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A B S T R A C T

Prenylation is a widespread natural modification of compounds that serves to functionalize and often enhance 
the bioactivity of plant and microbial secondary metabolites, including indole derivatives. In this study, we 
aimed to expand the library of prenylated indoles using RePT, a fungal (i.e. Rasamsonia emersonii) aromatic 
prenyltransferase from the dimethylallyl tryptophan synthase (DMATS) family. Previous work showed that RePT 
readily C7- and N1-prenylated L-tryptophan, and O-prenylated L-tyrosine and a number of phenolic stilbenes. 
Here, we investigated its regioselectivity further with 23 indole substrates, including tryptophan derivatives with 
varying C4-C7 substituents and several C3-substituted indoles. High conversion was observed primarily with 
fluorinated tryptophans and unsubstituted indole. Product analysis by UHPLC-PDA-ESI-MSn and NMR revealed 
that RePT mainly catalyzed either normal prenylation at C7 or reverse prenylation at N1 on a series of halo
genated tryptophans. The regioselectivity observed for several substrates was strongly influenced by the position 
of the halogen substituent, particularly fluorine, which displayed its characteristic ortho-/para-directing effect. In 
the absence of the amino acid moiety, RePT’s regioselectivity in some cases shifted from its typical preference, 
leading to prenylation at alternative positions such as C3 and C6. These findings showcase the versatility of RePT 
for modifying diverse indole derivatives and demonstrate, for the first time, halogen-induced steering of the 
regioselectivity of DMATS to facilitate synthesis of bioactive prenylated compounds and intermediates.

1. Introduction

Indole alkaloids comprise a large group of natural products present 
in terrestrial and marine microbes and plants [1]. Many of these alka
loids, particularly those from fungi, are known for their therapeutic 
properties and are therefore used in various pharmaceuticals [2–8]
(Fig. 1). Biologically active indole alkaloids often derive from preny
lated L-tryptophan or its derivatives [1] (Fig. 1). Prenylation refers to the 
attachment of an isoprenoid unit, such as a prenyl or geranyl moiety. In 
biosynthesis, the prenylated intermediate subsequently proceeds 
through a series of steps [9], resulting in an indole alkaloid that either 
retains the intact prenyl group or integrates it into a new skeleton. The 
prenyl group is not only a key structural feature of the exemplified 
biologically active indole alkaloids, but prenylation has also been shown 
to generally enhance antimicrobial activity of natural products [10,11], 
likely by increasing their hydrophobicity and thereby their affinity for 
biological membranes [12,13]. Given that indoles form the core scaffold 

of many biologically active compounds, and that prenylation can 
enhance their activity or provide a functional group for further modi
fications to obtain valuable chemicals [9], the synthesis of structurally 
diverse prenylated indoles is of growing interest [14].

In nature, dimethylallyl tryptophan synthases (DMATSs) are the 
enzymes that catalyze the regioselective aromatic prenylation in fungal 
and bacterial indole alkaloid biosynthesis routes [15]. In general, 
DMATSs transfer an isoprenoid moiety from a prenyl donor substrate, 
such as C5- (dimethylallyl), C10- (geranyl), or C15- (farnesyl) pyro
phosphate, to an aromatic acceptor substrate. The enzymatic pre
nylation can occur in either a normal configuration, which is attachment 
of the prenyl group via its C1, or a reverse configuration, which is 
attachment via its C3. Most characterized DMATSs have been shown to 
utilize dimethylallyl pyrophosphate (DMAPP) to perform prenylation of 
tryptophan or tyrosine derivatives [16–20].

Many of the currently known biologically active indole alkaloids 
derive from C2- or C4-prenylated tryptophan (Fig. 1). Examples of 

* Corresponding author.
E-mail address: wouter.debruijn@wur.nl (W.J.C. de Bruijn). 

Contents lists available at ScienceDirect

New BIOTECHNOLOGY

journal homepage: www.elsevier.com/locate/nbt

https://doi.org/10.1016/j.nbt.2025.09.002
Received 12 June 2025; Received in revised form 9 August 2025; Accepted 8 September 2025  

New BIOTECHNOLOGY 90 (2025) 88–96 

Available online 16 September 2025 
1871-6784/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-7432-5359
https://orcid.org/0000-0001-7432-5359
https://orcid.org/0000-0002-2787-7852
https://orcid.org/0000-0002-2787-7852
https://orcid.org/0000-0001-8540-4327
https://orcid.org/0000-0001-8540-4327
https://orcid.org/0000-0002-6551-2782
https://orcid.org/0000-0002-6551-2782
https://orcid.org/0000-0003-0564-9848
https://orcid.org/0000-0003-0564-9848
mailto:wouter.debruijn@wur.nl
www.sciencedirect.com/science/journal/18716784
https://www.elsevier.com/locate/nbt
https://doi.org/10.1016/j.nbt.2025.09.002
https://doi.org/10.1016/j.nbt.2025.09.002
http://creativecommons.org/licenses/by/4.0/


medicinal drugs produced from prenylated tryptophan intermediates 
include the semisynthetic ergot alkaloids bromocriptine and methyl
ergonovine, which share D-lysergic acid derived from C4-prenyl-L-tryp
tophan as their precursor [21,22]. Other examples are tryprostatins, 
which involve intermediate normal C2-prenylation of the cyclic dipep
tide brevianamide F (cyclo(L-Trp-L-Pro)) [23]. Furthermore, reverse 
C2-prenylation of cyclo(L-Trp-L-Pro) followed by a series of modifica
tions, including C7-prenylation, leads to the biosynthesis of 

(− )-notoamide A [24].
Driven by the pharmaceutical potential of these prenylated mole

cules, we aimed to expand the library of prenylated indole derivatives 
using a recently discovered fungal DMATS from Rasamsonia emersonii, 
named RePT [25]. It has been shown that RePT readily O-prenylates a 
number of phenolic stilbenes and L-tyrosine, and that this enzyme is able 
to prenylate L-tryptophan at the C7- and N1-position [25]. However, the 
ability of RePT to catalyze prenylation of other indole derivatives has 

Fig. 1. Prenylation of indole derivatives by DMATSs. A) Example of a regioselective prenylation reaction and potential applications of the prenylated product. 
Prenylation of indole derivatives can be catalyzed by DMATSs, which is illustrated here with the C7-prenylation of L-tryptophan (acceptor substrate) with DMAPP 
(donor substrate) by a 7-DMATS. Prenylated indole derivatives serve as precursors or intermediates for the formation of several biologically active indole alkaloids. 
B) Simplified bio- or semisynthetic pathways of bioactive compounds involving DMATS-catalyzed prenylation at various positions on the indole moiety. The scheme 
illustrates that DMATSs can catalyze either normal prenylation via attachment at C1 of the prenyl (e.g. tryprostatin B) or reverse prenylation via attachment at C3 of 
the prenyl (e.g. deoxybrevianamide E). Steps indicated with two arrows involve multiple reactions involving additional (bio)catalysts, which are not detailed here. 
The indole, prenyl, and halogen moieties are shown in blue, orange, and burgundy, respectively.
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not yet been studied. Therefore, this research aimed to explore the 
prenylation of structurally diverse indole derivatives by RePT and to 
characterize the resulting products. We focused mainly on the ability of 
RePT to catalyze prenylation of halogenated tryptophans, as halogena
tion is commonly found to enhance the pharmaceutical properties of 
molecules and is used to introduce reactive groups for subsequent re
actions in intermediate synthesis steps [26,27]. For example, chlorina
tion of the prenylated indole moiety in krisynomycin significantly 
enhances its antibacterial and antibiotic potentiating activities 
compared to its less chlorinated counterparts, krisynomycin B and C [8]. 
As only a few DMATSs have been reported to accept halogenated tryp
tophans [16,28], we particularly addressed the potential of RePT to 
expand the range of prenylated halogenated tryptophans. DMATSs 
catalyze prenylation by means of electrophilic substitution [22] and 
halogen substituents will alter the electronic distribution across the 
indole moiety. Therefore, it is expected that halogenation of the sub
strates will influence RePT’s activity and its product profile.

Furthermore, specifically C3-substituted indole derivatives have 
been indicated as potentiator of multiple antibiotics. For example, 
camalexin, a secondary metabolite from Brassicaceae plants, has been 
recently found to act as a potentiator of multiple antibiotics by inhib
iting the AcrB efflux pump in Escherichia coli [29]. Therefore, we also 
investigated the ability of RePT to prenylate a series of (biologically 
active) C3-substituted indole derivatives to further expand the library of 
potentially bioactive indole derivatives.

2. Materials and methods

2.1. Materials

Aromatic compounds tested in the substrate screening for RePT were 
obtained from suppliers as listed in Table S1. The DMAPP-ammonium 
salt used for biochemical characterization of RePT was purchased 
from Sigma-Aldrich (St. Louis, MO, USA), while DMAPP-triammonium 
salt used for the scaled-up production of prenylated products was syn
thesized according to the method described in Chunkrua et al. (2024) 
[25]. Other chemicals were purchased from Sigma-Aldrich and Fisher 
Scientific (Landsmeer, The Netherlands). UHPLC-MS grade solvents 
used in UHPLC-PDA-ESI-MSn analyses were purchased from Biosolve 
(Valkenswaard, The Netherlands). Water used for purposes other than 
UHPLC-PDA-ESI-MSn was purified using a Merck Millipore Milli-Q water 
purification system (Billerica, MA, USA).

2.2. Gene expression and enzyme purification

Expression and purification of RePT (NCBI accession number: 
XP_013322739.1), tagged with an N-terminal His-tag linked to a SUMO 
protein, was performed as previously described [25]. Briefly, the pBAD 
vector encoding His6-SUMO-RePT was transformed into E. coli NEB 
10-beta cells (New England Biolabs, Ipswich, MA). A preculture of 8 mL 
containing lysogeny broth with ampicillin (0.05 mg/mL) was incubated 
(37 ◦C, 16 h, 200 rpm) and later transferred into a 800 mL culture 
containing Terrific broth and ampicillin (0.05 mg/mL) for further in
cubation (37 ◦C, 200 rpm) until the OD600 reached 0.6–0.8. Over
expression of the RePT gene was induced with L-arabinose (0.2 mg/mL), 
after which the culture was incubated for another 40 h (24 ◦C, 
200 rpm). Cells were harvested, lysed by sonication, and the cell-free 
extract was loaded onto a 5 mL HisTrap FF column (Cytiva, Uppsala, 
Sweden), equilibrated in starting buffer (50 mM Tris/HCl buffer pH 7.5 
containing 500 mM NaCl, 10 % (w/v) glycerol, and 25 mM imidazole), 
and connected to an ÄKTA Pure M150 system (Marlborough, MA, USA). 
After washing the column with the starting buffer until no absorbance at 
280 nm was detected, the RePT protein was eluted with a gradient of 
25–500 mM imidazole in starting buffer. Purified protein fractions were 
pooled, desalted, and concentrated using ultra-centrifugal filters with 
30 kDa molecular weight cut-off (Merck Millipore, Billerica, MA, USA) 

and with multiple rounds of centrifugation (4 ◦C, 4,000 × g, 15 min per 
round). The purified protein was stored in 50 mM Tris/HCl buffer (pH 
7.5) containing 10 % (w/v) glycerol at -20 ◦C.

2.3. Substrate screening of RePT

For substrate scope determination, the enzymatic reactions were 
conducted in 100 µL mixtures of 50 mM Tris/HCl buffer (pH 7.5) with 
final concentrations of 0.4 mM aromatic acceptor, 0.8 mM prenyl donor, 
and 100 µg (15 µM) RePT. Two types of controls were included: controls 
containing the substrate that were subjected to incubation conditions in 
absence of DMAPP and RePT, which were used as references to deter
mine substrate conversion; and controls containing the substrate that 
were not subjected to incubation, which were used as references to 
determine substrate recovery. To standardize the semi-quantification of 
substrates and products, 3,4,5-trimethoxycinnamic acid (Tokyo Chem
ical Industry Europe, Zwijndrecht, Belgium) was used as an internal 
standard at a final concentration of 0.16 mM. Reaction mixtures con
tained up to 4 % (v/v) methanol or DMSO, or 0.4 mM NaOH, depending 
on the solvent used to dissolve the substrate. All samples and controls 
were prepared in duplicate and incubated at 37 ◦C with stirring at 
700 rpm for 24 h. The reactions were stopped by adding 200 µL of 
methanol, followed by centrifugation (4 ◦C, 18,000 × g, 10 min). The 
supernatants were collected and stored at 4 ◦C for further analysis using 
UHPLC-PDA-ESI-MSn.

2.4. Substrate conversion and product profile analysis by UHPLC-PDA- 
ESI-MSn

Substrates and their prenylated derivatives were analyzed using a 
Thermo Vanquish UHPLC system (Thermo Scientific, San Jose, CA, USA) 
equipped with a PDA detector. The supernatants obtained after enzyme 
incubation (1 μL) were loaded onto an Acquity UPLC BEH C18 column 
(150 mm × 2.1 mm, 1.7 μm) with a VanGuard pre-column of the same 
material (5 mm × 2.1 mm, 1.7 μm) (Waters, Milford, MA, USA). The 
column temperature was set at 45 ◦C, with post-column cooling to 
40 ◦C. The PDA detector recorded the absorbance from 200 to 600 nm. 
The flow rate was set at 400 µL/min with the following eluents: (A) 
water with 0.1 % (v/v) formic acid and (B) acetonitrile with 0.1 % (v/v) 
formic acid. The elution profile was programmed as follows: 1 min 
isocratic at 1 %B; 28 min linear gradient from 1 % to 80 %B; 1 min 
linear gradient from 80 % to 100 %B; 5.5 min isocratic 100 %B; 1 min 
linear gradient from 100 % to 1 %B; and 5.5 min isocratic at 1 %B.

Mass spectrometric analysis was performed by in-line coupling of the 
Thermo Vanquish UHPLC system to an LTQ Velos Pro ion trap mass 
spectrometer (IT-MS) (Thermo Scientific, San Jose, CA, USA) equipped 
with a heated electrospray ionization (ESI) probe. Nitrogen served as 
sheath gas (50 arbitrary units), auxiliary gas (13 arbitrary units), and 
sweep gas (1 arbitrary units). The ion transfer tube was maintained at 
263 ◦C, with a source heater temperature of 425 ◦C, and source voltages 
of 2.5 kV for negative ionization (NI) and 3.5 kV for positive ionization 
(PI) mode. Full scan MS data were acquired in both PI and NI modes, 
covering an m/z range with a lower limit depending on the molecular 
mass of the substrate and an upper limit of 1,000. MS2 spectra of all 
compounds were obtained using data-dependent collision-induced 
dissociation (CID) fragmentation of the most abundant MS1 ion with a 
normalized collision energy of 35 %. Dynamic mass exclusion was used 
to acquire MS2 spectra of less intense ions present in MS1. The most 
intense ion was fragmented three times with a repeat duration of 5 s and 
then excluded from fragmentation for 5 s. Data processing was per
formed using Xcalibur (version 4.4, Thermo Scientific).

Substrate recovery (%) and substrate conversion (%) were calculated 
based on peak area at UV280 nm, except for compound 26, for which the 
peak area at UV258 nm was used. Substrate recovery was determined to 
indicate stability of the substrates throughout the incubation. Calcula
tions were performed using the following equations: 
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substrate recovery(%) =
Areactrl₀ − Areactrl

Areactrl₀
× 100 (1) 

substrate conversion(%) =
Areactrl − Arear

Areactrl
× 100 (2) 

The abbreviations are defined as follows: Areactrl₀ = peak area of the 
substrate in the control sample (without RePT and prenyl donor) 
without incubation; Areactrl = peak area of the substrate in the control 
sample incubated under the same conditions as the reaction mixture; 
Arear = peak area of the substrate in the reaction mixture. Substrate 
recovery data is shown in Table S2.

2.5. Upscaled production of prenylated products

To achieve higher product yields for characterization of the products 
by NMR spectroscopy, four different reaction conditions were tested 
with selected substrates (i.e., 7, 8, 9, 10, 16, 17, and 23; Table S1). Each 
100 µL reaction mixture contained 50 mM Tris/HCl (pH 7.5), 1 mM 
aromatic substrate, 1.5 mM DMAPP, RePT at either 0.1 or 1.0 mg/mL, 
and CaCl2 at either 0 or 5 mM. Samples were incubated at 37 ◦C for 24 h. 
Based on the preliminary results of the varying conditions (Fig. S8-9), 
the enzyme concentration for each substrate was adjusted in expectation 
of reaching a complete substrate conversion while minimizing enzyme 
usage (Table S5), and a calcium chloride concentration of 5 mM was 
applied.

To obtain approximately 4 mg of the main prenylated products for 
each selected substrate, the reactions were conducted in 17–20 mL (for 
substrates 7, 8, 9, 10, 16, 17) or 60 mL (for 23) of 50 mM Tris/HCl buffer 
(pH 7.5) containing 5 mM CaCl2, 1 mM substrate, 1.8 mM DMAPP, and 
0.2–0.3 mg/mL RePT. The mixtures were incubated at 37 ◦C for up to 
28 h in an oven without agitation. After incubation, mixtures were 
centrifuged (4 ◦C, 4,500 × g, 15 min), and the supernatants were sepa
rated. The remaining pellets were then extracted three times (3 mL 
each). The first and second extractions were performed using acetoni
trile containing 0.1 % (v/v) formic acid at a concentration close to the 
concentration which eluted the prenylated products in the UHPLC sep
aration, while the third extraction used a higher percentage of aceto
nitrile (Table S5). The three extracts were combined and the enzymatic 
products were purified using solid-phase extraction (SPE) with Sep-Pak 
C18 6 cc Vac cartridges containing 500 mg sorbent (Waters, Milford, 
MA, USA) attached to an SPE vacuum manifold system (Waters, Milford, 
MA, USA). The columns were conditioned with 2 × 5 mL of acetonitrile 
and equilibrated with 5 × 5 mL of 0.1 % (v/v) formic acid in the con
centration of acetonitrile as used in the starting condition for each 
substrate. Before sample loading, the acetonitrile concentration of the 
extracts was adjusted to match the concentration used for column 
equilibration. Samples were loaded onto the column and elution was 
performed with stepwise increases in the concentration of acetonitrile 
containing 0.1 % (v/v) formic acid (8 mL each). Fractions were analyzed 
with UHPLC-PDA-ESI-MSn to confirm the presence of the prenylated 
products. Fractions containing the compound(s) of interest were pooled, 
dried under a nitrogen stream at 35 ◦C overnight, lyophilized, and 
stored at -20 ◦C for further analysis. For details on the reaction condi
tions, and the extraction and purification steps for each substrate, see 
Table S5.

2.6. Structure elucidation of prenylated products with NMR spectroscopy

Purified prenylated product (approximately 1.5 mg) was dissolved in 
600 µL of methanol-d4 (Sigma-Aldrich, St. Louis, MO, USA) or DMSO-d6 
(Eurisotop, Saint-Aubin, France). NMR spectra were recorded on a 
Bruker Avance III UltraShield Plus 600 spectrometer with a cryoprobe or 
a Bruker Avance III HD Ascend 700 spectrometer with a BBI probe 
(Bruker, Billerica, MA, USA) at MAGNEFY (MAGNEtic resonance 
research FacilitY, Wageningen, The Netherlands). The probe 

temperature was set to 300 K. Data acquisition included one- 
dimensional 1H and 13C, and two-dimensional heteronuclear multiple 
bond correlation (HMBC) and heteronuclear quantum coherence 
(HSQC) NMR spectra, with additional homonuclear correlation spec
troscopy (COSY) spectra for 17d, 17e, 23a, 23c and 23d. Data processing 
was performed using TopSpin (version 4.1.4, Bruker).

2.7. Accurate mass analysis by UHPLC-ESI-Orbitrap-MS

Purified prenylated compounds were dissolved and diluted in 
methanol to a final concentration of approximately 20 µg/mL and 
analyzed using a Thermo Vanquish UHPLC system (Thermo Scientific, 
San Jose, CA, USA). The sample (1 µL) was loaded onto an Acquity UPLC 
BEH C18 column (150 mm × 2.1 mm, 1.7 μm) with a VanGuard pre- 
column (5 mm × 2.1 mm, 1.7 μm) (Waters, Milford, MA, USA). The 
column temperature was set at 45 ◦C. The flow rate was set at 400 µL/ 
min with the following eluents: (A) water with 0.1 % (v/v) formic acid 
and (B) acetonitrile with 0.1 % (v/v) formic acid. The elution profile was 
programmed as follows: 1.1 min isocratic at 0 %B; 36.6 min linear 
gradient from 0 % to 100 %B; 5.5 min isocratic at 100 %B; 1.1 min 
linear gradient from 100 % to 0 %B 5.5 min isocratic 100 %B; 1 min 
linear gradient from 100 % to 0 %B; and 5.5 min isocratic at 0 %B.

Accurate mass spectra were recorded by in-line coupling of the 
Thermo Vanquish UHPLC system to an Orbitrap IQ-X Tribrid mass 
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Prior to 
analysis, the Orbitrap mass spectrometer was calibrated via the auto
matic internal calibration function using a Pierce FlexMix Calibration 
Solution for Auto Ready Mass Spectrometers (Thermo Scientific). Ni
trogen served as a sheath gas (50 arbitrary units), auxiliary gas (10 
arbitrary units), and sweep gas (1 arbitrary unit). Heated Electrospray 
Ionization (HESI) was maintained at 325 ◦C, with a source temperature 
of 225 ◦C, and source voltages of 2.5 kV for negative ionization and 
3.5 kV in positive ionization mode. Spectra were measured at 120,000 
FWHM mass resolution in the m/z range of 150–1,000. To provide stable 
accurate mass data during the analytical runs, fluoranthene was 
measured continuously as an internal calibrant. All spectra were ac
quired in profile mode. The absolute AGC target level was set at 1 × 105, 
the maximum injection time at 1,000 ms, the microscans at 1, and the 
RF lens at 60 %. Data processing was performed using Xcalibur 4.5 and 
Freestyle 1.8 (Thermo Scientific).

3. Results and Discussion

3.1. Characterization of prenylated products

To evaluate the ability of RePT to prenylate indole derivatives and to 
better understand the effect of substituents on regioselectivity of pre
nylation by RePT, we screened the conversion and product profile with 
23 substrates (Table S1 and Fig. S1), which included L-tryptophan (1) 
with various substituents on C4, C5, C6, and C7 of the benzene moiety 
(3-15), and indole (23) with different substituents on C3 of the pyrrole 
moiety (16-23).

The identification of prenylated products and our strategy used for 
the (tentative) identification of the prenylation type (C-, O-, or N-pre
nylation) is explained in detail in Method S1. Tentative identification of 
most compounds was performed using the UHPLC-PDA-ESI-MSn data 
(Table S3), primarily based on their ESI-MS2 spectra and a decision 
guideline established in this work (Fig. S2). A group of prenylated 
compounds was selected for upscaling to mg-scale, allowing structural 
elucidation via NMR analysis (Fig. 2 and Table S6): prenylated fluoro-L- 
tryptophans (7a, 7b, 8a, 9b), prenylated indole-3-acetic acids (17d, 17e), 
prenylated indole-3-propionic acid (18c), and (di)prenylated indoles 
(23a, 23c, 23d). Structure elucidation was performed with 1H NMR, 13C 
NMR, HMBC, and HSQC. COSY was included for compounds 17d, 17e, 
23a, 23c, 23d. Although the product fractions after purification in most 
cases contained more than one product, the chemical structure of the 
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main products could be reliably identified. The assigned chemical shifts 
of the products are shown in Table S6. All HMBC correlations can be 
found in Fig. 2. It is worth noting that the proportion (relative abun
dance) of each prenylated product as observed in UHPLC-PDA 
(Table S3) was close to the ratio of the signal intensity between the 
products in the NMR spectra. Therefore, the elucidated structure could 
be linked to the assigned peak in the UHPLC-PDA-ESI-MSn analysis. A 
more detailed description of the interpretation of NMR spectral data can 
be found in Appendix D.

The exact mass of above described purified products, as measured by 
UHPLC-ESI-Orbitrap-MS, and their molecular formulae are shown in 
Table S7. The prenylation type of all purified compounds that were 
characterized with NMR was identical to the tentative identification 
using our decision guideline (Fig. S2), validating the applicability of our 
UHPLC-PDA-ESI-MSn tentative identification strategy.

Fig. 2. Chemical structures of prenylated products elucidated using NMR. The prenyl moieties are highlighted in orange. The arrows indicate HMBC correlations. For 
compounds 17d, 17e, 23a, 23c, and 23d, the bonds displayed in bold indicate COSY correlations.
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3.2. General observations about the conversion of indole derivatives by 
RePT

Most DMATSs accept tryptophan for prenylation, and a clear pref
erence for the L-configuration of this aromatic amino acid has been 
established [16,30–32]. Only in rare occasions the D-enantiomer of 
tryptophan derivatives is more preferred [33]. In our previous study, 
RePT was already shown to prenylate L-tryptophan [25]. Here, we tested 
the ability of RePT to prenylate D-tryptophan. As expected, L-tryptophan 
(1) was strongly preferred (100 % conversion) by RePT over its 
D-enantiomer (2) (20.8 % conversion) (Fig. S4). Therefore, all further 
experiments were performed with the L-enantiomers of the various 
tryptophan derivatives.

In general, RePT was flexible in accepting C4-C7 substituted L-tryp
tophans (3-15, Table S1), showing the highest conversion for fluorinated 
derivatives (>75 %; Fig. 3). Methylation at N1 of the indole moiety of L- 
tryptophan resulted in near complete loss of conversion. Replacing the 
aliphatic backbone of tryptophan at C3 with different moieties (16-23, 
Table S1) affected the conversion differently, but mostly reduced the 
conversion to less than 50 % (Fig. 4).

The conversion of indole derivatives by RePT tended to yield at least 
two mono-prenylated products (Figs. 3–4). For unsubstituted indole 
(23), di-prenylated products were also found (Fig. S1, Table S6). Beyond 
these generic observations, below we discuss in detail the effect of 
different substituents on the prenylation efficiency, type of prenylation, 
and regioselectivity of RePT.

3.3. Effect of N1-methylation of tryptophan on prenylation by RePT

Because of the N1-prenylating ability of RePT towards L-tryptophan 
[25], it was tested whether RePT could still accept N1-methylated 
L-tryptophan (3). Hardly any prenylation (< 4.0 %) of compound 3 by 
RePT was observed (Fig. 3). The NH on the pyrrole ring is known to play 
a crucial role in the prenylation mechanism in DMATSs by forming a 
hydrogen bond with the carboxyl group of the strictly conserved 
glutamate in the active site of DMATSs (Fig. S6) [22]. This interaction 
consequently increases the reactivity of the indole ring to facilitate the 
prenylation, contributes partially to substrate-binding, and helps stabi
lize the arenium intermediate [34]. Furthermore, in the case of 
DMATS1Ff, an N1-DMATS, the glutamate performs the final deproto
nation step to yield the N1-prenylated product [35]. The N1-methyl
ation therefore likely hindered the ability of the enzyme to interact with 
the indole ring, thus decreasing the substrate’s reactivity and at the same 
time preventing N1-prenylation. Poor conversion of 3 was also reported 
for various other DMATSs such as FgaPT2 (a 4-DMATS) [16] and 
7-DMATSNeo [18], but others such as 5-DMATSAc [19] and IptA (a 
bacterial 6-DMATS) [17] converted 3 comparable to or even better than 
C-methylated-DL-tryptophans.

3.4. Effect of various C5-substituents of L-tryptophan on (regioselective) 
prenylation by RePT

To gain initial insight into how different substituents affect substrate 
conversion and product profile of RePT, we performed enzymatic re
actions with L-tryptophan (1) and L-tryptophans possessing different 
substituents at the C5-position on the benzene ring (Table S1): methyl 
(4), methoxy (5), hydroxy (6), fluorine (8), chlorine (12), and bromine 
(15). Like 1, 5-fluoro-L-tryptophan (8) was completely converted (100 
± 0.0 %) under the conditions applied. The order of extent of conversion 
of the other C5-substituted L-tryptophans was: methyl- (68.8 ± 0.3 %), 
hydroxy- (51.8 ± 0.1 %), chloro- (24.8 ± 0.3 %), methoxy- (14.2 
± 2.0 %), and bromo-L-tryptophan (12.4 ± 0.2 %) (Fig. 3). The fact that 
the fluorine substituent had the least impact on substrate conversion by 
RePT is interesting, considering that halogens have a strong inductively 
electron-withdrawing nature relative to hydrogen [36], and would be 
expected to have a deactivating effect on DMATS-catalyzed electrophilic 
aromatic substitution, as reported for another DMATS [37]. We specu
late that in our case, the mesomeric electron-donating character of 
fluorine [38] may facilitate the prenylation by increasing the nucleo
philicity of the indole moiety, and thereby promoting electrophilic 
substitution and stabilizing the carbocation intermediate. Other 
substituted tryptophans that were >50 % converted include those con
taining an electron-donating hydroxy group (6) or a methyl group (4), in 
which the latter has been shown to have an inductively 
electron-withdrawing and weakly mesomerically electron-donating ef
fect on the indole moiety [38]. To examine the effect of the bulkiness of 
the substituents on the conversion, the van der Waals volume of the 
substituted tryptophans was calculated (Method S2) and used as an 
estimation of the bulkiness (Table S4). Generally, the observed trend 
(with 5-methyl-L-tryptophan as an exception) was that conversion was 
inversely related with the calculated volume of the substrate. This sug
gests that, besides electronic properties, steric constraints also play a 
role in the extent of substrate conversion by RePT.

Previously we established that RePT prenylates L-tryptophan at the 
C7- or N1-position, while phenolic substrates such as L-tyrosine, stil
benes, and other plant phenolics were primarily O-prenylated [25]. Here 
we found that RePT mainly prenylated the C7- or N1-position of various 
substituted L-tryptophans (Fig. 3). For 5-hydroxy-L-tryptophan (6), the 
only phenolic substrate tested in the current study, was mainly C-pre
nylated with only a minor amount of O-prenylation. Notably, only 
C5-halogenated tryptophans (8, 12, 15) showed a shift in regiose
lectivity from C7-prenylation towards N1-prenylation, which will be 
discussed in more detail in the section below.

Fig. 3. Prenylation of tryptophan derivatives with varying substituents by 
RePT in the presence of DMAPP. A) Substrate conversion and product profile. 
Selected prenylated products whose chemical structures were confirmed by 
NMR analysis are labeled with their prenylation site (normal C7- or reverse N1- 
prenylation). The standard deviations indicated are the deviations for each 
product’s formation relative to substrate conversion (%), while the standard 
deviations for substrate conversion are provided in Table S3. B) Visualization of 
the substrate conversion from A), highlighting the influence of both the sub
stituents’ type and their position on the conversion.

P. Chunkrua et al.                                                                                                                                                                                                                              New BIOTECHNOLOGY 90 (2025) 88–96 

93 



Other DMATSs showed varying behavior in the conversion of C5- 
substituted tryptophans. For example, 7-DMATSAfu relatively poorly 
accepted 5-fluoro-L-tryptophan as a substrate when compared to C5 
methylated, methoxylated, and hydroxylated tryptophan analogs [28]. 
In the case of DmaW (a 4-DMATS), C5-methyl substitution was found to 
disrupt polar interactions with key catalytic residues, making 5-methyl 
tryptophan a poorer substrate than the bulkier 5-methoxy tryptophan 
[39]. In contrast, for 7-DMATSNeo, C5-methylated tryptophan was better 
accepted than its C5-methoxylated form, while its hydroxylated form 
was not accepted [18]. As RePT accepted 5-hydroxy- and 5-methyl-tryp
tophan much better than 5-methoxy tryptophan (Fig. 3), it deviates from 
DmaW and DMATSNeo. Thereby, these observations show that the effect 
of substitution of tryptophan derivatives on their prenylation by DMATS 
is enzyme-specific.

3.5. Halogenation at various positions on the benzene moiety steers the 
regioselectivity of prenylation by RePT

In addition to studying the prenylation of C5-substituted trypto
phans, we investigated, for the first time, the prenylation of a broad 
range of halogenated substrates by a fungal DMATS. We observed that 
RePT also catalyzed the prenylation of C4, C6, and C7 halogenated L- 
tryptophans (7, 9–11, 13, 14), with the fluorinated tryptophans showing 
a higher conversion than the corresponding chlorinated tryptophans 
(Fig. 3). In terms of product profile, RePT generated prenylated halo
genated tryptophans with a varying ratio of C7- and N1-prenylated 
products.

Interestingly, both the conversion and regioselectivity strongly var
ied with the position of halogenation. Halogenation at C5 affected RePT 
activity more than halogenation at the other positions. As an example, 5- 
chloro-L-tryptophan was less converted compared to its 4-chloro and 6- 
chloro counterparts (Fig. 3). Notably, in terms of regioselectivity, C5- 
fluorination of 1 shifted the regioselectivity of RePT to N1-prenylation, 
whereas C4- and C6-fluorination (7 and 9) yielded the usual C7-pre
nylation. A slightly higher preference for N- than C-prenylation occurred 
in the case of 4-chloro and 5-chloro-L-tryptophan (11 and 12; Fig. 3). 
Moreover, C6-halogenation of 1 drove the reaction almost completely 
towards C-prenylation. By relative abundance, 95 % of 6-fluoro-L-tryp
tophan (9) was C7-prenylated and 97 % of 6-chloro-L-tryptophan (13) 
was C-prenylated (position unidentified), compared to 80 % C7-pre
nylation for 1 (Fig. 3, Table S3). Despite preferring C7-prenylation of 1, 
RePT was still able to prenylated C7-fluorinated (10) or C7-chlorinated 
(14) substrates. Nevertheless, on these substrates, the primary position 
of prenylation shifted to N1, while the exact prenylation position of the 
minor products could not be determined from MS2 data. However, with 
10, minor C-prenylation is speculated to most likely occur at C6 due to 
its adjacency to the originally preferred position. The shift in prenylation 
to a neighboring position is commonly observed in other DMATSs when 
their preferred site is substituted [17,20,40].

It is likely that for RePT, the regioselectivity shift is related to 
halogen-induced electron distribution changes across the indole moiety. 
It seems that C6-halogen substituents may act as ortho/para directors via 
their mesomeric electron-donating effect [38], enhancing the nucleo
philicity of C7 over N1 and thereby facilitating C7-prenylation. Like
wise, the shift in regioselectivity observed with C5-halogenated 
tryptophans may result from the reduced nucleophilicity of C7, a meta 
position [38], making the position less prone to electrophilic substitu
tion and thereby increasing the likelihood of N1-prenylation.

While halogen-induced electronic effects on the indole moiety 
appear to strongly influence regioselectivity for several substrates, it 
should be noted that other factors have also been proposed to affect the 
regioselectivity of DMATSs, including substrate orientation relative to 
the prenyl moiety of a prenyl donor [22,35], substrate alignment with 
the proton-abstracting residue in the final reaction step [34,41], and 
steric constraints within the binding pocket [22]. For RePT, we hy
pothesize that these factors can overshadow the halogens’ directing 

effect in certain substrates [35], based on the following observations: (i) 
4-fluoro and 4-chloro substitution of L-tryptophan did not drive more 
prenylation towards C5 (ortho) or C7 (para); (ii) 7-fluoro and 7-chloro 
substitution did not drive more prenylation towards C6 (ortho) or C4 
(para) but rather towards N1; and (iii) regardless of the substitution 
position, the prenylation by RePT occurred primarily on one side of the 
indole moiety (i.e., C6, C7, and N1). In accordance with this hypothesis, 
Liu and colleagues recently proposed that in the T102N variant of 
FgaPT2, the initial C6-prenylation site is guided by the relative nucle
ophilicity of the aromatic carbons, while the final C5-position of pre
nylation is determined largely by the proximity between the aromatic 
carbons and the proton-abstracting residue. By repositioning this res
idue to be closer to C5, they successfully shifted the regioselectivity of 
FgaPT2 from C4- to C5-prenylation of tryptophan [34]. This hints at the 
potential to fine-tune the regioselectivity of DMATSs by combining 
rational enzyme design and deliberate selection of substituted 
substrates.

3.6. Prenylation of indoles with different substituents on C3 of the pyrrole 
moiety

As indicated in the introduction, a large number of indole derivatives 
are known to be metabolites that play crucial roles as natural products or 
intermediates in biosynthetic pathways. Examples that were included in 
our study (Table S1) are: indole-3-carboxylic acid (16), a mediator in 
plant resistance mechanisms [42]; indole-3-acetic acid (17), an essential 
plant hormone [43]; indole-3-propionic acid (18), a neuroprotectant 
[44]; serotonin (20), a neurotransmitter and regulator of various bio
logical processes [45]; brassinin (21) and camalexin (22), phytoalexins 
[46]; and tryptamine (19) and indole (23), which are (bio)synthetic 
precursors for numerous biologically active molecules [47]. All these 
indole derivatives share the same indole scaffold, but differ in their C3 
substituents. The conversion and prenylation of these aromatic com
pounds by RePT was assessed (Fig. 4). Since a wide range of conversion 

Fig. 4. Substrate conversion and product profile of prenylation of indole de
rivatives with varying C3-substituents by RePT. Selected prenylated products of 
which the chemical structures were confirmed by NMR analysis are labeled 
with their prenylation position (normal C6- or reverse N1-prenylation). The 
standard deviations indicated are the deviations for each product’s formation 
relative to substrate conversion (%), while the standard deviations for substrate 
conversion are provided in Table S3. The asterisk indicates the site of the 
substitution by a hydroxyl group on substrate 20. a Conversion and product 
abundance of compound 21 could not be reliably identified, see explanation in 
Appendix B (Fig. S5). b A different product profile was observed upon modi
fying the reaction condition for upscaling of indole (23) prenylation (see 
Table S3 and Fig. S9).
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(1.5–75.2 %; Fig. 4) was found, we discuss conversion of this set of 
substrates in more detail focusing on specific structural variations of 
their C3-substituents, such as absence of the α-amino group or the 
α-carboxyl group, or both.

Aromatic compounds lacking the α-amino group (17 and 18), were 
still converted by RePT, albeit to a reduced extent (around 40 %). For 
DMATS1Ff, it has been shown that the substrate’s α-amino group forms a 
hydrogen bond with the carbonyl groups of two amino acid residues 
(F81 and M82) [35]. Analogous residues in RePT would be F111 and 
M112, and hence, we hypothesized that interaction with these residues 
facilitates optimal substrate binding and prenylation, as observed in 
DMATS1Ff (Fig. S6). These two residues of DMATS1Ff are conserved 
beyond RePT in O-tyrosine-prenylating DMATSs (i.e., SirD, TyrPT, 
As-DMATS, Ri-DMATS, see Fig. S7A). Likewise, two residues were 
highlighted for the same function in FgaPT2 (C4-DMATS), but instead of 
F111 and M112, these analogous residues were I80 and L81 [22]. The 
absence of the α-amino group appears to influence not only the extent of 
conversion by RePT, but also the regioselectivity of prenylation. For 18, 
the prenylation primarily occurred as reverse N1-prenylation, while for 
17 the main position of prenylation was normal C6, which differs from 
the C7 prenylation observed for 1.

Absence of the carboxyl group resulted in an even lower conversion 
than absence of the α-amino group, as illustrated by comparing 19 
(16 %) and 20 (4 %) to 18 (42 %) (Table S3). Similar to the amino 
group, the substrate’s carboxyl group was shown for DMATS1Ff to 
interact with two catalytic site residues via hydrogen bonds (Fig. S6) 
[35]. Their analogs in RePT, R290 and Y429, aligned with those from 
DMATS1Ff (R257 and Y389) and again, also seemed conserved within 
the characterized O-tyrosine-prenylating DMATSs (Fig. S7B). On 
another note, the presence of the α-carboxyl group too close to the 
pyrrole ring seems to hinder RePT’s catalytic action substantially, as 16 
was hardly prenylated by RePT. Although it has been suggested that 
hydrogen bonding via either the α-amino group or α-carboxyl group of 
the substrate is important for various DMATSs, the relative importance 
of one group over the other remains elusive [16,18,19,28].

Beyond hydrogen bonding via the α-amino group or α-carboxyl 
group, the indole ring also plays a role in binding, as seen with the high 
conversion of indole by RePT (23), a substrate lacking both groups. In 
the substrate screening, RePT was observed to only prenylated 23 at the 
C3 position (23a). Unlike other substrates, indole’s NH is the sole 
hydrogen bond donor and potential substrate-binding site of 23. The 
absence of C7-prenylation amongst the confirmed products (23a, 23c, 
23d), along with the formation of diverse C3-prenylated products, sug
gests that less extensive hydrogen bonding of 23 within the active site 
gives it higher orientational freedom compared to other substrates. It is 
also worth noting that C3 of indole is the most reactive site for elec
trophilic attack due to its high proton affinity [48], which may 
contribute to the observed C3-mono-prenylation (23a). Yet, when other 
reaction conditions were tested for the upscaled production of preny
lated products, including the use of higher substrate to enzyme ratio and 
the addition of CaCl2, RePT also catalyzed formation of three 
di-prenylated indoles (23b, 23c, 23d; Fig. 2 and Table S6). The increased 
yield of di-prenylated indoles likely resulted from the higher overall 
conversion observed in the upscaled production conditions (Fig. S8-9). 
Apparently, initially C3-mono-prenylated indole (23a), can act as sub
strate resulting in a second prenylation mainly at either C6 (23c) or N1 
(23d) under the specified conditions.

The sulfur-containing compound brassinin (21) was well-converted, 
whereas camalexin (22) with its thiazole substituent was poorly con
verted. Although the extent of conversion of 21 could not be determined 
precisely due to its seemingly instable nature, the presence of prenylated 
products of 21 was observed (Fig. S5).

4. Conclusion

Our study demonstrates that RePT can catalyze prenylation of a wide 

variety of structurally diverse indole derivatives, enabling the produc
tion of C- and N-prenylated indole and tryptophan derivatives. Notably, 
we found that substituents such as halogens can be used to direct the 
prenylation position, allowing for selective control over prenylation at 
either the C7 or the N1 position through RePT’s dual regioselectivity. 
Moreover, the high conversion of various fluorinated and chlorinated 
tryptophans by RePT opens up possibilities to create diverse (reactive) 
products that could serve as leads for novel pharmaceutical develop
ment or as intermediate building blocks for biocatalytic synthesis of 
biologically active compounds.
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