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Enzymatic formation of prenyl S-carbolines by a fungal indole prenyltransferase
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The prenylation of natural products is often an important factor to gain and/or diversify the activities
of non-prenylated products. Accordingly, prenylated natural products have attracted keen attention as
promising drug leads with versatile and promising pharmacological properties and health benefits for
multitarget tissues. Due to the importance of the prenylation of the compounds, various prenylation methods
for natural products have been developed. During these developments, some fungal indole prenyltransferase
(IPT) have been recognized as promising biocatalysts to produce diverse prenyl compounds, due to their
remarkable substrate promiscuity toward various prenyl acceptors and donors. In particular, CdpNPT
identified in Aspergillus fumigatus and Neosartorya fischeri has been recognized as the most potent IPT to
generate various prenylated alkaloids.

[-Carboline is a pharmaceutically important indole alkaloid produced by various organisms, including
plants and marine creatures. It is also present in food products, alcoholic beverages, and tobacco smoke, as
well as in human tissues and body fluids. Previous studies revealed the wide range of biological properties of
f-carbolines including antimicrobial activities. In this study, the catalytic potential of CdpNPT with naturally
occurring f-carbolines, harmol (1), harmine (2), and harman (3) (Fig. 1) as well as the effects of the prenylation
of 1-3 on their antibacterial activities against Staphylococcus aureus, Bacillus subtilis, and Escherichia coli

were investigated.

1. Prenylated compounds produced by CdpNPT from 1-3 [!-?]

CdpNPT was heterologously expressed in E. coli BL21(DE3)pLysS as a C-terminal Hise-
tag fused protein. The recombinant CdpNPT was purified by Ni-chelate affinity and size-exclusion
chromatography and used for the enzyme reaction with 1-3 as the prenyl acceptor and dimethylallyl
diphosphate (DMAPP) as the prenyl donor. The LC-ESI-MS analysis revealed that CdpNPT
accepted 1 and 2 as the prenyl acceptor and afforded the prenylated compound 4 with a yield of
4.5% and 5 with a yield of 10.0%, respectively (Figs. 1, 2a, and 2b). The analyses of the NMR
spectra, including 'H and '3*C NMR, HMQC, HMBC, and NOESY experiments and HR-ESI-MS of
4 and 5 unambiguously revealed that CdpNPT possessed the ability to generate 6-(3'.3'-
dimethylallyl)harmol (4) from 1 and 6-(3',3'-dimethylallyl)harmine (5) from 2 in the presence of
DMAPP as prenyl donor. In contrast, the LC-ESI-MS analysis revealed that CdpNPT afforded the two
prenylated compounds 6 and 7 as major products, with yields of 10.1% and 14.4%, respectively, together with
a trace amount of compound 8 (Figs. 1 and 2¢). Both compounds 6 and 7 gave a cationized molecular ion
peak at m/z 251 [M+H]", which is one dimethylallyl unit higher than that of the prenyl acceptor substrate 3,

whereas 8 had a cationized molecular ion peak at m/z 319 [M+H]", which is two dimethylallyl units higher



than that of the prenyl acceptor substrate 3. Furthermore, the 1D- and 2D-NMR spectra analysis indicated
that CdpNPT possessed the ability to produce two prenylated compounds, 6-(3',3'-dimethylallyl)harman (6)
and 9-(3',3'-dimethylallyl)harman (7) from 3 as the major products. Considering the prenylated positions of 6
and 7, compound 8 is most likely to be 6,9-(3',3'-dimethlallyl)harman, although the structure was not

determined due to the low yield.

2. Catalytic mechanism of CdpNPT for the synthesis of prenyl S-carbolines !>

Two mechanistically distinct catalytic pathways of the regular-type dimethylallylation have
been proposed for IPTs. One is the one-step regular-type prenylation that occurs by a direct attack
from the prenylation site of the activated indole ring to the primary center of the dimethylallyl
carbocation via the abstraction of the indole amine proton by the catalytic residue Glull6
(numbering according to CdpNPT). The other is the two-step prenylation consisting of the reverse-
type prenylation by the attack of the activated indole ring to the tertiary center of the dimethylallyl
carbocation, followed by subsequent rearrangement and rearomatization after the indole amine
proton is abstracted by Glul16.

To further clarify the catalytic mechanism, crystal structure analyses of CdpNPT
complexed with 1 or 3 [CdpNPT (38-440)-1 and CdpNPT (38-440)-3] in conjugation with docking
simulation of the prenyl donor, DMAPP, were performed, using the N-terminal truncated mutant,
CdpNPT (38-440). The analyses predicted that C-4b of 1 is located at a 3.5 A distance from C-3
of DMAPP, whereas C-6 of 1 is located 1.1 A further away from C-3 of DMAPP as compared to
C-4b of 1, suggesting that the initial prenylation first occurred at C-4b (Fig. 3a). A similar case
was also found in the model structure of CdpNPT (38-440)-3 with the DMAPP model, where the
distance between C-4b in 3 and C-3 in DMAPP was around 1.0 A shorter than that between C-6 in
3 and C-1 in DMAPP (Fig. 3b). These observations suggested that rather than the one-step regular-
type prenylation at C-6 of the prenyl acceptors, compounds 4-6 were produced by the two-step
prenylation by CdpNPT via the proton abstraction of the indole amine by Glul16, a nucleophilic
attack from C-4b to the tertiary center of the dimethylallyl carbocation, the rearrangement of the
terminal olefinic carbon of the intermediate to C-6, and the final rearomatization (Fig. 4a).
Considering the high structural similarity between 2 and 1, which only differ by the presence of
the methoxy group in 2 and the hydroxy group at C-7 in 1, CdpNPT could produce 5 by using the
two step prenylation catalytic pathway, in a similar manner to that of 4 (Fig. 4a). Hence, the N-9
regular-type prenylated product 7 is also expected to be converted from the C-4b reverse-type
prenylated intermediate for 6 via a subsequent prenyl rearrangement reaction (Fig. 4b). However,
the docking study also predicted that C-3 and C-1 of DMAPP are located at a 3.9 A distance from
both C-4b and N-9 of 3 (Fig. 3b), which is inconsistent with those between C-4b in 1 and C-3 in
DMAPP (3.5 A distance) and between N-9 in 1 and C-1 in DMAPP (4.3 A distance) in the model
structure of CdpNPT complexed with 1. Thus, a one-step prenylation reaction may also be triggered
in 3 to produce 7, after CdpNPT has abstracted the hydrogen atom of the indole amine via the
Glul16 residue (Fig. 4c¢).



3. Effects of prenylations of 1-3 and 4 on their antibacterial activities [*)

The non-prenylated fS-carbolines 1-3 reportedly possess antibacterial activities against
Gram-positive bacteria, S. aureus and B. subtilis, and a Gram-negative bacterium, £. coli, using
the disc diffusion method. To investigate the effects of the prenylations of 1-3, the antibacterial
activities of 4—7 were assessed against the three bacteria using the MTT assay method, and were
compared with those of 1-3 (Table 1). In contrast to the previous report, 1-3 did not show any
antibacterial activities against the tested bacteria. The use of different assay systems in this study
and the previously reported study may cause this different result. Furthermore, the assay in this
study indicated no effect of the regular-type dimethylallylation of 3 at the N-9 position on the
antibacterial activities against the three bacteria. However, the assay revealed that the 6-(3',3'-
dimethylallyl)-f-carbolines 4—6 showed weak antibacterial activities against the Gram-positive
bacteria with MIC values of 100, 100, and 200 uM, respectively, suggesting that the regular-type
dimethylallylations of 1-3 at C-6 were effective to enhance their antibacterial activities against S.

aureus and B. subtilis.

Conclusion

This study demonstrated that CdpNPT has the ability to dimethylallylate harmol (1), harmine
(2), and harman (3) and produce regular-type 6-(3',3'-dimethylallyl)harmol (4) from 1, 6-(3'3'"-
dimethylallyl)harmine (5) from 2, and 6-(3',3'-dimethylallyl)harman (6) and 9-(3',3'-dimethylallyl)harman
(7) from 3. The antibacterial assay also revealed that the regular-type dimethylallylations of 1-3
enhanced their antibacterial activities against S. aureus and B. subtilis. This is the first
demonstration of the prenylation of S-carbolines by IPT enzymes. The findings suggest that further
investigations of the substrate promiscuity and catalytic potential of CdpNPT with other f-

carbolines could lead to the production of various prenyl S-carbolines.
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Figure 1. Structures of compounds 1-7.
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Figure 2. HPLC elution profiles of the enzyme reaction products (a) from 1 and DMAPP, (b) from 2 and
DMAPP, and (c) from 3 and DMAPP by CdpNPT and its boiled enzyme.
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Figure 3. Close-up view of the active-site of docking models of (a) CdpNPT (38-440) with 1 and DMAPP
and (b) 3 and DMAPP.
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Figure 4. Proposed mechanism for the formation of 4-7 by CdpNPT.

Table 1. Antibacterial activities of compounds 1-7.

Sample MIC (uM)
S. aureus B. subtilis E. coli

1 >200 >200 >200
2 100 100 >200
3 >200 >200 >200
4 >200 >200 >200
5 100 100 >200
6 >200 >200 >200
7 200 200 >200
ampicillin 3.13 1.56 -

kanamycin - - 1.56
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