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The enzyme strictosidine synthase (STR1) from the Indian medicinal plant Rauvolfia serpentina is of primary importance for
the biosynthetic pathway of the indole alkaloid ajmaline. Moreover, STR1 initiates all biosynthetic pathways leading to the
entire monoterpenoid indole alkaloid family representing an enormous structural variety of ~2000 compounds in higher
plants. The crystal structures of STR1 in complex with its natural substrates tryptamine and secologanin provide structural
understanding of the observed substrate preference and identify residues lining the active site surface that contact the
substrates. STR1 catalyzes a Pictet-Spengler-type reaction and represents a novel six-bladed B-propeller fold in plant
proteins. Structure-based sequence alignment revealed a common repetitive sequence motif (three hydrophobic residues
are followed by a small residue and a hydrophilic residue), indicating a possible evolutionary relationship between STR1 and
several sequence-unrelated six-bladed B-propeller structures. Structural analysis and site-directed mutagenesis experi-
ments demonstrate the essential role of Glu-309 in catalysis. The data will aid in deciphering the details of the reaction

mechanism of STR1 as well as other members of this enzyme family.

INTRODUCTION

The monoterpenoid-derived indole alkaloids compose one of the
structurally largest and pharmacologically most diverse alkaloid
families in higher plants. Of the ~2000 members, which are divided
into various structural classes, several have long-standing med-
ical applications. Prominent examples of developed therapeutics
include the treatment of cancer (vinblastine or the camptothecin
derivative topotecan), malaria (quinine), hypertension (raubasine
and reserpine), schizophrenia (reserpine in high dosage), dis-
turbed cerebral blood flow (vincamine), and antiarrhythmic heart
disorders (ajmaline, from the Indian medicinal plant Rauvolfia
serpentina). Strictosidine synthase (STR1; EC 4.3.3.2) is involved
in the biosynthesis of all these alkaloids by catalyzing the con-
densation of the two initial building blocks, tryptamine and the
monoterpenoid secologanin, leading to the glucoalkaloid stric-
tosidine. As the first committed step, STR1 seems to play the
principal role in nature’s strategy to generate the entire mono-
terpenoid indole alkaloid family (Figure 1; see reviews in Kutchan,
1993; Stockigt and Ruppert, 1999).

The reaction type catalyzed by STR1 is so far an exceptional
example in the biosynthesis of natural products. It was hitherto
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known only from synthetic chemistry (Pictet-Spengler-type re-
action), where it is applied in alkaloid synthesis, especially of
tetrahydroisoquinolines by condensation of an amine and an alde-
hyde under acidic conditions. The only enzymes known to date
that are functionally related to STR1 are deacetylisoipecoside
synthase, deacetylipecoside synthase, and norcoclaurine syn-
thase. The first two enzymes catalyze the condensation of dopa-
mine instead of tryptamine with secologanin leading to the family
of monoterpenoid tetrahydroisoquinoline alkaloids (De-Eknamkul
et al., 2000). Norcoclaurine synthase catalyzes the condensation
of dopamine and 4-hydroxyphenylacetaldehyde, resulting in the
biosynthesis of ~6000 benzylisoquinoline alkaloids (such as
morphine, sanguinarine, or berberine; Samanani et al., 2004).
Although STR1 and its functional related enzymes are key en-
zymes in the biosynthesis of ~50% of all alkaloids, very little is
known either about their reaction mechanisms or about the
amino acids essential for enzymatic activity.

STR1 was first isolated from plant cell suspensions of Cathar-
anthus roseus and R. serpentina and was later detected and
purified from many other species of the plant families Apocyna-
ceae and Rubiaceae, such as Vinca, Cinchona, and Ophiorrhiza
(Treimer and Zenk, 1979; Hampp and Zenk, 1988; Bracher and
Kutchan, 1992; Stevens et al., 1993; DeWaal et al., 1995;
Yamazaki et al., 2003). STR1 from R. serpentina is a monomeric
precursor protein with 344 amino acids (Kutchan, 1993) that
exhibits 100, 79, and 58 % identity to STR1 from Rauvolfia mannii,
C. roseus, and Ophiorrhiza pumila, respectively. STR1 from these
medicinal plants together with >100 STR1-related genes derived
from UniProt protein database constitute a sequence-related
strictosidine synthase family, which is named after the first enzyme
found for this family. Except for STR1, the biological functions of
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Figure 1. STR1 Catalyzes the Stereo-Specific Condensation of Tryptamine and Secologanin Leading to 3«/(S)-Strictosidine: A Central Reaction in the
Biosynthesis of the Entire Family of Monoterpenoid Indole Alkaloids in Plants.

most of the other family members from both plants and animals
have not yet been identified. Since no significant sequence homol-
ogy could be detected between STR1 and known protein struc-
tures, the three-dimensional structure of STR1 might help to
understand the structural relationship between STR1 and the
other family members and would provide a solid base for
modeling of other family members.

We recently described an expression system for the produc-
tion of STR1 from R. serpentina in the milligram range and the
protocol for crystallization of this enzyme (Ma et al., 2004; Koepke
etal., 2005). Here, we report the crystal structure of R. serpentina
STR1 and also the structure of STR1 in complex with each of the
natural substrates tryptamine and secologanin. The structure
represents a novel six-bladed B-propeller fold in plant proteins.
The common features of B-propeller fold proteins are their se-
quence and functional diversity, which led people to believe that
sequence-unrelated propeller structures have evolved from dif-
ferent precursors. However, based on the structure of STR1 and
structure-based sequence alignments, we find a possible evo-
lutionary relationship of several sequence-unrelated six-bladed

B-propeller structures. The complex structures also allow us to
examine issues relating to catalysis, including the architecture of
the active site and the nature of the substrate binding pocket,
which provide significant hints and the structural basis to unravel
the unexplored reaction of this unique plant enzyme. These struc-
tures might also serve as a starting point for the rational construc-
tion of new STR1 variants with various substrate acceptances,
which could lead to novel biologically valuable indole alkaloids.

RESULTS AND DISCUSSION

Overall Architecture of STR1

The overall structure of STR1 from R. serpentina resembles a six-
bladed four-stranded B-propeller fold (the six blades are indi-
cated from 1 to 6 in Figures 2A and 2B). All six blades are radially
arranged around a pseudo six-fold symmetry axis. Each blade
contains a twisted four-stranded antiparallel B-sheet. The
B-strands in each blade are labeled A to D from the inside to
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Figure 2. Overview of the R. serpentina STR1 Structure.

909

(A) The topology of the STR1 structure. Each blade (consisting of four B-strands) of the propeller is shown in various colors (green, blue, magenta,
purple, cyan, and red), and the connecting loop is shown in yellow and helices in orange.
(B) Front view of the six-bladed B-propeller in complex with tryptamine. The top of the propeller is, by convention, the face carrying the loops connecting

the B-B strand and 3-C strand in each blade.
(C) Side view of the propeller in complex with secologanin.
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outside of the molecule. The innermost B-strand A (B-A) is
closest to the pseudo six-fold axis. The last blade is formed by
three strands 3-A, 3-B, and B-C from the C terminus and one (the
outermost strand, 3-D) from the N terminus. This type of Velcro
closure has already been observed for several other six-bladed
B-propeller structures exhibiting different catalytic functions
(Scharff et al., 2001; Harel et al., 2004). There are two STR1 mol-
ecules in an asymmetric unit. The root mean square deviation
(RMSD) of all protein atoms, after superposition of both mole-
cules in the native and ligand complexes, is between 0.19 and
0.24 A. The contacts between the two molecules are dominated
by main chain hydrogen bonds between the 3-D strands of the
last blade from both monomers. Interfacial area between the two
molecules is 1937 A2, indicating that STR1 might be a dimer.
However, STR1 is active as a monomer in solution as determined
by size exclusion chromatography (Hampp and Zenk, 1988).
There are three helices in the STR1 B-propeller structure. The
first two helices are located between the loops connecting the
outermost strand B-D of blade 1 and the innermost strand B-A of
blade 2 (Figures 2A to 2C). The two small helices are pulled closer
by a disulfide bridge between Cys-89 and Cys-101. This disulfide
bridge is conserved throughout the STR1 family, which seems to
be a distinct feature of the family (Figure 2D; see Supplemental
Figure 1 online). The covalently bound Cys residues play animpor-
tant role in the integrity of the substrate binding pocket and
ultimately to the overall structure. This is confirmed by mutation
of Cys-89 to Ser, which resulted in poor expression in Esche-
richia coli and complete loss of enzyme activity. A striking feature
of the STR1 structure is addition of a helix (a3) between strands
B-Band B-Cin blade 3. The helix together with a loop connecting
strands 3-B and B-C in blade 5 forms a cap over the active site,
thus shaping the substrate binding pocket (Figures 2A to 2C).
STR1 is expressed in the plant as a precursor protein and is
glycosylated (Hampp and Zenk, 1988). Signal peptide and gly-
cosylation is not essential for the activity of STR1 but may be
important in subcellular compartmentalization of the enzyme to
the vacuole (DeWaal et al., 1995; Ma et al., 2004). There is only one
potential N-glycosylation site Asn-91 on STR1 from R. serpentina
[Nx(S/T) sites]. Interestingly, Asn-91 is located on the surface of the
first specific insertion of the STR1 propeller structure between two
helices (a1 and «2). This N-glycosylation site is conserved in all
three STR1 from different plant species (Figure 2D). In contrast
with STR1 in R. serpentina, different isoforms of STR1 have been
purified and characterized in C. roseus; these isoforms have been
suggested to result from different glycosylation stages since STR1
from both C. roseus and R. serpentina is encoded by a single-copy
gene (DeWaal et al., 1995). Analysis of the sequence of STR1 from
C. roseus results in an extra potential N-glycosylation site Asn-

187, the corresponding position in R. serpentina is Asp-181, that is
located on helix a3 (Figure 2D). Therefore, different glycosylation
stages at the N-glycosylation site Asn-187 might contribute the
different STR1 isoforms from C. roseus.

STR1 Active Site and the Binding of Tryptamine
and Secologanin

The substrate binding pocket of STR1 is located near the pseudo
six-fold symmetry axis (Figures 2B and 2C). The binding pocket
links the active center to the surface of the molecule along a helix
(«3) and a connecting loop between strands 3-B and 3-C of the
fifth blade (Figure 2C). The main residues involved in forming
the pocket are Tyr-105, Trp-149, Tyr-151, Val-176, Met-180,
Val-208, Phe-226, Ser-269, Met-276, Phe-308, His-307, Glu-309,
Leu-323, and Phe-324 (Figures 3A to 3C and 4A to 4C). The
overall nature of the pocket is primarily hydrophobic (Figures 4A
to 4C). Positively charged residues (His-307 and His-277) and
hydrophobic residues (Met-276 and Phe-324) are located at the
entrance of the pocket.

In the tryptamine complex (STR1-TAM), substrate tryptamine
is situated at the bottom of the substrate binding pocket, and its
location is fully occupied in the A-molecule (Figure 3A) but par-
tially in the B-molecule, which is observed to have a higher
B-factor. The amine group of the tryptamine is clearly coordinated
with the side chain of the Glu-309 residue, and water (w41) is
bound to the nitrogen atom of the tryptamine indole ring. Res-
idues Phe-226, Val-208, His-307, Glu-309, and Tyr-151 are lo-
cated in close proximity (4.0 ,5\) of the tryptamine molecule (Figure
3A). The aromatic ring of the tryptamine ring is stacked between
Phe-226 and Tyr-151.

In the secologanin complex (STR1-SEL), the second substrate
secologanin is also bound in the same pocket (Figures 2C, 3B,
and 4B) but does not occupy the tryptamine position. The loca-
tion of secologanin is well defined in both molecules. This is
perhaps due to soaking of the secologanin complex crystals in
6 mM secologanin solution (see Methods). The secologanin mol-
ecule is bound in the substrate binding pocket in extended form.
Its ester group is facing toward the bottom of the pocket, with the
terpenoid ring in the middle and the aldehyde group pointing
toward Glu-309 (Figures 3B, 4B, and 4C). The hydrophilic glu-
cose ring of secologanin is pointing away from the pocket (Figure
4C). It is accessible to the solvent, and two of the oxygen atoms
are coordinated with the nitrogen atoms of His-307 (Figure 3D).
The aldehyde group of the secologanin is in close proximity to the
amine group of tryptamine (Figure 4C).

In the native structure, the substrate binding pocket is occu-
pied by a tartrate molecule that is present in the crystallization

Figure 2. (continued).

(D) Sequence alignment of STR1 from different plant species. STR1_Rs, STR1 from R. serpentina and from R. mannii; STR1_Cr, STR1 from C. roseus
(sequence identity 79%); STR1_Op, STR1 from O. pumila (sequence identity 58%). Four residues that were mutated to Met are marked with green
circles; internal repetitive sequences that were used to design the fourth Met mutation I65M are indicted with open circles below the sequence.
Residues that form the hydrophobic active site are highlighted with black asterisks; two polar residues within the active site are marked with blue
asterisks; the catalytic residue Glu-309 is marked with a red asterisk. The conserved disulfide bridge is indicated by black arrowheads below the Cys

residues. Putative N-glycosylation residues are indicated by black circles.
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(A) Stereoview of tryptamine binding site region. The (Fo-F;) SIGMAA-weighted electron density of tryptamine contoured at 4 o is shown in gray.
Residues within 4 A distance from tryptamine are shown in purple and tryptamine in magenta. The water molecule is drawn as a red sphere.

(B) Stereoview of secologanin binding site region. The (F,-F;) SIGMAA-weighted electron density of secologanin contoured at 4 ¢ is shown in gray.
Residues within 4 A distance from secologanin are shown in orange and secologanin in yellow.

(C) Active site interactions of the tryptamine complex.
(D) Active site interactions of the secologanin complex.

conditions. In each molecule, tartrate is coordinated with the hydroxyl
group of Tyr-151 and the carbonyl oxygen atom of Phe-308. The
tartrate molecule occupies an identical position to the tryptamine
ring. Similar to the tryptamine complex, the tartrate molecule is
fully occupied in the A-molecule and partially in the B-molecule.

The tryptamine or the tartrate for the B-molecule is partially
occupied as suggested by the high B-factor, and this is either
due to inadequate ligand concentration during cocrystallization
or to the crystal packing environment of the second molecule.
The helix («3) and the loop between strands B-B and 3-C of blade
5 contribute to form an entrance for the substrates or the ligand.
The loop of A-molecule is involved in crystal contacts and there-
fore gives rise to a more ordered environment for the pocket. The
same loop in the B-molecule is not involved in the crystal con-
tacts, and, consequently, its binding pocked is more flexible.

STR1-SEL complex crystals were soaked in 6 mM secologanin
solution together with precipitant and glycerol solution before
flash freezing. In the resulting structure, secologanin was found
to be well ordered in both molecules, indicating adequate sub-
strate concentration needed for full occupation.

Analysis of Active-Site Amino Acid Residues and
Implications for Catalysis

The reaction of STR1 resembles a Pictet-Spengler condensation
involving the intramolecular addition of carbon 2 of tryptamine,

representing the CH-acidic center, to the Schiff base formed
between the aldehyde group of secologanin and the primary
amine group of tryptamine. Since the primary alkylamines, such
as serotonin and tryptamine, have pK, values close to 10, it is
clear that amine deprotonation must occur before Schiff base
formation. The substrate binding pocket of STR1 is rather hy-
drophobic, and there are only three polar residues, Glu-309, Tyr-
151, and His-307, around the active site. In the STR1-TAM
complex structure (Figure 3C), the amine group of tryptamine is
hydrogen bonded with Glu-309. Mutation of Glu-309 to Ala
significantly reduces the turnover rate (kca) (879-fold) but sur-
prisingly has almost no influence on the K, for tryptamine (Table
1), indicating a decisive role for Glu in the amine deprotonation
(Figure 4D). After proton abstraction, the free amine function
could easily react with the aldehyde group of secologanin to form
the enzymatic product, strictosidine, through the step of a Schiff
base by loss of a water molecule. The Schiff base and the ring
formation steps occur very quickly, since stable intermediates
cannot be isolated and are not observed in HPLC analyses. The
superposition of both complexes shows that both substrates are
clearly arranged in close vicinity but do not overlap. In the
superposition, the amine group of tryptamine is only 1.23 A away
from the aldehyde group of secologanin. Moreover, in the su-
perposition, the distance between carbon 2 of tryptamine and
the carbon of the aldehyde function of secologanin, which would
form the C2-C3 bond in strictosidine, is only 1.03 A (Figures 4C
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Hydrophobic residues (Tyr, Trp, Phe, Leu, Met/Mse, Cys, lle, and Val), positively charged residues (Arg, Lys, and His), negatively charged residues (Asp
and Glu), and hydrophilic residues (Ala, Gly, Ser, Thr, Pro, GIn, and Asn) are shown in green, blue, red, and gray, respectively. The surrounding residues

are labeled with single-letter codes.

(A) Close-up view of the substrate binding pocket with tryptamine in stick representation.

(B) Close-up view of the substrate binding pocket with secologanin in stick representation.

(C) Stereoview of tryptamine and secologanin together and superposition of the surrounding residues. The color code is as described in Figure 3.
(D) Schematic presentation of the reaction pathway for the Pictet-Spengler-type reaction with Glu-309 involved in the amine deprotonation.

and 4D). However, the structures of tryptamine and secologanin
complex are of rather low resolution (2.8 and 3.00 A, respec-
tively), and the mean positional error of the atoms as estimated
from the Luzatti plot (Luzatti, 1952) is 0.37 and 0.46 A, respec-
tively. Additionally, the RMSD of all protein atoms, after super-
position of STR1-TAM complex and STR1-SEL complex, is 0.4 A.
Therefore, the close contacts between tryptamine and secolo-
ganin do not necessarily imply substantial structural rearrange-
ment in the transition state. Relative to the tryptamine complex,

there are small side chain movements of the surrounding resi-
dues upon secologanin binding in the secologanin complex. It is
expected that the binding pocket of strictosidine should be
similar as shown in Figure 4C, but there could be a minor posi-
tional shift of the tryptamine and/or secologanin during the
catalysis to form strictosidine.

The other polar residue close to tryptamine is Tyr-151. How-
ever, a minor role for this residue in the catalysis is suggested
because a mutation of Tyr-151 to Phe (Table 1) causes an



Table 1. Kinetic Parameters for Wild-Type STR1 and Its Mutants

Km (0M)
STR1 Keat (Min~7) Tryptamine Secologanin
Wild type 78.200 6.2 39
Y151F 57.700 17.2 44
H307A 1.800 7.9 5070
E309A 0.089 5.4 95

increase in the K,,, for tryptamine (2.8-fold) without significantly
altering the kcat. The 25% decrease in ke might reflect a subtle
influence on the orientation of the catalytic residue Glu-309 since
the structure the OH group of Tyr-151 is hydrogen bonded with
the carboxyl group of Glu-309. The closest imidazole nitrogen of
His-307 is still 4.5 A away from the amine group of bound trypt-
amine in the complex structures, too far for His-307 to be directly
involved in the catalysis. Site-directed mutagenesis studies also
support the conclusion that His-307 is not involved in the binding
of tryptamine since mutation of this residue to Ala has no sub-
stantial effect on the K|,, value for tryptamine. Instead, the mutant
H307A significantly increases the K, for secologanin (130-fold),
suggesting an important role of His-307 in the binding of this
substrate or in maintaining the geometry of the binding pocket for
secologanin. In the secologanin complex structure, His-307 is
hydrogen bonded with two glucose oxygens of secologanin
(Figure 3D). The significant decrease in k5t caused by the H307A
mutation might reflect a substantial conformational change in the
active site that could influence the orientation of the proposed
catalytic residue Glu-309.

Therefore, Glu-309 is the only essential catalytic residue of STR1
we have identified to date, although apart from amine depro-
tonation, other specific functions of Glu-309 remain unclear. This
result is also in agreement with our preliminary biochemical
results from selective modification of reactive amino acid resi-
dues of STR1 by adding various group-selective labeling reagents.
Among the reagents used to chemically modify STR1, only a few
reduced the enzyme activity (Table 2). STR1 was not inactivated
by Tyr, Lys/Arg, and Ser/Cys-selective reagents and was only
partially inactivated by Cys- and His-selective reagents. By con-
trast, STR1 was totally inactivated by the Asp/Glu-selective rea-
gent N,N’-dicyclohexylcarbodiimide (DCC). Interestingly, STR1
activity was affected differently by the carboxylate-selective
reagents DCC and N-ethyl-5-phenylisoxazolium-3’-sulfonate
(Woodward’s reagent K) and was more effectively inactivated
by the hydrophobic reagent DCC than by the hydrophilic Wood-
ward’s reagent K. Inactivation by DCC could be avoided by addi-
tion of the substrate tryptamine or secologanin (Table 3). These
results suggest that at least one essential Asp or Gluis located in
the active site of STR1, and it is likely that the active site is hydro-
phobic, which is consistent with our crystal structure analysis.

It is also noteworthy that STR1 exhibits high substrate spec-
ificity, accepting only a few hydroxylated, fluorinated, or meth-
ylated tryptamine derivatives (Table 4), but it does not accept
dopamine. Dopamine is, however, the substrate for similar
reactions catalyzed by the STR1-related enzymes deacetylisoi-
pecoside synthase, deacetylipecoside synthase, and norcoclaur-

X-Ray Structure of Strictosidine Synthase 913

ine synthase. Deacetylipecoside synthase, which catalyzes the
condensation of dopamine and secologanin to form deacetyli-
pecoside, has recently been purified from Alangium lamarckii
(Alangiaceae) (De-Eknamkul et al., 2000). Both STR1 and deace-
tylipecoside synthase are similar with respect to molecular size,
temperature, and pH optimum, exhibiting high substrate spec-
ificity and sharing one common substrate secologanin, but they
exist in different plant species and have different substrate
specificity. Whether both enzymes, leading in each species to
different alkaloid types, are evolved from the same ancestor is
not known. This can only be elucidated when the amino acid
sequence of deacetylipecoside synthase and the structures
of both enzymes are available. Norcoclaurine synthase cata-
lyzes the Pictet-Spengler-type condensation of dopamine and
4-hydroxyphenylacetaldehyde to form (S)-norcoclaurine. Molecu-
lar cloning and characterization of norcoclaurine synthase from
Thalictrum flavum cell culture have been reported recently
(Samanani et al., 2004). The open reading frame encoded a pro-
tein of 210 amino acids. However, the amino acid sequence of
norcoclaurine synthase showed no sequence identity with STR1;
instead, it belongs to the pathogenesis-related 10 and Bet v1 pro-
tein family. These results strongly suggest that the same reaction
type catalyzed by STR1 and norcoclaurine synthase could also
be convergently evolved from different ancestors. But the ques-
tion whether norcoclaurine synthase also uses the same reaction

Table 2. Effects of Group-Selective Reagents on STR1 Activity

[Reagent)/ Inactivation (%)

[Reagent] [STR1] Group A
Reagent (mM) (mol/mol)  Selectivity? 30 min 2 h Buffer
DCC 0.05 50 Asp/Glu 100 A
WK 1.00 1,000 Asp/Gilu 48 53 A

5.00 5,000 80 100
DEPC 1.00 1,000 His 49 63 B
PCMB 0.20 200 Cys 34 35 B
PMSF 1.00 1,000 Ser/Cys 0 0 C
TPCK 0.12 120 Ser/Cys 0 0 C
TLCK 0.25 250 Ser/Cys 0 0 C
AEBSF  4.00 4,000 Ser/Cys 4 12 C
NAI 10.00 10,000 Tyr 5 12 D
DNFB 5.00 5,000 Lys/Arg 0 15 D

Selective modification of reactive residues of STR1 was performed by add-
ing various amounts (0.05 to 10 mM) of reagents to 1 uM enzyme so-
lution in appropriate buffers. Aliquots of incubation mixture were taken
at time intervals, and STR1 activity was measured. The pH of the re-
action as well as the molar excess of reagent over the enzyme was
designed to optimize the group selectivity of each reagent. DCC, N,N’-
dicyclohexylcarbodiimide; WK, N-ethyl-5-phenylisoxazolium-3’-sulfo-
nate (Woodward’s reagent K); DEPC, diethylpyrocarbonate; PCMB,
p-chloromercuribenzoate; PMSF, phenylmethanesulfonyl fluoride; TPCK,
L-chloro-3-(4-tosyl-amido)-4-phenyl-2-butanone; TLCK, L-chloro-3-(4-tosyl-
amido)-7-amino-2-heptanone; AEBSF, 4-(2-aminoethyl)-benzenesulfonyl-
fluoride; NAI, N-acetylimidazole; DNFB, dinitrofluorobenzene. Buffer A,
50 mM MES, pH 6.0; buffer B, 100 mM potassium phosphate buffer, pH
6.0; buffer C, 100 mM potassium phosphate buffer, pH 7.0; buffer D, 10 mM
Tris-HCl, pH 8.0.

2The most likely side chains modified under the conditions of the
experiment.
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Table 3. Protection of STR1 against Chemical Modification of DCC

Residual Activity (%) after
15 and 30 min Reaction

Experiment 15 min 30 min
No protection 0 0
+Tryptamine (5 mM) 81 52
+Secologanin (5 mM) 91 81

The chemical inactivation of STR1 was started after 20-min preincuba-
tion of the enzyme with either 5 mM tryptamine or 5 mM secologanin.
Molar excess of DCC (100 wM) over enzyme was 100-fold in 50 mM
MES, pH 6.0.

mechanism as that of STR1 can only be answered when the struc-
ture of norcoclaurine synthase becomes available.

Recently, it has been proven by isotope-labeled precursors
that not only plants but also human cells are capable of synthe-
sizing morphine alkaloids, and the biosynthetic pathway involves
a Pictet-Spengler-type reaction, similar to the catalytic mecha-
nism of STR1 (Boettcher et al., 2005). It seems that nature is
utilizing this reaction type more universally in both the plant and
animal kingdoms.

Gene-Related STR1 Family Members

Enzymes with STR1 activity have been found in several species
of plant families Apocynaceae and Rubiaceae (Kutchan, 1993).
To date, only the cDNA sequences of STR1 from C. roseus
(McKnight et al., 1990), R. serpentina (Kutchan et al., 1988), R.
mannii (Bracher and Kutchan, 1992), and O. pumila (Yamazaki
et al., 2003) have been reported. The residues maintaining the
hydrophobic core of the B-propeller, the hydrophobic active site,
and two prominent helix insertions are highly conserved through-
out these family members. The characteristic disulfide bond and
the catalytic residue Glu-309 are completely conserved (Figure
2D). Therefore, it is likely that STR1s from different plant species
diverged while maintaining their overall active site architecture
and using a similar catalytic mechanism.

It seems that nature has used the STR1 scaffold for a great
variety of functions since many new members of STR1-related
genes have been found both in plants and animals that are known
to be unrelated to alkaloid biosynthesis (appropriate sequence
alignments with STR1 are available in Supplemental Figure 1
online). For example, in Arabidopsis thaliana, STR1-like genes
(26 to 39% identity to STR1) form a multigene family, which may
be divided into different groups, and may perform different func-
tions and are involved in more than one biochemical pathway
(Fabbri et al., 2000). In Drosophila melanogaster, a novel cell sur-
face molecule hemomucin was isolated from a hemocyte-like cell
line (Theopold et al., 1996). Hemomucin, which may be involved
in the induction of immune responses mediated by lectin in
insects, is composed of two domains, one with a mucin-like
sequence and the other domain similar to STR1 (31% identity to
STR1). An adipocyte plasma membrane-associated protein BSCv
(see Supplemental Figure 1 online), which may play a role in adi-
pocyte differentiation, has also been found inhuman (Morita et al.,
2000). These STR1-related proteins maintain the key structural

elements of STR1, mostly, the C89-C101 disulfide bridge and the
hydrophobic core residues. However, the catalytic residue Glu-
309 of STR1 is no longer present in the family members of STR1-
related genes (see Supplemental Figure 1 online).

Evolutionary Relevance to Other Six-Bladed Four-Stranded
B-Propeller Structures

STR1 does not show clear sequence similarities nor does it
share functional homologies with other six-bladed B-propeller
structures. Among all the six-bladed B-propeller structures, the
closest structures that could be aligned to STR1 include diiso-
propylfluorophosphatase (DFPase) from Loligo vulgaris (Protein
Data Bank [PDB] code 1e1a; Scharff et al., 2001), brain tumor
NHL domain (PDB code 1qg7f; Edwards et al., 2003), serum
paroxonase (PON1; PDB code 1v04; Harel et al., 2004), and low-
density lipoprotein receptor YWTD domain (LDLR; PDB code 1ijq;
Jeon et al., 2001) (Figure 5A). Structures of these proteins could
be aligned to STR1 with an RMSD between 1.89 and ~2.41 A
over 207 to ~241 amino acids, but structure-based sequence
alignments show only 11 to ~16% sequence identities (Figure
5B). Both DFPase and PON1 are calcium-dependent phospho-
triesterases. The residues used to bind catalytic calcium Ca1 are
structurally conserved in both enzymes (Figure 5B), although
sequence similarity between them is only 25%. Another signif-
icant difference between the two enzymes is that the helices H2
and H3 in PON1 are not present in DFPase, leaving DFPase with
an open active site and PON1 with a closed one (Figure 5A). In the
PON1 structure, the closure of the active site is achieved by the
two helices H2 and H3. H2 is located between strands 3-B and
B-C in blade 3, which corresponds to the helix «3 of the STR1
structure. H3 of PON1 is situated between the strands g-B and
B-C in blade 5. Although the corresponding helix is not present in
STR1, the loop at the same position contributes to the cap
formation by extending to the top of the active site. The compa-
rable closed active site observed in STR1, especially in respect
to the unique helix addition in STR1 used to cover the active site,

Table 4. Substrate Specificity of STR1

Substrate Relative Activity (%)
Tryptamine 100.0
5-Hydroxytryptamine (serotonin) 9.9
5-Fluorotryptamine 9.5
6-Fluorotryptamine 6.6
7-Methyltryptamine 8.9
5,6-Dihydroxytryptamine 7.0
6-Methoxytryptamine 2.1
5-Methyltryptamine 0.0
5,7-Dihydroxytryptamine 0.0
N-Acetyl-5-hydroxytryptamine 0.0
Phenylalanine 0.0
Histamine 0.0
Dopamine 0.0
5-Methoxytryptamine 0.0
N-Methyltryptamine 0.0
N-w-Methyltryptamine 0.0
2-Methyl-5-hydroxytryptamine 0.0
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also exists at the same position in the PON1 structure, suggest-
ing that both enzymes might be evolutionarily related. Both en-
zymes have a similar molecular architecture; however, they differ
greatly in their primary sequences and catalytic function. STR1
catalyzes the Pictet-Spengler-type reaction, while PON1 is an
esterase. Incubation of STR1 with 10 mM EDTA for even 1 week
has no influence on the activity, indicating that metal ions are not
required for the catalytic activity or for the structural stability of
STR1. This result is also supported by the crystal structure of
STR1, where there is no trace of metal ions in the electron density
near the binding pocket, while PON1 contains two calcium atoms
inits central tunnel. One of them is catalytic calcium and the other
is structurally important. Helix H2 in PON1 is thought to be involved
in high-density lipoprotein anchoring by pointing its hydrophobic
face toward the solvent, while in STR1, the a3 helix is important
to create a highly hydrophobic environment around the active site,
with its hydrophobic face pointing toward the substrate binding
pocket. Interestingly, the ligand binding residues in these struc-
tures are located either between the strands 3-D and B-A or B-B
and B-C (Figure 5A).

Among all the structures, only LDLR contains an easily iden-
tifiable internal repetitive sequence XYWTD (X is a hydrophobic
residue). STR1 also exhibits a similar XYFTD repeat on 3-B3
(Figure 5B). Structure-based sequence alignment showed that this
XYFTD repeat is located at the equivalent position of the XYWTD
repeat in LDLR, which led us to consider whether there is any
evolutionary relationship between the sequences of STR1 and
LDLR. Further analysis of sequences in STR1 was performed at
those sections where five XYWTD repeats are located in LDLR. In
fact, two other similar sequence repeats XYIVD (3-B2) and XYIGT
(B-B6) were detected in STR1, which correspond to XYWSD
(B-B2)and XFWTD (3-B6) in LDLR (Figure 5B). In addition, the rest
of the equivalent positions in STR1 contain the following se-
quences: XLVAE (B-B4) and XWVSS (3-B5). At first glance, it
seems that the last two sequences are unrelated to the XYWTD
repeat. However, further inspection shows that there is a
common motif for these sequences, XXX#§, in which three
hydrophobic residues (XXX) are followed by a small residue (#;
Ser/Thr/Ala/Val/Gly) and a hydrophilic residue (§; in most cases
Asp or Glu). Surprisingly, this common motif also fits all the

Table 5. Data Collection and Refinement Statistics of STR1

STR1-TAM STR1-SEL

4SeMet-STR1

6SeMet-STR1

STR1-Native STR1-Highres Complex Complex Peak Inflection  Remote Peak Inflection  Remote

Wavelength @A) 0.9330 0.9714 0.9714 0.8057 0.9791 0.9793 0.9537 0.9813 0.9822 0.9714
Unit cell (&) a=150.3 a=1473 a=1489 a=148.60 a = 149.93 a = 150.24 a = 152.00 a = 149.46 a = 149.41 a = 151.10
(Space group R3) ¢ =1224 ¢ =122.3 c=12183 ¢=121.78 ¢ =121.39 ¢ = 121.49 ¢ = 121.88 ¢ = 121.45 ¢ = 121.38 ¢ = 122.75
Total reflections 43,518 110,461 107,648 235,230 50,199 56,136 44,692 98,520 98,445 118,859
Unique reflections 21,253 45,003 30,858 19,913 25,356 26,779 23,394 16,656 16,656 20,193
Mosaicity 0.91 0.21 1.10 0.375 0.97 0.98 1.1 0.71 0.73 0.76
Resolution (A) 20-2.96 20-2.30 20-2.80 20-3.00 50-2.95 50-2.80 20-3.2 20-3.2 30-3.24 20-3.1
Completeness (%) 98.4 (99.3) 99.9 (100) 99.0 (100) 100 (100) 98.4 (96.9) 97.2 (95.3) 98.2 (97.3) 99.8 (100) 99.8 (100) 99.7 (99.2)
I/o () 14.3 (1.9) 15.8 (3.2) 10.8 (3.00 18.6(3.2) 11.8(1.7) 14.7(1.9) 10.6(2.3) 13.3(3.6) 15.1(4.00 15.8(3.0
Rmerge (%0)2 7.4 (38.0) 5.2 (37.7) 9.9 (43.6) 12.3(70.0) 8.9 (18.8) 6.6 (27.6) 7.4(28.9) 14.1(54) 11.7 (48.1) 10.8(45.4)
Refinement
Resolution (A) 20-2.96 20-2.30 20-2.80 20-3.00
Roryst (Riree) (%)° 18.9/23.6 18.8/21.7 16.4/21.7 18.6/24.0
Number of 4,811 4,922 4,959 4,926

nonhydrogen

atoms
Number of water 99 468 173 115

molecules
B (/°-\2) for protein 20.7 222 22.0 26.5
B+ (A?) for ligand  72.0 - 67.7 60.4
B+ (A?) for water  52.4 50.8 45.9 56.3
RMSD of bond (&) 0.021 0.021 0.021 0.021
RMSD of angles (°) 1.99 1.95 1.95 1.96
*+*Most favorable 84.4 87.6 85.5 81.9

region (%)
++Additionally 14.8 11.8 13.5 17.3

allowed

region (%)
++Generously 0.8 0.6 1.0 0.8

allowed

region (%)

The values in parentheses correspond to the last resolution shell. *Average B-factor. ++Residues in Ramachandran plot.
@ Rmerge = ZniiZilli (hkl) = < I(hkl) >|/ZnqZi< I(hkl) >, where < I(hkl) > is the average intensity over symmetry equivalent reflections.
P Roryst (Riree) = ShillFo(hk)| = [Fo(kDI| /EniilFo(nkl)l, where F, and F, are observed and calculated structure factors, respectively.




relevant sequences in PON1, DFPase, and NHL (Figure 5B).
These observations indicate that all these structurally related
proteins are in fact evolutionary related; it is likely that they have
divergently evolved from a common ancestral B-sheet gene. The
internal repeats may suggest that a six-bladed B-propeller might
be first formed by duplication of an ancestral B-sheet gene that
contains the YWTD repeat. During evolution, the ancestral struc-
ture undergoes insertions and deletions to shape the central
tunnel and to adopt different functions, for example, the cap
region in PON1 and STR1. As suggested before, propeller topol-
ogy does not impose specific constraints on sequence (Murzin,
1992), so these sequence repeats gradually lose their sequence
identity, but they still keep some common sequence homology
features that are important to maintain the overall structural
stability of the fold, as can be seen by the XXX#§ consensus at
the second strand of each blade (Figure 5B).

Extreme sequence diversity accompanied by greatly different
functions and phylogenetic origins usually makes people believe
that these sequence-unrelated propeller structures are unlikely
to have a common precursor and that the evolution may have
taken place from distinct ancestral B-sheet genes (Jawad and
Paoli, 2002). Now, based on the structure of STR1 and structure-
based sequence alignment between STR1 and four other six-bladed
B-propeller structures, a possible evolutionary relationship of
several sequence-unrelated six-bladed B-propeller structures is
proposed.

METHODS

Expression, Purification, Mutagenesis, and Enzyme Activity Assay

Rauvolfia serpentina STR1 excluding the signal peptide (first 28 residues)
was subcloned into pQE-2 vector. Only two additional residues (Gly and
Ala) are left on the N terminus of STR1 when the N-terminal His tag is
cleaved with dipeptidyl aminopeptidase (Qiagen). Expression in Esche-
richia coli strain M15 and purification of native STR1 have been described
previously (Ma et al., 2004). Site-directed mutants were constructed using
the Quickchange method (Stratagene), verified by sequencing the com-
plete gene and purified as for the wild-type enzyme.

Selenomethionyl-STR1 (SeMet-STR1) was obtained by the Met path-
way inhibition technique (Van Duyne et al., 1993) with the same vector and
E. coli strain used for native STR1. The purification procedure for SeMet-
STR1 was the same as that used for the native enzyme, except that 1 mM
DTT was added to all of the buffers.

Native STR1 contains only two Met residues. Crystals of this SeMet-
STR1 were proven to be insufficient to result in the useful anomalous sig-
nal in solving the structure. Therefore, two mutants with four Met residues
(STR1-L116MI190M) and six Met residues (STR1-L116M [190ML203MI65M)
were prepared; these two mutants are designated here as 4Met-STR1
and 6Met-STR1, respectively. Three positions of Leu or lle for mutations
(Leu-116, lle-190, and Leu-203) were chosen based on the sequence
alignment with STR1 from species Catharanthus roseus and Ophiorrhiza
pumila (see the sequence alignment in Figure 2D). The fourth one (lle-65)
was chosen based on the high sequence similarity between 82GRVI®5.
KYE®8 and 187GRLI'°KYD'92 inside the R. serpentina STR1 sequence alone,
since mutation of lle-190 to Met in the mutant 4Met-STR1 does not influ-
ence the activity or change the crystallization behavior of this mutant. Both
4Met-STR1 and 6Met-STR1 mutants are active with only a slight decrease
on the activity (~10%) compared with native STR1. Selenomethionyl-
4Met-STR1 (4SeMet-STR1) and selenomethionyl-6Met-STR1 (6SeMet-
STR1) were prepared as mentioned above for the SeMet-STR1.
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The activity of STR1 was determined by incubating 1 mM tryptamine,
2 mM secologanin, and 50 mM phosphate buffer, pH 7.0 (total volume
50 pL), for 15 min at 35°C while shaking (400 rpm). The reaction was
terminated by addition of 100 pL methanol. After centrifugation (11,000g;
5 min), the supernatant was analyzed by HPLC. For HPLC, a Merck
Hitachi instrument and a Lichrospher 60 RP select B column (125 X 4 mm;
5 wm) were used: injection volume 60 plL; flow rate 1 mL min—1;
absorption measured at 250 nm; acetonitrile/H,O (pH 2.3 adjusted by
H3PO,) as solvent system, gradient 10:90 — 50:50 within 8 min — 80:20
within 3 min — 10:90 within 0.5 min — 10:90 for 3.5 min. Retension time
values are 5.47 min (tryptamine), 6.57 min (secologanin), and 8.65 min
(strictosidine). To determine K, and k¢, values, the enzyme assay was
performed using different concentrations of tryptamine and secologanin.

Crystallization

Crystals of STR1 and its complexes were grown by the hanging drop
vapor diffusion method (Ma et al., 2004; Koepke et al., 2005). The res-
ervoir solution contained 0.8 M potassium sodium tartrate tetrahydrate
and 0.1 M HEPES, pH 7.5. The enzyme concentration was 4 to 5 mg/mL.
Crystals of STR1 in complex with substrates tryptamine (STR1-TAM
complex) and secologanin (STR1-SEL complex) were obtained by cocrys-
tallization in the presence of 1.0 mM tryptamine and secologanin, re-
spectively, in the enzyme solution.

Data Collection and Processing

Native, SeMet, and tryptamine complex crystals were cryo-protected by
addition of 25% glycerol to the precipitant buffer before being flash-
cooled in a stream of cold nitrogen at 100K. The secologanin complex
crystals were flash-cooled after 8 min of soaking in the solution of 25%
glycerol, 6.0 mM secologanin, and the precipitant buffer. Three multi-
wavelength anomalous diffraction (MIAD) experiments were performed near
the selenium edge. The MAD data sets from 4SeMet-STR1 were col-
lected at the PX beamline at the Swiss Light Source in Villigen, Switzer-
land, and another three wavelength MAD data sets from 6SeMet-STR1
were collected at the BW7A beamline of EMBL Hamburg at the DORIS
storage ring of the Deutsches Elektronen Synchrotron DESY (Hamburg,
Germany). All the x-ray data from cocrystals were collected either on the
BW7A, BW7B, X11, or X13 beamline of EMBL Hamburg. The diffraction
data were processed and scaled using HKL (Otwinowski and Minor,
1997) in the R3 space group. The data collection statistics are illustrated
in Table 2. The preliminary data analysis showed that the crystals contain
~66% solvent content with a Matthews coefficient of 3.6 and two mol-
ecules of STR1 in an asymmetric unit.

Structure Determination, Refinement, and Quality of the Models

The structure was solved by the combination of MAD and molecular re-
placement methods using SeMet-substituted STR1. Initially, the interpret-
able electron density was obtained at 3.2-A resolution for the 6SeMet-STR1
data set using the three wavelengths MAD protocol of AUTO-RICKSHAW:
an automated crystal structure determination platform (Panjikar et al.,
2005) in the R3 space group. Within this procedure, the structure factors
were calculated from the measured intensity by employing the CCP4
programs (Collaborative Computation Project Number 4, 1994), and 8 out
of 12 selenium atoms were located using SHELXD (Schneider and
Sheldrick, 2002). The positions of these sites were refined using the
program MLPHARE (Collaborative Computation Project Number 4, 1994).
Density modification and twofold noncrystallographic symmetry (NCS)
averaging were performed using DM (Cowtan, 1994) in the correct
enantiomorph. Subsequently, it was possible to trace most of the protein
backbone using the molecular graphics program XTALVIEW/XFIT (McRee,
1999). However, side chains and some loops could not be placed
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unambiguously in the electron density. Therefore, MAD phases were
calculated with the 4SeMet-STR1 data set in the similar manner as
described above and were significantly improved when it was combined
with the phase generated from the 6SeMet-STR1 data set using the
program SIGMAA (Collaborative Computation Project Number 4, 1994)
and continued with the phase extension to 2.95 A by NCS averaging and
density modification. The model was further improved by building missing
loops. Some of the side chains could be recognized and were placed in
the electron density. At this stage of the model building, it became evident
that the structure looked like a six-bladed B-propeller fold. A quick search
with Structural Classification of Proteins database (http://scop.berkeley.
edu/) showed many structures (i.e., PDB codes 1v04, 1ijq, 1e1a, and 1q71)
containing such a fold. Although molecular replacement against the STR1
data was unsuccessful using any of the structures as a search model, the
1v04 structure could be placed in the experimental electron density suc-
cessfully using the phased molecular replacement protocol of the pro-
gram MOLREP (Vagin and Isupov, 2001). The resultant model was used
as a guideline for further model building, which helped unambiguous tracing
of B-strands in the correct direction. The side chain was fitted in the elec-
tron density wherever the map was interpretable. The model was further
improved using the graphics program COOT (Emsley and Cowtan, 2004)
and its real space fitting and interactive manual building. The model was
subjected to multiple rounds of simulated annealing, followed by posi-
tional and restrained B-factor refinement as implemented in CNS (Briinger
etal., 1998) using the data from 20 t0 2.95 A. The alternate refinement and
manual rebuilding of the SeMet-STR1 model resulted in a nearly complete
backbone with a majority of side chains positioned; however, the quality
of the electron density maps did not permit the rapid convergence of a
complete STR1 model. Therefore, further refinement of the model was
halted. As 2.3-A x-ray data (STR1-Highres) were available from a trypt-
amine complex, the complex was solved by molecular replacement
based on this partial SeMet-derived structure using rigid body refinement
in CNS. The resultant model was used as a starting model for the auto-
mated model building program ARP/WARP (Perrakis et al., 1999; Morris
etal., 2004) using the data from 20- to 2.3-Aresolution. Eighty-five percent
of the complete model was built automatically, and the model was com-
pleted further with manual building using COOT alternating with additional
REFMAC cycles, which included bulk solvent correction, anisotropic
scaling, NCS restraints, and with each molecule defined as a TLS group in
the modeling of anisotropy in the program REFMAC5 (Murshudov et al.,
1997; Winn et al., 2001).

Native and all other ligand structures were solved by molecular replace-
ment using the high-resolution structure (2.3—,3\ resolution) as a search
model, as the data were nonisomorphous to each other. The structures
were refined using a similar refinement protocol as described above for
the high-resolution structure.

The final native STR1 structure was refined to Rcryst 18.9% and Riree
23.6% using the data from 20 t0 2.96 A.The structure comprises residues
2910 333 per molecule and includes 99 water molecules, and the electron
density unambiguously showed the residual density of tartrate molecules
in each molecule.

STR1-Highres comprises residues 32 to 333 and includes 468 water
molecules. The structure was refined with Rerys; 18.8% and Ryree 21.7% in
the resolution range 20t0 2.3 A.STR1 -Highres data were collected from a
STR1-tryptamine complex crystal, and the residual density was observed
to 8¢. However, the density could not be explained only with tryptamine,
as the density was certainly bigger than the expected tryptamine density
(stereoview of the residual density is shown in Supplemental Figure 2
online). All our interpretations of the residual density were not convincing,
even with multiple conformations of tryptamine. The density was not mod-
eled with a single tryptamine, as the residual density was not fully inter-
preted. The data played a main role in resolving the structure. Therefore,
another data set of STR1-TAM was collected and refined (see below). The

located tryptamine in the STR1-TAM complex fits the residual density
with room of some unknown molecule.

The STR1-TAM complex comprises residues 35 to 333 as well as one
tryptamine per STR1 molecule. The model includes 173 water molecules.
The model is refined with Rcryst 16.4% and Ryee 21.7% in the resolution
range 20 to 2.8 A

The structure of the STR1-SEL complex comprises residues 32 to 333
and one secologanin per STR1 molecule and includes 115 water mole-
cules. The model is refined with Renyst 18.6% and Ryee 24.0% in the
resolution range 20 to 3.00 A

Comparisons of the backbone trace of the partial SeMet-STR1 and the
reported structures displayed nearly identical architecture and no evi-
dence for conformational differences between the native and complex
forms of STR1. Therefore, refinement of the original SeMet-STR1 struc-
ture was not continued. The overall geometric quality of resultant models
was assessed using PROCHECK (Laskowski et al., 1993). Table 5 sum-
marizes the data collection and refinement statistics on each of the final
models.

Structurally related proteins were retrieved from secondary structure
matching (http://www.ebi.ac.uk/msd-srv/ssm/cgi-bin/ssmserver) servers
using the single STR1 monomer model. Structure-based sequence align-
ment was performed using the program STAMP (Russell and Barton,
1992), and the picture of the sequence alignment was made using the
program ALSCRIPT (Barton, 1993). All figures were produced using
MOLSCRIPT (Kraulis, 1991), RASTER3D (Merritt and Murphy, 1994),
PyMol (DeLano, 2002), and LIGPLOT (Wallace et al., 1995).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers P68175 (STR1 from R. serpentina),
P18417 (STR1 from C. roseus), and Q94LW9 (STR1 from O. pumila). The
model coordinates and structural factor amplitudes have been deposited
in the PDB for structures of the STR1-Native (2FP9), STR1-Highres (2FP8),
STR1-TAM complex (2FPB), and STR1-SEL complex (2FPC).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Sequence Alignment of STR1 from Different
Plant Species with Other STR1-Related Gene Family Members.

Supplemental Figure 2. The Unexplained F,-F. Electron Density of a
Ligand at 4.0 o and Residues Nearby the Binding Pocket in STR1-
Highres.
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