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Substrate specificity of strictosidine synthase
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Abstract Strictosidine synthase catalyzes a Pictet–Spengler reaction in the ﬁrst step in the biosynthesis of terpene indole alkaloids
to generate strictosidine. The substrate requirements for strictosidine synthase are systematically and quantitatively examined and
the enzymatically generated compounds are processed by the second enzyme in this biosynthetic pathway.
Ó 2006 Elsevier Ltd. All rights reserved.

The terpene indole alkaloids are a structurally complex
class of alkaloids used for a variety of medicinal purposes such as anti-cancer and anti-hypertensive agents.1 In
the ﬁrst committed step of the terpene indole alkaloid
biosynthetic pathway, tryptamine (1) and secologanin
(2) react to form strictosidine (3) by the enzyme strictosidine synthase through a stereoselective Pictet–Spengler
condensation (Scheme 1).2–5 Strictosidine is further
modiﬁed by strictosidine glucosidase to yield an intermediate that rearranges in vitro to form cathenamine
(Scheme 1).6,7
Strictosidine synthase was ﬁrst isolated thirty years ago,
and the enzyme has been cloned, heterologously expressed,3,2,8–15 and structural analysis of this enzyme is
in progress.16 Although these biosynthetic enzymes
may provide an opportunity for production of novel
alkaloid derivatives, a ﬁrm understanding of the parameters involved in substrate recognition is needed to take
advantage of this complex pathway. A systematic and
quantitative analysis of strictosidine synthase substrate
speciﬁcity was therefore initiated.
Enzyme activity of strictosidine synthase (Catharanthus
roseus) was measured by HPLC, in which the amine
starting material disappearance and product formation
were monitored by UV. Km and kcat values were calculated for a selection of the most active amine substrates
using strictosidine synthase expressed in Escherichia coli.
This selection of substrates yielded a 40-fold variation in
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Scheme 1. First committed steps of terpene indole alkaloid
biosynthesis.

kcat and over 100-fold variation in Km. In all cases, product formation was assessed by the appearance of a new
peak on an HPLC chromatogram that co-eluted with a
chemically synthesized (mixture of diastereomers) standard and displayed the correct molecular weight by
ESI mass spectrometry.17 Non-enzymatic reactions were
not observed during these assays, which were conducted
at neutral pH and micromolar to low millimolar substrate concentrations.
Amine substrate speciﬁcity.18 Notably, strictosidine synthase could synthesize alternative heterocyclic derivatives, utilizing both the 3-(2-aminoethyl)-benzofuran
(4) and benzothiophene (5) analogs, though at a diminished rate relative to the tryptamine 1 substrate.
Although the low activity of the thiophene substrate
precluded a quantitative comparison of 4 and 5, the
rate of reaction of benzothiophene 5 is signiﬁcantly

2476

E. McCoy et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2475–2478

slower than that of benzofuran 4. The benzofuran 4
exhibits a Km value close to that of tryptamine, but displays a signiﬁcantly reduced kcat, suggesting that the
electron-deﬁcient nature of the benzofuran ring slows
catalysis (Table 2). N-Methyl tryptamine 6 (Table 1)
is not a competent substrate, suggesting that the enzyme tolerates only small steric perturbations at the indole nitrogen.

Table 1. Substrates tested with strictosidine synthase
Unnatural substrate

NH
NH2
X

The 2-pyrrole-3-ethylamine analog (16) along with the
isosteric histamine (17) were not turned over by strictosidine synthase, indicating that the benzyl moiety is absolutely required for recognition by the enzyme (Table 1).
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Early qualitative studies with several tryptamine derivatives indicated that limited substitution on the indole
ring was tolerated.2 To systematically quantify the eﬀect
of indole ring substitution on Km and kcat, each position
of the indole ring was substituted with a methyl group
(compounds 11–14, Table 1) and the kinetic parameters
of active substrates were measured (Table 2). Reactivity
of substrates with methyl substitutions in the 4 (compound 11) and 7 (compound 14) indole positions was active, while substrates with substitutions at the 5
(compound 12) and 6 (compound 13) positions (Tables
1 and 2) were not active (Fig. 1). The Km for the 4substituted tryptamine analog 11 was approximately 2fold lower than the Km for 7-substituted compound
14, while substrates with methyl moieties in the 5 and
6 positions—compounds 12 and 13—were completely
inactive. Substitution with a hydroxyl group in the
5 position (compound 15, Tables 1 and 2) did yield an
active substrate, though the Km was the highest measured in this series—a 60-fold increase compared to
the native substrate tryptamine. Therefore, strictosidine
synthase does not readily tolerate substitution at
positions 5 and 6 of tryptamine and is most tolerant
of substitutions at positions 4 and 7 (Fig. 1).
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H

X

NH2

To further explore the eﬀect of electron density on catalysis, the indole ring was substituted with electron-withdrawing substituents (ﬂuoro = F) at each of the indole
ring positions (Tables 1 and 2). Substitution with a ﬂuoro moiety results in a decrease in kcat in each case,
again suggesting that the enzymatic reaction is inherently dependent on the electron density of the amine substrate. Although the kcat/Km ratios for all ﬂuorinated
derivatives 7–10 are comparable, the Km for 4-ﬂuorosubstituted tryptamine 7 is approximately 3- to 5-fold
higher than the Km value for the other ﬂuorinated derivatives. However, the kcat for the 4-ﬂuoro derivative is
also signiﬁcantly higher than those of the other ﬂuorotryptamine substrates, particularly those of the 5- and
6-ﬂuoro derivatives (substrates 8 and 9). Interestingly,
the rate of the chemically catalyzed Pictet–Spengler
reaction between 4- or 7-ﬂuorotryptamine (compounds
7 or 10) and secologanin 2 is signiﬁcantly slower than
that of the same reaction with 6- or 5-ﬂuorotryptamine
(compounds 8 or 9) (data not shown). Clearly, the position of the electron-withdrawing group on the indole
ring has a signiﬁcant eﬀect on enzymatic catalysis, and
future experiments are directed at deciphering the reasons behind this observation.
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It was previously established that tryptophan, phenylethylamine, and tyramine are not accepted by strictosidine synthase,2 and since pyrrole substrates are also
not tolerated, we conclude that the basic indole
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framework is required for recognition by this enzyme.
Interestingly, the only other sequenced ‘Pictet–Spenglerase’ (norcoclaurine synthase), which utilizes tyrosine
derived amine and aldehyde substrates, exhibits no
sequence homology to strictosidine synthase.19
Strictosidine synthase proved to have stringent requirements for the side chain of tryptamine, as evidenced
by the lack of turnover exhibited by 3-methylamine-indole (18) and 3-propylamine-indole (19) (Table 1).20
However, 2-(1-methyl)-ethylaminoindole (±-a-methyltryptamine, 20, Table 1) yielded a small amount of product. No product formation was observed with the
bulkier a-di-methyltryptamine (21) (Table 1).
Aldehyde substrate speciﬁcity.21 To investigate the aldehyde substrate speciﬁcity of strictosidine synthase, two
of the key functional groups of the secologanin substrate
were modiﬁed and then utilized in enzyme assays.
A streamlined gram-scale isolation protocol of secologanin from a local source of Lonicera tatarica enabled a
semisynthetic approach to yield secologanin derivatives.22 Oleﬁn cross-metathesis was used to introduce a
variety of alkyl groups at the vinyl position of secologanin (i.e., compounds 22 and 23, Table 1). However,
these bulkier groups at the vinyl position completely
prevented turnover by strictosidine synthase (Table 1).
In contrast, trans-esteriﬁcation at the methyl ester with
larger alkyl groups (compounds 24 and 25) gave substrates that were turned over by the enzyme to yield
the corresponding strictosidine analogs, suggesting that
this is a more promising position for derivatization.
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Figure 1. Solid arrows highlight the positions most amenable to
substitution in the tryptamine and secologanin substrates for strictosidine synthase. Dashed arrows indicate positions for which comparatively weaker activity was observed.

All enzymatically generated strictosidine derivatives
(Table 1) were incubated with the second enzyme of
the pathway, strictosidine-b-glucosidase (C. roseus).
The disappearance of the strictosidine derivative (starting material) peak by HPLC demonstrated that each
of the strictosidine derivatives was processed by strictosidine glucosidase. Additionally, when the 4-ﬂuoro and
4-methyltryptamine substrates (compounds 7 and 11)
were incubated in the presence of secologanin 2 with
both enzymes, products correlating to the molecular
weight of cathenamine analogs were observed when analyzed by mass spectroscopy; cathenamine is the predicted product of this deglycosylation reaction with
tryptamine and secologanin.27 While our data are consistent with the formation of cathenamine analogs as is
reported in the literature,6 isolation and spectroscopic
characterization of these deglycosylated strictosidine
analogs will provide further structural conﬁrmation.
These results suggest that the substrate speciﬁcities of
strictosidine synthase and glucosidase are suﬃciently
complementary to work in tandem to produce a variety
of terpene indole alkaloid intermediate analogs.

While these results suggest that strictosidine synthase
can produce a range of strictosidine analogs, it remained
to be established whether these intermediates can be
processed by the downstream terpene indole alkaloid
machinery to produce novel, biologically active
alkaloids. In the next step of the pathway, a dedicated
glucosidase hydrolyzes the glycosidic linkage of strictosidine which rearranges in vitro to form cathenamine
(Scheme 1).6,7,23 Therefore, the ﬁrst two enzymes construct the basic 5-ring framework of the corynanthe
alkaloids. The corynanthe framework is an important
pharmaceutical scaﬀold,24–26 and derivatization of these
molecules with substitutions on the indole or secologanin moieties may result in interesting new compounds
with useful biological properties.

This study systematically and quantitatively probes the
substrate scope of the indole amine substrate for the ﬁrst
committed step of the terpene indole alkaloid pathway.
This enzyme catalyzes a Pictet–Spengler condensation,
which, although widely utilized in alkaloid biosynthetic
pathways, remains a largely unexplored enzymatic reaction. Semisynthetic eﬀorts have also yielded secologanin
derivatives that are turned over by strictosidine synthase. The dedicated glucosidase for this pathway is able
to turnover strictosidine analogs generated by strictosidine synthase, suggesting that strictosidine synthase
and strictosidine glucosidase can work in concert to
utilize ‘unnatural’ substrates to generate analogs of
alkaloid intermediates.

Table 2. Kinetic parameters for the most highly active amine
strictosidine synthase substrates
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kcat and Km were measured using a puriﬁed E. coli preparation of
strictosidine synthase.
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