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Abstract

Enzymatic halogenation captures scientific interest considering its feasibility in modify-
ing compounds for chemical diversity. Currently, majority of flavin-dependent halogenases
(F-Hals) were reported from bacterial origin, and as far as we know, none from lichenized
fungi. Fungi are well-known producers of halogenated compounds, so using available
transcriptomic dataset of Dirinaria sp., we mined for putative gene encoding for F-Hal.
Phylogenetic-based classification of the F-Hal family suggested a non-tryptophan F-Hals,
similar to other fungal F-Hals, which mainly act on aromatic compounds. However, after
the putative halogenase gene from Dirinaria sp., dnhal was codon-optimized,cloned, and
expressed in Pichia pastoris, the ~63 kDa purified enzymeshowed biocatalytic activity
towards tryptophan and an aromatic compound methylhaematommate, which gave the
tell-tale isotopic pattern of a chlorinated product atm/z 239.0565 and 241.0552; and m/z
243.0074 and 245.0025, respectively. This study is the start of understanding thecom-
plexities of lichenized fungal F-hals and its ability to halogenate tryptophan andother aro-
matic. compounds which can be used as green alternatives forbiocatalysis of halogenated
compounds.
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Abbreviations

F-Hal Flavin-dependent halogenase

FAD Flavin adenine dinucleotide

NADH  Nicotinamide adenine dinucleotide hydrogen
RP-TLC Reversed-phase thin-layer chromatography
LC-MS Liquid chromatography-mass spectrometry

Introduction

Enzymatic halogenation has emerged as a tool to advance synthesis applications. The high-regi-
oselective reaction governed by the Flavin-dependent halogenases (F-Hals) offer high substrate
specificity under benign condition [1, 2], therefore paving the way to improvise the synthetic
processes. Investigations on the bacterial F-Hals that exhibit high substrate specificity towards
tryptophan provide significant contributions towards enzymatic modification of tryptophan. By
taking advantage of the chemistry of tryptophan, the indole moiety that is prone to electrophilic
aromatic substitution allows it to undergo other biochemical transformations. The structural reac-
tivity permits it to be the substrate of several enzymes catalyzing halogenation, oxidization or
methylation to generate functional materials for chemical diversity [3]. Often, enzymatic halo-
genation regulates C-H activations; however, its activity on tryptophan confers low stability and
reactivity, rendering its applications as a whole. Several improvements have been made to pro-
duce the halogenated products in preparative scales. The enzymatic reaction, including its cofac-
tor regeneration system, was immobilized with a solid biocatalyst (combiCLEAs) to enhance the
production of the halo-compounds [4]. This 57 improvement advances the synthetic processes,
allowing a feasible reaction of integrating the halo-tryptophan in late-stage derivatization and
cyclization [5, 6].

Interestingly, the fungal F-Hals appear as biocatalysts that mediate a wide range of sub-
strates scope, therefore are involved in functional diversity of aromatic substrates. The fungal
Rdc2 enzyme is involved in tailoring monocillin in the biosynthetic production of radicicol.
Subsequent evaluation on other similar lactone structures also led to the generation of chlorin-
ated products, thus signifying the potential of fungal F-Hals [7]. The isoenzyme RadH also dis-
plays similar behaviour, able to modify its natural substrates and other phenolic compounds. The
promiscuity exhibited by the RadH enzyme make way for further exploration of F-Hal enzymes
from other eukaryotic resources. Also, attempts in integrating the RadH enzyme in the engi-
neered pathway producing coumarin [8] adding in the applicability of the F-Hal enzymes. Either
by integrating the F-Hal enzymes in a catalysis or integrating it in the natural products producing
pathways, it is without a doubt that their existence had significant impacts in chemical diversity,
and without further due, expanding the research area, especially in identifying new and func-
tional enzymes, could benefit the bio- and chemosynthesis community.

It is undeniable that numbers of F-Hal enzymes were available in the literature, yet we
noticed that most of them were of bacteria origin, and only a few were from fungal or
higher organisms. Most bacterial enzymes were only selective towards tryptophan [9-11].
Meanwhile, the fungal F-Hal enzymes are speculated to be inactive against tryptophan;
instead, they prefer to catalyse the respective natural substrates or structurally similar com-
pounds in the range of simple to complex phenolic substrates [7, 13, 14]. However, the
dnhal gene from Dirinaria sp. which was heterologously expressed, and tested with trypto-
phan and a mono-aromatic compound methyl haematommate showed chlorination in both
products. It is thus postulated that the lichen enzyme can halogenate tryptophan and the
aromatic compounds, and this effort expands the available F-Hal enzymes for aromatic
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modifications. It should be noted that methyl haematommate is a precursor for the pro-
duction of atranorin, a depside commonly isolated from Dirinaria sp. To summarize, this
study aims to scout a potential gene encoding for F-Hal from the lichen Dirinaria sp. and
investigate its function. This study provides the basis for future studies targeting alterations
of other phenolic substrates to generate halogenated active compounds or chemical build-
ing blocks for subsequent synthetic processes using green alternatives.

Materials and method
Microbial Strains, Cloning and Expression Vector

Pichia pastoris X-33, Escherichia coli DH5a and BL21 STAR (DE3) were obtained from
Invitrogen (Thermo Fisher Scientific, USA). The cloning vector pMAT_Dnhal harbour-
ing the codon-optimized dnhal was also obtained from Invitrogen (Thermo Fisher Scien-
tific, USA). Meanwhile, the expression vector pET28B_prnF_BL915 harbouring the Pseu-
domonas fluorescens flavin reductase was a kind gift from Prof. Dr. Karl-Heinz van Pee
(TU Dresden, Germany).

Chemicals and Solvents

Tryptone, Yeast Nitrogen Base (YNB) with ammonium sulphate without amino acids and
Sorbitol were obtained from Amresco, USA. Yeast extract and Bacteriological agar were
obtained from Oxoid, Thermo Fisher Scientific, UK. Peptone from Pronadisa, Condalab,
Spain. Glucose, isopropyl p-D-1-thiogalactopyranoside (IPTG), S-nicotinamide adenine
dinucleotide (NADH), flavin adenine dinucleotide (FAD) and LC-grade chemicals (water,
methanol, ethyl acetate and trifluoroacetic acid), including all other chemicals, were
obtained from Merck, USA. L-Tryptophan was purchased from Merck, USA. Methyl hae-
matommate was extracted and purified by Anis and colleagues [15].

Identification and Bioinformatic Analyses of Putative DnHal Encoding Genes

The transcriptome dataset of Dirinaria sp. was previously pre-processed, recon-
structed and assembled by I. Bharudin and colleagues [16]. We used the raw tran-
script data as a reference to mine for the putative genes that encode the F-Hal. The
raw FASTQ files analysed during the current study are available in the NCBI SRA
database with the accession number SRP138994 (https://www.ncbi.nlm.nih.gov/sra/?
term=SRP138994). The Trinity platform version 2.0.2 (https://trinityrnaseq.github.
io) was used to generate a reference assembly by combining all the read datasets
into a single target [17]. Then, the original RNA-seq reads were aligned against the
Trinity transcripts. A database of known halogenases was created in the Trinity plat-
form. Gene identification of putative gene encoding for halogenase was performed
by using tBLASTn search of the translated transcripts against halogenase data-
base in the Trinity platform. For further confirmation, the candidate of genes was
BLASTXx against these following databases: NCBI non-redundant protein sequences
(N1, https://blast.ncbi.nlm.nih.gov/), UniProt KnowledBase (UniProtKB, https://
www.uniprot.org/) and RSCB Protein DataBank (https://www.rcsb.org/). The Pfam
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database (https://pfam.xfam.org/) and InterPro scanning accessible at https://www.
ebi.ac.uk/interpro/ were used to predict the conserved domains and important sites
of the DnHal enzyme [18, 19].

Multiple Sequence Alignment

Multiple sequence alignment analysis of putative DnHal and the characterized F-Hal
sequences was conducted in T-Coffee simple MSA web-based (http://tcoffee.crg.
cat/) server [20]. The protein sequences annotated as tryptophan halogenases in the
NCBI databases were also included in the analysis. The flavin-dependent oxygenase,
p-hydroxybenzoate hydroxylase PHBH (PDB ID: 1PHH), was used as a reference to dif-
ferentiate and characterize the function of the F-Hal enzymes. The generated alignment
file was visualized using the ESPript tool available at https://espript.ibcp.fr/ESPript/cgi-
bin/ESPript.cgi [21]. GenBank accession numbers of all protein sequences are listed in
Table S1.

Phylogenetic Analyses

The previous alignment data was checked manually and exported into a MEGA file
using the software MEGA-X [22]. For the phylogenetic construction of F-Hals amino
acid sequences, the neighbour-joining method was implemented and is estimated using
the p-distance model and a gamma-shaped rate variation with a proportion of invariable
sites. Internal branches’ reliability was assessed using 1000 bootstrap replicates. The phy-
logenetic tree was edited and visualized via iTOL tool accessible at https://itol.embl.de/
[23]. The flavin-dependent oxygenase, p-hydroxybenzoate hydroxylase PHBH (PDB ID:
1PHH), was used as an outgroup in the analysis. GenBank accession numbers for all F-Hal
sequences can be found in Table S1.

Construction of Expression Plasmid and Transformation of Pichia pastoris X-33

The dnhal gene was codon-optimized based on codon usage in P. pastoris and chemi-
cally synthesized with extended restriction sites: Kpnl at the N-terminal and Xbal at the
C-terminal end. A Kozak consensus sequence (CGAAACG) was integrated between the
Kpnl restriction site and the start codon. The cloning plasmid pMA-T_dnhal harbour-
ing the synthesized dnhal gene was digested with restriction enzymes Kpnl and Xbal and
the excised product was ligated into the pre-digested expression plasmid pPICZB using
T4 ligase (Promega, USA), incubated at 4 °C for 16 h, and the ligation reaction was sub-
sequently used to transform E. coli strain DH5a competent cells. The resulting expres-
sion construct, pPICZB_dnhal, was confirmed via restriction enzyme digestion and PCR
amplification using the primer pair F_dnhal 5'-GGTACCCGAAACGATGTCCATTCC-3'
and R_dnhal 5'-TCTAGAATAGTCTTGATAGCAGTTGGCAATGG-3' and validated via
Sanger sequencing.

To increase transformation efficiency, pPICZB_dnhal was linearized using the restric-
tion enzyme BstXI, concentrated via ethanol precipitation and electroporated into P. pas-
toris X-33 competent cells. A total of 10-15 pg linearized plasmid was mixed with 80
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uL competent cells in 0.4-cm-gap electroporation cuvettes and pulsed for 4.5 ms at a field
strength of 7500 V/cm using a Bio-Rad Gene Pulser. The transformants were selected
on YPDSZ plates (1% yeast extract, 2% peptone, 2% glucose, 1 M sorbitol, 1.5% agar,
100 pg/mL Zeocin), and the resultant strain was denoted as X33-pPICZB_dnhal. Using
the same method, the vector pPICZB was transformed into P. pastoris X-33 to generate
X33-pPICZB strain, and this was used as the control strain during the experiments. Colony
PCR analysis was carried out to verify the integration of expression construct in the AOX1
locus of the P. pastoris X-33 genome. A pair of primers, AOX1 forward, 5'-GACTGGTTC
CAATTGACAAGC-3', and AOX]1 reverse, 5'-GCAAATGGCATTCTGACATCC-3', was
synthesized and used for PCR amplification of the AOX1 locus containing the dnhal coding
sequence.

Growth Curve Generation of X-33_pPICZB_dnhal in Growth Medium

Positive individual colonies harbouring dnhal gene were grown in a 10 mL BMGY medium
(100 mM potassium phosphate, pH 6.0, 1.34% YNB, 1% glycerol) in a rotary shaker cul-
tivated at 28 °C and shaken at 250 rpm as a pre-culture. Approximately 1x 10° cells/mL
were transferred into 200 mL of BMGY cultured in a 1 L conical flask, shaken at 250 rpm
and continuously cultured at 28 °C for 4 days. The cells were harvested every 4 h, and the
optical density (ODg,) with the number of cells was calculated using a hemacytometer. A
graph was plotted to observe the growth curve of the positive transformant in the selected
growth medium.

Selection of Methanol Concentration and Incubation Period for the Optimization
of DnHal Production in P. pastoris

The transformant with highest resistance towards zeocin was chosen and cultured for
24 h in 5 mL of BMGY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM
potassium phosphate buffer, pH 6.0, 1.34% (w/v) YNB, 4 x 107°% (w/v) biotin and
1% (v/v) glycerol) as a pre-culture. An~1x 10° cells/mL were transferred into 10 mL
of BMGY cultured in a 50-mL conical flask, shaken at 250 rpm and cultivated at
28 °C for 44 h until OD600 reached ~ 30. The cells were harvested using a centrifuga-
tion system (at 2000 g for 10 min) before resuspending in 10 mL BMMY (100 mM
potassium phosphate, pH 6.0, 1.34% YNB, 1% methanol). The concentration of meth-
anol (100%) was manipulated to 0.5%, 1.0% and 2.0% in the growing cultures. The
cells were harvested every 24 h and centrifuged at 10,000 x g for 10 min. The cell
pellet was lysed with YeastBuster™ Protein Extraction Reagent, and the supernatant
was used as a crude enzyme solution for total protein calculation (calculated using the
Bradford assay method [24]).

Large-Scale Expression of DnHal in P. pastoris X-33
Individual colonies of X-33_pPICZB_dnhal were grown in 5 mL BMGY medium
(100 mM potassium phosphate, pH 6.0, 1.34% YNB, 1% glycerol) and cultivated at

28 °C with 250 rpm shaken in a rotary shaker. An inoculum of 1 x 10° cells/mL was
added into 800 mL of BMGY and cultivated at 30 °C with shaking at 250 rpm for 48 h
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until the cell density achieved ODg, of 33 ~34. Cells were harvested via centrifuga-
tion at 3100 X g for 5 min at 4 °C and the pellet was resuspended with 400 mL of MM
medium (1.34% (w/v) YNB, 4 x 107°% (w/v) biotin and 0.5% (v/v) methanol). Metha-
nol was added every 24 h to a final concentration of 1.0% to maintain induction of
gene expression during the 72-h incubation period at 30 °C with shaking at 250 rpm.
The cells were pelleted via centrifugation at 3100 X g for 5 min at 4 °C and stored
at—80 °C until further analyses. The cell lysate was purified to confirm the expres-
sion of DnHal (view the “Protein Purification” section), and the purified enzyme was
separated in the SDS-PAGE analysis. Later, the band corresponding to ~63 kDa was
excised, and was enzymatically cut into small peptides before being sent to the Mass
Spectrometry Technology Section (MSTS), Malaysia Genome And Vaccine Institute
(MGVI). Identification of DnHal was analysed using the reversed-phase nanoLC
coupled with Orbitrap Fusion. Later, the data analysis software is used to search the
acquired MS/MS spectra to identify the proteins. The software will confirm the iden-
tified protein and the post-translational modifications if present (the MSTS, MGVI
run the analysis and process the data). We manually mapped the identified peptides to
our reference sequence and presented the data in the “Results” section.

Cloning and Recombinant Expression of Flavin Reductase prnF in E. coli

The plasmid pET28B_prnF-BL915 harbouring the flavin reductase encoding gene was
cloned in E. coli strain DH5a competent cells. The plasmid was isolated and verified
through restriction enzyme digestion before being used to transform E. coli strain BL21
STAR (DE3) competent cells. An overnight pre-culture cultivated at 37 °C with vigorous
shaking at 250 rpm was used to inoculate a culture in LB medium (1% tryptone, 0.5% yeast
extract and 1% NaCl) containing the appropriate antibiotic, 50 ug/mL kanamycin. This cul-
ture was grown at 37 °C with continuous shaking at 250 rpm up to an ODg, of 0.6. Recom-
binant protein expression was then induced with isopropyl-f-D-thiogalactopyranoside
(IPTG) to a final concentration of 1.0 mM, and the cells were subsequently incubated at
20 °C with shaking at 250 rpm for 22 h. Afterwards, the cells were pelleted by centrifuga-
tion at 3100 X g for 10 min at 4 °C and stored at— 80 °C for subsequent analyses.

Protein Purification

The prnF cell pellet was resuspended in 10 mL of lysis buffer (20 mM sodium phosphate,
pH 7.4, 500 mM NaCl, 20 mM BME) per gram (wet weight) of pellet. The cell suspensions
were disrupted on ice with a 15 min sonication composed of 10 s pulse with 20 s rest at
amplitude of 40% power using an ultrasonicator. The cell lysate was then centrifuged at
10,000 x g for 30 min at 4 °C. The clarified lysate was then filtered through a syringe filter
(0.2 pm pore size) to produce cell-free extract. The DnHal cell pellet was resuspended in
10 mL of lysis buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 20 mM BME) per
gram (wet weight) of pellet. The clarified cell-free extract was applied onto a HisTrapTM
HP 5 mL column (GE Healthcare), pre-equilibrated with binding buffer (20 mM sodium
phosphate, pH 7.4, 500 mM NaCl, 20 mM BME, 30 mM Imidazole) at a flow rate of 5
mL/min. After washing with 20 column volumes (CV) of binding buffer, the protein was
eluted with elution buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 20 mM ME,
500 mM Imidazole) over a 10 CV linear gradient. The eluted protein was collected in 1
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mL fractions. Eluted protein fractions were then pooled and concentrated using an Amicon
ultracentrifugal device (10 kDa MWCO; Merck, U.S.A.) at 4 °C. All purifications were
performed using an AKTA purifier (GE Healthcare).

Functional Characterization

The crude DnHal and prnF enzymes were used to screen the enzymatic potential of DnHal,
and the reaction products were analyzed using RP-TLC analysis. Meanwhile, the purified
enzymes were included in an in-vitro assay to validate the enzymatic activity of DnHal
towards tryptophan, methyl haematommate, and the reaction products were separated and
identified in the LC-MS analysis. The enzymatic assay of DnHal was carried out follow-
ing the Zeng and Zhan with slight modifications (reaction mixture consisting of 100 pM of
FAD, 10 mM of NADH, 10 mM of KCl, 1.0 mM of substrates, 32 pM of prnF, 32 uM of
DnHal in 100 pL of 0.1 M phosphate buffer (pH 7.0)) was prepared and incubated at 28 -C
with vigorous shaking for two hours [7]. A reaction assay without the substrate was used as
a control reaction.

After two hours, the reaction assay was quenched with a 1:1 ratio of ethyl acetate, and
the organic layer was used in reverse-phase thin layer chromatography (RP-TLC) analysis.
A modified R-18 silica gel coated with fluorescent indicator F254s was used as the station-
ary phase. Meanwhile, a varied mobile phase concentration of 10%, 30%, 50% and 70%
acetonitrile was optimized to separate the halogenation products. For the LC-MS analysis,
the reaction assay was quenched with a 1:1 ratio of ethyl acetate, and the organic layer
was filtered and sent to i-CRIM Centralized Lab, Universiti Kebangsaan Malaysia (UKM).
The samples were analyzed on an Agilent Single Quad LC-MS with a Zorbax SB-C18
reversed-phase analytical column (particle size of 5 mm with a diameter of 150 mm % 4.6
mm) at 310 nm, with a flow rate of 1 mL/min. A gradient of the MeCN/H20 system (10
— 90 %) containing 0.1 % trifluoroacetic acid was run over 30 minutes. The raw data was
analyzed using the MZmine version 3. The raw data was filtered, and the exact mass detec-
tor method was implemented to scan the presence of the halogenated product from the
mass spectra. We utilized the isotope pattern checking tool to reconfirm the detection of
the halogenated product. The molecular ion mass adducts of tryptophan and methyl haema-
tommate with their respective halogenated products were predicted by manually scanning
to the data provided by Fiehn Laboratory [25].

Results
Identification and Characterization of the Putative F-Hal Encoding Genes

In this work, we screened for protein sequences that exhibited sequence similarity with
classes of halogenating enzymes. A total of 23 candidate genes that putatively encode for
halogenating enzymes were discovered from the transcriptome mining analysis, out of
which 19 genes were predicted to encode for F-Hals, with the four remaining genes encod-
ing for tryptophan halogenases and non-heme-dependent halogenases (Table la). The
identified NH-dependent halogenase encoding genes (DN65145_c0_gl_il, DN49640_c1_
gl_il) were matched to the recent report on NH-dependent halogenase from the lichen C.
uncialis [26] with nearly 55.8% of sequence similarity. As most of the predicted protein
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Fig. 1 A consensus motifs and residue of DnHal. The peptide sequence of DnHal was aligned with the p
characterized F-Hal sequences. (A) The conserved GxGxxG motif is marked above the sequences. (B) The
conserved WxWxIP motif is marked above the sequences. (C) The conserved lysine residue is marked with
black reversed triangle

sequences show high similarity to F-Hal protein sequences, we directed this study towards
identifying novel gene(s) encoding for F-Hal enzymes. Subsequent tBLASTn analysis leads
to the identification of five potential candidates of F-Hal genes (Table 1b). However, only
one gene, designated as dnhal (DN90121_c1_gl_i2), possessed a complete open reading
frame with a start and a stop codon. The dnhal gene has a full length of 1689 bp, encod-
ing for a protein of 563 amino acids with a deduced molecular weight of ~61 kDa and a
theoretical isoelectric point (pI) of 6.11. We noticed that this gene shared almost 65.0%
sequence identity with the identified eukaryotic F-Hal enzyme, RadH from the lichen
Lasallia pustulata (NCBI accession ID: KAA6409706, unpublished). When comparing
DnHal with the lichen C. uncialis non-heme halogenase CU-PKS-4(4) in BLAST search-
ing analysis, we observed that both enzymes shared nearly 58.7% sequence similarity.

Regardless, conserved domain searching analyses showed the presence of a conserved
domain of the tryptophan halogenase family (PF04820), which places DnHal into the
F-Hal enzyme family (Interpro ID: IPR006905), and therefore supported our preliminary
BLAST results. We also noticed the presence of the overlapped FAD/NAD(P)-binding
domain (IPR036188) of the homologous superfamilies, suggesting close relation to the
monooxygenases family [27]. Multiple sequence alignment analysis of the DnHal encoding
genes with the identified and biochemically characterized F-Hal enzymes showed a conserved
sequence motif GxGxxG at the amino terminal of the sequence. The consensus motif at the
FAD-binding domain highlights the vital feature of DnHal as an FAD-dependent enzyme
responsible for the enzymatic halogenation of aromatic substrates. Another conserved
sequence motif, WxWxIP, was also observed at the midpoint of the DnHal sequences
(Figure 1). The presence of the WxWxIP motif differentiates the catalytic function of the
F-Hal enzyme from the monooxygenase enzyme family [28]. We observed that the DnHal
sequence possessed the K74 residue that is well conserved with the reference F-Hal
enzymes; thus, we assume that lysine-chloramine is likely to be involved in the halogenation
mechanism of the putative DnHal [11, 29, 30]. All things considered, we suggest that DnHal
is mechanistically similar to extant characterized F-Hal enzymes [2, 29-33] (Figure 1).

Construction of the Phylogenetic Tree

The overall layout in Fig. 2 portrayed two clades of enzymes, substantially categorizing the
F-Hal enzymes into two major families. A thorough observation of the function indicates that
the monophyletic group 2 was involved in the selective halogenation of tryptophan, thereof
was commonly categorized as tryptophan F-Hal enzymes (marked with a dark blue line). We
noticed that the enzymes SpH1, BrvH and SpH2 that build paraphyletic group 2B (marked
with a light purple dashed line) were active towards indole derivatives and also capable of
installing bromine halogen into their respective substrates [33, 34]. Meanwhile, the F-Hal
enzymes grouped into paraphyletic group 2B possess more stringent substrate specificity,
in which the enzymes were only catalysing the C5, C6 and C7 regio-selective halogenation
of tryptophan [9, 10, 12, 32, 35-37]. In this study, the putative tryptophan F-Hal enzymes
originating from archaea were also included, and we found that the three respective enzymes
were clustered as a paraphyletic group 2C (marked with a turquoise line).
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Fig.2 Phylogenetic analysis of DnHal. Neighbour-joining analysis was based on an alignment of the
DnHal with 38 characterized F-Hal sequences. The monooxygenase PHBH was used as the outgroup

In contrast, the enzymes clustered in the monophyletic group 1 were not active towards
tryptophan. Instead, the enzymes clustered into paraphyletic group 1A prefer to halogen-
ate the free-standing phenolic substrates (marked with a dark red line). On the other hand,
those in the paraphyletic group 1B (marked with a brown dashed line) would instead cata-
lyse the halogenation of substrates tethered to carrier proteins [12, 38, 39, 42, 43]. We
noticed that group 1A mainly consisted of F-Hal enzymes from phylum Ascomycota
(marked with a pink line) and Basidiomycota (marked with a red line). Even though the
ArmHS5 is homologous to the ArmH2 to ArmH4, we noticed that it was excluded from its
node [8, 13, 15, 44-48].

The annotated RadH from L. pustulata and six representative of the putative F-Hals
identified from fungi were included in the phylogenetic study. We observed that the six
candidates of fungal F-Hal enzymes were grouped into a node that deviated them from
other fungal F-Hal enzymes. On the other hand, DnHal was clustered into a node consist-
ing of the L. pustulata RadH and the Aspergillus aclH and OTAhal enzymes (marked with
an orange dashed line). This finding gave insight into substrate preference of DnHal by
delving further into mechanistic halogenation of aclH and OTAhal. Both enzymes cata-
lyse late-stage halogenation on their respective free-standing phenolic substrates [45, 47].
Therefore, we postulate that DrnHal is also prone to halogenate the structurally similar sub-
strates and that it is not active towards tryptophan.

Generation of the Growth Curve for X-33_pPICZB_dnhal Cells
The growth curve of the X-33_pPICZB_dnhal cells demonstrated a short lag phase, last-

ing for 12 h, followed by exponential growth for 48 h before reaching the late exponential
phase and beginning the stationary phase for an additional 36 h (Fig. 3). This finding was
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Fig. 3 Generation of the growth curve for X-33_pPICZB_dnhal cells. The cells were grown in a BMGY
medium, and the growth was observed by calculating the number of cells and visualizing the optical density
(OD600) every 4 h until 96 h of cultivation. The plot indicating the number of cells was highlighted in red,
while the plot for optical density values was coloured in blue

comparable to the growth of yeast cells observed by Asaduzzaman, who stated that the lag,
exponential and stationary phases were involved during the growth of the yeast cells [48].

We observed that the number of cells remained constant during the lag phase, and the
initial number of cells ~ 1 x 10° cells/mL was sufficient to induce rapid growth of our yeast
cells cultivated in a standard complex BMGY medium. It is widely accepted that the expo-
nential phase in which the cells rapidly grow is almost the best period to harvest cells for
most of the subsequent experimental studies, and it is important to note that the cells grow
with a defined generation time during this period. The generation time, i.e. the period in
which the number of the X-33_pPICZB_dnhal cells is doubled, is therefore estimated and
computed by using the equation described below:

Generation time (g) = 0.301/m (D

where m is the slope of the straight-line function obtained in a plot of exponential growth
in which the respective value is converted to a natural logarithm function.

By implying Eq. (1), the generation time for our transformant cells was calculated. We
observed that the generation time for X-33_pPICZB_dnhal cells was between~ 167 (visu-
alized on the ODg, plot) and ~ 169 min (visualized on the cells count plot) (Figure S2). It
is slightly slower compared to the generation time of the wild-type host reported by Far-
siani and colleagues, in which its generation time is between 60 and 120 min [49]. Further
observation showed that the growth of the cells begins to slow during the late exponen-
tial phase. During this stage, the sugar is almost depleted, slowing down the growth of
the cells. Because high biomass of cells is required to enhance the production of recombi-
nant proteins [50], we proposed that the 44 h of incubation, in which ODg, of the cells is
at~30, is the suitable period to harvest the cells and that the biomass of cells is sufficient
for subsequent heterologous expression processes (Fig. 3).
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Intracellular Expression of DnHal in P. pastoris

Primarily, the dnhal gene was designed to include the conserved Kozak sequence, and later,
the sequence was optimized based on the codon preference of P. pastoris, and cloned to
the cloning vector (designed, synthesized and cloned by Invitrogen, USA). Then, the dnhal
gene was excised by the restriction enzymes and ligated to generate the expression vector
pPICZB_dnhal (Figure S3). The generated expression vector was linearized and transformed
into the genome of P. pastoris (Figure S3) to generate the X-33_pPICZB_dnhal cells that are
ready for the intracellular expression process. Based on profiling in Fig. 3, we observed that
the~63 kDa of DnHal was visible in the SDS-PAGE. Optimization of methanol concentra-
tion provides no significant difference in the production of the DrnHal enzyme. Only a thin
band was visible on the SDS-PAGE, suggesting that other factors might be affecting the over-
all recombinant expression processes, and further experimental study is required to improve
the production of our DnHal enzyme.

Regardless, protein identification via LC-MS demonstrated that the expressed peptides
were highly similar to the protein sequences of DnHal (Fig. S4). We noted that 23 peptides
of the expressed DnHal were detected from the SEQUEST database. The total number of
identified peptide sequences (peptide spectrum matches, PSM) for the DnHal was attached
in Table 2. At least two peptides mapped to the database were required to confirm pro-
tein identity [51]. We also sequenced the peptides of the host P. pastoris X-33 and discov-
ered that none of the expressed peptides matched the peptide sequence of DnHal (Table 2).
Thus, it is confirmed that the expressed protein was identified as DrnHal, the putative F-Hal
enzyme with a molecular weight of 63.733 kDa. Therefore, it is suggested that the DnHal
is expressed under optimal conditions and that the expression system of P. pastoris is suit-
able for expressing the recombinant enzyme.

Enzymatic halogenation of DnHal

To test the function of the recombinant enzyme, we used tryptophan and a mono-aromatic
compound, methyl haematommate as substrates. Tryptophan was tested as substrate to confirm
the phylogenetic analysis that suggested DnHal is typical non-tryptophan fungal F-Hals, while
methyl haematommate is a precursor of the depside atranorin, a very common metabolite from
Dirinaria sp. The products were analysed via LC-MS.

The DnHal and prnF (the flavin reductase catalyzing reduction of the co-factor FAD) were
expressed to obtain a sufficient amount of enzymes for the halogenation assay. The expression
profile of prnF is available in Figure S5. It can be observed that there was an active reaction in
the halogenation assay of the crude DrnHal enzyme with tryptophan. As shown in Fig. S5, four
putative spots were visible on the RP-TLC plate, suggesting the presence of reaction products.
We observed that the halogenation product is better separated in the mobile phase consisting of
30% acetonitrile (Figure S6). Concurrently, the same mobile phase is used to separate the control
reaction in Fig. S6. A control reaction consisting of the single components of FAD, NADH and
tryptophan was separated on the RP-TLC plate.

We found that compounds denoted as NADH (compound ii) separated faster, followed by
FAD (compound iii) than tryptophan (compound iii). Compound i that emitted a yellow spot on
the chromatogram is detected as flavin in considering the same colour was also observed from
separation analysis conducted by Takahashi and colleagues [52]. A new spot at Rf 0.76 (com-
pound iv) was detected from the RP-TLC plate in Fig. S5. Considering our theoretical hypoth-
esis that DnHal can mediate enzymatic halogenation of tryptophan, we deduced the spot as a
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Fig. 4 Expression analysis

of recombinant DrHal in P.
pastoris X-33. a Expression
profiling for the crude enzyme.
M: prestained protein ladder,
broad range (10-230 kDa)
(NEB), 1-4: the X-33_
pPICZB_dnhal cells that were
induced with 1.0% methanol for
every 24 h, and incubated until
4 days. b SDS-PAGE for the
purified DnHal. M: prestained
protein ladder, broad range
(10-230 kDa) (NEB), 1: the
purified DnHal that was induced
with 1.0% methanol for every
24 h and incubated for 2 days
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Fig.5 Enzymatic halogenation of tryptophan validated by LC-MS analysis. (A) Overlayed chromato-
gram of the halogenation assay with a control reaction containing all components without tryptophan. The
black line signifies the separation of the control reaction, while the red line represents the separation of hal-
ogenation products. The peak containing the halogenated products was marked with a red arrow. (B) Mass
spectrum of the scanned isotopic pattern. The spectra showing an isotopic pattern for chlorinated trypto-
phan were highlighted in green and visualized in a larger image in panel (C)

representative of the chlorinated product, chloro-tryptophan. In terms of chromatographic sepa-
ration, we found that the tryptophan retained longer in the stationary phase and that the installa-
tion of chlorine changed the polarity of the predicted halogenated product, making it more polar
than the tryptophan and eluted faster in the chromatographic separation.

The purified enzymes (Figure S6) was used in the halogenation assay of tryptophan
which was then analyzed via LC-MS analysis. The full scanning of LC-MS negative ion
mass spectra of chloro-tryptophan displays a putative product peak with a base peak of
407.1585 m/z eluted at 2.48 minutes (Fig. 5). Two molecular ion adducts [MH]- and [3M-
H]J- at m/z 203.0799 and 611.2623 were found, respectively. These results were supported
by the isotopic pattern for the chlorinated product (highlighted with a green line) in Fig. 5.
A typical 3:1 isotopic ratio was visible at m/z 239.0565 and 241.0552, which correspond
to the molecular ions of [M+35Cl]- and [M+37Cl]- proposing that chloro-tryptophan was
generated from the halogenation reaction (Fig. 5). It is worth noting that these mass spectra
data were comparable to the exact monoisotopic masses of molecular ion adducts often
observed in the ESI mass spectra [25].
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Halogenation assay with methyl haematommate as substate gave the presence of puta-
tive peak at 14.83 min which showed the presence of doublet molecular ion [C10H1005-
2H+CI]- with 1.99705 Da difference at m/z 243.0074 and 245.0025 and was consistent
with isotopic pattern for chlorinated product (Fig. 6). It is thus suggesting that DnHal is
also active towards monoaromatic phenolic substrate and generates the respective chlo-
rinated product, chloro-methyl haematommate. An additional control experiment was run
with the absence of substrate in the reaction mixture. The LC-MS scanning showed no
traces of chlorinated products, confirming that DnHal is responsible for the halogenation
of tryptophan and methyl haematommate.

A) DnHal + pmF - MH
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Fig. 6 Enzymatic halogenation of methyl haematommate validated by LC-MS analysis. (A) Overlayed
chromatogram of the halogenation assay with a control reaction containing all components without methyl
haematommate. The black line signifies the separation of the control reaction, while the red line represents
the separation of halogenation products. The peak containing the halogenated products was marked with a
red arrow. (B) Mass spectrum of the scanned isotopic pattern. The spectra showing an isotopic pattern for
chloro-methyl haematommate were highlighted in green and visualized in a larger image in panel (C)
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Discussion

Characterization of DnHal and Its Involvement in Enzymatic Halogenation
of Tryptophan and Mono Aromatics

These findings provide a basis for the exploitation of omics data to identify novel genes
from unculturable or difficult-to-culture fungal species such as lichens. Although halogen-
ating activity has previously been reported in other lichen species, no experimental data
has hitherto been reported for F-Hal enzymes from lichens or lichen-forming fungi, there-
fore limiting our understanding of the halogenation mechanism employed by these eukar-
yotic sources. Furthermore, the current F-Hal enzyme family is saturated with bacterial
tryptophan halogenase, whereas the function of eukaryotic F-Hals has only been explored
limitedly. Our findings show that the dnhal gene exhibits novelty in sequence and its func-
tional role as well. The identification of dnhal from Dirinaria transcripts and its putative
function that is closely related to the tryptophan halogenases shows that it is likely involved
in the enzymatic modification of tryptophan. Because there is as of yet no report on the
biochemical characterization of the lichen halogenases, except the putatively annotated
CU-PKS-4(4) gene, hence, the present study provides for the first functional characteriza-
tion of a lichen F-Hal enzyme.

Due to the consensus and conservation sequences of DnHal, we note here that DnHal
is mechanistically conserved with other F-Hal enzymes. We propose that once FAD forms
contact with the GxGxxG motif sequence in the FAD-binding domain, DnHal oxidizes the
reduced cofactor, and in the presence of chloride ions, the HOCI will be generated and
later guided alongside the 10A tunnel to interact with the conserved lysine residue. Herein,
the conserved lysine residue will position HOCI close to the active site, or be covalently
bound with HOCI to generate a stable halogenating species, lysine chloramine. Either way,
the halogenating species is proposed to interact with phenolic substrates to generate the
halogenated products [2]. The presence of the WxWxIP motif distinguishes DnHal from
other monooxygenase enzymes. It was proposed that these conserved sequences operate
as a barrier to block the binding of substrate closer to DnHal [54]. In conjunction with the
investigation of the crystal structure of tryptophan F-Hals that displays a longer distance
connecting the isoalloxazine ring of the flavin intermediate with the substrate [56], this
motif is suggested hampering direct modification of the substrate.

The phylogenetic study demonstrated that the DnHal enzyme shares an ancestor with
other characterized fungal F-Hals, and we observed a clear divergence between tryptophan
and non-tryptophan F-Hal enzymes. It is noticeable that the free-standing phenolic com-
pounds are more susceptible to the enzymatic halogenation of DnHal.

Nevertheless, the inability to bridge the DnHal enzyme with its natural substrate has
been one of the main obstructions in our attempt to functional characterize DnHal as a
potential candidate for halogenation biocatalysts. In light of the presence of the tryptophan
halogenase domain in the DnHal sequence, and by taking advantage of chemical features
of tryptophan that possess electron-rich indole moiety susceptible to electrophilic halo-
genation reaction, enzymatic halogenation of DnHal is assumed active against tryptophan.
Accordingly, the functional study proceeds with tryptophan as a substrate for DnHal. The
LC-MS analyses displayed a presence of the chlorinated product, therefore supporting our
preliminary hypothesis suggesting that DnHal is responsible for introducing halogen into
the indole moiety of tryptophan. Significantly, this study presents the first report of lichen
F-Hal enzyme showing activity in the halogenation of tryptophan. Often, the tryptophan
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F-Hals display high regioselectivity. The enzymatic chlorination of tryptophan mediated
by RebH enzyme demonstrated high selectivity at the C7 of the indole moiety [57]. We
notice that genetic modification of determinant residues in the tryptophan 6 halogenase
SatH shifts the regioselectivity in installing the halogen into C5 of the indole moiety [58].
Considering the high regioselectivity of the tryptophan F-Hals, we propose that enzy-
matic halogenation of DnHal presumably occurred in a selective manner. This finding lays
the foundation to investigate the regioselectivity of DnHal and other lichen F-Hal enzymes.

The in-vitro halogenation assays of DnHal with methyl haematommate proved the func-
tion of DnHal as the phenolic F-Hal, which is prone to install chlorine onto the backbone
structure of the orsellinic derivatives. Even though there is still unclear information on
the natural substrate of DnHal, the phylogenetic classification with phenolic F-Hals that
are active in the late-stage enzymatic halogenation suggests that methyl haematommate
is the probable substrate for DnHal. Also, by considering that the methyl haematommate
is the product of transesterification of atranorin, a well documented depsides from many
lichens [59], we deduce that DnHal is also active against compounds similar to its natural
substrate. A similar finding was also observed in the behaviour of the fungal Rdc2/RadH
that is also able to incorporate halogen into moieties that are similar to their natural sub-
strates [7, 8]. Hence, our findings provide a guidance to expand the substrate scope signifi-
cant in improving the biosynthetic halogenation processes.

Considering theoretical and experimental findings, we deduced here that the DrnHal
possesses promiscuous enzyme activity, either it is active towards tryptophan or non-tryp-
tophan substrates, mainly the free-standing phenolic substrates. Thus, it is the best option
as a biocatalyst involved in the chemical modification of tryptophan, producing halogen-
ated building blocks for chemical diversity. The application of halogenated tryptophan as
a building block in the chemosynthetic application [5] highlighted the importance of the
F-Hal enzymes for synthetic applications. Therefore, the ability of DnHal as a biocatalyst
could aid in expanding the available biocatalytic toolbox for the generation of halogenated
intermediates that can be utilized for chemical cyclization or derivatization. Regardless,
more experimental data are needed, especially on the substrate tolerance, preference and
selectivity of DnHal towards indole derivatives and a broader range of phenolic or more
complex substrates.

Production of DnHal in P. pastoris

The methylotrophic yeast P. pastoris is selected as a host to produce the recombinant
enzyme DnHal. Based on our preliminary sequence characterization, four generations of
disulphide bond (personal communication) were predicted, suggesting the need for post-
translational modifications to produce a functional DnHal enzyme. The Pichia expres-
sion system provides appropriate folding in the endoplasmic reticulum [60]; therefore, P.
pastoris is the best host to produce a soluble DnHal enzyme. Comparable to the ~63 kDa
band observed from the SDS-PAGE analysis (Fig. 4), we report that the soluble eukaryotic
enzyme is successfully expressed in the P. pastoris expression system.

Given the characteristics of the methylotrophic P. pastoris, we use the methanol utiliza-
tion pathway to induce the expression of DrnHal. Under the regulation of a tight and induc-
ible AOX1 promoter, the presence of methanol induces the AOX1 gene and promotes a high
amount of AOX enzyme, substantially producing a high amount of recombinant enzymes.
Hence, an expression vector containing the AOX1 promoter sequence is selected as a vec-
tor to express the DnHal enzyme. We also predicted DrHal as an intracellular enzyme
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(personal communication); hence, we propose that intracellular expression is the best strat-
egy to produce the recombinant enzyme. Accordingly, the pPICZB expression was selected
as a vector to express the DnHal enzyme.

In preparing the expression construct, we also integrated the consensus Kozak sequence
between the restriction site Kpnl and the start codon of the dnhal gene. We prepared the
gene to include the consensus sequence mainly because including the Kozak consensus
provides efficient translation initiation for most intracellular expression processes [61]. It is
acceptable that modifying the gene to the preferred codon usage of P. pastoris necessitates
high levels of heterologous expression [62, 63]. Nevertheless, our expression profiling con-
tradicts the statement, presenting a low level of the expressed recombinant DrnHal enzyme.

Among the significant feature present in the pPICZB vector is designed to facilitate the con-
struction of expression vectors with multiple copies of the expression cassette, and additional
unique restriction sites that permit linearization of the expression vector at the AOX1 locus for
efficient integration into the Pichia genome. The presence of a band with a theoretical mass of
5035 bp on the agarose gel indicates that the 1707 bp dnhal gene was successfully cloned to the
pPICZB expression vector (Figure S3). Later, the pPICZB_dnhal was linearized with BsfXI and
was integrated into the AOX1 locus of the Pichia genome (Figure S3). It is important to note that
integrating the expression cassette into its genome is crucial to generating stable transformants
[64]. We report that our expression cassette was successfully transformed into the yeast, and the
generated X-33_pPICZB_dnhal cells are stable for expression purposes.

After the generation of the transformant is accomplished, the cells are cultured in a com-
plex medium containing glycerol to enhance the high yield production of cell biomass. The
growth curve in Fig. 3 suggests that cultivating the cells for 44 h in the BMGY medium is
sufficient to accumulate maximum biomass for the induction process. Similar to the pre-
vious finding, the Pichia growth rate is higher when grown in a complex medium [65].
Literature findings suggest that the AOX1 promoter is strongly repressed when P. pastoris
is grown in a medium containing a glycerol carbon source. The promoter is de-repressed
upon depletion of the carbon source and will be fully induced in the presence of methanol
[40]. The inductive media MM was chosen to induce the DrnHal enzyme. We observed a
low level of total intracellular proteins from the MM culture, suggesting that carbon star-
vation might affect the expression level. Even though Pichia’s protein expression system
depends on methanol consumption [60], increasing the amount of methanol does not affect
the expression level of the DrnHal enzyme. We observe a similar finding from the literature;
low expression of tumour necrosis factor-alpha is detected, typically less than 1% of the
total intracellular proteins [53]. It is thus suggested that other factors might take a role in
manipulating the expression level of our DnHal enzyme. Therefore, several strategies can
be implemented in the future study, focusing on the optimization to produce high amount
of the DnHal enzyme; by opting to utilize the constitutive promoter, or by changing into an
extracellular expression system, or turning into scalable production in fermenter cultures.

Conclusion

The experimental study provides the first biochemical characterization of a lichens F-Hal
enzyme. Significantly, the basis information paves the way towards exploiting the potential
of DnHal and the F-Hal enzyme class as a whole, as potential biocatalysts for bio- and
chemosynthetic applications. Besides, the successful expression of the DnHal enzyme has
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rendered the methylotrophic yeast P. pastoris one of the most suitable and robust protein
production host systems. It is thus suggested that the P. pastoris serves as an emerging
platform producing functional F-Hal enzymes from eukaryotic sources, and this study pro-
vides basis for subsequent improvement producing high-volume production of the eukary-
otic F-Hal enzymes.

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s12010-022-04304-w.
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