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ARTICLE INFO ABSTRACT

Lysine is a precursor for desferrioxamine siderophore biosynthesis. The pathway is often initiated by lysine
decarboxylases. However, little is known about those enzymes from Actinobacteria which represents a diverse
class of desferrioxamine producers. In this study we focused on the genes grdesA form Gordonia rubripertincta
CWB?2 and psdesA from Pimelobacter simplex VKMAC-2033D that encode decarboxylases presumed to be involved
in the synthesis of desferrioxamine siderophores. The corresponding proteins GrDesA and PsDesA, were het-
erologously produced in Escherichia coli and purified. PsDesA was isolated bound to the cofactor pyridoxal 5-
phosphate and GrDesA was purified in its apo form. PsDesA showed a moderate substrate preference for lysine
(Km = 0.17 mM, keoe = 0.26 s™1) compared to ornithine (K, = 0.13 mM, ke, = 0.14 s™1), while GrDesA
exhibited specificity for lysine (K, = 0.13 mM, keoe = 1.2 s™hH compared to ornithine (K, = 2.9 mM,
keat = 0.18 s™1). The maximum decarboxylase activity of PsDesA was achieved at pH 7.5 at 35 °C, although
PsDesA was stable up to 40°, its relative activity decreased significantly at 50 °C. The temperature optimum
(40 °C) and thermostability of GrDesA were likewise, but it exhibited maximum activity at pH range 8.0-8.5, and
sharply decreased outside of this range. The expression and characterization of these two decarboxylases pro-
vides insight into the biosynthetic pathway of desferrioxamines from G. rubripertincta and P. simplex and supports
the functional annotation of related pathways.

Keywords:

Lysine decarboxylase
Siderophore biosynthesis
Desferrioxamines synthesis
Actinobacteria

Pyridoxal 5-phosphate cofactor

1. Introduction peptide bonds, amide bonds link the altering diamine and dicarboxylic

acid building blocks. The first siderophore discovered to be assembled

The poor solubility of iron in aqueous solution under physiological
pH and aerobic conditions limits its bioavailability, nonetheless, bac-
teria have evolved a variety of strategies to overcome iron limitation.
One of the most successful strategies is the production and secretion of
low-molecular-weight metal chelating compounds termed siderophores
[1]. Upon iron binding, the siderophore-iron complex is transported
into the cell by an APT-binding cassette (ABC) transport system [2].
Iron is then removed from the siderophore-complex by either reductive
or hydrolytic mechanisms [3,4]. Initially, two biosynthetic pathways
were known for these compounds: one dependent on non-ribosomal
peptide synthetases (NRPS), the other on polyketide synthetases [5]. A
decade ago, another siderophore assembly mechanism has been re-
cognized based on NRPS independent enzymes (NIS) [6,7]. Instead of
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by this NIS pathway was aerobactin from Escherichia coli K-30, which
was found to be dependent on the two siderophore synthase super-
family enzymes iucA and iucC [8,9].

Studies of other NIS pathway gene clusters indicated that the bio-
synthesis of siderophores like alcaligin [10], rhizobactin 1021 [11],
achromobactin [12], bisucaberin [13], vibrioferrin [14] and desfer-
rioxamines (DFO) [15] involves at least one siderophore synthetase
with a high similarity to IucA/IucC [6]. In some of these NIS pathways,
decarboxylases play an important role, often catalyzing the initial step
of the siderophore biosynthesis (Fig. 1).

The first step in the biosynthesis of alcaligin in Bordetella pertussis
and putrebactin in Shewanella putrefaciens is the decarboxylation of
ornithine to yield putrescine (1,4-diaminobutane) mediated by an
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Fig. 1. Decarboxylation steps of the proposed NIS biosynthetic pathways for different siderophores biosynthesis. (A) Alcaligin is produced by Bordetella pertussis
[6,10], (B) desferrioxamine E by Streptomyces coelicolor A3(2) [15], (C) vibrioferrin by Vibrio parahaemolytics [6,14]and (D) rhizobactin 1021 by Sinorhizobium meliloti

1021 [6,11].

ornithine decarboxylase (ODC) [10,16]. The inhibition of the dec-
arboxylase in S. putrefaciens lead to the production of unnatural side-
rophores [16]. The ODC of B. pertussis is not part of the alcaligin gene
cluster alcABCD [10] and shows parallels to the histidine decarboxylase
from Vibrio anguillarum, which is involved in the biosynthesis of

anguibactin, but only a partial protein sequence of this ODC is available
[17-19]. Another decarboxylase gene (pvsE) was found to be involved
in the biosynthesis of vibrioferrin in Vibrio parahaemolytics. PvsE en-
codes a PLP-dependent decarboxylase which catalyzes the decarbox-
ylation of serine [14]. Although several genes encoding for
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decarboxylase homologues have been identified within the siderophore
biosynthesis gene clusters [20,21], only a couple of decarboxylase ac-
tivities have been demonstrated. In Streptomyces pilosus, a lysine dec-
arboxylase was identified to direct the desferrioxamine biosynthesis
and some biochemical and kinetic properties were reported [22].
Subsequently, the respective lysine decarboxylase gene, was cloned and
overexpressed, although the sequence of this gene was apparently not
reported or deposited in the database [23]. It has also been reported a
L-2,4-diaminobutanoic acid (DABA) decarboxylase (DC), linked to a
DABA acetyltransferase (AT) from the cyanobacterium Anabaena var-
iabilis, to preferentially catalyze the decarboxylation of DABA but also
accepting r-ornithine and i-lysine as substrates [20]. A. variabilis is
known to synthesize the siderophore schizokinen, which is based on
1,3-diaminopropane [24]. Additionally, Burell and coworkers in-
vestigated the enzyme DesA from Strepomyces coelicolor. DesA catalyzes
the decarboxylation of 1-lysine to cadaverine (1,5-diaminopentane), the
first step of the biosynthesis of the siderophores DFOB, DFOG; and
DFOE. DesA did not exhibit any sequence homology to known lysine
decarboxylases [20]. Instead, it showed high similarity to DABA DCs,
which are usually involved in the 3-diaminopropane biosynthesis to-
gether with DABA ATs. Characterized DABA DCs absent in the NIS
biosynthetic gene cluster are reported from organisms like A. baumannii
[25], H. influenza [26], Klebsiella aerogenes and Serriatia marcescens
[27]. Therefore DesA was described as a new type of lysine decarbox-
ylases (LDC) and it was hypothesized, that DABA DC homologues pre-
sent in the siderophore biosynthetic gene cluster in the absence of
DABA AT ORFs would be LDC [20].

Recently, the siderophore producing gene clusters were identified in
the soil organisms Gordonia rubripertincta CWB2 and Pimelobacter sim-
plex VKMAC-2033D [28]. Both organisms are known to produce des-
ferrioxamine siderophores. Siderophores DFOB, desferrioxamine E,
desferrioxamine G,, biscucaberin and bisucaberin B have been found in
the supernatants of G. rubripertincta cultures [29]. The siderophores of
Pimelobacter strain VKMAC-2033D have not been described, but the
close relative Pimelobacter simplex 3E is known to produce the side-
rophore desferrioxamine D [30]. As shown in Fig. 2 the siderophore
gene clusters of both organisms contain the typical genes desA, desB,
desC, desD and desG directing the DFO synthesis as well as desE and desF
which are involved in siderophore binding and transport [21,31,32].
However, desF is only present in the des gene cluster in G. rubripertincta.
The DesB homologue from G. rubripertincta was characterized as a
functional diamine monooxygenase in a previous study and named
GorA [33].

The decarboxylases GrDesA and PsDesA are homologues of DesA
from S. coelicolor and represent the aforementioned new type of LDC.
Limited knowledge is available regarding the LDCs and questions re-
main to be solved with respect to its activity and substrate specificity.
Giving the fact that LDCs catalyze the initial step in the siderophore
biosynthesis, these enzymes are of particular importance and there is a
need for increasing the available information. Furthermore, to the best
of our knowledge, studies on LDCs present in the siderophore gene
cluster of Gordonia and Pimelobacter species have not been reported.
Herein we present a phylogenetic analysis, cloning and heterologous
overexpression of the two desA homologues grdesA and psdesA, as well
as the characterization of the enzyme activity, cofactor identity, tem-
perature and pH stability.

2. Materials and methods
2.1. Bacterial strains, plasmids and cloning

The genes psdesA from Pimelobacter simplex VKMAC-2033D and
grdesA from Gordonia rubripertincta CWB2 were optimized according to
the codon usage of strain Acinetobacter sp. ADP1 (allowing higher gene
expression levels within E. coli), synthetically produced (Ebersberg,
Germany) and received in pET16b vector as reported earlier [34]. The
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decarboxylases are listed in GenBank under the protein accession
numbers MN699956 (PsDesA) and MN699957 (GrDesA), respectively.
Since the expression of psdesA failed in the pET vector system, the gene
was transferred to another expression vector. PsdesA was amplified by
PCR using primers psdesA_Sgfl fw and psdesA_Pmel rev and the plasmid
was transformed into E. coli BL21 (DE3). All plasmids used in this study
are listed in Table 1. The resulting PCR product was running on a 0.8%
agarose gel, the DNA band was excised and purified using a Qiagen PCR
clean-it kit. The purified DNA was digested with the restriction enzymes
Sgfl and Pmel and ligated into the expression vector pVP56K [35],
which was previously treated with SgfI and Pmel to provide a linearized
vector backbone. The ligation product was transferred into E. coli DH5a
for plasmid propagation. Plasmids pET16b_grdesA and pVP56K psdesA
were transformed into E. coli BL21 (DE3) competent cells.

2.2. Heterologous expression and protein purification

Genes were expressed using autoinduction medium (100 pg/mL
ampicillin) in Fernbach flasks as described elsewhere [36]. PsdesA was
expressed as fusion-protein via N-terminal fusion with a 6xHis-tagged
maltose binding protein (MBP). Cultures of E. coli BL21_pET16b_grdesA
and E. coli BL21_pVP56k psdesA were incubated in autoinduction
medium at 37 °C until the ODgoo reached a value of about 4 followed by
an 18 h expression at 18 °C while constantly shaking at 250 rpm [37].
Cells were harvested by centrifugation (5000 X g 30 min) and the re-
sulting cell pellet was stored at —80 °C. For purification, cells were
resuspended in buffer A1 (25 mM HEPES, 300 mM NaCl, 5 mM imi-
dazole, pH 7.5) containing 40 pug/mL of lysozyme and 20 pg/mL each of
DNAse and RNAse. The resuspended cells were disrupted by 15 min
sonification (pulse on 5 s, pulse on 10 s, amplitude 70%) and cell debris
were removed afterwards by centrifugation at 17,000 x g for 1 h at 4 °C.
The protein purification was performed with two in tandem 5 mL His
Trap FF (GE Healthcare) in one step for GrDesA or two steps for PsDesA.
The supernatant containing GrDesA was loaded into the column pre-
viously equilibrated with buffer Al. Nonspecific proteins were removed
by washing the columns with 10% buffer B (25 mM HEPES, 300 mM
NacCl, 300 mM imidazole, pH 7.5). GrDesA was eluted with 100% buffer
B. Supernatant containing MBP-PsDesA fusion-protein was loaded into
the column previously equilibrated with buffer A2 (25 mM HEPES,
300 mM NaCl, 5 mM imidazole, pH 7.5). MBP-PsDesA was purified as
described for GrDesA. To remove the MBP from the target protein
PsDesA, the fusion-protein was cleaved with tobacco etch virus (TEV)
protease (0.5 mg/mL) and the sample was dialyzed overnight against
20-fold volume of buffer C (25 mM HEPES, 300 mM NaCl, pH 7.5) to
remove remaining imidazole. Cleaved protein was separated by IMAC,
using buffer C as binding buffer. The target protein PsDesA eluted with
the flow-through. Collected samples of PsDesA and GrDesA were
transferred into storage buffer (100 mM phosphate buffer, 50 mM NacCl,
pH 7.5), and concentrated using ultrafiltration device with MWCO of
30 kDa (Millipore). Purified, concentrated protein was frozen as beads
in liquid nitrogen and stored at —80 °C.

2.3. Protein determination

Purity and subunit molecular mass were estimated by sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Protein
concentration was determined using Bradford reagent and pre-diluted
protein assay standards BSA Set (Thermo Scientific).

The hydrodynamic properties of the enzymes were analyzed at
room temperature by using a Superdex 200 HR10/300 GL column at-
tached to an Akta Prime Plus FPLC system (GEHealthcare). 50 mM
phosphate buffer (pH 7.0) containing 150 mM NaCl was used as mobile
phase at a flow rate of 0.5 mL/min 100 pL and 200 pL protein was
injected in each run, respectively. For calibration, the following pro-
teins were used: Ovalbumin (43 kDa), Conalbumin (75 kDa), Aldolase
(158 kDa), and Ferritin (440 kDa). Blue Dextran (2000 kDa) was used to
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article.

Table 1

Plasmids used in this study.
Sample Relevant characteristic(s) Source or reference
Strains
E. coli DH5a fhuA2 A(argF-lacZ) U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17 NEB
E. coli TurboCell BL21(DE3)pLysS F- ompT hsdSg (rp- mp-) gal dem (DE3) pLysS (Cm") Genlantis
Plasmids
pVP56k 7253 bp, adds N-terminal 8xHis, MBP, Kan" [35]
PET16b_psdesA PET 16b (5711 bp) and psdesA (1479 bp) from Pimeobacter simplex VKMAC-2033D as insert MWG Eurofins
PET16b_grdesA PET 16b (5711 bp) and grdesA (1547 bp) from Gordonia rubripertincta CWB as insert MWG Eurofins
PVP56k psdesA psdesA (1497 bp Sgfl/Pmel fragment) cloned into pVP56k This study
Primers
psdesA _Sgfl_fw 5-AGGAGCGATCGCCATGCCGCAATTGCCGTTGC ATCAC-3" This study
psdesB_Pmel_rev 5- GGTTGTTTAAACGCGACCACCTCCAGCGCTG-3" This study

@ Sgfl or Pmel restriction site underlined.
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determine the void volume. Apparent M, values of PsDesA was obtained
from a graph where the partition coefficient (K,,) of the standard
proteins was plotted against log M;.

2.4. Cofactor analysis

Absorbance data were recorded using an Agilent 8453 UV visible
spectrometer. The identity of pyridoxal phosphate in the protein sample
was verified using a multiple reaction monitoring (MRM) method
generated with an AB Sciex 3200 Q Trap mass spectrometer.
Commercial PLP was used as standard. HPLC separation utilized a
Kinetex 2.6 pm, 100 A, 100 x 2.1 mm HILIC column from
Phenomenex. Solvents A and B were mixtures of acetonitrile:50 mM
ammonium formate in water (pH 3.2) (ratio 9:1) and
acetonitrile:50 mM ammonium formate in water (pH 3.2) (ratio 5:4:1).
The HPLC gradient was generated and flow rate maintained at 200 pL/
min utilizing an Agilent 1100 series HPLC. Following an equilibration
for 13 min at 90% A, sample was injected using an Agilent 1100 series
autosampler. After injection of sample, 2 min at 90% A was followed by
a 9-min gradient to 100% B, then a 10-min hold at 100% B at which
time the gradient was returned to 90% A for subsequent equilibration of
the HILIC column. Analysis were carried out using mass spectroscopy
with a 5500 V ionization source at 120 °C source temperature. CAD gas
was set to medium and curtain, gas 1 and gas 2 were 10, 15 and 10,
respectively. The declustering potential was 51 V, entrance potential
was 5V, collision cell entrance potential was 16 V and collision cell exit
potential was 4 V. Both quadrupoles were operated at unit resolution.
The three fragments of the protonated PLP ion (m/z = 248.05) mon-
itored were 150.3 (collision energy 21 V), 122.1 (collision energy 31 V)
and 106.1 (collision energy 31 V), each for 150 ms dwell time.

2.5. Enzyme activity assay

Decarboxylase activity of GrDesA and PsDesA was determined col-
orimetrical using 2,4,6-trinitrobenzenesulfonic acid (TBNS) to give
colored trinitrophenyl-putrescine (TNP-PUT) [38,39]. A standard assay
contained 3 mM ornithine and 150 mM phosphate buffer (pH 7.1) in a
total volume of 30 pL. The assay was started by the addition of enzyme
to a final concentration of 6.5 M (PsDesA) and 22 uM (GrDesA), re-
spectively. 75 nM PLP were added to GrDesA containing samples. After
20 min at 30 °C the reaction was quenched by adding 20 pL 10% per-
chloric acid. The reaction mixture was assayed for its content of pu-
trescine using the spectrophotometric assay similar to the modified
spectrometric ODC assay described by M.E.-Legaz [39], but in a scale
1:10. The downscaling makes it applicable for the measurement in
microtiter plates. Putrescine concentration was calculated using the
calibration curve shown in Fig. S1 (Supporting Information).

The optimum temperature of enzyme activity was determined by
performing the standard assay at temperatures between 10 and 70 °C
(after pre-incubation of the reaction mixture). The optimum pH-value
for ornithine conversion was determined by using phosphate buffer
varying between pH 5.7 and 9.0 and Britton-Robinson buffer varying
between pH 7.5 and 9.5 in the assay standard. Thermal stability was
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measured by incubating the enzymes at temperatures between 20 and
60 °C. Samples were taken periodically and assayed for residual activity
using the standard assay.

2.6. Product determination using UPLC

Product formation, kinetic parameters, buffer preference and sub-
strate specificity were determined via UPLC analysis. A standard assay
for the determination of kinetic parameters contained 50 mM HEPES
buffer (pH 8.0), varying substrate concentrations and 2 pM (PsDesA)
and 1 to 6,7 UM (GrDesA) enzyme, respectively. The reaction was
stopped after 5 min incubation at 30 °C by heating the sample at 95 °C
for 10 min. To determine the optimal buffer, the assay was carried out
with Tris buffer, phosphate buffer and HEPES buffer, each with a
concentration of 50 mM and a pH of 8.0. After centrifugation (5 min,
13,000 x g) 65 pL of the supernatant was mixed with 12.5 pL. 200 mM
borate (pH 8.0). For derivatization, 1.6 pl of 150 mM 9-fluorenylmethyl
chloroformate (Fmoc-Cl) was added and the reaction was allowed to
proceed 5 min at room temperature shaking at 600 rpm. To remove
remaining derivatizing reagent, 79 pL of 53 mM l-aminoadamantane
(ADAM) was added. After an additional chilling at room temperature
for 15 min, the reverse phase UPLC analysis was carried out on an
AccQ-Tag Ultra RP Column (130 A17 um, 2.1 X 100 mm, 43 °C)
running a gradient from 30 to 100% over 10 min (solvent: A 0.1% TFA/
H,0; solvent B: 0.1% TFA/MeCN). Product identity was confirmed by
coelution with a similar Fmoc-derivatized putrescine or cadaverine
standard. Kinetic data are listed in the STRENDA data base under the
Strenda ID NXSUD (GrDesA) and TFZ7HT (PsDesA), respectively.

Next to 1-lysine and r-ornithine the substrates p-lysine, p-ornithine,
2,4-diaminobutanoic aid (DABA), arginine and histidine were tested
with GrDesA and PsDesA for decarboxylase activity. Analytics were
done using ortho-phtalaldehyde (OPA) derivatization. Therefore 70 pL
sample were mixed with 35 pL derivatization solution (10 mg/mL OPA,
100 mM borate buffer pH 9.2, 10 uL/mL mercaptoethanol in methanol).
After 1 min incubation, 900 L of neutralization solution (20 mM so-
dium acetate pH 6.1 with 20% v/v acetonitrile were added. The HPLC
analysis were carried out using a Eurosphere C;5 (4 X 125 mm) column
in Ultimate 3000 HPLC system. The method consisted on an isocratic
elution with 30% acetonitrile in water during 10 min.

3. Results
3.1. Phylogenetic analysis

The desferrioxamines siderophore biosynthetic gene clusters of the
Actinobacteria P. simplex VKMAC-2033D and G. rubripertincta CWB
contain each a decarboxylase, hypothesized to be responsible for the
decarboxylation of lysine to cadaverine in the DFO biosynthesis.
antiSMASH annotation predicted both genes to be DABA DCs not ad-
jacent to DABA ATs and confirmed the predicted function as lysine
decarboxylases as described by Burrell [20]. Pairwise alignments of
amino acid sequences of PsDesA and GrDesA with related decarbox-
ylases from S. coelicolor, A. variabilis and A. baumannii, which has been

Table 2
Results from pairwise alignments of the decarboxylases involved in siderophore synthesis from P. simplex, G. rubripertincta with related enzymes.
Enzyme PsDesA GrDesA
Identity (%) Similarity (%) Identity (%) Similarity (%)
LDC DesA (S. coelicolor A3(2) 56 67 38 54
DABA DC (A. variabilis) 41 59 39 56
DABA DC (S. meliloti) 42 58 39 54
DABA DC (A. baunannii) 41 61 33 51
LDC (Plesiocystis pacifica SIR) 39 51 52 66
DABA DC (Frankia alni ACN) 39 51 42 54
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indicate their (potential) function as LDC in NIS (orange), DABA DC linked to a DABA AT as part of the NIS (blue), DABA DC linked to a DABA AT, but not part of the
NIS (green) and histidine decarboxylase (yellow). For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.

described to be active, revealed significant similarities (listed in
Table 2). However, GrDesA was found to be closer related to un-
characterized decarboxylases like the DC of Plesiocystis pacifica SIR-1
and the DABA DC from Frankia alni ACN 14a.

An alignment of active related decarboxylases as well as un-
characterized homologues (present in a functional siderophore cluster)
were used to construct a phylogenetic tree and their relationship to

PsDesA und GrDesA (Fig. 3). As described in a previous study [20], the
homologues separate into two clades: one including the functional LDC
type homologues (DABA DC without DABA AT in NIS), whereas the
other clade contains mostly DABA DC homologues adjacent to DABA
ATs, some of them in NIS cluster, the others not. PsDesA clusters within
the first clade, whereas GrDesA on the other hand is localized away
from the functional LDCs within the second clade.
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3.2. Gene expression and purification

The two decarboxylase genes psdesA and grdesA were codon opti-
mized for expression in E. coli [34] and obtained by gene synthesis. The
synthetic genes had been successfully used to create the respective
expression constructs pET16bp grdesA and pVP56K psdesA. Proteins
were heterologously expressed in E. coli BL21 (DE3) pLysS either, as N-
terminal His;o-tagged protein (GrDesA) or in case of PsDesA as N-
terminal Hisg-tagged fusion protein with maltose binding protein
(MBP). Around 18 g of grdesA-containing cells and 8 g of psdesA-con-
taining cells were obtained per liter of culture medium. Purified pro-
teins were found to be stable in 100 mM phosphate buffer with 50 mM
NaCl (pH 7.5) and were stored in this buffer at —80 °C.

3.3. Purification and enzyme stability

GrDesA purification was achieved by immobilized nickel ion affinity
chromatography (IMAC) resulting in highly purified protein that was
used for further studies. The molecular masses of GrDesA was estimated
to be 57 kDa by SDS-PAGE (Supporting Information, Fig. S2), as ex-
pected from the deduced amino acid sequence (535 acid residues, with
a theoretical mass of 54.459 kDa plus 1.389 kDa His;,-tag). Purification
yielded 0.8 mg protein per gram of cells. In order to determine suitable
conditions for enzyme assays, various conditions were tested. For those
tests, the enzyme activity was determined using the colorimetric TBNS
assay as described in materials and methods.

The addition of pyridoxal-5-phosphate (PLP) was found to be ne-
cessary for enzyme activity. Without PLP addition, no enzyme activity
was observed. GrDesA showed high activity (> 70%) between 30 and
45 °C with an optimum at 40 °C (Fig. 4). Temperature stability was
examined by incubating the enzyme at different temperatures for
30 min and thereafter the residual activity was determined at standard
assay conditions. Enzyme activity kept increasing at temperatures up to
40 °C. However, enzyme activity decreased rapidly at higher tempera-
tures. The enzyme showed maximum activity at pH 8.5 and a low ac-
tivity (< 25%) at pH values lower than 7.0 and higher than 9.5.

PsDesA was purified using a two-step IMAC purification process.
First, the polyhis-tagged MBP-fusion protein was isolated from the
crude extract. After cleavage of the fusion protein, PsDesA was sepa-
rated from polyhis-tagged MBP in the second purification step. High
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purity, successful cleavage and expected molecular weight (493 amino
acid residues, with a theoretical mass of 53.086 kDa) was confirmed by
SDS-PAGE (Fig. 5A).

Purification yielded 1.4 mg protein per gram of cells. Purified
PsDesA showed a yellow color, indicating a tightly bound cofactor. The
UV-Visible spectrum of the purified enzyme solution of PsDesA showed
highest absorption at 421 nm. This bound is characteristic of PLP bound
as an aldimine [40]. After denaturation, the peak blue shifted and
showed a maximum at 390 nm similar to free PLP (Fig. 5B). Multiple
reaction monitoring (MRM) analysis of the enzyme identified the
yellow cofactor unambiguously as PLP (Supporting information, Fig.
S3).

Activity tests with different buffers at pH 8.0 revealed that the
decarboxylase is most active in HEPES and phosphate buffer to a similar
extent. In Tris buffer the enzyme was around 75% active. The optimal
pH for PsDesA activity was observed at pH 7.5. PsDesA exhibited a high
tolerance towards pH variation and retained residual activities > 35%
in a range of pH 5.5 to 9.0 (Fig. 6). High enzyme activities (> 70%) was
observed between 30 and 45 °C with an optimum at 35 °C. PsDesA
showed a high stability without activity loss at temperatures up to
40 °C. Higher temperatures led to a rapid activity decrease (see Fig. 7).

3.4. Gel filtration and substrate specificity

To validate the oligomeric state of the enzyme, a size exclusion
chromatography under non-denaturizing conditions was performed in
duplicate. The results show that GrDesA is mostly present in a dimeric
form (141 kDa calculated from elution volume, 57 kDa subunit size)
and PsDesA in a tetrameric form (235 kDa calculated from elution vo-
lume, 53 kDa subunit size). However, the elution peak of PsDesA
showed a shoulder indicating, that the enzyme might occur in a second
hydrodynamic state as well.

To examine the activity of both enzymes, steady state kinetics with
1-lysine were analyzed and kinetic parameters determined. In addition
to 1-lysine, the decarboxylase activity with r-ornithine was of special
interest, since the previous characterized diamine monooxygenase
GorA of the NIS siderophore gene cluster of G. rubripertincta CWB2
showed very high activity towards the corresponding substrate pu-
trescine, which was even higher than the activity towards cadaverine
[33]. DesB is suggested to catalyze the second step in the siderophore
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Fig. 4. Effect of pH and temperature on product of GrDesA. (A) Temperature optimum (solid line) and stability (dashed line) of GrDesA were measured using
standard TBNS-assay conditions with 150 mM phosphate buffer after 20 min at various temperatures (20-60 °C). Samples for temperature stability determination
were pre-incubated for 20 min at temperatures ranging from 20 °C to 60 °C and afterwards analyzed at standard conditions (30 °C). The maximal product formation
was observed at 40 °C with (24 pM putrescine/uM enzyme). (B) Normalized activity-pH plot. The enzyme activity was measured using TBNS-assay standard
conditions with different pH values in phosphate buffer (pH 5.6-8.5, solid line) and Britton-Robinson buffer (7.5-9.5, dotted line). The maximal product formation
was observed at pH 8.5 with (47 uM putrescine/uM enzyme). All measurements were determined in triplicates. The relative activity is expressed as a percentage of

the activity observed at 40 °C or pH of 8.5, respectively.
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Fig. 5. (A) SDS-Page of purification process of PsDesA. M: Protein marker, lane 1: crude extract, lane 2: fusion protein after IMAC 1 (fusion protein ca. 100 kDa), lane
3: purified PsDesA (theoretical mass 53.086 kDa) after IMAC 2. (B) Absorbance spectra of purified native PsDesA (solid line), supernatant of denatured PsDesA

(dotted) and PLP standard (94 nM, dashed line).
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Fig. 6. Effect of pH and temperature on the relative product formation of PsDesA. (A) Temperature optimum (solid line) and stability (dashed line) were measured
using standard TBNS-assay conditions with 150 mM phosphate buffer after 20 min at various temperatures. Temperature stability samples were pre-incubated
30 min at temperatures ranging from 20 °C to 55 °C and afterwards analyzed at standard conditions (30 °C). The maximal product formation was observed at 35 °C
with (77 uM putrescine/uM enzyme). (B) Normalized activity-pH plot. The enzyme activity was determined using TBNS-assay standard conditions with different pH
values in phosphate buffer. The maximal product formation was observed at pH 7.5 with (91 uM putrescine/pM enzyme). All measurements were done in triplicates.
The relative activity is expressed as a percentage of the activity observed at 35 °C or pH of 7.5, respectively.

biosynthesis of G. rubripertincta after the decarboxylation. GrDesA
showed activity towards the substrates 1-lysine and r-ornithine (Fig. 8),
exhibiting an indisputable preference for i-lysine. The decarboxylase
from G. rubripertincta was determined to have a K, values of
0.13 = 0.03 and a keye value of 1.2 = 0.1 57! for 1-lysine and a K, of
2.9 = 0.24 mM (keye = 0.18 = 0.01 s~ 1) for r-ornithine. PsDesA on
the other hand showed activity with both, r-lysine and r-ornithine in an
almost similar extent. Here k., was determined to be 0.26 =+ 0.01
s7! Ky, = 0.17 * 0.02 mM) with i-lysine, with 1-ornithine the en-
zyme showed a ke value of 0.16 * 0.01 s™' and a K, of
0.13 = 0.02 mM (Table 3). Furthermore, the acceptance of p-lysine, p-
ornithine, DABA, arginine and histidine as substrates by both enzymes
was investigated following the product formation by HPLC. Both en-
zymes were able to catalyze the reaction of DABA to 1,3-diaminopro-
pane, although the decarboxylation seemed to be less effective com-
pared to i-lysine (specific enzyme activity not determined) and to a very
low extend the conversion of the p-lysine and p-ornithine (< 10%). This
is in accordance to the results of the decarboxylase from S. pilosus,
which did not accept p-Lysine as a substrate [22]. No product formation
was observed with arginine and histidine as substrates for GrDesA and

PsDesA.

4. Discussion

Lysine decarboxylases are important enzymes in the biosynthesis of
microbial siderophores often catalyzing the first step in the pathways.
Since siderophore production in response to iron limitation is essential
for pathogenesis [41-43], characterization of the siderophore gene
clusters and studying their genes and proteins could be of great im-
portance for drug discovery. However, only little is known about the
siderophore biosynthetic decarboxylases and their biochemical prop-
erties. To extend the knowledge about these enzymes, the two DesA
homologues GrDesA and PrDesA of the two desferrioxamines producing
Actinobacteria P. simplex VKM Ac-2033D and G. rubriperincta CWB2
were investigated.

The new LDC type present in the siderophore NIS gene cluster de-
scribed in 2012 [20] appears as DABA DCs without an adjacent DABA
AT. DABA ATs are found in many bacterial pathways, either in-
dependently from DABA DCs, like in the NIS pathway for the hydro-
xycarboxylate achromobactin, or as a DABA DC/DABA AT pair, where
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Fig. 7. Size exclusion chromatogram of PsDesA (cyan) and GrDesA (red) (A) and calibration plot including the measured target enzymes (B). The calibration curve
prepared by plotting partition coefficient of protein standards: Pepsin (36 kDa), Ovalbumin (43 kDa), Conalbumin (75 kDa), Aldolase (158 kDa), Ferritin (440 kDa).
The K,y value for PsDesA is shown in red and for GrDesA in green. The size exclusion chromatography was performed in 50 mM phosphate buffer pH 7.0 containing
150 mM NaCl. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

DABA AT catalyzes the formation of DABA, the substrate for the DABA
DC [44,45]. The latter are found, for example, in the NIS biosynthetic
gene clusters for the biosynthesis of rhizobactin 1021 in S. meliloti [11]
and the NRPS gene cluster for vibriobactin biosynthesis in Vibrio cho-
lerae [46]. In the absence of the DABA AT the substrate DABA is not
provided. Therefore it is very likely that DABA DCs lacking DABA ATs
in NIS gene clusters function as the mentioned novel LDCs [20]. The
two desA homologues grdesA and psdesA fit the criteria for that type of
LDCs and the siderophores desferrioxamines and biscuberin contain
lysine building blocks. This lead to the proposal that both DABA DC
enzymes could be functional lysine decarboxylases. To explore this
possibility, the enzymes were successfully cloned, overexpressed and
purified. Activity tests of GrDesA and PsDesA proved their function as
lysine decarboxylases and further showed activity with ornithine and
DABA. Kinetic parameters of both enzymes with r-ornithine and 1-lysine
are listed in Table 3 along with kinetic parameters of related char-
acterized decarboxylases.

The decarboxylation of i-lysine catalyzed by GrDesA and PsDesA is
faster than what is reported for DesA from S. coelicolor, however the K,
value is lower for DesA [20]. K, values of the lysine decarboxylase from
S. pilosus is in a similar range than the K, values of GrDesA with 1-lysine
and of PsDesA with both 1-lysine and r-ornithine. k., values of GrDesA
and PsDesA on the other hand were much higher with all substrates
tested. However, the results might be not exactly comparable, since
decarboxylase activity of the S. pilosus decarboxylase was measured in
the cell free crude extract instead with an purified recombinant enzyme
[22]. Also, the activity was assayed using *C-labelled lysine followed
by trapping of the released *C-labelled CO, instead of measuring the
product formation.

Comparing the substrate preferences between GrDesA and PsDesA,
great differences can be noticed. While K, values and the catalytical
efficiency ke,/Kiy of PsDesA with r-ornithine and r-lysine are similar
and only a slight preference for i-lysine can be noticed, the catalytical
efficiency of GrDesA towards r-lysine is 158 times and the k., more
than 6 times higher compared to r-ornithine. The preference for 1-lysine
over r-ornithine is indisputable and supports this amino acid, 1-lysine,
as the physiological substrate for GrDesA. GorA is the DesB homologue
in the siderophore NIS gene cluster of G. rubripertincta CWB2 and in the
pathway the second functional enzyme after GrDesA (33). However,
GorA showed activity with a broad spectrum of diamines, but per-
formed N-hydroxylation only with putrescine, cadaverine and hexam-
ethylenediamine. Thus, it was not clear yet whether siderophore bio-
synthesis in strain CWB2 starts with 1-lysine or r-ornithine. The highest

activities of the monooxygenase GorA were detected with putrescine
and the enzyme was therefore suggested to be a putrescine-mono-
oxygenase [33]. The preference of the monooxygenase for the ornithine
product putrescine stands thereby in contrast to the preference for ly-
sine of the decarboxylase GrDesA. However, the determined activities
of GorA with cadaverine were still very high (90% compared to 1-lysine
[33]1), making the N-hydroxylation of this substrate as subsequent step
after 1-lysine decarboxylation a very possible physiological function in
the siderophore biosynthesis. In addition, we recently studied the
substrate preference by comparing the kinetic parameters with both
substrates cadaverine and putrescine. The results indicated that GorA is
specific for cadaverine with a ke,/Ky, value of 2.6 x 10° s~ ! M™*
compared to 6 s~* M~ ! for putrescine (unpublished). This agrees with
our results, that GrDesA converted DABA less effective than r-lysine and
supports the suggestion, that GrDesA is a functional lysine decarbox-
ylase instead of a DABA decarboxylase.

The decarboxylation seems to be a substrate selective step in the
siderophore synthesis of G. rubripertincta. In contrast, kinetic studies on
PsDesA show that this decarboxylase is not as specific. For PsDesA the
Keat/Km value was only 1.5-times higher for 1-lysine than r-ornithine,
while the values were 17-, 24- and 158-times higher for the preferred
substrates of DesA from S. coelicolor, DABA DC from A. variabilis and
GrDesA, respectively.

The differences between GrDesA and PsDesA were also observed in
other biochemical properties. The pH-optima showed maximal activity
under neutral-alkaline conditions, which is very typical for biosynthetic
decarboxylases [47] and fits to the expectations. However, while
PsDesA shows > 85% residual activity in the pH range of 7.0-8.5,
GrDesA showed only a very sharp reaction optimum between pH 8.0
and 8.5 and lost already 40% activity at pH values 0.5 higher or lower
than that optimum. Another difference can be found in the binding of
the PLP cofactor. GrDesA was purified in the apo form, while PLP was
covalently bound to PsDesA. The results from size exclusion chroma-
tography revealed, that the oligomeric state of GrDesA is a dimer, while
PsDesA appears mostly as a tetramer. The fact that PsDesA occurs also
in a second hydrodynamic state might be due to buffer or salt con-
centration which effect the oligomerization to some extent.

The different kinetic and structural properties are also reflected in
the phylogenetic analysis, which shows LDCs and DABA DCs present in
the NIS gene cluster as well as some related, characterized re-
presentatives outside the NIS gene cluster (see Fig. 3, statistical analysis
with 500 bootstrap replications, a consensus tree out of these 500 re-
plications is shown). We found two main clusters, namely one
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Fig. 8. Enzymatic conversion of 1-lysine and r-ornithine by PsDesA and GrDesA. (A) UHPLC chromatograms of the GrDesA catalyzed reaction of 1-lysine (eluting after
6.42 min) to cadaverine (eluting after 7.14 min) as a function of time. The assay was carried out with 2.5 mM . -lysine in 50 mM HEPES at pH 8.0 with 75 nM PLP and
3.3 uM enzyme. (B) UHPLC chromatograms 0-60 min of the PsDesA catalyzed reaction of r-ornithine (eluting after 6.24 min) to cadaverine (eluting after 6.94 min)
after 0-60 min. The assay was carried out with 2.5 mM r-ornithine in 50 mM HEPES at pH 8.0 with 3.9 uM enzyme. (C) Time curve diagram of the PsDesA catalyzed
product formation of putrescine measured with the TBNS assay (2 mM r-ornithine). (D) Initial rate presented as a function of L-Lysine concentration for PsDesA. The

data were fitted to the Michaelis-Menten equation.

Table 3
Kinetic constants for lysine/DABA decarboxylases involved in siderophore synthesis from P. simplex, G. rubripertincta and other microorganisms.
Strain Enzyme Substrate Ky (mM) Keat 571 Keat/Km Reference
x10% (s7'M™H
Pimelobacter simplex PsDesA L-Lysine 0.17 + 0.02 0.26 + 0.01 1.57 = 0.20 This study
1-Ornithine 0.13 + 0.02 0.14 = 0.01 1.06 = 0.13
Gordonia rubripertincta GrDesA 1-Lysine 0.13 = 0.03 1.2 = 0.1 9.64 * 2.40 This study
1-Ornithine 29 = 0.2 0.18 = 0.01 0.06 = 0.01
Streptomyces pilosus L-Lysine 0.24 nd. * n.d. [22]
Streptomyces coelicolor DesA L-Lysine 0.058 =+ 0.02 0.040 + 0.003 0.69 = 0.20 [20]
L-DABA 1.3 £ 03 0.052 + 0.003 0.04 = 0.01
Anabaena variabilis DABA DC L-Lysine 0.30 = 0.1 0.008 + 0.001 0.03 += 0.01 [20]
L-DABA 0.54 = 0.1 0.340 += 0.030 0.63 = 0.10

n.d. = not detected, * enzyme size or decarboxylase sequence were not reported, Vy,.x was determinded to be 10 nmol/mg-min.

containing LDCs and the second one containing mainly DABA DCs,
which is in agreement with the phylogenetic tree published previously
[20]. Although some bootstrapping values are comparably low the tree
topology seems robust and thus PsDesA could properly be assigned. As
expected from the high similarities between PsDesA and LDCs like DesA
from S. coelicolor (56% identity), the decarboxylase from P. simplex

10

clusters in the first clade along with the majority of the other LDCs. In
contrast, GrDesA seems to cluster in the second clade, closer to the
DABA DCs, although our results led to the conclusion, that the dec-
arboxylase of GrDesA is indeed an LDC. Also, the pairwise alignments
show comparably low identities and similarities with both clade re-
presentatives, LDCs from the first clade and DABA DCs in the second
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clade. In general, the clustering accords with previously published
phylogenetic analyses [20], but the assignment failed or seems in-
accurate for a few decarboxylases like GrDesA and the closely related
decarboxylase from Plesiocytis pacifica. The results are consistent with
GrDesA, together with Plesiocytis pacifica, Frankia alni and S. meliloti
form another cluster, instead of being part of the second clade. A
phylogenetic analysis using a non-homologue 1-lysine decarboxylase of
E. coli K-12 as outgroup supports this suggestion (Supporting Informa-
tion, Fig. S4). However, this assumption has yet to be confirmed and
there is a need for more biochemical characterization of decarbox-
ylases.

In summary, this work present the biochemical characterization of
two decarboxylases present in the des gene cluster in the genera of
Gordonia and Pimelobacter. Although both decarboxylases catalyze the
initial step for desferrioxamine siderophores, they showed very dif-
ferent properties. GrDesA shows preference for r-lysine, while PsDesA
seems to be more promiscuous. The overall results show, that both
enzymes belong to a recently discovered new type of lysine decarbox-
ylase. Nevertheless, questions remain regarding the phylogenetic
cluster formation of this type of LDCs and the close related DABA DCs
and typical biochemical characteristics for the enzymes clustering to-
gether, which are worth to further investigate.
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