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Zusammenfassung

Zink ist ein essentielles Spurenelement fiir Bakterien und spielt eine wichtige Rolle
bei vielen physiologischen Prozessen, einschliel8lich der DNA-Replikation und des
Stoffwechsels. Bakterien haben verschiedene Mechanismen entwickelt, um Zink
aus der Umwelt zu gewinnen, z. B. durch die Produktion von Zinkophoren. Ein
Beispiel ist das Zinkophor [S,S]-EDDS, das von Amycolatopsis japonicum produziert
wird. [S,S]-EDDS ist ein Isomer des in der Industrie hdufig genutzten Ethylendi-
amintetraacetats (EDTA). Im Gegensatz zu EDTA ist [S,S]-EDDS jedoch biologisch
abbaubar, was es zu einer vielversprechenden Alternative mit einem gilinstigen
Umweltprofil macht. Neben der Anwendung in verschiedenen industriellen Pro-
zessen, ist [S,S]-EDDS auch fiir die Landwirtschaft interessant. Diese beiden As-
pekte wurden in der vorliegenden Arbeit untersucht.

(i) [S,S]-EDDS hat seine Wirksamkeit als Fe**- und Zn?*- Diingemittel gezeigt,
aber seine kurze Abbauzeit begrenzt seine langfristige Wirkung. Ein vielverspre-
chender Ansatz zur Uberwindung dieser Einschrinkung ist die Verwendung des
[S,S]-EDDS-Produzenten A. japonicum als Biodilinger. Eine kontinuierliche Produk-
tion von [S,S]-EDDS im Boden wiirde die wiederholte Ausbringung von [S,S]-EDDS
tiberfliissig machen. Versuche mit Phaseolus vulgaris cv. Black pole auf kalkhal-
tigem Boden zeigten jedoch, dass A. japonicum nicht zu einer Verbesserung des
Pflanzenwachstums oder der Spurenelementkonzentration fiihrte.

(ii) Fiir den Einsatz von [S,S]-EDDS als Chelatbildner in verschiedenen indus-
triellen Anwendungen muss die Ausbeute an [S,S]-EDDS in A. japonicum verbes-
sert werden. Eine Voraussetzung dafiir ist das Verstindnis der Biosynthese von
[S,SI-EDDS. Mit Hilfe eines breiten Methodenspektrums (biochemische, geneti-
sche und Markierungsstudien) konnte bestitigt werden, dass L-Asparaginsaure
und Oxalessigsdure Vorstufen der [S,S]-EDDS-Biosynthese sind. Dariiber hinaus
wurde ((S)-2-Amino-2-Carboxyethyl)-L-Asparaginsidure (ACEAA) erstmals als Biosyn-
these-Zwischenprodukt identifiziert. Weiterhin konnte gezeigt werden, dass die
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Zusammenfassung

zuvor vermutete Vorstufe L-Diaminopropionsdure (L-DAPP) nicht an der Biosyn-
these beteiligt ist, was auf einen neuen Weg der [S,S]-EDDS-Biosynthese hinweist.
Zur weiteren Optimierung der [S,S]-EDDS-Ausbeute wurden genetische Strategien
eingesetzt, um den Stoffwechselfluss auf die gewiinschten Metaboliten umzulenken.
Zur Priorisierung der Zielgene fiir das Metabolic Engineering wurde das Bioinfor-
matik-Tool Secondary Metabolite Transcriptomic Pipeline (Sema-Trap) zur Sequenz-
basierten Transkriptomanalyse eingesetzt. Dabei wurden bldCy;, lacl; und glisy;
als Zielgene fiir das Engineering in A. japonicum identifiziert. Die Uberexpression
dieser Gene fiihrte zu einer 3-fachen Erhéhung der [S,S]-EDDS-Produktion im Ver-
gleich zum A. japonicum Wildtyp. Zusammengenommen bieten diese Ergebnisse
Potential fiir weitere Schritte bei der Optimierung der [S,S]-EDDS-Produktion.



Summary

Zinc is a crucial trace element for bacteria and plays an essential role in seve-
ral physiological processes, including DNA replication and metabolism. Bacteria
have evolved various mechanisms to acquire zinc from the environment, such as
the production of zincophores. One example is the zincophore [S,S]-EDDS pro-
duced by Amycolatopsis japonicum. [S,S]-EDDS is an isomer of ethylenediamine te-
traacetate (EDTA), which is widely used in industry. However, unlike EDTA, [S,S]-
EDDS is biodegradable, making it a promising alternative with a favorable envi-
ronmental profile. Besides its application in various industrial processes, [S,S]-
EDDS is also interesting for agriculture. These two aspects were investigated in
the present work.

(i) [S,S]-EDDS has demonstrated efficacy as a Fe?* and Zn?* fertilizer, but its short
degradation time limits its long-term impact. To overcome this limitation, a pro-
mising approach is to use the [S,S]-EDDS producer A. japonicum as a biofertilizer.
Continuous production of [S,S]-EDDS would avoid the need for multiple applica-
tions of [S,S]-EDDS. The experiments carried out with Phaseolus vulgaris cv. Black
pole in calcareous soil showed that the use of A. japonicum as a biofertilizer, how-
ever, did not lead to any improvement in plant growth or microelement concen-
tration.

(ii) For the use of [S,S]-EDDS as a chelating agent in various industrial applica-
tions, the yield of [S,S]-EDDS in A. japonicum needs to be improved. A prerequi-
site for this is the understanding of the biosynthesis of [S,S]-EDDS. Using a wide
range of methods (biochemistry, genetics, and labeling studies) it was confirmed
that L-aspartic acid and oxaloacetic acid are precursors for [S,S]-EDDS biosynthe-
sis. In addition, ((S)-2-amino-2-carboxyethyl)-L-aspartic acid (ACEAA) was iden-
tified for the first time as a biosynthetic intermediate. Furthermore, the results
strongly indicated that the previously proposed precursor, L-diaminopropionic
acid (L-DAPP), is not involved in the biosynthesis, suggesting a novel biosynthetic
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pathway for [S,S]-EDDS. Genetic strategies were used to redirect the metabolic flux
towards the desired metabolites to further optimize [S,S]-EDDS yields. To priori-
tize target genes for metabolic engineering, the bioinformatic tool Secondary Me-
tabolite Transcriptomic Pipeline (Sema-Trap) was used for RNA-Seq-based tran-
scriptome analysis. This identified bldCy;, lacl,; and glts,; as target genes for en-
gineering in A. japonicum. Overexpression of these genes resulted in a 3-fold in-
crease in [S,S]-EDDS production compared to A. japonicum wild type. Taken to-
gether, these findings provide the potential for further progress in optimizing [S, S]-
EDDS production.
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Chapter 1

Introduction

1.1 The genus Amycolatopsis: A source for natural products
with promising future

In 1986, the genus Amycolatopsis was officially recognized as a distinct group of
nocardioform actinomycetes, with distinctive cell chemistry characteristics such
as a type IV cell wall composition and the absence of mycolic acids (Lecheva-
lier et al.,1986). Currently (accessed on April 2023), the genus comprises 98 veri-
fied species and 5 subspecies (Parte et al., 2020). Amycolatopsis has demonstrated
exceptional versatility and utility in a wide range of industrial applications. Se-
veral species have exhibited tremendous potential for degrading the commonly
used broad-spectrum herbicide ZJ0273 (Cai et al., 2012), plastics such as poly(S-
hydroxybutyrate)(PHB) and poly(e-caprolactone)(PCL) (Nishida and Tokiwa, 1993)
and polylactic acid (PLA) (Pranamuda et al., [1997). Additionally, Amycolatopsis has
been found to be effective in heavy metal treatment (Albarracin et al., [2008) and
bioconversion, with examples including the production of wuxistatin and vanillin
(Zhuge et al., 2008)(Fleige et al., 2013).

Bacteria of this genus have adapted to a wide range of environments. They ex-
ist in different soils in the presence of insects, lichens, plants, sponges, and ma-
rine sediments. They produce various secondary metabolites for their own bene-
fit. Antibiotics produced by Amycolatopsis include vancomycin (McCormick et al.}
1955) and rifamycin (Sensi et al., 1959), both having a long history of clinical use.
This genus also produces several siderophores, natural products that act as high-
affinity ferric iron chelators (Neilands, 1995). The siderophores include amychelin
(Seyedsayamdost et al., 2011), albachelin (Kodani et al., 2015) and albisporachelin
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(Wu et al., 2018).

Amycolatopsis japonicum MG417-CF17, originally named Amycolatopsis orientalis
(Goodfellow et al., [1997) was not known to produce antimicrobial compounds for
a long time. The strain’s potential to produce various secondary metabolites was
discovered through genome sequencing and bioinformatic analysis such as anti-
SMASH (Blin et al., 2013). By constitutively expressing a pathway-specific regula-
tor, the biosynthetic gene cluster (BGC) encoding the synthesis of the glycopep-
tide antibiotic ristomycin A was activated (Spohn et al., [2014). Ristomycin A is
used in the diagnosis of von Willenbrand syndrome. A. japonicum was also found
to produce the polyene ECO-0501. ECO-0501 is biologically active against Gram-
positive bacteria. The strain is also capable of synthesizing the siderophore amy-
colachrome (Cebulla, 1995). One of the promising compounds synthesized by A.
japonicum is the aminopolycarboxylic acid (APCA) ethylenediamine-succinic acid
(IS,SI-EDDS).

[S,S]-EDDS biosynthesis in A. japonicum

[S,S]-EDDS was first discovered as a natural product of A. japonicum in 1984 du-
ring a screening for phospholipase C inhibitors (Nishikiori et al., [1984). It is an
inhibitor of phospholipase C through the formation of complexes with zinc ions, a
co-factor for the enzyme (Hough et al., 1989). The synthesis of [S,S]-EDDS in A. ja-
ponicumis strongly inhibited by even trace amounts of zinc (Cebulla, 1995;|Zwicker
et al., 1997; |Spohn et al., 2016). Therefore, in analogy to siderophores, which are
only synthesized under iron-deficient conditions, it is suggested that A. japonicum
uses [S,S]-EDDS as a zincophore to fulfil its Zn?* requirements (Cebulla, 1995; Han-
tke, [2001). It is produced exclusively in the [S,S]-configuration (Nishikiori et al.,
1984). The production of [S,S]-EDDS has also been identified in other Amycolatopsis
strains, including Amycolatopsis lurida, Amycolatopsis decaplaina and Amycolatopsis
alba, suggesting that the ability to tolerate zinc deficiency by producing [S,S]-EDDS
is likely an evolutionary adaptation in certain Amycolatopsis species (Spohn et al.}
2016)

Identifying the biosynthetic genes was achieved by exploiting the knowledge
of zinc regulation of [S,S]-EDDS production (Spohn et al., 2016). Since the global

zinc uptake regulator (Zur) was known to control zinc uptake functions and zin-
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cophore biosynthesis genes in several other bacteria, Spohn et al. searched for a
global zinc uptake regulator in the A. japonicum genome, suggesting that this regu-
lator causes zinc inhibition of [S,S]-EDDS production. Zur j,, a homologue of Zur
regulators known from e.g. Streptomyces coelicolor, Corynebacterium glutamicum or
M. tuberculosis, was identified. The A. japonicum genome was then screened for a
DNA-binding motif of Zur,;,. Among others, a Zur,j, binding motif was found in
the operon structure of aesA-D. Deletion of these genes confirmed their involve-
ment in [S,S]-EDDS production (Spohn et al.,|2016). Specifically, aesA-C encode for
enzymes involved in the biosynthesis of [S,S]-EDDS, while aesD encodes for a puta-
tive exporter (Spohn et al., 2016). Notably, the assembly mechanism of [S,S]-EDDS
remains distinct from the well-known Nonribosomal peptides (NRPS) or NRPS-
independent siderophore (NIS) pathways known to catalyze ionophore synthesis.

Previous studies using stable isotope labeled L-aspartic acid (DL-4-13C aspartic
acid) demonstrated the incorporation of this amino acid into [S,S]-EDDS (Cebulla)
1995). Based on this result, a putative pathway for the biosynthesis of [S,S]-EDDS
was postulated (Cebulla, 1995). The non-proteogenic amino acid L-diaminopropionic
acid (L-DAPP) and L-serine were proposed as putative biosynthetic precursors. Ac-
cording to this pathway, either L-aspartate and L-serine with pyridoxal phosphate
as a cofactor (pathway II) or 2,3- diaminopropionate and oxaloacetic acid (path-
way I) undergo a reaction to form intermediate IM 1. Decarboxylation then oc-
curs, leading to the formation of intermediate IM 2, followed by the addition of a
molecule of oxaloacetic acid (OAA) to form the intermediate IM 3. Finally, reduc-
tion of the double bond results in the production formation of the final product
[S,S]-EDDS (Cebulla, [1995) (Figure[L.1).

Based on the similarity of AesA-D to the staphyloferrin B biosynthetic proteins,
a different biosynthetic pathway was postulated. In this hypothetical pathway,
AesA and AesC use aspartic acid as amino donor to convert O-phosphoserine to
L-DAPP, and OAA and L-DAPP are assembled through an unknown mechanism to
form an imine intermediate. AesB is suggested to catalyze the next decarboxy-
lation of the OAA-DAPP imine intermediate, leading to the formation of the di-
aminoethylene (Dae) moiety. Finally, a carbonyl reaction of the Dae-intermediate
with a second OAA molecule, coupled with a reduction of the two double bonds,
could lead to the functional [S,S]-EDDS (Spohn et al., 2016) (Figure . To deter-
mine whether O-phosphoserine played a role in the biosynthetic pathway, addi-
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tional investigations were carried out. In a recent study, a combination of gene
deletion experiments and genetic engineering approaches led to the demonstra-
tion that O-phosphoserine was indeed a biosynthetic precursor (Edenhart et al.,
2020).

In both postulated pathways (Figure [1.2), L-DAPP is considered as a puta-
tive precursor. L-DAPP is an intermediate in the biosynthesis of several secondary
metabolites such as: viomycin, zwittermicin, capreomycin and poly (DL-diaminopropionic
acid) (PDAP). In these cases, it is synthesized from L-ornithine and L-serine/O-
acetylserine (Carter et al., 1974) (Zhao et al.,|2008), (Xu et al.,[2015). L-DAPP is also
a precursor required for the biosynthesis of staphyloferrin B, but in this case, it is
synthesized from L-glutamic acid and O-phosphoserine (Beasley et al.,|2011).

An alternative biosynthetic pathway for [S,S]-EDDS has been proposed by (Wang
et al.,[2022) (Figure[L.3), which involves a simplified three-step process. First, AesC
catalyzes the formation of the first C-N bond by reacting L-aspartic acid with O-
phosphoserine to produce 2-amino-2-carboxyethyl aspartic acid (ACEAA). Next,
AesB decarboxylates ACEAA to produce the intermediate aminoethyl aspartic acid
(AEAA). Finally, AesA catalyzes the formation of the second C-N bond to synthe-
size [S,S]-EDDS. Notably, this pathway does not involve L-DAPP as a precursor and
proposes that there is a connection between the biosynthesis and degradation
of [S,S]-EDDS, since it has been reported that microorganisms can degrade [S,S]-
EDDS via an EDDS lyase, which produces AEAA as an intermediate (Poddar et al.,
2018). To date, experimental evidence has only confirmed the involvement of L-
aspartic acid and O-phosphoserine as precursors in the [S,S]-EDDS biosynthetic
pathway. However, none of the proposed hypothetical pathways have been con-
clusively established, as no intermediates have been identified, and there have
been no successful attempts to reconstitute the pathway in vitro.
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Figure 1.1. [S,S]-EDDS biosynthetic pathway proposed by (Cebulla, 1995). IM:
intermediate, OAA: oxaloacetic acid, PLP: pyridoxalphosphate, (*): 13C labeling.
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Figure 1.2. [S,S]-EDDS biosynthetic pathway proposed by (Spohn et al., 2016)
OAA: oxal acetic acid; Dae: diaminoethylene; AesA: putative ornithinine cyclodea-
minase (Nicotinamide adenine dinucleotide (NAD") depending reaction; AesB: pu-
tative amino acid decarboxylase; AesC: putative cysteine synthase pyridoxalphos-
phate (PLP) depending reaction.
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Figure 1.3. [S,S]-EDDS biosynthetic pathway proposed by (Wang et al., 2022).
OAA: oxalacetic acid; AesA: putativeornithine cyclodeaminase (Nicotinamide ade-
nine dinucleotide (NAD") depending reaction; AesB: putative amino acid decar-
boxylase; AesC: putative cysteine synthase (pyridoxalphosphate (PLP) depending
reaction.

1.2 Bacterial zinc acquisition and homeostasis

The production of [S,S]-EDDS in A. japonicum only occurs under zinc limitation,
suggesting its function to acquire zinc in deficient situations. Zinc is a vital trace
element in bacteria that plays a crucial role in a variety of physiological processes,
including DNA replication (Schapiro et al., 2003) and metabolism (Ramsaywak et al.,
2004). Zinc is essential for the correct structural and catalytic function of many
enzymes, with an estimated 5-6 % of bacterial proteins using zinc as a cofactor
(Blindauer, 2015). Additionally, zinc-binding can influence the dimerization of
many bacterial DNA-binding proteins, particularly those interacting with inverted
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repeats or palindromic DNA sequences (Blindauer, 2015). It is the second most
abundant transition metal after iron (Outten and O’Halloran, [2001) and the sec-
ond most utilized metal cofactor after magnesium (Andreini et al., 2008). Zinc is
stable in the Zn?* oxidation state (Capdevila et al.,|2016). Recent research has fo-
cused on the role of Zn?* in pathogenic bacteria (Veesenmeyer et al.,|[2009), where
efficient Zn?" acquisition and increased Zn?" tolerance are critical for host survival
and overall pathogenicity (Ammendola et al., 2007).

An excess of this metal can be toxic to cells if its concentration exceeds a certain
threshold. Zn?" is able to form more stable complexes with proteins than other
essential metals (Irving and Williams, [1953), so when Zn?* is present in excess in
the cell, it binds to metalloproteins that are normally associated with other metals
and impairs their function (a process known as mismetallation) (Foster et al., 2014;
Maret, [2019).

In order to maintain Zn?*-homeostasis, bacteria possess several mechanisms in-
cluding Zn?*-uptake, export, intracellular sequestration, and transcription of spe-
cific genes regulated by Zn?" transcription factors (Kandari et al.,|[2021). Transcrip-
tion factors are able to sense intracellular Zn?* concentrations by binding to Zn?*
ionsthatare available in the cell (Choi and Bird,2014). They can be divided into two
main categories based on their role in preventing either zinc deficiency or excess/-
toxicity. In cases of zinc excess, sensors induce the expression of genes encoding
efflux, such as RND multi-drug efflux transporters (e.g. CzcABC), P-type ATPases
(e.g. ZntA) and cation diffusion facilitator (CDF) family transporters (e.g. ZitB)
(Patzer and Hantke) [2000). Periplasmic zinc excess can be buffered by metallo
chaperones such as the "zinc resistance-associated protein" (ZraP) in some bacte-
ria (Noll et al.l 1998). On the other hand, the expression of uptake transporters
such as ABC transporters (e.g. ZnuABC) is induced at limited Zn?" concentrations
(Patzer and Hantke, [1998).

Most high-affinity zinc uptake systems are regulated by the zinc uptake regula-
tor (Zur), a member of the ferric uptake regulator (Fur) family of proteins that is
conserved across the major bacterial phyla (Hantke, [2005). Zur is a sensor of intra-
cellular zinc levels and can be a repressor or activator of gene transcription. In the
presence of zinc concentrations above 100 uM, Zur acts as a repressor when bound
to Zn?", effectively repressing the expression of genes encoding high-affinity zinc
importers (znuABC), zinc-free paralogues of ribosomal proteins (Shin et al., 2007)
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and also zincophores such as coelibactin and (Kallifidas et al.,|2010) and [S,S]-EDDS
(Spohn et al., [2016). In Streptomyces coelicolor, zinc-bound Zur induces expression
of the zitB gene, encoding both zinc uptake and export (Choi et al., [2017). Zn?** de-
ficiency (concentrations below 10 uM) causes dissociation of apo Zur from DNA,
allowing derepression of targeted genes (Hantke, 2001).

1.3 Use of biofertilizers in agriculture

Zinc deficiency in plants can lead to reduced stress tolerance and chlorophyll syn-
thesis. Visible symptoms of acute deficiency are leaf chlorosis, small deformed
leaves and stunted growth (Robson, 1993). Zinc deficiency is a common problem
in agriculture, particularly in crops grown on calcareous soils where Zn?" solu-
bility is reduced by increased calcium carbonate concentrations (Robson, 1993).
Zinc-deficient soils are widespread and may contribute to human zinc deficiency,
particularly in countries where diets are based on cereals (Sandstead, 2013). Given
the projected growth of the world’s population, it has been estimated that annual
global agricultural production will need to increase by about 60 % between
2005/2007 and 2050 (Nikos Alexandratos and Jelle Bruinsma - FAO), |2012). As a re-
sult, there is an increasing need for innovative strategies that can support optimal
crop performance and the development of economically important crops (Bindra-
ban et al.,|2018).

The widespread use of chemical fertilizers in modern agriculture has resulted
raised serious concerns. These non-biodegradable chemicals accumulate in the
soil and pose a threat to the environment and human health. In addition, the
overuse of chemical fertilizers has led to soil deterioration, air and water pol-
lution, and greenhouse gas emissions (Bonner and Alavanja, 2017). To address
these issues, microbial biofertilizers have emerged as a promising solution. Ben-
eficial microbes play an important role in supporting plant growth by colonizing
different plant systems, such as the epiphytic, endophytic, and rhizospheric sys-
tems. These microbes facilitate nutrient uptake from the surrounding plant envi-
ronment and contribute to soil nutrient enrichment while suppressing soil-borne
diseases (Kour et al., 2020). Several bacterial species have been successfully im-
plemented as biofertilizers (Fasusi et al., 2021).

Plant-Growth-Promoting Rhizobacterias (PGPRs) belong to a type of beneficial
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microbes that can promote plant growth through their own metabolic processes,
such as phosphate solubilization, hormone production, nitrogen fixation, or by di-
rectly influencing the plant’s metabolic pathways. This leads to increased uptake
of water and minerals, enhanced root development, and increased enzymatic ac-
tivity, contributing to plant growth (Pérez-Montano et al., 2014). PGPRs also sup-
port the actions of other beneficial microorganisms and help to suppress plant
pathogens. Furthermore, many PGPRs produce siderophores, such as pyoverdine
produced by Pseudomonas fluorescens C7, under iron-limiting conditions. Treat-
ment of Arabidopsis thaliana plants with Pseudomonas fluorescens C7 has been shown
to increase iron concentration in plant tissues, resulting in improved plant growth
(Vansuyt et al., 2007). The potential agricultural benefits of PGPRs in improving
soil fertility and crop yield cannot be overstated, and their use offers a sustain-
able alternative to chemical fertilizers, which can have detrimental effects on the
environment.

One such example is the chelating agent ethylenediaminetetraacetic acid (EDTA),
which has been shown to optimize metal uptake in plants. However, EDTA is not
retained or degraded by conventional wastewater treatment and is therefore re-
leased in large quantities into the aquatic environment, where it is difficult to de-
grade. The persistence of EDTA in the environment depends in particular on the
stability of the complexes it forms with metals. Copper and iron are the most sta-
ble. In laboratory experiments where EDTA was applied to different types of soil,
only 14 % degradation was observed after 20 days (Wen et al., 2009). However, in
plant experiments with high concentrations of EDTA, no EDTA degradation oc-
curred after 40 days (Meers et al., 2005). Therefore, an alternative compound that
has the positive complexing properties, but is biodegradable, is required. Such
an alternative is [S,S]-EDDS. It has been shown that it can be used as a fertili-
zer, since plants treated with [S,S]-EDDS-iron complexes took up as much iron as
plants treated with EDTA-iron complexes. Thus, [S,S]-EDDS-iron complexes were
as effective as EDTA-iron complexes in preventing chlorosis and improving soy-
bean growth (Lopez-Rayo et al.,[2019). In addition, in pot experiments, [S,S]-EDDS
was more effective than EDTA in increasing the concentration of Cu?** and Zn?
in maize and beans. In comparison to EDTA, [S,S]-EDDS increased soluble Cu?*
and Zn?" concentrations by a factor of about 192 and 8, respectively, especially in
the first days after treatment (Luo et al., [2006). Furthermore, the uptake of metal
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ions mobilized by [S,S]-EDDS by plants is beneficial for the remediation of con-
taminated soils (Meers et al., |2005). The mobilized heavy metals are taken up by
the plants, which can then be harvested and incinerated to ensure safe disposal
of the heavy metals. The main advantage of [S,S]-EDDS is its high biodegradabil-
ity, which significantly reduces the environmental risk compared to EDTA. It is
noteworthy that only the [S,S]-isomer of EDDS is readily biodegradable, but not
the [R,R]-isomer and the meso-forms. After an initial lag period of 7-11 days, [S,S]-
EDDS is completely degraded in various soil types with a half-life range of 3.8-7.5
days (Meers et al., 2005; Tandy et al.,[2005; Edenhart et al.,2020).

1.4 Industrial applications of [S,S]-EDDS

[S,S]I-EDDS has been proven to be a functional equivalent EDTA, a chelating agent
not only used in agriculture, but also in industrial and domestic applications. Due
to EDTA ability to complex metals, it is used in several applications including pulp,
paper and textile production, cleaning and laundry operations, soil remediation,
food products, tanning processes, photography, wastes and effiuents treatment,
pharmaceuticals, and cosmetics (Knepper, [2003; Nowack and VanBriesen, [2005).
Only in the pulp and paper industry, where the major use of EDTA takes place, it
was estimated that about 10,000-20,000 tons of EDTA were used per year (Jones and
Williams, [2002). In the last decades, discussion about their environmental con-
sequences has been raised. Since [S,S]-EDDS exhibits similar metal coordination
chemistry as EDTA with comparable chelating properties (Whitburn et al., |1999),
but in contrast to EDTA, [S,S]-EDDS readily biodegradable until complete mineral-
ization (Schowanek, 1997; Takahashi et al., 1997) it is considered an alternative in
many applications.

A chemical synthesis procedure has been reported for [S,S]-EDDS maleic acid,
maleic anhydride, or fumaric acid with ethylenediamine (Kezerian and Ramsey,
1964). This procedure leads to the formation of a mixture of three isomers and low
yield of [S,S]-EDDS, making it unsuitable for industrial purposes. Alternatively,
single stereisomers of EDDS can be synthesized using 1,2-dibromoethane and L-
aspartic acid in the presence of Cobalt (IIIT) (Neal, J.A., and Rose, N.J.,1968). How-
ever, this method presents several drawbacks, such as the toxicity of 1,2-dibromo-
ethane to humans and aquatic organisms, the production of toxic hydrogen bro-
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mide during the reaction, which necessitates extensive removal and the require-
ment of a fossil reactant (charcoal), which is not a renewable resource. Innospec
Inc. UK currently produces [S,S]-EDDS chemically using non-renewable fossil re-
sources under the trade name ENVIOMET™. However, the high costs of producing
the stereochemically [S,S]-configuration have limited its use.

The development of a biotechnological process for the production of [S,S]-EDDS
has been the subject of many different approaches. A yield of approximately 20 g/L
[S,S]-EDDS was achieved after 40 days of cultivation in a fed-batch fermentation by
optimizing the synthetic medium with appropriate phosphate, nitrogen and car-
bon sources (Zwicker et al., 1997). However, the industrial biotechnological pro-
duction of [S,S]-EDDS was not possible, because the production was inhibited by
ubiquitous low uM concentrations of zinc. In 2016, the first A. japonicum mutant
was constructed by deleting the zur gene in A. japonicum (A. japonicum Azur). This
mutant was able to bypass zinc regulation (Spohn et al., 2016). The availability of
this mutant provided the first opportunity to develop a biotechnological process.
More recently, metabolic engineering approaches have been used to construct
a zinc-deregulated overproducer strain. In this strain, the transcription level of
[S,S]-EDDS was increased and the supply of the precursor O-phosphoserine was
optimized. Zinc repression was removed by replacing the zinc-regulated promoter
with a constitutive one. This A. japonicum strain OP2 allowed the production of 9.8
g/L within 135 hours of fermentation time (Edenhart et al., 2020). The chemical
properties of [S,S]-EDDS are impressive. However, the yield of [S,S]-EDDS needs to
be increased in order to establish a cost-effective biotechnological production pro-
cess that is economically viable for industrial applications. Further steps for suc-
cessful engineering require a complete understanding of the biosynthetic pathway
used by A. japonicum to produce [S,S]-EDDS.
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1.5 Aim of the work

[S,S]-EDDS has great potential for various applications, especially in agriculture.
Previous studies have shown that fertilization with Zn-[S,S]-EDDS can increase the
Zn** concentration in plants. The main objective of this study is to evaluate the
potential of an [S,S]-EDDS overproducing strain, Amycolatopsis japonicum SP44, as
a continuous source of [S,S]-EDDS.

Despite the promising chemical properties of [S,S]-EDDS, the establishment of a
biotechnological process for its production has not been profitable. For the devel-
opment of such a processitis crucial to increase the yield of [S,S]-EDDS. Therefore,
the second aim of this work is to decipher the biosynthetic pathway of [S,S]-EDDS,
identify the precursors and understand the enzymatic processes. With this knowl-
edge, targeted interventions in the biosynthesis can help to further increase the
production yield of [S,S]-EDDS.
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Chapter 2

Materials and methods

2.1 Materials

2.1.1 Antibiotics

Table 2.1. Antibiotics used in this study

Antibiotic Stock concentration Supplier
Ampicillin 150 pg/ml Roth
Apramycin 100 pg/ml Genaxxon
Chloramphenicol 25 pug/ml Sigma-Aldrich
Hygromycin 100 pg/ml Roth
Nalidixic acid 25 ug/ml Roth

2.1.2 Chemicals, reagents and media
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Table 2.2. Chemicals, reagents and media

Chemical Supplier
Acrylamide/Bis-acrylamide (37.5:1) Carl Roth
Agarose Genaxxon
Ammonium persulfate (APS) SERVA
Ampicillin (Amp) sodium salt Roth
Apramycin Genaxxon
Biotin iba
Bromophenol blue sodium salt SERVA

CaCl, x H»,O Roth

Casamino acids Becton, Dickinson and Company
Chloramphenicol (Cam) Sigma-Aldrich
Coomassie Brilliant Blue G-250 Carl Roth
Copper sulphate

DL-Diaminopropionic acid Sigma Aldrich
Dimethylsulfoxid (DMSO) Merck
Ethylenediamine-N,N'-disuccinic acid Sigma Aldrich
trisodium salt solution (EDDS)

Ethanol Carl Roth
Ethylenediaminetetraacetic acid (EDTA) Carl Roth

Ferric (III) citrate Merck

Glucose Carl Roth
Glycerol Sigma Aldrich
Hydrochloric acid (HCI) Fisher Chemical
Luria-Bertani (LB) broth Sigma Aldrich
L-ornithine Merck

L-prolin AppliChem
L-aspartic acid Merck

Malat Merck

Malt Extract Oxoid

Mannitol Sigma Aldrich
Magnesium chloride x 6H,0 (MgCl,) Merck
Magnesium sulfate heptahydrate MgSO4 x 7 H,O  AppliChem
Potassium dihydrogen phosphate (KH;PO4) Fisher Chemical
Sodium chloride (NaCl) Merck

Sodium dodecyl sulfate (SDS) SERVA

Sodium hydroxide (NaOH) VWR Chemicals
Sodium phosphate dibasic (Na,HPO4) Sigma-Aldrich
Pyridoxal-5'-phosphate (PLP) Sigma Aldrich
Tetramethylethylenediamine (TEMED) BioRad
Thiobarbituric acid (TBA) SERVA
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Table 2.2. Chemicals, reagents and media (continued)

Chemical

Supplier

Tris-(hydroxymethyl)-aminomethane (Tris)
Tryptic Soy Broth (TSB)

Zinc sulfate (ZnSO,4)

o-ketoglutarate

B-Mercaptoethanol

9-fluorenylmethyl chloroformate (Fmoc-Cl)
Dansyl chloride

NAD*

Sigma Aldrich

Becton, Dickinson and Company
Merck

Fluka

Merck

Sigma-Aldrich

SigmaAldrich

Sigma Aldrich
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2.1.3 Culture medium

Table 2.3. Media preparation

Medium Preparation (1L)

Medium used for standard [S,S]-EDDS production

M3, pH 7.5 20 g glycerol
20 g Soy flour

M7 8 g KH2PO4
12 g NazHPO4 X 2H20
11.3 g sodium glutamate monohydrate
40 ml M7 Supplements
10 ml Ferric (III)-Citrate

M7 supplements 625 g glycerol
(synthetic medium (SM))

0.24 g Ferric citrate in 40 ml ddH,0
Medium used for [S,S]-EDDS in inverse labeling experiments with '3C-glycerol
M7 8 g KH2P04

12 g NazHPO4 X 2H20

3.2 g NH4CI

40 ml M7 Supplements

10 ml Ferric (IIT)-chloride
M7 supplements 30 g MgS04 x 7H,0

0.31 g Ferric chloride in 50 ml ddH,0

B3C-glycerol is added separately (625 g/1)

18



2.1 Materials

Table 2.4. Media preparation (continued)

Medium Preparation. Continued (1L)

Medium used for [S,S]-EDDS in inverse labeling experiments with > NH,CI

M7 8 g KH2PO4
12 g NazHPO4 X 2H20
40 ml M7 Supplements
10 ml Ferric (III)-chloride

M7 supplements 625 g glycerol
30 g MgS04 x 7H,0
0.31 g Ferric chloride in 50 ml dd H,0

'NH,Cl is added separately (0.32 g in 100 m1)

19



Chapter 2 Materials and methods

Table 2.5. Bacterial strains and plasmids used in this study

Strains

Relevant properties

Reference

E. coli NovaBlue™

E. coli ET12567

E. coli Rosetta™ (DE3)

A. japonicum MG417-CF17

A. japonicum AEDDS
A. japonicum Azur

A. japonicum AEDDS (aesA)

A. japonicum AEDDS (aesB)

A. japonicum AEDDS (aesC)

A. japonicum AEDDS (aesAB)

A. japonicum AEDDS (aesAC)

A. japonicum AEDDS (aesBC)

A. japonicum SP44*
A. japonicum OP1

A. japonicum OP2

20

general cloning host

F dam-13::Tn9, dem-6
hsdM hsdR

F- ompT hsdSB(rB- mB-)
gal dem (DE3) pRARE (CamX)

[S,S]-EDDS producer,
wild type

AaesA-C
zur gene inactivated

constitutive SP44%
Hyg"

constitutive SP44%
Hyg®
Hyg"

constitutive SP44%
Hyg"

constitutive SP44*,
Hyg"

constitutive SP44%
Hyg"

constitutive SP44* promoter
PSE_aesA-D

PSE_aesA-D, pRM4-serA-serC

Novagen

MacNeil et al.|(1992)

Novagen

Nishikiori et al.|(1984)

Spohn et al.|(2016)
Spohn et al.|(2016)

Edenhart, unpublished

Edenhart, unpublished

Edenhart, unpublished

Edenhart, unpublished

Edenhart, unpublished

Edenhart, unpublished

Edenhart et al.|(2020)
Edenhart et al.|(2020)

Edenhart et al.|(2020)
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Table 2.5. Bacterial strains and plasmids used in this study (continued)

Strains

Relevant properties

Reference

A. japonicum (bldC)

A. japonicum (lacl)

A. japonicum (glts)

A. japonicum (bldC-lacI-glts)

LDAPP1

LDAPP2

plasmids

PRM4

pIJ10257

pUB307

DHFR-aesC
pGM1192

pGM1192-gesC
pDAPP1

pDAPP2

constitutive ermEp*, Apra®
constitutive ermEp*, Apra®

constitutive ermEp*, Apra®

constitutive ermEp*, Apra®

A. japonicum AEDDS::pRM4 AJAP_RS19040
-19050-aesB

ApraR®

A. japonicum AEDDS:: AJAP_RS22275

-22260-aesB
ApraR

PSET152 ermEp* derivate with
artificial RBS, Apra®

ermEp*, ribosome binding site
and multicloning site
from pIJ8723 cloned into pMS81

RP1 derivative

AmpR
mCherry, aac(3)IV, tsr

Apra®
ermEp*, Apra®

ermEp*, Apra®

Mungan et al.|{(2022)
Mungan et al.|(2022)
Mungan et al.|(2022)
Mungan et al.|(2022)

This study

This study

(Menges et al.||2007)

(Hong et al.|[2005)

(Flett et al.||1997)

This study
Glinther Muth, unpublished

This study
This study

This study

Hyg® hygromycin resistance, Apra® Apramycin resistance,
CamR Chloramphenicol resistance, Amp® ampicillin resistance.
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Table 2.6. List of oligonucleotides used in this study

Primer Sequence (5'-3")

Primers used for amplification of the A. japonicum asl (AJAP_RS14075)
Asly;-BglII-F AGATCTGTGAGCGGGAATGAGCAG
Asly-HindIII-R AAGCTTTCAGCCGAGCCAGGTGCG

Primers used for amplification of the A. japonicum aesC (AJAP_RS08350)
for in vitro AesC synthesis)

AesCy;-DHFR-F AGTACTGGATCCATGACGATCGTCCGGCGCGC
AesCy;-DHFR-R CAGTCAAGCTTTCATCCGCCCACCGCCACC

Primers used for amplification of the A. japonicum aesC (AJAP_RS08350)
codon optimized for E. coli

AesC-codon_E.coli-F  GGATCCATGACCATTGTGCGTCGCG
AesC-codon_E.coli-R  AAGCTTTTAACCACCCACG
Primers used for amplification of the A. japonicum bldC (AJAP_RS36645)

bldC_pRM4_F CGACGGTATCGATAAGCTAGCCAGGGGA
GGACCCAATGACCGCGACCATGGGCGGA

bldC_pRM4_R GGGCTGCAGGAATTCGATATCAAGCTTAGA
TCTCATCAGACCTTGCGAGCGGGCTCG

Primers used for amplification of the A. japonicum lacl (AJAP_RS11995)

lacI_pRM4_F GGGCTGCAGGAATTCGATATCAAGCTTAGA
TCTCATCATGCGGGGTACTCCTGGGTCGATTCG

lacI_pRM4_R CGACGGTATCGATAAGCTAGCCAGGGGAGG
ACCCAATGTCGCTGGCGAAGGTGGCCC
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Table 2.6. List of oligonucleotides used in this study (continued)

Primer

Sequence (5'-3")

Primers used for amplification of the A. japonicum glutamate synthase

(glts) (AJAP_RS11230)

GS_pRM4_F

GS_pRM4_R

CGACGGTATCGATA
ACCCAGTGGCTGATCCGACGGGTTTCCTGAAGTACG

GGGCTGCAGGAATTCGATATCAAGCTTAGATC
TCATCAGACCACCGCGAGCGGCA

Primers used for amplification of the A. japonicum bldC-lacI-glts

bldC_F_assem_pRM4

bldC_R_assem_pRM4

lacI_F_assem_pRM4

lacI_R_assem_pRM4

GSsmall_F_assem_pRM4

GSsmall_R_assem_pRM4

CGACGGTATCGATAAGCTAGCCAGGGGAGGAC
CCAATGACCGCGACCATGGGCGGAAGG

ACCTTCGCCAGCGACATTCAGACCTTG
CGAGCGGGCTCGCT

CCCGCTCGCAAGGTCTGAATG
TCGCTGGCGAAGGTGGCCCG

CCCGTCGGATCAGCCACTCATGCGG
GGTACTCCTGGGTCGATTCGCG

CAGGAGTACCCCGCATGAGTGGCTG
ATCCGACGGGTTTCCTGAAGTACGAC

GGGCTGCAGGAATTCGATATCAAGCTTAGA
TCTCATCAGACCACCGCGAGCGGCAACG
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Table 2.6. List of oligonucleotides used in this study (continued)

Primer

Sequence (5'-3")

RT primers used for amplification of A. japonicum gene fragments

sigB-RT-F

sigB-RT-R

aesA-RT-F
aesA-RT-F
aesB-RT-F
aesB-RT-F
aesC-RT-F
aesC-RT-R
aesD-RT-F

aesD-RT-F

CCTCAACGGAATCGGCAAGACG

ATCAGGTCGAGCAGTGGCATCC

TCTGCACAGCCTCGAACTCAC

TTGGCGGTAGCTCGTCTTGAAC

TGGTCCATCCGGCCACTTTC

AAAGGAGGCCGTCGGGTTTG

CATCCCGATCAGCACAACCATCC

AAGATGATCGAGCCGACAGGTTC

TCGCCGGTCCGATGATGTTC

AGATGAAGGCGGCGTTGAG
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Table 2.6. List of oligonucleotides used in this study (continued)

Primer

Sequence (5'-3")

Primers used for amplification of A. japonicum dappA1-dappCl-aesB

AJAP_RS19040_F

AJAP_RS19040_R

AJAP_RS19050_F

AJAP_RS19050_R

AesB-19040-50_F

AesB-19040-50_R

GTATCGATAAGCTAGCCAGGGGAGGACCC
AGTGCTCGCCACGATCGGGAACACTCCC

GTCGAACCAGCTCATTCAGGAGATGGTGGC
CAGGGCGCG

GCCACCATCTCCTGAATGAGCTGGTTCGAC
GTGGCCGACAGC

GTCGATCAGGTCCACTCAGCCGAGGTGGAC
AACGGTACCGAGCC

GTCCACCTCGGCTGAGTGGACCTGATCGA
CACCCTGTCCCCGC

GCAGGAATTCGATATCAAGCTTAGATCTC
ATCATCGGATCTCCTGGATCGGGTGGTCGGT

Primers used for amplification of A. japonicum dappA2-dappC2-aesB

AJAP_RS22260_F

AJAP_RS22260_R

AJAP_RS22275_F

AJAP_RS22275_R

aesB-22260-22275_F

aesB-22260-22275_R

GTATCGATAAGCTAGCCAGGGGAGGACCCA
GTGAGCTGGTACAAGGGGGAGGGGAAG

CCACAGGTTTTCCATTCAGATCAAGACCAG
TGAATTGTCAACGACCCGCG

CTGGTCTTGATCTGAATGGAAAACCTGTGG
CTCGCCGACG

GTCGATCAGGTCCACTCACACGAGCTCCA
GCGCCTGCC

CTGGAGCTCGTGTGAGTGG
ACCCTGTCCCC

GCAGGAATTCGATATCAAGCTT
AGATCTCATCATCGGATCTCCTGGATCGGGTGGTCG
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2.2 Methods

2.2.1 Media and culture conditions

E. coli strains were grown in Luria broth (LB) medium (Sambrook et al.| 1989) at
37°C and were supplemented with antibiotics when required, to maintain plas-
mids. To maintain plasmid selection in ET12567 (pUB307), 50 ug ml! kanamycin,
and 25 ug ml? chloramphenicol were added to maintain the selection of pUB307
and the dam - mutation, respectively. A. japonicum was grown in tryptic soy broth
(TSB) or R5 medium (Kieser et al., 2000).

Liquid cultures of A. japonicum strains in 100 ml volume were grown to detect
[S,S]-EDDS production according to (Zwicker et al., |1997; Spohn et al., 2016). The
optimized SM consisted of glycerol (25 g 1), MgSO4 x 7 H,0 (1.2 g 1), Ferric (III)
citrate (60 mg 1), KH,PO4 (8 g1 ), Na,HPO4 x 2 H,0 (12 g17) and sodium glutamate
monohydrate (11.3 g1?), which was used as the nitrogen source. To grow the strains
in areduced 3 ml volume, 12-well microplates were used. The cultures were grown
on a rotary shaker (120 r.p.m.) at 30°C. Precultures were grown in complex culture
medium (glycerol (20 g1 ); soybean meal (20 g1 ) at pH 7.5) for 48 hours. A total
of 150 ul of this pre-culture was used to inoculate 3 ml of SM. The cultures were
grown for a further 72 hours before [S,S]-EDDS production test and analysis by
RT-PCR.

2.2.2 Determination of A. japonicum growth in soil

The growth assay was performed in a sterile 12-well microplate. 1x 10° spores from
A. japonicum WT, A. japonicum SP44 or A. japonicum AEDDS were inoculated into 1g
of sterile soil ( three times autoclaved). After one, two, three, and five days, A. japo-
nicum strains were recovered from the soil by shaking the 1g of soil in 9 ml of sterile
water and mixing for 10 min at room temperature. To determine colony-forming
units (cfu), serial dilutions were prepared and plated onto mannitol soy flour agar
plates (MS agar) (Kieser et al., 2000). The plates were incubated at 30°C for 2-3 days,
after which the number of cfu was counted. To determine spore counts, appropri-
ate dilutions were selected and the number of spores was counted as spores/ml,
taking into account the dilution factor.
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2.2.3 RNA extraction from soil and reverse transcription (RT)-PCR
analysis

Three grams of sterile soil samples in a sterile 6-well microplate were inoculated
with 10° spores from A. japonicum WT, A. japonicum SP44 or A. japonicum AEDDS
spores and incubated for three days at 30 °C. After three days, up to 2 g of soil
was added to a 15 ml tube and total RNA isolation was performed using RNeasy
Power Soil (Qiagen). To eliminate any DNA contamination, RNA preparations were
treated with TURBO DNA-free (Invitrogen) following the instructions provided with
the kit. To exclude DNA contamination, negative controls were carried out by
using total RNA as the template for a PCR using the primer pair sigB-RT-F and
sigB-RT-R. cDNA from 3 mg RNA was generated with random hexameric primers,
reverse transcriptase, and cofactors (Fermentas). PCRs were performed according
to (Spohn et al., [2014) with the primers listed in (Table . PCRs were carried out
under the following conditions: (1) an initial denaturation step (94 °C for 2 min);
(2) 27 cycles of PCR, with 1 cycle consisting of denaturation (95 °C for 30 s), an-
nealing (59°C for 30 s), and polymerization (72°C for 30 s); and (3) an additional
polymerization step (72 °C for 1 min). Each PCR mixture (25 ul) contained a 1 ul
aliquot of RT reaction product. As a positive control, cDNA was amplified from the
major vegetative sigma factor (sigB) transcript, which is produced constitutively.
The PCR products were analyzed by agarose gel electrophoresis (2 %).

2.2.4 Plant experiments
2.2.4.1 Seed germination

Seeds from green bean (Phaseolus vulgaris cv. Black pole) were disinfected by im-
mersion in 500 ml of distilled water and 0.1 ml of sodium hypochlorite, shaked
for 10 min, followed by two times washed with 500 ml deionized water for 10 min
each. Then, they were placed in plastic trays (17 seed/tray aproximately) with 1
mM CaSO, wetted paper, covered, and kept in a germination chamber for 3 days
at 28 °C in the dark.
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2.2.4.2 Growth in hydroponics

After germination, plants were sown in plastic containers of 5 1 with a 1/5 diluted
nutrient solution (NS) for 6 days. The concentration of the diluted solution was: 0.2
mM Ca(NOs) 2x 4H,0; 0.18 mM KNOs; 0.06 mM MgSO4 x 7 Hy0; 0.02 mM KH,POy;
7.0 uM NaCl; 2.0 uM H3BO3; 0.01 uM Na,MoO uM,4 x 2H,0; 23.1 uM Nay-EDTA; 0.5
uM M MnSO4 x H20; 0.2 uM CuSO4 x 5H,0; 2 uM ZnSO4 x 7H,0; 0.2 uM NiCl, x
6H,0; 0.2 uM CoSO4-H20; 1 uM Fe-HBED. pH was adjusted at 6,5 using KOH.
After these 6 days, the solution was changed by a full-strength nutrient solution
without Zn?* in order to induce the Zn?" deficiency in plants for four days, when
slight deficiency symptoms were observed. The concentration of the nutrient so-
lution in this period was: 1.0 mM Ca(NO3)2 x 4H,0; 0.9 mM KNOs ; 0.3 mM MgSO4
x 7H,0; 0.1 mM KH,POy,4; 35 uM NaCl; 10 uM H3BOs3; 0.05 NaMoO4-H,0; 1.0 uM
MnSO4 x H,0; 0.5 uM CuSO4 x 5H,0; 0.1 uM NiCl, x 6H,0; 0.1 uM CoSO4 x 7H,0;
50 uM Fe-HBED. Additionally, 0.1 g 11 of CaCO3 was added to each container in
order to simulate alkaline conditions (pH of the nutrient solution was around 7.5).

2.2.4.3 Soil characteristics

Soil samples were sieved using 5 mm sieves. The pots were methacrylate tubes of
7 cm diameter and 16 cm length. Each pot was filled with 600 g of calcareous soil:
calcareous sand mixture (70:30), covered with aluminum foil to prevent from light
exposure and filled with distilled water until 100 % water holding capacity (WHC).
Tubes had a cloth on the bottom, fastened with a rubber base to create subject. A
petri plate was placed at the bottom to avoid and control water losses in case of
leaching. The soil was a sandy clay soil from Picassent (Valencia, Spain) mixed
with calcareous sand (975 g kg CaCO3, 1-3 mm size). The soil characteristics are
shown in Table
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Table 2.7. Chemical characteristics of soils used in biological experiments.

Parameter Information
Texture Sandy loam
pH (H,0) 7.9

pH (KCl) 74

EC (1:5 extract) (dS m-1) 0.2

OM (g kg-1) 9.2

N Kjeldahl (g kg-1) 0.30
CaCOs total (g kg-1) 380
CaCOs active (g kg-1) 89

Micronutrients (mg/kg) (Soltanpour and Schwab, [1977)

Fe 5.3
Mn 4.5
Cu 1.0
Zn 3.0

2.2.4.4 Transplant to pots and application of treatments

After pre-growing, the plants were transplanted to pots (1 plant per pot) and a so-
lution containing 0.1 g 1* of CaCO3 + 0.1 g 1! of NaHCO3 was added to maintain the
80 % WHC, instead of water. This solution containing CaCO3 was used to simulate
calcareous conditions and force the Zn?* deficiency. One day after the plant trans-
planting to pots, the treatments were applied to the pots. The following treatments
were assayed: (1) Positive control, [S,S]-EDDS (24 umol / pot), (2) A. japonicum WT
(5 x 108 CFU/ml), (3) A. japonicum SP44, a zinc-deregulated overproducer (5*108
CFU/ml), (4) A. japonicum AEDDS (5*108 CFU/ml) as negative control. Additional
pots without anay treatment were included.

Pictures were taken over the whole experiment to compare visual aspect. Three
samplings were done, at 7 days post treatments application (DPT), after 21 DPT
and at 24 DPT. For that, plant shoots were cut 1 cm from soil, washed with a soap-
solution (0.1 % Tween 80, 0.1 M HCl), followed by 2 washes in distilled water. After
washing, stems and leaves were separated and weighed (fresh weight). Finally,
they were dried in an oven on paper bags at 65 °C to dry for three days. Then, they
were kept in paper bags in a dry place at room temperature.
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2.2.4.5 Measurement of chlorophyll development

The chlorophyll index was measured using the soil plant analysis development
(SPAD) chlorophyll meter (Minolta, Osaka, Japan) every two days, with five mea-
surements per plant level.

2.2.4.6 Analysis of samples

The sample analysis was performed as described by (Lopez-Rayo et al., 2019). At
the specified sampling time, leaves and stems were separated and washed with 0.1
% (w/v) HCI and 0.01 % (w/v) non-ionic detergent solution (Tween 80) to remove
any inorganic surface deposit and rinsed twice with ultrapure water, as described
by (Alvarez-Ferndndez et al., [2001). The samples were then dried in a forced air
oven at 60 °C for 3 days, and weighed and analyzed for mineral concentration after
dry digestion at 480 °C for 4 h and acid digestion with 1:1 diluted HCI for ash solu-
bilization. The roots were carefully separated, washed and analyzed as described
by (Lopez-Rayo et al., 2019)

2.2.5 Derivatization of [S,S]-EDDS with Fmoc-Cl

9-fuorenylmethyl chloroformate (Fmoc-Cl) was prepared by dissolving 12.9 mg in
5 ml of acetone to give a concentration of 10 mM. Derivatization of [S,S]-EDDS was
also performed in 1M buffer borate pH 8.0. 100 ul of buffer borate were mixed with
0.5 ul of sample and 200ul of Fmoc-Cl. The mixture was incubated for 30 minutes
at room temperature, as described by (Tandy et al., [2005).

2.2.6 Derivatization with Fmoc-Cl of [S,S]-EDDS extracted from soil
samples

The samples were treated with 10 mM EDTA buffer pH 11.5 to promote the chela-
tion of metals with EDTA. The samples were incubated for 30 minutes at room
temperature and then centrifuged. The supernatant was mixed with Fmoc-Cl for
derivatization, as described in section[2.2.5
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2.2.7 Detection of [S,S]-EDDS from soil samples by HPLC-MS

10 g soil previously inoculated with A. japonicum strains or [S,S]-EDDS standard,
were dissolved in sterile water, mixed for 1h, and incubated for 30 min in an ultra-
sonic bath. Samples were filtered and centrifuged. The soil water extracts were
concentrated using the Genevac EZ-2 evaporating system until dry and dissolved
in 1 ml of water. Next, the sample was mixed with 10 mM EDTA pH 11.5 and deriva-
tized with Fmoc-Cl as described in Section [2.2.6

2.2.8 [S,S]-EDDS production test

Liquid culture of A. japonicum WT and recombinant strains was performed in 100
ml volume to determine [S,S]-EDDS production according to (Spohn et al., 2016).
The optimized synthetic medium (SM) consisted of glycerol (25 g 1), MgSO4 x 7
H,0 (1.2 g 1), Ferric (III) citrate (60 mg 1), KH,PO4 (8 g 11 ), Na,HPO4 x 2 H,0
(12 g 1) and sodium glutamate monohydrate (11.3 g 1), which was used as the
nitrogen source. Pre-cultures were grown on a rotary shaker (120 rpm) at 29 °C in
complex culture medium (glycerol (20 g 11); soybean meal (20 g 1) at pH 7.5) in 50
ml volume for 48 h. A total of 5 ml of this pre-culture was used to inoculate 95 ml
of SM. The cultures were grown for further 96 h before the [S,S]-EDDS production
was analyzed.

2.2.9 Detection of [S,S]-EDDS using HPLC—-ESI-MS

Culture broths were prepared by centrifugation. 2.5 pl of the supernatants were
analyzed by HPLC-ESI-MS using a Nucleosil 100-C18 column (3 ym, 100x2 mm with
precolumn 10x2 mm (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany), cou-
pled to an ESI mass spectrometer (LC/MSD Ultra Trap System XCT 6330 (Agilent
Technology, Waldbronn, Germany). Analysis was carried out at a flow rate of 0.4
ml/min with a solvent gradient of A = 0.1 % formic acid and B = 0,06 % formic acid
in acetonitrile (gradient: t0=t5=0 % B, t10=t12=100 % B, post time 6 min. 0 %, 40°C.
Electrospray ionization (alternating positive and negative ionization) in Ultra Scan
mode, 100-800 m/z with a capillary voltage of 3.5 kV and a drying gas temperature
of 350°C was used for LC-MS analysis. Detection of m/z values was conducted with
Agilent Data Analysis for 6300 Series Ion Trap LC/MS version 6.1 (Bruker-Daltonik
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GmbH).

2.2.10 Detection of [S,S]-EDDS (derivatized with Fmoc-Cl or Dansyl
Chloride) by HPLC-ESI-MS

Culture broths were prepared by centrifugation. 2.5 ul of the supernatants were
analyzed by HPLC-ESI-MS using a Nucleosil 100-C18 column (5 pum, 100x3 mm
fitted with a precolumn 4x2 mm (Phenomenex, Aschaffenburg), coupled to an
ESI mass spectrometer (LC/MSD Ultra Trap System XCT 6330 (Agilent Technol-
ogy, Waldbronn, Germany). Analysis was carried out at a flow rate of 0.5 ml /min
with gradient elution. Solvent A was 0.1 % formic acid and solvent B was 0.06 %
formic acid in acetonitrile. Gradient elution was performed as follows: t0=10 % B,
t15=t17=100 % B, post time 6 min. 10 % B, 40°C. Electrospray ionization (alternating
positive and negative ionization) in Ultra Scan mode, 100-1500 m/z with a capillary
voltage of 3.5 kV and a drying gas temperature of 350 °C was used for LC-MS ana-
lysis. Detection of m/z values was conducted with Agilent Data Analysis for 6300
Series Ion Trap LC/MS version 6.1 (Bruker-Daltonik GmbH).

2.2.11 Detection of [S,S]-EDDS biosynthesis using HPLC-DAD

For the detection of [S,S]-EDDS, 1 ml of sample was thoroughly mixed with 20 ul
of CuSO4 (100 mM) and once again centrifuged before using the supernatant for
HPLC analysis. [S,S]-EDDS analyses were carried out on a HP1090M liquid chro-
matograph equipped with a thermostated autosampler, a diodenarray-detector and
an HP Kayak XM 600 Workstation (Agilent). A total of 10 ul of samples were in-
jected onto a Hypersil ODS column (125 x 4 mm, 3 um) column and analyzed by
isocratic elution with solvent A - acetonitrile (96:4, v/v) at a flow rate of 1 ml/min.
Solvent A consisted of 20 mM phosphate buffer (pH 7.2) with 5 mM tetrabutyl am-
monium hydrogen sulfate. UV detection was performed at 253 nm. For data ana-
lysis, Chemstation LC3D software Rev. A.08.03 was used. [S,S]-EDDS-Na3 was used
as standard.
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2.2.12 Isolation and purification of [S,S]-EDDS from A. japonicum cultures

Isolation and purification of [S,S]-EDDS was conducted according to (Zwicker et al.}
1997).

2.2.13 Analytical instrumentation. Nuclear magnetic resonance (NMR)

3C NMR spectra were recorded on a Bruker Avance II 400 MHz spectrometer at
100 MHz in deuterium oxide (D,0). 181.4, 179.8, 60.6, 46.0, 41.1 ppm. 'H-'°>N HMBC
spectra were recorded on a Bruker Avance II 400 MHz spectrometer at 400 MHz in
(D20).

2.2.14 High resolution LC-MS

High-resolution LC-MS was recorded on an Agilent 1290 Infinity Il using a Kinetex
1.7 um C18 100 A, 50 x 2.1 mm column, Bruker impact II mass spectrometer, and a
flow rate of 0.5 mL/min. Used LC solvents were A: H,0 (0.1 % FA), B: MeCN (0.1 %
FA). Standard conditions: Gradient 10-100 % B over 10 minutes, and hold 100 % B
for 2 minutes.

2.2.15 Construction of the plasmid pGM1192-asl;

For the construction of the plasmid pGM1192-asly;, the asly; (AJAP_RS14075) se-
quence was amplified from A. japonicum using the primers Asl,;-BglII-F (F stands
for forward primer) and Asl;-BglII-R (R stands for reverse primer) (Table . The
amplified fragment was cloned into the plasmid pGM1192 previously digested with
the enzymes BamH1 and HindIII. The plasmid was sequenced to confirm its cor-
rectness. E. coli Nova Blue was transformed with pGM1192-asl,; and finally, the

plasmid was transferred to E. coli Rosetta (DE3) for the expression of asly;.

2.2.16 Construction of the plasmid DHFR-aesC for cell-free protein
expression

To construct the expression plasmid DHFR-aesC the aesC (AJAP_RS08350) gene of
A. japonicum was amplified via PCR with the primer pairs AesCy;-DHFR-F and
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AesC,;-DHFR-R (Table using the pGM1192-aesC plasmid as template. The am-
plified fragment contained additionally the Strep-tagll sequence at the N-terminal,
provided by the plasmid pGM1192. The amplified fragment of aesC was digested
with Apol and Ndel, while the DHFR plasmid was digested with EcoRI and Apol.
The purified digestion products were ligated and the resulting plasmid DHFR-aesC
was used for the cell-free expression of aesC using the PURExpress in vitro protein
synthesis, following the instructions of the suppliers.

2.2.17 Construction of pGM1192-aesC¢,

The optimized sequence for aesC expression in E. coli was obtained from BioCat in
the plasmid pET-24a (+). This plasmid was used as template for the amplification
of aesCc, via PCR with the primers AesC-codon_E.coli-F and AesC-codon_E.coli-R,
which also creates overhangs with the enzymes BamH1 and HindIII. To introduce
the amplified fragment into pGM1192, this plasmid was digested with BamH1 and
HindIII. The plasmid pGM1192-aesC¢, was sequenced to confirm the correctness
of the inserts. E. coli Nova Blue was transformed with pGM1192-aesCc, and finally,
the plasmid was transferred to E. coli Rosetta (DE3) for the expression of aesCc,.

2.2.18 Construction of the plasmids pRM4-bldC, pRM4-lacl, pRM4-glts
and pRM4-bldC-lacl-glts

To construct the overexpression plasmids, the putative bldC (AJAP_RS36645), the
putative lacl (AJAP_RS11995) and glutamate synthase (glts)( AJA_RS11230) genes of
A. japonicum were amplified via PCR with the primers listed in (Table and pu-
rified using QIAquick gel extraction kit. The pRM4 vector, containing the consti-
tutive promoter ermEp*, was linearized with the restriction enzyme Ndel and pu-
rified. Using NEBuilder HiFi DNA Assembly cloning kit (NEB, catalog no.E2621S)
the linearized pRM4 was ligated with each of the amplified genes. In addition the
pRM4-bldC-lacl-glts was constructed containing all the three genes. The plasmids
were independently transferred into A. japonicum WT via conjugation where it in-
tegrated via the ¢ C31 att site into the chromosome (Stegmann et al.,[2001) resulting
in the strains A. japonicum (bldC), A. japonicum (lacl), A. japonicum (glts) and A. ja-
ponicum (bldC, lacl, glts)
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2.2.19 Construction of A. japonicum LDAPP1

To construct the plasmid pDAPP1, dappAl (AJAP_RS1950), dappCl (AJAP_RS1940)
and aesB (AJAP_RS08345) were amplified using the primers listed in (Table[2.6) and
cloned via NEBuilder HiFi DNA Assembly (New England BioLabs) into pRM4 un-
der the control of the constitutive promoter ermEp*. The resulting plasmid pDAPP1
was sequenced to verify its correctness and was transferred to A. japonicum AEDDS,
generating the strain A. japonicum LDAPP1.

2.2.20 Construction of A. japonicum LDAPP2

To construct the plasmid pDAPP2, dappA2 (AJAP_RS22275) dappC2 (AJAP_RS22260)
and aesB (AJAP_RS08345) were amplified using the primers listed in (Table
and cloned via NEBuilder HiFi DNA Assembly (New England BioLabs) into pRM4
under the control of the constitutive ermEp*. The resulting plasmid pDAPP1 was
sequenced to verify its correctness and transferred to A. japonicum AEDDS, gener-
ating the strain A. japonicum LDAPP2.

2.2.21 Protein purification

E. coli Rosetta (DE3) was used to express all the genes. All the primers and plasmids
used for gene expression are shown in (Table2.6). Cells were cultivated in 10 ml
LB medium containing the appropriate antibiotic, overnight at 37 °C 180 rpm. The
next day, 5 ml of the pre-culture was used to inoculate the main culture in 300 ml
LB without antibiotics. The cells were incubated at 37 °C until they reached expo-
nential growth (ODggg 0.6-0.8). Followed the incubation time. Cells were harvested
by centrifugation at 4000 g for 10 min at 4 °C, and disrupted by French Press in 20
ml of lysis buffer (50 mM Tris-HCI (pH 8.0), 100 mM NaCl, DNAse, and protease in-
hibitor cocktail). The cell lysates were centrifuged at 18,000 rpm for 30 min at 4 °C
and the supernatants were filtered with a 0.22 uM filter. 5 ml Strep-Tactin®XT su-
perflow (iba, Gottingen, Germany) columns were used to purify Strep-tagged pro-
teins. The cell extracts were loaded into the columns, washed with wash buffer
W (100 mM Tris-HCI pH 8 and 150 mM NaCl, ImM EDTA) and eluted with elution
buffer BXT (100 mM Tris-HCI pH 8.0, 150 mM NaCl, ImM EDTA and 50 mM biotin).
The buffer of all purified proteins was exchanged using Amicon™ Ultra-15 Cen-
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trifugal Filter with the appropriate cut-off value. All purifications were verified via
SDS-PAGE.

2.2.22 Measurment of argininosuccinate lyase activity

To determine the Asly; activity, 10 ug of purified Asl,; were used for the enzymatic
reaction. The reaction mixture contained 100 mM KH,>PO,4 buffer with 0.5 mM
argininosuccinate (ASA) as substrate. The reaction was started through the addi-
tion of 10 ug ASL. Samples were taken at time 0 and after 1 and 3 hours. The fu-
marate formation was measured through the absorption at 240 nm in 96-well plates
with a Tecan reader and by HPLC-MS.

[S,S]-EDDS/[S,S]-EDDS-Zn?* degradation through ASL was also tested. The reac-
tion mixture contained 100 mM 100 mM 100 mM KH,PO, buffer and 0.2 mM or
0.5 mM [S,S]-EDDS. The reaction was started through the addition of 10 ug ASL.
The control contained additionally 100 mM KH,PO, buffer instead of ASL. Sam-
ples were taken after 0, 1, and 3 hours and inactivated for 10 minutes at 90°C.

2.2.23 Enzymatic reactions with the putative ornithine cyclodeaminase
(AesA)

The absorption spectra of AesA were measured with a Tecan Spark spectropho-
tometer at a constant wavelength of 340 nm. The measurement period varied de-
pending on the experiment. The measurement temperature was set at 29 °C, as
these are the optimal cultivation conditions of actinomycetes. Tris-HCI (50 mM,
pH 8.0) was used as a buffer. Substrates were pipetted into Greiner 96-well flat-
bottom plates. The reactions were started by adding the cofactors NAD" or NADH.
The reaction consisted of 1 uM of AesA, 200 uM of NAD", NADP* or NADH, 50 mM
TRIS-HCI (pH 8.0) and 1 mM substrate (OAA, L-ornithine, L-DAPP, L-aspartic acid,
L-alanine, and malate).

2.2.24 Feeding with naturally occurring precursors

A. japonicum WT was cultivated under EDDS production conditions, described pre-
viously in section Cultures were fed with 5 mg/ml precursor at the beginning
of the growth and then incubated for five days at 29°C. After this time, samples
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were centrifuged at 5000 rpm. For the detection of [S,S]-EDDS, 1 ml of supernatant
was mixed with 20 ul of CuSO4 (100 mM) and once again centrifuged before using
the supernatant for HPLC-DAD analysis.

2.2.25 Feeding with isotope-labeled precursors

For feeding studies, cultures of A. japonicum OP2 was cultvated in M7-medium as
described above. The respective isotope-enriched precursors (i.e., 1,4-"*C-1°N-L-
aspartic acid, I’N-L-aspartic acid, 3C5,"°N2-L-ornithine, Alpha-'°N and L-ornithine
(5-1°N) were added to the main cultures at a final concentration of 5 mM or 10 mM
denpending on the isotope labeled precursor. After 24 h of incubation time, cul-
ture supernatants were monitored via HPLC-MS.

2.2.26 Inverse labeling experiments using '3C-glycerol

A. japonicum OP2 mycelia was added to SM-13 growth medium with no carbon
source (three separate 0.5 ml culture). The >C-glycerol source was added to one
culture, the 3C-glycerol source to the second, and the *C-glycerol source plus 5
mM L-aspartic acid, L-ornithine or L-DAPP the last culture. Cultures were grown
for four days, and then centrifuged at 4,800 rcf for ten minutes. The resulting su-
pernatants were analyzed by HPLC-MS.

2.2.27 Inverse labeling experiments using >NH,4CI

A. japonicum OP2 mycelia was added to SM-13 growth medium with no nitrogen
source (three separate 0.5 ml cultures). The *N-NH,4CI source was added to one
culture, the >°N-NH,Cl to the second, and the >’N-NH,4Cl plus 5 mM L-aspartic acid,
L-ornithine or L-DAPP the last culture. Cultures were grown for four days, and
then centrifuged at 4,800 rcf for ten minutes. The resulting supernatants were
analyzed by HPLC-MS.

2.2.28 Quantification and statistical analysis

Three biological replicates were analyzed for each mutant. For every mutant, one
pre-culture was used. Three independent flasks that were inoculated with the
same pre-culture under identical conditions were considered different biological
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replicates. Every measured data point, as well as the mean and SD of the 3 repli-
cates are shown in the graphs. GraphPad PRISM was used to perform paired Stu-
dent’s t tests to determine the statistical significance. Asterisks in the figures were
used to symbolize the p value: One asterisk represents p< 0.05, two asterisks

p< 0.01, three asterisks p < 0.001, and four asterisks p< 0.0001.
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Results and Discussion

3.1 Studying the feasibility of using A. japonicum as a
biofertilizer

[S,S]-EDDS, has been shown to be an environmentally sustainable alternative to
conventional synthetic chelating agents such as EDTA or 0,0-EDDHA. Its effective-
ness as a fertilizer has been demonstrated by increased Fe?* and Zn?* supply in
susceptible plants (Lopez-Rayo et al., 2016} 2019). The highest Zn?" concentration
was observed 7 days after treatment of the plants with [S,S]-EDDS. At this time [S, S]-
EDDS was still detectable in the soil. In long-term experiments (21 or 25 days after
treatment), the concentration of the micronutrient was lower. This decrease in
efficacy is correlated with the complete biodegradation of [S,S]-EDDS, which oc-
curs after approximately 7-11 days (Tandy et al.,|2006). Based on this, we hypothe-
sised that A. japonicum could be used directly as a biofertilizer. However, A. japo-
nicum wild type (WT) synthesises [S,S]-EDDS only under zinc-deficient conditions
(Zn?* < 2 uM) (Cebulla, [1995; Zwicker et al., 1997;|Spohn et al., 2016). To avoid the
inhibition of [S,S]-EDDS production in A. japonicum WT by the Zn?* concentration
present in the soil, a zinc-deregulated mutant was used.

Zinc-deregulated A. japonicum mutants (A. japonicum Azur, A. japonicum SP44,
A. japonicum OP], and A. japonicum OP2) capable of producing [S,S]-EDDS even
in the presence of Zn?* have been developed (Spohn et al., 2016; Edenhart et al.,
2020). Among the available mutants, A. japonicum SP44 was selected for its ability
to sporulate. This ability was not retained in the A. japonicum Azur mutant.

To explore the potential use of A. japonicum SP44 as a biofertilizer, experiments
were conducted to determine its growth and its ability to produce [S,S]-EDDS in
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soil. Furthermore, pot experiments under controlled conditions were conducted
to examine how effective A. japonicum SP44 could be in improving Zn?* uptake in
black beans (Phaseolus vulgaris cv. Black pole) grown under zinc-deficient condi-
tions. To simulate zinc-deficient conditions, calcareous soil was chosen (Table[2.7).
Zinc deficiency is a widespread agricultural problem in this type of soil , especially
in crops grown on calcareous soil where zinc fertilization is essential (Robson,
1993). The reason for zinc deficiency in this type of soil is the adsorption of the
microelements on soil colloids or precipitation (Saeed and Fox, 1977).

The study included pots treated under five different conditions: (1) A. japoni-
cum WT (negative control, zinc-regulated [S,S]-EDDS producer), (2) A. japonicum
AEDDS (negative control, [S,S]-EDDS deletion mutant, unable to produce [S,S]-EDDS),
(3) A. japonicum SP44 (zinc-deregulated [S,S]-EDDS overproducer), (4) commer-
cially [S,S]-EDDS (positive control), and (5) control pots without any treatment.
For each condition, five replicates were included for further statistical analysis.
Microelement uptake in the plants was measured at 7, 21, and 25 days after treat-
ment, and compared with the control group and with the direct application of [S, S]-
EDDS. This comparison should help to understand the potential benefits of using
A. japonicum as a biofertilizer.

3.1.1 Investigating the growth of A. japonicum in the soil

To assess the suitability of the soil type for supporting the growth of A. japonicum
strains, 1 g of sterile calcareous soil was inoculated with 10° A. japonicum spores
from and the colony-forming units (CFU) was monitored at different time points
(Section[2.2.2). In order to maintain consistency with the experiments conducted
with plants, a calcareous soil type, zinc-deficient (Table[2.7) was selected. In order
to make the soil samples sterile, they had to be autoclaved three times before they
could be inoculated with the spores of A. japonicum.

1t was found that A. japonicum WT, A. japonicum AEDDS and A. japonicum SP44
were able to grow in the used soil, thereby confirming that the soil was suitable for
this type of experiment. The growth was characterized by an exponential phase
observed between days one and three, followed by an early stationary phase that
lasted until day five, the final time point of measurement. This result confirmed
the growth of A. japonicum strains in a zinc-deficient calcareous soil (Figure[3.1).
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Figure 3.1. Growth of A. japonicum WT and mutants in the soil. Colony forming
units (cfu) determined at different time points of A. japonicum WT and mutant’s
growth in soil. 1g of sterile soil was inoculated with 10° spores. The number of cfu
was determined at every time point by counting the number of bacterial colonies
on agar plates.

3.1.2 Assessing the production of [S,S]-EDDS by A. japonicum in a soil
environment

While previous studies have evaluated the production of [S,S]-EDDS by A. japoni-
cum under laboratory conditions, (Cebulla, 1995; Zwicker et al.,[1997;|Spohn et al.}
2016; Edenhart et al., [2020), information on its production in a soil environment
is limited. To investigate this, two experiments were conducted: First, transcrip-
tional analysis of [S,S]-EDDS biosynthetic genes (aesA-D) in soil through RNA iso-
lation and RT-PCR, and second, detection of [S,S]-EDDS produced by A. japonicum
SP44 in soil using HPLC-MS analysis.

3.1.2.1 Transcription analysis of [S,S]-EDDS genes in the soil

To analyze the expression of the [S,S]-EDDS biosynthetic gene duster (BGC) in soil,
10° spores of A. japonicum WT and mutants were used to inoculate three grams of
sterile soil samples. After three days, total RNA was isolated from soil samples
using RNAeasy power soil total RNA kit (Section with an average yield of
15 ug and A260/280 ratio of 1.8 in all the samples. The RNA was used to produce
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the corresponding cDNA. PCR was performed using cDNA as a template and the
primers listed in (Table [2.6). The major sigma factor (sigB) of A. japonicum WT,
which is constitutively expressed throughout growth, was used as a positive con-
trol. The negative control consisted of a sterile soil sample without bacterial inoc-
ulation and was treated under the same conditions during the RNA isolation and
PCR. The transcriptional analysis revealed that the housekeeping gene, sigB, was
expressed in all samples inoculated with bacteria. Expression of the [S,S]-EDDS
genes was only observed in soil samples inoculated with A. japonicum SP44, the
zinc-deregulated [S,S]-EDDS producer. In A. japonicum WT, expression of the aes
genes could not be detected (Figure[3.2).
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Figure 3.2. Zinc-dependent transcription of the [S,S]-EDDS biosynthetic genes
in A. japonicum strains grown in soil. Sterile soil samples were inoculated with
spores and incubated for 3 days. (M) marker. (Negative control) sterile soil sample.
(A. japonicum WT) wild type strain, zinc-regulated [S,S]-EDDS produce. (A. japo-
nicum AEDDS) [S,S]-EDDS deletion mutant. (A. japonicum SP44) zinc-deregulated
[S,S]-EDDS overproducer. (gDNA) A. japonicum genome. (sigB) general stress-
response sigma factor (housekeeping gene). aesA/B/C/D: [S,S]-EDDS biosynthetic
genes.
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3.1.2.2 Optimization of the analytical method for the detection of [S,S]-EDDS in
soil samples

The establishment of a reliable method based on the derivatization of [S,S]-EDDS
with 9-fluorenylmethyl chloroformate (Fmoc-Cl) before HPLC-MS analysis was es-
sential for the detection of [S,S]-EDDS in soil samples. The process known as deriva-
tization consists of the decoration of a natural product with a non-natural moi-
ety using a derivatizing agent, to yield the highly fluorescent derivatives for HPLC
analysis (Ho, [2005; Hughes| 2021). Fmoc-Cl has been used to derivatize amines
primarily in aqueous media (Sastre Torano and Guchelaar, [1998), and it was first
introduced by (Carpino and Han, 1972) for the derivatization for primary and sec-
ondary amines. Although the method for the determination of [S,S]-EDDS in soil
solution had previously been described by (Tandy et al.,|{2005) it needed to be adap-
ted to the HPLC-MS instrument used.

First, the method was tested using an [S,S]-EDDS standard in pure water. There-
fore, 97.7 uM [S,S]-EDDS was derivatized with Fmoc-Cl in 1 M buffer borate pH 8.0
(described in detail in section[2.2.5). In positive mode, a peak with mass 515.1 m/z
for Fmoc-[S,S] EDDS (single derivatized [S,S]-EDDS) was detected in the Based Peak
Chromatogram (BPC) (Figure[3.3). To evaluate the analysis of [S,S]-EDDS from soil
samples and determine the detection limit of this method with the available instru-
ments, decreasing concentrations from 9.7 uM to 0.0097 uM of [S, S]-EDDS standard
were applied to the soil. After re-extraction of [S,S]-EDDS, the samples were treated
with EDTA buffer prior to derivatization in order to complex the metal present in
the soil sample with EDTA, as metals present in the soil would form a complex
with [S,S]-EDDS and thus prevent its Fmoc-Cl derivatization (Tandy et al., 2005).
The samples were analyzed by HPLC-MS. The HPLC-MS chromatogram revealed
a peak with m/z 515.1 [M+H]", which corresponded to Fmoc-[S,S]-EDDS. However,
this method was unable to detect low concentrations of the compound in the soil
samples (Figure[3.4).

To verify the identity of the detected peak, EDTA buffer was treated with Fmoc-
Cl as a control. Since both [S,S]-EDDS and EDTA have the same mass signal with
m/z 293 [M+H]", it was essential to demonstrate that the detected peak was indeed
Fmoc-[S,S]-EDDS and not Fmoc-EDTA. It was confirmed, as expected, that Fmoc-Cl
did not derivatize EDTA (Figure[S1) because EDTA contains tertiary amines instead
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of secondary amines like [S,S]-EDDS (Ho) 2005).
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Figure 3.3. HPLC-MS analysis of Fmoc-[S,S]-EDDS standard solution.

Base peak chromatograms (BPC) in positive mode of (A) 97.7 uM [S,S]-EDDS, (m/z
293.1 [M+H]"). (B) 97.7 uM [S,S]-EDDS derivatized with Fmoc (Fmoc-[S,S]-EDDS) in
borate buffer pH 8.0 (m/z 515.1 [M+H]"). The peak m/z 293.1 [M+H]" corresponds to
underivatized [S,S]-EDDS, and extra peaks are attributed to reaction side products.
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Figure 3.4. HPLC-MS signals of decreasing concentrations of Fmoc-[S,S]-EDDS
standard solutions applied to soil samples. Soil extracts were pre-treated with
EDTA buffer pH 11.5 before the derivatization with Fmoc-Cl in borate buffer pH
8.0. Extracted ion chromatograms (EIC) from soil extracts for Fmoc-[S,S]-EDDS
m/z 515.1 [M+H]". (A) 9.7 uM [S,S]-EDDS. (B) negative control, sterile soil sample.
(C) 0.97 uM [S,S]-EDDS. (D) 0.097 uM [S,S]-EDDS. (E) 0.0097 uM [S,S]-EDDS.
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3.1.2.3 Detection of [S,S]-EDDS produced by A. japonicum in soil samples

To determine the production of [S,S]-EDDS by A. japonicum SP44 in soil, 10 g of
three times sterilized calcareous soil was inoculated with 10° spores. The soil sam-
ples were inoculated for ten days at 29° C and every day, | ml sterile water was
added to the samples to keep the humidity. Soil extracts were treated as descri-
bed before, and analyzed by HPLC-MS. As controls, 10° spores from A. japonicum
AEDDS ([S,S]-EDDS deletion mutant) and A. japonicum WT (unable to produce [S,S]-
EDDS due to zinc concentrations in soil above 2 uM) were used. HPLC-MS results
revealed a peak with the m/z value of 515.1 [M+H]*, corresponding to Fmoc-[S,S]-
EDDS only in the samples where the [S,S]-EDDS standard was applied. [S,S]-EDDS
production was not detected in soil samples inoculated with A. japonicum WT, A.
japonicum AEDDS, or A. japonicum SP44.

The method for the detection of [S,S]-EDDS from soil samples has been estab-
lished. However, no [S,S]-EDDS was found to be produced by A. japonicum SP44 in

soil (Figure[3.5).
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Figure 3.5. HPLC-MS analysis of soil samples inoculated with A. japoni-
cum strains. Extracted ion chromatogram (EIC) for Fmoc-[S,S]-EDDS, m/z 515.1
[M+H]*. (A) [S,S]-EDDS standard. (B) A. japonicum WT. (C) A. japonicum AEDDS.
(D) A. japonicum SP44.
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3.1.3 Evaluation of the ability of A. japonicum SP44 to enhance
micronutrient uptake in plants

Zinc deficiency is a prevalent issue in a wide range of soil types, such as high-pH
calcareous soils, sandy soils, and soils with an excess of phosphorus-containing
fertilizers. The primary factor contributing to the limited availability of zinc in
calcareous soils with high pH levels is the adsorption of zinc to clay or calcium
carbonate (Trehan and Sekhon, 1977). Zinc deficiency is a common problem for
Phaseolus vulgaris plants grown on calcareous soils (Marschner, |[2012).

Chelating agents have been successfully used for iron, manganese, copper and
zinc fertilization under conditions simulating calcaroeus soil (Lopez-Rayo et al.,
2012, 2015). In particular, fertilization with Zn?*-[S,S]-EDDS has been shown to
provide sufficient Zn?" to plants at a similar rate to EDTA (LSpez-Rayo et al., [2015)
and is therefore suitable to replace EDTA. However, due to the biodegradability of
[S,S]-EDDS in the soil, regular applications of Zn?* -[S,S]-EDDS have been proposed
(Lopez-Rayo et al.} 2015).

The aim of this study was to investigate the potential of A. japonicum SP44 as a
biofertilizer for Phaseolus vulgaris plants. These experiments were carried out de-
spite the fact the that it was not possible to identify [S,S]-EDDS produced by A. japo-
nicum in the soil (Section[3.1.2.3) . Detection of complexing agents in soil by HPLC
is very difficult; they may be produced in very small amounts (Rai et al., 2020) and
form complexes with the ions present in the soil. Therefore, the possibility that
[S,S]-EDDS is produced by A. japonicum in soil is not necessarily excluded. Fur-
ther experiments were carried out to evaluate the potential of the bacterium as
a biofertilizer. By including the [S,S]-EDDS null mutant in these experiments, it
was possible to distinguish whether an improvement in zinc uptake by plants was
due to the [S,S]-EDDS produced by A. japonicum or whether the strain itself had a
positive effect on plant growth.

This study was carried out under controlled conditions, from the initial stages
of seed germination, followed by hydroponic growth where Zn**-deficiency was
induced. Plants were transplanted into pots and one day later the different treat-
ments (conditions 1-5) were applied. Five replicate pots per treatment were con-
sidered. Each pot was inoculated with 10® A. japonicum spores (A. japonicum WT,
A. japonicum SP44 and A. japonicum AEDDS).

49



Chapter 3 Results and Discussion

Plants treated with the [S,S]-EDDS standard were used as a positive control and
untreated plants as a negative control. Plants were grown under these conditions
for 24 days. Sampling was performed at 7 days post treatment (DPT), 21 DPT and 24
DPT. To evaluate the efficacy of the treatment, three analyses were performed: 1)
chlorophyll development using the soil plant analysis development (SPAD) chloro-
phyll meter, 2) plant growth, measuring the dry weight (g/plant) of the different
plant organs and 3) analysis of micronutrient content (Zn?*, Fe?*, Cu?*, and Mn?")
in the leaves, stems, and roots by atomic absorption spectrometry (AAS).

Plant analysis

Zn?" deficiency in plants is characterized by stunted plants, smaller leaves, and
chlorosis (Figure[3.6). The evolution of the chlorophyll content was evaluated using
the chlorophyll meter SPAD in all leaf stages, as described by (Lopez-Rayo et al.,
2015).

The chlorophyll content of a plant gives an indication of its health status and
is used to determine the best time to apply the optimized amount of fertilizer to
achieve higher yields, better quality crops and reduce environmental impact.

The chlorophyll content of the leaves was measured (only the values measured
on the youngest fully expanded leaf (third leaf stage) are shown in (Figure[3.7). An
ANOVA analysis revealed that no significant differences were found for the treat-
ments, compared to the negative control, from the beginning of the experiment
until the last day (24 DPT).
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Figure 3.6. Zn** deficiency in Phaseolus vulgaris cv. Black pole (common bean).
Stunted plants, smaller leaves and chlorosis are visible.

To determine the impact of the treatments on plant growth and development,
the dry weight of leaves stems and roots were measured. Hence, it is possible to
determine the actual amount of plant material produced. This amount which can
then be compared to the dry weight of the non-treated plants to determine the
effectiveness of the treatment. The results did not show significant differences
between the dry weight of treated and untreated plant organs (Figure[3.8).
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Figure 3.7. Chlorophyll content of the plants grown in the presence of A. japo-
nicum strains. Stage 3 leaves average and standard error of the soil and plant an-
alyzer development (SPAD) index over a 24-day period post following treatments
(DPT). Error bars indicate the mean of standard deviation of 3 replicates of SPAD
readings. Statistical significance was determined by ANOVA. ns., not significant

p> 0.05.
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Figure 3.8. Dry weight of leaves, stems, and roots of plants undergoing the dif-
ferent treatments. Samples were taken after 7 days of treatment. Error bars in-
dicate the mean and SD of 5 replicates. Statistical significance was determined by
two-way ANOVA using Dunnett’s multiple comparisons test.
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The effectiveness of the treatments concerning the improvement of micronu-
trient concentration was also assessed by atomic absorption spectrophotometry
(AAS). After 7, 21 and 24 DPT, leaves, stems and roots samples were taken to ana-
lyze the content of Zn?*, Fe?*, Cu?" and Mn?*. The use of A. japonicum SP44 strain
as a biofertilizer did not lead to an increase in Zn?* in the plant organs after 7 (Fi-

gure[3.9), 21 (Figure[S2) or 24 days (Figure|[S3).

The application of A. japonicum SP44 did not result in any improvement in the
uptake of microelements such as iron, copper, and manganese in the plant at 7, 21
or 24 DPT (Figure[S4/S9). On the other hand, the concentration of Zn?* was signifi-
cantly increased in the three plant organs at 7 DAT DPT with [S,S]-EDDS, compared
to the untreated plants. This indicates that [S,S]-EDDS successfully solubilizes Zn?*
and makes it available for the plant. However, the effectiveness of A. japonicum
SP44 as a biofertilizer has not been demonstrated.
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Figure 3.9. Zn?* content in Phaseolus vulgaris. Measurements were performed
with samples obtained from the leaves, stems and roots 7 days post treatments.
Error bars indicate the mean and standard deviation of 5 replicates. Statistical sig-
nificance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was determined by unpaired
Student s test.
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Discussion

For micronutrient fertilization recalcitrant chelating agents such as ethylenedi-
amine tetraacetic acid (EDTA) are traditionally used. EDTA forms very stable com-
plexes with metals, making it recalcitrant in soil. It can persist in the environment
for long periods and can lead to the accumulation of heavy metals in the soil (Sai-
tullah et al., 2009; [Satroutdinov et al.,[2000). The use of EDTA is currently not con-
sidered sustainable or environmentally friendly in agriculture (Lopez-Rayo et al.}
2016). Simulation data of the EDTA biodegradation shows that once EDTA forms
a complex with Fe?*, it cannot be biodegraded (Willett and Rittmann, [2003). The
degradation of EDTA was also studied in soil experiments, showing only 14 % of
EDTA degraded after 20 days (Wen et al., [2009). Therefore, there is an increasing
interest in using biodegradable chelating agents as fertilizers in agriculture, which
can serve the same function as EDTA without causing harm to the environment

An alternative approach is the use of [S,S]-EDDS, a biodegradable chelating agent
and structural isomer of EDTA (Schowanek, [1997). Zn?*-[S,S]-EDDS application has
been shown to increase zinc nutrition in plants (Lopez-Rayo et al., 2016). [S,S]-
EDDS has been shown to be degraded after a lag phase of 7-11 days with a half-life
of 4.18-5.60 days (Tandy et al., 2006). However, the good biodegradability of [S,S]-
EDDS in this case has the disadvantage that [S,S]-EDDS needs to be applied to soil
on a regular basis (Lopez-Rayo et al., 2015)

A possible solution could be the use of A. japonicum, a soil bacterium that nat-
urally produces [S,S]-EDDS. The continuous growth of the bacterium in the soil
could ensure a constant supply of [S,S]-EDDS. To evaluate the suitability of A. ja-
ponicum as a biofertilizer, the zinc deregulatory overproducer strain A. japoni-
cum SP44 was used, to counteract the inhibition of [S,S]-EDDS by the zinc con-
centration present in the soil. A. japonicum WT, in which [S,S]-EDDS production is
zinc-regulated (inhibited at Zn?* concentrations > 2), and A. japonicum AEDDS, in
which the [S,S]-EDDS genes have been deleted, were included in the experiment
as negative controls. Although typical bacterial growth of all A. japonicum strains
could be detected in the soil selected for our experiments, [S,S]-EDDS could not be
detected in any of the soil samples.

The growth curve of A. japonicum strains grown in soil was compared with the
growth curve of strains grown in synthetic medium (SM) M7 (Zwicker et al.,|1997)
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optimized for [S,S]-EDDS production. The exponential phase was less prolonged
in soil culture. This difference is probably due to sub-optimal nutrient availability
in the soil after three days of growth, whereas sufficient glycerol (25 g/l) is pro-
vided in SM-medium to sustain an extended prolonged exponential growth phase.
A prerequisite for these experiments was the use of sterile soil. A three-step ster-
ilization treatment was required to render the soil sterile. Such a procedure has
also been described by (Shuab et al.|, 2014).

Transcriptional analysis showed that the [S,S]-EDDS biosynthesis genes of A. ja-
ponicum SP44 were expressed when this strain was grown in soil. As expected, the
transcription of [S,S]-EDDS biosynthesis genes was inhibited in A. japonicum WT,
because although the experiments were carried out in calcareous soil with a low
zinc concentration, it was still higher than 2 uM Zn?*. This result confirmed the
role of [S,S]-EDDS as a zincophore and was consistent with the observation that
no [S,S]-EDDS production was detected in media with zinc concentrations of 2 uM
(Zwicker et al.,|[1997;|Spohn et al.,2016). In addition to A. japonicum WT, A. japoni-
cum SP44 did not appear to produce [S,S]-EDDS in soil.

For the extraction and detection of [S,S]-EDDS from soil, a method described by
(Tandy et al., 2005) was used. The soil sample was first treated with EDTA buffer
prior to Fmoc-Cl the derivatization and HPLC-MS analysis. The EDTA buffer was
used to achieve maximal conversion of [S,S]-EDDS to the Fmoc derivative, since
EDTA compplexes the metals present in the soil sample, [S,S]-EDDS remains "free"
an derivatization can occur. Furthermore, although both compounds have the
same mass and can be detected by HPLC-MS at 293.1 m/z [M+H]", the two struc-
tures differ in terms of the amino groups. EDTA contains tertiary instead of sec-
ondary amines like [S,S]-EDDS These results demonstrated that EDTA was not deriva-
tized by Fmoc-Cl (Figure [SI), since Fmoc-Cl is suitable for the derivatization of
primary and secondary amines (Ho, 2005). The [S,S]-EDDS detection limit of the
method based on UV-detection, was found to be 0.097 uM , which is less sensi-
tive than the detection limit reported by (Tandy et al., 2005). However, in Tandy's
approach (Tandy et al., 2005), the Fmoc-[S,S]-EDDS derivative was detected using
a fluorescence detector. Fluorescence detection has advantages over UV detection
of low detection limits and high sensitivity due to low interferences (Tandy et al.,
2005). However, such a device was not available during the experimental phase of
the project.
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Another factor which should be taken into account, is the fact that calcareous
soil was used. This type of soil is known to contain high levels of CaCO3, which
can make the extraction of [S,S]-EDDS difficult, as [S,S]-EDDS forms complexes
with Ca?* (Vandevivere et al., 2001;[Whitburn et al., 1999). Therefore, the presence
of CaCO3 in the sample could interfere with derivatization and detection of Fmoc-
[S,S]-EDDS by HPLC-MS.

Finally, it remains uncertain whether A. japonicum produces [S,S]-EDDS in soil.
Although transcription analysis indicated expression of aes genes, the product
could not be detected. Further research needs to be done to determine whether
[S,S]-EDDS production occurs in this environment.

In the experiments investigating the effect of A. japonicum and [S,S]-EDDS on
plant growth, the micronutrient concentrations in leaves, stems or roots, were
not improved after the application of A. japonicum SP44, compared to the negative
controls (plants without treatment, and treatment with A. japonicum WT. Since
no [S,S]-EDDS could be detected in the soil after the inoculation with A. japoni-
cum, this could be the reason why no improvement in the uptake of Zn?" and
other trace elements by the plants was observed. As a positive control, a single
dose of [S,S]-EDDS (24 umol/pot) was applied, which resulted in increased Zn?" up-
take by plants after at 7 DPT. However, this effect dissipated by day 21 DPT. These
findings are consistent with those of (Lopez-Rayo et al., [2015), who reported in-
creased Zn?' concentrations in plants treated with formulations containing Zn?*-
[S,SI-EDDS (2.36 umol/kg) after at 7 DPT, but showed no effect at 21 DPT. There was
an increase in the uptake of Fe?*, Mn?* and Cu?" in the leaves at 7 DPT. In the case
of Zn?* the application of the three strains A. japonicum WT, A. japonicum AEDDS
and A. japonicum SP44, resulted in a remarkable increase of Zn?" concentration in
the roots at 7 days DPT. However, this increase is not caused by [S,S]-EDDS. Since A.
japonicum has the genetic potential for the synthesis of other complexing agents,
such as albachelin, mirubactin (predicted by antiSMASH v7.0), and amycolachrom
(Cebulla, 1995), this effect could also be the consequence of the appearance of
these complex agents.

In addition to [S,S]-EDDS, the production of these complexing agents could be
responsible for the uptake of the ions into the plant. However, they were not de-
tected in the soil samples. Further research is needed to fully evaluate the potential
of A. japonicum as a biofertilizer and to determine the optimal bacterial concen-
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tration required for application to maximize efficacy.

3.2 Studies on the import of Zn-EDDS

Various bacteria, including Brevundimonas sp. TN-3 (Mizunashi, 2001), the bacte-
rial strain DSM 9103 (Witschel and Egli, 1997) and Chelativorans sp. isolated from
industrial wastewater (Poddar et al., [2018), have been shown to be capable of de-
grading [S,S]-EDDS. The degradation involves a step that cleaves [S,S]-EDDS to fu-
marate and ethylenediamine, which is catalysed by the key enzyme EDDS lyase. As
this enzyme also catalyses the reverse reaction, it has been used in semi-synthetic
approaches to synthesise [S,S]-EDDS from fumarate and ethylenediamine (Poddar
et al.,[2018). The aim of this project was to investigate whether an [S,S]-EDDS lyase
might be involved in the degradation of the [S,S]-EDDS-zinc complexes in A. japo-
nicum.

3.2.1 Identification of a putative EDDS lyase in A. japonicum

A sequence similarity search was performed in the NCBI microbial database using
BLASTP with the EDDS lyase amino acid sequence of Chelativorans sp.BNC1 as the
query. This search yielded an A. japonicum protein with 33 % sequence identity,
annotated as a putative argininosuccinate lyase (Asl) (NCBI reference sequence
WP_038511517.1) (Figure[S13). The corresponding gene encoding a putative argini-
nosuccinate lyase (Asl) (EC 4.3.2.1) in A. japonicum was amplified using the primers
AslAj-BglII-F and AslAj-HindIII-R (Table and cloned into the expression vec-
tor pGM1192. Using this expression plasmid, Asly; was produced in E. coli Rosetta
(DE3) as an N-terminal Strep-tagll fusion protein. Strep-tagll-Asly; was purified
by a Strep-Tactin XT affinity chromatography protocol following the instructions
described by providers (Figure 3.10).

3.2.2 Characterization of the Asl of A. japonicum (Asl,;)

Asl is responsible for catalyzing the cleavage of argininosuccinate (ASA) into fu-
marate and arginine (Mishra A} [2017) (Figure A). To first evaluate the biolo-
gical activity of the A. japonicum Asl (Asly;) produced in E. coli, the enzyme was
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Figure 3.10. SDS-PAGE of purified argininosuccinate lyase (Strep-Asly;) (12%
gel). (M) protein ladder (PageRuler Prestained, Thermo Fisher scienific # 26616).
(1) cell crude extract from E. coli Rosetta (DE3). (2-4) washing fractions. (5-7) elu-
tion fractions. (6) elution fraction 2 containing the purified Strep-Asly;, MW of
Strep-Asly;: ~ 52 kDa.

incubated with ASA and the formation of fumarate was measured using both, spec-
trophotometric techniques at 240 nm and HPLC-MS. Activity assays were performed
using 0.5 mM or 1 mM ASA with Asl,; and the appearance of fumarate over time
at 240 nm was monitored. The absorbance at 240 nm increased progressively over
time, indicating fumarate synthesis (Figure 3.1 B). The presence of fumarate was
further confirmed by analyzing a sample (taken after 1 hour of reaction) via HPLC-
MS, using a fumarate standard (3 mM). The chromatogram revealed a peak with
a m/z value of 114.9 in the extracted ion chromatogram (EIC) in negative ioniza-
tion mode, with the same mass and retention time as the fumarate standard (Fi-
gure C). These findings indicated that Asl,; was biologically active.
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Figure 3.11. Argininosuccinate lyase activity assay. (A) Reversible reaction cat-
alyzed by Asly;. (B) Spectrophotometric detection (240 nm) of fumarate production
over time using 0 mM, 0.5 mM or 1 mM ASA. (C) HPLC-MS detection of fumarate

(m/z 114.9) in negative mode. Fumarate produced after 1 hour of reaction (in red).

Fumarate standard, 3 mM (in black).
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3.2.3 Investigating the Asl,; activity using [S,S]-EDDS

The investigate the potential of Asly; to catalyze the reaction of an EDDS lyase, an
enzymatic assay was performed using 10 uM ASL incubated with 0.2 mM [S,S]-
EDDS. The formation of fumarate was monitored by recording the absorbance at
240 nm. Additionally, the reaction was assessed over time using HPLC-DAD, with
samples taken at 1 and 3 hours to determine any changes in the concentration of
[S,S]-EDDS. In addition, Zn?*-[S,S]-EDDS was used as a substrate. The absorbance
of a mixture of 10 uM Asl,; and 0.2 mM Zn?*-[S,S]-EDDS was monitored at 240 nm
over a period of three hours. As the absorbance at 240 nm remained at the same
level over the time period (Figure B), it can be assumed that there was no
detectable hydrolysis of the [S,S]-EDDS. Quantification of [S,S]-EDDS by HPLC-DAD
confirmed that its concentration remained constant. The data showed that Asl; is
incapable of catalyzing the degradation of free [S,S]-EDDS or the Zn?*-[S,S]-EDDS
complex and is therefore not an EDDS lyase (Figure [S16).
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Figure 3.12. Enzymatic reaction of the argininosuccinate lyase of A. japonicum
(Asl,;) using [S,S]-EDDS as substrate. (A) Reversible two-step deamination of
[S,S]-EDDS catalyzed by the EDDS lyase from Chelativorans sp.BNC1 (Poddar et al.,
2018). (B) Spectrophotometric measurement at 240 nm to detect the formation of
fumarate during a reaction catalyzed by 10 uM (Asly;) and [S,S]-EDDS (0.5 mM or
1 mM) in Tris-HCL buffer (pH 8.0). As negative control, a reaction containing 10
UM Asly; in Tris-HCL buffer (pH 8.0). (C) HPLC-DAD analysis of Asly; reaction with
[S,S]-EDDS after 1, 2 and 3 hours.
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Discussion

The regulation of zinc homeostasis is essential for all organisms. In bacteria, a
large number of proteins involved in diverse cellular processes require Zn?* in
their structure or as a catalytic cofactor. 5-6 % of bacterial proteins use Zn?" as
cofactor (Blindauer), [2015).

Under conditions of limited availability, several key enzymes involved in bacte-
rial metabolism are inactive, compromising cell survival. Conversely, an excess of
zinc can be toxic to cells due to mis-metallation of metalloproteins (Foster et al.,
2014). Therefore, proper control of zinc uptake and release determines the ability
to survive in zinc-deficient or sufficient environments.

In many environments zinc availability is limited, which can lead to zinc defi-
ciency. To acquire sufficient Zn?*, bacteria possess homologous of Znu/Adc, an
ATP binding cassette (ABC) permease (Patzer and Hantke, 1998; Blindauer, |2015).
Some bacterial species also possess ZupT, an additional zinc import system mem-
ber of the ZIP family (Grass et al., 2002), which is becoming increasingly impor-
tance in pathogenic bacteria under zinc-limiting conditions, such as during infec-
tion (Cerasi et al.,[2014).

A third type of zinc import system is known as the Cnt (also called Zrm) sys-
tem, which is involved in the import of the zincophore-Zn?* complex and has been
described in Staphylococcus aureus and Pseudomonas aeruginosa (Grim et al., [2017;
Mastropasqua et al., 2017; Lhospice et al., 2017).

Zincophores are small molecules produced by bacteria under zinc-deficient con-
ditions. Their wide distribution among different bacterial species highlights their
importance under these conditions (Morey et al., [2020). Zincophores such as sta-
phylopine, pseudopaline and yersinopine have been identified in several human
pathogens, where they play a crucial role in zinc acquisition during infection (Grim
et al., [2017; |Lhospice et al., [2017; Morey et al., [2020). Soil-associated bacteria pro-
duce zincophores such as bacillopaline (Morey et al., 2020), coelibactin (Zhao et al.,
2012) and [S,S]-EDDS (Nishikiori et al.,1984). [S,S]-EDDS is the first zincophore des-
cribed in the literature |Patzer and Hantke| (1998).

[S,S]-EDDS is produced by the soil bacterium A. japonicum (Nishikiori et al.,|[1984).
Its production occurs exclusively under zinc-limiting conditions, while other metal
ions have no effect on [S,S]-EDDS biosynthesis, suggesting that it is used by A. ja-
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ponicum as a zincophore, to obtain Zn?* under zinc-limiting conditions (Zwicker
et al.,1997; (Cebulla), [1995; Hantkel [2001).

After synthesis, [S,S]-EDDS is probably exported from the cell by the EDDS-specific
exporter AesD. In analogy to siderophores trafficking, it is proposed that once
[S,S]-EDDS is outside the cell and binds Zn?*, it should be reimported as a zincophore-
Zn*" complex (Morey et al.,[2020). In general, the BGC encodes efflux and import
systems (Morey et al., 2020). However, no gene encoding an ABC transporter ho-
mologous to zincophore-Zn?*, such as Cnt, was identified in or near the [S,S]-EDDS
operon. This suggests that A. japonicum uses a different zinc-uptake system to
reimport [S,S]-EDDS-Zn?*. The fate of internalized [S,S]-EDDS-Zn?" in A. japoni-
cum is not fully understood. It is possible that, similar to siderophore-iron com-
plexes, [S,S]-EDDS may be degraded intracellularly or exported for re-use by bac-
teria (Andrews et al., 2003). [S,S]-EDDS degrading enzymes cleaving the C-N-bond
between a succinyl residue and the central Dae moetie have already been isolated
in several bacteria including Brevundimonas sp. TN-3 (Mizunashil, 2001), DSM 9103
(Witschel and Egli, |1997), and Chelativorans sp. (Poddar et al., 2018). One such en-
zyme was identified as an EDDS lyase, a member of the aspartase/fumarase super-
family, which also includes argininosuccinate lyase enzymes (Poddar et al., 2018).
Genome analysis allowed the identification of an argininosuccinate lyase in A. ja-
ponicum (Asly;) that shares 33 % sequence identity with the EDDS lyase of Chelativo-
rans sp. This suggested that the putative (Asl,;) may play a role in the degradation
of [S,S]-EDDS after the import of the [S,S]-Zn?" complex.

Enzymatic assays showed that (Asly;) catalyzed the reaction of an Asl, but showed
no activity when [S,S]-EDDS or [S,S]-EDDS-Zn?" complex was used as substrate.
These results are consistent with previous studies where no lyase activity capable
of degrading [S,S]-EDDS was observed in A. japonicum cell-free extracts (Stegmann),
1999). The function of Asl is associated with primary metabolism, catalyzing the
final step of arginine biosynthesis (Hani and Chan, 1994) The A. japonicum ge-
nome contains only one gene enconding an Asly;, the genetic location strongly
suggests its function in arginine biosynthesis rather than [S,S]-EDDS hydrolysis
(Spohn et al., 2016). Overall, it has been demonstrated in vitro that Asly; does not
catalyze the degradation of [S,S]-EDDS or the [S,S]-EDDS-Zn?*" complex. It may be
that, analogous to the siderophore pyoverdin (PVD) mechanism, dissociation of
[S,S]-EDDS-Zn?" complex occurs in the cytoplasm, and instead of being degraded
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and used as a carbon and nitrogen source, [S,S]-EDDS is exported to the extracel-
lular space and recycled. Further studies are required to elucidate the fate of the
[S,S]-EDDS-Zn?* complex in A. japonicum.

3.3 Study of [S,S]-EDDS biosynthesis in A. japonicum

In previous work, the [S,S]-EDDS biosynthetic gene cluster (BGC) was identified
(Figure [3.13). The binding sites for the transcriptional the zinc uptake regulator
(Zur) could be identified (Spohn et al., 2016) and the zinc dependent repression
could be confirmed. Feeding experiments demonstrated that L-aspartic acid was
incorporated in [S,S] EDDS (Cebulla, |[1995). Inactivating the genes involved in the
synthesis of O-phosphoserine resulted in the loss of [S,S]-EDDS production, thus
demonstrating that O-phosphoserine also acts as a precursor for [S,S]-EDDS syn-
thesis (Edenhart et al.,2020). However, these two amino acids are not linked via the
typical non-ribosomal peptide synthetase (NRPS) or NRPS-independent siderophore
(NIS) pathways typically used to synthesize other ionophores such as staphylofer-
rin B from Staphylococcus aureus (Kobylarz et al., [2016) (Figure [S21). The corre-
sponding genes are missing in the [S,S]-EDDS BGC. Three possible pathways have
been proposed for the biosynthesis of [S,S]-EDDS, (Cebulla, 1995) (Spohn et al.,
2016) and (Wang et al.,[2022) (Figure providing a starting point for fur-
ther investigation into the biogenesis of [S,S]-EDDS.

The objective of this study was to investigate the biosynthesis of [S,S]-EDDS and
explore methods for increasing its production using metabolic engineering ap-
proaches. Through biochemical, genetic, and feeding techniques, the underlying
molecular mechanisms of [S,S]-EDDS biosynthesis were investigated.
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Figure 3.13. [S,S]-EDDS biosynthetic gene cluster and structure. (A) [S,S]-EDDS
biosynthetic gene cluster, the operon aesA-D (AJAP_RS08340-55). The zinc-uptake
regulator Zur binding site is shown. (B) [S,S]-EDDS structure.

Table 3.1. [S,S]-EDDS biosynthetic genes and predicted protein function

Gene  Annotation Predicted encoded function
aesA  AJAP_RS08340 ornithine cyclodeaminase
aesB AJAP_RS08345  PLP-dependent decarboxylase
aesC  AJAP_RS08350 PLP-dependent cysteine synthase
aesD  AJAP_RS08355  MATE family efflux transporter

3.3.1 Investigation of the function of AesA-C encoded in the biosynthetic
gene cluster

3.3.1.1 Evaluation of the [S,S]-EDDS production in A. japonicum aesA-C mutant
strains

In order to study the function of the enzymes encoded by aesA, aesB and aesC in
the biosynthesis of [S,S]-EDDS, A. japonicum mutants that were deficient in one or
two of the aes genes, were used. Metabolomic analyses of each strain were car-
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ried out to identify the [S,S]-EDDS intermediates that accumulate in the respective
mutants, since the biosynthesis of [S,S]-EDDS was interrupted at different sites in
each of the mutants.

Different mutants, previously constructed (Edenhart, unplublished) were used
in this study. For the generation of these mutants, A. japonicum AEDDS (in which
the three genes aesA-C were deleted) (Spohn et al.,[2016), was used. The genes aesA,;
ornithine cyclodeaminase, aesB; amino acid decarboxylase and aesC; cysteine syn-
thase were cloned individually and in combination (aesA + aesB) ( A. japonicum
AEDDS (aesAB), aesA + aesC (A. japonicum AEDDS (aesAC) or aesB + aesC (A. japo-
nicum AEDDS (aesBC) into the integrative vector pIJ10257 under the control of the
SP44* promoter. The plasmids were transferred by conjugation to A. japonicum
AEDDS. The integration into the chromosome occurred via the ®BT1 attachment
site. This approach allowed six recombinant strains to be generated (Edenhart,
unpublished) (Table[2.5).

To evaluate the [S,S]-EDDS production in the mutants, a production test was con-
ducted in SM-medium for 7 days. The supernatants were derivatized with Fmoc-Cl
and analyzed by HPLC-MS. As expected, the [S,S]-EDDS production was completely
abolished in A. japonicum mutants. The m/z value of 515, corresponding to Fmoc-
[S,S]-EDDS, was only observed in A. japonicum WT (Figure 3.14).
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Figure 3.14. HPLC-MS analysis of A. japonicum WT and mutants culture super-
natants grown on M7 medium for 7 days. The samples were treated with Fmoc in
order to derivatize [S,S]-EDDS before the HPLC-MS analysis. Extracted Ion Chro-
matogram (EIC) of Fmoc-[S,S]-EDDS m/z value of 515.1 [M+H]".
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3.3.1.2 [S,S]-EDDS pathway intermediates elucidation through gene deletion
studies

For the detection of potential intermediates in the biosynthesis pathway, a me-
tabolome analysis was conducted by HPLC-MS. A. japonicum WT and the A. ja-
ponicum mutants were cultured under [S,S]-EDDS production conditions, and su-
pernatants and pellets were collected for analysis after 7 days. The pellets were
treated using methanol 1:1 (v/v) for 1 hour in agitation and the resulting extracts
were derivatized with Fmoc-Cl before analysis. Similarly, Fmoc-Cl was added to
the supernatants prior HPLC-MS analysis.

The chromatograms of all the pellet extracts showed the same pattern. There
was no unique peak in any of the samples that would indicate that a substance or
intermediate was accumulating in a mutant (Figure [3.15). After HPLC-MS analy-
sis of the supernatants, a peak at a retention time of 3 minutes with a m/z of 443.14
[M+H]* was identified in the chromatogram in positive mode, which occurred only
in A. japonicum AEDDS (aesAC) (Figure[3.16} G, peak 1). The mutant contained aesA
and aesC, but not aesB. The m/z value of 443.14 is consistent with the calculated
mass for Fmoc-(S)-2-amino-2carboxyethyl)-L-aspartic acid (ACEAA) (Figure [3.17),
a putative intermediate in the biosynthesis of [S,S]-EDDS. In the first step of the
two postulated biosynthetic pathways (Figure [1.2), (Figure [1.3), ACEAA is synthe-
sized from L-aspartic acid and O-phospho-serine via AesC. In the absence of AesB,
the ACEAA was not further metabolized and accumulated in the supernatant. No
unique peak was identified in the supernatants of the other mutant extracts.
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Figure 3.15. HPLC-MS analysis of A. japonicum WT and A. japonicum mutants
pellet extracts. The samples were derivatized with Fmoc-Cl. Base Peak Chro-
matograms (BPC) are shown. The cultures were analyzed after 7 days of growth
in SM-medium.
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Figure 3.16. HPLC-MS analysis of A. japonicum WT and A. japonicum mutants
culture supernatants. The samples were derivatized with Fmoc-Cl. Based peak
chromatograms (BPC) are shown. The cultures were analyzed after 7 days of
growth in SM-medium. The peak indicated by the number 1 possesses a mass of
m/z 443.14 [M+H]", consistent with the calculated mass for Fmoc-ACEAA), a pos-
tulated intermediate.
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Figure 3.17. Structures of (S)-2-amino-2carboxyethyl)-L-aspartic acid (ACEAA)
and [S,S]-EDDS derivatized with Fmoc-Cl (Fmoc-ACEAA and Fmoc-[S,S]-EDDS).
ACEAA is a putative intermediate of [S,S]-EDDS biosynthetic pathway. The exact
mass of both structures were predicted using Chemdraw.

3.3.1.3 Study of the biosynthesis by biochemical approach

The [S,S]-BGC encodes four proteins responsible for the biosynthesis (AesA, AesB
and AesC) and the export of [S,S]-EDDS (AesD) (Spohn et al., 2016). The putative
functions for AesA-D (Table B.1), predicted previously (Spohn et al., 2016), were
confirmed using the EggNOG mapper. To gain insight into their configuration,
their sequences were applied to Alphafold v2.3.1 (Jumper et al., 2021). It was pre-
dicted that AesA, AesB and AesC exist as dimers (Figurd3.18). The estimated sizes
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for the dimers were 68 kDa, 96 kDa and 74 kDa respectively (Figure|3.18).

Figure 3.18. Structure prediction by AlphaFold (ColabFold v1.5.2) Cartoon rep-
resentation of the dimers (A) AesA. (B) AesB. (C) AesC.The structures are colored
based on the confidence metric (pLDDT) provided by Alphafold analysis; from
blue (high confidence) to red (low confidence).

A) Studying the function of AesA, AesB, and AesC in [S,S]-EDDS Biosynthesis

In order to biochemically analyze the role of AesA, AesB and AesC in the biosynthe-
sis of [S,S]-EDDS, the strains A. japonicum::pIJSP44-Strep-aesA, A. japonicum::pIJSP44-
Strep-aesB and A. japonicum::pIJSP44-Strep-aesC (Edenhart, unpublished) were
used. The strains were grown under EDDS-production conditions. After 7 days
of cultivation is SM-medium, the cultures were harvested and the pellets were
frozen at -80°C for protein isolation (Section from Materials and methods)
The Strep-Tactin® XT system was used for the purification of the proteins. After
concentrating the samples on Amicon ultra centrifugation filters, the protein con-
tent was determined by BCA assay. A yield of 1 mg/ml was obtained for AesA and 2
mg/ml for AesB. The resulting fractions showed a monomer size of approximately
35 kDa for StrepII-AesA and 49 kDa for StrepIl-AesB when analyzed on a 12% SDS-
PAGE (Figure[3.19). However, this procedure failed to yield AesC as a soluble pro-
tein. Since AesC could not be isolated from A. japonicum either, an in vitro system
was used.
The NEB Express® Cell-free E. coli Protein Synthesis System is based on an extract-

based transcription/translation system derived from E. coli cells that have been en-
gineered for high in vitro synthesis performance. All the components required for
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protein synthesis are provided, except for the target template DNA. In the process,
the sequence encoding for AesC is cloned in the PURExpress DHFR Control (see
Section[2.2.16) and the protein synthesis is achieved after a short incubation of the
plasmid with the kit components. The synthesized protein was analyzed on a 12 %
SDS PAGE. Following Commassie staining, a protein band of approximately 38 kD
was observed, which corresponds to the size of an AesC monomer. This method
made it possible to produce AesC for the first time. However, the amount of the
purified protein (less than 10 pg) were so low (measured by BCA) that it could not
be used for biochemical assays.
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Figure 3.19. SDS-PAGE analysis (12% gel) of purified Strep-taglI proteins pro-
duced in A. japonicum. (A) (M) protein ladder (PageRuler Prestained, Thermo
Fisher scienific # 26616), lane 1: cell crude extract, lane 2-4: washing fractions, lane
5: elution fraction 1, lane 6: elution fraction 2 containing the purified Strep-taglII-
AesA, lane 7: elution fraction 3, MW of Strep-tagll-AesA: 35 kDa. (B) (M) protein
ladder (PageRuler Prestained, Thermo Fisher scientific # 26616), lane 1: cell crude
extract, lane 2-4: washing fractions, lane 5: elution fraction 1, lane 6: elution frac-
tion 2 containing the purified Strep-taglI-AesB, lane 7: elution fraction 3, MW of
Strep-tagll-AesB: 49 kDa.
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Figure 3.20. SDS-PAGE analysis (12% gel) of purified Strep-tagII-AesC. (A) Pro-
tein synthesis using the PURE cell-free system, molecular weight of 37 kDa
(monomeric state). M: protein ladder (PageRuler Prestained, Thermo Fisher sci-
entific # 26616). 1: Reaction without template DNA. 2: Reaction containing empty
PURExpress DHFR control plasmid. 3: Reaction containing the PURExpress plas-
mid where the sequence encoding for Strep-AesC was introduced. (B) Recombi-
nant Strep-AesC produced in E. coli (codon-optimized aesC sequence for its expres-
sion in E. coli). M: protein ladder (PageRuler Prestained, Thermo Fisher scientific
# 26616). 1: pellet extract presumably containing Strep-AesC in inclusion bodies,
the molecular weight is 37 kDa (monomeric state). 2-4: Washing fractions. 5-7:
Elution fractions.
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B) Biochemical characterization of AesA

AesA is homologous to proteins annotated as ornithine cyclodeaminase (OCD) in-
volved in the biosynthesis of some antibiotics and the siderophore Stahyloferrin B
(Figure[S17). Since the functional annotation predicted by EggNOG-mapper (Can-
talapiedra et al.,|2021) suggested that AesA is a putative ornithine cyclodeaminase,
a standard reaction for ornithine cyclodeaminase was carried out to confirm that
AesA was purified in an active form. In this reaction a NAD" dependent ornithine
cyclodeaminase converts L-ornithine into L-proline and NH4 (Figure[3.21). To elu-
cidate the role of AesA, 10 pM of AesA, Img/ml of L-ornithine and 50 uM of NAD+
were used pipetted in 1Iml of 25mM Tris/HCL buffer pH 7.5 and the reaction was
incubated for one hour at 29°C. After the treatment of the reaction mixture with
Fmoc-Cl, HPLC-MS analysis was performed. As a negative control, AesA was omit-
ted from the reaction. The results showed that no proline was detected (Figure
[3.22), suggesting that AesA catalyzes a different reaction.

o 0)

OCD OH
H2N OH 7N\ + NH4+

NH2 NAD+ NADH NH

L-ornithine L-proline

Figure 3.21. Standard reaction catalyzed by an ornithine cyclodeaminase
(OCD). This enzyme catalyzes the conversion of L-ornithine to L-proline by a
NAD"-dependent reaction, releasing ammonia.
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Figure 3.22. HPLC-MS of the reaction mixture containing AesA, a putative or-
nithine cyclodeaminase. A: L-ornithine standard derivatized with Fmoc-Cl, m/z-
value of 355.1, [M+H]*, B: L-proline standard derivatized with Fmoc-Cl, mass peak
with m/z value of 338.1 of [M+H]+, C: negative control of the reaction without AesA,
the mass of the Fmoc-L-ornithine is observed (m/z-value of 355.1), D: reaction con-
taining AesA, the mass of Fmoc- L-ornithine is observed with m/z-value of 355.1.

Evaluation of the enzymatic activity of AesA based on the postulated pathway
from Spohn et al., 2016.

In the hypothetical [S,S]-EDDS biosynthetic pathway postulated by (Spohn et al.,
2016), AesC catalyzes the formation of (S)-2-amino-2-carboxyethyl)-L-aspartic acid
(ACEAA) from L-aspartic acid and O-phosphoserine in a PLP-dependent manner.
Subsequently, ACEAA and oxaloacetate (OAA) serve as substrates for AesA to gen-
erate L-diaminopropionic acid (L-DAPP) and OAA in a NAD*-dependent reaction
(Figure[L.2).

As ACEAA is not commercially available, the direct reaction catalyzed by AesA
using NAD" and ACEAA as a substrate could not be measured directly. Therefore,
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to test the hypothetical pathway, a reaction was initiated from L-aspartic acid and
O-phosphoserine. Since no soluble AesC could be isolated, whole cell lysate from
the mutant A. japonicum aesC was used instead. This mutant contains only the aesC
gene under the control of the Sp44 promoter, while the other genes are deleted.
To conduct the first reaction from the putative pathway described by (Spohn
et all, 2016) (Figure[1.2), A. japonicum AEDDS (aesC) was grown under EDDS pro-
duction conditions for 7 days, and the mycelium was harvested and lysed to obtain
total proteins. The protein extract was then incubated with 20 ug AesA, 200 mM
L-aspartic acid, 200 mM O-phospho-L-serine, 100 mM PLP, and 20 mM NAD". The
reaction was carried out at 29°C for three hours, using 25 mM Tris/HCL buffer pH
7.5 and 50 mM HEPES buffer pH 8.0. The two different buffers were selected to
evaluate which one was suitable for the reaction. To detect L-DAPP, the samples
were treated with Dansyl chloride (DNS-Cl), which has been previously used for
the detection of L-DAPP (Wang et al., 2020). The chromatogram showed no peak
with m/z values of 338.1, which is the expected value for DNS-L-DAPP. Therefore,
the synthesis of L-DAPP could not be confirmed in this experiment (Figure3.23).
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Figure 3.23. HPLC-MS analysis of the reaction containing AesA and AesC, the
putative L-Diaminopropionic acid (L-DAPP) biosynthetic enzymes. Enzymatic
reaction containing L-aspartic acid (2 mM), O-phospho-L-serine (2 mM), PLP (0.5
mM), NAD* (2 mM), AesA (10 ug) AesC lysate in two different reaction buffer
(50mM HEPES, pH 8.0) or (100mM Tris buffer pH 7.5). (A) Measurement after 1h re-
action in HEPES buffer (B) measurement after 1h reaction in buffer Tris buffer (C)
negative control, reaction containing all the components, without AesA and AesC
in buffer phosphate (D) negative control, reaction containing all the components,
without AesA and AesC in buffer Tris-HCL. (E) 2mM L-DAPP standard derivatized
with Dansyl chloride (m/z value of 338.1) [M+H]".
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Many enzymes catalyze both, the forward and reverse reactions. Since ACEAA
is not commercially available, it was investigated whether AesA could use L-DAPP
and OAA as substrates and NADH as a cofactor (Figure[3.24/A). AesA was incubated
with OAA, L-DAPP and NADH in Tris-HCL buffer pH 8 at 29°C°C and the NADH
consumption was measured at 340 nm for 60 minutes. When AesA was tested with
NADH as a cofactor and L-DAPP and OAA as substrates, a decrease in absorbance
at 340 nm was observed (Figure B, highlighted in gold). However, the same
trend was observed when only OAA but not L-DAPP was present (Figure B,
highlighted in red). These results indicate that only OAA is accepted as a substrate
by AesA, and that AesA requires NADH as a cofactor, whereas NAD" is not accepted
(Figure B, highlighted in dark green).
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Figure 3.24. Biochemical analysis of AesA according to (Spohn et al., 2016).
(A) proposed enzymatic reaction for AesA in the [S,S]-EDDS biosynthetic path-
way postulated by (Spohn et al., 2016). (B) AesA activity monitored via the con-
sumption of NADH. The direct reaction (the deamination of L-aspartic acid via
NAD*-dependent reaction) and inverse reaction (the NADH-dependent amination
of OAA) were assessed.
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Evaluation of the enzymatic activity of AesA based on the postulated pathway
from Wang et al., 2022

In a recent publication by (Wang et al., 2022), an alternative hypothetical biosyn-
thetic pathway for [S,S]-EDDS has been proposed. In this pathway, L-Dapp is not
described as a precursor and the formation of the second C-N bond is catalyzed by
AesA. Specifically, the formation of [S,S]-EDDS is postulated to occur in three steps
(Figure [1.3). AesA catalyzes the formation of OAA in a NAD*-dependent manner
using L-aspartic acid as substrate. This leads to the release of NH3 (Figure A).
In a subsequent reaction, OAA reacts with 2-aminoethyl-L-aspartic acid to form
the second C-N bond, and finally [S,S]-EDDS is synthesized.

To evaluate the hypothetical reaction catalyzed by AesA (Figure A), two dif-
ferent reactions were carried out. First, the reductive amination was repeated with
OAA as substrate and NADH as a cofactor. Again, a gradual decrease in absorbance
at 340 nm was observed over time (Figure[S19|B, highlighted in red). Furthermore,
it was investigated whether AesA catalyses the postulated NAD*-dependent deam-
ination of L-aspartic acid. However, there was no increase in absorbance at 340
nm, indicating that no NADH was formed (Figure 3.22 B, highlighted in grey) (Fi-

gure[S19 B, highlighted in grey).
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Figure 3.25. Biochemical analysis of AesA according to (Wang et al., 2022). (A)
Proposed enzymatic reaction for AesA in the [S,S]-EDDS biosynthetic pathway pos-
tulated by (Wang et al., [2022). (B) Spectrophotometric measurement (340nm) of
AesA reverse reaction over time. The decrease in absorbance at 340 nm indicates

the consumption of NADH in the reaction
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3.3.2 Determination of [S,S]-EDDS biosynthesis precursors

3.3.2.1 Investigation of L-diaminopropionic acid as a precursor for [S,S]-EDDS
biosynthesis

L-DAPP is an essential building block for the synthesis of several antibiotics and
natural compounds, e.g staphyloferrin B (Beasley et al., 2011), viomycin (Thomas
et al.,[2003) and capreomycin (Felnagle et al.,2007). The [S,S]-EDDS BGC contains
two genes encoding AesA and AesC proteins, which are homologous to the en-
zymes responsible for L-DAPP formation in various organisms (Table[3.2). Of these
homologous proteins, SbnB and SbnA are of particular interest because these en-
zymes use O-phosphoserine and L-glutamic acid as substrates to synthesise L-
DAPP. Since previous experiments have shown that O-phosphoserine and L-aspartic
acid are precursors of [S,S]-EDDS, we wanted to investigate whether L-DAPP is syn-
thesized from these precursors via AesA and AesC in A. japonicum.

Table 3.2. List of AesA and AesB homologues

Organism Homologous protein Similarity % Related product References
AesA/AesC (AesA/AesC)

Staphylococcus aureus SbnB/SbnA 22/31 staphyloferrin B (Beasley et al.|[2011)

Saccharothrix mutabilis ~ CmnK/CmnB 24/33 capreomycin (Felnagle et al.||2007)

subsp. capreolus
Bacillus thuringiensis zwa5B/zwaSA - zwittermicin A (Zhao et al.||2008)

Streptomyces sp. VioK/VioB 25/32 viomycin (Thomas et al.|{2003)
strain ATCC 11861

Streptomyces alanosinicus  AlnE/AInD 26/33 L-alanosine (Wang et al.|2020)
DSM 4060S

Streptomyces albulus NjxB/NjxA 31/34 PDAP (Xu et al.||2015)
PD-1

A. japonicum (BGC1) AJAP_RS19050/ 26/36 - this work

AJAP_RS19040

A. japonicum (BGC2) AJAP_RS22275/ 25/33 - this work
AJAP_RS22260
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Evaluation of the recovery of [S,S]-EDDS synthesis after feeding A. japonicum
AEDDS(aesB) with L-diaminopropionic acid

In order to verify that the genes aesA and aesC are involved in the synthesis of L-
DAPP and that L-DAPP is an intermediate in the synthesis of [S,S]-EDDS; the strain
A. japonicum AEDDS(aesB) (Table was used. The mutant was inoculated in
SM-medium, supplemented with 5 mM L-DAPP and cultured for five days. As a
negative control, the mutant was cultured without the addition of L-DAPP. If AesA
and AesC are involved in the production of L-DAPP, the synthesis of [S,S]-EDDS
should be restored when L-DAPP is added to the A. japonicum A (aesB) culture (as
shown in Figure[1.2). To investigate whether [S,S]-EDDS was synthesized, the cul-
ture supernatants were measured by HPLC-MS. However, [S,S]-EDDS could not be
detected in any of the samples, indicating that L-DAPP is not an intermediate in the
synthesis of [S,S]-EDDS and, consequently, that AesA and AesC are not involved in
the synthesis of L-DAPP (Figure|[3.26).
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Figure 3.26. HPLC-MS analysis of A. japonicum AEDDS (aesB) culture super-
natants after feeding with L-DAPP. (A) A. japonicum WT (positive control for the
[S,S]-EDDS production) (B) A. japonicum AEDDS (aesB)(C) A. japonicum AEDDS
(aesB) fed with 5mM L-diaminopropionic acid (L-DAPP at the beginning of the
growth (D) [S,S]-EDDS standard. The strains were cultivated for 5 days in SM-

medium.
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Investigation of the role of aesA and aesC homologous genes in A. japonicum

In order to explore the potential presence of enzymes capable of synthesizing L-
DAPP, which serves as a precursor for the biosynthesis of [S,S]-EDDS, a protein
Blast analysis was conducted using the SbnA and SbnB proteins as queries. L-DAPP
synthesis occurs in Staphylococcus aureus during the biosynthesis of staphylofer-
rin B, facilitated by the enzymes SbnA and SbhnB.

The objective of this analysis was to investigate whether A. japonicum possesses
enzymes encoded within its genome that exhibit similarity to SbnA and SbnB, thus
potentially enabling L-DAPP synthesis. By identifying such enzymes, it would be
possible to infer the capacity of A. japonicum to produce L-DAPP and potentially
utilize it as a precursor for the biosynthesis of [S,S]-EDDS. Blast analysis revealed
not only the presence of AesA and AesC proteins, known to participate in the
biosynthesis of [S,S]-EDDS, but also homologous proteins in A. japonicum, which
encoding genes were located as part of other BGC in the genome.

The proteins encoded by the genes AJAP_RS19050 (named dappAl) and AJAP_-
RS19040 (named dappClI), DappAl and DappCl1 shared 30/47 and 41/59 identity/sim-
ilarity (%) with SbnB and SbnA, respectively. Functional annotation predicted by
eggNOG-mapper suggested that these proteins are likely ornithine cyclodeami-
nase and cysteine synthase. The genes are located as part of a BGC, which product
is predicted to be synthesized via NRPS (region 14, defined by antiSMASH) (Blin
et al.,2021).

AJAP_RS22275 (named dappA2) and AJAP_RS22260 (named dappC2), encoded
the proteins DappA2 and DappC2, respectively. Protein blast analysis showed that
these proteins shared 26/47 and 35/54 identity/similarity (%) with SbnB and SbnA,
respectively.

These proteins are annotated as ornithine cyclodeaminase and PLP-dependent
enzymes. The genes are located as part of a region (presumably a BGC) not iden-
tified by antiSMASH. Within the putative BGC, apart of dappA2 and dappC2, seve-
ral genes are located, including genes encoding for putative asparagine synthase
(AJAP_RS22280), putative iron-containing redox enzyme family protein (AJAP_-
RS22270) and putative ornithine carbamoyltransferase (AJAP_22255). Interestingly,
these proteins DappAl / DappCl and DappA2 / DappC2 also showed homology to
AesA/AesC ([S,S]-EDDS biosynthetic proteins).
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To investigate whether the homologous proteins DappAl and DappCl or DappA2
and DappC2 could replace AesA and AesC in biosynthesizing [S,S]-EDDS, the cor-
responding genes were introduced together with aesB under the control of the
constitutive promoter ermEp* into the genome of A. japonicum AEDDS. Therefore,
dappAl/dappCl and dappC2/dappA2 the genes were amplified via Gibson assem-
bly, using the primers listed in Table [2.6|and cloned into the pRM4 vector under
the control of ermEp*, which integrated into the genome via the ¢C31 attachment
site. The resulting plasmids pLDAPP1 and pLDAPP2 were separately introduced
into A. japonicum AEDDS via conjugation. As a result, the strains A. japonicum
LDAPP1 and A. japonicum LDAPP2 were constructed (Table[2.5). After five days of
cultivation of A. japonicum LDAPP1 and A. japonicum LDAPP2 in SM-medium, the
culture filtrates were analyzed via HPLC-DAD to evaluate [S,S]-EDDS production.
The chromatograms of both samples did not show a peak corresponding to [S,S]-
EDDS, indicating that the homologous genes were not able to complement aesA
and aesC genes in A. japonicum AEDDS (Figure lines gold and gray).

Additionally, pellet cultures were treated with methanol for compound extrac-
tion. The resulting soluble fraction was derivatized with Dansyl chloride for the
detection of L-DAPP. An L-DAPP standard was used as positive control. The ex-
pected mass for Dandyl-L-DAPP corresponds to m/z value of 338.1 [M+1]*. The
chromatograms of pellet cultures of A. japonicum LDAPP1 and LDAPP2 did not
show a signal with the expected m/z value of 338.1 at the same retention time as the
L-DAPP standard. The synthesis of L-DAPP could not be confirmed in A. japonicum
mutants containing AesA and AesC homologous genes.
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Figure 3.27. Schematic representation of A. japonicum showing aesA and aesC
homologous genes. [S,S]-EDDS BGC, DappAl/Cl, and DappA2/C2. Within the
[S,SI-EDDS BGC, two proteins, AesA and AesC, are encoded. AesA is a puta-
tive ornithine cyclodeaminase (highlighted in red), while AesC is a putative PLP-
dependent cysteine synthase (highlighted in gold). DappA1/C1 (AJAP_RS19050 and
AJAP_RS19040) encode proteins sharing 41% and 49% similarities to AesA and
AesC, respectively. Similarly, DappA1/C1 (AJAP_RS22275 and AJAP_RS22260) en-
code proteins sharing 37% and 49% similarities to AesA and AesC, respectively.
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Figure 3.28. HPLC-DAD chromatogram of culture supernatant of A. japonicum
LDAPP1 and A. japonicum LDAPP2. The strains were grown in deionized flasks
in SM-medium in the absence of zinc. Commercial [S,S]-EDDS was used as a stan-
dard.
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Figure 3.29. HPLC-MS chromatogram of culture pellet of A. japonicum LDAPP1
and A. japonicum LDAPP2. The strains were grown in deionized flasks in SM-
medium in the absence of zinc. Commercial L-DAPP was used as a standard.

3.3.2.2 Determination of precursors involved in [S,S]-EDDS biosynthesis by

feeding with naturally occurring potential precursors

To evaluate further potential precursors for the [S,S]-EDDS biosynthesis, feeding
experiments using naturally occurring amino acids were conducted. Since L-aspartic

acid was previously confirmed as a precursor for [S,S]-EDDS (Cebulla, [1995), this
amino acid was used as a positive control. In addition, OAA, L-ornithine, and L-
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glutamate were also used in the experiment. A. japonicum WT was inoculated in
SM-medium and the potential precursors were added to each culture in final con-
centrations of 5 mg/ml. After five days, the culture supernatants were analyzed
by HPLC-DAD. The production of [S,S]-EDDS was analyzed by HPLC-DAD using an
[S,S]-EDDS standard curve (0.08 mg/ml to 0.3 mg/ml).

Evaluation of the results revealed that feeding with L-aspartic acid, L-ornithine,
and L-glutamic acid led to increased [S,S]-EDDS production compared to the ne-
gative control without feeding. Of these, L-glutamic acid had the most statistically
significant effect. However, the feeding with OAA resulted in a significant decrease
in [S,S]-EDDS production (Figure 3.30)
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Figure 3.30. Feeding A. japonicum WT with putative precursors of [S,S]-EDDS
biosynthesis. Cells were fed with L-aspartic acid (L-asp), L-ornithine, oxaloac-
etate (OAA) and L-glutamic acid (L-Glu)(5 mg/ml final concentration) and grown
in zinc-depleted SM-medium for five days. Production has been normalized to the
dry weight of the cells (DCW). Statistical significance (*p<0.05, **p<0.001) was de-
termined by unpaired Student s test.

91



Chapter 3 Results and Discussion

3.3.3 Determination of precursors involved in [S,S]-EDDS biosynthesis by
feeding with stable isotope labeled amino acids

3.3.3.1 Feeding with 1,4-'3C2;'°N- L-aspartic acid and ">N-L-aspartic acid

Previous studies have shown that 4-13C aspartic was incorporated into [S,S]-EDDS
(Cebulla, 1995). However, due to the symmetric nature of the [S,S]-EDDS structure,
it was not possible to determine whether one or two L-aspartic acid molecules
were required for synthesizing [S,S]-EDDS. Furthermore, the origin of the nitro-
gen in [S,S]-EDDS remained unclear. To address this, feeding experiments using
C and N-labeled (1,4-1*C2;'°N) and only N-labeled (*°N) L-aspartic acid were per-
formed in A. japonicum OP2 grown in SM-medium in 6-well culture plates. A.
japonicum strain OP2 was chosen for these experiments because this is a zinc-
deregulated overproducer strain, in which the [S,S]-EDDS production has been
optimized (Edenhart et al.,[2020). This allows feeding experiments in SM-medium
(without the need for pre-culture in complex medium) and the production of suffi-
cient amounts of [S,S]-EDDS for HPLC-MS analysis. Isotope-labeled L-aspartic acid
(1,4-13C2;N) or N-labeled (*°N), were added to each culture to a final concentra-
tions of 5 mM. Feeding was performed for six hours, and 1 ml of labeled precursor
was added to the culture every hour. After 24 hours, the cultures were harvested
and culture supernatants were analyzed by HPLC-MS.

HPLC-MS analysis showed that the major signal with m/z value of 296.0 [M+H+3]"
for [S,S]-EDDS, increased by 37 % after the feeding with 1,4-13C2;°N. (Figure[3.31B,
A). The increasing signal intensity indicated the incorporation of three labeled
isotopes, *C or ® N into [S,S]-EDDS. The incorporation of *C and N from L-aspartic
acid (1,4-13C2;'°N) was further confirmed by *C NMR and >N NMR, performed in
cooperation with Dr. Chambers Hughes (Figure [S15). However, as shown by
(Cebulla, |1995), due to the symmetrical nature of the [S,S]-EDDS molecule (Figure
3.13B), it was not possible to determine whether stable isotope incorporation oc-
curs only once or twice (on both sides of the molecule). Feeding with 1°N showed
increasing signal intensity of m/z value of 294[M+H+1]* from 12 % (naturally abun-
dance of 3C) to 46 % (Figure ). The presence of a signal with m/z value of 294
[M+H+1]"* strongly suggested the incorporation of the >N from L-aspartic acid into
[S,S]-EDDS.

92



3.3 Study of [S,S]-EDDS biosynthesis in A. japonicum

Intens. +MS, 0.8min
x107 ] A 293.0 (100%)
] ) control
1.5 -
1.0 ]
0.5 ]
262.8 315.1
0-0 i T T T '|' L T T T T -'| '2"|84'L$ T & II' T |'- T T T T '|" T T T T T T
260 270 280 290 300 310 320 m/z
Intens. .
x10° | B 293.0 (100%) 1,4-'3C2;N L-aspartic
8.0 -
6.0
262.8 +3
4.0 4 296.0 (37%)
2.0 - 278.8 284.8 H ‘
] 314.9
00 -I-'I||I- '|2:|6'6‘8i.'|'|'|' |'-'- -'-'| — L -|||- TR 'llllus;}|8"9' . -'n'
260 270 280 290 300 310 320 m/z

Figure 3.31. HPLC-MS chromatogram of [S,S]-EDDS from culture supernatant
of A. japonicum OP2 after feeding with 1,4-3C2;'*N-L-aspartic acid. (A) control,
[S,S]-EDDS my/z value of 293.0 [M+H]" in culture supernatant of A. japonicum OP2
without feeding. (B) [S,S]-EDDS m/z value of 296.0 [M+H+3]" after feeding with 5
mM 1,4-3C2;°N-L-aspartic acid.
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Figure 3.32. HPLC-MS chromatogram of [S,S]-EDDS from the supernatant of A.
japonicum OP2 after feeding with °N-L-aspartic. (A) control, [S,S]-EDDS m/z
value of 293.1 [M+H]" in culture supernatant (B) [S,S]-EDDS m/z 293.1 after feeding
with 10 mM naturally occurring L-aspartic acid. (C) [S,S]-EDDS m/z 294.1 [M+H+1]
* after feeding with 10 mM °N-L-aspartic.
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3.3.3.2 Feeding with L-ornithine (3C5,">N2), L-ornithine (Alpha-">N) and
L-ornithine (5-1°N)

AesA and AesC exhibit similarities to L-DAPP forming enzymes involved in the
biosynthesis of natural products such as viomycin (Thomas et al.,[2003) and capre-
omycin (Felnagle et al.,[2007) (Table(.2). Their synthetic pathway differs from that
of staphyloferrin B (Figure[S21), which uses O-phosphoserine and L-glutamic acid
as precursors. In viomycin and capreomycin, L-DAPP synthesis occurs with L-
ornithine and L-serine/O-acetyl-L-serine as precursors. Given the similarity be-
tween AesA and AesC and the enzymes responsible for L-DAPP synthesis in viomycin
and capreomycin (Table 3.2), we hypothesize that L-ornithine together with O-
phosphoserine may act as precursor, for the synthesis of L-DAPP in [S,S]-EDDS
biosynthesis, as proposed in (Figure[3.33).

To test our hypothesis, feeding experiments with L-ornithine:HCL (**C5,1°N2)
were performed. HPLC-MS analysis revealed dominant peaks, with mass signals
of m/z value of 297.9 [M+H+4]* and m/z value of 300.7 [M+H+7]", indicating possible
incorporation of part (+4) or the entire (+7) L-ornithine:HCL (**C5,'°N2) molecule
into [S,S]-EDDS (Figure B).

In order to analyze whether one of the N-atom moieties of the [S,S]-EDDS is
derived from L-ornithine, additional feeding experiments were carried out with
L-ornithine:HCL (alpha-'°N) and L-ornithine:HCL (5-'°N). A. japonicum OP2 strain
was grown SM-13C medium, fed with L-ornithine:HCL (alpha-'°N) or L-ornithine:HCL
(5-°N) at time 0 of cultivation. The cultures were incubated for four days and
culture supernatants were analyzed by HPLC-MS. In the supernatants of the cul-
tures fed with L-ornithine (alpha-®N), an isotopic mass peak with m/z value of
294.1 [M+1+H]* showed an increase from 14% to 46%, compared to the peak of the
supernatant of the untreated culture (Figure[3.35D). This result indicate the incor-
poration of the alpha-N from L-ornithine into [S,S]-EDDS. No incorporation of °N
from L-ornithine (5-°N) into [S,S]-EDDS was detected. (Figure[3.35/C).
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Figure 3.33. Proposed scheme for AesA- and AesC-dependent synthesis of L-
2,3-diaminopropionic acid (L-DAPP). The scheme is based on the formation of
L-DAPP during the synthesis of viomycin (Thomas et al.,|2003).
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Figure 3.34. HPLC-MS chromatogram of [S,S]-EDDS from the supernatant of A.
japonicum OP2 fed with L-ornithine (**C5,°N2). (A) control, [S,S]-EDDS m/z value
of 293.1 [M+H]" in culture supernatant of OP2 without feeding (B) [S,S]-EDDS m/z
value of 297.9 or 300.7 after feeding with 5 mM L-ornithine (*3C5,'°N2).
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Figure 3.35. Chromatogram of [S,S]-EDDS from culture supernatant from A. ja-
ponicum OP2 fed with isotope-labeled L-ornithine. (A) Unlabeled culture. (B)
Culture fed with 5mM naturally occuring L-ornithine. (C) Culture fed with L-
ornithine 5-°N. (D) Culture fed with L-ornithine (alpha-'°N).
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3.3.4 Determination of precursors involved in [S,S]-EDDS biosynthesis
using inverse labeling approach

Isotope labeling is limited by the availability of isotopically labeled precursors.
This problem can be avoided by using the inverse labelling approach. Inverse la-
beling involves growing bacteria on a >C carbon or °N nitrogen source, thereby
labelling all the carbon or nitrogen atoms of the natural product under investiga-
tion.

A negative shift in the m/z value of the LC-MS analysis after feeding with unla-
belled precursors indicates partial or complete incorporation of the precursors.
The inverse labeling approach has been successfully used to identify precursors
for the biosynthesis of the cofactor pyrroloquinolone quinone (PQQ) biosynthesis
(van Kleef and Duine, 1988) and to identify natural products from methylotrophs
(Cummings et al., 2021). To apply this methodology for the elucidation of precur-
sors for the [S,S]-EDDS biosynthesis in A. japonicum, it was necessary to optimize
the production medium.

Inverse labeling with 13C-glycerol optimized medium

[S,S]-EDDS production is currently typically performed in SM-medium (Cebulla,
1995; Spohn et al., |2016), containing not only glycerol as a main C-source, but also
sodium glutamate monohydrate and ferric citrate are present. To perform the in-
verse labeling approach, a medium containing glycerol as sole carbon source, was
required. Therefore, sodium glutamate monohydrate was substituted by ammo-
nium chloride and ferric citrate was replaced by ferric chloride, while mantaining
the same final concentrations.

The optimized medium for the inverse labeling approach with *C-glycerol was
named SM-13C. A. japonicum OP2 was inoculated in SM-13C medium for four days
and the supernatant was analyzed by HPLC-MS. A. japonicum OP2 was used for
these experiments since it grows in SM-13C medium and produces [S,S]-EDDS in
sufficient ammounts to be analyzed by HPLC-MS.

The chromatograms from of the culture supernatant of A. japonicum OP2 grown
in 12C-glycerol, showed a main signal for [S,S]-EDDS with m/z value of 293.1[M+H]*.
On the other hand, when the culture was grown in 13C-glycerol, the chromatograms
revealed a main signal for [S,S]-EDDS with an m/z value of 303.1 [M+H+10]". This
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result indicates the incorporation of ten *C atoms into [S,S]-EDDS (Figure [3.36).
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Figure 3.36. HPLC-MS analysis of [S,S]-EDDS produced by A. japonicum OP2
grown on 2C-glycerol and 3 C-glycerol. (A) Growth in SM-medium (standard *2C-
glycerol containing medium) main signal for [S,S]-EDDS m/z 293.1. (B) Growth in
SM-13C (¥C-glycerol containing medium), main peak for [S,S]-EDDS with m/z value
303.1, in positive mode.

Inverse labeling with "> NH4CI optimized medium

A similar procedure was applied to optimize SM-medium for the inverse labeling
approach using ’NH,4Cl. In this case, the sole N-source of SM-medium, sodium
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glutamate monohydrate, was replaced by "’NH,Cl. This optimized medium was
named SM-15N. A. japonicum OP2 was inoculated in SM-15N and cultured for four
days. As negative control, A. japonicum OP2 was grown in “*NH4Cl. The culture
supernatants were analyzed by LC-MS. The negative control, A. japonicum OP2
grown in “NH,Cl, showed a main major signal with a m/z value of 293.1[M+H]*
for [S,S]-EDDS, whereas A. japonicum OP2 grown in NH4Cl, showed a major sig-
nal for with a m/z value of 295.0 [M+H+2]*, indicating the incorporation of two I°N
isotopes (Figure[3.37).
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Figure 3.37. HPLC-MS analysis of [S,S]-EDDS produced by A. japonicum OP2
grown on “NH,Cl and P NH,Cl. (A) Growth in SM-medium (*NH,4Cl containing
medium) main signal for [S,S]-EDDS m/z value of 293.1. (B) Growth in SM-15N
(’NH,4CI containing medium) major peak for [S,S]-EDDS m/z value of 295.1, in
positive mode
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3.3.4.1 Inverse '3C labeling for determination of carbon contribution to
[S,S]-EDDS

In order to elucidate the origin of the C-atoms from [S, S]-EDDS, feeding with poten-
tial 12C-precursors was performed. For this purpose, A. japonicum OP2 was grown
in the medium SM-13C and was fed with different >C precursors at a final concen-
tration of 5 mM directly at the beginning of the growth (t = 0).

To determine the partial or complete incorporation of 2C precursors, the cul-
ture supernatants were analysed by HPLC-MS after four days of cultivation. As a
negative control, A. japonicum OP2 was cultured in a medium supplemented with
12C-glycerol.

[S,S]-EDDS produced in A. japonicum OP2 grown in 12C-glycerol containing me-
dium showed a major signal at retention time 0.8 min, with m/z value of 293.1
[M+H+1]*. By growing A. japonicum OP2 in SM-13C, a peak with m/z value of 303.1
at the same retention time was observed in the supernatant, which corresponds to
fully-13C-labeled [S,S]-EDDS. Analysis of the chromatogram supernantant from A.
japonicum OP2 grown SM-13C in the presence of !2C-precursors, showed a signal
after the feeding with 1?C-L-aspartate as the same retention time of 0.8 minutes.
The corresponding mass was reduced by eight m/z units, suggesting the incorpo-
ration of two '2C-L-aspartic acid. No shift to lower masses was observed in after
the addition of 12C-L-ornithine or '?C-L-diaminopropionic acid (L-DAPP). These
results confirmed L-aspartic acid as a precursor for the biosynthesis and demons-
trated experimentally that two molecules of L-aspartic acid (or OAA) are directly

incorporated into the [S,S]-EDDS (Figure 3.38), [3.39).
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Figure 3.39. HPLC-MS analysis of the inverse labeling experiments after feeding
with potential >C-precursors. A. japonicum OP2 was grown in 3C-glycerol con-
taining medium and fed with 5 mM !2C-precursors.
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3.3.4.2 Inverse labeling using ">NH,4CI

In order to elucidate the origin of the N-atoms from [S,S]-EDDS, feeding with po-
tential *N-precursors was performed.

A. japonicum OP2 cultures were grown in SM-15N and fed separately with 5 mM
of each 14N precursor at time 0 of cultivation. After four days, the culture super-
natants were analyzed by HPLC-MS to evaluate the incorporation of **N-precursors.
The inverse labeling experiment of *N-L-ornithine in a full-labeled °N medium
confirmed the incorporation of a N into [S,S]-EDDS (Figure D). The incorpo-
ration of one or two N from “N-L-aspartic acid was indicated by the appearance
of the signals with m/z values of 294.0 and 293.0 (Figure[3.40|C). Similar results were
obtained after feeding with *N-L-diaminopropionic acid, where a signal with m/z
value of 294.0 was detected (Figure [3.40). These results confirmed the incorpo-
ration of one N from L-aspartic acid, confirming that the complete structure of
L-aspartic acid is incorporated into the [S,S]-EDDS structure during the biosyn-
thesis (Figure[3.40|C). Furthermore, based on the obtained results, it was observed
that one nitrogen atom from L-ornithine is incorporated into the structure of [S,S]-
EDDS (Figure D). However, it is imperative to comprehensively analyze all the
feeding experiments conducted with L-ornithine to ascertain whether this incor-
poration is genuinely observed or if it may be attributed to a scrambling effect.
Incorporation of N-atom from L-DAPP into [S,S]-EDDS was not confirmed (Figure

BAQE).
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Figure 3.40. Identification of “N-precursors from [S,S]-EDDS biosynthesis by
inverse stable isotopic labeling approach. A. japonicum OP2 was grown in
1>'NH,4Cl-containing medium and fed with 5mM *N-precursors.
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Discussion

The production of [S,S]-EDDS in A. japonicum is likely a survival strategy used by
the bacterium to scavenge zinc from the environment under conditions of zinc de-
ficiency, thus acting as a zincophore (Cebulla, 1995} Patzer and Hantke)} [1998). In
addition to the natural function of [S,S]-EDDS, it has been shown that [S,S]-EDDS
can replace EDTA in many industrial applications. However, the overproducer A.
japonicum OP2 (Edenhart et al.,2020) is not suitable for the establishment of an in-
dustrial biotechnological process as the quantities produced are still too low. The
elucidation of the biosynthetic pathway for [S,S]-EDDS is a prerequisite for further
optimization of yields, e.g. by improving the precursor supply or increasing the
transcription of the biosynthetic genes.

The enzymes involved in [S,S]-EDDS biosynthesis; AesA, AesB and AesC, a puta-
tive ornithine cyclodeaminase, a putative amino acid decarboxylase and a putative
cysteine synthetase, are distinct from those involved in the biosynthesis of other
characterized zincophores, such as histidine racemase (CntK), nicotianamine syn-
thase (CntL) and staphylopin dehydrogenase (StaphDH; CntM)

(Morey et al.,[2020). Furthermore, despite the analysis conducted using antiSMASH
7.0, the [S,S]-EDDS assembly mechanism could not be identified. Notably, neither
the non-ribosomal peptide synthetase (NRPS) nor the NRPS-independent siderophore
(NIS) pathways, which are commonly associated with ionophore biosynthesis (Pol-
lack et al.} 1970; |Gibson and Magrath, 1969), were observed in the analysis.

In the present study, different approaches like genetic manipulation of the pro-
ducer, biochemical analysis, and feeding studies were used to investigate the as-
sembly of [S,S]-EDDS. The results obtained provided a wide range of perspectives
to elucidate the biosynthetic pathway. In a genetic manipulation approach, dif-
ferent A. japonicum strains have been genetically engineered to be deficient for
one or more aes genes (Edenhart, unpublished). Intermediates of the pathway,
which may accumulate in the individual mutants, were analyzed in culture super-
natant and pellets. As the intermediates are expected to be polar, the samples were
derivatized with Fmoc-Cl to facilitate the HPLC-MS analysis.

Analysis of culture supernatants and pellets of the mutants did not reveal accu-
mulation of biosynthesis intermediate, except for the culture supernatant of the
strain A. japonicum AEDDS (aesAC). The HPLC-MS chromatogram showed a signal
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peak with a m/z value of 443.14 [M+H]*, accumulated exclusively in this strain, in
which the genes aesA and aesC were present, while aesB was deleted. This mass
was consistent with the predicted mass for the putative pathway intermediate (S)-
2-amino-2carboxyethyl)-L-aspartic acid (ACEAA) derivatized with Fmoc

(m/z 442.14 ). ACEAA was predicted as a putative intermediate in the two proposed
pathways for [S,S]-EDDS biosynthesis (Figure [L.2} [1.3). However, to confirm that
the signal peak with a m/z value of 443.14 [M+H]" corresponds to Fmoc-ACEAA,
compound purification and NMR analysis are required.

Furthermore, biochemical experiments were performed to elucidate the sub-
strate specificity of the [S,S]-EDDS biosynthetic enzymes. L-aspartic acid and OAA
were used as substrates to characterize the enzyme AesA. A reaction using puri-
fied AesA, OAA as substrate and NADH as cofactor, resulted in a noticeable de-
crease in absorbance at 340 nm over time, strongly indicating the consumption
of NADH in the reaction. These results strongly suggested that OAA serves as a
precursor for the biosynthesis of [S,S]-EDDS. However, in the reaction with NAD*
and L-aspartic acid, no changes in NADH absorbance over time were observed,
indicating no NADH formation.

These results suggest that AesA may catalyze the reaction with OAA and that ei-
ther the reaction is not reversible, or another substrate is used required for the
reverse reaction. Therefore, its activity was investigated with two additional sub-
strates: malate and alanine. The malate dehydrogenase activity of AesA was eval-
uated using NAD*, which involves a reversible reaction between malate and OAA
(Takahashi-Ifiguez et al., 2016). Additionally, the alanine dehydrogenase activity
of AesA was assessed with the reversible reaction between alanine and OAA
(Schroder et al., [2004). In both cases, however, no AesA activity was detected, as
indicated by the constant absorbance values at 340 nm, which means the absence
of NADH formation. Based on these results, it is hypothesized that AesA catalyzes
a NAD"-dependent reaction, where OAA is accepted as a substrate.

Enzymatic reactions involving AesB and AesC could not be performed. In case
of AesB, the two putative substrates based on the pathways postulated by (Spohn
et al.,[2016; Wang et al.,[2022) (Figure were OAA-Dap imine or ACEAA, re-
spectively, which are not commercially available. In the case of AesC, it was not
possible to obtain soluble protein despite many efforts using different purification
strategies. The Strep-tag system for protein purification resulted in insoluble pro-
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teins, which were found as inclusion bodies in the cell pellet. In vitro protein syn-
thesis allowed the production of AesC, but the low protein yield was insufficient for
further enzymatic assays. Additionally, the aesC sequence was codon-optimized
for expression in E. coli. However, no soluble AesC was obtained. To gain more
insights, the AesC structure was predicted using Alphafold and compared with the
structure of the homologous protein SbnA from Staphylococcus aureus. SbnA is an
enzyme involved in the biosynthesis of Staphylofferin B, that shares 33 % similar-
ities with AesC and has previously been successfully purified. The alignment of
the two structures revealed that AesC contains an extra C-terminal alpha-helix not
present in SbnA, which may be responsible for protein misfolding and for precip-
itation. Further experiments are needed to study this hypothesis.

Previous feeding experiments with DL-4-*C-L-aspartic acid showed incorpo-
ration of aspartic acid into [S,S]-EDDS (Cebulla, 1995). In this study, feeding ex-
periments with 1,43C2;°N-L-aspartic acid and '°N-L-aspartic acid showed incor-
poration of one N and two ®C atoms from L-aspartic acid. As L-aspartic acid
was labeled on the C-atoms at positions 1 and 4, it can be assumed that the whole
molecule was incorporated into the structure of [S,S]-EDDS. This was concluded
from the HPLC-MS, and NMR analysis. The inverse stable isotope labeling me-
thod showed that two L-aspartic acids (or one L-aspartic acid and one OAA) were
indeed incorporated into [S,S]-EDDS. OAA is formed by deamination of L-aspartic
acid. Incorporation was detected by a negative shift in the mass-to-charge ratio
(m/z), consistent with the incorporation of 8-1>C precursors.

However, presumably because of isotopic dilution after feeding with 1,4-1*C2;1°N-
L-aspartic acid, it was difficult to determine the exact number of 3C atoms in-
corporated into [S,S]-EDDS (Muchmore et al., 1989). Although NMR analysis con-
firmed the incorporation of 2-1*C and 1-°N, the symmetry of the [S,S]-EDDS molecule
prevented the determination of whether the same incorporation occurred on the
other side.

To circumvent this problem, the inverse stable isotope labeling method was
used. In this approach, A. japonicum OP2 was grown on *C-glycerol or "'NH,Cl
and fed with 2C or N precursors to assess incorporation. Incorporation can
be detected by a negative shift in the mass-to-charge ratio (m/z), depending on
whether all or only part of the 12C or N precursor is incorporated. A prerequisite
for the application of this approach was the optimization of a minimal medium
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containing only 3C-glycerol as a carbon source (to determine the incorporation
of C-atoms) or °’NH,4Cl as only nitrogen source (to determine the incorporation of
N-atoms). The SM-medium used for [S,S]-EDDS production contains glycerol, fer-
ric citrate and sodium glutamate monohydrate as carbon sources. Ferric citrate
and sodium glutamate monohydrate were replaced by FeCl; and NH4Cl, respec-
tively. It was shown that [S,S]-EDDS production occurred in the modified SM-13C
medium, as HPLC-MS analysis identified signal with m/z value of 293.1 [M+H]",
corresponding to the [S,S]-EDDS structure. After culturing A. japonicum in 3C-
glycerol, a signal with a m/z value of 303.1 [M+10+H]" was identified in the super-
natant for [S,S]-EDDS. This indicates an [S,S]-EDDS structure in which all 10 car-
bon atoms are labeled. However, additional peaks were observed indicating the
incorporation of external >C atoms. A possible explanation is that A. japonicum
can incorporate 2C atoms from ambient CO, into its metabolism, as described for
Streptomyces thermoautotrophicus UBT1 (Gadkari et al.,|1992) (Gadkari et al., 1992).
This is a hypothesis that requires further experimental verification.

All the results so far clearly indicate that OAA and L-aspartic acid are precur-
sors of [S,S]-EDDS biosynthesis. Furthermore, genetic engineering studies have
demonstrated that O-phospho-serine is required as a precursor for the biosynthe-
sis of [S,S]-EDDS (Edenhart et al., 2020). However, feeding experiments with this
amino acid could not be carried out, because A. japonicum cannot take up this
amino acid. As the exact biosynthetic mechanism has not yet been elucidated,
other precursors and intermediates, such as ornithine and L-diaminopropionic
acid (L-DAPP), have been investigated for their involvement in the biosynthesis
using various methods. L-DAPP has been proposed to be involved in the postulated
biosynthetic pathways of [S,S]-EDDS (Spohn et al., 2016), and L-ornithine has been
described as a precursor for L-DAPP formation in the biosynthesis of viomycin and
capreomycin (Thomas et al., 2003; Wang and Gould, 1993).

In order to investigate the possibility of L-DAPP biosynthesis from L-ornithine
and O-phosphoserine in analogy to the biosynthesis of viomycin and capreomycin
(Thomas et al., 2003;Wang and Gould,[1993), feeding experiments with L-ornithine
were carried out. However, the chromatogram from direct feeding with isotopi-
cally labeled *C5;'°N2-L-ornithine indicated that ornithine is not incorporated di-
rectly, but after its conversion to other metabolites by the central metabolism of
A. japonicum (so-called scrambling). The results pointed to the incorporation of
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the alpha-amino group of L-ornithine into the [S,S]-EDDS. In addition, feeding the
bacteria with naturally occurring L-ornithine led to an increase in [S,S]-EDDS pro-
duction. Both results suggested an (indirect) involvement of L-ornithine in [S,S]-
EDDS biosynthesis.

A possible explanation for the incorporation of a N-atom from L-ornithine into
[S,S]-EDDS is its linkage to O-phosphoserine. L-ornithine is converted to glutamate
via L-glutamate-5-semialdehyde. Glutamate acts as an amino group donor in the
synthesis of O-phosphoserine from 3-phosphooxypyruvate (Figure [3.41).

In the biosynthetic pathway postulated by (Spohn et al., 2016), L-DAPP is pro-
duced in two stages from L-aspartic acid and O-phosphoserine using AesA and
AesC. In order to perform biochemical assays, the enzymes had to be purified. The
AesA protein could be purified, but AesC could not. To overcome this problem, L-
aspartic acid and O-phosphoserine were added together with AesA to a cell lysate
of A. japonicum AEDDS (aesC). In this strain, aesA and aesB have been deleted and
only aesC is present in the genome. No L-DAPP was detected by HPLC-MS. In the
postulated biosynthetic pathway, L-DAPP is the substrate of AesB. Thus, L-DAPP
feeding of the A. japonicum mutant containing aesA and aesC, but not aesB should
allow [S,S]-EDDS synthesis (Figure . However, no [S,S]-EDDS could be detected
in this experiment. Inverse labeling experiments with 3C-glycerol or °N-NH4Cl
cultures fed with L-DAPP showed no incorporation of L-DAPP C/N atoms into [S, S]-
EDDS.

A further genetic experiment was carried out to investigate the role of L-DAPP
in [S,S]-EDDS biosynthesis. Two gene pairs, dappAl and dappCl, and dappA2 and
dappC2, were identified at different positions in the A. japonicum genome. Pro-
tein blast analyses showed that the encoded proteins were homologous to pro-
teins that catalyze the synthesis of L-DAPP. To test this hypothesis, the dappA1/CI
or dappA2/C2 genes were cloned into the pRM4 plasmid together with aesB and
transferred into A. japonicum AEDDS. The genes were cloned under the control of
the constitutive promoter ermEp* in pRM4, which integrates into the A. japonicum
chromosome via the ¢31 att site. The mutants were grown under EDDS production
conditions. However, neither L-DAPP synthesis (Figure nor [S,S]-EDDS was
detected when HPLC-MS was performed (Figure|[3.28).

Allthese results indicate that L-DAPP is not an intermediate in [S, S]-EDDS biosyn-
thesis.
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Various experiments have been carried out to analyze the stepwise biosynthe-
sis of [S,S]-EDDS. However, none of the methods used could provide a complete
picture. Therefore, in order to postulate a biosynthetic pathway, it was important
to combine the results of the individual experiments. Different experimental ap-
proaches confirmed that L-aspartic acid and OAA are the primary precursors for
[S,SI-EDDS production. Specifically, the experiments showed that one molecule
of L-aspartic acid and one molecule of OAA are incorporated into the [S,S]-EDDS
structure. In addition, this study identified a putative intermediate, ACEAA, which
was found exclusively in the A. japonicum AEDDS (aesAC) strain, in which both the
aesA and aesC genes are present. This suggests that AesA may catalyse the con-
version of OAA to L-aspartic acid prior to the synthesis of ACEAA from L-aspartic
acid and O-phosphoserine. Notably, no evidence was found for the contribution
of L-DAPP to [S,S]-EDDS biosynthesis. The *N-labeled form of L-ornithine found
in [S,S]-EDDS during inverse labeling experiments was thought to result from the
direct incorporation of L-ornithine into [S,S]-EDDS. However, the metabolic link
between L-ornithine and O-phosphoserine, a direct precursor of [S,S]-EDDS, may
explain why the labelling of the alpha-amino group of L-ornithine was incorpo-
rated into [S,S]-EDDS (Figure [3.41). Based on these findings, a novel biosynthetic
pathway for [S,S]-EDDS has been proposed (Figure3.42). However, further experi-
ments will be required to confirm this pathway.

Overall, this work sheds light on the [S,S]-EDDS biosynthetic pathway in A. japo-
nicum and the findings have significant implications for the development of new

pathway elucidation strategies.
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prepared the graphical abstract for the manuscript.
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4.2 Improvement of [S,S]-EDDS production in A. japonicum

[S,S]-EDDS is a functional equivalent to ethylene-diamine-tertraacetate (EDTA), a
widely used chelating agent in industrial, domestic, and agricultural applications
due to its ability to complex metals. EDTA finds use in a range of applications,
including pulp, paper, and textile production, cleaning and laundry operations,
soil remediation, food products, tanning processes, photography, wastes and ef-
fluents treatment, pharmaceuticals, and cosmetics (Knepper, 2003; Nowack and
VanBriesen, [2005). EDTA is not removable by conventional wastewater treatment
and can remain in high concentrations in aquatic environments, posing constant
environmental threats by undesirably mobilizing metal ions (Thomas P. Knepper
,Johannes Driemler, Anke Maes, Jutta Miiller,Darius Sof3dorf, 2001).

[S,S]-EDDS, with similar metal coordination chemistry to EDTA and comparable
chelating properties (Whitburn et al., 1999), stands out for its readily biodegrad-
able nature until complete mineralization (Schowanek,(1997; Takahashi et al.,(1997).
The [S,S] configuration is readily biodegradable (Schowanek, 1997), (Takahashi
et al.l 1997). [S,S]-EDDS, a structural isomer of EDTA with similar chelating prop-
erties (Chen et al., 2010), is exclusively produced by A. japonicum. By optimizing
the synthetic medium with suitable phosphate, nitrogen, and carbon sources, a
yield of about 20g/L of [S,S]-EDDS has been achieved (Zwicker et al., 1997). How-
ever, biotechnological production of [S,S]-EDDS has been prevented by low-uM
zinc concentrations that are ubiquitous. An A. japonicum mutant Azur, which by-
passes the zinc regulation, was sucessfully constructed by (Spohn et al., 2016). This
mutant’s availability has created the opportunity to develop a biotechnological
process. Recently, a zinc-deregulated overproducer strain was constructed using
metabolic engineering approaches, improving the availability of the precursor O-
phosphoserine. This A. japonicum strain OP2 produced 9.8 g/l within 135 hours of
fermentation time (Edenhart et al.,|2020).

Despite the impressive chemical properties of [S,S]-EDDS; a cost-effective biotech-
nological production process for [S,S]-EDDS has not yet been established. To make
a biotechnological production process economically viable for industrial applica-
tions, it is necessary to increase the yield of [S,S]-EDDS.

As our understanding of metabolic pathways continues to evolve and genetic
tools become more sophisticated, rational strain improvement by means of me-
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tabolic engineering is proving to be an effective way to increase natural product
yields. Redirecting metabolic flux towards the production of desired metabolites
can be achieved through various genetic strategies, such as enhancing precur-
sor supply, optimizing enzyme efficiency, modifying gene regulation, reducing
unwanted byproducts, competing pathways, or even reconstituting entire path-
ways within a heterologous host. However, many genes not involved in regula-
tion, precursor biosynthesis, or product-related processes are often overlooked.
Therefore, having a tool that provides valuable information for prioritizing target
genes using metabolic engineering is crucial (Lee et al.,2009). The Secondary Me-
tabolite Transcriptomic Pipeline (Sema-Trap) is a powerful tool for RNA-Seq-based
transcriptome analysis. By analyzing the co-expression patterns between the gene
clusters of interest and specific genes, Sema-Trap enables the identification of po-
tential targets for genetic engineering to overexpress a desired biosynthetic gene
cluster (BGC). This approach provides a valuable strategy for enhancing the pro-
duction of secondary metabolites of interest.

4.3 Results and discussion

4.3.1 Identification of target genes to increase [S,S]-EDDS production
using SeMa-Trap

[S,S]-EDDS production is inhibited by zinc at concentrations >2 mM in A. japo-
nicun WT strain and the zinc-responsive [S,S]-EDDS biosynthesis is known to be
regulated by the zinc uptake regulator Zur. To overcome this limitation, a zur dele-
tion mutant was developed by (Spohn et al., [2016), which was found to be capable
of producing [S,S]-EDDS in zinc-containing media. A. japonicum Azur provided
an opportunity to develop a biotechnological process for the production of [S,S]-
EDDS without being limited by zinc-mediated repression. SeMa-Trap was used as
proof of concept to examine the transcriptomic data from A. japonicum. RNA-Seq
analyses of A. japonicum wild type WT and A. japonicum Azur cultured in the pre-
sence and absence of zinc for 24 h were performed. Thereby, a direct correlation
between zur gene expression and the [S,S]-EDDS biosynthetic genes (BGs) could
be observed. Using SeMa-Trap, genes that exhibited high co-expression with the
[S,SI-EDDS BG (concordantly regulated genes) and genes regulated in the oppo-
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site manner (discordantly regulated genes) were identified. As expected, Sema-
Trap showed a correlation between the expression of zur (annotated as Fur) and
the production of [S,S]-EDDS. Zur showed the highest score from the "discordantly
regulated genes", which means that the expression of zur decreases (suppress, in
this case) the expression of [S,S]-EDDS biosynthetic genes. The entire analysis is
available online[l

Several concordantly regulated genes predicted to be involved in regulation and
metabolism were shown in SeMa-Trap analysis (Figure4.1, [4.2). The proof of con-
cept was performed with concordantly regulated genes, since overexpression of
the target gene is a straightforward approach, while the deletion is a multi-step and
time-consuming process. Genes with regulatory functions and genes connected
to metabolism were the main focus. Based on literature search, the second and
fifth most co-regulated genes with regulatory functions, AJAP_RS36645 (bldC) and
AJAP_RS11995 (lacI) were selected for overproduction experiments, since genes
having the best co-expression score were unlikely to play a role in [S,S]-EDDS pro-
duction. Similarly, the gene AJAP_RS11230, glutamate synthase, having the second-
best co-expression score, was selected.

Thttps://sema-trap.ziemertlab.com/results/4985a8de-4c61-426f-8011-51b6aaa51350
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Figure 4.2. SeMa-Trap predicted targeted genes with metabolic functions. The targeted gene with metabolic
functions and the second highest score, glutamate synthease (glts) is highlighted. This gene was selected for over-
expression in A. japonicum.
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4.3.2 Overexpression of targeted genes predicted by SeMa-Trap in A.
japonicum

The genes annotated as bldC, lacI and glts were cloned individually, or the tree
genes together into pRM4 plasmid under the control of the constitutive promoter
ermEp*. The plasmids were introduced into A. japonicum WT via conjugation and
[S,SI-EDDS production test was performed. The results showed a significant in-
crease in the [S,S]-EDDS production after the overexpression of bldC or glts. No-
tably, simultaneous overexpression of these genes resulted in an increased [S,S]-
EDDS production by 3-fold compared to A. japonicum WT (Figure [4.3). These re-
sults are in agreement with the analysis performed by Sema-Trap and confirmed
the usefulness of Sema-Trap for the identification of target genes for secondary
metabolite overproduction.
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Figure 4.3. [S,S]-EDDS production in A. japonicum WT and in different A. japo-
nicum mutants. A. japonicum (bldC), A. japonicum (lacl), A. japonicum (glts)
and A. japonicum (bldC-lacI-glts). Strains were grown for 120 h in zinc depleted
synthetic medium (SM). Error bars show the standard deviation for three biologi-
cal replicates. Statistical significance were determined using unpaired Student't-
test*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Discussion

SeMa-Trap is a unique and user-friendly web server that combines genome mining
and transcriptomic approaches for the identification of potential target genes to
increase the production of BGCs encoding products. With the user-friendly graph-
ical interface of the web server, researchers in the natural product field can easily
extract RNA-Seq data without having to navigate complicated command-line tools.
However, it is important to note that the scoring system, should not be the only fac-
tor considered when selecting target genes. Further analysis, including literature
review and consideration of other relevant factors, is necessary to validate the hits
obtained through the scoring system.

Although none of the selected genes have been experimentally proven to be
directly involved in the biosynthesis of [S,S]-EDDS, they may have an impact on
the production of this secondary metabolite. The gene bldC, along with other bld
genes, is known to play a critical role in regulating the transition from vegetative
to reproductive growth in Streptomyces species by repressing genes essential for
cell division and sporulation (Bush et al.,2019). Mutations in bldC have been shown
to affect sporulation and the production of other secondary metabolites, such as
actinorhodin and undecylprodigiosin (Hunt et al.,[2005). The pleiotropic regulator
LaclI can also have varying effects on secondary metabolite biosynthesis depend-
ing on the organism and the specific metabolite. For example, overexpression of
a LacI-family transcriptional regulator increased the production of antibiotic pig-
ments in S. coelicolor but decreased their production in S. lividans (Meng et al.,
2012). In addition, glutamate synthase, small subunit, catalyzes the reversible re-
action from L-glutamate to 2-oxoglutarate, which can be converted to OAA during
the TCA cycle. Since OAA is a direct precursor for the biosynthesis of [S,S]-EDDS,
overexpression of glutamate synthase may have a potential impact on the produc-
tion of [S,S]-EDDS.

Overall, the effectiveness of SeMa-Trap in identifying co-regulated genes in the
[S,S]-EDDS encoding BGC was demonstrated in this study. After the overexpres-
sion of the putative genes bldC, lacl and glts, the production of [S,S]-EDDS increased
3-fold compared to A. japonicum WT.
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ABSTRACT

For decades, natural products have been used as a
primary resource in drug discovery pipelines to find
new antibiotics, which are mainly produced as sec-
ondary metabolites by bacteria. The biosynthesis of
these compounds is encoded in co-localized genes
termed biosynthetic gene clusters (BGCs). However,
BGCs are often not expressed under laboratory con-
ditions. Several genetic manipulation strategies have
been developed in order to activate or overexpress
silent BGCs. Significant increases in production lev-
els of secondary metabolites were indeed achieved
by modifying the expression of genes encoding
regulators and transporters, as well as genes in-
volved in resistance or precursor biosynthesis. How-
ever, the abundance of genes encoding such func-
tions within bacterial genomes requires prioritization
of the most promising ones for genetic manipula-
tion strategies. Here, we introduce the ‘Secondary
Metabolite Transcriptomic Pipeline’ (SeMa-Trap), a
user-friendly web-server, available at https://sema-
trap.ziemertlab.com. SeMa-Trap facilitates RNA-Seq
based transcriptome analyses, finds co-expression
patterns between certain genes and BGCs of inter-
est, and helps optimize the design of comparative
transcriptomic analyses. Finally, SeMa-Trap provides
interactive result pages for each BGC, allowing the
easy exploration and comparison of expression pat-
terns. In summary, SeMa-Trap allows a straightfor-
ward prioritization of genes that could be targeted

via genetic engineering approaches to (over)express
BGCs of interest.
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INTRODUCTION

By providing a wide range of biological functions, natural
products have been foundational to the survival and evolu-
tionary fitness of various organisms in the tree of life (1).
Also known as secondary metabolites (SMs), these com-
pounds are abundantly produced by plants and microor-
ganisms (2). For decades, these molecules have been fueling
various industries such as pharmaceutics as antimicrobial
agents (3,4). However, the decrease in the discovery rates of
novel antibiotics and the parallel increase in resistance to-
wards the existing antibiotics make the identification of new
bioactive compounds a task of paramount importance (5).
By encoding the enzymes necessary for compound produc-
tion, biosynthetic gene clusters (BGCs) represent the orga-
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nized groups of genes involved in the production of SMs (6).
During the last decade an enormous number of genomic se-
quences have been made available, revolutionizing genome
mining efforts in natural product research (7). Based on al-
gorithmic concepts like hidden Markov models (HMMs),
highly improved computational tools for BGC prediction
such as antiSMASH (8) enable rapid mining of sequenced
genomes. By using such tools, thousands of BGCs have been
made available to researchers stored in public databases
such as MIBIG (9), antiSMASH-DB (10) or The Natu-
ral Products Atlas (11). However, from the entire bacterial
kingdom, it was recently shown that only 3% of its genomic
potential for SMs has been experimentally verified (12). One
of the main reasons for this phenomenon is that the expres-
sion of the BGCs is often tightly regulated and not observed
under laboratory conditions. This non-expressed nature of
the BGCs creates a major bottleneck in the identification of
bioactive compounds with novel modes of action (13).

To activate silent BGCs and increase the production titers
of SMs, several strategies have been devised such as al-
tering the culturing conditions or heterologous expression
of the BGCs (14,15). Additionally, genetically modifying
global and local regulatory genes can enhance transcription
levels of biosynthetic genes (16). Activation or disruption
of positive and negative regulators, respectively, has led to
the expression of many silent BGCs (17,18). Furthermore,
it has been shown that increasing the expression of genes
encoding transporters (19), conferring resistance (20), or
involved in precursor supply (21) also increases SM pro-
duction. However, major antibiotic producers like the or-
ganisms belonging to the genus Streptomyces (22) encode
around 7000 genes on average (23). This raises the ques-
tion: Which ones to genetically modify? Comparative tran-
scriptomic analyses based on RNA-sequencing (RNA-seq)
can help decipher the complex pathways that regulate the
BGCs of interest and thereby, select the genes to prioritize
(hereinafter referred to as target genes) (24,25). This strat-
egy is mostly conducted by comparing the expression levels
of BGCs from organisms with genetic variance or from the
same strain cultured under different physiological condi-
tions (26,27). The overwhelming number of possible experi-
mental designs make the prioritization of promising culture
conditions and target genes crucial for genetic manipula-
tion approaches. To achieve this aim, we developed the ‘Sec-
ondary Metabolite Transcriptomic Pipeline’ (SeMa-Trap).
Available at https://sema-trap.ziemertlab.com, SeMa-Trap
allows for efficient transcriptome mining of BGCs in bac-
teria through a user-friendly web interface. The pipeline
performs RNA-Seq based transcriptome analysis of BGCs
predicted by antiSMASH, compares their fold-changes in
various experiments, and allows for promising experimen-
tal design and prioritization of the target genes for BGC
overexpression. Finally, SeMa-Trap provides interactive re-
sult pages for each BGC. This allows easy exploration of
BGC expression under certain culturing conditions and the
identification of co-regulated genes, which may be located
elsewhere in the genome and display potentially interesting
functions as defined by the KEGG database (28). Here we
provide an overview of the pipeline, highlight the visualiza-
tion of the interface and demonstrate the efficacy of SeMa-
Trap through a case study.

MATERIALS AND METHODS
Workflow

The SeMa-Trap pipeline consists of 4 key steps (Figure 1).
The first step is the acquisition of user provided genome
and RNA-Seq data. Afterwards, genes involved in BGC ex-
pression regulation in the genome (e.g. transporters or reg-
ulators, referred to as genes of interest) are annotated, and
BGC:s are predicted by antiSMASH. BGC annotations in
addition to those identified by antiSMASH can also be pro-
vided by the user by using the ‘Defined clusters’ option. To
generate reference expression levels, essential housekeeping
genes are also identified. In the third step, RNA-Seq analy-
sis is performed to obtain expression levels and fold changes
of the genes and BGCs of interest. Finally, results are pre-
sented by interactive visualizations and summarizing tables
for easy exploration of the expression level changes. All re-
sults are kept in the server for 2 months. In addition, they
can also be downloaded by saving the results page to the lo-
cal machine. In case of larger data analysis, local installation
and combining SeMa-Trap with in-house analysis pipelines
is also possible using Anaconda.

Input options and data acquisition

Input form. SeMa-Trap accepts user provided genomes in
GenBank and FASTA format, however, the ideal input is
the assembly accession number of the annotated GenBank
file since that, in turn, will result in the automatic down-
load of all annotation files from the NCBI FTP server. For
efficient housekeeping gene identification, the correspond-
ing taxonomic clade of the organism (e.g. Actinobacteria)
should be selected through the ‘Reference set’ option. If the
input genome is not represented by any available reference
set, the “‘Unknown’ option offers HMM models acquired
from the Database of Essential Genes (Supplementary Ta-
ble S1) (29).

RNA-Seq data. For RNA-Seq based data options, allowed
input types are run accession numbers from NCBI-SRA or
EBI-ENA. Since it is imperative that the reads are down-
loaded in a fast and reliable fashion, SeMa-Trap utilizes
multiple downloading options. IBM Aspera (https://www.
ibm.com/products/aspera), a high-speed file transfer sys-
tem, is the preferred and recommended way of data trans-
fer (https://www.ncbi.nlm.nih.gov/books/NBK242621/). In
case of any complications, SeMa-Trap will directly down-
load from FTP servers or using fastq-dump (http://ncbi.
github.io/sra-tools/). In case of pre-analyzed RNA-Seq data
with other specific tools or parameters, the corresponding
‘BAM’ formatted files can also be uploaded. Limitations
due to the current computational power and the imple-
mentation of the server are provided in the Supplementary
Methods.

RNA-Seq analysis

Once data acquisition is complete, SeMa-Trap utilizes sev-
eral tools for analyzing the RNA-Seq data. Firstly, the fastp
algorithm (30) is used to filter reads with low quality and for
adapter trimming. Afterwards, filtered reads are mapped to
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Figure 1. Overall workflow of the SeMa-Trap pipeline. First, the genomic and transcriptomic data provided by the user are acquired from relevant databases
(A). Next step is the genome-wide annotation of the BGCs, essential housekeeping genes, secondary metabolite specific pathways and genes shown to have
an impact on SM production (B). Final steps include a complete RNA-Seq analysis (C) and the generation of the interactive results (D).

the reference genome by Hisat2 (31) and sorted to gener-
ate corresponding BAM formatted files via samtools (32).
Read count per gene is summarized by featureCounts (33).
Finally, gene expression normalization takes place for each
gene using the transcript per million (TPM) method de-
scribed by Wagner et al. (34), and differential expression
analysis is performed using DESeq?2 (395), as detailed in Sup-
plementary Methods. For the calculation of expression level
or fold change of a BGC of interest, average expression of
the ‘core biosynthetic genes’ (annotated by antiSMASH) is
taken into account.

Scoring. In order to prioritize target genes, SeMa-Trap
uses a scoring function dependent on the gene expression
levels throughout the comparative transcriptomic experi-
ments. To calculate such scores, fold changes of the se-
lected BGC and the gene of interest are multiplied and then
the calculated numbers from each selected experiment are
added together (exemplified in Supplementary Table S2).
However, it must be noted that a high score does not nec-
essarily prove an association between a BGC and a gene.
It rather points to high expression changes in the different
conditions relative to a BGC of interest. Only when using
large amounts of expression data, credible associations can
be effectively detected (36).

Reference expression level. In order to set meaningful
thresholds to label a BGC as ‘expressed’, SeMa-Trap uses
three different average expression levels of specific genes.

One of them is the mean expression of housekeeping
genes throughout the genome. These genes are annotated
by hmmsearch (37) with specific TIGRFAM models (38)
unique for each reference set (39,40). The idea here is that
on average, a gene defined as ‘essential housekeeping gene’
should be expressed significantly to be used as a reference
for expression (41). However, BGCs can be expressed at
lower levels and still produce compounds (42). Since no ex-
act threshold exists to define BGC expression, SeMa-Trap
offers separate reference levels such as the mean of non-
housekeeping genes or all of the existing genes.

Annotation

Apart from antiSMASH’s BGC prediction, the Known-
ClusterBlast algorithm is also applied to identify the com-
pounds potentially produced by the BGC. If the provided
genome is in FASTA format, an initial gene prediction step
will take place using Prodigal (43). Since it is shown that
certain types of genes actively control BGC expression, an
extensive annotation of the genome is essential for priori-
tizing target genes to manipulate for BGC overexpression.
For this purpose, the eggNOG-mapper (44) is used, par-
ticularly for the annotation of genes encoding transporters
and genes residing in secondary metabolite specific KEGG
pathways termed as ‘biosynthesis of secondary metabo-
lites” and ‘biosynthesis of antibiotics’. Using hmmsearch,
genes conferring antibiotic resistance or genes with regula-
tory functions are further defined via specific HMM models



4 Nucleic Acids Research, 2022

Average fold change of significant core genes
a_vs_b=(a/b)

Region BGC name :

core biosynthetic gene
additional biosynthetic gene

regulation coculture_vs_single_culture

 resistance
 transport

Q other

53
~ Region 1.11  Actinorhodin ® DJ

Experiment Comparison
Data selectior

Fold changes ~

5_s0lid_media_vs_ct_media

Core genes

i
(C]

v Region 1.15  Undecylprodigiosin ® u}

3

B
v Region 1.5 Germicidin j

15_solid_media_vs_ctt_media

Normalized expression of core genes@

Non house keeping genes

House keeping genes
Non house keeping genes

Mean expression

- >

— ) ANALYZE IN
DETAIL

W Down-regulated
Equal
W Up-regulated

 significant
7 Not significant

ANALYZE IN
DETAIL

ANALYZE IN
DETAIL
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procured from PFAM (45), Resfams (46) and CARD (47)
databases.

RESULTS
Overview

Once the analysis is complete, SeMa-Trap presents the
overview of the overall fold changes of predicted BGCs and
their expression levels relative to either of the mentioned
reference expression levels (Figure 2). Various useful anno-
tations of the genes in the BGCs are presented as well as
the corresponding compound of the BGC if it is defined by
KnownClusterBlast. Furthermore, a heatmap of the BGC
content can be viewed in order to inspect fold changes of
genes per experiment. BGCs can be further explored by
clicking on the ‘Analyze in detail’ button.

Case study

A recent study by Lee et al. demonstrated the various effects
of microbial co-culturing on natural products biosynthesis
at the transcriptome level (48). Using six different compara-
tive experimental designs, the authors revealed that compe-
tition for iron increases the expression of specific genes lead-
ing to actinorhodin overproduction in Streptomyces coeli-
color A3(2) when co-cultured with Myxococcus xanthus. In
the following, by analyzing their publicly available RNA-
Seq data, we illustrate how SeMa-Trap simplifies the entire
analysis.

Visualization options and pathway analysis. The first part
of the result page (Figure 3A) offers a range of options
such as various displaying options for the presented genes,
the selection of specific experiments, and visualization of
RNA-Seq results by fold change or TPM based expression
level. Furthermore, it is possible to analyze specific path-
ways more in detail and explore the amount of differentially

expressed genes within. In the presented case study, genes
involved in the leucine and isoleucine degradation pathways
were shown to be overexpressed, which potentially provide
precursors for the actinorhodin biosynthesis. Using Sema-
Trap this can easily be highlighted (Figure 3B).

Genome browser. For the investigation of specific genes
within the BGC or throughout the rest of the genome, a
dynamic genome browser is available. Apart from efficient
exploration of gene expression and annotation, the genome
browser offers multiple options. Provided that the BGC of
interest is significantly expressed, it is possible to set more
accurate boundaries for the predicted BGC. Within the an-
tiSMASH defined boundaries of a BGC (Figure 3C), a
smaller, continuous succession of genes appears to be co-
expressed, suggesting that those are regulated in an operon
and represent the actual BGC boundaries.

Target gene prioritization.  After thorough investigation,
Lee and colleagues identified the SCO6666 gene encoding a
transport system alternative to the one in the actinorhodin
BGC, which is encoded by the genes SCO5083-5084. Fur-
thermore, they found that the SCO6666 gene highly affected
the production of actinorhodin in iron restricted conditions.
Such prioritization can be easily made using the SeMa-Trap
tables sorted by concordantly and discordantly co-regulated
genes including scores (Figure 3D). Selection of the func-
tional category ‘Same KEGG annotations as BGC’ fur-
ther simplifies the investigation of the systems alternative to
those encoded within the BGC of interest. The ‘Combina-
tion’ column denotes the selected experiments, thus provid-
ing information on which genes are co-regulated with the
BGC of interest under which conditions.

Proof of principle

As a proof of concept, we used SeMa-Trap to examine
the transcriptome data of the actinomycete Amycolatopsis
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Jjaponicum. A. japonicum is the producer of the complexing
agent [S,S]-EDDS (49), a structural isomer of EDTA, which
in contrast to EDTA is biodegradable and can replace
EDTA in many industrial applications. However, [S,S]-
EDDS production is inhibited by zinc at concentrations of
2 .M (50). Responsible for this regulation is the zinc uptake
regulator Zur. To produce [S, S]-EDDS even in the presence
of zinc the mutant A. japonicum Azur (referred to as zurko)
was generated (51). To determine which genes to overex-
press to increase [S,S]-EDDS production in A. japonicum,
we performed transcriptomic analysis. For this purpose,
RNA-Seq analyses of A. japonicum wild type (WT) and 4.
Japonicum Azur cultured in the presence and absence of zinc
for 24 h were performed. Thereby, a direct correlation be-
tween zur gene expression and the [S, S]-EDDS biosynthetic
genes (BGs) could be observed. In particular, using SeMa-
Trap we identified genes that exhibited high co-expression
with the [S,S]-EDDS BG (concordantly regulated genes)
and genes regulated in opposite manner (discordantly reg-
ulated genes). Since gene deletion is a multi-step, time-
consuming process, we opted for a straightforward ap-
proach and overexpressed the targeted genes as a proof
of concept. Thereby, we focused on genes with a regula-

tory function and those connected to secondary metabolism
pathways. The target gene bldC (‘AJAP_RS36645’), with
the second highest score in the category ‘regulation’, en-
codes a transcriptional regulator of differentiation which
controls entry into development and the onset of an-
tibiotic production in Streptomyces (52). The lacl gene,
(‘AJAP_RS11995°), encodes a pleiotropic regulator (fifth
highest score in the category ‘regulation’) which enhanced
the production of antibiotics in S. coelicolor (53). From the
pathways connected to secondary metabolism, we selected
the glutamate synthase-encoding glts (‘AJAP_RS11230%)
gene (with second best score) involved in glutamate biosyn-
thesis. Since glutamate can be converted into L-aspartic
acid, one of the precursors for EDDS biosynthesis, this
gene was also taken into consideration. None of the se-
lected genes have been experimentally shown to be linked
to the [S,S]-EDDS production. Simultaneous overexpres-
sion of these genes resulted in an increased EDDS produc-
tion by 3-fold compared to A. japonicum WT (Figure 4).
Along with the experimental design, detailed methods (Sup-
plementary Tables S3 and S4) and analysis (Supplementary
Figures S1 and S2) can be further seen in the Supplementary
Data.
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Figure 4. [S,S]-EDDS production in 4. japonicumm WT and recombinant
strains. Strains were grown for 96 h in zinc depleted synthetic medium
(SM). A. japonicum wild-type (WT); A. japonicum containing an additional
copy of the genes bldC, lacl or glutamate synthase (g/ts), respectively and
A. japonicum containing an additional copy of the three genes (bldC + lacl
+ glts).

CONCLUSIONS AND FUTURE PERSPECTIVES

Leveraging on state-of-the-art sequencing techniques, com-
parative transcriptomic analyses have been continuously
used to identify genes that are co-regulated with BGCs of
interest and can be manipulated to activate silent BGCs. A
variety of tools exists in order to annotate and effectively
visualize biological functions of co-regulated genes such as
KOBAS (54), conduct RNA-Seq analysis such as ProkSeq
(55) or identify BGCs with co-expression data such as CAS-
SIS (56). However, to the best of our knowledge, SeMa-
Trap is the only public web server that combines genome
mining and transcriptomic approaches for the identification
of potential target genes for SM overproduction. The user-
friendly graphical interface of the web server allows efficient
and easy mining of RNA-Seq data, and was conceived for
natural product researchers who are not acquainted with
command line tools. Notably, SeMa-Trap also visualizes es-
sential information about the cell response to the produc-
tion of SMs on a transcriptomic level.

We showed herein that SeMa-Trap greatly facilitates the
identification of co-regulated genes as illustrated on the
actinorhodin-encoding BGC. However the limitations of
the pipeline must be noted. The current scoring system is
only designed to sort genes based on their similarity in tran-
scription levels to a BGC of interest. It can not be used as an
exclusive method for the selection of target genes. Thus, it
is incumbent upon the users to further evaluate the hits re-
turned by SeMa-Trap. For example, in the presented [S,S]-
EDDS overproduction experiment, our literature search
showed that the genes having the best co-expression score

were unlikely to play a role in [S, S]-EDDS production. Con-
sequently, three of the promising target genes were success-
fully overexpressed, leading to increased [S,S]-EDDS pro-
duction. Especially when based on a few number of tran-
scriptomic experiments, it becomes more likely that the
SeMa-Trap analysis will include false positive target genes
in the resulting tables. For future applications, by analyzing
large amounts of publicly available RNA-Seq data, we are
working on generating associations with certain gene types
and classes of BGCs. Through co-expression networks, us-
ing statistical methods such as Pearson correlation coeffi-
cient, our aim is to reduce the number of false positives
(57,58).

In summary, considering the ever-growing need for novel
bioactive compounds, we believe that SeMa-Trap will serve
as a helpful tool for the natural product community by fa-
cilitating the identification of specific co-expression patterns
between different types of BGCs and genes with potential
regulatory functions. Additionally, such analysis will also
improve our ability to define expression thresholds above
which the actual production of the encoded compound is
observed. Last but not least, knowledge about the global
cellular response to SM production may be the starting
point to devise alternative strategies to optimize compound
production and identify potential resistance mechanisms.

DATA AVAILABILITY
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Figure S1. HPLC-MS chromatograms of [S,S]-EDDS and EDTA treated with Fmoc-
Cl. (A) Based peak chromatogram (BPC) of [S,S]-EDDS (in black) and EDTA (in red).
(B) Extracted ion chromatogram (EIC) for Fmoc-[S,S]-EDDS (in black), showing a
peak with m/z of 515.1 [M+H]* and EDTA buffer mixed with Fmoc-Cl (control) (in
red)
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Figure S2. Zn?* content in Phaseolus vulgaris cv. Black pole 21 days post treat-
ments.. Measurements were performed with samples obtained from the leaves,
stem, and roots 21 days post treatments (DPT). Error bars indicate the mean and
SD of 5 replicates. Statistical significance (*p<0.05,) was determined by unpaired
Student ’s test.
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Figure S3. Zn%* content in Phaseolus vulgaris cv. Black pole 24 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 24 days post treatments (DPT). Error bars indicate the mean and
SD of 5 replicates. Statistical significance was determined by unpaired Student s

test.
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Figure S4. Fe?* content in Phaseolus vulgaris cv. Black pole 7 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 7 days post treatments (DPT). Error bars indicate the mean and SD
of 5 replicates. Statistical significance (***p<0.001,) was determined by unpaired

Student s test.
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Figure S5. Fe?* content in Phaseolus vulgaris cv. Black pole 21 days post treat-
ments . Measurements were performed with samples obtained from the leaves,
stem, and roots 21 days post treatments (DPT). Error bars indicate the mean and
SD of 5 replicates. Statistical significance was determined by unpaired Student s

test.
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Figure S6. Fe?* content in Phaseolus vulgaris cv. Black pole 24 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 24 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance was determined by unpaired Student ’s test
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Figure S7. Mn?* content in Phaseolus vulgaris cv. Black pole 7 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 7 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance (*p<0.05, **p<0.01) was determined by un-

paired Student s test.
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Figure S8. Mn?* content in Phaseolus vulgaris cv. Black pole 21v days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 21 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance was determined by unpaired Student ’s test.
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Figure S9. Mn?* content in Phaseolus vulgaris cv. Black pole 24 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 24 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance was determined by unpaired Student s test.
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Figure S10. Cu?* content in Phaseolus vulgaris cv. Black pole 7 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 7 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance(**p<0.01) was determined by unpaired Stu-

dent s test.
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Figure S11. Cu?* content in Phaseolus vulgaris cv. Black pole 21 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 21 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance was determined by unpaired Student s test.

142



10 A: Leaves 10 B: Stem
8 4 8 -
3,
= 4 T 44
3 24 S 24
0 - 0-
> S O S px > S O S x
OO%Q»QQ&?:&Q\;@ 5 00&2\'?99@.93&?;“ >
. <§kb¢g2&§d;dﬁp ‘ <§2§¢§§§$?€§69
\OQO > WY -\@QO > Vo

Figure S12. Cu?* content in Phaseolus vulgaris cv. Black pole 24 days post treat-
ments. Measurements were performed with samples obtained from the leaves,
stem, and roots 24 days after the treatments. Error bars indicate the mean and SD
of 5 replicates. Statistical significance was determined by unpaired Student s test.
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Figure S13. Sequence alignment of EDDS lyases from Chelativorans sp.BNC1 A.
japonicum. Both proteins share 33% sequence identity
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Figure S14. 13C NMR spectra of [S,S]-EDDS. (A) [S,S]-EDDS isolated from A. japo-
nicum OP2 culture without feeding (B) [S,S]-EDDS isolated from A. japonicum OP2
culture fed with 1,4-1*C-°N L-aspartic acid (NaOD, 400 MHz).
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Figure S15. H->'N HMBC spectra of [S,S]-EDDS (A) Isolated from A. japonicum OP2
without feeding (B) Isolated from A. japonicum OP2 culture fed with 1,4-1*C-1°N L-
aspartic acid (NaOD, 400 MHz).
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Figure S16. Enzymatic reaction of the arginosuccinate lyase of A. japonicum
(Asly;) using Zn?*-[S,S]-EDDS as substrate. Spectrophotometric measurement at
240nm to detect the formation of fumarate during a reaction catalyzed by 10uM
Aslyj and Zn**-[S,S]-EDDS ( (0.5mM or ImM) in Tris-HCL buffer (pH 8.0). As nega-
tive control, a reaction containing 10uM Asly; in Tris-HCL buffer (pH 8.0)
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coPS & 8.296,964 8,317,650

Figure S18. antiSMASH analysis of A. japonicum. Region 3 corresponds to the
aminopolycarboxylic acid [S,S]-EDDS. Biosynthesis mechanisms differs from
NRPS or NIS pathways typical for siderophore bioynthesis.Region 15 and 16 cor-
respond to the metalophores albachelin and mirubactin, respectivelly.
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Figure S19. Biochemical analysis of AesA according to (Wang et al., 2022).
Analysis of AesA using putative substrates. Spectrophotometric measurement
(340nm) of AesA reaction over time. The decrease in absorbance at 340 nm in-
dicates the consumption of NADH in the reaction
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Figure S20. Structure prediction of AesC protein by AlphaFold (ColabFold
v1.5.2). The structure is colored based on the confidence metric (pLDDT) provided
by Alphafold analysis; from blue (high confidence) to red (low confidence).
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