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The cDNA clone for strictosidine synthase, the enzyme which catalyzes the stereospecific condensation of tryptamine 
with secologanin to form the key intermediate in indole alkaloid biosynthesis, strictosidine, has been identified with a 
synthetic oligodeoxynucleotide hybridization probe in a lgtl 1 cDNA library of cultured cells of Ruuvolfia serpentina. 
The DNA has been sequenced, revealing an open reading frame of 1032 base pairs encoding 344 amino acids. The se- 
quence of 60 nucleotides in the 5’-flanking region has been determined by primer extension analysis. The encoded protein 
has been expressed in E. coli DH5 as detected by immunoblotting of protein extracts with antibodies raised against the 

native enzyme. 
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1. INTRODUCTION 

The alkaloidal glucoside, strictosidine, was 
recognized in 1968 as a biosynthetic precursor of 
monoterpenoid indole alkaloids [I]. There was, 
however, much confusion about the stereo- 
chemistry of this first intermediate in the pathway 
[2,3] which was only clarified after the enzyme re- 
sponsible for the stereospecific condensation of 
tryptamine with secologanin was discovered [4,5] 
and characterized [6,7]. This precursor of over 
1800 indole alkaloids, some of high commercial 
value [8], has been unequivocally shown to possess 
a ICY configuration 191. The enzyme catalyzing 
the formation of strictosidine was named stric- 
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The nucleotide sequence presented here has been submitted to 
the EMBL/GenBank database under the accession no. YOO756 

tosidine synthase [5,6]. A convenient assay has 
been developed to monitor this reaction [6] and the 
enzyme from Rauvolfia serpentina has been 
purified to homogeneity [lo]. Subsequent 
characterization identified it as a single polypeptide 
containing 5.3% carbohydrate. In immobilized 
form, the enzyme exhibits such excellent stability 
[ 10,l l] that is has become possible to produce gram 
quantities of strictosidine for biomimetic syntheses 
or chemical modification [ 121. The only limiting 
factor in the application of this process is the avail- 
ability of the synthase, the biocatalyst; tryptamine 
is commercially available and secologanin is readily 
attainable in large quantities through a simple 
isolation procedure which has recently been 
described [ 13). Biotechnological production of 
strictosidine synthase in microorganisms would 
potentially lead to unrestricted quantities of the en- 
zyme. 

We report here the first steps toward the produc- 
tion of this important catalyst: the isolation and se- 
quence analysis of the cDNA clone for strictosidine 
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synthase from R. serpentina and expression of the 
protein in E. coli DH5. The cDNA clone for stric- 
tosidine synthase is the first which has become 
available from a pathway leading to an alkaloid 
and the nucleotide sequence is one of the very few 
examples for an enzyme involved in secondary 
plant metabolism. 

2. MATERIALS AND METHODS 

2.1. Tryptic peptide purification and amino acid sequence 
determination 

Tryptic peptides were prepared from l-10 nmol homo- 
geneous strictosidine synthase [lo] with TPCK-trypsin as 
described [14]. The peptide mixture was resolved by reversed- 
phase HPLC 1151 [columns: Baker Bakerbond RP8 and RP4 
(4.1 x 250 mm); solvent system: (A)O.l% TFA, (B)O.l% TFA, 
60% acetonitrile; gradient l%/min; flow rate 1 ml/min] with 
dual detection at 293 and 210 nm. In this manner, eight peptides 
were purified sufficiently for amino acid sequence determina- 
tion. Microsequencing was accomplished with an Applied Bio- 
systems model 470 A gas-phase sequencer. 

2.2. Isolation of poly(A’) RNA 
Poly(A’) RNA was extracted by standard techniques [16] 

from cultured cells of R. serpentina (L.) Benth. (lo] on the third 
day after transfer to alkaloid production medium [17]. Typical- 
ly, 30 g fresh wt cells yielded 100 fig poly(A+) RNA which had 
been twice fractionated on oligo(dT)-cellulose. 

2.3. Primer extension and DNA sequence analyses 
Primer extension indirect RNA sequencing reactions were 

carried out exactly as in [18]. Sequencing of the deletion 
derivatives [19] generated by exonuclease III digestion of the 
cDNA for strictosidine synthase subcloned into pUCl8 was car- 
ried out according to [20]. 

2.4. Screening of the Xgtll library 
Preparation of cDNA from R. serpentina poly(A+) RNA and 

insertion into the Xgtll cloning vector were performed ac- 
cording to standard techniques [21]. Plaque hybridization with 
a “P end-labeled oligodeoxynucleotide derived from a stric- 
tosidine synthase tryptic peptide sequence was carried out over- 
night at 42°C with subsequent washes at 50°C in a tetramethyl- 
ammonium chloride solution as described [22]. 

2.5. Immunological procedures 
Homogeneous strictosidine synthase from R. serpentina [lo] 

was utilized in the production of antibodies. The enzyme 
(25-1OOyg) in PBS was mixed with complete Freund’s adju- 
vant, emulsified (Branson S 125 sonicator) and injected sub- 
cutaneously into rabbits at weekly intervals. After 4 weeks, 
booster injections were administered with 50-200 yg enzyme. 
Serum was collected through the ear vein and used unpurified 
for the blotting procedure. 

E. coli DH5 containing either the clone for strictosidine syn- 
thase or empty vector (pUCl8) was grown in Luria-Bertani (LB) 
medium containing 100 pg/ml ampicillin to an As% of 1 .O. Cells 

were collected by centrifugation (7000 x g, 5 min, 4”C), re- 
suspended in 4 ml of 10 mM potassium phosphate (pH 7.5) and 
lysed by sonication. Debris was removed by centrifugation 
(30000 x g, 20 min, 4’C) and the subsequently obtained 
20-70% ammonium sulfate fraction was desalted on a Sephadex 
G-25 column (8 x 120 mm, 10 mM potassium phosphate, 
pH 7.5). Extracts of R. serpentina cell cultures (30 g fresh wt) 
were prepared in 45 ml of 10 mM potassium phosphate 
(pH 7.5) with a mortar and pestle. Cell debris was removed by 
centrifugation (10000 x g, 10 min, 4°C) and the supernatant 
treated identically to the bacterial extracts. 

Protein (50 rg) was fractionated on an SDS-polyacrylamide 
gel (11 o/o), blotted onto nitrocellulose and treated with antibody 
and ‘251-protein A as in [23]. 

3. RESULTS 

3.1. Design of an oligodeoxynucleotide as 
hybridization probe 

Of the eight strictosidine synthase tryptic pep- 
tides which were purified and sequenced, two were 
found to be suitable for the design of synthetic 
oligodeoxynucleotides. From a segment of one of 
these two (Gln-Gln-Ile-Met-Asp-Thr), an oligo- 
deoxynucleotide of length 17 nucleotides was syn- 
thesized in three subsets, each having a degeneracy 
of 8. Hybridization to Northern blots of R. serpen- 
tina poly(A+) RNA failed to yield a discrete band. 
To improve the quality of the oligodeoxy- 
nucleotide, indirect RNA sequencing primed by 
each of the three subsets of mixed oligodeoxy- 
nucleotides was performed. A specific non- 
degenerate, sequence was obtained from one of the 
subsets and the following hybridization probe 52 
nucleotides in length possessing a degeneracy of 
only four was designed: 

5 ’ -TCCATAATT/CTGT/CTGGACACCTCTG- 
TCATCATATAAGGTGCTAACATCGGTGA-3’ 

To test the efficacy and specificity of this oligo- 
deoxynucleotide as a hybridization probe and to 
determine the length of the transcript for stric- 
tosidine synthase, glyoxal-denatured R. serpentina 
poly(A+) RNA was fractionated by agarose gel 
electrophoresis and blotted onto a nylon filter by 
capillary transfer. Hybridization to the 32P end- 
labeled oligodeoxynucleotide produced a single 
band by autoradiography corresponding to an ap- 
proximate length of 1200-1300 nucleotides (not 
shown). 
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30 60 
CTACTAGTTGAGCTCCACTCATCGTTAAATCCCAGTCCCAGTCCTTCGTCCGTCTGTCCCCCTACT 

90 120 
ATGGCCAAACTTTCTGATTCGCAAACTATGGCACTATG~ACTGTTCACCGTCTTCCTTCTTTTCCTC 
MetAlaLysLeuSerAspSerGlnThrMetAlaLeuPheThrValPheLeuLeuPheLeu 

150 180 
TCCTCTTCGCTCGCTCTCTCCTCTCCAATCPTGAAAGAGATTTTGATTGAGGCTCCTTCC 
SerSerSerLeuAlaLeuSerSerProIleLeuLysGl~ 

210 240 
TATGCCCCCAATTCCTTCACCTTCGACTCAACCAACAAAG 

270 300 
GATGGCCGAGTTATCAAGTACGAAGGACCC~CTCCGGTA 
AaQG&&avalIleLys~ 

330 360 
TCTCCCTACTGGMCAAAGCGTTCTGTGAGAACAGCACAGATGCAGAGAAAAGACCCTTG 
SerProTvrTraAsnLysAlaPheCVsGl~snSerThrAsoAlaGluLvsAraProLeu _ _ 

390 420 
TGTGGGAGGACATATGATATTTCAT~r~~GCAAAA 
CysGlyArgThrTyrAspIleSerTyrAsnLeuGlnAs~nGlnLeuTyrIleValAsp 

450 480 
TGCTATTATCATCTTTCTGTGGTTGGTTCTGAAGGTGGTGGGCATGCTACCC~CTCGCCACC 
CysTyrTyrHisLeuSerValValGlySerGluGlyGlyHisAlaThrGln~~laTh~ 

510 540 
AGCGTTGATGGAGTGCCATTCAAGTGGCTCTATGCAGTAATGGG 
SerValAspGlyValProPheLys~hrGly 

570 600 
ATTGTTTACTTCACCGATGTTAGCACCTTATATGATGACA~~TGTCCMC~TTATG 
IleValTyrPheThrAspValSerThrLeuTyrAspAspAr 

630 - 
GATACAAGCGATAAA.ACAGGAAGACTAATAAAGTATGATCCCTCCACCAAAGAAACAACA 
~ThrGlyArgLeuIleLysTyrAspProSerThrLysGluThrThr 

690 720 
CTACTGTTGAAAGAGCTACACGTTCCAGGTGGCGCAGAAGTCAGTGCAGATAGCTCCTTT 
LeuLeuLeuLysGluLeuHisValProGlyGlyAlaGluValSerAlaAspSerSerPhe 

750 700 
GTTCTTGTGGCTGAGTTTTTGAGCCATCAAATTGTCAAATATTGGCTAGAAGGGCCTAAG 
ValLeuValAlaGluPheI,euSerHisGlnIleValLys 

810 
ux3awuwP'" 

AAGGGCACTGCGGAGGTTTTAGTGAAAATCCCAAACCCAGGAAATATAAAGAGGAACGCT 
LysGlyThrAlaGluValLeuValLysIleProAsnProGlyAsnIleLysAr~ 

870 900 
GATGGACATTTTTGGGTTTCCTCAAGTGAAGAATTAGATGGAAATATGCACGGAAGAGTT 
~ValSerSerSerGluGluLeuAspGlyAsnMetHisGlyArgVa1 

930 960 
GATCCTAAAGGAATAAAATTTGATGAGTTTGGGAACATTCTTGAAGTTATCCCACTCCCA 
AspProLysGlyIleLysPheAspGluPheGlyAsnIleLeuGluValIleProLeuPro 

990 1020 
CCACCATTTGCAGGTGAACACTTCGAACAAATTCAAGAGCT 
ProProPheAlaGlyGluHisPheGluGlnIleGlnGl~is~~ly~u~uTyrIle 

1050 lOB0 
GGAACCCTGTTCCATGGCTCTGTGGGCATATTAGTATATGATAAGAAGGGAAATTCTTTT 
GlyThrLe~heHisGlySerValGlyIleLeuValTyrAspLysLysGlyAsnSerPhe 

1110 1140 
GTTTCAAGTCATTAAATTTTCCACGAACCAGATTGGTTTTGTTTTTGATTTGTATAACAC 
ValSerSerHisEnd 

1170 1200 
TCTTTAAAGGTTTTGTATTCGAATCACGTCATCTCAGCCTCGAGGAATAAGAAAAAAGCA 

GCAGAATAACTTCTC 

Fig. 1. Nucleotide sequence of the cDNA clone of strictosidine 
synthase from R. serpenlina. The coding strand of the DNA is 
presented in the 5 ’ to 3 ’ orientation along with the translation of 
the only contiguous open reading frame. Underlined sequences 
are those obtained from the amino acid sequencing of eight 

tryptic peptides from strictosidine synthase. 

3.2. Isolation and subcloning of the cDNA for 
strictosidine synthase 

From the initial screening of only 2000 plaques 
of the hgtll cDNA library for R. serpentina with 
the 32P end-labeled, low-degeneracy 52-mer oligo- 
deoxynucleotide designed from the primer exten- 
sion experiments, a single, positive clone was iden- 
tified by autoradiography after a 3 h exposure 

period. This plaque was picked and rescreened 
twice again before the hDNA was isolated and the 
insert was partially sequenced for positive iden- 
tification. Sequencing reactions with avian reverse 
transcriptase primed by the original oligodeoxy- 
nucleotide (17-mer, B-fold degeneracy) utilized in 
the indirect RNA sequencing experiments yielded a 
sequence identical to the 52-nucleotide-long oligo- 
deoxynucleotide used as the hybridization probe in 
screening the library. The insert, approx. 1200 base 
pairs in length, was excised with EcoRI, purified by 
agarose gel electrophoresis and subcloned into the 
EcoRI site in the polylinker of pUC 18 for complete 
sequence analysis. 

3.3. DNA sequence of the cDNA clone 
Subclones in pUC 18 possessing the strictosidine 

synthase cDNA in opposite orientations (designat- 
ed pUClBSS1.10 and pUClBSS1.25) were identi- 
fied by partial restriction map analysis and subse- 
quently sequenced. The initial sequence was 1177 
base pairs in length and contained an open reading 
frame (fig.l) of 1032 base pairs, corresponding to 
344 amino acids and a polypeptide molecular mass 
of 38 119 Da. Within the translated region, the se- 
quences of all eight tryptic peptides obtained from 
strictosidine synthase could be found. A putative 
carbohydrate attachment site (Asn-Ser-Thr) was 
located at nucleotide positions 331-339. To deter- 
mine the sequence of the 5 ‘-flanking region, an 
oligodeoxynucleotide was designed (5 ‘-CATAGT- 
TTGCGAATCAG-3 ‘) which was complementary 
to the coding strand in the region beginning 13 
nucleotides 3 ’ to the tentative translational start. 
Indirect RNA sequencing was performed utilizing 
this synthetic oligodeoxynucleotide as primer. 
After the 60th nucleotide, the sequencing ladder as 
determined by primer extension stopped. The posi- 
tion of the AUG start codon could be assigned 
based on the presence of a sequence highly 
homologous to the eukaryotic translation start 
consensus sequence ACCAUGG [24]. In the region 
5 ’ to the translational start signal, neither 
regulatory sequences nor a ribosome-binding site 
could be identified, suggesting that such consensus 
sequences may be positioned further upstream. 

3.4. Expression of strictosidine synthase in E. coli 
DH5 

As proof of the identity of the clone, in addition 
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Fig.2. Autoradiogram of ‘*‘I-protein A-treated immunoblot of 
protein extracts from (a) R. serpentina cell cultures, (b) E. coli 
DH5 containing pUClSSSl.10, (c) E. co/i DHS containing 
pUC18SS1.25, (d) E. co/i DH5 containing pUCI8, (e) molecular 

mass markers (in kDa). 

to the localization of the eight tryptic peptide se- 
quences, and as a preliminary test for subsequent 
active expression studies, protein extracts of E. coli 
DHS containing either pUC18SS1.10 or pUC18- 
~~1.25 were tested with antibodies raised against 
the purified enzyme from R. serpentina for the 
presence of the protein. Although strictosidine syn- 
thase is a glycoprotein, the antibodies reacted with 
the periodate-treated enzyme, suggesting that there 
should also be a reaction with the nonglycosylated 
protein that would be produced in the bacterium. 
When the bacterial protein extracts were frac- 
tionated by SDS-polyacrylamide gel electrophore- 
sis, electroblotted .onto nitrocellulose, incubated 
with antibody and reacted with rz51-protein A, a 
unique band appeared (fig.2, lane b) upon auto- 
radiography. This protein was slightly smaller in 
molecular mass than the strictosidine synthase in 
crude extracts of R. serpentina suspension cultures 
(fig.2, lane a) corresponding to the absence of car- 
bohydrate in the bacterially produced protein. This 
protein was totally absent from crude extracts of 
the bacteria containing either the cDNA in the 
alternative orientation or empty vector (fig.2, lanes 
c,d, respectively) indicating that it originates 
specifically from the cloned sequence. A cross- 
reaction between the antibodies in the crude serum 
and a protein of bacterial origin is evident in all 
three bacterial extracts (fig.2, lanes b-d). 

4. DISCUSSION 

We have reported here the cloning of the cDNA 

for strictosidine synthase from R. serpentina and 
the expression of the protein in E. coli. This re- 
presents the first clone obtained for an enzyme in- 
volved in alkaloid metabolism. As such, it poten- 
tially opens a new field in the study of alkaloid bio- 
synthesis and its application to biotechnology. 
Although many pharmaceutically important [8] 
and structurally interesting molecules occur in the 
alkaloid class, often only limited quantities ac- 
cumulate in the plant and frequently secondary 
metabolites are completely absent from cultured 
cells [25]. The functional expression of stric- 
tosidine synthase in a microorganism would lead to 
a virtually unlimited amount of this key enzyme to 
be utilized in the biomimetic synthesis of phar- 
macologically active alkaloids and in a detailed 
analysis of the catalytic site and reaction 
mechanism. Ultimately, the gene for this enzyme 
would provide the system with which to begin the 
elucidation of the regulatory mechanisms of 
alkaloid metabolism in plant cell cultures. 
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