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Introduction: The antimicrobial pyrrolnitrin from Pseudomonas strains is formed
in four steps from tryptophan and comprises two flavin-dependent halogenases.
Both PrnC and PrnA can carry out regioselective chlorination and bromination and
are carrier protein-independent. Whilst the tryptophan halogenase PrnA has been
studied in detail in the past, this study focuses on the pyrrole halogenating enzyme
PrnC.

Methods: The halogenating enzyme PrnC, as well as the essential electron
suppliers, the flavin reductases, have been produced soluble in E. coli.
Furthermore, a screening of a rational compound library revealed that the
pyrrole is essential for substrate recognition; however, the substitution pattern
of the benzene ring is not limiting the catalysis.

Results and discussion: This renders PrnC to be a synthetically valuable enzyme
for the synthesis of pyrrolnitrin congeners. For its natural substrate
monodechloroaminopyrrolnitrin (MDA), the Ky value was determined as 14.4 +
1.2 uM and a ke, of 1.66 + 0.02 min™?, which is comparable to other halogenases.
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Introduction

Almost 50 years ago, scientists still believed that halogenated compounds did not occur
naturally but were artefacts from isolation processes. Twenty years later, the scientific
community knew a lot more about the distribution of biosynthetic pathways of secondary
metabolites that contain halogens in their scaffolds (Gribble, 2003; Gribble, 2004). Overviews
on the plethora of halogenated compounds can be found in various reviews (van Pée, 1996;
Biichler et al,, 2019; Dachwitz et al, 2020; Menon et al, 2020). In many cases, it is
indisputable for both natural compounds and active product ingredients that the impact
of halogenations on biological activity can be instrumental or at least strongly modulate the
activity (Lu et al,, 2012; Latham et al., 2018; Costa et al., 2019; Bradley et al., 2020; Kinner
et al,, 2022). Furthermore, halogen moieties are vital for many follow-up functionalizations
via transition-metal catalysis. These methods supported not only total syntheses but also
biocatalytic and semisynthetic synthesis routes within the last 20 years (Schnepel et al., 2016;
Baudoin, 2020). In parallel, considerable progress has been made in the investigation of
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Biosynthetic pathway of pyrrolnitrin (PRN) from Pseudomonas
fluorescens and related strains. After chlorination of tryptophan in
position 7 by the Fl-Hal PrnA, PrnB carries out a ring rearrangement
including a decarboxylation reaction to yield the 3-substituted
aryl-pyrrole—MDA (3). PrnC, the second Fl-Hal of this pathway
successively chlorinates position 4 of the pyrrole and therefore
produces the substrate (APRN, 4) for PrnD and PrnF—a two-
component system—with PrnD as arylamine N-oxygenase and PrnF as
a reductase component. However, PrnF is not specific to PrnD and
contributes to the halogenation reactions as well.

halogenating enzymes and their mode of action. Many reviews
showed the catalytic cycles of different classes, pointing out the
bottlenecks of the different enzyme classes on the one hand and
successful applications that have been established on the other hand
(Blasiak and Drennan, 2008; Smith et al., 2013; Weichold et al., 2016;
Latham et al., 2018; Biichler et al., 2019; Fejzagi¢ et al., 2019; Minges
and Sewald, 2020b; Menon et al., 2020).

Frontiers in Catalysis

10.3389/fctls.2023.1231765

With the discovery of flavin-dependent tryptophan-converting
halogenases, regioselective halogenation was achieved (Holzer
et al.,, 2001; Dong et al., 2005; Zehner et al., 2005; Lingkon and
Bellizzi, 2020), a feature that is not realized by the class of
haloperoxidases which were known before the flavin-dependent
halogenases (Fl-Hals) (Hohaus et al., 1997b; a). Today, Fl-Hals are
well known in quantity and broaden our understanding of their
mechanism (Minges and Sewald, 2020b). In addition to
tryptophan, increasing numbers of phenol-converting Fl-Hals
are being reported; however, in many cases, they lack strong
selectivity, and fewer of them work in a carrier-independent
manner as most described tryptophan-halogenases (Wagner
et al., 2009; Menon et al., 2017; Mori et al., 2019; Menon et al.,
2020).

Fl-Hals have already entered research stages of applicability
rather than sheer understanding. Site-directed mutagenesis could
vary regioselectivity (Lang et al., 2011; Shepherd et al., 2015;
Andorfer and Lewis, 2018), and even upscaling by the use of
(CLEAs) to
conversions were possible (Frese and Sewald, 2015b; a). Finally,

cross-linked enzyme aggregates gram-scale
follow-up chemistry has already been carried out such as cross-
coupling reactions in crude lysate (Gruf3 and Sewald, 2020). The
first candidate that was found to halogenate tryptophan and its
derivatives was PrnA (Hohaus et al., 1997b; a; Keller et al., 2000
Dong et al, 2005), the initial enzyme of the antimicrobial
pyrrolnitrin (5) (van Pée et al,, 1981; Hill et al., 1994; Hammer
et al., 1997; Kirner et al., 1998; Lee and Zhao, 2007; Pawar et al.,
2019) biosynthesis cluster from Pseudomonas fluorescens and
related species (Scheme 1). It therefore was the basis for
understanding the mechanistically relevant motifs, especially in
solving the protein structure by X-ray crystallography (Dong et al.,
2005).

Little effort has been made to investigate the second halogenase
from the pyrrolnitrin pathway. PrnC halogenates the pyrrole moiety
of monodechloroaminopyrrolnitrin (3) (Hohaus et al., 1997b; a).
Similar to flavin-dependent monooxygenases (Huijbers et al., 2014;
Sucharitakul et al., 2014), Fl-Hals are not self-sufficient and,
therefore, require flavin reductases (FI-R) to provide NAD(P)H
as redox equivalent for the oxidation of chloride to electrophilic
“chloronium” species (Dong et al., 2005; Shepherd et al., 2015). The
pyrrolnitrin cluster comprises PrnF as NADH:FAD-oxidoreductase
(Lee and Zhao, 2007; Tiwari et al., 2012). With the detection of the
four most important genes involved in
production—prnA to prnD (Kirner et al., 1998)—a heterologous
expression of this cluster in Escherichia coli has been carried out
(Hammer et al., 1997).

Investigations of the pathway with prnA substitutions revealed

that PrnC does not convert MDA (3) analogs derived from 6-chloro-

pyrrolnitrin

tryptophan rather than the natural intermediate 7-chloro-
tryptophan (2) (Seibold et al., 2006). However, the 5- and 7-
positions do not seem to be a sterical problem as methyl groups
are accepted as well (Hamill et al., 1970). Similar results were found
in feeding experiments when the 6-position of the former indole ring
system was substituted by a moiety larger than fluorine or hydrogen,
e.g., trifluoromethyl group (Chang et al., 1981; Kirner et al., 1998).
Finally, the fermentation processes of Pseudomonas aureofaciens
with sodium bromide yielded brominated derivatives of PRN (5) not
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only for the tryptophan halogenation but also for the pyrrole
halogenation step (van Pée et al., 1983; Pawar et al,, 2019).

Therefore, the objective of our study was to investigate PrnC as a
purified enzyme concerning its substrate specificity and kinetic
parameters. From our point of view, PrnC shows potential not
only because of its strong regioselectivity in contrast to other pyrrole
halogenases like HalB (Wynands and van Pee, 2004; Wynands,
2007) but also because of its carrier-independency unlike many
other pyrrole-converting halogenases, e.g., PItA (Dorrestein et al.,
2005) or Arm21 (Qiao et al., 2019; Menon et al, 2020). The
combination of both properties seems to be unique for this
pyrrole halogenase. To realize the application of PrnC, it is also
necessary to establish the required electron supply chain and, ideally,
a cofactor regeneration system.

Furthermore, the production of pyrrolnitrin (5), its
intermediates, and functionalized aryl pyrroles generally allows
for longer synthetic routes with (de)protection, halogen exchange,
and cross-coupling reactions (Morrison et al., 2009). While aryl
pyrroles can be addressed in shorter routes (Smith et al., 2002), late-
stage halogenations by chemical reagents presumably suffer from
lack of selectivity and, therefore, are part of this study too (Rodriguez
et al.,, 2014; Song et al., 2019). The use of the halogenase PrnC may
provide concise synthesis routes and the ability for late-stage
decorations.

Results and discussion
Cloning, expression, and purification
Gene amplification of the Pseudomonas protegens Pf-5

pET28a (+)-prnC-Hise
(Supporting Material Supporting Material Section 1.2), suitable

genome resulted in a construct,
for gene expression in E. coli production strains. In accordance
with literature for other Fl-Hals, especially with regard to
expression of thal (Seibold et al., 2006) or prnA (Shepherd
et al., 2015), E. coli ArcticExpress (DE3) was chosen for
protein production to avoid inclusion bodies. Additional cold
shock via temperature and induction by supplementation with 4%
(v/v) ethanol (Salotra et al., 1995; Jones et al., 1996) yielded 6 g/L
cell dry weight. Protein isolation via immobilized metal affinity
chromatography (IMAC, see Supporting Material Section 1.4)
and buffer exchange enabled the concentration of protein samples
to approximately 4.3 mg/mL (65pM) as maximum, whereas
typical protein yields have been estimated as —1 mg/g cells
[-15mg/L culture], which translates to 8mg (2 mg/mL;
30 uM). After verifying protein by MALDI-TOF analysis (see
Supplementary Figure S2), the aim was to identify an optimal
buffer system. The storage buffer was 25 mM phosphate buffer
and 300 mM NaCl; pH 7.4 with 10% glycerol in accordance with
literature information (Gao and Ellis, 2005; Lee and Zhao, 2007;
Shepherd et al., 2015).

For initial experiments, flavin reduction was carried out by
E. coli native reductase SsuE (see Supplementary Sections S1.3.2,
1.5.1). Problems of solubility and proper folding (Gao and Ellis,
2005) were encountered at the beginning, and the reductase was
used as cleared lysates with an volumetric activity of 1.10 + 0.06 U/
mL (Gao and Ellis, 2005; Menon et al., 2016). However, to exclude
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limitations in kinetic studies, the pyrrolnitrin pathway reductase
PrnF was produced in E. coli and yielded 7.7 mg/g cells and ca.
39 mg in total (2.76 mg/mL). The activity was determined to be
197 +21 U/mL [71 + 8 U/mg; 25 s (Tiwari et al., 2012)]. The latter
was used for Michaelis-Menten kinetics and substrate scope
investigation.

Reaction optimization via the design of
experiment approach and determination of
kinetic parameters

The natural substrate MDA has been synthesized and used for
biocatalytic conversions. The optimization has been carried out
using a factorial design. Initially, three different pH values 6, 7,
and 8 have been tested for stability (see Supplementary Section S1.5).
Considering the tendency of pyrroles to polymerize under acidic
conditions (Lu et al., 2006; Joule and Mills, 2010) and the highest
activity over time for pH = 7, the pH was tested ranging from neutral
to slightly basic conditions.

Temperature (20°C and 40°C), the concentration of NADPH
(50 uM and 100 uM), sodium chloride (10 mM and 100 mM), and
FAD (10 uM and 500 pM), pH (7 and 8), and the activity of the
flavin reductase SsuE (7 mU/mL and 34 mU/mL) (Gao and Ellis,
2005) (Table 1) can influence the overall conversion. To figure out
both the importance of these factors and putative interactions, a
factorial design has been used; the empirical levels are given in the
aforementioned listing and in Table 1. The results are shown in
detail in Supplementary Table S4. The influence of each factorial is
shown in Figure 1. Overall, the conversion ranged from 0.16% to
100%. As proposed in the book “Novel Specific Halogenating
Enzymes from Bacteria” by van Peé et al, our data underlined
the findings that the halide source has an inhibitory effect on enzyme
activity, and a pH value close to 7 is beneficial (Altmann et al., 1997).
An increase in the substrate NADPH and temperature resulted in an
increase in the conversion; in contrast, a lower concentration of FAD
was beneficial. The same observation has been made for Thal
previously (Moritzer and Niemann, 2019). The best results
(-100%) were reproducibly obtained for the reaction condition
40°C, 7 mU/mL SsuE, pH 7, 10uM FAD, 1,000 uM NADPH,
and 10 mM sodium chloride. Even though full conversion could
be obtained, the supply of the reductase SsuE is tedious, and this
reductase could only be used as a crude extract due to solubility
issues. The next optimization step was to change the electron supply
from SsuE (E. coli) to the flavin reductase PrnF (Lee and Zhao, 2007;
Tiwari et al., 2012), the native reductase from the biosynthetic
cluster of pyrrolnitrin (5, P. protegens Pf-5). In accordance with
literature, a soluble expression of ssuE (Gao and Ellis, 2005) was
rather difficult in homologous vector-based overexpression. In
contrast, prnF yielded soluble protein expressed in E. coli BL21
(DE3), enabling full conversion within minutes for higher substrate
concentrations.

Under these conditions, steady-state kinetics have been recorded
employing GC-MS (see Figure 2). The initial velocities of the
formation of the halogenation product APRN (4) fit with the
Michaelis-Menten equation (see Supplementary Section S1.5.3).
PrnC offers a ke of 1.66 + 0.02min" and a Ky of 14.4 +
1.2 uM, resulting in a catalytic efficiency of 1.9 + 0.18 s"'mM"
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TABLE 1 Parameters of the factorial design of experiment (DoE) approach. Each parameter was tested with two values in combination with the others.

Factor Name Key parameter Best hit w/100% conversion
A Temperature [ “C] 20; 40 40
B Reductase activity [mu/mL] 7; 34 7
C pH 7; 8 7
D FAD [um] 105 500 10
E NADPH [pm] 50; 1,000 1,000
F Salt [mm] 10; 100 10
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FIGURE 1

Statistical overview of the factorial design for the optimization of MDA conversion. Only the variation of one parameter is shown; the full
composition is shown in Supplementary Table S4. Diamonds (#) represent the data as conversion of MDA. The mean value + standard deviation is
indicated by a black circle (whiskers). The density fit (gray) is a Kernel density estimation. The individual experiments have been color-coded. To illustrate
the respective tendency, the mean values were connected. The factorials are temperature (A), Ssuk activity (B), pH (C), FAD concentration (D),
NADPH concentration, (E) and sodium chloride concentration (F).

(Figure 3). PrnC showed a moderate tolerance for higher substrate
concentrations. Even though the reaction rate was higher at 40°C,
PrnC was deactivated faster. As the compounds MDA (3) and
APRN (4) showed less stability under these conditions as well,
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we chose 30°C as an optimum temperature for these experiments
(Supplementary Sections S1.4.4, 1.5.3). The stability of these
compounds has not been quantified as this is a qualitative

observation.
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FIGURE 2

GC traces of APRN (4) after 5 to 20 min reaction course. This
exemplary dataset for the determination of Michealis—Menten kinetics
was taken at the concentration of 50 um MDA (3). Depicted are the
extracted ion chromatograms (EICs).
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FIGURE 3

Michaelis—Menten kinetics for PrnC. Reactions were carried out

with a total volume of 1 mL and stopped by adding 500 pL of ethyl
acetate containing the internal standard (IS) m-chlorotoluene.
Reaction rates were determined by an increase in the product

area (APRN, 4) over time, normalized to the area of IS. By division of
these normalized areas with the equation of the calibration y =
0.0019x + 0.0014 [area APRN/area IS - uM], activities in [uM/min] could
be calculated. The reaction rates are calculated at the enzyme
concentration of 1 mg/mL and the molecular weight of 66,241 g/mol
and keae can be calculated. Analysis was based on GC-MS. The
corrected R? value is given as 0.941.

Investigation of promiscuity of PrnC

As it was shown in literature that the halogenation of tryptophan is
not necessary for the conversion in the pyrrolnitrin (5) pathway (Chang
et al., 1981; Kirner et al., 1998), we wanted to find out how substrate-
specific PrnC halogenates with respect to the naturally occurring
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Simplified catalytic reaction for the chlorination of MDA via PrnC

to produce APRN (4) and derivatives. PrnC is represented by the Fl-Hal
in green, the flavin-reductase as FI-R in yellow, and the cofactor
recycling system for the glucose dehydrogenase (GDH) in

orange. Surrogates are sorted by similarity to the natural substrate. The
chlorination site is indicated in pale green (cf. Figure 4). Those
substrates that were not converted are indicated with a red cross.
Conversions are given as quantitative or for 3-mCPP as 30%.
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FIGURE 4

Conversion of MDA and derivatives after incubation with PrnC for

60 min at 35°C and 700 rpm in 0.5 mL Extracted ion chromatograms
(EICs) of the GC-MS analysis after extraction with 250 pL ethyl acetate
containing the internal standard are shown. The substrates that
were not completely or entirely converted are shown in red.
Biocatalytic products of synthesized starting materials are labeled with
an additional “a.” APRN (4), and the key structure was labeled
according to Scheme 1.

moieties (13, 14, and 15, see Scheme 2). Additionally, we tested one
heterocycle as an aryl moiety (16) attached to the pyrrole, exchanged the
pyrrole with a less reactive furan (20), and finally tested the aryl lacking
pyrrole-2-carbaldehyde (19, Figure 4). As some of the compounds in
these experiments are possibly less reactive, temperature was increased
to 35°C (see Supplementary Section S1.6). Based on the conversion, the
aryl moiety seems to be essential as no chlorination product could be
detected for the pyrrole-2-carbaldehyde (19). The same is true for the
furan (20) derivative of MDA (3). As this compound is less reactive, at
least under these conditions, no halogenation was possible. However, it
could also be anticipated that furan lacks the hydrogen-bridge donor,
and, thus, there might be no activation within the active site. The
conversion of the surrogate substrate with the pyridyl moiety (16)
achieved 30% after 60 min. All other compounds showed full
conversion in the given time, as no substrate was detectable
anymore. However, it must be mentioned that for the 3-
phenylpyrrole (15), no single but only double chlorination was
found. This leads us to the hypothesis that in this case, no specific
orientation of the substrate is possible in the active site.

Frontiers in Catalysis

11,0 1,5 12,0 12,5 13,0
——— —
06| A |_ “ o]
O H,N )
e e
0,0 —A (S e S T N | R
06| ° |_ “ o ]
L HzN )] J
0,0 f—— L A
C 4
06 i
0,0 = r . —
D 4
06 i
0.0 e e
06} g ¢ a ]
' Ny @
0,0 —— - "~A N\
L F o
06 @) i
1Y) S— r
L G o 4
0,6 ;‘ " ] )\ (4) 7
0,0 — ﬁ —
10 5 20 125 13,0
time [min]
FIGURE 5

Chemical chlorination of protected and unprotected MDA with
NCS and Palau’Chlor®. Chemical reaction did not yield any or only
yielded a low percentage of APRN (¥). (A) Chlorination of MDA at 50 °C
with NCS. (B) Chlorination of MDA at 50 °C with Palau’Chlor®. (C)
Reaction of MDA at ambient temperature. (D) Chlorination of N-TIPS-
MDA with Palau’Chlor” and consecutive de-protection. (E)
Chlorination of N-TIPS-MDA with NCS at 0°C and consecutive de-
protection. (F) MDA as reference without reaction. (G) Biocatalytic
conversion of MDA to APRN.

Chemical chlorination of (de)protected
monodechloroaminopyrrolnitrin

To compare the biocatalytic reaction of PrnC to common chemical
chlorination reactions, three typical reagents were used (see
Supplementary Section S1.7). In the first approach, MDA (3) should
be halogenated under similar conditions as biocatalysis, namely, under
buffered conditions. Therefore, the enzyme solution has been replaced
by hypochlorous acid (HOCI), N-chlorosuccinimide (NCS), and
Palaw’Chlor” (Supplementary Material). As these reactions did not
yield any halogenation product, more typical conditions for
halogenations were chosen. Therefore, we compared the reaction of
MDA (3) in chloroform at 50°C with NCS and Palau’Chlor” as chlorine
sources. In accordance with literature (Rodriguez et al., 2014), we chose
elevated temperatures for the activation of the pyrrole ring in the first
approach. However, this led to a mixture of four to five products (see
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Figure 5), and only approximately 1%-3% of APRN (4) was formed.
The main product in both cases was the compound with a retention
time of 11.53 min (66%-69%). To decrease side reactions and therefore
the number of chlorination products, temperature was dropped to
room temperature, and MDA was used in protected (3a) and
unprotected (3) forms. It was possible to reduce the number of
products to two and three. In the case of MDA (3), no APRN (4)
was found, but almost selective chlorination (92%) of an unidentified
product with a retention time of 11.84 min occurred. The reaction for
protected MDA (3a) showed APRN (4) formation with 2%.
Interestingly, the ratio of the side products changed to 24%
(11.84 min) and 73% (12.3 min).

Conclusion

After tackling the problem of insolubility with the E. coli
ArcticExpress (DE3) strain, we were able to detect initial activity for
PrnC in reaction mixtures containing flavin reductase SsuE. However,
the conversion rates at the beginning were very low, so we started
optimization of the reaction conditions beginning with the pH value. To
increase activity even further and consider interactions of different
reaction compounds and parameters, we applied the factorial design of
experiment approach. Even though the difference between the worst
and best conditions was approximately 600-fold, we were not satisfied
with the reaction rate. After replacing flavin reductase SsuE lysates with
purified PrnF, full conversion of 60 uM MDA (3) was possible in less
than 1 hour. The kinetic parameters were determined for PrnC with
Kyt = 1440 + 1.20 uM and Ko = 1.66 % 0.02 min™ (Ke/Kys = 0.115 +
0.011 uM ™" min™) due to synthesis of the natural product (4) and
calibration (see Supplementary Section S1.5.5). These parameters
were in range with those of PrnA (Lang et al, 2011; Minges and
Sewald, 2020a), RebH (Dachwitz et al., 2020), and RadH (Menon et al.,
2017), ranging from 0.0006 uM ' min™ to 12 pM ' min™ for various
substrates, but pyrroles have not been reported. As the synthesis route of
APRN (4) has a few bottlenecks and needs relatively high effort, we also
wanted to compare the chemical late-stage halogenation reactions to the
biocatalysis.

After finding a compromise between substrate and product
instability at high temperatures and low reaction rates at low
temperatures, we screened for surrogate substrates to figure out the
substrate specificity of PrnC. As already stated in the literature using
biosynthesis and knockout approaches, we wanted to verify and add
insights about the substrate scope. This showed that substrates similar
to natural MDA (3) were converted at approximately the same
reaction rates. Thus, this enzyme is promiscuous enough to accept
substrate derivatives, and this opens the possibility of using this
enzyme for synthetic applications. In particular, the extraordinary
regioselectivity is shown in comparison with chemical halogenation
techniques, which yielded many by-products and were hardly able to
form the natural product APRN (4). Here, we could show that even
with screening for different parameters, including chlorination
reagents, temperature, and protecting groups, it is either not
possible to yield APRN (4) at all or if yielded, only in low
amounts of a maximum of approximately 10%. To the best of our
knowledge and referring to literature for immobilized reactions of
tryptophan halogenases in a gram scale, PrnC is the only flavin-
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dependent halogenase that is able to address the position of aryl
pyrroles selectively, and does not additionally require carrier proteins,
thus indicating the need for continued investigation.
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