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Abstract

Protein extracts from dark-grown cell suspension cultures of Catharanthus roseus (Madagascar periwinkle) contained several O-
methyltransferase (OMT) activities, including the 16-hydroxytabersonine O-methyltransferase (16HT-OMT) in indole alkaloid bio-
synthesis. This enzyme was enriched through several purification steps, including affinity chromatography on adenosine agarose. SDS-
PAGE of the purified protein preparation revealed a protein band at the size expected for plant OMTs (38-43 kDa). Mass spectrometry
indicated two dominant protein species of similar mass in this band, and sequences of tryptic peptides showed similarities to known
OMTs. Homology-based RT-PCR identified cDNAs for four new OMTs. Two of these cDNAs (CrOMT2 and CrOMT4) encoded the
proteins dominant in the preparation enriched for I6HT-OMT. The proteins were closely related (73% identity), but both shared only
48-53% identity with the closest relatives found in the public databases. The enzyme functions were investigated with purified recom-
binant proteins after cDNA expression in Escherichia coli. Unexpectedly, both proteins had no detectable 16HT-OMT activity, and
CrOMT4 was inactive with all substrates investigated. CrOMT2 was identified as a flavonoid OMT that was expressed in dark-grown
cell cultures and copurified with 16HT-OMT. It represented a new type of OMT that performs two sequential methylations at the 3'-
and 5-positions of the B-ring in myricetin (flavonol) and dihydromyricetin (dihydroflavonol). The resulting methylation pattern is
characteristic for C. roseus flavonol glycosides and anthocyanins, and it is proposed that CrOMT?2 is involved in their biosynthesis.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction labelled as O-methyltransferases (OMTs), and many of
the assignments were only based on similarity with
functionally identified OMTs.

A previous study (Schréder et al., 2002) addressed the

question whether protein sequences obtained via

S-Adenosyl-L-methionine (SAM) dependent methyla-
tions are important in the biosynthesis of many plant
secondary products, e.g. phenylpropanoids (Gang et al.,

2001; Dixon et al., 2001), flavonoids (Dixon, 1999;
Forkmann and Heller, 1999; Harborne and Williams,
2000), alkaloids (Frick and Kutchan, 1999; Morishige et
al., 2000), and other substances (Ibrahim and Muzac,
2000). The DNA databases contain at present (June
2002) more than a 100 entries for plant sequences
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homology-based cloning strategies provide sufficient
information for predictions on the substrates of new
OMTs. One of the conclusions was that even 85% or
higher identity scores may be misleading, and the large
subfamily containing most of the known caffeic acid
OMTs (COMTs) provided a convincing example: it
contained several multifunctional enzymes (Gauthier et
al., 1998; Frick and Kutchan, 1999; Chiron et al., 2000),
and also enzymes with little or no COMT activity
(Gauthier et al., 1996; Seguin et al., 1998; Wang and
Pichersky, 1999; Muzac et al., 2000).
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Our subsequent work therefore combined molecular
and biochemical strategies. In parallel to homology-
based PCR cloning, we purified OMT activities to
obtain peptide sequences that would facilitate the iden-
tification of cloned sequences. The guide for the enzyme
purification was an OMT in the indole alkaloid pathway
from tabersonine to vindoline, the 16-hydr-
oxytabersonine O-methyltransferase (16HT-OMT, EC
2.1.1.94) (Fahn et al., 1985; De Luca et al., 1986) that
synthesizes methoxytabersonine (Fig. 1A). Several
additional OMT activities were also monitored during
the purification to follow the separation of I6HT-OMT
from other OMTs. Here we describe the results of the
combined approach. They show that the purified
enzyme preparation contained two dominant protein
species, but both were not 1l6HT-OMT, as demonstrated
by assays with recombinant proteins expressed from the
corresponding cDNAs. Investigations with other sub-
strates unexpectedly revealed that one of the dominant
proteins was a flavonoid OMT that was expressed in
dark-grown cells synthesizing no flavonoids.

2. Results and discussion

2.1. Purification of OMTs and peptide sequences

Previous experiments (St-Pierre and De Luca, 1995)
had reported the presence of 16HT-OMT activity in cell
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Fig. 1. Methylated secondary products in C. roseus. A. Methylation
reaction in the pathway from tabersonine to vindoline. B. Methylated
flavonoids identified from C. roseus. Syringetin 3-O-robinobioside =
syringetin 3-O-o-L-rhamnopyranosyl-(1-6)-B-p-galactopyranoside (Brun
et al., 1999). The anthocyanin glycosylation patterns have not been
analyzed (Carew and Krueger, 1976; Milo et al., 1985).

cultures, and this was confirmed with the cell line
maintained in our laboratory as suspension culture
growing in continuous dark. Various conditions known
to enhance alkaloid production led at most to a 2-fold
activity increase, and therefore the purifications were
carried out with cultures grown under standard condi-
tions. The use of dark-grown cultures also appeared a
preferable choice because they do not synthesize flavo-
noids (Knobloch et al., 1982), and thus appeared unli-
kely to express the OMTs that could be expected from
the structures of the C. roseus flavonoids (Fig. 1B)
(Carew and Krueger, 1976; Knobloch et al., 1982; Milo
et al., 1985; Brun et al., 1999).

A typical purification is summarized in Table 1 and
Fig. 2. The 16HT-OMT activity was purified through
three steps (fractionated ammonium sulfate precipita-
tion, DEAE sepharose, and affinity chromatography on
adenosine agarose), resulting in a ca. 40-fold increase of
the specific activity. The activity proved to be very
unstable, and the final yield was only ca. 1% in the
purified preparation. One reason for the low yield was
that only ca. 18% of the enzyme activity bound to the
adenosine agarose, but this was the only step leading to
an active enzyme preparation containing only a few
major proteins suitable for protein sequencing. Several
other procedures were investigated, but they did not
improve the purification, either because of even more
extensive losses of activity (size fractionation; chroma-
tography on hydroxyapatite; chromatofocusing; hydro-
phobic interaction chromatography) or because the
enzyme failed to bind to the column material (several
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Fig. 2. Purification of 16HT-OMT from C. roseus cell suspension
cultures. Lanes: 1, crude extract (35 pg); 2, ammonium sulfate pre-
cipitation (60-80% saturation) (35 pg); 3, DEAE-cellulose, elution
with 0.2 M NaCl (25 pg); 4, adenosine agarose, elution with 4 mM
SAM (10 pg protein).
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Table 1

Typical purification of OMT activities from C. roseus cell suspension cultures. The total activities (nmol/min per total protein in the fractions) are

given in square brackets

Fraction Protein (mg) Specific activity (pmol/min/mg)*

16HT-OMT Myricetin Caffeic acid Catechol
Crude extract 2700 4[10.8] 8 [21.6] 114 [308] 41 [111]
Ammonium sulfate
30-60% 1920 1[1.9] 92 [176.6] 121 [232] 78 [150]
60-80% 420 14 [5.9] 30 [12.6] 75 [31.5] 44 118.5]
DEAE sepharose
0.1 M NacCl 275 <1 29 [8.0] 139 [38.2] 332 [91.3]
0.2 M NacCl 65 40 [2.6] 15[0.98] <lI 23 [1.5]
Adenosine agarose
Flow through 25 211[0.53] <1 <1 <1
KCI wash 0.3 221 [0.07] 102 [0.03] <1 <1
SAM eluate 0.8 158 [0.13] 219 [0.18] <1 <1

4 Average from triplicate assays.

dye affinity chromatographies, including Reactive Red,
Brown, Green, or Cibacron Blue).

Incubations of the crude extracts with other sub-
strates showed that they also contained activities
methylating caffeic acid (COMT), catechol, and the fla-
vonol myricetin (Table 1). All of these could be
explained by the presence of a single enzyme, a COMT,
because caffeic acid and catechol are the prototype
COMT substrates, and myricetin had been shown to be
methylated by the recombinant CrCOMT from C.
roseus (Schroder et al., 2002). The reason for the large
increase of myricetin activity after ammonium sulfate
precipitation remained unclear, but it seemed possible
that endogenous inhibitors were removed in this step.
The ammonium sulfate fractionation and the 0.2 M
NaCl DEAE sepharose step separated almost all of this
activity from 16HT-OMT. However, a residual myr-
icetin activity copurified with 16HT-OMT through the
adenosine agarose step (Table 1). Activities with caffeic
acid or catechol were no longer detectable at this stage,
and therefore these data provided a first suggestion that
the dark-grown cells contained a flavonoid-specific
OMT. Its purification could not be quantified because it
could not be distinguished from the CrCOMT activities
with the flavonoid substrate. Its presence was unex-
pected because these suspension cultures do not synthe-
size flavonoids in the dark (Knobloch et al., 1982), and
it is also known that the expression of the key enzyme in
the precursor formation, chalcone synthase, is strictly
light-dependent (Kaltenbach et al., 1999).

The SDS gel electrophoretic analysis of the enzyme
preparation obtained from the SAM-eluate of the ade-
nosine affinity column revealed two dominant protein
bands (Fig. 2, lane 4). The 70 kDa band showed a
strong cross-reaction with antiserum against HSP70
from tomato (Neumann et al., 1987), suggesting that a
chaperonin type protein copurified with the OMT. In
the size range expected for plant OMTs (38-43 kDa),

Table 2
Amino acid sequences from tryptic peptides obtained with the purified
proteins (SAM eluate of adenosine agarose column)?

Tryptic Amino acid sequence®
peptide (Da)
Peak 1
Pepl 2956 MLIPEFNYLFEGLDSLVDVGGGxxT
Pep2 2682 AWNAMSEWFQNE
Pep3 1083 HENEEAVK
Pep4 1228 NFWDFGAEDK
Pep5 1038 [i,h,s,g,e] FPMIDFR
Peak 2
Pep6 1557 SVLHDWkdele,d]
Pep7 1138 NVYSLTSL[s,d][r,k]
Pep8 1422 ILVAAGYFSEEPK

2 The total mass of the proteins in peaks 1 and 2 were 39,191 +3 Da
and 38,835+2 Da, respectively.

b x, Residue not identified; small letters, identification not certain;
residues in square brackets, possible alternatives.

the preparation revealed a dominant band at ca. 39 kDa
and a very weak band at ca. 41 kDa that was detectable
only with high protein amounts applied to the gels. The
stained gels also showed a weak band at ca. 27 kDa.
The size was characteristic for caffeoyl-CoA dependent
OMTs (Schmitt et al., 1991; Ibrahim, 1997), and the
corresponding activity could be demonstrated, but was
not further investigated.

This preparation was used for the further analysis
(Environment- und Biotechnologie Laboratorium
GmbH, Freiburg). The 39 kDa band contained two
protein species with masses of 39,191+£3 Da (Peak 1)
and 38,835+2 Da (Peak 2), respectively, and a ratio of
ca. 4 to 1 in favor of Peak 1. Tryptic digests of this
polypeptide and sequencing identified the five peptides
shown in Table 2. A second purification with slight
variations led to a more balanced ratio of the two pro-
tein species. The second analysis of tryptic peptides
focused on Peak 2, and this identified sequences for
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three additional peptides (Table 2, Pep 6 to 8). All eight
peptides revealed significant similarities with OMTs
from other plants. None of them belonged to the pre-
viously cloned CrCOMT (Schroder et al., 2002), as
would be expected from the absence of significant
COMT activity in the analyzed protein fraction. The
results indicated that the purified enzyme preparation
contained two dominant proteins that were candidates
for novel OMT activities.

2.2. ¢DNA clones for the purified proteins

The molecular strategy was not based on the peptides
obtained from the purified proteins because one of our
interests was a general overview of OMTs expressed in
the dark-grown suspension culture cells. The first partial
clones were obtained by RT-PCR with a new degenerate
primer (see Experimental). The DNA sequences showed
that the cells contained mRNAs for at least four differ-
ent proteins related to known OMTs, in addition to the
previously characterized CrCOMT. Although it was
difficult to exclude that the experiments missed other
OMTs, the identification of the cDNAs corresponding

to the purified proteins (see below) argued that the iso-
lated cDNAs represented at least the dominantly
expressed OMTs. Overlapping clones and then cDNAs
for the complete coding regions were obtained by PCR
with gene-specific primers in 5'- and 3'-RACEs.

The protein deduced from ¢cDNA CrOMT?2 (Fig. 3)
corresponded precisely to the peptides obtained from
Peak 1 of the purified protein preparation, not only in
the amino acid sequences but also in the measured and
deduced sizes of the tryptic peptides. The calculated
mass (39,145 Da) was slightly smaller than that
obtained from the purified protein (39,1914 3 Da). The
difference was as expected from N-terminal acetylation
(+ 42 Da), and this was consistent with the failure to
obtain N-terminal sequences of the polypeptide. A sec-
ond cDNA (CrOMTH4) predicted a protein containing
the peptides obtained from Peak 2 of the purified
enzyme preparation (Fig. 3), and again the match was
not only in the sequences, but also in the sizes of the
analyzed and the predicted tryptic peptides. Like
CrOMT?2, CrOMTH4 isolated from the plant tissue was
most likely acetylated because the predicted mass
(38,789 Da) was smaller than the experimentally deter-

CrOMT2  MELQSSEIRNAQAHFFTQVFSFTSMSSLKCAVQLGIPDAIHSHGKPMALS 50

CrOMT4  MDLETAEIRKAQAQYSRHVFSFVSTSCLKCAIQLEIPEAIHNHGKPMTLS 50

CrOMT2  DLTNSLPINPSKAPYIYRLMRILVAAGYFSEEEKNVYSLTPFTRLLLKND 100

CrOMT4  DLTNSLPINPSKAPYIHRLMRILVAAGYFSEEP, SLTSLSRILVKNQ 100

| ---pepg----] | --pep7--|

. | ---Pep2---| | --Pep4--

CrOMT2  PLNSISMVLGVNQIAELKAWNAMSEWFQNEDLTAFETAHGKINFWDFGAED 150

CrOMT4  PLNLREFVLSANEIAEVEGWNALSEWFQNDVATAFQTAHGKTYWEYLSQD 150

. | [ Pepl--------- |

CrOMT2  KYGKNFDGVMAADSILVSKMLIPEFNYLFEGLDSLVDVGGGTGTIAKAIA 200

CrOMT4  KYGKNFDQLMATDSLLISKLLIPDYNYLFEGLISLVDVGGGTGTLAGAVA 200

CrOMT2  KSFPDLKCTVFDLPHVVANLESTENLEFVGGDMFEKIPSANAILLKVWILH 250

CrOMT4  KAFPNLKCTVFEQPHVIADLEAKGNLEFVGGDMFEKIPSANAILLEK|VSVLH 250

. | -Pep3- |

CrOMT2  DWKDEECVKVLKMCRKAIPEKEKGGKVILIETVLMDSKKHENEEAVKAQI ~ 300

CrOMT4  DWKDEDSVKILKNCKKAIPEKEKGGKVIVIDIVLMDSKKHDN-PLVKSQI ~ 299
Pep6- |

. | -Pep5- |

CrOMT2  SSDIDMMVFFTAKERTEEEWATLFREAGFSGY[KIFPMIDFRSPIEVYP* 348

CrOMT4  SGDMDMMVSMGAKERTEEEWAALFKEAGFSGY[KIFPMLDFRSPIEVYP* 347

Fig. 3. Proteins encoded in CrOMT?2 and CrOMT4 from C. roseus. The position of the peptide sequences are indicated (bold), and the residues
distinguishing between the two proteins are underlined. The cleavage sites (K or R) leading to the tryptic peptides are boxed. Sizes of the predicted
trypsin digestion fragments corresponding to the peptide sequences: Pepl, 2957 Da; Pep2, 2684 Da; Pep3, 1083 Da; Pep4, 1228 Da; PepS5, 1038 Da;
Pep6, 1558 Da; Pep7, 1139 Da; Pep8, 1424 Da. W, position of the single intron. The GenBank accession numbers for the DNA sequences are

AY127568 (CrOMT2) and AY 127569 (CrOMT4).
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mined size (38,8354+2 Da) by the expected mass. The
results showed that CrOMT?2 and CrOM T4 represented
the cDNAs for the dominant OMT-related proteins in
the purified enzyme preparation.

CrOMT2 and CrOMT4 were closely related (73%
identity), and the analysis of PCR-amplified genomic
sequences showed that both possessed a single intron
splitting the protein coding region at the same position
(Fig. 3). However, the intron sequences revealed no sig-
nificant similarity, and the sizes were different
(CrOMT2=380 bp;, CrOMT4=369 bp). Genomic
Southern blots revealed different hybridization patterns
for the two genes and in both cases only a few strongly
hybridizing bands, suggesting the presence of only one
or at most a few gene copies. Interestingly, the cDNA
and also the genomic clone for CrOMTH4 isolated from
the cell culture contained, located 132 bp upstream of
the CrOMT4 start codon, sequences from the start of
the CrOMT?2 coding region. Although we have no evi-
dence that the cell culture used in our experiments con-
tained extensive DNA rearrangements, this appears to
be common with other cells maintained in culture, and
therefore the experiments were repeated with DNA iso-
lated from leaves of C. roseus plants. The genomic
fragment analyzed after PCR amplification with appro-
priate primers revealed the same sequences, indicating
that the unusual genomic arrangement was not an
aberration that was present only in the cell culture. It
was not investigated further whether the cells contained
another CrOMT4 gene without CrOMT2 sequences.
The significance of this observation remains to be
explored, but it is not excluded that the expression of
the identified CrOMT4 gene may be under control of
sequences from CrOMT2. A Northern blot analysis
indicated indeed that all tissues containing CrOMT?2

transcripts also contained transcripts from CrOMT4
(not shown).

Searches of the databases (June 2002) showed that no
closely related OMTs had been described from other
plants. The highest scores (48—-53% identity) for both of
the new OMT proteins were obtained with OMTs from
Prunus amygdalus (AJ223151) (Suelves and Puigdome-
nech, 1998) and Prunus armeniaca (U82011) (Mbéguié-
A-Mbégui¢ et al., 1997). In both cases a role in flavo-
noid biosynthesis was suspected, but no functional evi-
dence was provided. Similar scores were obtained with
Rosa hybrid orcinol OMTs (e.g. AF502433, AF502434)
that are involved in floral scent production (Lavid et al.,
2002; Scalliet et al., 2002). Much lower scores were
detected with typical COMTs (ca. 35%). Fig. 4 sum-
marizes the overall relationships to other plant OMTs in
a tree in which the large number of proteins very closely
related to known COMTs was reduced to a few repre-
sentative examples. CrOMT2 and CrOMT4 formed a
distinct side branch in the main cluster containing a
heterogeneous group that consisted of functionally
identified OMTs (alkaloid, flavonoid, isoflavonoid,
phenylpropanoid, orcinol OMTs), but also of examples
identified solely by sequence similarity. The overall
relations provided no clues with respect to the sub-
strates of the two proteins purified from C. roseus cell
cultures.

2.3. Identification of a flavonoid 3',5'-O
dimethyltransferase

CrOMT?2 and CrOMT4 were recloned for recombi-
nant protein expression in Escherichia coli, and the
purified proteins (see Fig. 5 for an example) were tested
for enzyme activity. We first looked for 16HT-OMT,
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Fig. 4. Relationship of CrOMT2 and CrOMT4 with other plant OMTs. The numbers at the forks are bootstrap values that indicate the percentage
values for obtaining this particular branching in 1000 repetitions of the analysis; only the values above 65% are shown.
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M

Fig. 5. SDS gel electrophoretic analysis of the purification of recom-
binant CrOMT?2 synthesized in E. coli. Lanes: M, marker proteins; 1,
crude extract; 2, flow-through of Ni-NTA-column; 3, elution with 0.1
M imidazole; 4, elution with 0.25 M imidazole. The gel was stained
with Coomassie Brilliant Blue.

but no such activity could be detected. Incubations with
myricetin, however, revealed that recombinant
CrOMT?2, but not CrOMT4, methylated myricetin. This
provided definite evidence that the enzyme purification
designed for IGHT-OMT led to extensive copurification
of a flavonoid OMT, and that this enzyme actually was
one of the two dominant protein species in the pre-
paration. This result was unexpected. The presence of
such activity could not even be suspected before in the

Table 3

early stages of this work, because it was effectively
masked by the activity of CrCOMT with flavonoid
substrates, and only the last purification step had sug-
gested that the flavonoid OMT activity was an enzyme
distinct from COMT (Table 1).

Both CrOMT2 and CrCOMT were active with myr-
icetin, and thus it was an interesting question whether
CrOMT2 was simply an unusual COMT. The most
important results of an extensive comparison are sum-
marized in Table 3. A remarkable difference was the low
specific activity of CrOMT2 when compared to
CrCOMT, even with its best substrate myricetin.
CrOMT?2 had no activity with phenylpropanoids (5-
hydroxyferulate, caffeate, and their CoA-esters) which
were the best substrates of CrCOMT, and this by itself
excluded a COMT function for CrOMT?2. The experi-
ments also showed that CrOMT?2 was active with dihy-
droflavonols, but CrCOMT was not (Table 3). Another
difference was that CrCOMT accepted flavones and fla-
vanones possessing two or three B-ring hydroxyl groups
(Schréder et al., 2002), while CrOMT?2 was inactive with
these compounds (not shown). The activity of CrOMT2
was indeed strictly confined to flavonols and dihydro-
flavonols, and it required at least two B-ring hydroxyl
groups. The TLC analysis revealed two product peaks
from dihydromyricetin, suggesting that CrOMT2 syn-
thesized a mono- and a dimethylated product. This
point was investigated in more detail with myricetin, the
best substrate for CrOMT2. The mass-spectrometric
analysis identified a compound whose fragmentation
pattern was identical to that of authentic syringetin
(3',5'-dimethylmyricetin, Table 4), indicating that the
enzyme performed two methylations. A mono-
methylated form was also detected, and it seems most
likely that it represented the intermediate to syringetin.

Activities of the purified recombinant CrOMT2 with various substrates and comparison with CrCOMT?

Structures Compounds Activity (%)
CrOMT2 CrCOMT
Flavonols
Kaempferol (R'=R?=H) <l <l
Quercetin (R!=0H, R>=H) 13 5
Myricetin (R! =R?=OH) 100 13
HO. R’ Dihydrofiavonols
Dihydrokaempferol (R'=R?=H) <1 <1
Dihydroquercetin (R' = OH, R?=H) 22 <1
Dihydromyricetin (R! =R?=OH) 54 <1
Caffeate and CoA-ester
Caffeate (R =0H) <1 100
Caffeoyl-CoA (R=CoAS) <1 31

2 With CrOMT?2, the values were normalized to myricetin (100% =0.5 nmol/min/mg); with CrCOMT they were normalized to caffeate
(100% = 57.5 nmol/min/mg).
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We also analyzed the products synthesized from myr-
icetin by CrCOMT, and the results indicated mono- and
dimethylated products, as obtained from CrOMT?2.

The comparison of the enzyme activities showed that
CrOMT?2 was a flavonoid-specific OMT clearly distinct
from COMT. The preference for flavonols suggested
that myricetin may be the physiological substrate, in
line with the presence of a syringetin derivative in C.
roseus (Fig. 1B) (Brun et al., 1999). The same B-ring
3',5-methylation pattern was found in the anthocyani-
dins malvidin and hirsutidin in C. roseus (Carew and
Krueger, 1976; Knobloch et al., 1982; Milo et al., 1985).
It seems possible that these methylations were also car-
ried out at the flavonol level, but this needs to be shown
by other experiments. Interestingly, the single methyl
group in petunidin (Fig. 1B) could be explained by
another enzyme carrying out only one methylation, but
it is equally likely that it is the result of a partial
CrOMT?2 reaction. An interesting feature of CrOMT?2 is
in fact that it carries out two methylations of the same
substrate. Multifunctional OMTs (acting on different
substrate classes, e.g. phenylpropanoids and flavonoids
or alkaloids) are well-known (Gauthier et al., 1998;
Frick and Kutchan, 1999; Chiron et al., 2000), but we
are not aware of other flavonoid-specific OMTs per-
forming a similar dimethylation of the same substrate.
It should be noted, however, that this was rarely inves-
tigated, and to our knowledge it is also a new finding
that a COMT is capable of transferring two methyl
groups to the same substrate. Interestingly, it was
recently reported that the orcinol OMTs involved in
rose scent biosynthesis carried out two sequential
methylations (Lavid et al., 2002; Scalliet et al., 2002).
Sequential methylations of the same substrate have been
reported for certain N-methyltransferases, but these
proteins possess an unusual domain structure (Nuccio et
al., 2000; Bolognese and McGraw, 2000; Charron et al.,
2002).

CrOMT4 was the second dominant protein species in
the purified enzyme preparation. The recombinant pro-
tein was tested with all the substrates investigated in the
comparison of CrCOMT and CrOMT?2, but no activity
could be detected. The methylation pattern of the
anthocyanidin hirsutidin (Fig. 1B) predicted an OMT

Table 4

specific for the position 7 in the A-ring, and thus we also
tested cyanidin, malvidin and delphinidin, but the pro-
tein showed no activity with these compounds. It may
be possible, however, that these experiments were
unsuccessful because the correct substrates were not
available. Although not investigated with C. roseus,
experiments with other plants had indicated that some
flavonoid methylations probably occur at the glycoside
stage (Jonsson et al., 1982, 1984; Knogge and Weissen-
bock, 1984). Fig. 6 summarizes the reactions proposed
for the methylation pattern found in C. roseus flavo-
noids. It is remarkable that only two OMTs are suffi-
cient to explain the methyl groups in all methylated
flavonoids known from C. roseus.

2.4. Concluding remarks

The failure to identify I6HT-OMT was disappointing.
One possible explanation was that the enzyme had a
very high specific activity and that consequently the
amount was too low to be detected among the bulk of
CrOMT?2 and CrOMT4. It also seems possible that the
minor band at 41 kDa not investigated in detail repre-
sented the 16HT-OMT. These points need to be re-
investigated. On the other hand it may be worthwhile to
reconsider the basic assumptions underlying the bio-
chemical and the molecular approaches. Both assumed
as working hypothesis that the protein belongs to the
known family of OMTs, but assumptions do not neces-
sarily reflect reality. Regardless of this, the biochemical
and molecular characterization of a new type of flavo-
noid OMT adds an interesting member to the few fla-
vonoid OMTs cloned up to now (Maxwell et al., 1993;
Gregersen et al., 1994; Gauthier et al., 1995, 1996, 1998;
Haga et al., 1997; Wu et al., 1997; He et al., 1998).

3. Experimental
3.1. Plant material
The cell suspension culture of Madagascar periwinkle

(C. roseus L.G. Don, line CP3a) and its maintenance in
MX growth medium in continuous dark with sub-

HPLC data for myricetin and its methylation products, and MS data after trimethylsilylation

Sample Compound RT* (min) EI mass spectra, m/z (relative abundance,%)
M+ [M-Me] " Other ions
CrOMT?2 Myricetin (substrate) 29.58 750 (2) 735 (100) 647 (27), 575 (6), 395 (2), 147 (10), 73 (87)
Monomethylmyricetin 30.50 692 (-) 677 (100) 647 (17), 589 (12), 575 (3), 393 (2), 147 (6), 73 (75)
Dimethylmyricetin 31.16 634 () 619 (100) 589 (12), 547 (8), 517 (2), 302 (3), 295 (5), 73 (32)
Syringetin 3/,5'-0-Dimethylmyricetin 31.18 634 () 619 (100) 589 (11), 547 (7), 517 (3), 302 (6), 295 (10), 73 (48)

(authentic) (syringetin)

4 RT =retention time.
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Fig. 6. Methylation sequence proposed in the biosynthesis of C. roseus
flavonoids. Dotted arrows indicate multiple reactions. It is suggested
that CrOMT? introduces the methyl groups in the B-ring positions 3’
and 5 of the flavonol syringetin and of the anthocyanidins petunidin,
malvidin, and hirsutidin. The available data suggest that this occurs at
the flavonol level. The enzyme for the methylation in position 7 of the
A-ring in hirsutidin has not yet been identified. It seems possible that
this methylation occurs at a later stage in the biosynthesis of the
anthocyanin, e.g. at the glycoside level.

cultures every week have been described (Vetter et al.,
1992).

3.2. Enzyme purification and protein sequencing

The cells were harvested after seven days of culture in
the dark, frozen in liquid nitrogen, and stored at —70 °C.
Typical purifications started with 600-650 g frozen cells.
They were homogenized in a mortar in the presence of
liquid nitrogen, and the proteins were extracted into
three volumes buffer A (0.1 M HEPES-NaOH, pH 7.0,
10 mM EDTA). After mixing with 60 g poly-
vinylpyrrolidone the crude extract was centrifuged for
20 min at 4 °C and 20,000 x g. The pellet was discarded,
and the supernatant fluid was subjected to fractionated
ammonium sulfate precipitation (0-30, 30-60, and 60—
80% saturation). The first precipitate was discarded.
The other two were dissolved in buffer B (50 mM
HEPES-NaOH, pH 7.5, 10 mM MgCl,), dialyzed
against the same buffer, and applied to anion exchange
chromatography (Pharmacia XK 26/40, Merck fracto-

gel EMD DEAE M, bed vol. 98 ml) with the column
equilibrated with buffer B. Proteins were eluted with a
step gradient (0.1 M NaCl steps) in buffer B and tested
for enzyme activity. The fraction containing the 16HT-
OMT activity (0.2 M NaCl) was concentrated by
ammonium sulfate precipitation (80% saturation). The
precipitate was dissolved in buffer C (20 mM Tris—HCI,
pH 7.8, 1 mM EDTA, 10% glycerol), and applied to
adenosine agarose (vol. 3.6 ml) prepared from 5-AMP
agarose by established procedures (Attieh et al., 1995;
Rakwal et al., 2000) at a flow rate of 0.3 ml/min. After
extensive washing (50 ml each) with buffer C and with
0.2 M KCl in buffer C the bound proteins were eluted
with 4 mM SAM dissolved in buffer C containing 0.2 M
KCIl. They were concentrated by ammonium sulfate
precipitation and dissolved in buffer D (50 mM Tris—
HCI, pH 8, 10% glycerol), and dialyzed against the
same buffer.

Other materials investigated for purification of
16HT-OMT included size fractionation (Fractogel
EMD BioSEC(S), Merck), hydroxyapatite (CHT S5I,
BioRad), chromatofocusing (MonoP HR 5/20, Phar-
macia), hydrophobic interaction chromatography
(Fractogel EMD Butyl, Merck), Reactive Red 120,
Brown 10, Green 19, Cibacron Blue 3GA (Sigma Bio-
chemicals), and Procion Red He-3B (Amersham Bios-
ciences).

The mass spectrometric analysis of the proteins, the
tryptic digests and the microsequencing was carried out
by EBL—Environment-und Biotechnologie Laborator-
ium GmbH, BioTechPark, Freiburg (Germany).

3.3. Enzyme assays

The 16HT-OMT activity was determined with a test
system in which the OMT substrate 16-hydro-
xytabersonine was synthesized by recombinant cyto-
chrome P450-dependent tabersonine hydroxylase
during the incubations, and the assays were carried out
as described (Schroder et al., 1999), except that the
glucose 6-phosphate concentration of the NADPH
regenerating system was reduced to 1.88 mM. The
assays with the various flavonoids, caffeic acid, and
caffeoyl-CoA were performed as described (Schréder et
al., 2002) with appropriate amounts of the recombinant
proteins or plant enzyme preparations. Briefly, the
assays contained 50 mM Tris-HCI (pH 7.5), 2 mM
DTT, 0.1 mM substrate, 40 uM unlabelled SAM, 9.3
uM S-adenosyl-L-[methyl-'*C]methionine (55,000 dpm,
54 pCi/umol), and protein in a final volume of 50 ul.
The reactions were stopped after 30 or 60 min by
acidification (2 ul 1 M HCI), and the EtOAc-extracted
products were quantified after TLC separation. The
product of catechol methylation was quantified by
counting the EtOAc extract in a liquid scintillation
spectrometer.



S. Cacace et al. | Phytochemistry 62 (2003) 127-137 135

3.4. Analytical techniques

The detailed identification of myricetin and its
methylation products was carried out by GC-EIMS.
Both the retention time and the EIMS of the detected
dimethylmyricetin after trimethylsilylation were in very
good agreement with an authentic sample of syringetin
(Table 4). Syringetin (3',5-O-dimethylmyricetin; Refer-
ence 12.39 S, batch 03) was purchased from Extra-
synthese (Genay, France). Table 4 summarizes the
results with CrOMT?2; the same data were obtained with
CrOMT]1.

GC-MS details (Voyager, ThermoQuest): 70 eV EI,
source temperature 200 °C; column DB-5MS (J&W, 30
m x 0.25 mm, 0.25 pm film thickness), injection tem-
perature 250 °C, interface temperature 300 °C, carrier
gas He, flow rate 0.6 ml/min, splitless injection, column
temperature program: 60 °C for 1 min, then raised to
110 °C at a rate of 25 °C min™!, isothermally at 110 °C
for 1 min, then raised to 300 °C at a rate of 10 °C min—!,
isothermally at 300 °C for 25 min. The trimethylsilyla-
tion of the flavonoid samples was carried out with N-
methyl- N-trimethylsilylfluoroacetamide.

3.5. Homology based PCR

The preparation of cDNA and libraries in phage
lambda NM 1149 followed published methods (Schroder
et al.,, 1999). The PCR reactions for OMT specific
sequences were carried out with a degenerate primer (5
T-[TG]-G-[AC]-I-[CT]-A-T-G-T-T-G-G-[AT]-G-G-I-
GAT-A-T-G-T-T-T-G 3') designed from the motif 3
conserved in OMTs (Ibrahim, 1997; Ibrahim et al.,
1998). The PCR reactions were carried out either with
phage lysates with phage primers flanking the cDNA
inserts, or with a 5/3-RACE kit (Roche Diagnostics,
Germany). Overlapping clones for the complete coding
regions were obtained by 5 and 3'-RACEs with specific
primers designed from the known sequences. The DNAs
were sequenced on both strands.

3.6. Expression and purification of recombinant proteins

For expression in E. coli, the protein coding regions
of CrOMT?2 and CrOMT4 were amplified with 5-pri-
mers providing a BamHI site directly before the start
codon (CrOMT2: 5 AA GGA TCC ATG GAA TTG
CAA TCT TCT GAG ATT CG 3'; CrOMT4: 5 AA
GGA TCC ATG GAC TTG GAA ACT GCT GAG
ATT CG 3'), and 3/-primers inserting a Sall site after
the stop codon (CrOMT2: 5 AAGTCGAC TCA AGG
ATA TAC TTC AAT AGG AC 3; CrOMT4: 5
AAGTCGAC TT TCA TGG ATA AAC TTC AAT
GG 3). The BamHI/Sall fragments were inserted into
vector pHis8-3 (Ferrer et al., 1999) which provided the
expressed protein with a His-tag at the N-terminal. The

proteins were affinity purified with the His-trap™ pur-
ification kit from Pharmacia Biotech (Freiburg, Ger-
many) as recommended by the manufacturer. The
elution was in most cases with 0.5 M imidazole that was
subsequently removed by passing the proteins through a
PD10 column (Amersham Biosciences). Fig. 5 shows as
example one of the CrOMT?2 purifications. The COMT
from C. roseus and the recombinant protein expression
have been reported (Schroder et al., 2002).

3.7. Relationship tree

The protein sequences were aligned with CLUSTAL
W built into the sequence analysis program OMIGA 2.0
(Oxford Molecular, UK), and the alignment was
improved by visual inspection. The tree was developed
with the program TREECON for Windows (Van de
Peer and De Wachter, 1994), using the matrix for amino
acid sequences and the neighbour-joining method. The
outgroup for the plant sequences was the O-demethyl-
puromycin-O-methyltransferase  from  Streptomyces
anulatus (SwissProt DMPM_STRLP).
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