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Regioselective carbon� carbon bond formation belongs to the
challenging tasks in organic synthesis. In this context, C� C bond
formation catalyzed by 4-dimethylallyltryptophan synthases (4-
DMATSs) represents a possible tool to regioselectively synthe-
size C4-prenylated indole derivatives without site-specific
preactivation and circumventing the need of protection groups
as used in chemical synthetic approaches. In this study, a
toolbox of 4-DMATSs to produce a set of 4-dimethylallyl
tryptophan and indole derivatives was identified. Using three
wild-type enzymes as well as variants, various C5-substituted
tryptophan derivatives as well as N-methyl tryptophan were

successfully prenylated with conversions up to 90%. Even
truncated tryptophan derivatives like tryptamine and 3-indole
propanoic acid were regioselectively prenylated in position C4.
The acceptance of C5-substituted tryptophan derivatives was
improved up to 5-fold by generating variants (e.g. T108S). The
feasibility of semi-preparative prenylation of selected trypto-
phan derivatives was successfully demonstrated on 100 mg
scale at 15 mM substrate concentration, allowing to reduce the
previously published multistep chemical synthetic sequence to
just a single step.

Introduction

Carbon� carbon bond formation presents a key step in organic
chemistry to build the carbon frameworks of molecules. With
the goal to create complex structures from smaller, readily
available building blocks, numerous strategies for C� C bond
formation have been developed, like traditional methods or
advanced approaches of organocatalysis and transition metal
catalysis.[1] In recent years, the scope of biocatalytic methods for
C� C bond formation has been expanded,[2] with recent
examples on aldolases, Pictet-Spenglerases, and engineered
cytochromes P450 that catalyze cyclopropanation.[3]

Another group of less investigated C� C bond forming
enzymes are prenyltransferases.[4] They play an important role
in nature for the diversification of natural products by
regioselectively attaching prenyl groups to aromatic
structures.[5] They catalyze the coupling of dimeth-

ylallylpyrophosphate (DMAPP) and selected derivatives to
various aromatic structures, e. g., flavonoids, and amino acids
like tryptophan and tryptophan derivatives.[6]

In view of the central role of tryptophan in the biosynthesis
of neurotransmitters and secondary metabolites,[7] the diversifi-
cation of tryptophan represents an important branching point
in biosynthesis.[8] Biologically active compounds derived from
tryptophan include indole alkaloids, like for instance ergoline
alkaloids or communesin B, a fungal natural product possessing
anti-cancer activity as well as the hormones serotonin and
melatonin.[9]

A wide range of tryptophan derivatives has already been
targeted by chemical but also chemo-enzymatic synthetic
routes, whereby the main challenge being the selective
substitution at the C4 position of the indole ring. Approaches
employing for example palladium[10] or iridium based
catalysts[11] were predominantly regioselective for the C2, C3,
and C5 sites and to a lesser extent for C6 and C7, whereas
selective functionalization at position C4 was rarely
achieved.[11c,12] In a recent synthesis of C4-substituted trypto-
phan derivatives, a C4-preactivated substrate (4-boronated N-
acetyl-tryptophan methyl ester) was prenylated via palladium-
catalyzed cross-coupling (Scheme 1A).[13] Another transition
metal (Pd) catalyzed approach to C4-substituted tryptophan
derivatives required directing and protecting groups for direct
olefination (Scheme 1B).[14] Although these synthetic methods
achieved high regioselectivity and fair yields, they relied on
protected tryptophan derivatives whose preparation required
multiple steps.[14] Therefore, the direct prenylation of unpro-
tected L-tryptophan using prenyltransferases would present a
convenient alternative to the above-mentioned chemical routes
(Scheme 1C, D).

Fungal 4-dimethylallyl tryptophan synthase (4-DMATS)-type
prenyltransferases catalyze the C4-selective prenylation of L-
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tryptophan (1a) with dimethylallylpyrophosphate (DMAPP) to
give 4-(dimethylallyl)tryptophan (2a, 4-DMAT) and pyrophos-
phate. This reaction constitutes the first step in the alkaloid
biosynthesis pathway of ergot fungi, which produce a great
diversity of ergot alkaloids from the classes lysergic acid and
derivatives, clavines or ergopeptines.[15] 4-DMATS-encoding
genes (termed DmaW or FgaPT2) identified in Claviceps
purpurea, Aspergillus japonicus and Aspergillus fumigatus have
been cloned and heterologously expressed in Saccharomyces
cerevisiae.[16] Also diprenylated indole derivatives have been
synthesized with recombinant DMATS.[17] However, initial
reports on the acceptor and donor substrate scope for C4-
prenylation have been performed for purified FgaPT2 or FgaPT2
displayed on the surface of E. coli cells[5a,16a,18] and were
performed on a small scale (100 μL–1 mL) with low substrate
loadings (max. 1 mM). It is worth to mention, that prenylation
of C4-substituted tryptophan analogues was reported in other
positions with this type of enzyme on a 5 mL scale at 20 mM
tryptophan/8.8 mM DMAPP.[19] During the last years, various
DMATS have been investigated for the prenylation of several
alternative substrates like fumiquinazolines[20] and tyrosines.[21]

Herein, we describe the regioselective biocatalytic C4-
prenylation of L-tryptophan and derivatives with the aim to (i)

to extend the library of 4-DMATSs, (ii) to investigate the window
of reaction parameters, (iii) to elucidate the scope and
limitations with respect to the substrate pattern, and (iv) to
improve the substrate scope by using rational protein engineer-
ing for the 4-DMATS from A. japonicus. As prenylated
tryptophan serves as key intermediate to various alkaloids,[8] a
scalable method and the access to new derivatives may open
the door towards new alkaloid derivatives with new properties.
Compared to previously reported prenylations catalyzed by
DMATS from A. fumigatus and Cl. purpurea, the one from A.
japonicus is less explored. For this reason, we put it in the focus.

Results and Discussion

Prenylation of L-tryptophan by DMATS from A. japonicus

Based on a literature reported enzymatic C4-prenylation,[18d] the
natural substrate L-tryptophan (L-1a, 1 mM) was initially trans-
formed with purified prenyltransferase from A. japonicus
(DmaW, Aj-4-DMATS) at varied enzyme concentrations (1.45–
5.8 μM) giving 10–39% conversion within 60 min (Figure 1,
light-orange bars) and quantitative conversion within 24 h
when using an enzyme concentration of at least 2.9 μM (dark-
orange bars). Since for synthetic in-vitro applications the use of
a cell-free extract (CFE) preparation is favored over a purified
enzyme (especially in case of expression in E. coli the laborious
purification can be avoided as well as the reagents required for
purification), the prenylation was performed using a
DmaW� CFE preparation allowing quantitative conversion of C4-
prenylated tryptophan L-2a within 24 h at 1 mM substrate
concentration (Figure 1, dark-blue bars). The amount of DmaW
present in the CFE was estimated to be 0.65 nmol per mg of

Scheme 1. Transition metal catalyzed and biocatalytic approaches to L–
DMAT (L-2a) and derivatives.

Figure 1. Comparison of prenylation of L-1a using varied amounts of the
prenyltransferase DmaW either as purified preparation (orange) or cell-free
extract (blue). Results after 1 h are shown as light bars and those after 24 h
as dark bars. Reactions were investigated using three concentrations of
purified DmaW from A. japonicus (100, 200 and 400 μg/mL corresponds to
1.45, 2.9 and 5.8 μM) and three concentrations of CFE DmaW preparation
[CFE of E. coli BL21(DE3), 10, 20 and 40 mgCFE/mL of lyophilized CFE
corresponding to 6.5, 13 and 26 μM pure DmaW]. Reaction conditions: L-1a
(1 mM), DMAPP (2 mM), Tris/HCl buffer (50 mM pH 7.5, 5 mM CaCl2), 30 °C,
24 h.
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CFE based on initial rate measurements (Figure S3). It is worth
noting that CFE contains already some L-1a corresponding to
0.25 mM when using 20 mgCFE/mL (Supporting Information).
Stopping the prenylation reaction already after 60 min showed
comparable results for 20 and 40 mgCFE/mL, corresponding to
13 and 26 μM pure DmaW (light-blue bars). Consequently,
further biotransformations were conducted with 20 mgCFE/mL
to keep the amount of catalyst applied to a minimum.

In a subsequent experiment it was shown that a 1 :1 ratio of
the two reactants L-1a and DMAPP is sufficient at 1 mM L-1a to
reach completion (Figure S4), thus DMAPP does not need to be
in excess to allow all substrate L-1a to be converted. Since
previously only low substrate concentrations (maximum 1 mM)
have been reported,[18a,d] the activity at increasing concentration

of the two substrates was investigated (Figure 2). Varying the
concentration of L-1a and DMAPP at a ratio of 1 :1 between
0.5–25 mM, the highest rates were observed with 5.0–10.0 mM
of L-1a/DMAPP with 8.7–8.8 U/gCFE. An increase to 25 mM
caused a decrease of rate to 4.9 U/gCFE, indicating substrate
and/or product inhibition and suggesting an optimal substrate
concentration of 10.0 mM for batch reactions.

To elucidate whether there is substrate inhibition caused by
both substrates or just by one, the kinetics were determined by
varying one substrate concentration while keeping the other
constant (Figures 3 and 4). These experiments revealed that
only DMAPP caused substrate inhibition for DmaW (Ki =

4.7 mM), whereas the kinetics for L-1a were well described by
the Michaelis-Menten model between 0.5–25 mM (Table 1). In
literature the KM for L-1a varies between 7 μM and 0.2 mM for
the A. fumigatus enzyme,[22] whereby the DMAPP concentration
was just kept between 200 μM and 1 mM. The KM for DMAPP
varies between 4 μM[16a] and 52 μM[23] at 1 mM L-1a. An

Figure 2. Reaction rate at increasing L-1a/DMAPP concentration at a 1 :1
ratio of the two reagents. Reaction conditions: L-1a (0.5–25 mM), DMAPP
(0.5–25 mM), DmaW preparation [CFE of E. coli BL21(DE3), 20 mgCFE/mL =̂

13 μM pure enzyme], Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2), DMSO
(5%v/v), 30 °C, 30 min.

Figure 3. Reaction rate vs. L-1a concentration at 5 mM DMAPP. Mean values
of triplicate measurements (black dots; error bars indicate standard
deviation) were fitted to the Michaelis-Menten equation (blue line) by non-
linear regression. The fit function and the determined kinetic parameters are
shown in the light-blue box. Reaction conditions: L-1a (0.5–25 mM), DMAPP
(5 mM), DmaW preparation [CFE of E. coli BL21(DE3), 5 mgCFE/mL =̂ 3.25 μM],
Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2), DMSO (5%v/v), 30 °C, 30 min.

Figure 4. Reaction rate vs. DMAPP concentration at 5 mM L-1a indicating
substrate inhibition. Mean values of triplicate measurements (black dots;
error bars indicate standard deviation) were fitted to the Michaelis-Menten
equation for uncompetitive substrate inhibition (blue line) by non-linear
regression. The fit function and the determined kinetic parameters are
shown in the light-blue box. Reaction conditions: L-1a (5 mM), DMAPP (0.5–
25 mM), DmaW preparation [CFE of E. coli BL21(DE3), 5 mgCFE/mL =̂ 3.25 μM],
Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2), DMSO (5%v/v), 30 °C, 30 min.

Table 1. Apparent kinetic parameters of DmaW for prenylation of L-1a
with DMAPP.

Substrate KM
[a]

[mM]
Vmax

[a]

[U/gCFE]
Vmax

[a]

[U/mgpure enzyme]

DMAPP
(5 mM L-1a)

6.9�1.2
(Ki: 4.7�0.4 mM)

149�20 3.3�0.4

L-1a
(5 mM DMAPP)

2.0�0.8 62�5.8 1.4�0.1

[a] Reaction conditions: L-1a (5 mM or 0.5–25 mM), DMAPP (5 mM or 0.5–
25 mM), DmaW preparation [CFE of E. coli BL21(DE3), 5 mgCFE/mL =̂

3.25 μM enzyme], Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2), DMSO
(5%v/v), ambient atmosphere, 30 °C, 0–15 min, reaction volume: 1 mL.
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inhibition by DMAPP has never been reported before, which
might be due to the low concentrations investigated.

Testing for product inhibition by L-2a, prenylation experi-
ments of L-1a (5 mM) in the presence of L-2a (Figure S6) led to
quantitative conversion of L-1a within 60 min with up to 5 mM
of L-2a supplementation, whereas 10 mM and 20 mM of L-2a
led to slightly lower conversion (90% and 75%, respectively).
Consequently, for substrate concentrations up to 10 mM,
product inhibition by L-2a was not considered to be relevant.
Product inhibition by formed pyrophosphate (PPi) could be
excluded, due to endogenous inorganic pyrophosphatase
present in E. coli CFE, a specific enzyme hydrolyzing PPi to Pi.

[24]

As 1a has only low solubility in water (�55 mM at 25 °C),[25]

co-solvents such as MeOH, EtOH, acetonitrile, 2-propanol, DMF,
and DMSO were considered to improve the solubility, whereby
only DMSO allowed dissolving 100 mM of L-1a. Testing the
activity at increasing DMSO concentration in buffer up to
25%v/v (Figure S5) showed comparable results for 5%v/v
DMSO and in the absence of DMSO, while at higher DMSO
concentrations the rates were reduced; subsequently, 5%v/v
DMSO was used for further experiments, especially as the
solubility for selected substituted derivatives (e.g., 1g) was even
worse.

Prenylation of non-natural substrates

Having identified a suitable substrate and solvent concentration
range for the C4-prenylation of L-1a by dimethylallyltransferase
from A. japonicus (DmaW, Af-4-DMATS), substituted tryptophan
derivatives (1b–1g) as well as truncated tryptophan derivatives
(1h, 1 i) and D-1a were investigated (Scheme 2).

Although one might expect a high stereo-recognition by
the enzyme for a stereogenic center as present in L-1a, the
mirror-image substrate D-1a was prenylated with reasonable
conversion (20%) at 5 mM substrate concentration within
24 hours (Table 2). When comparing the rates, L-1a was trans-
formed just three times faster than its mirror image D-1a
(Figure S5), opening the possibility to C4-prenylate both
enantiomers of 1a.

As the position at C5 of the indole moiety might cause
steric challenges for the reaction due to the proximity to the
reaction center C4 and is therefore the most demanding
position, several small substituents at C5 were investigated
(1b–1e). Interestingly, the wild-type DMATS from A. japonicus
transformed the derivative L-1b possessing a methyl group at
C5 only very poorly (4% conv.), but an OH group was accepted
reasonably well (24% conv.). Even the bigger methoxy group as
well as the bromo substituent were accepted similar as the OH
group (substrates rac-1d, rac-1e).

To expand the number of suitable DMATSs for C4-
prenylation, a BLAST search was performed using the amino
acid sequence of DmaW from A. japonicus as query sequence.
This search returned 193 hits with an identity of >55% to the
sequence from A. japonicus (Table S5). Based on the BLAST
search, four DMATSs [Aspergillus fumigatus (KEY80409.1), Mal-
branchea aurantiaca (ABZ80611.1), Claviceps purpurea
(CAC37397.1) and Trichophyton benhamiae (XP_003017766.1)]
from fungi were arbitrary selected, whereby the enzymes were
chosen to be from different organisms and also display different
similarities (68, 64 and 57%). The enzymes were expressed
using synthetic codon-optimized genes. After successful soluble
expression of all four candidates, two of them showed
increased activity for some tryptophan derivatives, namely the
DMATS from Claviceps purpurea[26] and from Trichophyton
benhamiae, possessing identities of 57% and 69% with DmaW,
respectively. Interestingly, the 4-DMATS from C. purpurea and T.
benhamiae did not convert D-1a at all, only L-1a was converted
indicating that these enzymes are stereoselective, and thus,
they are complementary to DmaW. Interestingly, all wildtypeScheme 2. Biocatalytic prenylation of tryptophan derivatives 1a–i.

Table 2. Prenylation of tryptophan and derivatives 1a–1 i by DMATSs from
A. japonicus, Trichophyton benhamiae and C. purpurea.

Substrate Conversion[a] [%]
DMATS from
A. japonicus

DMATS from
C. purpurea

DMATS from
T. benhamiae

L-1a >99 8 39
D-1a 20 n.d. n.d.
L-1b 3.9 3.5 12
L-1c 24 60 29
rac-1d 10[c] 22[c] 24[c]

rac-1e 23[c] 11[c] 13[c]

L-1 f 90[b] 31[b] 65[b]

L-1g 11 48 20
1h 17 5 4
1 i 53 52 44

[a] Conversion (consumption of substrate 1) determined by HPLC-UV
(262 nm) on an achiral stationary reversed-phase using propiophenone
(2 mM) as internal standard. The reported values are mean of three
independent experiments. n.d.=no product detected. Reaction condi-
tions: tryptophan derivative (5 mM), DMAPP (5 mM), DMATS preparation
[CFE of E. coli BL21(DE3), 20 mgCFE/mL], Tris/HCl buffer (50 mM, pH 7.5,
5 mM CaCl2), DMSO (5%v/v), under ambient atmosphere, 30 °C, 24 h,
reaction volume: 1 mL. [b] In contrast to all other substrates, the
transformation of L-1f led to several side products beside the desired
product L-2f, such as L-2a but also 3 f and 4f. The reaction mixture
contained for: A. j.: 35% L-2a, 15% L-2 f, 5% 3 f, 35% 4 f; C. p.: 6.8% L-2a,
<1% L-2 f, <1% 3f, 24% 4f; T. b.: 23% L-2a, <1% L-2f, <1% 3 f, 49%
4f. [c] The e.e. of the remaining substrate was in general below 5% with
D-1 in excess. The e.e. was determined by HPLC-MS on a chiral stationary
phase.
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enzymes converted the 5-methyl substrate L-1b with lower
conversion than the subsequent apparently more sterically
demanding substrates. Furthermore, the 4-DMATS from C.
purpurea showed higher conversion for the C5-hydroxy sub-
stituted derivative L-1c than the one from A. japonicus.

Comparing the three active 4-DMATSs by amino acid
sequence alignment (Benchling multi-sequence alignment tool,
Figure S9), revealed that the active site regions are conserved.
All three DMATSs possess the catalytically important residues
Lys174 and Glu85 (numbering according to C. purpurea), which
were previously assigned[27] to abstract a proton from the σ-
complex at C4 and to interact with the indole N� H. The
sequence alignment also confirmed strict conservation of most
residues involved in coordinating the pyrophosphate moiety
(i. e., K186, Y188, R262, K264, Y408, Y414; numbering according
to C. purpurea) in all the mentioned enzymes. Additionally, four
tyrosine residues, namely Y266 and Y350 as well as Y185 and
Y414, suggested to protect the reactive carbocation from
water,[27–28] were identified in all three DMATSs. Moreover, four
residues (I80, L81, Y190 and R249) that anchor the polar side
chain of the substrate L-1a were conserved in all three
enzymes, consistent with their common regioselectivity towards
the C4 position.[27]

Next, we investigated the conversion of two N-methylated
derivatives of indole (L-1 f and L-1g). It turned out that both
were converted, whereby the transformation of L-abrine (1f)
with DMAPP afforded unexpected products when using CFE
(Scheme 3). Besides the expected prenylated product (L-2 f),
two additional products were identified after preparative-scale

biotransformation using Aj-DMATS (100 mg L-1 f, 15 mM). At a
conversion of 90% after 24 h, L-2 f was obtained in 10%
isolated yield and the two additional products with 20%
isolated yield each. Analysis of the new products revealed the
formation of prenylated demethylated tryptophan L-2a and a
prenylated cyclization product L-4 f. Further analysis revealed
that the demethylation/cyclization is not caused by DMATS but
due to activities present in the CFE of E. coli BL21(DE3)
(Supporting Information, “Characterization of L-abrine prenyla-
tion by DmaW”). The same side products were also observed
with CFE preparations of DMATS from C. purpurea and T.
benhamiae. Since it has previously been described that E. coli
possesses a N-methyltryptophan oxidase (MTOX),[29] which was
reported to afford the oxidative demethylation of N-meth-
yltryptophan/L-abrine (1f),[30] we ascribe the generation of the
demethylated product to the activity of this enzyme present in
the crude cell-free extract. Interestingly, cyclisation has not
been reported for MTOX yet, although other members of this
enzyme family are known to catalyze oxidative cyclisation
reactions.[31] Consequently, the observed cyclisation may be
expected to occur due to the presence of MTOX in the CFE. This
initial observation may trigger further investigations with the
aim to elucidate the interplay of MTOX and DMATS in
generating novel indole derivatives from N-methyltryptophan
and derivatives thereof.

Finally, moving to tryptophan derivatives lacking either the
α-amino moiety (1h) or the carboxylic acid moiety (1 i) showed
that both functionalities can be omitted and prenylation still
occurs (Table 2). It is worth to note that omitting the carboxylic
acid moiety led in general to higher conversion than using C5-
substituted tryptophan derivatives. Although the docking poses
of substrates 1h and 1 i align closely with the one from L-1a in
the active site of DMATS from A. fumigatus (Figure 5, PDB code:
3I4X[27]), we hypothesized that the binding of these two indole
derivatives in the active site is considerably weaker due to
missing polar groups and therefore reduced interactions. This
assumption was supported by the measured KM values: In both
cases, the KM increased (KM = 3.4 and 4.9 mM, respectively, for

Scheme 3. Possible reaction pathways transforming L-abrine (1f) via preny-
lation, demethylation and cyclization leading to products L-2a, L-3 f and L-4 f
using cell-free extract of E. coli BL21(DE3)/DMATS.

Figure 5. Structural alignment of docking poses for L-1a (turquoise) with (A)
1h (green) and (B) 1 i (green) in the active site of DMATS from A. fumigatus.
Polar interactions of L-1a are highlighted in magenta and polar interactions
of indole derivatives in yellow. The X-ray structure of A. fumigatus was used
since the predicted structure of the DMATS from A. japonicus using
AlphaFold2[32] aligned perfectly with the experimentally determined struc-
ture of A. fumigatus.
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1h and 1 i) and additionally maximum rates were reduced to
5.3 and 8.8 U/gCFE for 1h and 1 i (Figure S22 and S23).

As here always DMAPP was used as alkyl substrate, it
remains to be clarified whether DMATS homologs would lead
to changed regioselectivity as recently reported for FgaPT2.[18e]

Evaluation of variants for improved conversion of
C5-substitued tryptophans

For a rational protein engineering approach, the C5-substituted
tryptophans L-1c and L-1d were docked into the active site of
DMATS from A. fumigatus together with DMAPP (Figure 6). The
docking pose of L-1c aligned well with the published crystal
structure harboring L-1a and the unreactive sulfur-analog of
DMAPP, DMSPP (PDB code: 3I4X).[27] The indole ring of L-1c is
slightly tilted out of position (the distance from the C4 to the
C1 of DMAPP changes from 3.8 to 4.3 Å), apparently as a result
of an interaction with the side chain of tyrosine Y188
(numbering according to A. fumigatus). The methoxy derivative

L-1d, on the other hand, is displaced by 3.3 Å relative to L-1a,
which seems to disrupt important polar interactions of 1d with
active-site residues, including the catalytically important Glu85
and Lys174. This displacement appears to result from steric
interactions of the substrate’s methoxy group with the side
chains of Tyr188, Lys173, and Thr101. These residues were
therefore targeted by site-directed mutagenesis.

To reduce steric hindrance, the size of the amino acid side
chains was reduced by creating the variants Y195A, Y195S,
Y195S/K180V and T108S which expressed about as well as the
wild-type (Figure S10). The variants for the Y195 position
displayed improved conversion compared to the wild-type for
5-substituted tryptophan derivatives 1b–1d (Figure 7). Ex-
change to serine gave improved conversion with L-1c and rac-
1d (46.9�1.5% and 15.4�7.4% conv. within 24 h, compared
to 9.8�1.4% and 7.5�1.3% with the wild-type). An even
higher increase in conversion was obtained for the 5-methoxy-
substituted tryptophan rac-1d with T108 S (29.5�5.8% conv.
within 24 h). Moreover, for L-1b, an increase in conversion was
observed with all investigated variants. Compared to the wild-
type, which converted only 3.9% of L-1b, single variant Y195 A
and double variant Y195S/K180 V showed increased conver-
sions of 23.7�1.9% and 22.9�2.9%, respectively. No improve-
ment was obtained for rac-1e with any variant; actually,
conversions dropped in all cases, which was unexpected.

Semi-preparative prenylation of tryptophan derivatives

Having now a small library of DMATSs in hand, the possibility to
perform semi-preparative biotransformations was evaluated.
For these experiments the substrate concentration was raised
from 5 mM to 10 mM in these reactions, which was expected to
result in higher space-time yield at the cost of reduced
conversion. Reactions on 100–200 mg scale (tryptophan deriva-
tive) afforded the prenylated tryptophans with up to 90%
conversion and up to 80% isolated yield (Table 3). The products

Figure 6. Structural alignment of docking poses of L-1a (turquoise) with (A)
L-1c and (B) L-1d (both marked in green) in the active site of DMATS from A.
fumigatus. Polar interactions of L-1a are highlighted in magenta and polar
interactions of tryptophan derivatives in yellow. Numbering in red is
according to A. fumigatus and corresponds to Y197 for Y190, Y195 for Y188,
K180 for K173 and T108 for T101 in A. japonicus.

Figure 7. Conversion of L-1a and C5-substituted tryptophan derivatives L-
1b, L-1c, rac-1d, and rac-1e by DmaW wild-type and DmaW variants after
24 h. Reaction conditions: tryptophan derivative (5 mM), DMAPP (5 mM),
DmaW wild-type and variant preparation [CFE of E. coli BL21(DE3)] (20 mgCFE/
mL), Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2), DMSO (5%v/v), 30 °C, 24 h.

Table 3. Semi-preparative prenylations of L-1a and derivatives by DmaW
wild-type and variants.

Substrate Conv.[a] Yield Product(s) Enzyme
[%] [%] [mg]

L-1a 90* 80 109 L-2a A. japonicus WT
A. japonicus
Y195S
A. japonicus
T108S
A. japonicus WT
A. japonicus WT
C. purpurea WT

L-1c 80* 50 72 L-2c
rac-1d 15** 10 20[c] 2d[b]

L-1f 90* 10/20/
20

20/40/
40

L-2f/2a/
4f

1h 20** 8 6 2h
1 i 40** 10 6 2 i

[a] Conversion (consumption of substrate 1) determined by reversed-
phase HPLC-UV (262 nm) on an achiral stationary phase, using propiophe-
none (2 mM) as internal standard. Reaction conditions: tryptophan
derivative 1 (10 mM), DMAPP (10 mM), DMATS preparation [CFE of E. coli
BL21(DE3), 5 mgCFE/mL], Tris/HCl buffer (50 mM pH 7.5, 5 mM CaCl2),
DMSO (5%v/v), 30 °C, *24 h/**72 h, reaction volume: 50 mL. [b] Enantio-
meric excess of product not determined due to low conversion. [c]
Isolated as Boc-protected derivative
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L-2a, L-2b, L-2e, 2h, 2 i were isolated by preparative HPLC and
silica gel chromatography (Supporting Information).

Conclusion

Regioselective C� C bond formation at aromatic non-pre-
functionalized positions is a challenge for established chemistry.
Biocatalysts may offer alternatives due to the possibility to
position the two reaction partners in a very precise position
relative to each other in the active site of the biocatalyst.[2c] C4-
Dimethylallytryptophan synthases (4-DMATSs) were here inves-
tigated for their potential in organic synthesis. Starting from a
less characterized DMATS from A. japonicus, further 4-DMATSs
were identified and tested. All three investigated 4-DMATSs
showed activity with tryptophan and several of its derivatives. It
turned out that for higher substrate concentrations the low
solubility of the tryptophan derivative in buffer represents a
challenge as well as an intrinsic substrate inhibition by DMAPP.
Three wild-type enzymes and a focused library of variants were
investigated for the C4-prenylation of L-tryptophan 1a and
derivatives bearing substituents either at the demanding
position C5 or at the nitrogen atoms. All non-natural substrates
were successfully prenylated with conversions up to 90%.
Additionally, it was shown that also truncated tryptophan
derivatives like tryptamine (1 i) are substrates. Investigating
selected variants led to the identification of variant Y195S,
which allowed a five-fold increase of conversion for 5-hydroxy
substituted tryptophan derivative L-1c, and variant T108S,
which improved the conversion of rac-1d almost 3-fold.

The feasibility study on semi-preparative scale (100 mg,
10 mM substrate concentration) resulted in isolated yields of up
to 90%. It demonstrated for the first time the potential of C4-
prenylation of unprotected tryptophan derivatives for synthetic
purposes at a reasonable substrate concentration. Such a
single-step prenylation allows to shorten previously reported
chemical synthesis routes,[33] e.g., of C4-prenylated tryptamine
(2 i), to a single step and does not require preactivation or
protecting groups. This research opens the door for regioselec-
tive C� C bond formation at C4 of tryptophan derivatives.

Experimental Section
Chemicals: All chemicals and media ingredients were purchased
from Sigma-Aldrich (Vienna, Austria), Roth (Karlsruhe, Germany),
Merck (Darmstadt, Germany), Fluka (Buchs, Switzerland) or Becton,
Dickinson and Company (Franklin Lakes, NJ, USA).

Gene synthesis, cloning, expression, and protein purification:
General information on strains and plasmids, and the details of
gene design and cloning protocols can be found in the Supporting
Information, “Section S1. Supporting Methods”. Implemented
variants were generated by QuikChange II XL Site-Directed Muta-
genesis Kit (Agilent, Santa Clara, USA), using primers as listed in the
Supporting Information, “List of primers for construction of DmaW
variants”. The presence of the desired mutations in all constructs
was verified by sequencing. Production of wild-type DMATS was
achieved in E. coli BL21(DE3), and DmaW variants were produced in
E. coli ArcticExpress(DE3). Cultivation of E. coli ArcticExpress(DE3)

cells was conducted in 600 mL of lysogeny broth (LB) medium
(10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) containing
kanamycin (50 μg/mL) and gentamycin (20 μg/mL) in the precul-
tures and in the main cultures without antibiotics, as suggested by
the cell manufacturer’s protocol.[34] Cultivation of E. coli BL21(DE3)
was conducted in 600 mL of terrific broth (TB) medium (24 g/L
yeast extract, 12 g/L tryptone, 4 mL/L glycerol, potassium
phosphate buffer (100 mM, pH 7.5) containing kanamycin (50 μg/
mL). Cultures were initially incubated at 30 °C and 37 °C for
ArcticExpress(DE3) and BL21(DE3), respectively, with shaking at
120 rpm. At an optical density (OD600 nm) of 0.5–1.0, isopropyl β-D-
1-thiogalactopyranoside (IPTG) was added to a final concentration
of 0.5 mM to induce the expression of DMATS. Incubation was
continued at 13 °C for ArcticExpress(DE3) and 20 °C for BL21(DE3)
with shaking at 120 rpm for 20 h. Cells were then harvested by
centrifugation and resuspended in sodium phosphate buffer
(50 mM, 150 mM CaCl2, pH 7.5). The cells were disrupted using a
Soniprep150 ultrasonicator (MSE, London, U.K.), employing 5 min
bursts with an amplitude of 30% with 2 min intervals at 4 °C. Cell
debris was removed by centrifugation at 15,000 rpm (42,300 × g)
for 15 min and either loaded onto a 5 mL His-Trap HP column (GE
Healthcare) or lyophilized on a freeze-dryer (Christ alpha 1–4basic).
For His-tag purification, the target protein was eluted using
250 mM imidazole in sodium phosphate buffer (50 mM, pH 7.5)
containing 150 mM NaCl. The purified enzyme was desalted using
PD10 columns and sodium phosphate buffer (50 mM, pH 7.5)
containing 150 mM NaCl without imidazole.

Biotransformations: Biotransformations (1 mL) with DMATS prepa-
ration [CFE of E. coli BL21(DE3)] or purified DmaW from A. japonicus
contained the tryptophan derivative (0.5–25 mM), DMAPP (0.5–
25 mM), DMSO (0–25%v/v) and CFE (10–40 mgCFE/mL correspond-
ing to 6.5–26 mM pure DmaW) or purified DmaW (100–400 μg/mL)
in Tris/HCl buffer (50 mM pH 7.5, 5 mM CaCl2). Reactions were
performed on the lab bench or under oxygen exclusion in the
glove box (for abrine (1f) oxidation tests) using a thermoshaker. For
determination of conversion, samples (150 μL) were taken from the
reaction mixtures after 0, 60 min and 24 h, and for kinetics after 0,
5, 10, 20, 40 and 60 min after incubation at 30 °C, and were
quenched with acetonitrile (150 μL, containing 2 mM of propiophe-
none as internal standard) and after vigorous shaking (10 sec)
analyzed on HPLC-UV and HPLC-MS. Substrate stocks (50 mM) were
prepared in Tris/HCl buffer (50 mM, pH 7.5, 5 mM CaCl2). All stocks
in buffer were sonicated (30 sec) to obtain a clear solution. Details
of columns and analytical methods, with chromatograms, can be
found in the Supporting Information, “Analysis: Chromatography
columns, conditions, and retention times for investigated sub-
strates”.

Semi-preparative biotransformations: Reactions with tryptophan
derivatives (0.5 mmol) as prenyl acceptors were set up on 50 mL
scale, using DmaW wild-type and variants preparation [CFE of E. coli
BL21(DE3)] (250–1000 mg) and DMAPP (123 mg, 0.5 mmol). The
reactions were incubated at 30 °C, 120 rpm for 24–48 h. Reactions
were quenched with acetonitrile (50 mL) and, after intensive
vortexing, centrifuged for 20 min (14,000 rpm, 21,000× g). The
remaining clear solutions were subjected to preparative HPLC for
isolation of the desired prenylated compounds. Reactions contain-
ing indole-3-propionic acid (1h) and tryptamine (1 i) were acidified
with concentrated aqueous HCl solution (100 μL) or basified with
saturated aqueous Na2CO3 solution (50 mL), respectively, vortexed,
and extracted with ethyl acetate (50 mL). After centrifugation for
10 min, the organic layer was collected and evaporated under
reduced pressure. The remaining solution was subjected to
preparative HPLC as described above. Fractions containing the
desired prenylated tryptophan were evaporated under reduced
pressure, followed by NMR analysis.
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Following the general procedure of semi-preparative prenylation of
tryptophan derivatives, L-1a (103 mg, 0.5 mmol) afforded L-2a
(109 mg, 0.4 mmol, 80%) as a white powder after preparative HPLC.
1H NMR (300 MHz, DMSO-d6): δ=11.06 (d, J=2.5 Hz, 1H, N1� H),
7.26 (d, J=2.3 Hz, 1H, C2� H), 7.20 (t, J=8.0 Hz, 1H, C5� H), 6.96 (t,
J=7.6 Hz, 1H, C6� H), 6.72 (d, J=7.1 Hz, 1H, C7� H), 5.33 (t, J=

7.1 Hz, 1H, prenyl� CH), 3.74–3.60 (m, 2H, prenyl� CH2), 3.59 (dd, J=

3.3 Hz, 15.4 Hz, 2H, beta-CH2), 3.48 (dd, J=3.3, 10.5 Hz, 2H, alpha-
CH) 3.02 (dd, J=10.4, 15.4 Hz, 2H, beta-CH2), 1.72 (s, 6H,
prenyl� CH3);

13C NMR (75 MHz, DMSO-d6): δ=170.8, 137.6, 133.9,
131.7, 125.3, 124.8, 124.3, 121.4, 118.9, 110.8, 109.9, 55.9, 31.8, 29.7,
26.1, 18.3. MS (ESI, pos.): m/z=273 [M+H+].

Following the general procedure of semi-preparative prenylation of
tryptophan derivatives, L-1c (110 mg, 0.5 mmol) afforded L-2c
(72 mg, 0.25 mmol, 50%) as a white powder after preparative HPLC.
1H NMR (300 MHz, DMSO-d6): δ=10.62 (d, J=2.5 Hz, 1H, N1� H),
7.12 (d, J=2.6 Hz, 1H, C2� H), 6.66 (d, J=8.5 Hz, 1H, C6� H), 6.98 (d,
J=8.5 Hz, 1H, C7� H), 5.09 (t, J=6.4 Hz, 1H, prenyl� CH), 3.67 (dd,
J=14.9, 6.9 Hz, 2H, prenyl� CH2), 3.52 (dd, J=3.3 Hz, 15.4 Hz, 2H,
beta-CH2), 3.40 (dd, J=3.2, 10.6 Hz, 2H, alpha-CH), 2.90 (dd, J=10.6,
15.6 Hz, 2H, beta-CH2), 1.72 (s, 3H, prenyl� CH3), 1.61 (s, 3H,
prenyl� CH3)

13C NMR (75 MHz, DMSO-d6): δ=170.6, 147.8, 132.3,
129.7, 126.2, 125.7, 124.9, 117.8, 112.0, 110.3, 109.5, 55.7, 29.6 26.1,
25.2, 18.6. MS (ESI, pos.): m/z=289 [M+H+].

Following the general procedure of semi-preparative prenylation of
tryptophan derivatives, Boc-protection as described in section “Boc-
protection for semi-preparative biotransformations” and acidic
extraction with EtOAc, L-1d (117 mg, 0.5 mmol) afforded Boc-
protected L-2d (20 mg, 0.05 mmol, 10%) as a white-yellowish
powder after silica chromatography (CH2Cl2:MeOH 9 :1+0.1%
Acetic acid). 1H NMR (300 MHz, Methanol-d4): δ=7.21 (d, J=8.8 Hz,
1H, C2� H), 7.13–6.96 (m, 1H, C6� H), 6.74 (d, J=6.3 Hz, 1H, C7� H),
5.60 (t, J=3.8 Hz, 1H, prenyl� CH), 4.39 (dd, J=7.7, 4.9 Hz, 1H), 3.83
(s, 3H, methoxy� CH3), 3.34–3.13 (m, 2H, beta- and alpha-CH), 3.09
(dd, J=14.7, 7.6 Hz, 1H, beta-CH2), 1.43 (d, J=2.4 Hz, 6H,
prenyl� CH3), 1.37 (s, 9H). 13C NMR (75 MHz, Methanol-d4): δ=179.1,
157.6, 135.5, 131.7, 127.8, 127.8, 115.4, 115.2, 113.5, 104.3, 104.0,
83.1, 58.9, 58.7, 52.4, 52.4, 52.1, 51.8, 51.6, 51.3, 51.0, 50.7, 31.5, 31.2,
19.0. MS (ESI, pos.): m/z=403 [M+H+].

Following the general procedure of semi-preparative prenylation of
tryptophan derivatives, L-1f (109 mg, 0.5 mmol) afforded L-2f
(21 mg, 0.075 mmol, 15%) as a white powder after preparative
HPLC. 1H NMR (300 MHz, DMSO-d6): δ=10.76 (d, J=18.4, 11.1 Hz,
1H, N1� H), 7.03–7.01 (m, 2H, C2� H), 6.99 (d, J=1.1 Hz, 1H, C5� H),
6.79 (t, J=8.1 Hz, 1H, C6� H), 6.54 (d, J=8.1, 7.2 Hz, 2H, C7� H), 5.15
(t, J=7.0 Hz, 1H, prenyl� CH), 3.55 (dd, J=15.7, 2.9 Hz, 2H, beta-
CH2), 3.40 (dd, J=10.4, 3.1 Hz, 2H, alpha-CH), 2.80 (dd, J=15.4,
10.7 Hz, 1H, beta-CH2), 2.41 (N� CH3, under DMSO peak) 1.55 (s, 6H,
prenyl� CH3)

13C NMR (75 MHz, DMSO-d6): δ=170.2, 137.7, 133.9,
131.7, 125.2, 124.6, 124.3, 121.5, 118.9, 110.9, 109.9, 55.9, 31.8, 29.7,
26.1, 18.3. MS (ESI, pos.): m/z=287 [M+H+].

Following the general procedure of semi-preparative prenylation of
tryptophan derivatives and acidic extraction with EtOAc, 1h
(95 mg, 0.5 mmol) afforded 2h (6 mg, 0.023 mmol, 5%) as a white
powder after preparative HPLC. 1H NMR (300 MHz, CD3OD) δ=

7.25–7.11 (m„ 1H, C5� H), 7.02 (s, 1H, C2� H), 6.98 (t, J=7.7 Hz, 1H,
C6� H), 6.75 (d, J=7.2 Hz, 1H, C7� H), 5.35–5.31 (m, 1H, prenyl� CH),
3.74 (d, 2H, J=6.8 Hz, prenyl� CH2), 3.22 (m, J=7.9 Hz, 2H, beta-
CH2), 2.66 (dd, J=8.8, 6.8 Hz, 2H, alpha-CH2), 1.78 (s, 3H,
prenyl� CH3), 1.76 (s, 3H, prenyl� CH3). MS (ESI, pos.): m/z=258 [M+

H+].

Following the general procedure of semi-preparative prenylation of
tryptophan derivatives and basic extraction with EtOAc, 1 i (80 mg,

0.5 mmol) afforded 2 i (6 mg, 0.026 mmol, 5%) as a white powder
after preparative HPLC. 1H NMR (300 MHz, CDCl3): δ=7.35–7.20 (m,
5H, C5� H), 7.21–7.05 (m, 2H, C2� H, C6� H), 6.92 (d, J=7.0 Hz, 1H,
C7� H), 5.29 (t, J=6.2 Hz, 1H, prenyl� CH), 3.64 (d, J=5.8 Hz, 2H,
prenyl� CH2), 3.49–3.31 (m, 1H, beta-CH2), 3.17 (t, J=6.0 Hz, 1H,
alpha-CH2), 1.77–1.67 (m, 6H, prenyl� CH3), 1.25 (s, 1H, alpha-NH2)
MS m/z 229 [M+H+].

Boc-protection for semi-preparative biotransformations: For semi-
preparative biotransformation with 5-methoxy-DL-tryptophan (rac-
1d), the mixture was carefully acidified to pH 3.0 applying a conc.
HCl solution after 24 h of reaction. The aqueous phase was
extracted with ethyl acetate (50 mL) and the organic phase was
discarded. The aqueous phase was neutralized by addition of 10 M
NaOH solution. An equal volume of tert-butanol, another 2 equiv-
alents of 10 M NaOH and di-tert-butyl dicarbonate (Boc-anhydride,
2.0 eq) was added. Next, the reaction mixture was stirred at room
temperature for 24 hours, after which it was diluted with water
(100 mL) and neutralized by addition of conc. HCl solution. The
resulting solution was extracted with ethyl acetate (100 mL) and
concentrated in vacuum. As a final step, the crude extract was
purified by column chromatography (silica gel 60; CH2Cl2/MeOH/
AcOH=90/10/0.1; product Rf =0.3).

Docking experiments: For the docking in YASARA, the published
crystal structure of DMATS FgaPT2 from Aspergillus fumigatus in
complex with DMSPP (the sulfur analogue of DMAPP) and L-
tryptophan was chosen as a template (PDB code: 3I4X). Preparation
of the protein structure was performed in PyMOL by removal of
water molecules and the bound tryptophan ligand. The prenyl
donor analogue DMSPP was kept. This was followed by cleaning
the structure in YASARA by addition of missing hydrogens to the
protein. Within the active site next to DMSPP, a suitable center
point was selected for a 10 Å docking box. Additionally, the force
field (AMBER03) was chosen, and partial charges were calculated.
For the preparation of the respective ligand to dock, the different
tryptophan derivatives were drawn in ChemDraw and the con-
formational energy of the structure was minimized in Chem3D
using the force field MM2. After export from Chem3D as PDB files
and import in YASARA, a force field (AMBER03) was selected and
partial charges were calculated. The docking was performed in
YASARA using the “dock_run” macro, which provides an interface
to the Autodock Vina program. Different docking modes were
analyzed and saved as a PDB file. The best docking poses were
selected based on the highest binding energies. Further analysis of
the docking poses was performed in PyMOL, using measurements
of angles and distances to find potential amino acids for exchange.

PDB files of the docking poses of tryptophan derivatives in the
active site of DMATS can be found as Supporting Information.

Acknowledgements

B.E., B.K., P.M. and W.K. acknowledge the Austrian Science Fund
(FWF) for funding within the project CATALOX (DOC 46-B21) and
the University of Graz and the Field of Excellence BioHealth are
thanked for financial support. Sigrid Lagarde is kindly acknowl-
edged for the HRMS analysis and Prof. Georg Raber and the NAWI
Graz Central Lab “Metabolomics” for OrbiTrap measurements.

Conflict of Interest

The authors declare no conflict of interest.

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200311

ChemBioChem 2022, 23, e202200311 (8 of 9) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 02.08.2022

2217 / 257926 [S. 122/123] 1



Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: biocatalysis · C� C bond formation · prenylation ·
protein engineering · regioselectivity

[1] a) C. S. Evans, L. O. Davis, Molecules 2017, 23, 33; b) L. C. Campeau, N.
Hazari, Organometallics 2019, 38, 3–35; c) F. Monnier, M. Taillefer,
Angew. Chem. Int. Ed. 2009, 48, 6954–6971; Angew. Chem. 2009, 121,
7088–7105; d) Q. Liu, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2013,
52, 13871–13873; Angew. Chem. 2013, 125, 14115–14117; e) T. Tsubogo,
T. Ishiwata, S. Kobayashi, Angew. Chem. Int. Ed. 2013, 52, 6590–6604;
Angew. Chem. 2013, 125, 6722–6737; f) B. List, S.-H. Liao, S. Shirakawa, K.
Maruoka, L.-Z. Gong, W.-J. Xiao, in Organic Chemistry: Breakthroughs and
Perspectives (Eds.: K. Ding, L.-X. Dai), Wiley-VCH, Weinheim, 2012,
pp. 367–384; g) G. Lelais, D. W. C. MacMillan, in New Frontiers in
Asymmetric Catalysis (Eds.: K. Mikami, M. Lautens), Wiley, Hoboken,
2006, pp. 313–358.

[2] a) M. D. Patil, G. Grogan, H. Yun, ChemCatChem 2018, 10, 4783–4804;
b) N. G. Schmidt, E. Eger, W. Kroutil, ACS Catal. 2016, 6, 4286–4311;
c) C. K. Winkler, J. H. Schrittwieser, W. Kroutil, ACS Cent. Sci. 2021, 7, 55–
71; d) V. Resch, J. H. Schrittwieser, E. Siirola, W. Kroutil, Curr. Opin.
Biotechnol. 2011, 22, 793–799; e) J. J. Sangster, J. R. Marshall, N. J. Turner,
J. Mangas-Sanchez, ChemBioChem 2022, 23, e202100464; f) M. Müller,
Adv. Synth. Catal. 2012, 354, 3161–3174; g) L. E. Zetzsche, A. R. H.
Narayan, Nat. Chem. Rev. 2020, 4, 334–346; h) F. P. Guengerich, F. K.
Yoshimoto, Chem. Rev. 2018, 118, 6573–6655; i) G. Xu, G. J. Poelarends,
Angew. Chem. Int. Ed. 2022, DOI: https://doi.org/10.1002/anie.
202203613.

[3] a) M. Saifuddin, C. Guo, L. Biewenga, T. Saravanan, S. J. Charnock, G. J.
Poelarends, ACS Catal. 2020, 10, 2522–2527; b) R. Roddan, J. M. Ward,
N. H. Keep, H. C. Hailes, Curr. Opin. Chem. Biol. 2020, 55, 69–76; c) R. K.
Zhang, K. Chen, X. Huang, L. Wohlschlager, H. Renata, F. H. Arnold,
Nature 2019, 565, 67–72.

[4] a) A. Fan, J. Winkelblech, S. M. Li, Appl. Microbiol. Biotechnol. 2015, 99,
7399–7415; b) Y. Zou, Z. Zhan, D. Li, M. Tang, R. A. Cacho, K. Watanabe,
Y. Tang, J. Am. Chem. Soc. 2015, 137, 4980–4983; c) L. A. Wessjohann, J.
Keim, B. Weigel, M. Dippe, Curr. Opin. Chem. Biol. 2013, 17, 229–235;
d) S. Lund, R. Hall, G. J. Williams, ACS Synth. Biol. 2019, 8, 232–238;
e) C. P. Wong, T. Awakawa, Y. Nakashima, T. Mori, Q. Zhu, X. Liu, I. Abe,
Angew. Chem. Int. Ed. 2018, 57, 560–563; Angew. Chem. 2018, 130, 569–
572.

[5] a) M. Liebhold, S.-M. Li, Org. Lett. 2013, 15, 5834–5837; b) B. P. Johnson,
E. M. Scull, D. A. Dimas, T. Bavineni, C. Bandari, A. L. Batchev, E. D.
Gardner, S. L. Nimmo, S. Singh, Appl. Microbiol. Biotechnol. 2020, 104,
4383–4395; c) O. Saleh, Y. Haagen, K. Seeger, L. Heide, Phytochemistry
2009, 70, 1728–1738.

[6] a) T. Mori, J. Nat. Med. 2020, 74, 501–512; b) P. H. Liang, T. P. Ko, A. H.
Wang, Eur. J. Biochem. 2002, 269, 3339–3354; c) X. Liu, C. T. Walsh,
Biochemistry 2009, 48, 11032–11044.

[7] a) C. Lenz, A. Sherwood, R. Kargbo, D. Hoffmeister, ChemPlusChem 2021,
86, 28–35; b) M. Platten, E. A. A. Nollen, U. F. Rohrig, F. Fallarino, C. A.
Opitz, Nat. Rev. Drug Discovery 2019, 18, 379–401; c) N. Gerhards, L.
Neubauer, P. Tudzynski, S. M. Li, Toxin Rev. 2014, 6, 3281–3295; d) L.
Palego, L. Betti, A. Rossi, G. Giannaccini, J. Amino Acids 2016, 2016,
8952520.

[8] a) S. Ramani, N. Patil, S. Nimbalkar, C. Jayabaskaran, in Natural Products:
Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics and
Terpenes (Eds.: K. G. Ramawat, J.-M. Mérillon), Springer, Heidelberg,
2013, pp. 575–604; b) C. Bandari, E. M. Scull, T. Bavineni, S. L. Nimmo,
E. D. Gardner, R. C. Bensen, A. W. Burgett, S. Singh, MedChemComm
2019, 10, 1465–1475.

[9] a) M. M. Pompeo, J. H. Cheah, M. Movassaghi, J. Am. Chem. Soc. 2019,
141, 14411–14420; b) K.-L. Chen, C.-Y. Lai, M.-T. Pham, R.-J. Chein, Y.
Tang, H.-C. Lin, Org. Lett. 2020, 22, 3302–3306.

[10] T. J. Williams, A. J. Reay, A. C. Whitwood, I. J. Fairlamb, Chem. Commun.
2014, 50, 3052–3054.

[11] a) J. M. Muller, C. B. Stark, Angew. Chem. Int. Ed. 2016, 55, 4798–4802;
Angew. Chem. 2016, 128, 4877–4881; b) J. Ruchti, E. M. Carreira, J. Am.
Chem. Soc. 2014, 136, 16756–16759; c) A. H. Sandtorv, Adv. Synth. Catal.
2015, 357, 2403–2435.

[12] J. Wen, Z. Shi, Acc. Chem. Res. 2021, 54, 1723–1736.
[13] F. Bartoccini, S. Bartolucci, M. Mari, G. Piersanti, Org. Biomol. Chem.

2016, 14, 10095–10100.
[14] L. Qiang, L. Qingjiang, M. Yongfan, J. Yanxing, Org. Lett. 2013, 15, 4528–

4531.
[15] a) N. P. Money, in The Fungi (Eds.: S. C. Watkinson, N. P. Money),

Academic Press, Cambridge, 2016, pp. 401–424; b) W. A. Kukula-Koch, J.
Widelski, in Pharmacognosy: Fundamentals, Applications and Strategies
(Eds.: S. Badal, R. Delgoda), Academic Press, Cambridge, 2017, pp. 163–
198.

[16] a) I. A. Unsöld, S.-M. Li, Microbiology 2005, 151, 1499–1505; b) H. F. Tsai,
H. Wang, J. C. Gebler, C. D. Poulter, C. L. Schardl, Biochem. Biophys. Res.
Commun. 1995, 216, 119–125; c) C. A. Nielsen, C. Folly, A. Hatsch, A.
Molt, H. Schroder, S. E. O’Connor, M. Naesby, Microb. Cell Fact. 2014, 13,
95.

[17] H. L. Ruan, E. Stec, S. M. Li, Arch. Microbiol. 2009, 191, 791–795.
[18] a) O. Rigbers, S. M. Li, J. Biol. Chem. 2008, 283, 26859–26868; b) E.

Kranen, N. Steffan, R. Maas, S. M. Li, J. Jose, ChemCatChem 2011, 3,
1200–1207; c) M. Liebhold, X. Xie, S.-M. Li, Org. Lett. 2012, 14, 4882–
4885; d) N. Steffan, I. A. Unsold, S. M. Li, ChemBioChem 2007, 8, 1298–
1307; e) V. Kumar, B. P. Johnson, D. A. Dimas, S. Singh, ChemCatChem
2021, 13, 3781–3788.

[19] J. D. Rudolf, H. Wang, C. D. Poulter, J. Am. Chem. Soc. 2013, 135, 1895–
1902.

[20] P. Mai, G. Zocher, L. Ludwig, T. Stehle, S.-M. Li, Adv. Synth. Catal. 2016,
358, 1639–1653.

[21] A. Fan, X. Xie, S. M. Li, Org. Biomol. Chem. 2015, 13, 7551–7557.
[22] a) L. Y. Luk, Q. Qian, M. E. Tanner, J. Am. Chem. Soc. 2011, 133, 12342–

12345; b) N. Steffan, S. M. Li, Arch. Microbiol. 2009, 191, 461–466.
[23] K. Miyamoto, F. Ishikawa, S. Nakamura, Y. Hayashi, I. Nakanishi, H.

Kakeya, Bioorg. Med. Chem. 2014, 22, 2517–2528.
[24] J. Chen, A. Brevet, M. Fromant, F. Lévêque, J. M. Schmitter, S. Blanquet,

P. Plateau, J. Bacteriol. 1990, 172, 5686–5689.
[25] CRC Handbook of Chemistry and Physics 2003–2004, 92 ed., 2003.
[26] P. Tudzynski, K. Holter, T. Correia, C. Arntz, N. Grammel, U. Keller, Mol.

Gen. Genet. 1999, 261, 133–141.
[27] U. Metzger, C. Schall, G. Zochner, Proc. Natl. Acad. Sci. USA 2009, 106,

14309–14314.
[28] L. Y. P. Luk, M. E. Tanner, J. Am. Chem. Soc. 2009, 131, 13932–13933.
[29] Y. Koyama, H. Ohmori, Gene 1996, 181, 179–183.
[30] P. Khanna, M. Schuman Jorns, Biochemistry 2001, 40, 1441–1450.
[31] a) M. Lahham, T. Pavkov-Keller, M. Fuchs, J. Niederhauser, G. Chalhoub,

B. Daniel, W. Kroutil, K. Gruber, P. Macheroux, J. Biol. Chem. 2018, 293,
17021–17032; b) M. Lahham, S. Jha, D. Goj, P. Macheroux, S. Wallner,
Arch. Biochem. Biophys. 2021, 704, 108868.

[32] J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K.
Tunyasuvunakool, R. Bates, A. Zidek, A. Potapenko, A. Bridgland, C.
Meyer, S. A. A. Kohl, A. J. Ballard, A. Cowie, B. Romera-Paredes, S.
Nikolov, R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy, M.
Zielinski, M. Steinegger, M. Pacholska, T. Berghammer, S. Bodenstein, D.
Silver, O. Vinyals, A. W. Senior, K. Kavukcuoglu, P. Kohli, D. Hassabis,
Nature 2021, 596, 583–589.

[33] a) H. Plieninger, H. Immel, A. Völkl, Liebigs Ann. Chem. 1967, 706, 223–
229; b) H. Plieninger, C. Wagner, H. Immel, Liebigs Ann. Chem. 1971, 743,
95–111.

[34] Agilent Technologies, Instruction Manual: ArcticExpress RIL Competent
Cells and ArcticExpress RP Competent Cellsnologies.

Manuscript received: June 2, 2022
Revised manuscript received: June 23, 2022
Accepted manuscript online: June 30, 2022
Version of record online: July 13, 2022

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200311

ChemBioChem 2022, 23, e202200311 (9 of 9) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 02.08.2022

2217 / 257926 [S. 123/123] 1

https://doi.org/10.3390/molecules23010033
https://doi.org/10.1021/acs.organomet.8b00720
https://doi.org/10.1002/anie.200804497
https://doi.org/10.1002/ange.200804497
https://doi.org/10.1002/ange.200804497
https://doi.org/10.1002/anie.201307865
https://doi.org/10.1002/anie.201307865
https://doi.org/10.1002/ange.201307865
https://doi.org/10.1002/anie.201210066
https://doi.org/10.1002/ange.201210066
https://doi.org/10.1002/cctc.201801130
https://doi.org/10.1021/acscatal.6b00758
https://doi.org/10.1021/acscentsci.0c01496
https://doi.org/10.1021/acscentsci.0c01496
https://doi.org/10.1016/j.copbio.2011.02.002
https://doi.org/10.1016/j.copbio.2011.02.002
https://doi.org/10.1002/adsc.201100655
https://doi.org/10.1038/s41570-020-0191-2
https://doi.org/10.1021/acs.chemrev.8b00031
https://doi.org/10.1002/anie.202203613
https://doi.org/10.1002/anie.202203613
https://doi.org/10.1021/acscatal.0c00039
https://doi.org/10.1016/j.cbpa.2019.12.003
https://doi.org/10.1038/s41586-018-0808-5
https://doi.org/10.1007/s00253-015-6813-9
https://doi.org/10.1007/s00253-015-6813-9
https://doi.org/10.1021/jacs.5b03022
https://doi.org/10.1016/j.cbpa.2013.02.016
https://doi.org/10.1021/acssynbio.8b00383
https://doi.org/10.1002/anie.201710682
https://doi.org/10.1002/ange.201710682
https://doi.org/10.1002/ange.201710682
https://doi.org/10.1021/ol4029012
https://doi.org/10.1007/s00253-020-10529-8
https://doi.org/10.1007/s00253-020-10529-8
https://doi.org/10.1016/j.phytochem.2009.05.009
https://doi.org/10.1016/j.phytochem.2009.05.009
https://doi.org/10.1007/s11418-020-01393-x
https://doi.org/10.1046/j.1432-1033.2002.03014.x
https://doi.org/10.1021/bi901597j
https://doi.org/10.1002/cplu.202000581
https://doi.org/10.1002/cplu.202000581
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.3390/toxins6123281
https://doi.org/10.1039/C9MD00177H
https://doi.org/10.1039/C9MD00177H
https://doi.org/10.1021/jacs.9b07397
https://doi.org/10.1021/jacs.9b07397
https://doi.org/10.1021/acs.orglett.0c01132
https://doi.org/10.1039/C3CC48481E
https://doi.org/10.1039/C3CC48481E
https://doi.org/10.1021/ja509893s
https://doi.org/10.1021/ja509893s
https://doi.org/10.1002/adsc.201500374
https://doi.org/10.1002/adsc.201500374
https://doi.org/10.1021/acs.accounts.0c00888
https://doi.org/10.1039/C6OB01791F
https://doi.org/10.1039/C6OB01791F
https://doi.org/10.1099/mic.0.27759-0
https://doi.org/10.1006/bbrc.1995.2599
https://doi.org/10.1006/bbrc.1995.2599
https://doi.org/10.1007/s00203-009-0504-9
https://doi.org/10.1074/jbc.M804979200
https://doi.org/10.1002/cctc.201000429
https://doi.org/10.1002/cctc.201000429
https://doi.org/10.1021/ol302207r
https://doi.org/10.1021/ol302207r
https://doi.org/10.1002/cbic.200700107
https://doi.org/10.1002/cbic.200700107
https://doi.org/10.1002/cctc.202100595
https://doi.org/10.1002/cctc.202100595
https://doi.org/10.1021/ja310734n
https://doi.org/10.1021/ja310734n
https://doi.org/10.1002/adsc.201600064
https://doi.org/10.1002/adsc.201600064
https://doi.org/10.1039/C5OB01040C
https://doi.org/10.1021/ja2034969
https://doi.org/10.1021/ja2034969
https://doi.org/10.1007/s00203-009-0467-x
https://doi.org/10.1016/j.bmc.2014.02.031
https://doi.org/10.1128/jb.172.10.5686-5689.1990
https://doi.org/10.1073/pnas.0904897106
https://doi.org/10.1073/pnas.0904897106
https://doi.org/10.1021/ja906485u
https://doi.org/10.1016/S0378-1119(96)00500-8
https://doi.org/10.1021/bi0024411
https://doi.org/10.1074/jbc.RA118.004227
https://doi.org/10.1074/jbc.RA118.004227
https://doi.org/10.1016/j.abb.2021.108868
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1002/jlac.19717430111
https://doi.org/10.1002/jlac.19717430111

