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Abstract: Heterocycles are important building blocks in pharmaceutical drugs and their enzymatic
synthesis is attracting increasing interest. In recent years, various enzymes of the amidohydrolase
superfamily were reported to catalyze heterocycle-forming condensation reactions. One of these
enzymes, MxcM, is biochemically and kinetically characterized in this study. MxcM generates
an imidazoline moiety in the biosynthesis of the natural product pseudochelin A, which features
potent anti-inflammatory properties. The enzyme shows maximal activity at 50 °C and pH 10 as
well as a keat/Ky value of 22,932 s~ M1 at its temperature optimum. Experimental data suggest
that the activity of MxcM does not depend on a catalytic metal ion, which is uncommon among
amidohydrolases. MxcM is highly active in diverse organic solvents and concentrated salt solutions.
Furthermore, we show that MxcM is also capable to introduce imidazoline rings into derivatives
of its natural substrate myxochelin B. Overall, MxcM is a solvent-stable, halotolerant enzyme with
promising biochemical and kinetic properties and, in future, might become a valuable biocatalyst for
the manufacturing of pharmaceutical drugs.

Keywords: amidohydrolase; biocatalysis; heterocycle; imidazoline; MxcM; natural product; sol-
vent tolerance

1. Introduction

The amidohydrolases constitute a large enzyme family with more than 36,000 mem-
bers [1]. They feature a common (3 / «)g-barrel structural fold and typically possess a metal
center, which is required for the activation of a water molecule [2—-4]. While most members
of the amidohydrolase family catalyze hydrolytic cleavage reactions, there are noteworthy
exceptions, as exemplified by the uronate isomerase, which interconverts aldoses and
ketoses and does not depend on divalent cations for enzymatic activity [5]. In recent years,
several amidohydrolases have been reported that are involved in the biosynthesis of phar-
macologically active natural products [6-10]. The corresponding enzymes are engaged in
heterocycle-forming condensation reactions (Figure 1A), which is consistent with a shifted
reaction equilibrium. Examples are the amidohydrolases BomN, CbxE, and NatAM, which
generate benzoxazole moieties in the biosyntheses of antibiotic A-33853, caboxamycin and
nataxazole (Figure 1B) [6-8]. Additionally, the amidohydrolases CyrG and CyrH were
proposed to assemble an uracil moiety in cylindrospermopsin biosynthesis [9]. Another
more distantly related homolog, MxcM, was discovered in the pseudochelin biosynthetic
gene cluster of the marine bacterium Pseudoalteromonas piscicida S2040 [10]. Heterologous
expression of mxcM in Myxococcus xanthus and in vitro analysis of the purified enzyme
confirmed the assumed function in heterocycle formation [10]. MxcM was shown to cat-
alyze an intramolecular condensation of the 3-aminoethyl amide moiety in myxochelin B,
thereby generating the characteristic imidazoline moiety of pseudochelin A (Figure 1C).
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Figure 1. (A) General reaction mechanism of heterocycle formation catalyzed by amidohydrolases. (B) Examples of natural

products containing amidohydrolase-produced heterocycles. (C) MxcM-catalyzed formation of the imidazoline ring in

pseudochelin A biosynthesis. (D) Examples of approved drugs featuring an imidazoline scaffold.

Subsequent studies revealed that the introduction of the imidazoline ring contributes
to the potent anti-inflammatory activities of this natural product [11-13]. Furthermore, it
became evident that MxcM possesses some substrate flexibility, which can be exploited for
the precursor-directed biosynthesis of diverse lipoxygenase inhibitors [11,12].

In fact, imidazolines and imidazoles are found in many pharmaceutical drugs [14,15].
Some examples are clonidine, moxonidine, tizanidine, naphazoline, oxymetazoline, and
tetryzoline (Figure 1D) [16]. Although these compounds are currently made by chemical
synthesis [17], there is an increasing interest in the development of biocatalytic production
processes, in general, and for enzymatic heterocycle formation, in particular [18,19].

Here, we report the biochemical characterization of the imidazoline-forming amido-
hydrolase MxcM. For this purpose, optimal reaction parameters were determined under
in vitro conditions and the reaction kinetics were recorded. Additionally, we describe
the tolerance of MxcM against organic solvents and the impact of non-aqueous solvents,
as well as salt-containing systems on the enzymatic activity. The substrate specificity of
MxcM, which was previously explored in in vivo studies [11], was analyzed and quantified
in vitro. The data presented can be considered to lay the foundation for possible future en-
gineering studies and the integration of heterocycle-forming amidohydrolases in chemical
process development.

2. Results
2.1. Characterization of MxcM

Most amidohydrolases possess a catalytic zinc ion in their active center [2,3]. The
amidohydrolase NatAM represents the closest homolog of MxcM for which a structure
was determined [8]. A sequence alignment shows that the three histidine residues which
are responsible for the coordination of the zinc ion in NatAM (His75, His77, and His253),
are similar in MxcM and in the other heterocycle-forming amidohydrolases (Figure 2).
Only CyrH lacks a histidine residue at position 77 and features an aspartic acid residue
instead. Since supplementation of 5 mM EDTA was reported to eliminate the enzymatic
activity of NatAM [8], we also evaluated the effect of this complexing agent on the activity
of MxcM. Unexpectedly, the addition of EDTA did not significantly affect the enzymatic
conversion of the tested MxcM substrate myxochelin B (residual activity 93.6 & 2.6%).
After supplementation of 10 mM ZnCl, following the EDTA treatment, we did not observe
a recovery of the enzymatic activity.
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NatAM 51 _PAVRAELRRLDASRMMVLPGFVNAHWHEMFAMGFTMRGALRPPSDRADQVAFMGGGGD... 08
BomN 46 PEQRAALRTLDARRMLVLPGFVNAHWHELFATRLPFNGALRPADDRGDQAGFLGNGGD...103
CbxE 46 PGQRAGLRTLDARSMLVMPGEFVNNHWHDLFAVRLPFKGALRTPQODQADEPGFMALGGD...103
MxcM 87 .PSNFD--QRIDGQGKLMLPGLINPHWHESFVA-—-——- PNAESPDDTHLEATAYSNGGN...137
CyrG 48 LSHFEGNKTINAVNCAVLPGLIDAHIHTTCAI---LRGVAQDVTNWLMDATI-—--—-— L
CyrH 52 .LSHFEGRKVIESANCAVLPGLINAHVDTSLVL---MRGAAQDVTNWLMDATM-~—~-- __
NatAM 215 PTGRIRCRPNVSYVTNMTDELARGMAELVERHDLPFATHVGALRNEADAMRAYHGE..270
BomN 210 DTGLLRARPTAVYGTNMTDELGRGLAEIVRRHDTGFASHIGAQRHEGEFLRRYYGD...26°
CbxE 210 RTGRLRAWPTAPYLTNISDELGRGLAALSAEYGVPFATHVGALRHEADAVRAHFGT.. 263
MxcM 244 SSGLVGAMPSVMGAFGSSDKQLEALASIAQQYQVPYATHLAPLKNERAEVERVFEFGR...2%°
CyrG 194 AEGRITTMLGLQAADMLPLEILHAAKEIAQREGLMLHIHVAQGDRETKQIVKRYGK...24?
CyrH 198 AEGRITTMLGMYSPDMMPLEMLRAAKEIAQREGLMLHFHVAQGDRETEQIVKRYGK...?53

Figure 2. Alignment of amino acid sequences from heterocycle-forming amidohydrolases. Homologous amino acid residues
(threshold > 50%) are highlighted in grey. Amino acid residues involved in the coordination of the Zn?* ion in NatAM [8]

are marked in yellow.

In respect of identifying optimal reaction parameters, the pH and temperature profiles
were investigated. MxcM showed activity over the entire analyzed pH range (Figure 3A).
The highest activity was observed at pH 10. Due to a degradation of myxochelin B and
pseudochelin A above pH 10, it was not easy to the determine the enzymatic activity in
this pH range. According to BRENDA (=Braunschweig Enzyme Database), the average pH
optimum of 551 previously analyzed amidohydrolases lies between pH 7 and 8 [20].
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Figure 3. Effect of pH and temperature on the activity of MxcM. (A) Activity at different pH values
in 50 mM phosphate buffer at 30 °C (N = 5; 0.2 pM MxcM). (B) Activity for varied incubation
temperatures in 50 mM phosphate buffer at pH 9 (N = 4; 0.2 pM MxcM). (C) Temperature-dependent
unfolding and aggregation curves of MxcM (N = 10).

The activity of MxcM was observed to increase steadily from 5 to 50 °C (Figure 3B).
Above 50 °C, the activity rapidly declines until it is completely abolished at temperatures
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of 75 °C and higher. Among 360 characterized amidohydrolases, the average optimal
temperature was between 30 and 40 °C [20]. The relative abundance of amidohydrolases
exhibiting a temperature optimum between 50 and 60 °C was calculated to 12.5% [20].

The thermal stability of MxcM was determined by analyzing thermal unfolding and
aggregation processes while heating enzyme solutions from 20 to 90 °C (Figure 3C). The
shift in the ratio of tryptophan fluorescence at 330 nm and 350 nm during protein unfolding
can be used to calculate the unfolding transmission temperature (T, ), which is the temper-
ature point where half of the protein is unfolded. T,y refers to the temperature at which the
protein starts to unfold. Increasing light scattering values can be correlated to aggregation
of enzyme in the aqueous solution. The aggregation temperature (Tagg) describes the point
at which the protein begins to aggregate. Measurements of the tryptophan fluorescence
ratio F350 nm/F330 nm of MxcM delivered a Ty, of 55.7 + 0.4 °C and a Ty, of 60.6 = 0.1 °C.
The aggregation process is initiated at a temperature of 47.1 2.7 °C.

2.2. Reaction Time Course and Kinetic Parameters

The time-dependent course of the MxcM reaction in batch was recorded by varying
the incubation time from 5 s to 6 h (Figure 4A). After starting the enzymatic reaction,
the product yield increases rapidly from 0 to 38.6% within 5 min. Under standard assay
conditions, the equilibrium concentration of 45-50% pseudochelin A is reached after 20 min.
The yield-time dependency strongly correlates with the enzymatic activity. The highest
activities were observed in the beginning of the reaction. Afterwards, the activity declines
with ongoing substrate conversion. The activity approaches to zero with approximating
the chemical equilibrium. For determination of the Michaelis—-Menten kinetic, the reaction
rates for different substrate concentrations after a reaction time of 2 min were calculated
and plotted (Figure 4B).
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Figure 4. Reaction time course. (A) Dependency of pseudochelin A yield and MxcM activity to the reaction time
(No=20min = 6; N18omin = 2; 0.2 uM MxcM) in a batch experiment. (B) Michaelis-Menten plot. Dependency of reaction rate
(v) and substrate concentration (S) at temperatures of 30 and 50 °C (N = 6; 0.2 uM MxcM).

A non-linear fitting of these data against the Michaelis—-Menten equation delivered
the parameters K;; and vy (Table 1). From these parameters, the enzymatic turnover
number (ky) and the catalytic efficiency (keat/Ki) were calculated. As expected, higher
reaction rates and an increased catalytic efficiency were observed at an elevated incubation
temperature of 50 °C.

2.3. Storage Stability

When MxcM was stored in phosphate buffer (pH 7), only a slow-paced decline in
enzymatic activity was observed. The curve profiles suggest that the time-dependent
activity decline is correlated to the storage temperature (Figure 5). For every measured
time point, the average residual activity of MxcM was higher at a storage temperature
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of 4 °C in comparison to room temperature. Even after 30 days of storage, the residual
activity remained at 68.2 £ 6.0% (4 °C) or 19.3 £ 1.9% (room temperature).

Table 1. Kinetic parameters of MxcM. Values of vyax and Ky, are calculated from non-linear fitting to
the Michaelis—-Menten equation and are provided as arithmetic mean plus standard deviation.

Temperature Umax [IMM/min] K, [mM] keat [s711 keat/ K [s71 M1]
30 °C 0.13 +0.01 0.74 + 0.09 11.19 15,048.01
50 °C 0.33 +0.02 1.21 £ 0.09 27.64 22,932.03
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Figure 5. Storage stability of MxcM in 50 mM phosphate buffer (pH 7) at 4 °C and room temperature
(N =4; 0.5 uM MxcM).

2.4. Activity in Organic Solvents and Salt-Containing Solutions

The use of enzymes in non-aqueous systems can implicate diverse advantages in
bio-catalysis, e.g., increased solubility of substrates and products, a directed shift of ther-
modynamic equilibria or simplified product isolation and purification procedures [21-23].
Investigation of the residual enzymatic activity in several organic solvents compared to
a control reaction in aqueous buffer revealed that MxcM is active in every tested solvent
(Figure 6). Additionally, a dependency between the residual activity and the octanol-water
partition coefficient (log P) of the organic solvents was observed. In hydrophilic organic
solvents, the activity of MxcM decreases significantly. For instance, the residual activ-
ity in methanol, which possesses the highest hydrophilicity among the tested solvents
(log P —0.77), was only 19.3 & 3.1%. In contrast, the activity was elevated to 114.8 £ 19.1%
in the hydrophobic solvent decanol (log P 4.57). High salt concentrations were found
to have no significant impact on the enzymatic activity. When the enzymatic reaction
was conducted in the presence of 2 M NaCl, the residual activity of MxcM amounts to
90.7 £ 5.2%. Notably, the addition of urea elevated the residual activity to 107.4 4= 0.5%.

2.5. Substrate Specificity

In vivo studies already revealed that MxcM is capable to process several analogues
of its natural substrate myxochelin B [11]. Here, we examined the substrate specificity
in vitro for the first time (Table 2). Consistent with our previous investigations [11], we
did not find any evidence for the conversion of a substrate featuring a 3-hydroxyethyl
amide in lieu of the 3-aminoethyl amide moiety in myxochelin B. It is thus evident that
MxcM is only capable of imidazoline formation and not of oxazoline formation. In contrast,
modifications on the aromatic rings of the natural substrate were tolerated. The two
substrate analogues myxochelin B; and By, which had been produced by precursor-directed
biosynthesis [11], were successfully converted, although the residual activity compared to
the natural substrate was reduced. While the measured residual activity for myxochelin
By was 73.3 £ 3.3%, the activity in presence of myxochelin B, decreased to 10.2 & 1.9%.
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When an enzymatic reaction with the synthetic compound N-benzoylethylenediamine was
performed, no product formation was observed.

]
5 3
A o o
<
140 4 3 _ S
= 2 T
w 8 é 2
1204 5 @ 5§ 8 ¢
: =g s
o o _P <
=100 = £ _
= 3
> 5 3
= o £ =
> 80 T g _ Z
=1 £ £ £
o < o e o
[ =] 1) I
© 8 § §
S 60 < g &
2 _ 8
o 2
X 40 ©
<
Q
£
20 4 ’—1—‘
0 T T T T T T T T T T T T
Y. Y. Y. % 0. 0. O, I, ¢ & %
0o, o, o 2 4 ?
2 % 0 % Y Y S Y e e
log P

Figure 6. Residual activity of MxcM in diverse organic solvents (N = 3; 2 uM MxcM) in comparison
to a control reaction in phosphate buffer (pH 9). The hydrophobicity of each solvent is represented
by its log p value, which was retrieved from the Pubchem database [24].

Table 2. Analysis of the substrate specificity of MxcM (N = 3; 0.2 uM MxcM). n.d. not detected.

5
RZ o R o R®
R! /\/\)\ R*

N N
H H
Substrate R! R? R3 R* R5 Residual Activity [%]
myxochelin B OH OH OH OH NH 100 £ 1.9
myxochelin A OH OH OH OH OH n.d.
myxochelin By H H OH OH NH, 73.3 £33
myxochelin By OH OH H H NH, 102+1.9
N-benzoylethylenediamine - - - - - n.d.

3. Discussion

Most members of the amidohydrolase superfamily catalyze metal-dependent hydroly-
sis reactions [3,4]. Usually, amidohydrolases require a zinc ion that is considered to activate
the target bond and to coordinate a nucleophilic water in their active centers [3,25]. Even
condensing enzymes, such as the amidohydrolase NatAM, were reported to depend on a
catalytic zinc ion [8]. A sequence alignment verified that the zinc-coordinating residues
His75, His77 and His253 of NatAM are highly similar to those in MxcM. Consequently,
this finding suggests that MxcM is a metal-dependent amidohydrolase as well. However,
the addition of EDTA had only a negligible effect on the MxcM-catalyzed reaction. This
experimental result contradicts the previously established hypothesis and indicates that
MxcM may belong to the rare metal-independent amidohydrolases. Up to date, only few
metal-independent amidohydrolases have been described, among them are the allantoinase
PuuE from Pseudomonas fluorescens [26] and the uronate isomerase from Escherichia coli [5].
In case of the uronate isomerase, the enzyme was shown to be capable of binding a zinc
ion, but the zinc ion is not required for catalytic activity. In order to identify the role of
metal ions for MxcM, further experiments are necessary.

The pH profile of MxcM shows a continuous increase of enzymatic activity from pH 6
to 10. Maximal activity was obtained at pH 10, but for higher pH values, the activity could
not be determined due to a degradation of the substrate. Analyzing a dataset of previously
described amidohydrolases revealed that highly alkaline pH optima in this class of enzymes



Catalysts 2021, 11, 892

7of 11

are rarely found in nature [20]. MxcM shows activity over a broad temperature range
(5-60 °C) with an optimum at 50 °C. Thermal stability testing showed that the unfolding
process begins at a temperature of 55.7 + 0.4 °C. At 60.6 £ 0.1 °C, 50% of the enzyme is
unfolded. The starting point for protein aggregation was detected at 47.1 £ 2.7 °C. These
data confirm that reaction temperatures above 50 °C lead to a rapid inactivation of MxcM.
A comparison of the kinetic parameters at 30 °C and 50 °C demonstrated a significantly
higher turnover number (k) and catalytic efficiency (kqt/Ky) at the enzyme’s temperature
optimum. With values of 27.6 s~! and 22,932 s~! M~!, MxcM can be defined as an enzyme
with moderate catalytic efficiency, according to the categorization by Bar-Even et al. [27].

Aside from that, MxcM possesses an intriguing storage stability in aqueous systems.
The residual activity shows an exponential decline with progressing storage time, whereby
storing MxcM at 4 °C had lower impact on the enzyme’s activity. After 30 days of storage,
the residual activity amounts to 68.3 & 6.0%. Additionally, MxcM was proven to be highly
active in different organic solvents. The activity correlates strongly with the log p value,
which classifies organic solvents into different hydrophobicity groups [21,28]. When the
log P is lower than 2, an organic solvent is described as hydrophilic and water miscible.
Hydrophobic solvents, which are immiscible with water, generally exhibit log p values
higher than 4. Since the intramolecular condensation catalyzed by MxcM produces water as
by-product, we assume that the reaction equilibrium is shifted to the product side when the
reaction is performed in hydrophobic organic solvents. Compared to hydrophilic solvents,
the use of water immiscible organic media prevents a disruption of the enzyme’s hydration
shell [21,22,29]. Amidohydrolases arrange water molecules in their active centers. This
arrangement is crucial for the catalytic activity [22,23]. Hydrophilic solvents can remove
these water molecules, causing a loss of catalytic activity. Because salts generally reduce
the water activity of an aqueous solution, the tolerance towards organic solvents is often
accompanied by a resistance to high salt concentrations [23]. MxcM originates from the
marine bacterium P. piscicida 52040 [10,30]. Strains of P. piscicida are able to grow under
moderate halophilic conditions [31], suggesting that this correlation might also be true for
the amidohydrolase MxcM. Enzymatic reactions in presence of 2 M NaCl or urea did not
significantly affect the enzymatic activity. Interestingly, the residual activity of MxcM in the
presence of 2 M urea, which is commonly used for the denaturation of proteins [32], raised
to 107.4 £ 0.5%. This result validated the hypothesis that MxcM can perform biocatalysis
under halophilic conditions.

First evidence for the substrate tolerance of MxcM was obtained from a feeding
study of a recombinant M. xanthus strain expressing MxcM [11]. Various benzoic acid
derivatives were successfully introduced into myxochelin biosynthesis. The intermediary
produced myxochelin B derivatives were further converted into pseudochelin A analogues,
presumably due to the activity of MxcM [11]. In this study, the substrate specificity of MxcM
was further examined in vitro. In accordance with the in vivo experiments, myxochelin A
was not accepted, implying that the $-aminoethyl amide moiety is essential for a successful
conversion. Incubation of MxcM with the substrates myxochelin B; and myxochelin B,
led to the formation of pseudochelin A; and A,, respectively. We noted, however, a strong
discrepancy in the enzymatic conversion of the two non-natural substrates. The residual
activity of MxcM was significantly lower for myxochelin B,, which lacks the hydroxyl
groups on the benzene ring adjacent to the 3-aminoethyl amide moiety. It is possible that
these groups facilitate the catalytic conversion due to electronic effects or by mediating
additional protein-ligand interactions. This would also explain why incubation of the
synthetic compound N-benzoylethylenediamine with MxcM did not result in product
formation. Further testing of the substrate specificity of MxcM is certainly advisable.

4. Materials and Methods
4.1. Enzyme Production and Purification

The production of 6xHis-tagged MxcM was conducted using the recombinant Escherichia coli
BL21(DE3):pET28a(+)-mxcM according to the previously described protocol [10]. The
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enzyme was purified from the cell lysate by Ni-nitrilotriacetic acid (NTA) affinity chro-
matography using Protino Ni-NTA agarose (Macherey—Nagel, Diiren, Germany) in a
polypropylene column (Qiagen, Hilden, Germany). After equilibrating the stationary
phase with 10 mL lysis buffer (50 mM NaH;PO,, 300 mM NaCl, 10 mM imidazole, 10 vol.%
glycerol, 20 mM -mercaptoethanol; pH 8), the MxcM-containing supernatant was applied
onto the Ni-NTA matrix. Subsequently, the matrix was washed with 5 mL washing buffer I
(lysis buffer including 20 mM imidazole) and 5 mL washing buffer II (lysis buffer including
40 mM imidazole). The 6x-His MxcM was recovered from the Ni-NTA agarose by elution
with 2.5 mL elution buffer (lysis buffer including 250 mM imidazole). For desalting the
enzyme solution, PD-10 desalting columns (- Cytiva Europe, Freiburg, Germany) were
used. After the desalting columns were equilibrated with 25 mL phosphate buffer (100 mM,
pH 7), the columns were placed in 50 mL collection tubes. The enzyme solution was ap-
plied and eluted by centrifugation (1000x g, 2 min). The purified enzyme solution was
analyzed via SDS-PAGE and the concentration of MxcM was determined using the UV-Vis
spectrophotometer NanoDrop One (Thermo Fisher Scientific, Dreieich, Germany).

4.2. Activity Assay

In vitro assays were generally performed in 50 mM phosphate buffer (NaH;POy,
pH 9) using 0.2 uM (0.01 mg/mL) MxcM and 0.5 mM myxochelin B. Myxochelin B, which
is the natural substrate of MxcM, was isolated and purified from Myxococcus xanthus
DSM16526 cultures according to a previously published protocol [10]. After the reaction
mixture was incubated at 30 °C for 2 min, MxcM was inactivated with 2 M guanidinium
thiocyanate. The reaction products were analyzed by liquid chromatography-mass spec-
trometry (LC-MS; Agilent 1260 Infinity LC System, Agilent Technologies, Waldbronn,
Germany; Bruker Compact Q-TOF mass spectrometer, Bruker Daltonik, Bremen, Germany)
using a Nucleoshell RP18 column (Macherey—Nagel, Diiren, Germany) or by standard high
performance liquid chromatography (HPLC, Shimadzu LC-20AD, Shimadzu, Duisburg,
Germany) with a Nucleodur Sphinx RP column (Macherey—Nagel) coupled to a diode array
detector (Shimadzu SPD-M20A). The conversion from myxochelin B to pseudochelin A was
quantified from the peak areas in the respective chromatograms, which was subsequently
correlated to the enzyme activity. One unit (U) MxcM activity is defined as amount of
enzyme required for the conversion of 1 pmol myxochelin B per minute. Each experiment
was performed in multiple independent replicates (N = number of determinations).

4.3. Determination of Metal Dependency, pH and Temperature Optima, and Thermal Stability

The metal dependency of MxcM was analyzed by incubating the 0.2 uM enzyme
with 5 mM ethylenediaminetetraacetic acid (EDTA) for 2 h in phosphate buffer. To restore
the enzymatic activity after EDTA treatment, 10 mM ZnCl, was supplemented and the
mixture was incubated for 15 min. Subsequently, the substrate myxochelin B (0.5 mM) was
added and the reactions were incubated for 30 min at 30 °C. The pH tolerance of MxcM in
phosphate buffer was analyzed in a range from pH 6 to 10 under standard assay conditions.
To determine the optimal temperature for MxcM activity, the temperature was varied from
5 °C to 90 °C under standard conditions. The thermal stability of MxcM was investigated
using a NanoTemper Prometheus NT.48 (NanoTemper Technologies, Munich, Germany),
which is based on differential scanning fluorimetry. The protein samples were analyzed
over a temperature range from 20 to 90 °C with an heating rate of 1 °C/min. Thermal
unfolding and protein aggregation was recorded by measuring the temperature-dependent
tryptophan fluorescence at 330 and 350 nm as well as the light scattering. The experiment
was conducted with two independent biological replicates in fivefold determination.

4.4. Enzyme Kinetics

The time course of the MxcM-catalyzed reaction was determined under standard assay
conditions by variation of the incubation time. Kinetic parameters of the MxcM-catalyzed
reaction were determined by measuring the initial conversion rates for different substrate
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concentrations under standard assay conditions. The enzyme kinetics were recorded at
incubation temperatures of 30 °C and 50 °C. Plotting and calculation of the Michaelis-
Menten constant (K;;) and the maximal reaction rate (v;) was performed using the
nonlinear curve fitting and the Levenberg-Marquardt algorithm in Origin2020 (OriginLab).

4.5. Storage Stability

For analyzing the storage stability of MxcM in aqueous buffer (phosphate buffer,
50 mM, pH 7), the purified enzyme was stored at 4 °C or at room temperature. After 0,1, 2,
5,7,14 and 30 days of storage, enzymatic reactions were performed with 0.5 uM MxcM
and 0.5 mM myxochelin B in phosphate buffer. The reactions were incubated for 2 min at
30 °C and terminated by heating to 99 °C for 5 min.

4.6. Activity in Organic Solvents and Salt-Containing Solutions

To test the influence of organic solvents, purified MxcM (2 uM) was incubated with
0.5 mM myxochelin B for 30 min at 30 °C in methanol, acetonitrile, ethanol, acetone,
propanol, ethyl acetate, methyl-tert-butylether (MTBE), diisopropyl ether, octanol, n-hexane
or decanol. The concentration of water was adjusted to 5-10 vol.%. Halophilic properties
of MxcM were investigated by adding 2 M NaCl or 2 M urea to a standard reaction mixture.
The reactions were stopped by heating at 99 °C for 5 min. As control, the reaction was
conducted in phosphate buffer (50 mM, pH 9) under similar conditions.

4.7. Substrate Specificity

The substrate tolerance of MxcM was studied using myxochelin A, myxochelin By,
myxochelin By, and N-benzoylethylenediamine as substrates. Myxochelin A, myxochelin
B; and B, were isolated from M. xanthus cultures according to previously published
protocols [10,11]. Synthetic N-benzoylethylenediamine hydrochloride was obtained from
Fluorochem. The enzymatic assays were performed with 0.5 mM substrate and 0.2 uM
MxcM in phosphate buffer. The reactions were incubated for 30 min at 30 °C and stopped
by heating to 99 °C for 5 min.

5. Conclusions

MxcM is the first enzyme in the amidohydrolase superfamily; it has been shown to
catalyze the formation of an imidazoline ring. In the present study, we characterized the
MxcM both biochemically and kinetically. We defined the optimal pH and temperature for
catalytic activity and analyzed the Michaelis-Menten kinetics as well as its storage stability
in aqueous systems. MxcM naturally exhibits an intriguing robustness towards organic
solvents and concentrated salt-solutions. The described characteristics and the fact that no
(organic) cofactor is required for its action make the amidohydrolase MxcM a promising
candidate for biocatalytic imidazoline formation.
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