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ABSTRACT: The Pictet−Spenglerase strictosidine syn-
thase (STR1) has been recognized as a key enzyme in the
biosynthesis of some 2000 indole alkaloids in plants, some
with high therapeutic value. In this study, a novel function
of STR1 has been detected which allows for the first time a
simple enzymatic synthesis of the strictosidine analogue 3
harboring the piperazino[1,2-a]indole (PI) scaffold and to
switch from the common tryptoline (hydrogenated
carboline) to the rare PI skeleton. Insight into the reaction
is provided by X-ray crystal analysis and modeling of STR1
ligand complexes. STR1 presently provides exclusively
access to 3 and can act as a source to generate by
chemoenzymatic approaches libraries of this novel class of
alkaloids which may have new biological activities.
Synthetic or natural monoterpenoid alkaloids with the PI
core have not been reported before.

Chemical synthesis has played a leading role for many years
in the preparation of both known and novel chemotypes

of biologically active molecules.1 This approach has been
significantly complemented by the use of enzyme-mediated
synthesis.
In the indole alkaloid field, both wild-type and rationally

engineered variants of strictosidine synthase (STR1) have
recently been applied effectively in vivo2 and in vitro3 to catalyze
Pictet−Spengler reactions (PSRs),3,4 making this enzyme an
attractive subject for extensive studies of directed biosynthesis
and chemoenzymatic synthesis, as outlined in a recent review.5

STR1 has been shown to play a key role in the biosynthesis
of some 2000 structurally distinct monoterpenoid indole
alkaloids,6 some of which have high therapeutic value.7 The
reverse genetics-based isolation and cloning of STR1 cDNA
from the traditional Indian and Chinese medicinal plant genus
Rauvolf ia,8 followed by heterologous expression in up to 40 L
cultures of Escherichia coli, can now routinely provide
preparative-scale amounts of this Pictet−Spenglerase.
The X-ray crystal structure of STR1 in complex with both the

natural substrate tryptamine and the product 3α-(S)-
strictosidine show that in the binding pocket there is a tight

arrangement of amino acids surrounding the A-ring (Scheme
1).5 The structure helps to explain the earlier biochemical

observation of a pronounced substrate specificity of this
enzyme. For example, either A-ring-modified tryptamines
were not accepted by STR1 or their transformation rates
were <10% compared to tryptamine. Based on these
observations three new chemoenzymatic strategies have been
developed to generate novel alkaloids (Scheme 1):

(i) Mimicking of heteroyohimbine-type alkaloid biosynthesis
leading to E-ring-modified N-analogous heteroyohim-
bines (structure I).

(ii) Formation and transformation of A-ring-modified
strictosidines using re-engineered STR1 mutants (struc-
ture II).

(iii) STR1-mediated synthesis of novel strictosidines contain-
ing the piperazino-indole core instead of the tetrahydro-
β-carboline (tryptoline) unit (structure III).

Here we report the detection of a new Pictet−Spenglerase
activity of STR1 which allows for the first time the ability to
switch enzymatically from the usually obtained tryptoline
skeleton to the less frequently described piperazino[1,2-
a]indole scaffold.
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Scheme 1. STR1-Based Chemoenzymatic Strategies toward
Novel Alkaloid Structures with Tryptoline (I), Aza-
tryptoline (II), and Piperazino[1,2-a]indole (III)
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In light of the rising interest in the pyrazino- and
piperazino[1,2-a]indole systems due to their wide range of
biological activities,9 a variety of methods for their synthesis
have emerged. Most synthetic strategies, especially for regio-
and enantioselective synthesis, have required relatively
demanding catalytic chiral or transition-metal catalysts.10

There are no reported examples of the use of enzyme catalysis
to prepare this class of compounds.
Indeed, surprisingly few naturally occurring alkaloids with a

piperazine skeleton, such as the mycotoxin gliotoxin11a or the
bis-indolalkaloid dragmacidin and its isomers, have been
described.11bc Synthetic or natural monoterpenoid alkaloids
with the piperazino[1,2-a]indole core, none of which have been
reported before, are now available by chemoenzymatic
synthesis (Scheme 2).

In order to evaluate the substrate tolerance and to extend the
STR1-catalyzed Pictet−Spengler reaction to more complex
tryptamine derivatives, 1H-indole-1-ethanamine (1, IEA) was
synthesized (Supporting Information (SI)-2) and tested as a
possible substrate. Incubation of recombinant STR1 wild-type
with the indole derivative 1 under neutral conditions in the
presence of the monoterpenoid glucoside secologanin (2)
resulted in excellent enzyme-dependent conversion (>95%), as
shown by HPLC analysis (Figure S1A, SI). The strictosidine
analogue (3) was formed in which the typical tryptoline
(hydrogenated carboline) skeleton was replaced by the unusual
piperazino[1,2-a]indole framework, representing the first
example of a piperazino-monoterpenoid indole alkaloid.
Spectroscopic data (SI-6,11) were in full accord with the
structure of the novel piperazino[1,2-a]indolyl-strictosidine (3,
PIS). Rigorous proof of the stereochemistry at C-3 of 3 was
obtained by 1H NMR analysis of the derived lactam-tetraacetate
(4a).3b,d,6a NMR data unequivocally established the C-3α-(S)
configuration of 3.3b,d,6a As in the case of the natural STR1
substrate tryptamine, the complete stereoselectivity of STR1
also delivers exclusively 3α-(S)-PIS (3) by condensation of 1
and 2. Mechanistically, the enzyme reaction resembles

strictosidine formation with the catalytic residue Glu309
(mutant Glu309Ala is inactive), and the mutant Tyr151Phe
exhibits no influence on enzyme activity.
The reaction depends entirely on active STR1 and will not

proceed (a) without STR1 and (b) under either biomimetic
conditions (pH 2, 6 h, 100 °C), as reported for generation of a
strictosidine/3β-(R)-vincoside mixture,12,13 or acidic conditions
(pH 2.5) (Figure S1B−D). The use of the enzyme STR1
presently provides exclusive access to 3.
Comparison of the relative activity of STR1 for tryptamine

and its analogue 1 revealed only ∼26% activity for the latter.
The conversion is significantly higher than for all previously
tested tryptamine derivatives but well below the rate of the
native substrate (100%). To address this point and to gain
more insight into this reaction, we determined the X-ray crystal
structure of the complex of STR1 with IEA (1) at 2.3 Å
resolution (Figure 1A). The unnatural amine substrate 1 is

positioned in the center of the catalytic pocket of STR1 with
the primary amine group clearly coordinated with the side
chain of Glu309, known to be the catalytic residue of STR1.
Based on the X-ray structure, there are several structural
arguments for the lower STR1 activity observed for the
conversion of 1 compared to the native tryptamine. First, the
distance between the amino group of 1 and Glu309 is 2.9 Å,
compared to the closer distance (2.5 Å) for the hydrogen bond
in the native STR1−tryptamine complex.3a,4a The resulting

Scheme 2. Chemical Synthesis of 1H-Indole-1-ethanamine
(1, IEA), Its Derivatives, and STR1-Catalyzed PI-
Strictosidine (3) (R = variable)

Figure 1. (A) Enlarged image of the catalytic center of the two
superimposed crystal complexes of STR1 with IEA (1, PDB 3VIS) and
secologanin (2, PDB 2FPC), shown with the catalytic residue Glu309.
The indole part of 1 is perpendicular located between the aromatic
ring of Tyr151 and Phe226. Small frame compares the conformation
of 1 and native tryptamine in STR1 (PDB 2FPB) crystal complexes,
respectively. (B) The crystallized PI-strictosidine-STR1 ligand
complex (yellow) superimposed on the complex of STR1-strictosidine
(PDB 2V91) (pink). (C) PI-strictosidine modeled into the binding
pocket of STR1 (PDB 2V91).
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weaker interaction might diminish the deprotonation ability of
Glu309 for 1, which likely represents the first step of the
PSR.3a,4b Second, if the ligand complex of 1 was superimposed
with the native STR1-secologanin (2) complex,3a the gap
between the amine and the aldehyde group of 2 should be 2.3
Å. The actual distance in both superimposed native complexes
was, however, much shorter (0.92 Å), which would favor Schiff
base formation between tryptamine and 2 compared to the
amine 1.3a In addition, the indole part of the tryptamine
analogue 1 lies nearly perpendicular to the aromatic rings of
Tyr151 and Phe226, resulting therefore in a decrease in π−π
interactions. This arrangement would make the indole portion
of 1 more flexible, in contrast to the sandwich-like structure in
the STR1 complex with tryptamine, a conformation resulting in
optimum orientation of the amino group for the Pictet−
Spengler condensation.
The distance between carbon 2 of STR1-bound IEA (1) and

the aldehyde carbon of secologanin (2), which would form the
C2−C3 bond of the eventual piperazino-indole scaffold, is 5.7
Å, while the comparable distance to native tryptamine is only
1.03 Å.3a The proximity of both carbons supports the more
efficient and “direct” formation of the natural strictosidine
compared to 3. In contrast, the 5.7 Å gap might suggest that
movement of the molecule in the binding pocket must take
place, because superimposition of the crystallized STR1
complexes with strictosidine compared to the new PI-
strictosidine (3) complex revealed nearly identical conforma-
tions for both ligands (rmsd 0.74 Å) (Figure 1B). This
arrangement in the binding site of STR1 was also supported by
docking 3 into the STR1 X-ray structure (from PDB 2V91)
using Molecular Operating Environment software followed by
minimizing to an energy gradient of 0.001 kcal/(mol·Å). The
close similarity between the X-ray results and modeling of 3
bound in the catalytic pocket of STR1 is illustrated in Figure
1C. All these structural interactions in the catalytic pocket most
likely explain the comparatively lower activity of STR1 for the
synthesis of the novel PI-strictosidine (3).
The enzymatic synthesis of 3 and the illustrated E-ring-

substituted derivatives 3a−c now opens the way to various
chemoenzymatic strategies for the preparation of the novel
class of terpenoid alkaloids harboring the piperazino[1,2-
a]indole framework. Alkaloids of this type may present a rich
future source of molecules exhibiting important pharmaco-
logical activities. STR1 became an excellent tool in order to
generate libraries of both “privileged structures” and “diversity
oriented” alkaloidal molecules.14
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