Rahmen dieser Arbeit wurde
entdeckt, dass PvdN ein ungewdhnliches Pyridoxalphosphat enthaltendes Enzym ist, welches eine
neuartige oxidative Decarboxylierung unter Retention des Amins katalysiert, die an einer
Seitenkettenmodifikation beteiligt ist. Des Weiteren wurde festgestellt, dass das Enzym PtaA eine
Transaminierung katalysiert und dadurch einen Glutaminsdure- in einen a-Ketoglutarsaurerest
tiberfiihrt. Die Relevanz der Seitenkettenmodifikationen bleibt obskur, jedoch zeigten weitere
Untersuchungen eine mogliche Rolle im Export durch PvdRT-OpmQ auf. Ferner konnte gezeigt
werden, dass PvdO in Verbindung mit PvdP fiir die Vervollstindigung der oxidativen Zyklisierung
zur Bildung des charakteristischen Chromophors vonnéten ist. Schlussendlich konnte fiir PvdM
eine Funktion als membranassoziierte Peptidase, welche an der Pyoverdin-Signalkaskade

beteiligt sein konnte, vorhergesagt werden.
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Numbering of figures: Please note that, when the text refers to figures contained in the original

publications in sections 3.1 to 3.3, the corresponding section is mentioned explicitly (e.g. section

3.2; Figure 4). The numbering of all other figures in the text is continuous and figures are

referenced without mentioning the section.
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1. Introduction

1.1. A brief history of pyoverdine research

The discovery of pyoverdines reaches back to 1892 when Gessard described yellow-green
fluorescent pigments and named them fluorescins (1). However, sometimes the first described
observation of this phenomenon is attributed to Schroeter, who vaguely described green pigments
that might be produced by bacteria in 1872 (2), but no further experimental evidence is provided
therein. Gessard on the other hand observed that the green pigmentation could be bleached by
acidification but reobtained the color after neutralization with bases (1). Based on the ability of
some bacteria to produce this green pigment, it was later proposed by Turfitt to exploit the
observed phenotype for classification purposes (3, 4). Nowadays, these early observations have
led to the naming-convention of the Pseudomonas subgroup commonly referred to as “fluorescent
pseudomonads” being eponymous for the species Pseudomonas fluorescens. The term
“pyoverdine” itself has been introduced by Turfreijer in 1941 (5) but until now, there exists no
final consensus regarding the terminal letter “e” in this spelling. In this document, we adopt the
original Dutch spelling, including the terminal “e”, since it was also the first to be cited in literature
(6) and not as proposed by Cox & Adams in 1985 (7) without it. Furthermore, another term was
introduced by Kloepper et al. in 1980 (8) terming the green fluorescent substance “pseudobactin”,
but this designation is now considered obsolete (9). The next step towards unraveling the function
of pyoverdine was the observation that the production of pyoverdine was inversely correlated
with the iron concentration in cultivation media in 1953 by Totter & Moseley (10). The causality
implied by this observation, specifically that pyoverdine had to be involved in iron uptake, only
ensued in 1978 and was deduced by Meyer & Hornsperger (11), who observed that by adding a
pyoverdine-59Fe3* complex to iron depleted media, iron is actively imported into the cell. Together
with data obtained by Meyer & Abdallah in 1978 (12), who showed that pyoverdine has a high
iron-affinity (with a stability constant of ~1032), it was concluded that pyoverdine belonged to the
class of bacterial siderophores (11). The term “siderophore” had been introduced by Lankford in

1973 (13), describing (small) iron-binding chelators involved in iron-transport into the cell. Still,
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the chemical nature of pyoverdine remained a mystery until 1981, when the first structure of
pyoverdine could be solved by Teintze et al. (14). For a more detailed summary on the discovery

of pyoverdines the reader is referred to the excellent review by Budzikiewicz (15).

1.2. Siderophores - structure and function

Although iron is recognized to be the fourth most abundant element in the earth’s crust (16),
it may become growth limiting due to its physicochemical properties. This may seem paradox, but
under neutral pH conditions, in the presence of oxygen, iron forms nearly insoluble Felll oxide
hydrates, which limits the amount of readily available iron. Therefore, many organisms produce
siderophores that keep ferric iron soluble. Since Fe3*-ions are hard Lewis acids, they thus
preferentially bind to hard Lewis bases such as oxide anions. Consequently, common ligands
encountered in siderophores are hydroxamates, catecholates and carboxylates, which may act as
bidentate ligands. Furthermore, Fe3*-ions provide six coordination sites and thereby strong
siderophores usually form octahedral d5 high spin complexes as hexadentate ligands, typically
provided by three bidentate ligands. Sometimes, siderophores are grouped according to the
functional groups that are involved in coordinating the metal, e.g. hydroxamate-, catecholate-,
carboxylate- and also mixed-type siderophores (reviewed in 17-19). Enterobactin, the
siderophore produced by some gram-negative bacteria e.g. Escherichia coli (20), Salmonella
typhimurium (21) and Klebsiella pneumoniae (formerly known as Aerobacter aerogenes; 20) only
provide catechol-ligands, and have very high iron binding affinities under near-neutral conditions
(for enterobactin 1052 M-1; 22). The catechol ligands lose their iron-chelation capacity upon
protonation in acidic media. On the other hand, siderophores like deferoxamine, which is
produced by the actinobacterium Streptomyces pilosus, provide three hydroxamate moieties for
iron-chelation (23). Pyoverdines usually contain two hydroxamate ligands (sometimes also 3-
hydroxy-carboxylates instead of hydroxamates) located in the peptide backbone and one catechol
ligand (15). Further, less common chelating groups are inter alia hydroxyphenyloxazoline groups
as found in mycobactin from Mycobacterium johnei (24) and in parabactin from Micrococcus

denitrificans (25) or a-hydroxy-carboxylate groups as found in aerobactin from Aerobacter
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aerogenes (Klebsiella pneumoniae; 26), in rhizobactin from Rhizobium meliloti (27) or in the
phytosiderophore mugineic acid produced by e.g. barley (28). By arranging all coordinating

groups in one molecule, an entropic advantage is achieved over distributed groups in distinct
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Figure 1: Representative siderophore structures. Structures of catechol- (e.g. enterobactin), hydroxamate- (e.g.
deferoxamine), carboxylate- (e.g. rhizobactin) and mixed-type (e.g. pyoverdine structure of P. fluorescens A506), as well
as some non-conventional siderophores (e.g. parabactin, pyochelin, mycobactins, etc.).
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molecules, such as salicylic acid, which was first isolated from Burkholderia cepacia (previously
known as Pseudomonas cepacia; 29) and later also found in some Pseudomonas strains (30-32) or
pyochelin, a small siderophore first described in Pseudomonas aeruginosa (33-35) which only
comprises a tetradentate ligand (36). However, the function of salicylic acid as a siderophore has

been questioned (37). For structures of the discussed compounds please refer to Figure 1.
1.3.  Fluorescent pseudomonads - Pyoverdines and their biosignificance

Fluorescent pseudomonads all belong to the family of pseudomonadaceae, as first introduced
in 1917 by Winslow et al. (38), based on the previously described genus Pseudomonas as
introduced by Migula in 1894 (39). The family constitutes a rather large group of Gram-negative
bacteria, members of which are found in soil, fresh water and in the marine environment, or in
association with plants and animals (40). Pseudomonadaceae belong to the order of
pseudomonadales in the class of y-proteobacteria within the phylum of proteobacteria. They are
rod-shaped cells that can be either straight or slightly curved, usually have one or more polar
flagella, thus being motile, do not produce spores, do not ferment or possess the ability to perform
photosynthesis, cannot fix N, and can use a large variety of organic substrates for their
chemoorganotrophic growth (40). The genus of Pseudomonas was later subgrouped into five
rRNA homology groups in 1973 by Palleroni et al., which also obviated the large heterogeneity of
the genus (41). All fluorescent pseudomonads belong to the rRNA homology group I (e.g. P.
aeruginosa, P. fluorescens, P. chlororaphis, P. putida, P. syringae, P. cichorii, etc.), however, this
group also includes non-fluorescent species such as P. stutzeri, P. mendocina or P. alcaligenes (40).
The roles of fluorescent pseudomonads within the environment are diverse, as for instance
P. aeruginosa and P. putida are well known opportunistic human pathogens (42-45), whereas
P. syringae and P. cichorii are important plant pathogens (46-49) and many P. fluorescence and
P. chlororaphis species belong to the group of plant growth-promoting rhizobacteria (50-53).

In this regard, pyoverdines have been proven to contribute to the environmental fitness in all
of the diverse lifestyles of fluorescent pseudomonads. For instance, pyoverdine is able to remove

iron bound by transferrin (54-57) or lactoferrin (57), thereby enabling P. aeruginosa to grow in
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human serum or plasma (7). Consequently, P. aeruginosa mutants impaired in pyoverdine
formation are also impaired in virulence as demonstrated in various animal models (58, 59).
Furthermore, pyoverdine has been found in sputum samples of cystic fibrosis (CF) patients (60,
61). Unexpectedly, it could be demonstrated, thatin P. aeruginosa strains isolated from CF patients
with prolonged infection times, pyoverdine-negative mutants accumulated, which retained the
capacity to take up pyoverdine (62). This aspect of social behavior, involving extracellular
products referred to as “public goods”, which are subject to “cheating”, consequentially leading to
mixed bacterial populations, has generated considerable interest, adding to the complexity of
bacterial interactions (63-66). In addition to the direct involvement of pyoverdine in
pathogenicity, the genetic regulation of other genes that contribute to virulence of P. aeruginosa
are under the control of the PvdS-regulon (as detailed in section 1.5). However, in a recent meta-
analysis it could be demonstrated that although pyoverdine is consistently involved in infections,
it is not indispensable for virulence (67), which argues for a more complex relationship between
individual virulence traits and the context of pathogenic potential. Pyoverdine may also be
important for plant pathogenicity, as it is required for full virulence of P. syringae pv. tabaci 6605
(68) , although it is unclear whether this is a direct or an indirect effect. However, alternative
studies have found that pyoverdine is dispensable for plant pathogenicity of other P. syringae
strains using different host systems (69, 70). Therefore, the situation is comparable to the one
outlined above for human pathogenicity, where the implied correlation between pathogenicity
and pyoverdine production must be viewed in context of the complexity of pathogen-host
interactions. On the other hand, many P. fluorescence species belong to the group of plant growth-
promoting rhizobacteria (PGPR), as introduced by Kloepper & Schroth in 1978 (71). The term
rhizobacteria refers to the compartment comprising the soil-root-interface, as designated by
Hiltner in 1904 (72, 73). PGPR can stimulate plant growth by a wide variety of mechanisms which
can be grouped according to their mode of action into: 1.) Biocontrol, i.e. the suppression of plant
diseases; 2.) Biofertilization, i.e. the mobilization of plant-nutrients; 3.) Phytostimulation, i.e. the

modification of plant-hormone levels; 4.) (Rhizo-)remediation (74). In this context, pyoverdine
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has been demonstrated by in vitro and in vivo experiments to be directly involved in biocontrol,
probably by depriving the detrimental organisms of their iron-supply (8, 75-83). An indirect
mechanism by which pyoverdine can contribute to biocontrol is the elicitation of induced systemic
resistance (ISR; as defined by Kloepper et al. in 1992; 84), which could be demonstrated for a
number of plants (85-89), although the interactions seem to be rather specific. Furthermore, the
ferripyoverdine chelate can enhance iron-supply in plants, thus contributing to biofertilization
(90-93), although the exact mechanism by which this process proceeds remains to be elucidated.
Finally, pyoverdines can aid in the detoxification of heavy-metal polluted soils by facilitating
phytoextraction of e.g. copper (94), thus also playing a potential role in rhizoremediation.
Besides the presented versatility of pyoverdine implications in environmental function, it
could be shown, that the iron status of P. aeruginosa cells is very important for biofilm
development. Specifically, iron starvation abrogates biofilm formation and a functional
pyoverdine system is important for the development of a mature biofilm (95-97). It should be
noted however, that it has also been demonstrated that abundant iron may perturb biofilm
formation (98). Nevertheless, as discussed in (99), the data suggest a model, where, under
extreme iron starvation, cells may favor motility to exploit new iron supplies elsewhere, under
moderate iron starvation, the pyoverdine dependent iron supply may suffice to acquire adequate
amounts of iron to form biofilms and an excess of iron may cause iron toxicity, thus promoting
biofilm breakup to escape toxic iron-levels. Furthermore, pyoverdine has been shown to alleviate

heavy-metal toxicity by hampering uptake of the toxic metal-ions into the cytoplasm (100-102).
1.4. Recycling and uptake of pyoverdine

There exist many structurally diverse siderophores (17), which exemplifies how organisms
have adapted to the lack of soluble iron whilst staying competitive, since the siderophore-uptake
systems are usually specific for the siderophore used by the organism. This is especially obvious
in case of pyoverdines (103, 104), since the peptide moiety attached to the fluorophore is highly
variable in-between strains of Pseudomonas (15). Nonetheless, pyoverdine uptake is not

unambiguous as it has been shown that some pyoverdines can be taken up by strains other than
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the producer (103). The variation in the peptide-backbone attached to the fluorophore of
pyoverdines allows the outer membrane ferripyoverdine receptor FpvA to distinguish between
pyoverdines produced by itself and other strains. FpvA has first been proven to be the outer-
membrane receptor for pyoverdine in P. aeruginosa in 1990 by Meyer et al. (105) and later
identified again by Poole et al. in 1991 (106), which is due to the discrepancy in the described
molecular weight determined to be ~80 kDa or ~90 kDa respectively, but probably both research
groups described the same protein, whose coding sequence was sequenced in 1993 by Poole et al.
(107). In 2005, the structure of FpvA was elucidated by Cobessi et al. (36) and later structures of
FpvA bound to the cognate ferripyoverdine (108) and the full length FpvA structure (109) were
solved. Furthermore, FpvA was subject to a number of mutational studies trying to elucidate
which residues were implicated in pyoverdine binding, signaling and transport (110-112). In
2009 it could be demonstrated by Greenwald et al. (113), that the first amino acid residues in the
peptide backbone of pyoverdine determine the binding affinity of pyoverdines to their cognate or
non-cognate Fpv’s. The uptake is probably energized by the direct interaction of FpvA with the
TonB-ExbBD complex, that is located in the inner membrane, thereby being able to transduce
sufficient energy for transport obtained from the electrochemical gradient inherent to the inner
membrane of living bacteria (114, 115). However, P. aeruginosa has two TonB homologs and
although TonB1 seems to be more important for iron uptake, TonB2 can partially fulfill the
function of TonB1 (116).

Interestingly, FpvA allegedly not only binds to ferripyoverdine but also to the iron-free apo-
pyoverdine, which is not imported but exchanged with ferripyoverdine during the course of
import, where the exchange is supposedly accelerated by TonB in conjunction with the
protonmotive force (PMF) (117-121). However, it has been suggested by another study, that the
observation regarding binding of apo-pyoverdine by FpvA is de facto an artifact and that the
observed binding is actually due to trace-contaminations of aluminum chelates (122, 123).
Moreover, FpvA can bind to other pyoverdine-metal complexes (Ag+, Al3+, Cd?+, Co?+, Ga3+, Hg?*,

Mn2+, Zn2+), that may even be imported (in case of Cu?+, Ga3+, Mn2?*, Ni2+), although with reduced
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efficiency (124). Intriguingly, the presence of Ga3*-, Mn?*-, Cd?*-, Co?*- and Hg?* pyoverdine
chelates inhibit the uptake of ferripyoverdine, although it is not known by which mechanism
(124). Furthermore, some strains carry more than one homolog of FpvA, each with differential
affinities for specific pyoverdines, or overlapping specificities. Probably one of the most extensive
investigations in this matter was performed by Hartney et al. in 2013 (125), who carried out
mutational analysis and cross-feeding experiments, which demonstrated the specificity of a
multitude of Fpv’s and their pyoverdine-scavenging potential in P. protegens Pf-5. Since efficient
iron uptake is advantageous in regard to the competition in the environment it is not surprising,
that it could be demonstrated for P. aeruginosa that it could take up many other xenosiderophores,
such as, but not limited to, aerobactin (126), enterobactin and derivatives thereof (126-128),
cepabactin (129), deferrioxamines (129), deferrichrysin (129), deferrirubin (129), coprogen
(129), nitrilotriacetic acid (130), citrate (34, 131) and myo-inositol hexakisphosphate (132).

The fate of siderophores after uptake into the respective organism varies according to the
strategy employed for iron liberation from the chelate (133). Enterobactin for example is
imported into the cytoplasm, where it is partially hydrolyzed to liberate bound iron (134, 135).
On the contrary, pyoverdine is not degraded or modified and not imported into the cytoplasm.
Instead, after import of the iron-chelated form of pyoverdine into the periplasm by FpvA, Fe3+ is
probably reduced to Fez* (136, 137) and consequently dechelated by FpvC and FpvF in
conjunction with the iron-reductase FpvG requiring FpvH]K, concluded by the import of the Fe2+
via an FpvDzE, complex (138, 139). Subsequently, pyoverdine is reexported into the extracellular
compartment by OpmQ-PvdRT (140, 141), which is also involved in exporting de novo synthesized
pyoverdine, although it cannot be the only export route (137). However, recently it was suggested
that the type VI secretion system may be involved in pyoverdine export and that the OpmQ-PvdRT
system might not be involved at all (142). Furthermore, pyoverdine can be stored in the
periplasmic compartment (143) before translocation into the extracellular compartment. Yet, it
is not understood how storage of pyoverdines in the periplasm is achieved or how adverse effects

on metal-bearing enzymes due to the strong chelating function of pyoverdine in the periplasm are
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avoided, although several models have been proposed, such as periplasmic pyoverdine
chaperones or competition models (144). The intricate mechanisms underlying import, recycling
and storage not only clearly illustrate the complexity involved in such a simple task as to acquire

sufficient iron but also that still many questions remain to be solved.
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Figure 2: Import and recycling of pyoverdine. In a first step, ferripyoverdine binds to the outer membrane receptor-
protein FpvA, which triggers a conformational change therein that allows the interaction with the TonB-ExbBD-
complex. Subsequently, the TonB-ExbBD-complex facilitates the import of the ferripyoverdine energized by coupling
the PMF of the inner membrane to FpvA. The imported ferripyoverdine is bound by FpvC and FpvF, which, in
conjunction with the reductase FpvG, requiring FpvHJK, liberates the reduced Fe?* from ferripyoverdine. Successively,
unmodified pyoverdine is reexported by PvdRT-OpmQ or the type VI secretion system or other yet unidentified
exporters and Fe?* is imported into the cytoplasm via the FpvD:E: importer. PMF, protonmotive force; IM, inner
membrane; OM, outer membrane.

1.5. Regulation of pyoverdine production

For Pseudomonas the production of pyoverdine only makes sense when available iron is
limiting. Furthermore, a high accumulation of iron should be avoided, since it may lead to iron
toxicity by forming hydroxyl radicals through the Fenton reaction (145). Therefore, it is coherent
that biosynthesis is tightly regulated. The master regulator in many Gram-negative bacteria in
regard to iron is the Ferric uptake regulator (Fur) (146), which was first identified in
S. typhimurium (147)! and later also in E. coli (148), where it was also initially characterized (148-

152). The identification of a Fur-homolog in P. aeruginosa was achieved in 1991 by Prince et al

1 The first description of Fur in S. typhimurium did not identify the respective gene but rather described a
mutant strain, whose phenotype was named “Fur”. The true identification of the fur-gene was later
performed in E. coli.
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(153). This homolog was subsequently shown to be involved in the regulation of siderophore
production shortly thereafter in 1993 (154). However, investigations in this matter were
complicated by the fact that no Fur null mutant could be obtained by standard genetic techniques,
thus Fur was suggested to be essential in P. aeruginosa (154). Only recently, utilizing a conditional
mutant, it could be demonstrated that this is not the case (155). Fur acts as a repressor of
transcription for genes carrying a “Fur-box” sequence motif in their promotor/operator region
when it binds to the co-repressor Fe2+ (156-159, 146). Nevertheless, Fur can also indirectly act as
an activator, for instance, by repressing the transcription of the small non-coding RNA (sRNA)
ryhB, which in turn is a repressor of e.g. sodB by binding to its target mRNA, which is subsequently
degraded (160, 161). For a more extensive discussion on Fur-regulation, please refer to the
excellent review by Troxell et al. (162). The Fur-regulon in P. aeruginosa includes many diverse
genes as evidenced by cycle selection- and GeneChip® experiments (163-165), as well as
bioinformatic analysis (166). Most notably, in regard to pyoverdine production, Fur regulates the
expression of the extracytoplasmic-function sigma factors (ECFs) pvdS and fpvl, as well as the anti-
sigma factor fpvR (163), which are important regulators of pyoverdine-related genes as detailed
below (Figure 3).

FpvA, which is the already introduced outer membrane pyoverdine receptor involved in
import, has a dual function, also being involved in the signal-cascade, triggering pyoverdine
production by inhibiting the anti-sigma activity of FpvR (167, 168). Although it could be shown
by mutational studies that FpvA signaling does not necessarily require pyoverdine transport
(110), it has been concluded from further structural and biochemical analysis that signaling and
transport are tightly coupled in FpvA (169). Furthermore, it has been demonstrated, that the
presence of a functional TonB1 protein is mandatory for triggering the signaling cascade (170).
The mechanism proposed by Schalk et al. in 2009 (169) begins by FpvA-ferripyoverdine
recognition, which leads to a conformational change, that allows TonB to interact with the TonB-

box and the signaling-domain to interact with FpvR. Interestingly, other metal complexes of
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pyoverdine can also trigger this signaling cascade, specifically Al3+, Cu?*, Ga3+, Mn?*, Ni?* and
Zn2+ (124).

The anti-sigma factor FpvR binds to the ECFs PvdS and Fpvl, which sequesters them to the
cytoplasmic face of the inner membrane and furthermore renders PvdS sensitive to
peptidases (167,168, 171-173). However, in an earlier study it had been demonstrated that PvdS
and Fpvl bound to FpvR are more stable than their free forms (171), which argues for a strict
regulation by reducing the life-time of active PvdS and Fpvl. As outlined above, FpvA can quench

the anti-sigma activity of FpvR (167, 168) and the mechanism by which FpvR liberates PvdS and
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Figure 3: Regulation of pyoverdine related genes. FpvR acts as an anti-sigma factor, inactivating both PvdS and Fpvl.
In a first step, FpvR autoproteolytically cleaves itself but the cleaved C-terminal fragment reassociates with the
membrane bound N-terminal FpvRzo fragment. The interaction of ferripyoverdine (or other metal-chelates of
pyoverdine: Al3+, Cu2+, Ga3+, Mn2+, Ni2+, Zn2+) with FpvA triggers a signal-cascade, ultimately resulting in the upregulation
of the PvdS-regulon. FpvR and TonB from the TonB-ExbBD complex interact with FpvA after it has bound to
ferripyoverdine. In response to this interaction, FpvR undergoes a structural reorganization, making it susceptible to
cleavage by the “site-1-like peptidase” (S1P, unidentified component). Thereafter, RseP cleaves the resulting membrane-
bound subfragment of FpvR, releasing PvdS and Fpvl from the membrane. Probably, a cytoplasmic peptidase (CP,
unidentified component) degrades the residual FpvR fragments, liberating PvdS and FpvI. Whilst FpvI upregulates the
expression of fpvA, PvdS enhances the transcription of numerous genes collectively shown as the PvdS-regulon. Once
enough iron has accumulated in the cytoplasm, the Fur-repressor binds to its co-repressor Fe2*, which downregulates
the expression of fpvR, fpvl, pvdS and many other genes contained in the Fur-regulon. See text for details. Dotted arrows
indicate suppression of transcription, while filled arrows indicate enhanced transcription. IM, inner membrane; OM,
outer membrane; cRNAP, core RNA-polymerase.
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Fpvl will be explained hereafter. It was observed that the predominant form of FpvR, detected in
cells either lacking FpvA or pyoverdine (production), is not the approx. 37 kDa full length protein,
but rather a 20 kDa N-terminal subfragment, which disappears upon FpvA dependent signaling
(174). This initial cleavage was later proven to proceed autoproteolytically, although it was not
essential for functionality in the homolog FoxR (175). However, the autoproteolytically cleaved
periplasmically localized C-terminal fragment interacts with the membrane bound N-terminal
fragment and is required for functionality (175). Once the signal is perceived by FpvA and is
transduced to FpvR, the FpvRyo subfragment is further cleaved into an approx. 14 kDa membrane
bound fragment by an unknown site-1-like peptidase (174). This makes the subfragment
vulnerable to cleavage by the site-2 intramembrane peptidase RseP (174). Probably, a residual
fragment bound to the respective ECF is degraded by an yet unidentified cytoplasmic peptidase
(174). The liberated PvdS and Fpvl then bind to the core RNA-polymerase (cRNAP), which is
thereby targeted to specifically recognized promotor-regions that have been characterized
accordingly (176-178, 171).

Fpvl was discovered in 2003 by Rédly & Poole (179), who could show that the expression of
fpvA is under the control of Fpvl. Later they could also prove that both PvdS and Fpvl are bound
by the anti-sigma factor FpvR (171). The ECF PvdS had been discovered in 1995 by Cunliffe et al.
(180) and is the master regulator for pyoverdine biosynthesis related genes (164, 181). However,
the PvdS-regulon is not limited to pyoverdine-related genes but also positively acts on the
production of virulence factors such as exotoxin A (ToxA or ETA), although it is unclear whether
this is a direct or indirect regulation via RegA (ToxR) and/or PtxR (182-184), the PrpL
endopeptidase (185) and possibly also the alkaline protease AprA (186-188). Consequently, PvdS
deletion mutants exhibit a compromised pathogenicity in vivo (189, 190). In P. syringae pv. tomato
DC3000, it could be proven that a number of additional genes, e.g. an OprD family porin, an azurin
and a tannase/feruloyl esterase, are under the control of the PvdS-regulon (191). Interestingly,
mutants defective in pyoverdine production cannot upregulate the PvdS-regulon even under iron-

limiting conditions (167, 168), suggesting an auto-induction pathway. However, this would result
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in a hen-egg problem, since no pyoverdine could be produced without pyoverdine already being
present. This apparent paradox could be resolved recently by Edgar et al. in 2017 (192), who could
show that, in the absence of ferripyoverdine, less FpvR is present in the cell than PvdS and Fpvl,
allowing for a basal expression, save in the presence of iron, when Fur binds Fe2+ and inhibits the
transcription of pvdsS altogether.

However, the complexity of pyoverdine regulation goes beyond the iron-status of the cell. For
instance, oxygen has a positive influence on the expression of pvdS, although the signal-
transduction pathway is unclear (182, 193, 184). Furthermore, it could be demonstrated that
oxidative stress also positively influences pvdS transcription via OxyR and PA2206 (194, 195). On
the other hand, low phosphate concentrations enhance, whilst high phosphate concentrations
inhibit pyoverdine production through an unknown mechanism (196, 197). Interestingly, copper
starvation leads to a reduced expression of pyoverdine-related genes (198). CysB, a
transcriptional activator for the cysteine-regulon, also enhances transcription of pvdS, tentatively
linking iron-sulfur biogenesis with the iron-status (199). Additionally, quorum sensing has been
implicated in regulating pyoverdine production, although it is unclear how the regulation occurs
(200). For the quorum signaling substance 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS; 201) of
P. aeruginosa, it has been proposed that it can chelate iron but does not function as a siderophore,
thus inducing the iron-starvation response (202, 203). Moreover, AmpR, a regulator involved in
B-lactam stress, seems to indirectly upregulate pyoverdine production, possibly via the sSRNA
asPrrF1 (204). The Gac/Rsm system, composed of the two-component system GacS (sensor
kinase) and GacA (response regulator) and the sRNA’s rsmXYZ (reviewed in 205), which is
interwoven with the cyclic-di-GMP (c-di-GMP) pathway (206), regulate pyoverdine production
probably by modifying pvdS expression (207-213). The putative cytoplasmic membrane sensor
PA2663, involved in biofilm formation, also positively influences pvdS expression (214). The
extracellular lipase LipA upregulates pvdS expression by an unknown mechanism (215). On the
contrary, the exoprotease SprP reduces pyoverdine formation, albeit also by an unknown

mechanism (216). For more details on pyoverdine regulation, the reader is referred to the
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extensive review by Llamas et al (217). The complex regulatory network of pyoverdine
production, which integrates many different environmental signals, is still far from understood,
but illustrates how vigilantly fluorescent pseudomonads adapt to prevail in specific

environmental settings.
1.6. Pyoverdine biogenesis

The elucidation of the structure of pyoverdine (14) lead to a new era in pyoverdine research.
The general structure of pyoverdine [1-6] is composed of: 1) the characteristic 2,3-diamino-6,7-
dihydroxyquinoline fluorophore, 2) a variable acyl side chain attached to the 3-amino group of
the chromophore and 3) a strain-specific peptide backbone, usually bound to the Ci-carboxy
group of the ring system (reviewed in 218, 219), although so called isopyoverdines [7-12] (Figure
4A) have also been observed, where the peptide backbone is attached to the Csz-carboxy group
(220, 221). The biosynthetic precursor of pyoverdine is ferribactin [14], which is probably
converted to pyoverdine via the intermediate dihydropyoverdine [15] (previously termed
pseudobactin A) (222-224, 220, 225-227) by an oxidative cyclization cascade as proposed by
Dorrestein et al. (Figure 4E; 228, 229). Nevertheless, an alternative mechanism has been
postulated, based on the observation of the trihydroxylated “pseudoverdin” intermediate [13]
(Figure 4C), which is produced by a strain impaired in pyoverdine biogenesis (230). This
alternative mechanism is a variant of the intramolecular Bucherer reaction, possibly involving the
observed dihydropyoverdine-7-sulfonic acids [16] (Figure 4F; 230, 225, 231, 226, 232, 233). A
third pathway for chromophore biogenesis, starting at dihydroorotic acid and phenylalanine, has
been postulated (234, 235), although it was not widely recognized and labeling experiments
argued against this pathway (226).The variable acyl side chain attached to the 3-amino group of
the chromophore can be one of the following residues (Figure 4B): [R1] glutamic acid (236), [R2]
a-ketoglutaric acid (237), [Rs] succinamide (14), [R4] succinic acid (238) or the intramolecular
cyclized succinate (239), [Rs] malamide (240) and [R¢] malic acid (238). However, these side-
chain modifications could not be explained, although it was concluded from -cultivation

experiments that [R;] and [R3] are genuine products and that [R4] is a hydrolysis product of [Rs],
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Figure 4: Pyoverdine and its precursors/derivatives, as well as possible routes towards chromophore
formation. (A) General structure of pyoverdines and isopyoverdines; (B) acyl side chains attached to the 3-amino group
of the chromophore; (C) possible formation of pseudoverdin from the 2,4,5-trihydroxy phenylalanine; (D) possible
pathway of isopyoverdine biogenesis from ferribactin, implying ferribactin to be a precursor of pyoverdine;
(E) oxidative chromophore cyclization as proposed by Dorrestein et al. (F) chromophore formation formulated as
modified intramolecular Bucherer reaction as suggested by Schroder et al.. Please refer to the text for details. A range
of assigned numbers in square brackets correspond to the six distinct side-chains as depicted in (B). Tauto,
tautomerization; Rp, Peptide backbone.

whilst [R1] is the product of reductive transamination of [Rz] (241). Furthermore, it was noted
that all observed modifications are intermediates of the citric acid cycle, implying a
correlation (241). Although the biosignificance of these side-chain modifications still remain a
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mystery, the physicochemical properties thereof have been employed for siderotyping via
isoelectric focusing (IEF), which was developed to a widely used method (242).

The strain-specific peptide backbone varies according to the strain used for production and
can either be linear or (partially) intramolecularly cyclized. Furthermore, it can contain a number
of unusual amino acids, such as B-hydroxy aspartic acid, -hydroxy histidine, ornithine, cyclo-Ns-
hydroxy ornithine, Ns-formyl-Ns-hydroxy ornithine, Ns-acetyl-Ns-hydroxy ornithine and Ns-
hydroxybutyryl-Ns-hydroxy ornithine, of which the hydroxamates or B-hydroxy carboxylates
contribute to iron-chelation. Additionally, the amino acids in the peptide backbone may also be
isomerized to the D-enantiomeric form (reviewed in 15, 219).

The pyoverdine biosynthesis occurs in many steps, involving the cytoplasmic generation of
the acylated ferribactin precursor by non-ribosomal peptide synthesis, export and consecutive
maturation by tailoring enzymes in the periplasm, as detailed hereafter (Figure 5). Pyoverdine
biogenesis starts in the cytoplasm, where the non-ribosomal peptide synthases (NRPSs) PvdL
(243), Pvdl (244) and PvdD (245, 246) (depending on the strain considered, further NRPSs can
be involved in synthesis) assemble the acylated ferribactin precursor. Module 1 of PvdL
incorporates either a myristic- or myristoleic acid side-chain instead of an amino acid as first
building block (247), thus ferribactin is acylated on the free amino group of the glutamic acid
residue (248). The NRPS PvdL is conserved in all known fluorescent pseudomonads, thus the first
building block consisting of the acylated L-glutamic acid, coupled via its y-carboxylic acid to D-
tyrosine and L-2,4-diaminobutyrate (L-Dab) is conserved, which is coherent, since it is later
cyclized to the characteristic chromophore. L-Dab, required by PvdL, is produced by PvdH from
L-aspartate (-semialdehyde (L-ASA) (249). L-Ns-formyl-Ns-hydroxy ornithine (L-fOHOrn) is
produced in two steps, first, the monooxygenase PvdA hydroxylates L-ornithine to L-Ns-hydroxy
ornithine (250-253), which is then formylated by PvdF to L-Ns-formyl-Ns-hydroxy ornithine
(254). All these enzymes have been implicated in forming membrane associated complexes called
“siderosomes”, possibly to circumvent cytoplasmic toxicity (255, 256). Furthermore, a small MbtH

like protein may be involved in pyoverdine synthesis (257). MbtH proteins have been implied in
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enhancing adenylation domain activity (258, 259). Also, a soluble thioesterase PvdG may be
involved in pyoverdine production (181), although it does not seem to be essential in
P. aeruginosa, possibly due to the functional redundancy of PA2411 (260). Additionally, further
auxiliary enzymes, such as the Ns-hydroxy ornithine acetylase PvdYy, are involved in the
cytoplasmic pyoverdine synthesis in some strains (261). After the cytoplasmic steps in biogenesis
of the acylated precursor are completed, the acylated ferribactin is translocated into the periplasm
by the ABC transporter PvdE (262, 143).
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Figure 5: Overview over pyoverdine biosynthesis, export, recycling and signaling in P. fluorescence A506. The
acylated ferribactin precursor is synthesized in the periplasm by the non-ribosomal peptide synthetases PvdL, Pvdl
and PvdD, involving the enzymes PvdH, PvdF and PvdA, which generate the non-proteinogenic amino acids L-Dab and
L-fOHOrn, organized as membrane bound complex referred to as “siderosome”. The adenylation-domain activating
protein MbtH and the soluble thioesterase PvdG may also be involved. The acylated precursor is then exported into the
periplasm via PvdE, where it is deacylated by PvdQ. Thereafter, PvdP catalyzes the chromophore formation. Further
unknown maturation steps may be carried out by the putative but required enzymes PvdM, PvdN and PvdO.
Subsequently, the matured pyoverdine is exported via PvdRT-OpmQ or the type VI secretion system and other yet
unidentified export pathways. After binding iron, ferripyoverdine is imported by FpvA in conjunction with TonB-
ExbBD (see section 1.4 for details) and simultaneously triggers the regulation cascade involving FpvR, Fpvl and PvdS
(see section 1.5 for details). Iron is liberated from pyoverdine, facilitated by FpvF, FpvC, and FpvGHJK. The liberated
Fe2+ is imported into the cytoplasm via FpvD2E2, where it can trigger the Fur-regulon and the deferrated pyoverdine is
recycled (see previous sections for details). Please refer to the text for further details. L-Dab, L-2,4-diaminobutyrate; L-
ASA, L-aspartate 3 semialdehyde; L-fOHOrn, L-Ns-formyl-Ns-hydroxy ornithine; L-OHOrn, L-Ns-hydroxy ornithine; IM,
inner membrane; OM, outer membrane.
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In the periplasm, the acylation of ferribactin is removed by the NTN-type hydrolase PvdQ
(247, 143, 248). PvdQ was first discovered as quorum-quenching enzyme, which acts by
deacylating 3-oxo-dodecanoic homoserine lactone that belongs to the autoinducers N-acyl
homoserine lactones (AHLs) (263-265). PvdQ is produced as a proenzyme that
autoproteolytically cleaves itself in the periplasm by excising a 23-residue spacer forming an
18 kDa a-chain and a 60 kDa -chain, which reassociate to form a functional heterodimer (263).
Thereafter, the copper-dependent tyrosinase like enzyme PvdP catalyzes the formation of the
pyoverdine chromophore starting from ferribactin (266), probably via the oxidative cyclization
cascade proposed by Dorrestein et al. (Figure 4E; 228, 229). Interposon studies revealed that the
putative periplasmic enzymes PvdM, PvdN and PvdO are required for pyoverdine biosynthesis
but their function is unknown (164, 181, 267, 143, 260, 268). For the enzyme PvdN it could be
demonstrated that it is exported via the twin-arginine translocation (Tat) pathway (267). After
periplasmic maturation, pyoverdine is exported via the PvdRT-OpmQ pathway, although it cannot
be the only export route (137). Furthermore, the type VI secretion system was implied in
pyoverdine export (142). The complex biosynthesis and maturation of pyoverdines is obviously
demanded by the chemical complexity of the siderophore, which in turn is apparently a tribute to
the intricate interplay of environmental and biological factors implicated in something seemingly

simple as the competition for iron.
1.7. Pyoverdine as target for antibiotic treatments

Due to the importance of pyoverdine for virulence (see section 1.3 for details), it has been
regarded as potential target for novel antibiotics, although the approaches vary according to their
specific target within the pathways involved in biosynthesis, uptake, recycling and regulation. An
elegant approach referred to as “trojan horse” strategy, exploits the pyoverdine import pathway
to shuttle covalently attached antibiotics into the cell (269-271). In this regard, a number of
pyoverdine derivatives have been synthesized and tested for enhanced antibacterial activity,
either consisting of pyoverdines conjugated to B-lactam- (272, 273) or quinolone antibiotics

(274), establishing the feasibility of this approach. Furthermore, it could be demonstrated that a
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hydrolysable linker is preferable for activity (274) and that the sterical hindrance of the uptake of
pyoverdine by conjugation is minimal at the variable acyl side chain attached to the 3-amino group
of the chromophore (275). This approach has the advantage of being strain specific, since
pyoverdines are taken up only if the respective bacterium is in possession of a compatible outer
membrane receptor FpvA (as discussed in section 1.4), also established experimentally (274).
These findings suggest that it may be worthwhile to explore the possibilities of the “trojan horse”
strategy by further experiments. A second approach, also targeting uptake but also the signaling
pathway has been investigated using “Gallium-mediated siderophore quenching” (276, 277),
which supposedly acts by interfering with iron uptake by gallium-pyoverdine chelates that are
known not to be dissociatable by reduction (136), thus also highjacking the signaling pathway for
iron-starvation, thereby possibly increasing the metabolic burden (276). In a previous study
gallium-chelates were shown to downregulate pvdS expression (277). Interestingly, it could be
demonstrated, that this strategy seems to be evolutionary robust, since, in comparison to classical
antibiotics, resistance development was retarded (276).

Another promising approach interferes with the biosynthesis of siderophores, specifically by
inhibiting the deacylating NTN-type hydrolase PvdQ (247, 278, 279). Previously, it could be
shown, that a PvdQ deletion mutant is impaired in virulence against Caenorhabditis elegans and
Solanum tuberosum (280). Furthermore, since PvdQ also plays a role in quorum quenching by AHL
deacylation (263), it is interesting to note that the observed reduced virulence is attributable to
the lack in pyoverdine maturation and not to the disturbance of the AHL quorum-sensing circuit
(280).

Moreover, in a screening for antivirulence activity against P. aeruginosa of already marketed
drugs, the antimycotic drug flucytosine was found to inhibit pvdS expression, thereby reducing
virulence in a mouse model lung infection (190). Although the exact mode of action for flucytosine
has not been elucidated yet, it could be demonstrated that the conversion of the prodrug

flucytosine to 5-fluorouracil is required for activity (190).
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The promising results obtained by the presented approaches demand to invest more time and
effort into understanding the exact processes involved in biosynthesis, uptake, recycling and

regulation of pyoverdine.

2. Aims of this study

Although investigations into the biosynthesis of pyoverdine have elucidated most of the
cytoplasmic biosynthesis pathway, the periplasmic maturation of pyoverdine is generally not well
understood. Even though the functions of the periplasmic enzymes PvdP and PvdQ could be
revealed, the functions of the proposedly essential periplasmic enzymes PvdM, PvdN and PvdO
have not been exposed. Additionally, although PvdRT-OpmQ and the type VI secretion system are
implied to be involved in pyoverdine export and recycling, an open question remains as to which
other export routes are engaged therein. Furthermore, a number of enzymes involved in the
signaling pathway, for instance the site-1-like protease that obviously is of importance for the
whole signaling cascade, remain to be identified. Another unresolved puzzle is the production of
different side-chain variants of pyoverdines, which have been recognized for many years,
although neither their biosynthetic origin nor their biological function have yet been unraveled.
In light of the biosignificance of pyoverdines that are important in a multitude of environmental
settings, especially pathogenicity and plant-growth promotion, it is unsatisfactory not to
understand the intricate details involved in pyoverdine biosynthesis, uptake, recycling and
regulation.

Therefore, in this thesis, we sought to shed some light on the complex periplasmic maturation
pathway. As a starting point, we focused on the investigation of the functions of PvdM, PvdN and
PvdO. To examine the potential roles of these enzymes, knock-out mutants of the genes encoding
the respective proteins were to be constructed. In combination with pyoverdine extraction and
intermediate analysis, as well as complementation of the deletion mutants, we aimed to obtain
insights into the steps these putative enzymes catalyze. By this approach we hoped to gain an
understanding of how the remaining unsolved steps of pyoverdine biosynthesis, uptake, recycling

and regulation can be explained and how PvdM, PvdN and PvdO are involved.
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3. Results

3.1. PvdN Enzyme Catalyzes a Periplasmic Pyoverdine Modification
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Pyoverdines are high affinity siderophores produced by a
broad range of pseudomonads to enhance growth under iron
deficiency. They are especially relevant for pathogenic and
mutualistic strains that inhabit iron-limited environments.
Pyoverdines are generated from non-ribosomally synthesized
highly modified peptides. They all contain an aromatic chro-
mophore that is formed in the periplasm by intramolecular
cyclization steps. Although the cytoplasmic peptide synthesis
and side-chain modifications are well characterized, the
periplasmic maturation steps are far from understood. Out of
five periplasmic enzymes, PvdM, PvdN, PvdO, PvdP, and PvdQ,
functions have been attributed only to PvdP and PvdQ. The
other three enzymes are also regarded as essential for sidero-
phore biosynthesis. The structure of PvdN has been solved
recently, but no function could be assigned. Here we present the
first in-frame deletion of the PvdN-encoding gene. Unexpect-
edly, PvdN turned out to be required for a specific modification
of pyoverdine, whereas the overall amount of fluorescent
pyoverdines was not altered by the mutation. The mutant strain
grew normally under iron-limiting conditions. Mass spectrom-
etry identified the PvdN-dependent modification as a transfor-
mation of the N-terminal glutamic acid to a succinamide. We
postulate a pathway for this transformation catalyzed by the
enzyme PvdN, which is most likely functional in the case of all
pyoverdines.

Under aerobic conditions in the neutral pH range, iron can
form insoluble Fe™ oxide hydrates, limiting the amount of
readily available iron. Therefore, many organisms produce sid-
erophores that bind and thereby solubilize iron in their sur-
roundings. A special group of these siderophores are the
pyoverdines, yellow-green pigments that were first described in
1892 by Gessard (1). Turfitt (2, 3) used the production of
pyoverdines for taxonomic classification of “fluorescent pseu-
domonads,” which include many important pathogenic as well
as beneficial pseudomonads. Today it is known that pyover-
dines are non-ribosomally synthesized, highly modified pep-
tides whose biosynthesis and regulation involve more than 20

* This work was supported by the German Research Foundation (DFG) as a
project of the GRK1798 “Signaling at the Plant-Soil Interface.” The authors
declare that they have no conflicts of interest with the contents of this
article.
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proteins (4). The cytoplasmic biosynthesis reactions are well
established, but recently, the periplasmic maturation has
gained interest. Of the five periplasmic enzymes, PvdM, PvdN,
PvdO, PvdP, and PvdQ, which are found in all known pyover-
dine-producing species, functions have been assigned so far
only to PvdQ and PvdP, which are involved in a precursor
deacylation step and the chromophore cyclization, respectively
(5—-8). PvdQ has been identified as a potential novel drug target
(5). Based on interposon mutagenesis studies, PvdM, PvdN, and
PvdO are all considered to be essential for the formation of
functional pyoverdines (6, 9-11).

PvdN is translocated via the Tat? system (11). As heterolo-
gously produced PvdN contains as prosthetic group a pyridoxal
phosphate cofactor (PLP (12)), the Tat system may transport
PvdN together with a bound PLP or a derivative thereof. How-
ever, no specific function in pyoverdine biogenesis could be
attributed to PvdN.

Here we demonstrate that the enzyme PvdN specifically
introduces a side-chain modification into the produced pyover-
dine. The side-chain modification did not influence growth
under iron-limiting conditions at different pH settings. Fluo-
rescent pseudomonads usually produce more than one isoform
of pyoverdine, which is exploited by a method known as sidero-
typing (13). This method utilizes the different pI values of
siderophores, which include modified pyoverdine isoforms.
Most of the modifications influencing the pI can be attrib-
uted to variations of a side chain at the 3-amino group of the
chromophore (4, 14, 15). PvdN is responsible for such a mod-
ification. In contrast to results from earlier interposon
mutagenesis studies that could not exclude polar effects (9,
10), a scar-less in-frame deletion of pvdN selectively abol-
ished this modification without affecting the formation of
functional pyoverdine. A mechanism for the catalyzed reac-
tion of PvdN is proposed that attributes a key function to the
bound cofactor. Lys-261 in the cofactor-binding pocket was
essential for activity and translocation into the periplasm,
suggesting that the Tat system has to translocate PvdN in an
active, cofactor-containing conformation.

2 The abbreviations used are: Tat, twin-arginine translocation; oePCR, overlap
extension polymerase chain reaction; EDDHA, ethylenediamine di(o-hy-
droxy)phenylacetic acid; PLP, pyridoxal phosphate; IEF, isoelectric focus-
ing; CAS, chrome azurol S; CAA, casaminoacid; UPLC, ultra-performance
liquid chromatography; Bicine, N,N-bis(2-hydroxyethyl)glycine.
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FIGURE 1. Pyoverdine maturation by periplasmic enzymes and their genetic relatedness. A, postulated structure of PVD 5504 (24), showing the fluorophore
and the position of the modified N-terminal residue (R,), which are the regions where periplasmic maturation occurs. The three shown R, side chains represent
the three structures that are relevant in this study. B, conserved clustered organization of the pvdMNO operon and the pvdP gene, which encode the
periplasmic pyoverdine maturation enzymes. PvdQ, which has also functions in other pathways, is not encoded in this cluster.

Results

Pseudomonas fluorescens A506 Produces a Typical Pyover-
dine—Based on genetic analyses, it was recently proposed that
P. fluorescens strain A506 produces a typical pyoverdine, which
is expected to bind Fe™ via six ligands provided by two hydrox-
amates of the peptide moiety and two oxo groups of the cate-
chol fluorophore (Fig. 14) (4). While the cytoplasmically gen-
erated peptide moiety varies in sequence, length, and cyclic/
linear structure among the many known pyoverdines, the
enzymes involved in the periplasmic maturation of this sidero-
phore are highly conserved in all pyoverdine-producing species
and strains, indicating that their activities are required for all
known pyoverdines (Fig. 1B). We chose to study these aspects
in the fully genome sequenced P. fluorescens strain A506, for
which we have established versatile genetic tools such as
genomic in-frame knock-outs and complementation vectors, as
well as phenotypic assays such as pyoverdine formation analy-
ses. For an initial chemical characterization of the pyoverdine
produced by P. fluorescens A506 (referred to as PVD, .
throughout), we carried out the Csaky assay for the detection of
hydroxamates (16), the Arnow reaction for the identification of
the catechol functionality (17), and a ferric perchlorate assay to
detect binding of iron at low pH values (18). Furthermore, we
evaluated the expected influence of iron chelation by PVD 5o
on spectral properties (19).

The fluorescence emission spectrum changed upon chela-
tion of iron by PVD , o (Fig. 2, A and B). Specifically, the max-
imum at ~500 nm was quenched and the intensity of the major
emission peak at ~440 nm was reduced. The electronic absorp-
tion spectrum (Fig. 2C) showed a shift of a 405 nm maximum to
400 nm and the formation of a shoulder at 460 nm. PVD 5
reacted positively in the Csaky assay (16) that hydrolyzes the
8-N-formyl-8-N-hydroxyornithines and thereby forms hydrox-
ylamine that is detectable by a sensitive colorimetric assay (Fig.
2D), indicative for the presence of hydroxamates. This was
expected for the 6-N-formyl-6-N-hydroxyornithines of the sid-
erophore. The Arnow assay (17) is based on the formation of a
colored compound with a nitrite-molybdate reagent. As char-
acteristic for pyoverdines (20), PVD , 5 did not react positively
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in this assay despite the presence of a catechol group. As
expected, PVD, 5o did not show binding of iron in the ferric
perchlorate assay (18), as the protonatable catechol is required
for efficient binding (PVD , 5 is not a Tris(hydroxamate) type
siderophore that would react positively).

The Gene Encoding PvdN Is Not Essential for Pyoverdine
Formation—In previous mutagenesis studies, it was already
noted that the observed essential phenotype of a pvdN inter-
poson mutation could have been caused by polar effects within
the pvdMNO operon (10). To examine the role of PvdN in
PVD 45 biosynthesis, we therefore first needed to establish a
scar- and marker-less in-frame deletion method for P. fluore-
scens A506. This was achieved by combining two methods (Fig.
3A) (21, 22). First, a deletion plasmid derived from the suicide
plasmid pK18mobsacB (23) was constructed, containing ~1
kbp of the left and right flanking regions of the target gene.
Then, instead of conjugative transfer of the plasmid, we
employed electroporation (22), which worked efficiently for
P. fluorescens A506. Single crossover integrands were selected
on the appropriate antibiotic. Double crossover mutants were
selected by successive counter-selection on sucrose-containing
medium, and scar- and marker-less deletions were identified
and confirmed by PCR and sequencing. We included a deletion
of monocistronic pvdP as control, as PvdP has been biochemi-
cally confirmed to be essential for the fluorophore formation
(8).

The resulting ApvdN and ApvdP deletion strains were tested
for growth and pyoverdine production on casamino acid (CAA)
medium plates with or without the iron-depleting chelator eth-
ylenediamine di(o-hydroxy)phenylacetic acid (EDDHA) (Fig. 3,
B-E). As expected, the ApvdP control strain could not produce
fluorescent pyoverdine and did not grow on EDDHA-contain-
ing medium. However, unlike what was expected from the ear-
lier interposon mutagenesis studies that could not exclude
polar effects in the operon (6, 10, 11), the scar-less ApvdN
mutant strain was not impaired in pyoverdine formation, nor
did the deletion affect growth on iron-depleted medium. In
fact, the ApvdN strain showed the same phenotype as the WT
strain on both media, producing approximately equivalent
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FIGURE 2. Initial characterization of the pyoverdine PVD, .. A and B, fluorescence in the range of 350-800 nm of PVD 5. in culture supernatant from
P. fluorescens A506, excited at 200-340 nm in the absence (A) or presence (B) of 1 mm FeCl;. AU, arbitrary units. C, electronic absorption spectra of the samples
from Aand B. D, electronic absorption spectrum of the Csaky assay (16), indicating the presence of hydroxamates. Fresh medium (CAA) was treated in the same

manner as the culture supernatant (PVD s50)-
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FIGURE 3. A scar- and marker-less in-frame deletion of pvdN in P. fluorescens A506 does not abolish formation of fluorescent pyoverdines. A, scheme
for the scar- and marker-less in-frame gene deletion in P. fluorescens A506 (see “Results” for details). LF, left fragment; RF, right fragment; left fragment and right

fragment are derived from the upstream or downstream sequences of the

region to be deleted. B-E, droplet assays of 1) P. fluorescens A506 ApvdP, 2)

P. fluorescens A506, 3) P. fluorescens A506 ApvdN, 4) P. fluorescens A506 ApvdN + pME6010-pvdN-strep, and 5) P. fluorescens A506 ApvdN + pME6010-
pvdN,.s;4-Strep. Strains were incubated either in the absence (B and C) or in the presence of EDDHA (D and E). The plates were imaged (B and D), and

fluorescence was detected on a UV table (C and E).

amounts of pyoverdine. Complementation vectors did not fur-
ther increase the amount of pyoverdine released into the
medium. We therefore further investigated the role of PvdN in
pyoverdine formation.

PvdN Is Responsible for a Specific Modification of Pyover-
dine—To initially assess the impact of the ApvdN mutation on
pyoverdine formation, we utilized isoelectric focusing (IEF) gels
in combination with a chrome azurol S (CAS) overlay assay
(Fig. 4A) (13), which detects iron chelators that liberate iron
from chrome azurol S, resulting in color reduction. The results
revealed that PvdN is involved in the formation of a pyoverdine
derivative that can be separated based on its specific pl. As it is
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known that multiple pyoverdine isoforms with varied side
chains attached to the 3-amino group of the chromophore are
generally produced in parallel (15), we could clearly attribute
such a variation to the enzyme activity of PvdN.

It was now important to exactly determine the nature of the
chemical modification introduced by PvdN. We approached
this aspect by UPLC mass spectrometry. Two components were
identified in the wild type strain (Fig. 4B). Confirming the pos-
tulated structures (24), high resolution mass spectrometry
revealed that one component had the mass of 1160.53 Da,
which is the exact mass of the succinamide form of the pyover-
dine, and the other had the mass of 1189.51 Da, which corre-
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FIGURE 4. PvdN is responsible for a pyoverdine modification. A, isoelectric focusing indicates that wild type P. fluorescens A506 produces two pyoverdines,
whereas the ApvdN mutant strain can only form one pyoverdine species (left gel). Besides the wild type and mutant strains, the IEF gel also shows the
pyoverdines of strains with complementation vectors that contain either a wild type pvdN gene or a gene encoding the protein with a K261A mutation. Note
the functional complementation by the wild type pvdN gene, whereas the exchange of the active site lysine completely abolishes the activity. The CAS overlay
assay of the same IEF gel demonstrates the iron binding capacity of both pyoverdines (right gel). B, analysis of pyoverdine content in wild type P. fluorescens
A506 and its ApvdN mutant. Left and right, reverse phase chromatography elutions (left) and corresponding mass spectra (right) of the succinamide and
a-ketoglutarate forms of the pyoverdine (numbers correspond to structures in Fig. 1A). The elution profiles monitor the respective molecular masses during

reverse phase chromatography, indicated beside the y-axes, showing that no succinamide is formed by the ApvdN mutant.

sponds to the a-ketoglutarate. The glutamic acid that is initially
formed in the periplasm is therefore virtually completely trans-
formed into the two mentioned variants. In the ApvdN mutant,
only the a-ketoglutarate form of pyoverdine was formed, indi-
cating that the transformation to the succinamide was com-
pletely abolished.

Having demonstrated the nature of the chemical modifica-
tion that depends on PvdN, we carried out complementation
analyses to exclude that the missing modification in the ApvdN
mutant was caused by additional unknown genetic changes.
When expressed constitutively from a stable low copy vector,
the recombinant pvdN gene resulted in full complementation
of the phenotype, demonstrating that the phenotype was
indeed exclusively caused by the lack of PvdN and no other
genomic mutation (Fig. 44). There were no new intermedi-
ates accumulating in the ApvdN mutant, indicating that
PvdN most likely transforms the unmodified original glu-
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tamic acid residue directly to succinamide at the 3-amino
position of the chromophore.

The Modified Pyoverdine Is Not Required for Iron-limited
Growth under Specific pH Conditions—PvdN is conserved in all
pyoverdine-producing bacteria, and the catalyzed modification
must therefore somehow contribute to pyoverdine function. As
the major function of pyoverdines is the acquisition of iron
under iron limitation, and as we had already observed that the
ApvdN mutant was able to grow under such conditions at neu-
tral to slightly basic pH (Fig. 3, B—E), we thought about a poten-
tial function of the modification at distinct environmental pH
conditions. The modification clearly increases the pI of the sid-
erophore (Fig. 4A), and therefore could contribute to iron
uptake under pH conditions near the pl of the non-modified
pyoverdine and thereby help to ensure the iron supply in a
larger pH range. However, this hypothesis turned out to be
wrong. The PvdN-dependent modification was not required for
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FIGURE 5. The ApvdN mutation does not affect iron acquisition under
iron-limiting conditions at pH values that allow growth of strain A506.
P. fluorescens (WT and ApvdN) was grown under iron-limiting (CAA) and iron
starvation (CAA + EDDHA) conditions for 36 h at the indicated pH values,
colonies were imaged (left), and the pyoverdine fluorescence was detected
(right). Note that there is no detectable difference in growth and pyoverdine
formation between the two strains.

growth under iron-limiting conditions under any pH condition
tested, ranging from pH 6 to 9 (Fig. 5). Below pH 6, P. fluore-
scens A506 did not grow at all, irrespective of the iron content.

PvdN Requires Cytoplasmic Cofactor Assembly for Folding
and Tat Transport—As Tat-dependently translocated proteins
can be translocated together with bound cofactors, we ad-
dressed this question with PvdN, which is believed to contain a
PLP cofactor. In related PLP-containing enzymes, a lysine res-
idue is conserved that plays a crucial role in cofactor binding
(25). The corresponding residue in PvdN from P. fluorescens
A506 is Lys-261. In the published Pseudomonas aeruginosa
PvdN crystal structure, PLP had already formed an external
aldimine with some substrate and therefore was non-covalently
positioned next to the corresponding lysine residue (12). When
we produced P. fluorescens A506 PvdN heterologously without
its signal peptide in Escherichia coli, wild type PvdN could be
obtained with a bound PLP cofactor, whereas a PvdN K261A
variant was highly unstable and could not be analyzed, indicat-
ing that cofactor binding is likely to be highly important for
folding (Fig. 6A). Transport was analyzed with the full-length
proteins in P. fluorescens A506. The enzyme was only detecta-
ble in membrane and periplasmic fractions (Fig. 6B). While the
wild type PvdN was clearly translocated into the periplasm, the
PvdN K261A variant was not translocated anymore, and unpro-
cessed full-length protein was detected exclusively in the mem-
brane fraction instead, indicating that the absence of PLP
causes structural characteristics that are no longer compatible
with functional Tat transport.

Discussion

The periplasmic maturation of pyoverdines has been a mys-
tery for many years. While significant progress has been made
with PvdQ and PvdP (5, 8, 26), the function of any of the pro-
teins encoded by the pvdMNO operon has remained unclear.
As interposon mutagenesis suggested essential roles of these
proteins for pyoverdine production, it was seemingly not pos-
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FIGURE 6. PLP binding is required for translocation of PvdN across the
cytoplasmic membrane. A, UV-visible absorption-based PLP detection in
PvdN as purified after heterologous production in E. coli ER2566/pEX-mat-
pvdN-strep and subsequent transimination with ammonium hydroxide to
produce a stable, well detectable PLP oxime (42). AU, arbitrary units. B, Strep-
Tactin-HRP conjugate-mediated detection of C-terminally Strep-tagged PvdN
or PvdN K261A in membrane and periplasmic fractions of P. fluorescens A506
containing either pME6010-pvdN-strep or pME6010-pvdN ., 4-Strep by SDS-
PAGE/Western blotting. Unprocessed PvdN K261A full-length protein accu-
mulates in membranes and shows abolished translocation, whereas the wild
type protein is translocated into the periplasm. >, mature PvdN in the
periplasmic fraction; ¥, full-length PvdN in the membrane fraction. Positions
of molecular mass markers (in kDa) are indicated on the left.

sible to address the individual functions of these enzymes (6, 10,
11). Interestingly, we realized that an in-frame deletion of the
pvdN gene caused a much milder phenotype than the inter-
poson mutation, suggesting that polar effects might disturb the
interpretation of the former approaches, which was already
considered by the authors of the original deletion study (10).
We were surprised to see that the scar-less ApvdN mutation did
not reduce the formation and release of fluorescent pyoverdine
(Fig. 3, B-E). The only phenotype of the pvdN deletion was the
absence of one specifically modified pyoverdine, and this phe-
notype could be complemented by the single pvdN gene, prov-
ing that PvdN is indeed responsible for the modification (Fig. 4).
In a more recent study on PvdP, it was already suggested that
PvdN, besides PvdM and PvdO, can only be involved in side-
chain modifications, as PvdP promotes all steps of chro-
mophore formation (8). Our study now shows that this sugges-
tion was indeed correct. Moreover, the modification that we
can now attribute to PvdN is well known and has been observed
in numerous structural studies on pyoverdines (reviewed in
Ref. 4). Although a-ketoglutarate, succinamide, and succinate
chains have been described as side chains in pyoverdines, the
enzymes that catalyze their biogenesis starting from glutamic
acid, have never been identified, and this study unravels the first
of these conversions.

An open question remains the physiological purpose of this
highly conserved modification of pyoverdines. Our experi-
ments indicate that it is not the iron acquisition at any specific
pH that requires the PvdN-dependent modification (Fig. 5).
The amount of released pyoverdine is unaltered, and the affin-
ity to iron seems to be unaffected as well, because the mutant
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grows equally well on EDDHA-containing iron-limited mini-
mal medium as the wild type strain. The function of the modi-
fication might relate to specific environmental conditions or
niches that cannot be mimicked in pure cultures and therefore
escape our analyses. One could, for example, imagine that cer-
tain interactions with abiotic or biotic surfaces are mediated or
enhanced by the modifications that somehow contribute to
iron supply. Another potential function may relate to signal-
ing pathways involved in quorum sensing or host interac-
tions. Whatever the reason for the modification, its strong
conservation among all pyoverdine-producing pseudomon-
ads implies that it cannot be something dispensable under
natural conditions.

A highly interesting side aspect of this study was the analysis
of the transport of PvdN to the periplasmic space, as the data for
the first time suggest a Tat-mediated cotransport of a PLP
cofactor with a periplasmic enzyme. PvdN is known to be a
Tat-dependently translocated protein (11), and the crystal
structure of P. aeruginosa PvdN demonstrated an incorporated
PLP cofactor (12). In Pseudomonas taetrolens, it has been dem-
onstrated that PLP could be incorporated into a Sec-dependent-
ly translocated periplasmic amino acid racemase after translo-
cation (27), and no PLP insertion into Tat-dependently
translocated enzymes has been described so far. Why is PvdN
transported by the Tat system if the cofactor could in principle
also be incorporated after transport? PvdN requires the PLP-
binding lysine residue for functional translocation into the
periplasm (Fig. 6B), and our data indicate that PvdN is trapped
in the membrane if this cofactor binding is affected in PvdN
K261A. The speculation may be allowed that cofactor binding is
required for correct folding. This is indeed strongly supported
by the published crystal structure (12). PvdN forms a dimer,
and the deeply buried cofactor that is located close to the sub-
unit interface likely contributes to folding and stable interac-
tion of the to-be-transported protein (12). The observation that
the unprocessed form of PvdN K261A is detected in the mem-
brane fraction may relate to the exposure of hydrophobic core
regions, which are known to abolish Tat substrate translocation
(28). If PvdN is translocated as a folded dimer, it contains two
signal peptides that can mediate its translocation. Such homo-
oligomeric Tat substrates are well known, and it is not yet
understood how all signal peptides are removed after transport
(29, 30).

Mechanistically, it is highly interesting to recognize that
PvdN is able to catalyze the production of a succinamide chain
at the N terminus of pyoverdines. The substrate of PvdN is
likely to be the glutamic acid form of pyoverdine, which is pro-
duced by PvdQ after deacylation of the acylated ferribactin (5,
26) immediately after its translocation into the periplasm by
PvdE (6). The ApvdN mutant still produces a-ketoglutaric acid,
which therefore cannot be the product of a PvdN-catalyzed
transamination, and because a-ketoglutaric acid cannot be
transformed to succinamide by a PLP cofactor, it neither can be
the substrate for PvdN (Fig. 7A). PvdN thus apparently cata-
lyzes the oxidative decarboxylation of the glutamic acid to suc-
cinamide, a reaction for which the following mechanism can be
proposed. As PvdN solely contains a PLP cofactor and no
redox-active cofactors that could be involved (see Ref. 12), the
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situation is analogous to the CcbF-catalyzed PLP-dependent
decarboxylation-coupled oxidative deamination (31). Unlike
CcbF, an oxo group of the peroxo intermediate at the aC atom
is retained, which can be readily explained by standard PLP
chemistry, including proton abstraction at the aC atom and
electron shuffling (Fig. 7B) (25). This would permit the direct
formation of the amide of the decarboxylated amino acid,
which would be to our knowledge the first description of such a
reaction. The known crystal structure of PvdN strongly sup-
ports this hypothetical mechanism, as the deeply buried PLP-
containing active site is connected to the surface via two chan-
nels. One is large enough to allow entering of the side chain, and
the other, more narrow tunnel could permit the passage of CO,
and O, (Fig. 7C). Future analyses will hopefully clarify the valid-
ity of the proposed mechanism, which might also be used in
other biosynthetic pathways.

Experimental Procedures

Strains and Growth Conditions—P. fluorescens A506 was
used for physiological studies, E. coli DH5a A pir™ was used for
cloning, and E. coli ER2566 was used for expressions. P. fluore-
scens A506 was grown aerobically at 30 °C, and E. coli was
grown at 37 °C in LB medium (1% (w/v) Tryptone, 1% (w/v)
NacCl, 0.5% (w/v) yeast extract) in the presence of the appropri-
ate antibiotics (100 ug/ml ampicillin, 50 pg/ml kanamycin, 20
pg/ml tetracycline). For subcellular fractionations, the strain
was grown in King’s B medium (2% (w/v) BD Bacto Proteose
Peptone No. 3 (BD Biosciences), 1% (v/v) glycerol, 0.15% (w/v)
K,HPO,, 0.15% (w/v) MgSO,).

For the production of pyoverdine, P. fluorescens A506 was
grown aerobically in Erlenmeyer flasks with baffles in CAA
medium (32) at 30 °C (5 g/liter casamino acids, 5 mm K,HPO,,
1 mm MgSO,, and, optionally, 1.5% (w/v) agar noble for plates).
For assessment of the pyoverdine phenotype, 0.5 g/liter
EDDHA were added to the medium. Growth was assessed after
~36 h at 30 °C. Images of the plates were acquired with the
Epson Perfection V850 Pro or the Epson Perfection V700 photo
scanner (Epson, Meerbusch, Germany).

To assess the impact of pH on iron acquisition, we used CAA
and CAA EDDHA agar supplemented with 100 mm of either of
the following buffers: Bicine, pH 9.0, HEPES, pH 8.0, HEPES,
pH 7.0, MES, pH 6.0, sodium acetate, pH 5.0 or pH 4.0. All
buffers were prepared as 1 M stock solutions from the free acid/
base, and the pH was adjusted as needed with HCI or NaOH.
The growth was assessed after incubation for ~36 h at 30 °C,
and images were acquired as described before. In the above
mentioned droplet plate assays, we used LB overnight cultures,
which were washed twice with liquid CAA medium and then
adjusted to an ODy, of 1.0, from which 10 ul were spotted on
a plate.

Genetic Methods and Plasmids—For construction of the
scar- and marker-less deletions in P. fluorescens A506, the plas-
mid pK18mobsacB (23) was utilized, according to a published
protocol (21) with slight modifications. In particular, we used
3'- and 5'-flanking regions of ~1 kbp in length for plasmid
integration, and we employed overlap extension PCR (0ePCR
(33)) to connect both fragments. Furthermore, we avoided the
use of conjugation and instead applied a published quick trans-
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formation procedure for pseudomonads (22). Additionally, we
included an overnight culture step in 5 ml of LB medium after
transformant selection on kanamycin plates, which were then
diluted 1:1000 before plating 50 ul on 10% (w/v) sucrose coun-
ter-selection plates. All incubation steps were carried out at
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FIGURE 7. Role and putative mechanism of PvdN catalysis in the biosynthesis of pyoverdines. A, branched modification pathway of the side chains at the
N3-position of the pyoverdine fluorophore. B, likely mechanism of PvdN-catalyzed PLP-dependent oxidative decarboxylation under retention of the amine
nitrogen. See “Results” for details. C, as expected for the proposed model, two channels connect the PLP-containing active site cavity with the surface. PLP
atoms are colored to visualize the channels, which both lead to the reactive side of the cofactor. For this figure, PvdN of P. fluorescens A506 was homology-
modeled using the available PvdN structure (PDB5i90; ~62% sequence identity; global model quality estimation (GMQE) 0.79 (44 - 46)) as template. The image
was generated using the VMD software (47).

30°C. The deletions were confirmed by colony PCR and
sequencing of the PCR product.

For complementation of the deletion strain, pvdN was pre-

cloned via PCR into the vector pEXH5 (34), adding a Strep-tag
with the reverse primer. From there, the gene was cloned into
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the plasmid pME6010 (35) including its ribosomal binding site
from pEXHS5 and adding an artificial terminator (International
Genetically Engineered Machine (iGEM) part: BBa_B1006). For
the construction of a K261A single-point mutation in pvdN, we
employed 0ePCR (33) using the pEXH5-pvdN-strep plasmid as
template, subsequently cloning the resulting pvdN,,., 4-strep
fragment into the plasmid pEXH5 and from there into
pME6010.

The sequence encoding the mature part of PvdN (starting at
position 31, as predicted with the SignalP 4.1 Server (36)) was
cloned into the plasmid pEXHS5, resulting in pEX-mat-pvdN-
strep for overproduction in E. coli ER2566. All primers are listed
in Table 1. All plasmids were confirmed by restriction analyses
and sequencing.

Biochemical Methods—SDS-PAGE and subsequent Western
blotting or Colloidal Coomassie staining were carried out by
standard procedures (37—-40). The Western blots were devel-
oped employing Strep-Tactin-HRP conjugate according to
the manufacturer’s instructions (IBA, Gottingen, Germany).
Images of the Western blots were acquired utilizing the MF-
ChemiBIS 4.2 imaging system (DNR Bio-Imaging Systems,
Jerusalem, Israel).

For the overproduction of mature PvdN, the main culture
was inoculated with 1% of its volume of an overnight pre-cul-
ture. The main culture was grown at 37 °C until it reached an
optical density at 600 nm of ~0.6 and was then induced with 1
mM isopropyl B-p-1-thiogalactopyranoside (from a 1 M stock
solution) for 3 h. The cells (from a 1-liter culture) were pelleted
at 5,000 X g for 30 min at 4 °C, resuspended in 25 ml of lysis
buffer (100 mm Tris/HCI, pH 8.0, 150 mm NaCl, 1 mm EDTA
with freshly added 1 mm PMSEF, 25 ug/ml DNase, and 1 mm
DTT), and lysed with the French press (Thermo Fisher Scien-
tific, Dreieich, Germany) at 20,000 p.s.i. cell pressure. The pro-
tein was then purified over 1.5-ml gravity flow Strep-Tactin®
Sepharose columns according to the manufacturer’s instruc-
tions (IBA). Subcellular fractionation was carried out according
to established protocols (41) with slight modifications: 100-ml
cultures were grown to OD,, of 1 and fractionated with 1-ml
fractions.

Binding of PLP to PvdN was examined as described previ-
ously (42), with slight modifications. Briefly, the protein was
purified as described above, but the cells where lysed in a buffer
containing 1 mm PLP. After purification, the buffer was
exchanged against 0.1 M potassium phosphate buffer, pH 7.2,
employing 5-ml HiTrap™ desalting columns according to the
manufacturer’s instructions (GE Healthcare, Solingen, Ger-
many). The protein concentration was evaluated with Roti®-
Nanoquant according to the instruction manual (Carl Roth,
Karlsruhe, Germany) using the SpectraMax M3 spectropho-
tometer (Molecular Devices, Biberach an der Riss, Germany).
0.5 mg of protein in 1.5 ml were treated with 5 mm hydroxyla-
mine at 4°C for ~72 h, followed by filtration through a
Vivaspin® 6 concentrator with a cutoff of 3 kDa (Sartorius, Got-
tingen, Germany). Subsequently, the fluorescence of the PLP
oxime was detected at 446 nm with excitation at 353 nm
employing the Jasco FP-6500 spectrofluorometer (Jasco, Gross-
Umstadt, Germany).
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Purpose

site

BamHI

Restriction

Sequence

Name
PfA506-PvdN-F1-MR

Primers used in this study

TABLE 1
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Forward primer for cloning PvdN-coding region into pEXH5
Reverse primer for cloning PvdN-coding region into pEXH5

Forward primer for pvdN right flanking region

Forward primer for pvdN left flanking region
Reverse primer for pvdN left flanking region
Reverse primer for pvdN right flanking region

pvdN genomic deletion control primer
pvdN genomic deletion control primer

HindIII
HindIII

Ndel

CTAACCACCACGAAGTAAGTCCATGACCCGGTTATGACCCCTTTTCCCTTTGAACGAGAC
CCGATTAAGCTTTTACTTTTCGAACTGCGGGTGGCTCCATAACCGCTGGCTCAGCAGGGTC

CTGTTCGGATCCCGAGCATGAGGTGCGCTATAAGATCATCTCC
GGTCATGGACTTACTTCGTGGTGGTTAG

GCATCTAAGCTTTGGCCAAACAAGGCTGAACCCTGTAGGAG

AACGGCGATAACGCTCCGCACAAAC

ACGACGTGCTCAAGACCGAGATTTC
TTCGACCATATGACCGACCGCCGTACATTTCTCAAGCAGG

PfA506-PvdN-F2-MR
PfA506-PvdN-R1-MR
PfA506-PvdN-R2-MR
PfA506-PvdN-DF-MR
PfA506-PvdN-DR-MR
PfA506-PvdN-F-MR
PfA506-PvdN-strep-R-MR

ATGAAG
GTTGCAGTTCCTTGTCGCTGAGGTTG

CCGGCCAGCATTTCTGGCTATTC

PfA506-PvdP-DF-MR

Forward primer for pvdP left flanking region
Forward primer for pvdP right flanking region
Reverse primer for pvdP left flanking region

pvdP genomic deletion control primer
pvdP genomic deletion control primer

HindIII

TGCTCTAAGCTTTTGGTCGACATCTGCGACACGTCGATGATCAC
GCGCCTGCAACACGTTTTAAAGCGTTGTCATTGGCTACCTTAGGAAACGGC
TTAAACCCCGGGAGGTACTGGGTAGCCTGTCCAGGCGTATCGACGAG

ACGCTTTAAAACGTGTTGCAGGCGCTCTAGG

PfA506-PvdP-DR-MR
PfA506-PvdP-F1-MR
PfA506-PvdP-F2-MR
PfA506-PvdP-R1-MR

Reverse primer for pvdP right flanking region

Forward primer for cloning mature PvdN-coding region into pEXH5
Forward primer for subcloning from pEXH5 into pME6010

Reverse primer for subcloning from pEXH5 into pME6010

Primer for K261A exchange by 0ePCR
Primer for K261A exchange by 0ePCR

Xmal
Ndel
EcoRI
BamHI

CTTCTTCATCGCTGGCACCCACGCGTGGATGTTCGGCCCGCGGGGCACCGGLCC

CGCGTGGGTGCCAGCGATGAAGAAGTCGCAGTG
ATACGGCATATGGCCGCCACGAACGACCCATGGACGGGATTGAAACAAC

GGCGCGGGATCCGTTTAACTTTAAGAAGGAGATATAC

[ =4
e
%855
=20
o ZZ AT
TETEA
Saa Ea
O O \O \O LN
=¥=g=F=gs
mmmmx
SESES
[=PpaFiyaPyaViyaf
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CCCCTTGAATTCAAAAAAAACCCCGCCCTGTCAGGGGCGGGGTTTTTTTTTTTACTTTTCG

pEXPT7-strep-term-R-MR

AACTGCGGGTGGCTCC
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Extraction of pyoverdine was performed with Amberlite
XAD-4 resin as described previously (43) with minor modifica-
tions. Briefly, the culture was centrifuged at 20,000 X g at 4 °C
for 30 min and subsequently sterile-filtered through 0.2-um
filters. The pH was adjusted to pH 6.0, and 20 g/liter XAD-4
were added. The mixture was incubated for 3 h at 4 °C under
constant stirring. Thereafter, the XAD-4 resin was filtered and
resuspended in half of the original volume of pure (>18 megao-
hms) water. The mixture was stirred for 1 h at 4 °C. Succes-
sively, the XAD-4 resin was filtered and resuspended in a fifth of
the original volume of 15% (v/v) methanol and incubated at 4 °C
under constant stirring for 15 min. Consequently, the XAD-4
resin was filtered again, resuspended in 15% of the original vol-
ume of 50% (v/v) methanol, and incubated at 4 °C under con-
stant stirring for 1 h. Thereafter, the XAD-4 resin was removed
by filtration, and the filtrate was reduced to dryness in vacuo,
never heating the liquid above 25 °C. The dried extract was
stored at 4 °C and then dissolved in pure water for MS or IEF
analysis. The dissolved substance was stored at —20 °C.

LC-MS analysis was performed using a Q-Tof Premier mass
spectrometer (Waters, Eschborn, Germany) equipped with a
LockSpray™ unit, an electrospray ionization ion source (3-kV
capillary voltage, 30-V sampling cone voltage, 250 °C nitrogen
gas at a flow of 650 liters/h), and an ACQUITY UPLC (Waters).
Separation was performed on a Waters ACQUITY UPLC HSS
T3 column (1.8 wm, 2.1 X 100 mm) using the following linear
gradient of solvent A (double-distilled water with 0.1% (v/v)
formic acid) and solvent B (acetonitrile with 0.1% (v/v) formic
acid) at a flow of 0.4 ml/min: 10% B (0 min), 90% B (10 min), 90%
B (13.00 min), 10% B (13.10 min), 10% B (15 min).

To characterize the produced pyoverdines, we carried out
the Csaky assay (16), the Arnow assay (17), and the ferric per-
chlorate assay as described previously (18). Furthermore, we
recorded absorption and emission spectra with the Jasco V-650
spectrophotometer and the Jasco FP-6500 spectrofluorometer
(Jasco), respectively, with and without the addition of 1 mm
FeCl,. To qualitatively estimate the produced amount of
pyoverdine, 3 ml of the culture were centrifuged at 16,000 X g
for 2 min. 2 ml of the supernatant were adjusted to pH 8.0 by
adding 50 mm HEPES, pH 8.0, from a 1 m stock solution. There-
after, absorption spectra were recorded with the Jasco V-650
spectrophotometer (Jasco). All previously mentioned assays
were performed on culture supernatant without further
workup. To further characterize the pyoverdines, the XAD-4-
extracted samples were subjected to IEF electrophoresis with
subsequent chrome azurol S overlay detection as described pre-
viously (13) with minor modifications. Briefly, the sample
amount was normalized to an absorption at 400 nm of ~0.1,
utilizing the NanoDrop 2000 spectrophotometer (Thermo Sci-
entific). For IEF electrophoresis, we employed vertical precast
SERVAGel™ IEF 3-10 gels with 12 wells (SERVA Electropho-
resis, Heidelberg, Germany) together with an SE260 Mighty
Small IT Deluxe Mini vertical electrophoresis unit (Hoefer, Hol-
liston, MA), an EPS 601 electrophoresis power supply (GE
Healthcare), and a MultiTemp III cooling system (GE Health-
care). For IEF analysis, we used 35 ul of sample premixed with
the appropriate loading buffer. The IEF gels were run with the
cooling set to 4 °C with voltage settings according to the man-
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ufacturer’s instructions, except that the electrophoresis time at
200 V was extended to 3 h. The gels were imaged immediately
after running with the MF-ChemiBIS 4.2 imaging system (DNR
Bio-Imaging Systems) with top UV lamps turned on. The CAS
overlay solution was always prepared fresh from stock solu-
tions, and 30 ml were poured into a 10 X 10-cm Petri dish
(Sarstedt, Niimbrecht, Germany). When the CAS overlay solu-
tion had solidified, the IEF gels were wetted with pure water and
placed on top of the cast gel. The incubation time was adjusted
until bands were visible in the CAS overlay solution (~5 min).
The CAS assay was imaged with the same lamp settings as the
IEF gels.
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The periplasmic conversion of ferribactin to pyoverdine is
essential for siderophore biogenesis in fluorescent pseudo-
monads, such as pathogenic Pseudomonas aeruginosa or plant
growth-promoting Pseudomonas fluorescens. The non-ribo-
somal peptide ferribactin undergoes cyclizations and oxidations
that result in the fluorophore, and a strictly conserved fluoro-
phore-bound glutamic acid residue is converted to a range of
variants, including succinamide, succinic acid, and a-ketoglu-
taric acid residues. We recently discovered that the pyridoxal
phosphate-containing enzyme PvdN is responsible for the gen-
eration of the succinamide, which can be hydrolyzed to succinic
acid. Based on this, a distinct unknown enzyme was postulated
to be responsible for the conversion of the glutamic acid to a-ke-
toglutaric acid. Here we report the identification and character-
ization of this enzyme in P. fluorescens strain A506. In silico
analyses indicated a periplasmic transaminase in fluorescent
pseudomonads and other proteobacteria that we termed PtaA
for “periplasmic transaminase A.” An in-frame-deleted ptaA
mutant selectively lacked the a-ketoglutaric acid form of
pyoverdine, and recombinant PtaA complemented this pheno-
type. The ptaA/pvdN double mutant produced exclusively the
glutamic acid form of pyoverdine. PtaA is homodimeric and
contains a pyridoxal phosphate cofactor. Mutation of the active-
site lysine abolished PtaA activity and affected folding as well as
Tat-dependent transport of the enzyme. In pseudomonads,
the occurrence of ptaA correlates with the occurrence of a-ke-
toglutaric acid forms of pyoverdines. As this enzyme is not
restricted to pyoverdine-producing bacteria, its catalysis of
periplasmic transaminations is most likely a general tool for spe-
cific biosynthetic pathways.

Iron ions play important roles in all living organisms, but in
many habitats their availability is limited due to low solubility of
Fe(IlI) oxide hydrates (1). Pyoverdines are siderophores that
permit growth of many pseudomonads under iron limitation.
Examples include pathogenic Pseudomonas aeruginosa as well

as non-pathogenic or even plant-growth promoting Pseudomo-
nas fluorescens strains (2). All pyoverdines originate from non-
ribosomally synthesized peptides that are translocated into
the periplasm where a quinoline fluorophore is formed (3, 4).
The many known “fluorescent pseudomonads” produce a mul-
titude of distinct pyoverdine variants that differ generally in the
sequence of the peptide chain and the nature of a fluorophore-
attached residue that is synthesized as a glutamic acid and
usually converted to succinamide, succinic acid, or a-keto-
glutaric acid and in rare cases to malamide and malic acid (4).
While the formation of the fluorophore is known to depend
on the activity of the periplasmic enzyme PvdP (5), the
chemical modification of the glutamic acid that is amide-
bonded to the fluorophore via its y-carboxylic acid has long
been puzzling.

We recently revealed that the periplasmic enzyme PvdN is
responsible for the direct conversion of the glutamic acid to
succinamide by a novel PLP?-catalyzed reaction (6). From these
findings, it was concluded that there had to exist a yet unknown
transaminase in the periplasm that should, in competition with
the PvdN-catalyzed succinamide formation, convert the glu-
tamic acid residue to a-ketoglutaric acid (6). Here we demon-
strate that this enzyme indeed exists. Initially, we identified
in silico a unique candidate that was predicted to possess all
required characteristics. The cofactor content, transport,
and quaternary structure of this enzyme were experimen-
tally confirmed. We inactivated the corresponding gene by
scarless in-frame deletion and showed that the a-ketoglu-
taric acid variant was indeed absent in the mutant strain, a
phenotype that was fully complemented in trans. Further
analyses indicate that in pseudomonads the occurrence of
this transaminase correlates with a-ketoglutaric acid-con-
taining pyoverdines. However, there is strong evidence for
additional functions of this transaminase in the periplasm,
which is why we term this enzyme “periplasmic transami-
nase A” (PtaA).
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Table 1
Potential Tat substrates in P. fluorescens A506

Periplasmic transamination of pyoverdines

Potential Tat substrates were identified with TATFIND v.1.4 (7) and classified using the InterPro web service (8, 9). ABC, ATP-binding cassette.

Locus tag Classification
PflIA506_0002“ DNA polymerase III, B-chain
PfIA506_0050 Gluconate 2-dehydrogenase subunit 3

PAIA506_0159
PAIA506_0418
PAIA506_0574
PAIA506_0673
PfIA506_0796
PfIA506_0832
PAIA506_0959
PAIA506_1047
PAIA506_1182
PfIA506_1897
PfIA506_2032¢
PAIA506_2213
PAIA506_2582
PAIA506_2836
PAIA506_2902
PflIA506_3071
PfIA506_3083
PAIA506_3085
PAIA506_3359
PAIA506_3490
PfIA506_3831
PAIA506_4010¢
PAIA506_4424
PAIA506_4509
PAIA506_4922
PAIA506_5086
PfIA506_5390

Pectin lyase/hemagglutinin

Flavin-dependent halogenase

Leu/Ile/Val-binding protein/urea ABC transporter, substrate-binding protein UrtA-like
Acid phosphatase, AcpA

Alkaline phosphatase D-related/metallo-dependent phosphatase-like

Rieske iron--sulphur protein

Mannose-1-phosphate guanylyltransferase/mannose-6-phosphate isomerase
Multicopper oxidase (CumA)

Glucan biosynthesis, MdoD

Alkaline phosphatase D-related/metallo-dependent phosphatase-like
Hypothetical protein/no classification possible

Oxidoreductase molybdopterin-binding subunit, LorB-related
Deferrochelatase/peroxidase EfeB

Periplasmic binding protein-like II/Aliphatic sulfonate-binding protein-related
Dienelactone hydrolase

Copper chaperone SCO1/SenC

PvdP (uncharacterized domain, dicopper center, tyrosinase family protein)
PvdN (aminotransferase class V domain)

Leucine-binding protein domain

Aldehyde oxidase/xanthine dehydrogenase, molybdopterin-binding
Copper-resistance protein CopA

3-Oxoacyl-[acyl-carrier-protein] synthase 2

Aminotransferase, class I/class II

Oxidoreductase, molybdopterin-binding domain (YedY)

Six-bladed B-propeller, TolB-like/protein of unknown function, DUF839
Hypothetical protein/no classification possible
N-Acetylmuramoyl-L-alanine amidase

“ This hit might represent a false positive in the opinion of the authors.

Results

Insilico prediction of a pyoverdine-modifying periplasmic
transaminase in P. fluorescens A506

Recent genetic and biochemical analyses of our model strain
P. fluorescens A506 indicated the existence of a yet unknown
periplasmic enzyme that converts the fluorophore-attached
glutamic acid residue of its pyoverdine (PVD ,,) into a-keto-
glutaric acid (6). We approached the identification of this
enzyme initially by combining i silico tools, anticipating that
the conversion should be carried out by a PLP-containing
transaminase, and like the PLP-containing PvdN (6), this
enzyme should be Tat-dependently transported into the
periplasm.

A TATFIND v.1.4 analysis (7) predicted the presence of 29
putative Tat substrates in the proteome of P. fluorescens A506
of which three are most likely false positives. The functional
annotation based on the InterPro web service (8, 9) indicated
that two of these predicted Tat substrates were sequence-re-
lated to transaminases, namely PvdN and PflA506_4424 (Table
1). PvdN has been structurally and functionally characterized
(6, 10). It contains a PLP cofactor and catalyzes the unusual
amine-retaining oxidative decarboxylation of the fluorophore-
attached glutamic acid residue of pyoverdine to succinamide.
PvdN thus has already been demonstrated not to be involved in
the searched-for transamination reaction. Therefore, the only
remaining candidate was PflA506_4424, which we will hereaf-
ter term PtaA to avoid confusion and to facilitate reading.

To gain a better understanding of PtaA’s properties, we
searched all genomes contained in the Pseudomonas Genome
Database (11) for homologs of PtaA. To reduce the bias by over-
represented sequences within the identified homologs, we per-
formed a redundancy reduction with an identity threshold of

SASBMB

0.95 utilizing the CD-HIT web service (12). Thereafter, the
sequences were aligned using the T-Coffee web service (13),
and the multiple sequence alignment was visualized as
sequence logo with WebLogo 3 (14). From the results of these
analyses, it can be inferred that Tat signal peptides are common
in PtaA homologs (Fig. 14). Additionally, the initial classifica-
tion of PtaA by the InterPro web service (8, 9) allowed us to
identify the active-site lysine residue Lys-224 in a highly con-
served sequence pattern (TFSK(I/L)YG(M/L)AGAR), which is
highlighted in the sequence logo (Fig. 1B). Furthermore, the
InterPro predictions suggested that PtaA likely forms a
homodimer.

PtaA is a periplasmic homodimeric enzyme that requires
cytoplasmic cofactor assembly for folding and transport

To identify the predicted PLP cofactor, PtaA was overpro-
duced in its mature form in Escherichia coli and purified as
described under “Experimental procedures.” By means of a PLP
binding assay, we removed the PLP cofactor from PtaA and
detected the PLP oxime via its fluorescence (Fig. 2). The pre-
dicted periplasmic localization was addressed in comple-
mented P. fluorescens mutant strains that were constructed for
subsequent functional analyses (described below). We carried
out an in-frame deletion of the gene encoding PtaA in the wild-
type P. fluorescens A506 strain as well as in a ApvdN deletion
strain that was generated previously (6). In P. fluorescens A506,
the ptaA gene is flanked by genes encoding a predicted DNA-
binding protein upstream in the opposite direction and a
putative autoinducer-binding transcriptional regulator down-
stream in the same direction. The in-frame deletion removed
the sequence from codons 5 to 357 of the coding region to avoid
any potential polar effects.

J. Biol. Chem. (2017) 292(45) 18660-18671 18661
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Figure 1. Analysis of the N-terminal Tat signal peptide of PtaA and its conserved PLP-binding site, the lysine residue Lys-224. A, depiction of the
N-terminal Tat signal peptide of PtaA containing the eponymous twin-arginine motif (ZRRX®®d; Z denotes a polar amino acid, Ris an L-arginine residue, Xis any
amino acid, and ® is a hydrophobic amino acid; Ref. 30). Furthermore, a subsection of the sequence logo of the signal peptide region demonstrates the
conserved twin-arginine motif. B, sequence logo of the active-site lysine, Lys-224, and the sequence in its vicinity. The process to generate the sequence logo

is detailed under “Experimental procedures.”
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Figure 2. PLP binding assay. Shown are the fluorescence spectrum of the
PLP oxime as generated by transimination with hydroxylamine with mature
PtaA purified from E. coli (continuous line), the reference spectrum of the PLP
oxime (dotted line), and buffer as well as PLP negative control spectra (dashed
lines), indicating that PtaA binds PLP. Due to different sensitivity modes, spec-
tra are to be qualitatively compared. AU, arbitrary units.

With the AptaA, ApvdN, and AptaA/ApvdN strains in our
hands, we constructed complementation vectors for recombi-
nant production of functional PtaA or a PtaA(K224A) variant
thatis expected to abolish the PLP-dependent activity. The con-
structs were C-terminally tagged with a Strep-tag I to facilitate
detection and purification.

Western blot detection in subcellular fractions proved that
PtaA is indeed localized in the periplasmic fraction. Interest-
ingly, the PtaA(K224A) variant accumulated in the membrane
fraction, suggesting folding defects that are known to influence
the efficiency and accuracy of Tat-dependent translocation
(Ref. 15 and Fig. 3A). The precursor form still carrying the
N-terminal signal peptide could be distinguished from the
mature form in which the signal peptide was cleaved off. These
observations were made with both the single- and the double-
mutant strains. To examine whether folding defects were
caused by the K224A exchange that could influence transport,

18662 J Biol. Chem. (2017) 292(45) 1866018671

the protein was analyzed by differential scanning calorimetry
(DSC) (Fig. 3C). The proteins used for this study were purified
via affinity chromatography and subsequent size-exclusion
chromatography (SEC). A Coomassie-stained SDS-PAGE gel of
the purified proteins is depicted in Fig. 3B. The DSC data indi-
cated that covalent PLP binding stabilized the overall protein
structure to some extent since the unfolding transition temper-
ature of the PtaA(K224A) variant was lowered from 70.8 to
69.0 °C in comparison with the wild-type PtaA. More impor-
tantly, a folded subdomain that gives rise to a minor peak at
approximately 60 °C was almost absent in the PtaA(K224A)
variant, which can be explained by a stabilization of the binding
pocket in wild-type PtaA by the covalently attached PLP cofac-
tor. To assess whether PtaA forms a homodimer, we analyzed
the molecular size via SEC coupled with static multiangle light
scattering/refractive index (MALS-RI) detectors as detailed
under “Experimental procedures.” The experiment allowed us
to calculate the approximate molecular mass from the data
obtained (Fig. 3D). Since the size of mature monomeric PtaA
and PtaA(K224A) (with the Strep-tag II) amounts to 37.3 and
37.2 kDa, respectively, the measured molecular masses of
73.2 = 1.0 kDa for PtaA and 71.4 = 1.1 kDa for PtaA(K224A)
correlate well with the calculated molecular masses of the
dimers when the influence of protein shape on MALS-derived
values is considered. From these data, it can be concluded that
both the wild-type PtaA and the PtaA(K224A) variant form
homodimeric structures.

PtaA is not essential for the overall pyoverdine production and
physiological function

The influence of the AptaA deletion on formation/export of
PVD ;o6 Was assessed by means of a semiquantitative pyover-
dine production assay (Fig. 44). Furthermore, in the same
assay, we included the analysis of ApvdN single- and AptaA/
ApvdN double-deletion strains and the above mentioned in
trans complementation systems in the analyses. The results
obtained (Fig. 44) demonstrate that the deletions do not affect

SASBMB
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Figure 3. PtaA is periplasmically localized and forms a homodimer that is stabilized by covalent PLP binding. A, SDS-PAGE/Western blot analysis of
subcellular fractions of P. fluorescens A506 deletion strains carrying plasmids for the production of the indicated C-terminally Strep-tagged PtaA variants. PtaA
was detected using tag-specific antibodies. CP, cytoplasm; MB, membrane; PP, periplasm; pre, PtaA precursor; mat, mature PtaA. B, Coomassie stained
SDS-PAGE gel of the purified mature PtaA (mPtaA) variants used for the DSC experiment depicted in C. C, DSC analysis of PtaA and PtaA(K224A). D, SEC-MALS-RI
molecular mass determination of the indicated PtaA variants, indicating the dimeric structure of the enzyme. LS, light scattering; RI, refractive index. Data in C
and D are normalized to the global maximum of the respective data set. In A and B, masses (in kDa) of standard proteins are indicated on the left.
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Figure 4. Semiquantitative pyoverdine production and iron binding assay for all P. fluorescens A506 strains used in this study. A, relative
quantification of pyoverdine production in liquid culture, normalized to P. fluorescens A506 (WT) levels. The error bars indicate the standard deviation
calculated from triplicates. B-E, droplet assays of all P. fluorescens A506 strains used in this study as indicated by numeric notation (7-8) in A. The

incubation was performed either in the absence (B and C) or presence of EDDHA (D and E). The same plates were scanned (B and D), or fluorescence was
detected on a UV table (C and E).

the overall pyoverdine production. Certainly, this type of formation of functional siderophores, the mutant strains
assay did not differentiate between predicted differences in  were able to grow similarly well on pyoverdine-inducing
the side chain at the chromophore. To exclude that potential casamino acid (CAA) medium (Fig. 4, B and C), and even in
side-chain modifications impair iron affinity or pyoverdine the presence of 0.5 g/liter iron-depleting chelator ethylene-
import, iron binding and import were examined qualitatively =~ diamine di(o-hydroxy)phenylacetic acid (EDDHA) (Fig. 4, D
by growth experiments (Fig. 4, B—E). In agreement with the and E), growth was normal, indicating physiological sidero-
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Figure 5. The enzyme PtaA is the periplasmic transaminase that converts the glutamic acid side chain of pyoverdine into the a-ketoglutaric acid
variant. A, mass spectrometry results showing the UPLC chromatograms filtered for the masses of the succinamide, a-ketoglutaric acid, and glutamic acid
variants on the left. On the right, the corresponding mass spectra of the peak at 0.6 min are depicted. The mass peaks were assigned to the structures shown
in Band D. B, structure of the pyoverdine backbone, the intramolecular cyclized succinic acid variant, and the non-cyclized pyoverdine precursor ferribactin.
The residues R,_, correspond to the substructures shown in D. C, IEF gels visualized by pyoverdine fluorescence (left) and a CAS overlay assay (right). Numbers
denote the identified pyoverdine variants, whose structures are represented in B in conjunction with D.

phore functionality of the pyoverdines produced in the
mutant strains.

PtaA is the searched-for transaminase

To examine whether PtaA is responsible for the predicted
side-chain modification, we isolated the pyoverdines from all
strains and analyzed the molecular composition via ultraperfor-

18664 J. Biol. Chem. (2017) 292(45) 1866018671

mance liquid chromatography (UPLC)-coupled high-resolu-
tion mass spectrometry (HR-MS) and isoelectric focusing (IEF)
gels in combination with the chrome azurol S (CAS) overlay
assay. The results verified our hypothesis about the nature of
the modification (Fig. 5, A-D). For convenience, the structures
of all pyoverdine variants identified in this study are denoted in
Fig. 5, B and D, and the assigned numbers 1-6 will be used to
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unambiguously attribute the compounds discussed. The
masses of compounds 1-6 were determined by HR-MS and
compared with the calculated molecular masses (denoted in
parentheses) of the respective molecules: 1, 1190.544 atomic
mass units (a.m.u.) (1190.544 a.m.u.); 2, 1189.510 a.m.u.
(1189.513 a.m.u.); 3, 1160.534 a.m.u. (1160.534 a.m.u.); 4,
1161.520 a.m.u. (1161.518 a.m.u.); 5, 1143.507 a.m.u. (1143.507
a.m.u.); 6,1178.581 a.m.u. (1178.581 a.m.u.).

To analyze whether the identified structures were truly dis-
tinct molecules and not artifacts of MS (e.g. dehydrations), we
used a shallower gradient for elution and could thereby prove
that all compounds have a distinct elution profile (supplemen-
tal Fig. S1). From the MS results, it was obvious that, in the
absence of PtaA, no a-ketoglutaric acid variant (2) of PVD 4
was produced (Fig. 54). The equilibrium between the side-
chain modifications was clearly shifted in favor of the succina-
mide variant (3) of PVD , 5. Additionally, the unmodified glu-
tamic acid precursor (1) of PVD ., was detectable, indicating
an incomplete turnover by PvdN. It should be noted that fur-
ther pyoverdine species could by detected by MS, including the
hydrolysis product of the succinamide variant, namely the suc-
cinic acid variant (4); traces of the intramolecular cyclization
product thereof (5); and the non-cyclized pyoverdine precursor
ferribactin (6). As expected from our previously published anal-
ysis of PvdN (6), the AptaA/ApvdN double-deletion strain pro-
duced neither the succinamide variant (3) or further derivatives
thereof nor the a-ketoglutaric acid variant (2) of PVD 5.
Consequently, the only detectable variants were the fluoro-
phore-containing precursor with the original glutamic acid res-
idue (1) and its non-cyclized precursor ferribactin (6). To
examine the validity of our MS data interpretation by an inde-
pendent method, we performed IEF experiments in combina-
tion with the CAS overlay assay (Fig. 5C). The assignments of
the bands are denoted on the sides of the images using the
definitions given in Fig. 5D. The results obtained by IEF corre-
late well with the data obtained by MS. Noticeably, the wild-
type strain produced an excess of the a-ketoglutaric acid vari-
ant (2), whereas the succinamide variant (3) was a minor side
product. The ApvdN deletion strain did not produce the suc-
cinamide variant (3) anymore, and all pyoverdine was con-
verted into the a-ketoglutaric acid variant (2) by PtaA. The
AptaA deletion strain in turn produced at least three variants of
pyoverdine, namely the unmodified glutamic acid precursor
(1), the succinamide variant (3), and the hydrolysis product
thereof, the succinic acid variant (4). It should be noted that the
lower band in the AptaA strain could easily be mistaken for the
a-ketoglutaric acid variant (2) due to its nearly identical pI, but
the succinic acid variant (4) migrated slightly higher. Further-
more, in the AptaA/ApvdN double-deletion strain, no succinic
acid variant (4) was present due to the lack of its precursor, the
succinamide variant (3). This lane unambiguously clarifies the
assignment of the closely migrating a-ketoglutaric acid (2) and
succinic acid variants (4) of PVD , 5.

The AptaA phenotype was entirely complemented in trans
by the ptaA complementation strain, whereas the PtaA(K224A)
variant did not complement the phenotype and was therefore
inactive. This conclusion can be deduced from the comparison
of the IEF pyoverdine band patterns of these strains with the
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patterns obtained for the wild-type and the AptaA deletion
strains. The same holds true for the complementation of the
AptaA/ApvdN double-deletion strains as the in trans com-
plementation with ptaA resulted in the quantitative turn-
over of the glutamic acid precursor (1) to the a-ketoglutaric
acid variant (2), whereas the strain with PtaA(K224A) pro-
duced only the unmodified glutamic acid precursor (1).
Moreover, the CAS overlay assay indicated that the side-
chain modifications did not alter the iron affinity of the
pyoverdine variants as can be inferred from the identical
band patterns in comparison with fluorescence imaging of
the IEF gels (Fig. 4C).

Discussion

More than 30 years ago, an a-ketoglutaric acid was identified
for the first time as an amide-bonded residue at the fluorophore
of a pyoverdine in strains of P. aeruginosa and P. fluorescens (16,
17). Also the at that time already known succinamide (18) and
succinic acid residues were detected at this position in those
studies. Interestingly, pyoverdines of P.aeruginosa strains
greatly differ in their peptide moiety but generally have the
three above mentioned residues in common that are amidically
attached to their fluorophore (19). Also a glutamic acid res-
idue bound to the fluorophore via its y-carboxylic acid was
discovered at this position (20) as well as malamide (21),
malic acid (22), and an intramolecular cyclized succinate
(23). These variations of the pyoverdine are made in a spe-
cies- and strain-specific manner (24). Based on the large var-
iability of amino acid sequences and fluorophore-attached
side chains, IEF-based siderotyping methods have been
developed that use the strain-specific characteristics for sys-
tematic purposes (25).

The glutamic acid residue is always the first residue in ferri-
bactins, initially discovered by Hohlneicher et al. (26). This glu-
tamic acid residue is myristoylated for transport into the
periplasm where it is deacylated by PvdQ (27-29). After forma-
tion of the fluorophore, it thus must be the glutamic acid
residue that is initially present at this position, and the found
succinamide, succinic acid, a-ketoglutaric acid, malamide,
and malic acid residues must result from glutamic acid
modifications.

Biochemistry of PtaA

It was clear from our recent study on PvdN (6) that an
unknown enzyme had to be responsible for the formation of the
a-ketoglutaric acid. Using P. fluorescens A506 as model orga-
nism, we have now identified PtaA as the periplasmic transam-
inase responsible for the formation of the a-ketoglutaric acid
residue in PVD . (2). PtaA is a PLP-containing enzyme (Fig.
2) that is transported together with its covalently bound cofac-
tor via the Tat pathway in a folded conformation (Fig. 3). The
folded state is influenced by cofactor binding to position Lys-
224 (Fig. 3C), which is most likely the reason for a partial mis-
localization of the mutated protein in the membrane (Fig. 34).
A similar effect had been already observed with PvdN, which
also requires PLP binding for Tat-dependent transport (6). In
the case of PvdN, the exchange of the active-site Lys resulted
even in a complete mislocalization of the enzyme in the mem-
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Figure 6. Role and mechanism of PtaA in periplasmic pyoverdine tailoring. A, beginning from the glutamic acid variant (1) of PVD 54, tWo competing
tailoring pathways are present. Transamination by PtaA results in the a-ketoglutaric acid variant (2) PVD 506 Whereas the PvdN modification results in the
succinamide variant (3), which can be partially hydrolyzed to the succinic acid (4) and then intramolecularly cyclized (6). B, proposed mechanism of transam-
ination as catalyzed by PtaA in the periplasm, postulating a carbonyl compound for regeneration of PLP. C, structure of PtaA as calculated by homology
modeling, highlighting the Lys-224 residue and the PLP cofactor. The model was visualized with UCSF Chimera.

brane fraction (6). PvdN and PtaA are both homodimeric
enzymes (Ref. 6 and Fig. 3D) with their PLP most likely bound
close to the dimer interface (Ref. 6 and Fig. 6C). This class of
enzymes includes therefore good examples for typical Tat sub-
strates that need to be folded prior to translocation (30). They
possess twin-arginine signal peptides that can be used for iden-
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tification purposes in addition to transaminase sequence spec-
ifications (Fig. 1).

Fig. 6A summarizes the now established modifications of the
fluorophore-attached glutamic acid residue of pyoverdines.
The transamination probably proceeds via a standard transam-
inase mechanism, which is interesting to exist in the periplasm
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Figure 7. Distribution of PtaA homologs within the genus Pseudomonas. Shown is an evaluation of the distribution of PtaA within the genus Pseudomonas.
Numbers to the right of the bar graph indicate the ratio between genomes positive for the presence of PtaA and the total number of analyzed genomes of the

respective species.

as it requires a yet unknown periplasmic carbonyl compound
that we postulate to exist (Fig. 6B). As the Tat transport and its
PLP requirement indicate that PtaA assembles PLP inside the
cytoplasm to fold to an active enzyme, PLP must be regenerated
from PtaA-bound pyridoxamine inside the periplasm. The
enzymes PvdN and PtaA are responsible for the initial conver-
sions of the glutamic acid pyoverdine variant. The existence of
these competing enzyme reactions explains the reported regu-
latory differences for the formation of succinamide and o-ke-
toglutaric acid forms of pyoverdine (31). As a side aspect, the
glutamic acid variant of pyoverdine that is produced by the
AptaA/ApvdN double mutant can be very helpful for drug
delivery by “Trojan horse” antibiotics (32) because bulky side
chains may be attached to this residue without affecting uptake
(33). Malamide is likely formed by a hydroxylating enzyme act-
ing on succinamide. The acids succinic acid and malic acid are
hydrolysis products of their respective amides. A non-enzy-
matic hydrolysis has been observed and postulated to be
responsible for the formation of these acids in cultures (34). It
certainly might be that amidases contribute to the rates of these
reactions.

PtaA, a transaminase for pyoverdines and other periplasmic
compounds

In P. aeruginosa PAO1, the homolog of PtaA (53% sequence
identity) is encoded by the locus PA2531, which is PvdS-depen-
dently up-regulated in response to iron (35); hence this gene
belongs to the regulon of PvdS, the o factor that mediates
pyoverdine production (36). An “iron starvation box” for
PvdS binding (37) has been identified in the promoter region of
PA2531 (35). We found the consensus box as described
for P.aeruginosa PAO1 by Ochsner et al. (35) also in
the ptaA promoter region of P. fluorescens A506, namely
“TAAATN,,CGT.” However, the genetic context of ptaA is not
conserved between P. aeruginosa PAOL and P.fluorescens

SASBMB

A506. While the iron-responsive regulation of ptaA correlates
with its function in pyoverdine modification, its usually pvd-
unrelated genomic environment is suggestive for additional
functions. This interpretation is further strengthened by a pre-
vious study on chorismate mutases that included the detection
of transaminase activity in the periplasm of P. aeruginosa PAO1
(38). In that study, the periplasmic transaminase activity could
be assigned to PA2531, the above mentioned PtaA homolog.
PA2531 is dimeric just like PtaA from P. fluorescens in our study
(Fig. 3D). At that time, the authors could not know about its role
in pyoverdine modification, which is now clarified by our study.
They used a-ketoglutaric acid and phenylalanine as substrates
for the transaminase assay. Therefore, PtaA homologs cannot
be highly specific for pyoverdine substrates and are likely to be
involved in other conversions as well. In support of this conclu-
sion, ptaA homologs are also present in some acidobacteria and
a-proteobacteria, such as Zymomonas mobilis (supplemental
Fig. S2), that do not produce any pyoverdines. Therefore, this
periplasmic transaminase must be able to exert its function for
distinct physiological purposes, possibly in conjunction with
the generation of distinct secondary metabolites.

Distribution of PtaA among pseudomonads

As summarized in Fig. 7, we searched for ptaA homologs
in all Pseudomonas genomes available in the Pseudomonas
Genome Database (11) (see “Experimental procedures” for
details). In agreement with the known occurrence of a-ketoglu-
taric acid forms of pyoverdines, we found this gene in almost
all sequenced P. aeruginosa strains (2193 out of 2225 genomes;
~99%). The absence of hits in the ~1% of strains without this gene
might be due to the inclusion of draft genomes in the analysis.

In the more diverse groups of P. fluorescens and Pseudomo-
nas putida strains, only 45 out of 106 genomes and 13 out of 66
genomes, respectively, encode PtaA, suggesting that the pres-
ence of the a-ketoglutaric acid variant of pyoverdine is not
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Table 2

Primers used in this study
0ePCR, overlap extension PCR.

Restriction
Name Sequence site Purpose
PfA506-4424-F1-MR ATAGCCGGATCCTAGACAGGTAGCGCCAAATCACG BamHI Forward primer for ptaA left flanking region
PfA506-4424-R1-MR AGGAGTAGTCACCATGGTGCGTGTCACGCAGGTGGTCTGA Reverse primer for ptaA left flanking region
TCAGGCGGCGCTATAGCTG
PfA506-4424-F2-MR GACACGCACCATGGTGACTACTCCTTG Forward primer for ptaA right flanking region
PfA506-4424-R2-MR GGCCGCGAATTCTTTGTACAGATTCTTGATTTCCATCTTG EcoRI Reverse primer for ptaA right flanking region
PfA506-4424-DF-MR TTTGAGTGCTGCGCCTATTG ptaA genomic deletion control primer
PfA506-4424-DR-MR CGCGGCAATGCTGGTGAAGATATAG ptaA genomic deletion control primer
PfA506-4424-F-MR TCATCGCATATGGTGCGTGTCAGTCGTCGATCC Ndel Forward primer for cloning PtaA-coding region
into pEXH5
PfA506-4424-strep-R-MR GGCCGCAAGCTTTTACTTTTCGAACTGCGGGTGGCTCCAG HindIIl Reverse primer for cloning PtaA-coding region
ACCACCTGCGTCGCAAAGGCCTCGC into pEXH5
PfA506-4424 K224A-F-MR CTGGTGCTGCGCACCTTCTCCGCCATCTAC Primer for K224A exchange by 0ePCR
PfA506-4424 K224A-R-MR CCGGCCATGCCGTAGATGGCGGAGAAGGTG Primer for K224A exchange by oePCR
PfA506-mat4424-F-MR GATATACATATGAGCCCAGCGCCGACAAAATCTGACC Ndel Forward primer for cloning mature PtaA-coding
region into pEXH5
pEXH5-RBS-F-MR GGCGCGGGATCCGTTTAACTTTAAGAAGGAGATATAC BamHI Forward primer for subcloning from pEXH5
into pME6010
pEXH5-strep-term-HindIII-R-MR  CCCCTTAAGCTTAAAAAAAACCCCGCCCTGTCAGGGGCGG HindlIII Reverse primer for subcloning from pEXH5
GGTTTTTTTTTTTACTTTTCGAACTGCGGGTGGCTCC into pME6010

strictly conserved in these species. In agreement with this pre-
diction, P. fluorescens Pf0-1 has no PtaA and, as expected, has
been shown not to contain the a-ketoglutaric acid (24). On the
contrary, there are strains that form a-ketoglutaric acid pyover-
dine variants but not any succinamide/succinate variants (24),
such as the genome-sequenced P. putida strain H8234. We found
that this strain has a pvdMO-ptaA operon instead of the com-
monly found pvdMNO operon. Therefore, in the rarely found
strains that do not possess the succinamide/succinic acid modifi-
cation pathway, ptaA can be associated with the pvd gene cluster
that encodes the periplasmic pyoverdine maturation enzymes. In
conclusion, some Pseudomonas species with at least the exception
of P. aeruginosa show the interesting characteristic of containing
either only the PtaA pathway or only the PvdN pathway (39).
Strains with both pathways acting in parallel also exist. We did not
find a strain that produces pyoverdine without modifying its glu-
tamic acid. The reason for the apparent requirement for such
modifications is unknown and must be unrelated to iron affinity
and uptake (Ref. 40 and Fig. 4). Future studies will have to clarify
the exact functions of these modifications as well as the additional
roles that PtaA can have in the periplasm of proteobacteria.

Experimental procedures
Strains and growth conditions

For physiological studies, P. fluorescens A506 was used. For
cloning E. coli DH5« A pir™ and for expression E. coli Rosetta 2
(DE3) pLysSRARE2 were utilized. P. fluorescens A506 was cul-
tivated at 30 °C, whereas E. coli strains were cultivated at 37 °C
unless noted otherwise. The standard cultivation medium was
LB (1% (w/v) tryptone, 1% (w/v) NaCl, 0.5% (w/v) yeast extract).
If necessary, the appropriate antibiotics were added to the cul-
tivation media at the following final concentrations: 100 pg/ml
ampicillin, 25 pg/ml chloramphenicol, 50 wg/ml kanamycin,
and 20 pg/ml tetracycline.

The production of pyoverdine and the pyoverdine plate
assay, pertaining to P. fluorescens A506, were carried out as
described previously (6). For relative pyoverdine quantification,
5-ml LB overnight cultures (ONCs) of P. fluorescens A506 were
inoculated from cryocultures and incubated at 30 °C at 180 rpm
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overnight. Thereafter, 50 of ml CAA medium (41) (5 g/liter
casamino acids, 5 mm K,HPO,, 1 mm MgSO,) precultures in
100-ml Erlenmeyer flasks with one baffle were inoculated with
50 ul of the respective ONC and incubated for ~16 h at 30 °C
and 180 rpm. 2 ml of the respective preculture were sedimented
at 16,000 X g for 2 min at room temperature and subsequently
washed twice with 1.5 ml of CAA medium. Afterward, the
ODy,, of the cell suspensions was adjusted to 1.0 with CAA
medium, and for each sample three 4.5-ml CAA cultures (with-
out antibiotics) were inoculated with 0.5 ml of the respective
adjusted cell suspension. The cultures were then incubated
overnight at 30 °C and 180 rpm. These cultures were sedi-
mented by centrifugation at 3,260 X g and 4 °C for 10 min in
15-ml screw-top plastic tubes. 2.7 ml of the supernatant were
mixed with 300 ul of a 1 M HEPES buffer, pH 8.0, and trans-
ferred into 1-cm acrylic cuvettes. The samples were measured
with a Jasco FP-6500 spectrofluorometer using the following
settings for acquisition: excitation at 405 nm, emission at 460
nm, bandwidth of 3 nm for both excitation and emission, and
0.5 s response time in “low-sensitivity” mode.

Genetic methods and plasmids

The construction of all scarless and markerless deletions in
P. fluorescens A506 were performed as described previously (6).
Furthermore, complementation and production vectors as well
as constructs with single-point mutations (pME6010 and
pEXHS5 derivatives) were generated according to our previously
published procedure (6). All primers used for cloning are listed
in Table 2. Constructs were verified by restriction analysis and
sequencing. E. coli DH5a A pir™ cells were rendered competent
and transformed as described previously (42).

Biochemical methods

For analysis of subcellular fractionations and protein overex-
pression by SDS-PAGE, successive Western blotting, or in-gel
colloidal Coomassie staining, standard protocols were used
(43-46). Western blots were developed according to the man-
ufacturer’s instructions using StrepMAB-Classic (IBA, Gottin-
gen, Germany) as primary antibody and anti-mouse-HRP con-
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jugate (Carl Roth, Karlsruhe, Germany) as secondary antibody.
Images were acquired with the MF-ChemiBIS 4.2 imaging sys-
tem (DNR Bio-Imaging Systems, Jerusalem, Israel).

The overproduction of mature PtaA and mature PtaA(K224A)
was performed using E. coli Rosetta 2 (DE3) pLysSRARE2 as
described previously (47) with minor modifications. Briefly, the
respective construct was transformed into E. coli Rosetta 2
(DE3) pLysSRARE2 by the transformation and storage so-
lution method (48). After recovery, the cells were spread on
MDAG-11 plates (47) and incubated at 37 °C overnight. A 5-ml
MDAG-135 (47) ONC was then inoculated with a single colony
and incubated at 180 rpm and 37 °C. For overproduction, two
0.5-liter ZYM-5052 preheated (37 °C) autoinducer medium
cultures (47) in 3-liter Erlenmeyer flasks with four baffles were
each inoculated with 0.5 ml of the ONC. The cultures were
incubated for 3 h at 200 rpm and 37 °C. Subsequently, the tem-
perature was decreased to 30 °C, and the cultures were incu-
bated for approximately 19 h at 200 rpm. The cells were har-
vested, and the respective protein was purified by means of four
1.5-ml gravity-flow Strep-Tactin®-Sepharose columns (IBA) as
described previously (6). The purified proteins were concen-
trated using Vivaspin® 6 concentrators with a cutoff of 10 kDa
(Sartorius, Gottingen, Germany). For molecular weight deter-
mination, a Pharmacia FPLC (LKB Pump P-500, V-7 valve,
50-ul sample loop) was connected to a size-exclusion chroma-
tography column (Superdex 200 Increase 10/300 GL, GE
Healthcare) coupled to MALS (miniDAWN TREOS, Wyatt
Technology Europe GmbH, Dernbach, Germany) and refrac-
tive index detectors (Shodex RI-101, Showa Denko Europe
GmbH, Munich, Germany). The flow rate of the mobile phase
(PBS; 10 mm phosphate buffer, pH 7.4, 140 mm NaCl) was set to
0.75 ml/min. The chromatograms were recorded and analyzed
with ASTRA 6.1 software (Wyatt Technology). For DSC, a
NANO DSC in conjunction with a degassing station from TA
Instruments (Lindon, UT) was used. For preparation of DSC
samples, the protein elution peak (19-min retention time) from
the SEC-MALS-RI system was collected by hand and subse-
quently concentrated with Vivaspin 6 concentrators (cutoff, 10
kDa). The protein concentration was determined using Roti®-
Nanoquant according to the instruction manual (Carl Roth)
using a SpectraMax M3 spectrophotometer (Molecular De-
vices, Biberach an der Riss, Germany). The protein of interest
was diluted with degassed PBS to a concentration of ~1.5
mg/ml prior to analysis. The DSC reference cell was filled with
degassed PBS. Analyses covered the temperature range from 20
to 110 °C at a heating rate of 1 °C/min with a 900-s pre-equili-
bration time at a constant pressure of 3 atm.

The subcellular fractionation of P. fluorescens A506 cultures
was performed as described previously (49) with slight modifi-
cations. 50-ml cultures were grown to an OD, of 1 and frac-
tionated into 1-ml fractions that were further analyzed without
precipitation.

For PLP cofactor detection, a method modified from that of
Ojha et al. (50) was used. The purified mature PtaA enzyme in
100 mMm potassium phosphate buffer, pH 7.2, was treated with 5
mM hydroxylamine and incubated for ~72 h at 4 °C. The sam-
ple was loaded onto a Vivaspin 6 concentrator with 5-kDa cut-
off, and the PLP oxime in the flow-through was detected at

SASBMB

Periplasmic transamination of pyoverdines

446-nm emission (scan from 400 to 700 nm) with an excitation
of 353 nm, 3-nm bandwidth for both excitation and emission,
0.2-s response time, and three accumulations in “high-sensitiv-
ity” mode using a Jasco FP-6500 spectrofluorometer. Reference
solutions with the buffer only or with 1 mm PLP in the same
buffer were treated identically. PLP- or PLP oxime-containing
reference spectra were recorded with the same settings but in
“medium-sensitivity” mode.

The extraction of pyoverdine, IEF analysis in conjunction
with the CAS overlay assay, and UPLC-MS analysis were per-
formed as described previously (6). To prove that the identified
compounds are not artifacts of the MS, an adjusted linear gra-
dient profile was utilized as follows: solvent A (double-distilled
water with 0.1% (v/v) formic acid) and solvent B (acetonitrile
with 0.1% (v/v) formic acid) at a flow rate of 0.6 ml/min; 2% B
(0.0 min), 10% B (10.0 min), 90% B (10.5 min), 90% B (13.0 min),
2% B (13.5 min), and 2% B (20.0 min). The electrospray ioniza-
tion voltage was set to 100 V, and the injection volume was 5 ul.
All other instrument parameters and all instrument hardware
were identical to the method described previously (6) except
thatan ACQUITY UPLC Column Manager (Waters) was addi-
tionally installed on the instrument.

Bioinformatics methods

To perform an initial distribution analysis of PtaA within the
genus Pseudomonas, we downloaded all amino acid sequences
of all complete and draft genomic sequences from the Pseu-
domonas Genome Database (11) and used TATFIND v.1.4 (7)
to search for potential Tat substrates. Subsequently, phmmer
v3.1b (51) was used to search for PtaA homologs (cutoff,
le—45) within all potential Tat substrates. Then a taxonomy
table reduced to species level was constructed by means of in-
house developed software. Thereafter, the ratio between the
total number of genomes of one species and the number of
genomes of the same species carrying a potential PtaA homolog
was calculated.

To construct the sequence logos, the sequence redundancy
of all PtaA homologs was reduced by means of the CD-HIT
algorithm contained in the CD-HIT Suite (12) using a similarity
threshold of 0.95. Then the resulting sequences were aligned
with the T-Coffee web server (13). The sequence alignment was
subsequently visualized with WebLogo 3 (14) by plotting the
probability of each amino acid at each alignment position. For
further investigations into the distribution of PtaA homologs
across other bacterial species, a profile hidden Markov model
(pHMM) was generated from the multiple sequence alignment
with hmmbuild v.3.1b (51). Then all available reference
sequences were searched with the generated model (E-value
cutoff ,1e—100) using the HMMER web server (52, 53). The
resulting sequences were then analyzed regarding their phylo-
genetic relationship using the Phylogeny.fr® web service (54) in
conjunction with the ETE toolkit (55) for visualization.

To initially predict the enzyme class and active-site lysine
residue, Lys-224, the InterPro web service (8, 9) was used. The
SWISS-MODEL web service (56) was used to model the struc-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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ture of PtaA (template, Protein Data Bank code 3LY1), and
UCSF Chimera (57) in conjunction with APBS (58) was used to
visualize the structure of PtaA.

Author contributions—M. T. R. performed the experiments, pre-
pared the figures, and analyzed the data together with T.B. G. D.
performed the MS analyses. T. B. conceived and coordinated the
study. T. B. and M. T. R. wrote the paper. All authors reviewed the
results and approved the final version of the manuscript.
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Supplementary Information

The periplasmic transaminase PtaA of Pseudomonas fluorescens converts the
glutamic acid residue at the pyoverdine fluorophore to its a-ketoglutaric acid
form

Michael T. Ringel!, Gerald Driiger?, and Thomas Briiser'?

From the 'Institute of Microbiology, Leibniz Universitit Hannover, Herrenhduser Str. 2, 30419 Hannover, Germany,
the ZInstitute of Organic Chemistry, Leibniz Universitit Hannover, Schneiderberg 1 B, 30167 Hannover, Germany

Figure S1: UPLC-MS chromatograms filtered for identified compound masses.

Figure S2: Distribution of PtaA homologs.
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Figure S1:

UPLC-MS chromatograms filtered for identified compound masses. The identified
compounds (1) and (3)-(6) could be separated employing a shallower gradient for separation. The Peak at
2.91 min in the chromatogram of compound (4) is due to superposition of the isotope-peak of compound
(3). The data indicates, that all identified compounds are genuine and not artifacts of MS.
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Pyoverdines are important siderophores that guarantee iron
supply to important pathogenic and non-pathogenic pseu-
domonads in host habitats. A key characteristic of all pyover-
dines is the fluorescent dihydroxyquinoline group that contrib-
utes two ligands to the iron complexes. Pyoverdines are derived
from the non-ribosomally synthesized peptide ferribactin, and
their fluorophore is generated by periplasmic oxidation and
cyclization reactions of pD-tyrosine and L-diaminobutyric acid.
The formation of the fluorophore is known to be driven by the
periplasmic tyrosinase PvdP. Here we report that the putative
periplasmic oxidoreductase PvdO of Pseudomonas fluorescens
A506 is required for the final oxidation of dihydropyoverdine to
pyoverdine, which completes the fluorophore. The pvdO dele-
tion mutant accumulates dihydropyoverdine, and this pheno-
type is fully complemented by recombinant PvdO. The autoxi-
dation of dihydropyoverdine at alkaline pH and the presence of
high copper concentrations can mask this phenotype. Mutagen-
esis of conserved residues with potential catalytic function iden-
tified Glu-260 as an essential residue whose mutation abolished
function without affecting stability or transport. Glu-260 of
PvdO is at the exact position of the active-site cysteine in the
structurally related formylglycine-generating enzyme. Evolu-
tion thus used the same protein fold for two distinct functional-
ities. As purified PvdO was inactive, additional factors are
required for catalysis.

The acquisition of iron is often a limiting factor for bacteria
that live in host habitats, including pathogenic as well as mutu-
alistic species (1). Fluorescent pseudomonads warrant their
iron supply by pyoverdines, fluorescent siderophores that are
derived from non-ribosomally synthesized peptides that are
called ferribactins (2) (Fig. 1). Ferribactins are transported into
the periplasm in acylated form and deacylated thereafter by
PvdQ (3-5). In the periplasm, a 5,6-dihydroxyquinoline fluoro-
phore is generated from ferribactin, and the conserved glutamic
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acid residue at the first position of the peptide is modified
(6-8). Iron can then be chelated by the two hydroxyl groups of
the fluorophore and four further ligands from side chains of the
peptide moiety (9, 10). Only one enzyme, PvdP, is currently
believed to catalyze the complete oxidation of the fluorophore
(6). However, the often found dihydropyoverdine had been pos-
tulated in the past to be an obligate intermediate in fluorophore
biogenesis (11, 12), and a mutant strain was known that pro-
duced dihydropyoverdine (13), suggesting two successive oxi-
dation steps for fluorophore biogenesis. The pvdP gene is usu-
ally encoded adjacent to the pvdMNO operon, which encodes
three further periplasmic proteins that might act as enzymes
(Fig. 2). We recently have shown that PvdN is responsible for
one of the glutamic acid modifications, the conversion of this
residue to succinamide (7). The functions of PvdM and PvdO
have not been resolved yet, but based on interposon mutagen-
esis, both proteins are postulated to be essential for pyoverdine
formation (14, 15). The structure of PvdO has been solved
recently (16). It has been shown to be structurally related to the
formylglycine-generating enzyme (FGE),? but because the cat-
alytic residues of FGE are not conserved in PvdO (16), no func-
tion could be assigned to this important protein so far. Being a
periplasmic protein, PvdO can be expected to play a role in
periplasmic pyoverdine maturation processes, which are fluo-
rophore formation and pyoverdine modification (Fig. 1).

Here we describe that PvdO from Pseudomonas fluorescens
A506 is required for the last oxidation step during fluorophore
formation. We found that the dihydro-form of the fluorophore
was the final product of a mutant strain with a scar-less in-
frame pvdO deletion, and this phenotype was fully comple-
mented in trans by pvdO. The requirement of PvdO can be
masked by a PvdO-independent oxidation under non-phys-
iological conditions. Purified PvdO from the periplasmic
fraction did not contain potentially catalytic metal ions.
However, the protein as purified was inactive, and catalysis
therefore requires additional factors that are absent in the in
vitro system.

2 The abbreviations used are: FGE, formylglycine-generating enzyme; CAS,
chrome azurol S; CHES, N-cyclohexyl-2-aminoethanesulfonic acid; EDDHA,
ethylenediamine di(o-hydroxy)phenylacetic acid; ICP-MS, inductively cou-
pled plasma mass spectrometry; PVD, pyoverdine; PDB, Protein Data Bank;
CAA, casamino acid; a.m.u., atomic mass units; 0ePCR, overlap extension
PCR.
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[ Building blocks |
Cytoplasm NRPS ¢
...................... | Acylated ferribactin ]..
Deacylation ¢

Periplasm

| Ferribactin |

PvdO?

Fluorophore formation ¢

[ Pyoverdine |

Modification ¢ PvdO?

[Modified pyoverdine|

Figure 1. Schematic overview of pyoverdine biosynthesis stages. PvdO is
a putative oxidoreductase and, being a periplasmic protein, could be
involved in fluorophore formation or pyoverdine modification. NRPS, non-
ribosomal peptide synthetase.

Results

A pvdO deletion strain produces a non-fluorescent but active
siderophore

In the course of our functional analyses of the periplasmic
enzymes that are involved in pyoverdine maturation, we
deleted the gene encoding PvdO in our model strain P. fluore-
scens A506. Because pvdO is organized with two other genes in
the pvdMNO operon, we applied scar-less in-frame deletion to
avoid polar effects. An essential phenotype was previously pos-
tulated for all three genes in the operon, but we could recently
demonstrate that this is not the case for pvdN (7). In-frame
deletions of the other two genes of the operon, pvdM and pvdO,
resulted in differential phenotypes; the ApvdM strain could not
grow under iron limitation as induced by EDDHA, but the
ApvdO strain was indeed able to grow under this condition,
indicating that PvdO might be dispensable for functional pyover-
dine formation (Fig. 3, fop). However, we noted that the pvdO
deletion strain did not secrete the fluorescent pyoverdine into the
medium (Fig. 3, bottom). These initial observations already sug-
gested that PvdO might be somehow involved in a late step of
pyoverdine maturation, as apparently an active siderophore was
formed that did not show fluorescence. In addition, pvdM was
found to be indeed essential for the formation of an active sidero-
phore, and this explains the former polar effects of the interposon
mutagenesis of pvdN as well as of pvdO (14).

PvdO oxidizes dihydropyoverdine and thereby completes the
formation of the pyoverdine fluorophore

We extracted pyoverdines from culture supernatant of wild-
type P. fluorescens A506 and the corresponding pvdO deletion
strain and examined them by mass spectrometry (Fig. 44). Elu-
tion profiles of the respective masses are shown on the left, and
the corresponding mass spectra are depicted on the right. The
assigned structures are illustrated in Fig. 4 (B and D). While the
wildtype strain produced the well-known pyoverdines PVD-a-
ketoglutaric acid (2), PVD-succinamide (3), and PVD-succinic
acid (4), the data clearly showed that the pyoverdines of the
pvdO deletion mutant were the known dihydro-intermediates
of the pyoverdines with the different modifications known
for the first residue, namely glutamic acid (5), a-ketoglutaric
acid (6), succinamide (7), and succinic acid (8). The succinic
acid form (8) was very low-abundant, and some ferribactin (9)

SASBMB
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was detected in both preparations, especially in the pvdO dele-
tion strain. The glutamic acid variant (1) was not detected in the
wildtype strain, which is due to the known quantitative conver-
sion of 1 to 2 and 3 by PvdN and PtaA (7, 8). The identity of the
dihydropyoverdine compounds was verified by high-resolution
mass spectrometry (calculated exact masses are denoted in paren-
theses; see Ref. 8 for the other pyoverdine masses): 5, 1192.560
atomic mass units (a.m.u.) (1192.560 a.m.u.); 6, 1191.528 a.m.u.
(1191.528 a.m.u.); 7, 1162.550 a.m.u. (1162.549 a.m.u.). The data
demonstrated not only that PvdO is responsible for the final oxi-
dation of dihydropyoverdine, but also that the side chain—
modifying enzymes accept the dihydro-substrate.

The pyoverdines of the wildtype and the ApvdO-, ApvdN/
ApvdO-, and pvdO-complemented ApvdO strains were ana-
lyzed by isoelectric focusing, followed by fluorescence detec-
tion (Fig. 4C, left) or the CAS overlay assay (Fig. 4C, right). The
fluorescence detection confirmed the pyoverdines detected by
mass spectrometry, with the succinic acid and a-ketoglutaric
acid forms migrating at the lower part of the gel and the succin-
amide and glutamic acid forms migrating at the upper part.
Note that the epifluorescence was recorded without a filter, as
the dihydropyoverdines (middle two lanes) exhibit only a rather
weak blue fluorescence that can be thereby detected. The CAS
overlay assay demonstrated iron binding of all identified sidero-
phores, including the dihydropyoverdines, which agrees with for-
mer reports about a complementation of pyoverdine deficiency by
dihydropyoverdine as well as with affinity measurements (13).

Non-enzymatic oxidation of dihydropyoverdine masks PvdO
activity

The finding that PvdO was required for the final oxidation of
dihydropyoverdine in the described cultivations raised the
question of why PvdO was not required for the reported PvdP-
dependent fluorophore formation from ferribactin in previous
in vitro experiments (6). In that study, it had been clearly shown
that the mature fluorophore was generated in assays that con-
tained PvdP as the only enzyme (6). It thus was very likely that
the previously applied in vitro conditions had somehow trig-
gered a PvdO-independent completion of fluorophore oxida-
tion. Obvious unusual conditions that had been used in these
assays were (i) the alkaline pH 9.0, which is non-physiological as
the periplasmic compartment is slightly acidic, and (ii) the
inclusion of 250 um CuSO,, which is a copper stress condition.
These conditions had been found to be the optimum condi-
tions for the PvdP-catalyzed reaction (6). As fluorescence is
quenched by copper ions, we used the oxidation-dependent
increase of chromophore absorbance at 405 nm to examine the
potential influence of pH and copper on dihydropyoverdine
oxidation (Fig. 5A4). Non-catalytic oxidation was very rapid at
pH 9.0, and this was significantly slowed down by the addition
of 250 um CuSO,,. At pH 8, there was essentially the same effect
of copper, but autoxidation proceeded at a much slower rate. At
pH 7, there was hardly any autoxidation observed. In conclu-
sion, alkaline autoxidation occurs rapidly without involvement
of copper as catalyst. The alkaline autoxidation had already
been recognized in early studies on the structure of dihydropy-
overdine (17). In that study, it was also shown that chelation of

J. Biol. Chem. (2018) 293(7) 2330-2341 2331
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Figure 2. Comparison of genomic environments of pvdO in representative Pseudomonas genomes.
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Figure 3. Evidence for a non-fluorescent pyoverdine generated in the
pvdO deletion strain. Shown is the growth of strain A506 (WT) and its deriv-
atives deleted in pvdM (ApvdM), pvdO (ApvdO), pvdP (ApvdP), or pvdN and
pvdO (ApvdNO) on pyoverdine-inducing solid casamino acid (CAA) medium
without or with EDDHA for additional iron depletion. Indicated complemen-
tation strains are included in the analysis. Growth on EDDHA-containing
plates correlates with the formation of pyoverdines and (in case of the ApvdO
strain) with dihydropyoverdine, as monitored by fluorescence (bottom).

iron inhibits the autoxidation (17), and our data indicate that
chelation of copper has the same effect.

The assay system for the PvdP-dependent formation of com-
pletely oxidized pyoverdine from ferribactin did not monitor the
potential formation of a dihydropyoverdine intermediate (6). The
rapid autoxidation of this intermediate at the applied non-physio-
logical pH 9 masked the PvdO requirement in these assays.

However, the effect of copper is more complex. When we
analyzed the impact of copper on the formation of fluorescent
pyoverdines in growing cultures, we noted differential effects
(Fig. 5B, top). As expected, in the absence of copper, the wild-
type strain produced fluorescent pyoverdine, and the medium
of the pvdO deletion strain contained only very little fluores-
cence due to the formation of dihydropyoverdine. However,
abundant copper in the bacterial cultures promoted the oxida-
tion of dihydropyoverdine in the ApvdO background, and fluo-
rescence reached the level of the wildtype strain at ~300 pum
copper. At higher copper concentrations, fluorescence was
gradually quenched by copper. The positive influence of copper
on dihydropyoverdine oxidation thus had a maximum effect in

2332 J Biol. Chem. (2018) 293(7) 2330-2341

the range of 200—-500 uM copper, which coincides with the
reported optimum of PvdP activity at 250 um copper (6). There-
fore, although copper binding to dihydropyoverdine partially
inhibits alkaline autoxidation (Fig. 5A4), the same high copper
concentrations can artificially trigger a dihydropyoverdine-ox-
idizing activity in the presence of whole cells (see “Discussion”).
In control experiments, strains lacking PvdM or PvdP did not
produce any fluorescent pyoverdine in the presence of added
copper even after prolonged incubations, excluding alternative
explanations for fluorescence increase (Fig. 5B, bottom).

PvdO and PvdP generally co-occur in fluorescent
pseudomonads

As shown above, PvdO is required for the oxidation of dihy-
dropyoverdine under physiological conditions in P. fluorescens
A506. It can therefore be expected that PvdO must always co-
occur with PvdP, because PvdP is essential for the preceding
ring formation. We thus examined the presence of pvdO and
pvdP in all genomes of Pseudomonas strains available in the
Pseudomonas Genome Database (18) in August 2017. In full
agreement with the prediction, these analyses demonstrated
a complete co-occurrence of the two genes (Fig. 6). Individ-
ual mismatches (in 13 of 3347 analyzed genomes) could all be
traced back to unfinished genome assemblies or gaps.

Mutational analysis of PvdO

As PvdO is somehow required for the oxidation of dihy-
dropyoverdine in living cells under physiological conditions,
it was interesting to investigate its structural and biochemi-
cal properties.

We homology-modeled the structure of PvdO from
P. fluorescens A506 (PvdO,5) to the known structures of
PvdO from Pseudomonas aeruginosa PAO1 (PvdOp .oy 73%
identity; PDB 5HHA) and the structurally related FGE (25%
identity; PDB 2Q17) from Streptomyces coelicolor. Neither
PvdOp Ao, nor FGE contain a redox active cofactor associated
with the purified proteins used in crystallographic analyses. How-
ever, FGE is suggested to employ a copper cofactor to oxidize cys-

SASBMB

Page 51



Dihydropyoverdine oxidation by PvdO

A <100+ 100 ~1189.6 a-keto-
[a)
e glutaric acid (2) B
E %A R O NH2
3 0.86 |
= H
o= o I (9) O‘N) OH
o H
3 | 100- N
a3 0.86 H NH
§ § %- % N N OM
g § . 3) 1 1160.6 succinamide (3) N H HO N NH
S 100+ I086I | ,1161.5 succinic | X
; é V. acid (4) (\/Kf = R
S 1,234
& %7
g ] pyoverdine (1-4)
-0 l .L (2? 0 {\—\
1140 1150 1160 1170 1180 1190 1200 1210
<1007 100 ——1191.5 DH-PVD HO
o o o
o a-keto-glutaric acid (6 )
S 9]
(@) 5 0.|86  1192.5 DH-PVD R R
‘<§r ® ol ) glutamic acid (5)
1007
Q|8 0.86 ]
2[5 ] | o, |1162.5 DH-PVD succinamide (7) m \©\/\[
vl 3§
E @ 1163.5 DH-PVD Rizse
o 108: 0.36 succinic acid (8) dihydropyoverdine (5-8) ferribactin (9)
S| & :
é § ferribactin (9)
Q| # %1 11785
g 0+ (6) 0 TRt T -|I|-"1"'I'AII'I'I-'lll"'"l""ll' /f‘\ wj\
2 1140 1150 1160 1170 1180 1190 1200 1210 . NH,
Time [min] m/z glutamic acid (1),(5)
R, O o
C Fluorescence CAS overlay assay A N OH
ApvdO ApvdO .
p P a-ketoglutaric acid (2),(6)
WT - ApvdN  pvdO - ApvdN  pvdO 0

Ead

-

- - -

U, — ----

3,t“}l\N)j\/\g/'\lFb
H

succinamide (3),(7)

R4
;{N OH
H

succinic acid (4),(8)

-—R2+R a

Figure 4. PvdO catalyzes the oxidation of dihydropyoverdine. A, analysis of pyoverdines produced by wildtype P. fluorescens A506 (top) and the corre-
sponding dihydropyoverdines (DH-PVD) produced by the pvdO deletion strain (bottom). Chromatograms on the left depict the elution profiles of the numbered
compounds that are assigned in Band D. C, detection of fluorescence (left) or iron-binding capacity in a CAS overlay assay (right) after isoelectric focusing of the
pyoverdines of indicated strains. WT, wildtype A506; ApvdO, strains with pvdO deletion; ApvdO/ApvdN, strain with an additional pvdN deletion; ApvdO/pvdO,

pvdO-complemented pvdO deletion strain.

teine to formylglycine (19), and according to a structural anal-
ysis study on PvdO,, 5 ,, FGE is the only so-far known protein
that is structurally related to PvdO, although active-site cys-
teines of FGE are not conserved in PvdO (16). The PvdOp ;-
and FGE-based structural models of PvdO 4 5o are in most parts
highly similar with respect to the backbone structure and differ
mainly in the conformation of surface loop structures (Video
S1). The FGE-derived model was suggestive of a potential His/
His/Glu non-heme iron-binding site that resembled known
sites (20, 21). These residues (His-188, His-218, and Glu-260)

SASBMB

are highly conserved (Fig. 7D), as are several other potentially
important candidate residues (Glu-179, Asn-210, Tyr-215,
Asp-216, Met-217, and Asp-257) that were included in a muta-
tional analysis. Also, several non-conserved residues with
potential metal-chelating propensity were included as negative
controls (Gln-187 and Met-214). As in the case of PvdO from
P. aeruginosa (16), all six cysteines of P. fluorescens A506 PvdO
form disulfides and thus are unlikely to be involved in metal
binding. Exchanged residues are indicated in the sequence of
Fig. 7D as well as in the structural model in Fig. 7E.

J. Biol. Chem. (2018) 293(7) 2330-2341 2333
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Figure 5. Non-physiological oxidation of dihydropyoverdines by alka-
line autoxidation in vitro and copper-induced oxidation in growing cul-
tures. A, pH-dependent autoxidation of dihydropyoverdine as monitored by
absorbance increase at 405 nm. Kinetics of assays containing 250 um CuSO,
(dashed lines) are directly compared with kinetics in the absence of copper.
Copper was added after 1 min of incubation. The data of the copper-contain-
ing assays were corrected for copper absorption. See “Experimental proce-
dures” for details. B, pyoverdine fluorescence of culture supernatants of wild-
type A506, its ApvdO derivative, and the pvdO-complemented ApvdO strain
after 24 h of growth in CAS medium supplemented with the indicated
CuSO, concentrations (top). Control measurements are shown, indicating the
absence of fluorescence with strains deleted in pvdM (ApvdM) or pvdP (ApvdP)
after a 48-h incubation (bottom). Error bars are derived from triplicate assays of
independent cultures. Fluorescence was normalized to the wildtype levels in the
absence of copper. The decrease of fluorescence at higher copper concentra-
tions is due to the quenching of pyoverdine fluorescence by copper ions.

Using our functional complementation system described
above, we examined for all of these individual PvdO variants
their ability to complement the ApvdO phenotype in terms of
pyoverdine production (Fig. 7A, top), their stability (Fig. 7A,
bottom), and their transport into the periplasm (Fig. 7B). For-
tunately, while a number of exchanges caused an instability of
the protein and consequently a loss of functionality, several of
the exchanges, namely PvdO(D257A) and PvdO(E260A), abol-
ished complementation of the mutant phenotype without com-
promising protein stability. The transport of these variants into the
periplasm was unaffected, indicating that the non-functionality

2334 J Biol. Chem. (2018) 293(7) 2330-2341

was not caused by a mislocalization. As expected from the stability
analysis shown in Fig. 7A, the other PvdO variants were not
detected in any subcellular fraction (Fig. 7B), indicating degrada-
tion to non-detectable levels. From all of these biochemical data, it
can be concluded that the residues Asp-257 and Glu-260 are
essential for dihydropyoverdine oxidation in living P. fluorescens
A506 cells, without being required for protein integrity or subcel-
lular targeting.

As a complementary analysis, we also evaluated pyoverdine
formation during growth on iron-depleted or iron-limited solid
media (Fig. 8). As expected, pvdO-deleted strains or strains
containing inactivated or destabilized PvdO variants grew with
reduced rate under iron-depleted conditions (i.e. in the pres-
ence of the chelator EDDHA; Fig. 8, A and C) and could not
form fluorescent pyoverdine halos (Fig. 8, C and D). Some fluo-
rescence surrounding the strain with the D257A variant indicates
a residual activity that had not been detected with planctonic
growth. In all other cases, the results of this assay were only con-
firmative. Together, the in vivo data described above indicated that
the two acidic residues Asp-257 and Glu-260 of PvdO were impor-
tant for the oxidation of dihydropyoverdine in living cells.

Based on this knowledge, we then carried out analyses in
vitro. We purified wildtype PvdO and the E260A variant from
the periplasmic fraction of E. coli harboring a pvdO expression
system (Fig. 7C). The protein migrated near 35 kDa, which is
slightly above the calculated mass of 30 kDa for the Strep-tagged
protein. Using ICP-MS, we did not detect any potentially redox-
active iron, copper, cobalt, or manganese ions or zinc ions as con-
stituents of the purified proteins. Therefore, as discussed in more
detail below, either a cofactor was not stably assembled or catalysis
does not depend on metal ions. The activity of purified PvdO and
its variant PvdO(E260A) was not detectable in vitro (Fig. S1),
which can be due to various reasons (see “Discussion”).

Discussion
PvdO is required for dihydropyoverdine oxidation

The functional role of PvdO has been matter of speculation
since its importance had been recognized by Ochsner et al. in
2002 (15). It was known that no fluorescent pyoverdine could be
formed in a pvdO mutant strain that had been generated by
interposon mutagenesis (15, 14). However, the deletion strains
were not complemented, and the fact that pvdO is organized in
the pvdMNO operon made the interpretations difficult due to
possible polar effects. PvdN, which is encoded by the same
operon and had also been believed to be essential for pyover-
dine formation, is in fact not essential and catalyzes the conver-
sion of the fluorophore-attached glutamic acid to succinamide
(7). To clarify this issue for PvdM and PvdO, we carried out
in-frame scar-less deletions of these two genes, analyzed
their phenotypes, and successfully complemented them. While
PvdM turned out to be indeed essential for pyoverdine forma-
tion, the ApvdO phenotype was more complex; there was still
some growth possible on iron-depleted medium, albeit the typ-
ical yellow-greenish pyoverdine fluorescence was absent from
this mutant (Fig. 3). This prompted us to investigate the spec-
trum of potential pyoverdine precursors produced by that
strain, and we discovered that PvdO is required for the oxida-
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Figure 6. Co-occurrence of PvdO and PvdP homologs within the genus Pseudomonas. Numbers to the right of the bar graph indicate the total number of
genomes analyzed for the respective species. Note that the two genes co-occurred in 3334 of 3347 genomes, and the 13 exceptions were attributed to

unfinished genomes.

tion of dihydropyoverdine in vivo under physiological condi-
tions (Fig. 4). The pvdO gene fully complemented the ApvdO
phenotype and produced wildtype levels of the oxidized
pyoverdine fluorophore. Thus, no secondary mutations had
caused the phenotype of the gene deletion. The role in fluoro-
phore biogenesis was unexpected, because the early postulated
dihydropyoverdine intermediate (11, 12) had not been consid-
ered as relevant anymore when PvdP had been shown to cata-
lyze the complete conversion of ferribactin to fluorescent
pyoverdine (6). In that in vitro study, however, the full oxidation
had been demonstrated in assays that contained 250 um CuSO,,
at pH 9.0. As we observed that dihydropyoverdine is rapidly
oxidized at pH 9.0 even in the presence of 250 um copper (Fig.
5A4), and as PvdO is responsible for the oxidation of dihydropy-
overdine under physiological conditions, it is likely that dihy-
dropyoverdine rather than pyoverdine is the product of PvdP.
However, it is noteworthy that a growing ApvdO strain could
generate fluorescent pyoverdine in the presence of 200 —500 um
CuSO,. This copper effect most likely relates to living cell con-
stituents, and it is intriguing that the optimal concentration in
the published PvdP assays is the same as in our in vivo assays
(Fig. 5B). It thus might be speculated that an occupancy of
low-affinity copper sites on cellular proteins such as PvdP can
contribute, besides alkaline autoxidation, to an artificial full oxida-
tion to pyoverdine under these conditions. As PvdO strictly co-oc-
curs with PvdP in fluorescent pseudomonads (Fig. 6), it is clear that
the oxidation of dihydropyoverdine must generally be catalyzed in
a PvdO-dependent manner under physiological conditions not
only in P. fluorescens but also in the other species.

Although required, the exact mode by which PvdO contributes
to the oxidation of dihydropyoverdine remains unclear

We initially expected a transition metal cofactor as a constit-
uent of PvdO and thus homology-modeled the structure with
the related S. coelicolor FGE structure and later also with the
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recently published P. aeruginosa PvdO structure as templates
to identify potential metal-binding sites. Several residues were
possibly involved in an iron-binding site, but there was no good
evidence for any copper site. The mutational analysis therefore
included residues with potential metal-binding properties in
the environment of the suspected iron site, and we examined
the influence of the mutations on fluorescent pyoverdine for-
mation as well as on stability (Figs. 7 and 8). The exchange of the
presumed histidine ligands strongly affected PvdO stability,
which argued against a primarily catalytic function. Only the
mutation of two acidic residues, Asp-257 and Glu-260, resulted
in complete (E260A) or strongly reduced (D257A) functionality
without any significant effect on protein stability. We had ana-
lyzed not only wildtype PvdO but also the E260A variant, as we
suspected Glu-260 to be an essential ligand for the supposed
metal ion. To our surprise, neither the wildtype nor the
mutated protein contained any detectable metal ions, although
PvdO had been purified under mild conditions by affinity chro-
matography. The absence of metals pointed to a mechanism
similar to the metal-independent alkaline autoxidation (17) in
which the deprotonation of the catechol is the initializing step
for the oxidation. It is proposed that unpaired electrons that
are generated during the oxidation are stabilized between the
neighboring catechol hydroxylates, which promotes the oxida-
tion (17). To this mechanism fits the essential role of Glu-260,
and also the significant contribution of a second carboxylic
acid, Asp-257. If PvdO directly catalyzes the oxidation of dihy-
dropyoverdine, it probably enables the deprotonations at pH
6.5 in the periplasm, stabilizes the oxyanions, and catalyzes the
electron transfer to an unknown electron acceptor (Fig. 94).
Once the ring system is oxidized, tautomerizations would read-
ily generate the 5,6-dihydroxyquinoline fluorophore. However,
because we could not reconstitute the activity in vitro, PvdO
most likely needs to interact with another component in the
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Figure 7. Effects of alanine exchanges of residues with potential catalytic function. A, effect of the indicated single-alanine exchanges on the formation
of fluorescent pyoverdine and control of the presence of the respective PvdO variants in the periplasm by SDS-PAGE/Western blotting. B, subcellular fraction-
ation of allanalyzed PvdO variants. Cytoplasmic (C), membrane (M), and periplasmic (P) fractions were analyzed for the presence of PvdO by SDS-PAGE/Western
blotting. Note than in case of stable PvdO variants, the protein is exclusively detectable in the periplasm, as expected for Sec transport. C, Coomassie-stained
PvdO preparations that had been used for metal detections. D, sequence logo of the mutated regions (see “Experimental procedures” for details). Exchanged
residues in PvdO s are colored red, and distinct regions are highlighted in yellow and blue. The residue numbers on top of the sequence logo indicate the
residue position in PvdO,sq6. E, homology model of the PvdO,5e structure based on the known structure of PvdO from P. aeruginosa (PDB code 5HHA).
Exchanged residues are highlighted in red. Left, overview of the structure; right, close-up view. The model was visualized using Chimera (36). Masses of marker

proteins (in kDa) are indicated on the left side of blots.

periplasm to perform its function. Obviously, this could be a
specific electron acceptor that channels the electrons into the
respiratory electron transport chain. The inactivity of purified
PvdO can be taken as an argument against a more direct elec-
tron transfer to oxygen, as implied by an autoxidation-like
mechanism. The possibility certainly also cannot be excluded
that an unknown cofactor is required that is lost during purifi-
cation or that PvdO is a protein that enables another enzyme to
oxidize dihydropyoverdine, although the active-site conserva-
tion argues for a direct enzymatic involvement (see below).

The active-site cavity appears to be conserved between FGE
and PvdO

When we examined the position of the identified key acidic
residues Glu-260 and Asp-257 in the homology-modeled pro-
tein, we readily recognized that these residues were located in a
pocket-like cavity that was likely to represent the substrate-
binding site (Fig. 9, B and C). Interestingly, we found that the

2336 J. Biol. Chem. (2018) 293(7) 2330-2341

supposed binding pocket was exactly at the position reported to
be the active site of the structurally related FGEs (PDB code
2Q17). One of the two active-site cysteines in FGE is in fact
superimposable with Glu-260, which we had identified as an
essential residue of PvdO (Fig. 9C). Glu-254 of PvdOpacn»
which corresponds to Glu-260 of PvdO , 5o, had already been
recognized to be at the position of the active-site cysteine in
human FGE (16). Although no function had been assigned to
this residue in that study, the corresponding surface cleft was
proposed to represent a binding site for an unknown substrate.
Therefore, nature apparently used the same protein fold and
the same active-site region to generate two distinct functional-
ities for distinct subcellular compartments. While the cytoplas-
mic FGEs can use cysteines for active-site metal coordination
(22), periplasmic PvdO does not have this cysteine and there-
fore does not bind copper at that position. Instead, PvdO func-
tion requires a glutamic acid that has been placed at the exact
position of the copper ligands in FGEs. This finding strongly

SASBMB

Page 55



214 215 216

28 257 260 188,218

\ .. ApvdO
N

ApvdO

Figure 8. Analysis of physiological functionality of PvdO variants with sin-
gle-amino acid exchanges. A and C, CAA plates containing iron-depleting
EDDHA; Band D, CAA plates without EDDHA. A and B show the growth of spotted
cultures on the respective media, whereas Band D show the fluorescence caused
by produced pyoverdines. The amino acid exchanges and control strains are
denoted in B. All plates contain the same organization of spotted strains.

argues for a direct enzymatic function of PvdO, which remains
to be demonstrated in the future. This will help to ultimately
clarify the mechanism by which dihydropyoverdine is oxidized.

Experimental procedures
Strains and growth conditions

The strain P. fluorescens A506 was utilized for all physiolog-
ical assays. Escherichia coli DH5a A pir" was employed for
cloning and E. coli Rosetta 2 (DE3) pLysSRARE2 for protein
production. The E. coli strains were cultivated at 37 °C and
P. fluorescens strains at 30 °C unless noted otherwise. LB-
Medium (1% (w/v) tryptone, 1% (w/v) NaCl, 0.5% (w/v) yeast
extract) was used for standard cultivations. Appropriate antibi-
otics were supplemented at the following final concentrations:
100 wg/ml ampicillin, 25 pg/ml chloramphenicol, 50 ug/ml
kanamycin, 20 pg/ml tetracycline. The pyoverdine-plate assay
and the relative pyoverdine quantification assay were per-
formed as described previously (7, 8).

Genetic methods and plasmids

Construction of all plasmids and scar- and marker-less dele-
tions were performed as described previously (7, 8). All primers
used for this study are listed in Table 1.

Biochemical methods

SDS-PAGE, successive Western blotting, and in-gel colloidal
Coomassie staining for protein analysis were performed
according to standard protocols (23-26). Development of
Western blots was performed according to the manufacturer’s
instructions using a StrepMAB-Classic monoclonal antibody

SASBMB

Dihydropyoverdine oxidation by PvdO

(IBA, Gottingen, Germany) for detection of Strep-tagged pro-
teins. As secondary antibody, anti-mouse-horseradish peroxi-
dase conjugate (Carl Roth, Karlsruhe, Germany) was employed.
Images were recorded using the MF-ChemiBIS version 4.2
imaging system (DNR Bio-Imaging Systems, Jerusalem, Israel).

Subcellular fractionation of P. fluorescens A506 was per-
formed as reported previously (27) with minor modifications;
cultures (50 ml) were grown to ODg, of 1, and a 1-ml fraction
volume was used throughout. The samples were not further
concentrated by precipitation for further analysis.

The subcellular fractionation of E. coli was carried out as
described earlier, with minor modifications (28). Briefly, 10
100-ml cultures in 0.5-liter Erlenmeyer flasks with four baffles
each were inoculated with 4 ml of the appropriate overnight
culture and incubated at 30 °C and ~180 rpm until the ODg,
reached 0.6. Then the expression was induced with 1 mum iso-
propyl B-p-1-thiogalactopyranoside for 3 h, maintaining the
incubation conditions. Subsequently, cells were sedimented in
250-ml centrifugation buckets for 10 min at 3857 X gand 4 °C.
The pellets were resuspended in 40 ml of TES buffer (20% (w/v)
sucrose, 10 mm Tris buffer, pH 8.0, 1 mm EDTA) and incubated
at room temperature for 10 min. The cells were transferred to
45-ml centrifugation buckets and sedimented for 10 min at
2990 X g and 4 °C. Pellets were then resuspended in 1.5 ml of
ice-cold 5 mMm MgSO, each and transferred to 2-ml plastic
tubes. Resuspended cells were then incubated for 20 min on ice
and subsequently centrifuged for 10 min at 4 °C and 16,060 X g.
The supernatants (periplasmic fraction) were collected and
immediately sterile filtered through a 0.2-um PES filter.
The protein was purified utilizing one 1.5-ml Strep-Tactin®
Superflow® column (IBA) according to the manufacturer’s
instructions using 100 mm Tris-HCI buffer, pH 8.0, with 150 mm
NaCl as running buffer. After elution, the elution fractions E3 and
E4 were combined and diluted with 100 mm Tris-HCL, pH 8.0, to
lower the NaCl concentration to 50 mm for subsequent ICP-MS
analysis. The protein was then concentrated using a Vivaspin® 6
concentrator (cutoff 10 kDa; Sartorius, Gottingen, Germany). The
protein concentration was estimated via absorption at 280 nm
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific). Samples were subsequently analyzed by ICP-MS (Spure-
nAnalytisches Laboratorium Dr. Baumann; Pirkensee, Germany).

A Jasco V-650 spectrophotometer (Jasco, Gross-Umstadt,
Germany) was used for in vitro dihydropyoverdine oxidation
assays with the following settings: wavelength, 405 nm; band-
width, 2 nm; measurement interval, 1 min; total measurement
time, 5 h; temperature, 20 °C; stirrer, 800 rpm. As buffers for the
assay, 50 mm HEPES, pH 7, 50 mm HEPES, pH 8, and 50 mm
CHES, pH 9, were used. The assays started with the addition of
10 ul of freshly thawed dihydropyoverdine stock solution to a
final assay volume of 2 ml in the respective buffer. After 1 min of
incubation time, CuSO, was added from a 100 mwm stock solu-
tion to a final concentration of 250 um. The absorptivity caused
by CuSO, was subtracted from the respective kinetics measure-
ment from the time point of the addition on.

In vitro activity assays were carried out in 50 mm PIPES, pH
6.5, in a final total volume of 2 ml. For each measurement, 10 ul
of the dihydropyoverdine stock solution were mixed with reac-
tion buffer, and the assay was started after 1 min of pre-equili-
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Figure 9. Role of PvdO in fluorophore formation of pyoverdines and identification of functionally important residues in a potential active-site cavity
of PvdO. A, biosynthetic reactions leading from ferribactin to pyoverdine via the intermediate dihydropyoverdine. PvdP is required for the initial oxidative
cyclization reaction that results in the catechol system. PvdO is required for the final oxidation, resulting in the mature fluorophore. B, the two active-site
residues Asp-257 and Glu-260 (red) and their position on the surface of PvdO relative to the other residues mutated in this study (blue). C (left), active-site cavity
shown by the APBS (37)-calculated electrostatic potential-colored surface (scale from —10 (red) through 0 (white) to +10 (blue)). Surface-exposed side-chain
regions of Asp-257 and Glu-260 are colored purple. Middle and right, superposition of the structure from FGE and PvdO ¢ structural model, highlighting the

respective active-site residues at overlapping positions. The active-site Cys-272 of FGE is at exactly the same position as Glu-260 in PvdO.

bration time by adding 100 ul of the protein (0.4 mg/ml in
elution buffer) to a final concentration of 20 ug/ml. As blank,
the same volume of elution buffer was used, and blank data
were subtracted. The settings for the Jasco V-650 spectropho-
tometer were the same as for the above-described dihydropy-
overdine oxidation assays.

Pyoverdine isolation, the isoelectric focusing assay in con-
junctionwiththe chromeazurol Soverlayassay,and theultraper-
formance liquid chromatography- high-resolution MS analysis
were carried out as reported previously (7, 8).

Bioinformatic methods

The initial classification of PvdO was performed employing
the InterPro web service (29, 30). To generate the sequence

2338 J. Biol. Chem. (2018) 293(7) 2330-2341

logo, PvdO homologs were identified by searching through
all amino acid sequences of all complete and draft genomic
sequences deposited in the Pseudomonas Genome Database
(18) with phmmer version 3.1b (31). The redundancy was sub-
sequently reduced by using the CD-HIT algorithm from the
CD-HIT Suite (32), utilizing a similarity threshold of 0.95.
Sequences were aligned with MAFFT version 7.310 (33) using
the G-INS-i setting. The resulting sequence alignment was
visualized using WebLogo 3 (34), plotting the probability of the
occurrence of each amino acid at each position.

The distribution analysis was performed by searching the
already downloaded sequences from the Pseudomonas Genome
Database (18) with phmmer version 3.1b (31). Utilizing an in-
house developed software, a taxonomy table reduced to species
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level was constructed, and the identified homologs were classi-
fied accordingly. Subsequently, the number of found homologs
in one species was divided by the total number of organisms
attributed to the same species, giving the percentage of occur-
rence. To model the structure of PvdO, the SWISS-MODEL
web service (35) was used and in conjunction with UCSF Chi-
mera (36) and APBS (37), and the models were visualized.
Sequence identities were calculated from alignments generated
using Clustal () (38).

To visualize the genomic contexts of pvdO in multiple organ-
isms, the MGcV web service (39) was used.
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PvdO is required for the oxidation of dihydropyoverdine as last step of
fluorophore formation in Pseudomonas fluorescens *
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*Running title: Dihydropyoverdine oxidation by PvdO
List of supplementary material:
Video S1: Morphing animation of the two homology-modelled structures of PvdO using either
formylglycine generating enzyme (FGE) from Streptomyces coelicolor (PDB 2Q17) or PvdO from
Pseudomonas aeruginosa (PDB SHHA) as template. Residues that have been exchanged for alanine’s in

this study are highlighted in blue.

Figure S1: Activity measurement of PvdO and the PvdOgra proteins in comparison to chemical
autoxidation
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Figure S1: Activity measurement of PvdO and the PvdOgz0a proteins in comparison to chemical
autoxidation. The purified PvdO and PvdOrasoa-proteins were tested for activity in vitro at pH 6.5 (as
described in the methods section), under the same measurement conditions used for the chemical
autoxidation that is shown for comparison (pH 8 and pH 9). Note that at pH 6.5 no autoxidation occurs and
that there is no detectable in vitro activity of PvdO as purified. All values are corrected for blank
measurements and the first measurement point was set to 0.

S1
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3.4. Additional data - Studies on the functional role of PvdN, PtaA and PvdM

To address a number of unresolved questions concerning the function of side-chain
modifications of pyoverdines and the exact role of PvdM in pyoverdine biosynthesis, a number of
additional assays were performed. The data obtained will be elaborated upon in the following
sections.

3.4.1. Pyoverdine side-chain modifications and their implication in export

Since, as detailed in sections 3.1 and 3.2, the deletion-mutant strains lacking either PvdN or
PtaA or even both, had no obvious defect in pyoverdine uptake, recycling or signaling even under
a wide range of different environmental pH conditions, a key question remained to be answered,
specifically: Which biological function do the side-chain modifications fulfill? One reasonable

explanation for the necessity of side-chain modifications Scan Fluorescence
CAA EDDHA CAA EDDHA

could be that one exporter of pyoverdine imposes a

-
specificity on export. Since it is known that multiple %

<
exporters must be involved in pyoverdine export but

only the PvdRT-OpmQ exporter has been directly (see  Figure 6: Pyoverdine export by the
ApvdT- and the ApvdNApvdT double
deletion mutants. Both the ApvdT- and the
ApvdNApvdT double deletion mutant
produce and export similar quantities of
hypothesis with a ApvdT- and a ApvdNApvdT double  pyoverdine as evidenced by the green and
the fluorescent halo around colonies grown

deletion mutant. Qualitatively, as estimated with a o0 Ppyoverdine inducing casamino acid
(CAA) medium. Furthermore, the strains

. . . . are not impaired in iron acquisition
pyoverdine production plate assay, no obvious defectin  gemonstrated by growth on iron-depleted
ethylenediamine di(o-hydroxy)phenylace-

pyoverdine export or growth on EDDHA could be ticacid (EDDHA) containing CAA medium.

section 1.4) implicated therein, we set out to test this

observed for either of the two mutant strains (Figure 6). Although these data were unexpected in
regard to our hypothesis, a mass-spectrometric and IEF analyses with chrome azurol S (CAS)
overlay assay were carried out to investigate the exact chemical composition of the produced
pyoverdines (Figure 7). Interestingly, the mass spectrometry (MS) results revealed that the ratio
between Cs (a-ketoglutaric- [2] and glutamic acid [1]) and C4 (succinamide [3] and succinic acid
[4]) side-chain variants (Figure 7A; upper panel) was inverted compared to wild-type pyoverdine

produced and isolated under the same conditions (section 3.1; Figure 4B). Usually, the Cs side-
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Figure 7: The ApvdT mutant strain is impaired in the export of Cs pyoverdine side-chain variants. (A) Mass
spectrometry results, depicting the mass-filtered UHPLC chromatograms for the glutamic acid- [1], the a-ketoglutaric
acid- [2] and the succinamide [3] variants on the left. On the right, the corresponding mass-spectra of the peak at
0.62 min are shown. The mass peaks were assigned and numbered according to the structures depicted in Figure 4.
(B) IEF gels detected by fluorescens (top) and by the CAS overlay assay (middle). Numbers to the left of the gels indicate
the identified pyoverdine variants as depicted in Figure 4. By integration of the bands obtained from the lanes of the
CAS overlay assay, the ratio between C4 and Cs variants could be approximated (bottom). Because the succinic acid [3]
variant could not be completely separated from the a-ketoglutaric acid [2] variant, it contributes to the intensity thereof.

chain variants are the predominant form under the conditions used for production, which is
obviously not the case in a ApvdT mutant strain. As expected, the ApvdNApvdT double deletion
mutant did not produce any C4 pyoverdine variants anymore (Figure 7A; lower panel).

However, to verify the obtained results with an independent method, the isolated
pyoverdines were analyzed via IEF in conjunction with the CAS overlay assay (Figure 7B). When
comparing the ratio of C4- to Cs variants between the wildtype and the ApvdT deletion mutant, the
data suggests a similar tendency as obtained with MS, although it is not as pronounced (Figure
7B; lower panel). Since both fluorescence and iron-affinity of pyoverdines are pH-dependent, the

obtained intensities cannot be easily compared more quantitatively, thus a more accurate
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quantification of all pyoverdine variants for future experiments via MS would be preferable.
Furthermore, a quantitative pyoverdine-formation assay needs to be performed to investigate any

defects in export of the ApvdT- and a ApvdNApvdT double deletion mutants.

3.4.2. Towards understanding the function of PvdM

The data obtained in section 3.3 indicated that PvdM is required for pyoverdine formation,
since a ApvdM deletion mutant could neither produce pyoverdine, nor could it grow on iron-
depleted EDDHA supplemented CAA medium, which could be fully complemented in trans by a
HA-tagged variant of PvdM (section 3.3; Figure 3). However, it was not clear in which process, in
regard to pyoverdine biogenesis, PvdM was involved. To examine whether PvdM is generally
relevant for pyoverdine biogenesis, a co-occurrence analysis with PvdP for all available genomes
from the pseudomonas genome database (281) was performed. Since it is known that PvdP is
required for pyoverdine formation, the strict co-occurrence of PvdM with PvdP (Figure 8)
indicates that PvdM may also be indispensable for pyoverdine biogenesis, recycling or signaling
in other Pseudomonas strains. Furthermore, PvdM does not occur in strains that cannot produce
pyoverdine, which can be concluded from the absence of PvdM from strains that do not contain

PvdP. However, to obtain a better understanding of the potential function of PvdM, a more

0% 50% 100% 0% 50% 100% 0% 50% 100% 0% 50% 100%
P. abietaniphila 1 3 P. congel 2 P. I 1 1 P. reinekei 1
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Figure 8: Co-occurrence analysis of PvdM and PvdP homologs within the genus Pseudomonas. The numbers
behind the bar-graphs indicate the aggregate number of genomes analyzed for the respective species.
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Figure 9: PvdM is a membrane associated peptidase but is not required for PvdQ maturation. (A) Prediction of
potential signal-peptide or membrane-anchor motifs by various algorithms. S, signal-peptide; o, outside (periplasm); i,
inside (cytoplasm); M, membrane. (B) Subcellular fractionation of a ApvdM strain in trans complemented with a C-
terminally HA-tagged variant (50 kDa) detected via SDS-PAGE/Western blotting. PvdM could primarily be detected in
the membrane fraction whilst small amounts were also detected in the cytoplasmic fraction, as indicated by the arrow
on the right. CP, cytoplasmic fraction; MB, membrane fraction; PP, periplasmic fraction. (C) Subcellular fractionation of
a ApvdQ and a ApvdQApvdM strain, both in trans complemented with a C-terminally Strep-tagged PvdQ-variant. The C-
terminal B-fragment after autoproteolytic cleavage of PvdQ (~60 kDa) could be detected in the periplasmic fraction, as
indicated by an arrow on the right. The processing of PvdQ is therefore independent of PvdM. (D) Sequence logo of active
site regions of PvdM. Highlighted residues indicate the residues found in PvdM of P. fluorescence A506 and distinct
regions are highlighted in yellow and blue. The numbered residues indicate the amino acid position in PvdM, whilst the
numbering on the bottom indicates the position within the alignment. (E) Homology model of PvdM based on the known
structure from P. aeruginosa PAO1 (PDB 3B40). The surface-coloration (top) correlates with the electrostatic surface
potential calculated with APBS. The orange highlighted residues (bottom) correspond to the potential active site
residues, whereas the backbone-regions highlighted in blue resemble the potential dimerization interface of PvdM. (F)
Active site region of PvdM with conserved active site residues highlighted in orange, superimposed with the active site
residues of the human renal dipeptidase (PDB 1ITQ) highlighted in red and the zinc-atoms colored in light purple. The,
in PvdM homologs, conserved Li79 exchange is highlighted in green and a supplementary potential iron chelating residue
D394 is highlighted in purple.

detailed bioinformatical and biochemical characterization was necessary. To ascertain the
number of possible pathways PvdM might potentially be involved in, the subcellular localization
was predicted with a number of different programs (Figure 9A). However, the obtained results
did not allow for the unambiguous designation of a subcellular localization, since PvdM could
either be a soluble periplasmic-, or a membrane anchored protein. To determine the true
localization of PvdM, the in trans complemented strain was analyzed by subcellular fractionation,

which revealed that PvdM is truly a membrane-associated protein (Figure 9B), probably facing
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into the periplasm. To evaluate possible enzymatic functions of PvdM, it was classified using the
InterPro webservice (282, 283). The classification predicted that PvdM belonged to the family of
M19 peptidases, but according to the MEROPS database (284), it belonged to the non-peptidase
homologs (identifier: MER0471750), since it lacked a conserved active site residue. The extended
analysis using the NCBI CDD classification system (285) confirmed the classification by InterPro,
showing that PvdM belongs to membrane associated renal dipeptidases (identifier: cd01301). The
potential active site residues were mostly conserved, although an otherwise highly conserved
glutamic acid residue was replaced by a leucine (Li79) and a glutamine (Qzs4) substitutes a typical
histidine residue. To evaluate whether these exchanges are characteristic for PvdM homologs, the
sequences of all identified homologs of PvdM were redundancy reduced employing an identity
threshold of 0.95 using the CD-Hit algorithm contained in the CD-HIT Suite (286). The resulting
sequences were aligned using the T-Coffee webservice (287). The alignment was visualized as
sequence logo with WebLogo 3 (288; Figure 9D). Interestingly, the analysis revealed that the Li79
exchange is present in all aligned PvdM homologs and the Qs3 substitution is also rather
conserved, although some sequences have retained the original Hzsz residue. To evaluate the
structural similarity of the active site, PvdM was homology-modeled with SWISS-MODEL (289)
using the known crystal structure of the PvdM ortholog from P. aeruginosa PAO1 (PDB 3B40; 290)
as template, which has a sequence identity of 77% as calculated with ClustalQ (291).
Subsequently, the structure was visualized with UCSF Chimera (292) in conjunction with APBS
(293) to calculate the electrostatic surface potential (Figure 9E). The structure shows a negatively
charged region surrounding the active site. The putative dimerization interface is located on the
outside of the protein and the back of the enzyme has a neutral electrostatic surface potential,
which may be in contact with the membrane. The superposition of the active site residues with
those of the human renal dipeptidase (hrDP; PDB 1ITQ; 26% sequence identity) illustrate how
conserved the active site geometry surrounding the binuclear Zn?+* center is. However, two major
differences are directly apparent: 1) the glutamic acid residue from hrDP is substituted by a

leucine residue Li7o and 2) an additional amino acid D394 is possibly involved in the coordination
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of zinc. Since it is reasonable to assume from these results that PvdM is a membrane associated

peptidase, one possible involvement would be the maturation of PvdQ, if the autoproteolytic

activity needed support in vivo. To test this hypothesis, both a ApvdQ and a ApvdMApvd(Q strain,

in trans complemented with a C-terminally Strep-tagged PvdQ-variant were subject to a
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Figure 10: Comparison of pyoverdine
production of various mutant strains. The
phenotype of the ApvdM deletion strain
complemented in trans with a PvdM variant
lacking the membrane anchor region (mpvdM)
does not produce pyoverdine and cannot grow
on iron-depleted (EDDHA) medium (top panel).
Neither the ApvdQ nor the ApvdMApvdQ strain
can grow on iron-depleted (EDDHA) medium
(middle) but the colony of the ApvdQ strains
shows slightly more residual fluorescence than
the ApvdMApvdQ double deletion strain. The
ApvdQ strain complemented in trans with a
Strep-tagged variant of PvdQ can produce
pyoverdine again as evidenced by the greenish
halo around the colony when grown on
pyoverdine inducing King’s B medium (bottom).
On the other hand, the ApvdMApvdQ
complemented with the same construct cannot
produce pyoverdine.

subcellular fractionation with subsequent SDS-
PAGE/Western blotting (Figure 9C). The C-terminal 3-
fragment after autoproteolytic cleavage of PvdQ
(~60kDa) could be detected in the periplasmic
fraction of both strains, therefore, the maturation of
PvdQ is independent of PvdM. Since the ApvdQ and the
ApvdMApvdQ strain are both not able to grow on iron-
depleted media and do not secrete pyoverdine into
the medium (Figure 10, middle), both strains were
complemented in trans with a C-terminally Strep-
tagged variant of PvdQ and tested for the ability to
produce pyoverdine (Figure 10, bottom). The
complemented ApvdQ strain produced and excreted
pyoverdine into the medium, whilst the
complemented ApvdMApvd(@ double deletion strain
did not. Interestingly, the ApvdQ colony shows a
slightly more intense residual fluorescence in
comparison to the ApvdMApvdQ double deletion
strain, which that the

suggests pyoverdine

chromophore can be formed in the ApvdQ strain.

As a membrane anchored protein can either face into the cytoplasm or into the periplasm, a

residual activity may be expected when the enzyme is produced without the membrane anchor in

case it would face towards the cytoplasm. To test this hypothesis, a variant of PvdM was
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constructed that did not contain the signal-peptide/membrane anchor referred to as mPvdM,
which was tested for its qualities regarding in trans complementation of a ApvdM mutant strain.
However, mPvdM could not complement the ApvdM phenotype (Figure 10, top) indicating that
the putative enzyme faces towards the periplasm, which agrees with the bioinformatic results,
although this needs further investigation by alternative methods. Nevertheless, it could be proven
that the membrane anchor is required for PvdM function.

3.4.3. Experimental procedures

The experimental procedures described here only refer to the section 3.4.

Strains and growth conditions- For physiological studies, the strain P. fluorescence A506 was
employed, whilst Escherichia coli DH5a A pir+ was used for cloning. E. coli was cultivated at 37 °C
and P. fluorescence at 30 °C. For standard cultivations, LB-medium (1% (w/v) tryptone, 1% (w/v)
NaCl, 0.5% (w/v) yeast extract) was used. Antibiotics were supplanted at the following final
concentrations when appropriate: 100 pg/ml ampicillin, 50 pg/ml kanamycin, 20 pg/ml
tetracycline. Pyoverdine plate assays on CAA and EDDHA supplemented CAA medium were
performed as described previously (294, 295). King’s B medium was prepared as described by
King et al. (296), and may be used in the same way as CAA medium to monitor pyoverdine
formation as described above.

Genetic methods and plasmids- The construction of plasmids and scar- and marker-less deletion
strains were carried out as previously described (294, 295). However, the arabinose inducible
construct for the in trans expression of pvdQ shown in Figure 9C was assembled starting at the
pEXH5-pvdQ-strep intermediate. The pvdQ-sequence was amplified with the primers pEXPT7-
RBS-Sacl-F-MR and pEXPT7-Xmal-R-MR and was cut with Sacl and Xmal. A shuttle plasmid
carrying an arabinose-inducible promotor system was constructed starting from pUC19. The
pUC19 plasmid was cut with BspHI, which removed the ampicillin resistance cassette. A
kanamycin resistance cassette was amplified from the plasmid pAH120 (297) using the primers
pAH120-Kan-Pcil-F-MR and pAH120-Kan-Pcil-R-MR and was cut with Pcil. The obtained

fragment was ligated into the pUC19 (298) fragment and transformed into E. coli DH5a A pir+ via
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the transformation procedure described by Inoue et al. (299). The resulting clones were screened
for plasmids carrying insertions that pointed into the same direction as the original kanamycin
resistance cassette. The resulting plasmid was termed pUCK19F, which was subsequently cut with
Ndel and Xbal. Using the primers araRed-F-MR and araRed-R-MR, the region containing an
arabinose inducible A Red system (consisting of the components y, f and exo as well as araC) from
plasmid pKD46 (300) was amplified and cut with Ndel and Xbal. After ligation of the obtained
fragments, the resulting plasmid pUCK19F-araRed was cut with HindIIl and Sbfl. The minimal
origin of replication (for replication in Pseudomonas), as described by Janson et al. (301) of the
plasmid pUCP18-RedS (302) was amplified with the primers Pori-F-MR and Pori-R-MR, then cut
with Sbfl and HindIl and ligated into the plasmid backbone, resulting in the shuttle plasmid
pUCKP19F-araRed. This plasmid was then cut with Sacl and Xmal, excising most of the A Red
system from the plasmid, but retained the araC and Py.q regions. The sequence fragment amplified
from pEXH5-pvdQ-strep and cut with Sacl and Xmal was then ligated into the cut plasmid, yielding
the arabinose inducible plasmid pUCKP19F-Py.-pvdQ-strep. All constructs were verified by

restriction analysis and sequencing. All primers used in this study are listed in Table 1:

Table 1: Primers used in this study. Restr. site, restriction site.

Name Sequence Restr. Purpose
site
araRed-F-MR CGCGGCTCTAGATTAT Xbal  Forward primer for cloning the
GACAACTTGACGGCTA arabinose inducible A Red
C system from pKD46
araRed-R-MR GCCCGCCATATGCTAC Ndel  Reverse primer for cloning the
TGGTATTGGCACAAAC arabinose inducible A Red
CTG system from pKD46
pAH120-Kan-Pcil-F- CACTTAACATGTGGGA Pcil  Forward primer for cloning the
MR AATGTGCGCGGAACCC kanamycin resistance cassette
pAH120-Kan-Pcil-R- ACATCCACATGTATCG Pcil  Reverse primer for cloning the
MR TGGCCGGATCTTGCG kanamycin resistance cassette
pEXH5-RBS-F-MR GGCGCGGGATCCGTTT  BamHI  Forward primer for subcloning
AACTTTAAGAAGGAGA from pEXHS into pME6010
TATAC
pEXH5-strep-term-R- ~ CCCCTTGAATTCAAAA EcoRl  Reverse primer for subcloning
MR AAAACCCCGCCCTGTC from pEXH5 into pME6010
AGGGGCGGGGTTTTTT
TTTTTACTTTTCGAAC
TGCGGGTGGCTCC
pEXH5-RBS-Sacl-F-MR  GGCGCGGAGCTCGTTT Sacl  Forward primer for subcloning
AACTTTAAGAAGGAGA from pEXHS5 into pUCKP19F
TATAC
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Name Sequence Restr. Purpose
site
pEXH5-Xmal-R-MR TTTGCGCCCGGGTTTT Xmal Reverse primer for subcloning
ACTTTTCGAACTGCGG from pEXH5 into pUCKP19F
GTGGCTCC
PfA506-matPvdM-F- ATACGGCATATGGGCT Ndel  Forward primer for cloning the
MR TGCTGGTCTGGGATCA PvdM-coding  region into
GTGGTTCAAGG pEXH5
PfA506-matPvdM- CCGATTAAGCTTTTAC  HindIll Reverse primer for cloning the
strep-R-MR TTTTCGAACTGCGGGT PvdM-coding  region into
GGCTCCAGCGGTTGGC pEXHS5, adding a Strep-tag
CAAGGGTTTGGCGGCT
TTTTGGAC
PfA506-pvdQ-DF-MR  GCGTTCGTAAATTCGG - pvdQ genomic deletion control
PfA506-pvdQ-DR-MR  GTTCAATACTCACACC - pvdQ genomic deletion control
PfA506-pvdQ-F1-MR GCGCCAAAGCTTGGGC  HindIll Forward primer for pvdQ left
TTCAAAGGTCTGTCAG ﬂanking region
GCGTAG
PfA506-pvdQ-F2-MR GTGAAGGAGTAGGGCA - Forward primer for pvdQ right
GACGCGCAACCCCTTG ﬂanking region
ATGC
PfA506-pvdQ-F-MR TTCCCCTCTAGAAATA Xbal  Forward primer for cloning the
ATTTTGTTTAACTTTA PvdQ-coding  region into
AGAAGGAGATATACAT PEXHS
GTGATTATTTCCAACG
GGTTGTCCAGAGTGGG
C
PfA506-pvdQ-R1-MR  GGGTTGCGCGTCTGCC - Reverse primer for pvdQ left
CTACTCCTTCACCACG flanking region
CCGACTCCACAGTCAA
ATTGAACAC
PfA506-pvdQ-R2-MR  TTAGCGGGATCCGGTC ~ BamHI Reverse primer for pvdQ right
CACGGCGCAGAATCGT ﬂanking region
TTTGCCAAAG
PfA506-PvdQ-strep-R- GGCCGCAAGCTTTTAC  HindIll Reverse primer for cloning the
MR TTTTCGAACTGCGGGT PvdQ-coding  region into
TGTTTGGATTTGGTAG
TGC
PfA506-pvdT-DF-MR  GTTGCCGCCAGGTCGA - pvdT genomic deletion control
PfA506-pvdT-DR-MR  CACGGTAGGTTTGCAG - pvdT genomic deletion control
PfA506-pvdT-F1(2)- AGACAGGGATCCGGAC ~ BamHI Forward primer for pvdT left
TGTCGAG
PfA506-pvdT-F2-MR GGGTTGATGTGACCAC - Forward primer for pvdT right
GCCACTGTTCGGCTTC flanking region
ATGCCGGCCCGTAAAG
C
PfA506-pvdT-F-MR TTCCCCTCTAGAAATA Xbal  Forward primer for cloning the
ATTTTGTTTAACTTTA PvdT-coding region into
AGAAGGAGATATACAT pEXH5
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Name Sequence Restr. Purpose

site

GTGACCACGCCACTGA
TCGAACTCAAGAAC

PfA506-pvdT-R1-MR  CAGTGGCGTGGTCACA - Reverse primer for pvdT left
TCAACCC flanking region

PfA506-pvdT-R2(2)- ATCAGCAAGCTTATCA  HindIll Reverse primer for pvdT right
GTAGAAGG

PfA506-pvdT-strep-R- GGCCGCAAGCTTTTAC  HindIll Reverse primer for cloning the

MR TTTTCGAACTGCGGGT PvdT-coding region into
GGCTCCATTCACTGGT pEXHS5, adding a Strep-tag
CAACGCCTTAACCG

Pori-F-MR AATTTACCTGCAGGGA Sbfl  Forward primer for cloning the
AAGGCAGGCCGGGCCE minimal ori from pUCP18-
TGGTG RedS

Pori-R-MR AATATTAAGCTTCCTC  HindIll Reverse primer for cloning the
TCAGGCGCCGCTGGTG minimal ori from pUCP18-
CCG RedS

Biochemical methods- The standard methods for SDS-PAGE and successive Western blotting were
carried out according to established protocols (303-305). Western blots were developed
according to the manufacturer’s instructions using either Strep-Tactin-HRP conjugate (IBA,
Gottingen, Germany) for Strep-tagged proteins, or a HA-tag polyclonal antibody (TaKaRa Clontech,
CA, USA) in conjunction with anti-mouse-HRP conjugate (Carl Roth, Karlsruhe, Germany) for HA-
tagged proteins. The blots were imaged with the MF-ChemiBIS 4.2 imaging system (DNR Bio-
Imaging Systems, Jerusalem, Israel).

The subcellular fractionation of P. fluorescence A506 was carried out as described previously
(306) with minor modifications to the original procedure as reported in (295). For the arabinose
inducible system, the expression was induced after 1 h of cultivation with a final concentration of
0.1% (w/v) L-arabinose and the cultivation was continued until cells reached the required ODgo.

The isolation of pyoverdine, the IEF analysis in conjunction with the CAS overlay assay and
the UPLC-HR-MS-analysis were carried out as previously described (294, 295).

Bioinformatic methods- To classify PvdM, the InterPro webservice (282, 283) in conjunction with
the NCBI CDD webservice (285) was used. To evaluate the potential function of PvdM as peptidase,
the MEROPS webservice was employed (284). The structure of PvdM was homology modelled
using the SWISS-MODEL webservice (289), which was visualized using UCSF Chimera (292) in
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conjunction with APBS (293) and PDB2PQR (307, 308). Relevant crystal structures and sequences
were obtained from the protein data bank (PDB) (290) and the UniProt database (309)
respectively. The sequence logo of PvdM was generated by identifying PvdM homologs within all
amino acid sequences of all complete- and draft genomic sequences deposited at the
pseudomonas database (281) using phmmer v 3.1b (310) with a cutoff of 2.5 e-5¢. Sequences were
redundancy reduced employing the CD-HIT algorithm from the CD-HIT Suite (286), using a cutoff
of 0.95 to facilitate the sequence alignment performed with the T-Coffee webservice (287). The
sequence alignment was visualized with WebLogo 3 (288), plotting the probability of occurrence
for each amino acid. Sequence identities were calculated with ClustalQ) (291). The co-occurrence
analysis of PvdP and PvdM was performed using the same approach described for identifying
PvdM homologs, which was extended by assigning found homologs to a taxonomy table reduced
to species-level with an in-house developed software. The semi-quantitative pyoverdine

quantification of Cs and C4 variants of pyoverdine was performed using Fiji (311).
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4. Concluding discussion and outlook

At the beginning of this thesis, we sought to extend our knowledge about the involvement of
the putative periplasmic enzymes PvdM, PvdN and PvdO in pyoverdine biosynthesis, uptake,
recycling and regulation to explain yet unresolved enigmas of pyoverdine research. The data
obtained during this endeavor allows for the formulation of a more detailed model of pyoverdine
biogenesis (Figure 11), which extends the current model in two major points:

1) The previously reported and well known side-chain modifications of pyoverdine can now

be accounted for in the extended biosynthetic scheme.

2) The oxidative cyclization of ferribactin generating the mature chromophore proceeds via

two distinct steps.
These two findings and the hypothetical involvement of PvdM will be discussed in greater detail

in the following sections, elaborating which conclusions can be drawn from the extended model.
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Figure 11: Extended model of pyoverdine biosynthesis, export, recycling and signaling in P. fluorescence A506.
The acylated ferribactin precursor is synthesized in the periplasm by the NRPSs PvdL, Pvdl and PvdD in conjunction
with the auxiliary enzymes PvdH, PvdF and PvdA, which are required for the synthesis of L-Dab and L-fOHOrn.
Furthermore, the putative adenylation-domain activating protein MbtH may support NRPS-dependent synthesis, while
the soluble thioesterase PvdG may facilitate inter-NRPS transfer of peptide building blocks (see section 1.6 for details).
The cytoplasmic enzymes form membrane associated complexes referred to as “siderosomes”, probably to avoid
adverse effects by cytoplasmic toxicity and to implement an efficient biosynthetic machinery. The acylated ferribactin
is exported into the periplasm via PvdE, where it is deacylated by the NTN-type hydrolase PvdQ. Subsequently, the
copper dependent tyrosinase like enzyme PvdP catalyzes the oxidative cyclization, resulting in dihydropyoverdine.
Consequently, PvdO, possibly in conjunction with PvdP or other yet unidentified proteins, facilitates the final oxidative
step, yielding the characteristic pyoverdine chromophore. Thereafter, a branched side-chain modification-pathway
transforms the original L-glutamic acid side chain either to the succinamide, catalyzed by PvdN, or the a-ketoglutaric
acid, catalyzed by PtaA. The modified pyoverdines are then exported into the extracellular compartment, where they
fulfill their natural function (see sections 1.4 and 1.5 for details).
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4.1. Pyoverdine side-chain modifications

Although a number of side-chain modifications of pyoverdines have been known for many
years (14, 236-240), their biosynthetic origin as well as their biosignificance have remained a
mystery. Nevertheless, the inherent physicochemical properties of these variants were exploited
by the widely used method of siderotyping, which produces a characteristic siderophore band-
pattern by making use of the changes in the isoelectric points (pI) by IEF and subsequent
visualization by in-gel fluorescence detection or by the chrome azurol S (CAS) overlay assay (242).
In an early study on the biogenesis of the side-chain modifications by Schéafer et al. in 1991 (241),
a systematic examination revealed that the ratios between the glutamic acid-, the a-ketoglutaric
acid-, the succinamide and the succinic acid variants of pyoverdine were influenced significantly
by the incubation time of the bacterial culture and also somewhat by pH and iron-content of the
cultivation medium. From their observations, Schifer et al. concluded that the glutamic acid
variant must be produced by reductive transamination from the a-ketoglutaric acid variant but
that both variants must be in a chemical equilibrium, possibly catalyzed by an enzyme.
Furthermore, it was suggested that both the a-ketoglutaric acid- and the succinamide variant
were the true primary products, since both were present from the beginning of pyoverdine
production and therefore, the succinic acid variant must be an artifact of alkaline amide
hydrolysis. Moreover, the iron-concentration in the cultivation medium correlated inversely with
the ratio between C4 and Cs variants but no explanation for this phenomenon could be given. Based
on the observation that all known modifications were intermediates of the citric acid cycle, a
possible involvement was implied (241). Later, also dihydropyoverdine- and dihydropyoverdine-
7-sulfonic acid variants carrying various side-chains could be identified (312). However, only after
the realization that ferribactin is a precursor in pyoverdine biosynthesis (223, 224, 220, 225-
227), in conjunction with the observation that ferribactin usually contains only the glutamic acid
side-chain?, it was concluded that glutamic acid could be the precursor of all observed side-chain
variants (15). Nevertheless, a biological function could not be assigned to the pyoverdine variants

and the sequence of modifying reactions could not be experimentally established.

Page 74



Based on the assumption that glutamic acid is truly the precursor of all pyoverdine variants,
our investigations began with the analysis of PvdN. After classification of PvdN with the InterPro
webservice (282, 283), which suggested that the enzyme belonged to the pyridoxal phosphate
(PLP) containing class-V amino-transferases, we originally thought that PvdN might catalyze the
transamination reaction leading towards the a-ketoglutaric acid variant. This was based on the
fact that transaminations belong to the well-known repertoire of PLP catalyzed reactions
(reviewed in 315, 316). However, to our surprise, the UPLC-HR-MS analysis of pyoverdine
variants produced by the ApvdN mutant suggested a completely different role. Obviously, the
conversion of glutamic acid to the succinamide is catalyzed by the unusual PLP containing enzyme
PvdN, which was hypothesized to proceed via a novel PLP catalyzed oxidative decarboxylation
under retention of the amine (section 3.1; Figure 7B; 294). PLP is a well-known and versatile
cofactor, involved in the catalysis of transaminations, decarboxylations, racemizations,
B-eliminations, B-substitutions, retro-aldol reactions, y-eliminations, y-substitutions, Claisen- and
retro-Claisen condensations (315, 316). However, a reaction identical to the one described for
PvdN, involving a PLP cofactor, was unprecedented. Therefore, the reaction catalyzed by PvdN is
mechanistically highly interesting, since it probably proceeds via a radical intermediate involving
molecular oxygen. The only so far known similar reaction mechanism is catalyzed by the enzyme
CcbF, which is involved in the biosynthesis of the lincosamide antibiotic celesticetin (317)
produced by Streptomyces caelestis. Unlike PvdN, CcbF catalyzes the oxidative decarboxylation
and deamination, which yields the carboxylic acid instead of the amide. However, PvdN is not only
unusual because of its novel reaction mechanism but also in respect to the subcellular
compartment where the reaction proceeds. Whilst CcbF is a cytoplasmic enzyme, PvdN is a twin-
arginine translocation (Tat) substrate that is translocated into the periplasm after folding and

acquisition of the cofactor PLP. It could be demonstrated that a PvdNk2i6a variant, which is

2 There are only two known exceptions to this rule: 1) It was observed that P. fluorescence G173 produces a
ferribactin-derivative under some cultivation conditions that carries a glutamic acid side chain either
partially or fully converted to a hydroxamic acid (313) and 2) the strain P. fluorescence ATCC 17400
produces a ferribactin with a succinamide side-chain (314).
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impaired in PLP binding, is not translocated into the periplasm but instead trapped in the
membrane (section 3.1; Figure 6B). This is remarkable in two ways: 1) PvdN is the first Tat-
substrate known to carry a PLP cofactor and 2) it is known that other periplasmic PLP containing
enzymes, such as the amino acid racemase produced by P. taetrolens, can be exported via the
general secretion system (Sec) (318), which exports proteins in an unfolded state, being
prohibitive to cofactor acquisition in the cytoplasm. Since PvdN forms a dimer (319) it may be
speculated that a defect in binding of the PLP cofactor may disturb the subunit interaction,
supported by the fact that PLP binding occurs in close proximity to the dimerization interface. The
disturbed dimerization may thus cause the observed defect in translocation. This inevitably leads
to the question, whether PvdN is translocated and processed as a dimer, which would fit the data
obtained for other Tat substrates (320, 321), or as a monomer, but the exact mechanism remains
to be elucidated. It will be interesting to investigate the mechanistic details of the catalyzed
reaction and translocation. Also, it will be important to understand which structural features of
PvdN determine its mode of action, which will help to gain insights into the details of the reaction
mechanism but also facilitate bioinformatic predictions. Possible approaches to validate the
proposed reaction mechanism will be discussed together with PtaA at the end of this section.
The enzyme PtaA was postulated to exist after realizing that the PLP containing enzyme PvdN
did not catalyze the transamination reaction converting the glutamic acid- into the a-keto glutaric
acid variant as initially anticipated (section 3.1; Figure 7A; 294). From the experiences gained
during the investigation of the enzyme PvdN it was hypothesized that the sought-after
transaminase could also be a Tat substrate. Therefore, a targeted in silico analysis was performed,
first predicting all putative Tat substrates from P. fluorescence A506 and then classifying all
putative substrates to assess their PLP binding potential (section 3.2; Table 1; 295). This analysis
indicated two proteins possibly possessing the specified properties, specifically PvdN, which was
expected, and an uncharacterized protein PflA506_4424. A thorough literature research in
combination with further bioinformatic characterizations revealed that a homolog of

PflA506_4424 existed in P.aeruginosa PAO1, namely PA2531, which is PvdS-dependently
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upregulated in response to iron starvation (164) and had indeed been proven to be a periplasmic
transaminase (322). Remarkably, the latter aspect reported by Calhoun et al. in 2001 (322) had
been neglected in previous studies, although it should be stated here that the authors could not
assign any involvement of the observed activity to pyoverdine maturation, since the study
investigated periplasmic chorismate mutases. However, taken together, the data supported the
assumption that PfIA506_4424 may be involved in pyoverdine maturation, which could be proven
by the UPLC-HR-MS analysis of pyoverdine variants produced by a AptaA mutant (section 3.2;
Figure 5; 295). A more detailed biochemical characterization revealed that PtaA forms a homo-
dimer (section 3.2; Figure 3D), and that a PtaAk224a variant impaired in PLP binding is trapped in
the membrane, resembling the data obtained for PvdN. Furthermore, to assess the impact of the
K224A exchange that abolished PLP-binding, the protein stability was investigated employing
differential scanning calorimetry, which revealed that PLP-binding does indeed stabilize the
overall protein structure. This may explain the observed defect in translocation of the PtaAkz24a
variant, consistent with our model that PLP binding supports correct folding and thereby may
influence a stable dimerization. However, the distribution analysis of PtaA homologs within the
genus Pseudomonas revealed that PtaA is not strictly conserved in all pyoverdine producing
fluorescent pseudomonads, not even within the same species (section 3.2; Figure 7; 295), which
is consistent with the observed non-essentiality of PtaA for pyoverdine production. This
prompted us to investigate whether PtaA might have a more general function, which was
approached by identifying putative homologs in all available reference proteomes with the
hmmsearch webservice (323). The analysis revealed that homologs could be identified even
within distantly related bacteria such as the a-proteobacterium Zymomonas mobilis and some
acidobacteria (section 3.2; Figure S2; 295). The study conducted by Calhoun et al. (322) included
an evaluation of possible substrates, using phenylalanine and a-ketoglutaric acid for their activity
assay, suggesting that the substrate specificity of PtaA may be rather broad. Together with the
fact, that the genetic neighborhood of PtaA is neither conserved between P. aeruginosa PAO1 and

P. fluorescence A506, nor is ptaA associated with genes involved in pyoverdine biosynthesis, it
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may be concluded that PtaA has a more general function, other than pyoverdine modifications.

This is also the reason for terming the enzyme PtaA, which stands for “periplasmic

transaminase A”.

The data presented in sections 3.1 and 3.2 reveal that the observed side-chain modifications
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Figure 12: Biosynthetic scheme for side-chain

modifications encountered in pyoverdines. Beginning
with the glutamic acid variant, two possible but mutually
exclusive routes can be taken. Either PvdN catalyzes the
oxidative decarboxylation under retention of the amine,
leading to the succinamide variant, or PtaA transforms the
glutamic acid into the a-ketoglutaric acid by
transamination. However, both products cannot be
interconverted and the oxidative decarboxylation under
retention of the amine is notreversible for obvious reasons.
The succinamide can hydrolyze, which is accelerated under
alkaline conditions, yielding the succininc acid variant.
Subsequently, the succininc acid can form the
intramolecularly cyclized succinic acid variant that is
stabilized under slightly acidic conditions. Nevertheless,
the enzymes involved in malamide formation have not
been identified yet, thus the precursor of malamide is not
known and can either be glutamic acid or the succinamide
(indicated by the dotted lines). As with succininc acid,
malamide can hydrolyze under alkaline conditions yielding
malic acid. However, the orientation of the attachment of
malamide and malic acid is currently under discussion
(indicated by the dotted gray hydroxy-groups), although
the orientation facing the hydroxy-group towards the
amine is currently preferred, as elaborated by
Budzikiewicz et el. 2007. Please refer to the text for details.

are attributable to the periplasmic enzymes
PvdN and PtaA. Summarizing the obtained
results for the various mutants of PtaA and
PvdN, a general biosynthetic scheme can be
postulated (Figure 12). Evidently, the side-
chain variants are not derived from the citric
acid cycle as implied by Schafer et al. (241)
but are instead generated in the periplasmic
compartment by an enzyme catalyzed
divergent pathway. This can be concluded
from the observations that the ApvdN strain
cannot produce any C4 variants of pyoverdine
anymore, whilst the Aptad mutant in turn is
impaired in the generation of the
a-ketoglutaric acid variant. Furthermore, in
pyoverdine isolated from the AptaA mutant
the succinamide-variant is predominant, not
the glutamic acid variant, which suggests a
divergent pathway, that is shifted into one
direction by the absence of the enzyme
catalyzing the alternative reaction. Also,

resulting from the higher relative amounts of

the succinamide form, the hydrolysis product
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thereof, namely the succinic acid variant and the intramolecularly cyclized succinic acid variant
are more abundant. Finally, a ApvdNAptaA double deletion mutant produces only the glutamic
acid variant, arguing for the biosynthetic scheme presented in Figure 12. This also resolves the
question, whether the a-ketoglutaric acid is the predecessor of the glutamic acid variant, as
originally hypothesized by Schéfer et al. (241), since obviously glutamic acid is the precursor to
all other observed variants. Furthermore, it is evident from the data, that both pathways are
mutually exclusive, since the o-ketoglutaric acid variant cannot be directly converted to the
succinamide variant and vice versa. However, since our model strain P. fluorescence A506 does not
produce the malamide- or malic acid variants, it was impossible to determine the biosynthetic
precursor for these. It may be hypothesized that the succinamide variant is hydroxylated by an
unknown enzyme. Another possibility would be that the hydroxylation is produced in one step
with the decarboxylation under retention of the amine, although such a reaction is not easily
envisaged. Considering the reasonings by Budzikiewicz et al. from 2007 (314) concerning the
malamide side-chain orientation, a hydroxylating enzyme oxidizing the succinamide side-chain
would be preferable. This is based on the observation of a McLaferty rearrangement within the
malamide side-chain during mass-spectrometry, suggesting an inverse orientation thereof (314),
which would complicate the conception of a reaction scheme based on PLP-chemistry alone even
further. Another alternative would be a two-step reaction, proceeding via a y-hydroxyglutamic
acid intermediate that is subsequently decarboxylated under retention of the amine by PvdN.
However, no such intermediates have yet been identified. Interestingly, a AccmC mutant of P.
fluorescence ATCC 17400 not only produces a wide variety of chromophore intermediates butalso
side-chain modifications not common to the wildtype strain (232). The authors suggested that, in
the AccmC mutant, the periplasm is more reducing compared to the wildtype, which was explicitly
correlated with the impaired maturation of the pyoverdine chromophore (232). Nevertheless, it

could not be deduced, how the mutation could have affected side-chain modifications. It will be
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Figure 13: Integrative scheme of the chronological order of pyoverdine biosynthesis steps, including all
studied reactions in the periplasmic space. The chronological order of observed side-chain modifications illustrates
a broad substrate specificity of the enzymes PvdN and PtaA. Beginning with the acylated ferribactin precursor,
synthesized in the cytoplasm and subsequently exported into the periplasm via PvdE, the periplasmic modifications
ensue. The first step is the deacylation catalyzed by PvdQ. As observed by Budzikiewicz et al. 2007, ferribactin can
already be converted to its succinamide form, implying that PvdP can catalyze the oxidative cyclization from both
precursors. The already cyclized intermediate dihydropyoverdine has been detected with both side-chain
modifications (section 3.3; Figure 4), indicating that both PtaA and PvdN accept dihydropyoverdine as substrate, which
can then be oxidized by PvdO. Finally, Pyoverdine can also be modified by PvdN and PtaA. Malamide derivatives of
earlier intermediates have not been observed yet. Dotted lines indicate hypothetical steps.

interesting to explore the relation of CcmC to pyoverdine formation. Despite the formulation of a
hierarchical biosynthetic scheme regarding the generation of side-chain modifications, it is
tempting to formulate an equivalently hierarchical and thereby chronological periplasmic
maturation pathway as depicted in Figure 11. In that scheme, for the sake of simplicity, the side-
chain modifications occur after maturation of the chromophore. However, it should not be
assumed that these reactions occur in such a strict chronological order, as the MS-data indicate
that the side-chain modifications introduced by PvdN and PtaA can already occur in the non-
oxidized intermediate dihydropyoverdine (section 3.3; Figure 4). Furthermore, Budzikiewicz et
al. (314) observed a ferribactin intermediate with a succinamide side-chain, indicating that PvdN
also accepts ferribactin as substrate. However, no malamide variants of ferribactin or

dihydropyoverdine have yet been observed, indicating a later maturation. This is in support of the
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hypothesis, that additional enzymatic steps may be necessary to generate the malamide
derivative, such as oxidations. Nevertheless, with the ongoing improvement of mass-
spectrometric equipment, further intermediates will surely be discovered, as it seems that the
enzymes PvdN and PtaA accept non-oxidized or cyclized precursors of pyoverdine albeit their
reaction may proceed with a slower reaction Kkinetics, illustrating that the side-chain
modifications occur simultaneously and are in competition with one another. The preferred
substrate may be the fully oxidized pyoverdine, thus proceeding with the fastest kinetics. The
observed intermediates are summarized in Figure 13.

Yet, even after understanding how the side-chain modifications are accomplished in the
periplasm, their biological function remains a mystery. The observation that the side-chain
modifications had a large influence on the pl of pyoverdine led to the hypothesis that the overall
charge of pyoverdines under different environmental pH-conditions may be favorable for uptake
or recycling. However, no difference in growth on iron-depleted media of a ApvdN mutant strain
in comparison to the wildtype strain could be observed over a wide range of strongly buffered pH-
conditions (section 3.1; Figure 5; 294). Nevertheless, these assays cannot account for other
environmental influences encountered in a rhizosphere environment, such as adsorption. It could
be that pyoverdines may be stored in the periplasm by adhering to the inner membrane, since the
periplasmic space has a pH of approx. 6.5 and the a-ketoglutaric acid variant of pyoverdine would
have a negligible overall charge under these conditions. This would also enhance the efficiency of
the membrane-efflux pump PvdRT-OpmQ because pyoverdine would not freely float around in
the periplasm. Therefore, a ApvdT mutant would need to export less of the a-ketoglutaric acid
pyoverdine variant compared to the wildtype. To test this hypothesis, a ApvdT and a ApvdTApvdN
strain were constructed and their produced pyoverdine variants were subject to UPLC-HR-MS and
IEF analysis (section 3.4.1; Figure 7). Indeed, the ApvdT mutant seemed to be impaired in export
of the a-ketoglutaric acid variant. However, the export of the succinamide variant was not
impaired, which may be explained by the involvement of an alternative, not yet identified

exporter. Nevertheless, considering that the ApvdT mutant strain seems to be specifically
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compromised in the export of the a-ketoglutaric acid variant, it is remarkable that a ApvdNApvdT
double deletion mutant, which cannot produce the succinamide variant, is at least qualitatively
not impaired in pyoverdine export in comparison to the ApvdT mutant strain (Figure 6). If the
hypothesis concerning the biased export via PvdRT-OpmQ is correct, how can this observation be
reconciled? One possibility is that an excess of pyoverdine accumulates in the periplasm of the
ApvdNApvdT double deletion mutant, which leaks across the outer membrane at some point. This
hypothesis could be tested by microscopy, as the periplasmic pyoverdine is fluorescent and can
thus be visualized with a fluorescence microscope (137). However, the unknown pyoverdine
exporter may have a bias towards exporting the succinamide variant but maybe it also allows for
a limited export of the a-ketoglutaric acid variant. To examine these differences, quantitative
pyoverdine formation assays need to be performed for the evaluation of the amount of exported
pyoverdine for each mutant.

Although the overall understanding of pyoverdine side-chain modifications has been
advanced by the presented data (Figure 13), some questions regarding PvdN and PtaA remain. Of
prominent importance is the validation of the proposed reaction mechanism for PvdN. To
investigate this question, a fully 15N labeled glutamic acid pyoverdine variant could be produced
in the ApvdNAptaA strain. Then a pyoverdine deficient mutant will need to be constructed that
does not carry the enzymes for periplasmic modifications, for instance by creating a
ApvdLApvdNAptaA triple knockout strain, which can then be complemented with either ptad or
pvdN in trans. The complemented strains could then be fed with the 5N labeled pyoverdine and
subsequently analyzed by UPLC-HR-MS. If the proposed mechanism for PvdN is valid, then the 15N
label will be retained in the succinamide form after being transformed by PvdN. However, the 15N
labeled glutamic acid pyoverdine variant may also be used as substrate for in vitro assays, if the
enzyme PvdN can be produced and isolated in an active state in sufficient quantities. In that case,
the reaction may be allowed to proceed in an 180; atmosphere, which would then result in an 180
labeled amide, proving the incorporation of molecular oxygen. Furthermore, the amine-accepting

carbonyl compound for the regeneration of PLP in the PtaA reaction mechanism is unknown,
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which could be investigated by tracing the !N through the metabolome of the complemented
triple-mutant. Furthermore, the role of PtaA in other organisms, such as Z mobilis should be
investigated. Knowledge gained thereby may complete the picture in regard to the true function
of PtaA in pseudomonads. Finally, the glutamic acid variant produced by ApvdNAptaA strains may
facilitate the generation of novel “trojan horse” antibiotics, by providing a simple access to a free
amine group for modification at a position within the molecule that is not prone to sterical

hindrance during import (275).
4.2. Chromophore maturation

Initially, three different chromophore cyclization reactions have been proposed on the basis
of discovered intermediates or other chemical /biochemical evidences (see section 1.6 for details).
However, the now most widely accepted variant is the one proposed by Dorrestein et al. (228,
229), which is depicted in Figure 4E. Nevertheless, it should be noted that one of the major
breakthroughs in the field was the realization, that ferribactin is a precursor to
pyoverdine/dihydropyoverdine, which was based on two main observations: 1) Ferribactins,
dihydropyoverdines and pyoverdines produced by one organism always shared the same peptide
backbone and 2) isopyoverdines could elegantly be explained by the rotation of the D-tyrosine
residue around its bond connected to the L-Dab residue (Figure 4D; 222-224, 220, 225-227).
However, the alternative cyclization based on the observation of trihydroxylated “pseudoverdin-"
and dihydropyoverdine-7-sulfonic acid intermediates suggested a different mechanism for the
oxidative cyclization reaction based on a modified intramolecular Bucherer reaction, mostly
promoted by Budzikiewicz et al. (Figure 4F; 230, 225, 231, 226, 232, 233). Both proposed reaction
mechanisms were based on scientifically sound biochemical data, thus a decision between both
pathways would need an unequivocal and conclusive chemical demonstration of the proposed
intermediates and enzymatic functions. In a study regarding the uncharacterized periplasmic
protein PvdP and its involvement in pyoverdine biogenesis by Nadal-Jimenez et al. in 2014 (266),
the authors could prove that this enzyme converted ferribactin into mature pyoverdine in vitro.

Since the enzyme seemed to resemble a tyrosinase with a dinuclear copper center, the authors
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favored the oxidative cyclization mechanism as proposed by Dorrestein et al. and furthermore
justifiably claimed that the other until then uncharacterized enzymes PvdM, PvdN and PvdO must
be involved in the observed side-chain modifications, which now turns out to be partially true.
However, in an effort to determine the function of the uncharacterized protein PvdO in the
periplasmic maturation pathway, we discovered that a ApvdO strain could still grow on iron
depleted media but that no fluorescent pyoverdine was formed (section 3.3; Figure 3). This
observation unexpectedly challenged the role of PvdP in the maturation of the pyoverdine
chromophore. Nevertheless, it was also clear from the data that, unlike the ApvdO strain, a ApvdP
deletion mutant could not grow on iron-depleted media. This posed a new question, specifically,
which pyoverdine intermediate would allow growth on iron-depleted media and at the same time
display no characteristic yellow-green fluorescence? The answer to this question reached back to
the initial observation of dihydropyoverdine in 1981 by Teintze & Leong (223), at that time better
known as “pseudobactin A”. Dihydropyoverdine obviously exhibits the observed characteristics,
particularly, it displays no yellow-green fluorescence and is able to promote growth on iron-
depleted media (324). The analysis of the extracted pyoverdine-precursors by UPLC-HR-MS
substantiated this conclusion (section 3.3; Figure 4), proving that the ApvdO strain produced
dihydropyoverdine instead of pyoverdine. How could this observation be reconciled with the
explicit formulation that PvdP alone is responsible for the oxidative cyclization of the
chromophore? The data presented in section 3.3 (Figure 5AB) suggest that dihydropyoverdine is
the true product of PvdP and that the in vitro conditions, specifically the alkaline reaction-buffer,
may have led to an artificial autoxidation. Surprisingly, in in vivo experiments increased copper-
concentrations could also complement the ApvdO phenotype. The explanation for this
phenomenon is purely speculative but it may be envisaged that PvdP, when overloaded with
copper, may catalyze both oxidative steps required for maturation. A possibly preferable
hypothesis is that copper leads to oxidative stress, which thus results in the formation of highly
reactive hydroxy- and peroxo-radicals (325) that may artificially complete the oxidative cascade

in the periplasm.
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However, nothing is known about the reaction mechanism of PvdO, although two important
residues could be identified (section 3.3; Figure 7), specifically D2s7 and Eze0. According to our
original hypothesis, at least one of these residues may have been involved in metal chelation. As
potential metal cofactor, an Fe2* center was proposed, based on the putative His-His-Glu binding
site. Such mononuclear non-heme iron binding sites, referred to as 2-His-1-carboxylate facial triad
(although there exist variations on this theme) are well-known and enzymes containing these
catalyze a wide variety of oxidation reactions, including desaturations (reviewed in 326-332).
Nevertheless, no metal cofactor could be detected in the purified enzyme via ICP-MS, therefore it
remains speculative whether the cofactor was lost during purification or whether such a metal
cofactor even exists. It is clear from the data that PvdO is required in vivo to perform the last
oxidative step but a hypothetical mechanism could not be proposed, especially since the
attempted in vitro reactions did not succeed. Reasons for the inactivity may have been the loss of
a cofactor or absence of a co-substrate, the absence of a functional electron transport chain or
maybe PvdO acts as auxiliary protein by activating or enhancing the function of another enzyme.
The observation that a AccmC mutant impaired in hemoprotein biogenesis is also impaired in the
oxidative cyclization reactions required to form functional pyoverdine (333, 334, 232, 335, 336)
suggests that a functional electron-transport chain or potentially a yet unidentified hemoprotein
is important for the correct electron flux. All these aspects need to be investigated further,
necessitating a fully functional in vitro assay. A first step towards the optimization of the in vitro
system may be the addition of artificial electron acceptors to imitate a functional electron
transport chain. On the other hand, it will be important to find potential interaction partners of
PvdO considering that hypothetically hemoproteins may be involved in catalysis.

In regard to the proposed oxidative cyclization reactions it may be noted that the data prove
that dihydropyoverdine is a true intermediate in pyoverdine biogenesis as its oxidation requires
the protein PvdO. Taken together with the recent observation of a dihydroxylated ferribactin
precursor termed hydroxyferribactin in Azotobacter vinelandii (337), the oxidative cyclization

reaction postulated by Dorrestein et al. (228, 229) seems to be preferable to all other alternatives.
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4.3. Putative role of PvdM in pyoverdine biogenesis, recycling and signaling

In our analysis of PvdM, PvdN and PvdO, only the function of PvdM remains enigmatic. The
putative enzyme PvdM is required for pyoverdine production and a ApvdM mutant cannot grow
on iron-depleted media (section 3.3; Figure 3), which could be complemented in trans by an HA-
tagged PvdM variant. However, the role of PvdM remained obscure, especially when considering
that all essential steps of pyoverdine biosynthesis can be explained satisfactorily. Furthermore, a
classification of PvdM revealed that it belongs to the class of membrane-bound M19 dipeptidases
although potentially lacking an essential residue involved in zinc-chelation (see section 3.4.2 for
details). No step directly involved in pyoverdine biosynthesis requires a potential peptidolytic
activity. This leads to the assumption that PvdM must be involved either in the processing of
important enzymes required for pyoverdine biosynthesis, such as PvdQ, or it may be involved in
signaling, uptake or export. The investigation of PvdM activity can therefore not proceed via the
analysis of exported pyoverdine intermediates, that has proven useful in case of PvdN, PtaA and
PvdO. To investigate whether PvdM is generally important for pyoverdine biogenesis in
fluorescent pseudomonads, a co-occurrence analysis with PvdP was performed, which revealed a
strict conservation of both proteins within all identified fluorescent pseudomonads (Figure 8). To
examine the potential role of PvdM within the suggested pathways, the protein subcellular
localization was predicted with a number of methods (Figure 9A), which however was not
unambiguous, thus the localization was verified by subcellular fractionation (Figure 9B). The
results suggest that PvdM is a membrane-associated dipeptidase. In combination with the
observation that a PvdM variant lacking the membrane anchor (mPvdM) showed no residual
activity, in conjunction with the bioinformatic analysis, it may be speculated that the protein is
anchored to the cytoplasmic membrane facing into the periplasm (Figure 10). As it is known that
PvdQ needs to be processed to form an active hetero-dimer, a possible involvement of PvdM was
suggested, although the processing of PvdQ was observed to be autoproteolytic in vitro, which
may be different under in vivo conditions. The results of the subcellular fractionation obviously

showed that PvdQ-maturation proceeds without the involvement of PvdM (Figure 9C). A more
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detailed bioinformatic analysis revealed that all PvdM homologs from fluorescent pseudomonads
carried a conserved exchange of an important glutamic acid residue (Figure 9D), when compared
to other dipeptidases. For the human renal dipeptidase (hrDP), it was shown that the
corresponding E12s residue retains 11% activity when exchanged against a Gln and that activity is
abolished when exchanged against an Asp or a Cys residue (338). These data inevitably suggest
that the corresponding conserved Li79 exchange in PvdM may inactivate the putative dipeptidase
activity. However, further important residues have been identified in the hrDP that are at least
functionally substituted in the PvdM variant, specifically, Hzo (339) is conserved as Heo, His2 (339)
is substituted by Y197, Hi9s (339) is substituted by Q245, H219 (340) is conserved as Hz¢s and a recent
computational study has demonstrated the importance of D2gs (341) which is also conserved as
D391. Furthermore, by homology-modeling of PvdM using the known crystal-structure of the PvdM
ortholog from P. aeruginosa PAO1 and analysis of the metal-coordination center, an additional
amino acid could be implicated in metal binding, namely D304 (Figure 9EF), which may thereby
provide a stable zinc-binding site. When compared to the known structure of hrDP, resolved in
2002 by Nitanai et al. (342), the potential active-site residues from PvdM show a significant
overlap with those of the known active site from hrDP(Figure 9F). The residues implicated in a
potential dimerization-site are also conserved. It may thus be speculated that PvdM is an active
membrane associated dipeptidase that forms a homodimer. The (h)rDP is renowned for its
activity towards B-lactam-, penem-, carbapenem antibiotics and dipeptides (343-347) but has
also been suggested to be involved in the conversion of leukotriene D4 to E4 and glutathione
metabolism (348, 349) and is known to be competitively inhibited by cilastatin (343) and bestatin
(347). The structure and enzymatic function of a close homolog of hrDP from S. coelicolor
(Sco3058) have been elucidated (350), which revealed that the enzyme hydrolyzes a large variety
of dipeptides, although the preferred substrate was identified as L-Arg-D-Asp. However, it is
complicated to envisage a mechanism in pyoverdine biosynthesis, where a dipeptidase reactivity
would be necessary. One of the few unknown steps requiring a membrane-associated peptidolytic

activity is found within the regulation cascade, specifically the “site-1-like” peptidase (S1P)
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involved in cleavage of FpvR after the pyoverdine has bound to the outer-membrane receptor
FpvA (section 1.5; Figure 3). If PvdM were to be this peptidase, then a deletion would abolish
pyoverdine production, since the ECF PvdS could not be liberated from the membrane. This would
result in a complete abolishment of pyoverdine production due to the strict regulatory
mechanisms involved. To prove that PvdM is not directly involved in an essential step of
pyoverdine biosynthesis, an elegant approach could be chosen, specifically, a AfpvRApvdM double
knockout strain would have to be constructed. This would result in the lack of the anti-sigma
factor FpvR, which usually sequesters PvdS and Fpvl to the membrane, thereby inactivating them.
In the mutant-strain, the ECFs PvdS and Fpvl need not be liberated from the membrane by
activating the proteolytic cascade involved in FpvA-FpvR-dependent signaling. However, iron-
starvation would still be necessary to induce pyoverdine production, since the formation of PvdS
and Fpvl is suppressed by Fur in the presence of sufficient iron. Thus, a AfpvRApvdM double
knockout strain would need to be able to form pyoverdine under iron-starvation, otherwise PvdM
is essential for a different step in biogenesis, sensing or export. Assuming that PvdM is the
searched-for S1P, then this would have important clinical implications. As stated above, there
exist known inhibitors for the homolog hrDP, specifically cilastatin (343), which is already in use
in combination with hydrolysis sensitive antibiotics for human treatment of infections. It would
be plausible that cilastatin or a cilastatin derivative may inhibit PvdM and thereby the pyoverdine
signaling cascade, which would be straightforward to test. This in turn would not only
downregulate pyoverdine-related genes but also virulence-related genes such as those encoding
for the exotoxin A (182-184), the PrpL endopeptidase (185) and possibly also the alkaline

protease AprA (186-188).
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