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Abstract

The opium poppy Papaver somniferum L. produces the antimicrobial benzo[c]phenanthridine alkaloid sanguinarine and the
narcotic analgesic morphinan alkaloid morphine. Transcripts of three genes of alkaloid biosynthesis in P. somniferum in
developing seedlings, mature plants and plant cell suspension culture were monitored for temporal/spatial or for methyl
jasmonate-induced accumulation by RNA gel blot analysis. These genes encoded (S)-N-methylcoclaurine 3’-hydroxylase
(CYP80B1) that is common to morphine and sanguinarine biosynthesis, the berberine bridge enzyme (BBE) that lies on the
pathway to sanguinarine, and codeinone reductase (COR) the penultimate enzyme of morphine biosynthesis. In developing P.
somniferum seedlings, the morphine precursor thebaine was present throughout the first twenty days of germination. In contrast,
sanguinarine was present in detectable quantities only after day five after germination and continued to increase at least until
day twenty. Accumulation of cyp80bl1, bbel and corl gene transcripts paralleled these differences. In the mature poppy plant,
cyp80b1, bbel and corl gene transcripts were detected in the root, the stem, the leaf lamina and the leaf mid rib. Only cyp80b1
and corl, however, were found in the flower bud and the capsule. Consistent with the fact that sanguinarine accumulation, but
not that of morphine, can be induced in opium poppy cell suspension culture by addition of methyl jasmonate to the culture
medium, c¢yp80b1 and bbel, but not corl transcript accumulated in response to elicitor treatment. © 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Alkaloid-containing plants are part of mankind’s
original materia medica. Many are still in use today as
sources of prescription drugs. One of the most widely
used medicinal alkaloids is the antitussive and analge-
sic codeine from the opium poppy Papaver somniferum
L. In fact, the search for useful drugs of defined struc-
ture from plants began with the isolation of morphine

Abbreviations: BBE, berberine bridge enzyme; COR, codeinone
reductase; CYP80BI1, (S)-N-methylcoclaurine  3’-hydroxylase;
TYDC, tyrosine/dopa decarboxylase.
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from dried latex, or opium, of P. somniferum in 1806
(Sertiirner, 1806). P. somniferum is currently one of the
most important renewable resources for pharmaceuti-
cal alkaloids and produces more than a 100 different
alkaloids that are derived from the amino acid L-tyro-
sine and have the tetrahydrobenzylisoquinoline alka-
loid (S)-reticuline as a common intermediate
(Kutchan, 1998). In addition to the narcotic analgesic
alkaloid morphine, this plant also produces the ben-
zo[c Jphenanthridine alkaloid sanguinarine. The ben-
zo[c Jphenanthridines have antimicrobial properties and
are thought to be part of the chemical defense system
of P. somniferum (Dzink & Socransky, 1985; Cline &
Coscia, 1988). Although each of the known enzymes
of morphine biosynthesis has been detected in both P.
somniferum plants and cell suspension culture, plant
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Fig. 1. Biosynthetic pathway from L-tyrosine to sanguinarine and morphine. The positions of the three enzymes CYP80B1, BBE and COR, inves-
tigated in this study are indicated. CYP80BI is common to both sanguinarine and morphine biosynthesis, while BBE participates only in the for-
mation of alkaloids derived from (S)-scoulerine, such as sanguinarine, and COR only in morphine synthesis.
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cell cultures have never been shown to accumulate
morphine (Kutchan, 1998). P. somniferum cell suspen-
sion cultures do however, upon elicitation with fungal
elicitors, accumulate sanguinarine (Eilert, Kurz, &
Constabel, 1985; Cline & Coscia, 1988). This response
to elicitation by accumulation of benzo[cJphenanthri-
dine alkaloids is similar to that observed with cell sus-
pension cultures of the California poppy Eschscholzia
californica (Kutchan & Zenk, 1993; Kutchan, 1993).

Morphine and sanguinarine biosynthesis is very well
understood at the enzyme level from the results of the
laboratory of M.H. Zenk (reviewed in Kutchan, 1998).
It is known that morphine and other alkaloidal inter-
mediates such as dopamine accumulate in smooth ves-
icles within the P. somniferum laticifer cells (Roberts,
McCarthy, Kutchan & Coscia, 1983; Kutchan, Rush
& Coscia, 1986). These vesicles are thought to bud out
from the smooth endoplasmic reticulum, although
there is no direct evidence for this. In the mature
plant, laticifers form a reticulated system that extends
throughout the aerial portions of the plant. Exuded
latex is the cytoplasm of these reticulated laticifer cells.
The latex has been shown to contain certain enzymes
such as polyphenolase, acid phosphatase and dopa
decarboxylase (Roberts et al., 1983). Cell differen-
tiation to laticifers appears to be related to opium al-
kaloid accumulation (Nessler & Mahlberg, 1977, 1978;
Roberts et al., 1983; Kutchan et al., 1985, 1986; Rush,
Kutchan & Coscia, 1985), but the cellular localization
of morphine alkaloid biosynthesis is not yet completely
understood. Although the tyrosine/dopa decarboxylase
(TYDC) gene family has been investigated at the mol-
ecular genetic level, the enzyme is involved in multiple
biochemical processes in this plant and is not necess-
arily a direct marker for alkaloid biosynthesis (Fac-
chini & De Luca, 1994; Maldonado-Mendoza, Lopez-
Meyer, Galef, Burnett & Nessler, 1996). Results of in
situ hybridization, however, suggest that gene tran-
scripts accumulate differentially throughout the plant.
For example, tydcl transcript is abundant in roots
whereas fydc2 transcript is predominant in stems (Fac-
chini & De Luca, 1995).

We have isolated cDNAs' several enzymes of tetra-
hydrobenzylisoquinoline alkaloid biosynthesis from P.
somniferum. These are specifically the cytochrome P-
450-dependent monooxygenase (S)-N-methylcoclaurine
3’-hydroxylase (CYP80B1) that hydroxylates (S)-N-
methylcoclaurine to (S)-3'-hydroxy-N-methylcoclaur-
ine on the pathway to the branchpoint isoquinoline al-
kaloid intermediate (S)-reticuline shown in Fig. 1
(Pauli & Kutchan, 1998). This enzyme is common to

" The ¢cDNA sequence reported herein has been deposited in the
GenBank database under the GenBank Accession Number
AF134590 (cyp80bl).

both the morphine and sanguinarine biosynthetic path-
ways. Specific to the sanguinarine pathway is the ber-
berine bridge enzyme (BBE) that oxidatively cyclizes
the N-methyl moiety of (S)-reticuline to the bridge
carbon C-8 of (S§)-scoulerine (Dittrich & Kutchan,
1991; Facchini, Penzes, Johnson & Bull, 1996; Haus-
child, Pauli & Kutchan, 1998) and specific to morphine
biosynthesis is codeinone reductase (COR) the penulti-
mate enzyme of the morphine pathway that reduces
codeinone to codeine (Unterlinner, Lenz & Kutchan,
1999). We have used these cDNAs herein to analyze
the expression pattern of sanguinarine and morphine
biosynthetic gene transcript accumulation in P. somni-
ferum plants and plant cell suspension culture and
relate this information to the site of alkaloid accumu-
lation.

2. Results

2.1. Isolation and characterization of cyp80b1 from P.
somniferum

The cDNA encoding (S)-N-methylcoclaurine 3’-hy-
droxylase should occur in all plants that produce ben-
zylisoquinoline-derived alkaloids (Pauli & Kutchan,
1998). In order to isolate cyp80b1 from P. somniferum,
an amino acid sequence comparison was made between
CYP80B1 and CYP80A1. CYP80AI is the cytochrome
P-450-dependent oxidase berbamunine synthase of bis-
benzylisoquinoline alkaloid biosynthesis of Berberis
stolonifera. Both CYP80A1 and CYP80B1 oxidatively
transform the substrate N-methylcoclaurine, so it was
reasoned that a comparison should reveal conserved
regions necessary for substrate binding. Oligonucleo-
tides were designed for RT-PCR based on this com-
parison and were used as primers to generate a partial
cyp80b1 cDNA using RNA isolated from P. somni-
ferum stem tissue as template. The sequence of this
partial clone was similar in sequence to cyp80bi from
E. californica and was then used to screen a P. somni-
ferum cDNA library prepared in A-ZAPII. The cDNA
that was isolated was missing the first six amino acids
as compared to CYP80BI from E. californica (Fig. 2).
CYPSOB1 from P. somniferum is 77% identical to
CYPSOBI1 from E. californica and 43% identical to
CYP80ALI from B. stolonifera.

The six missing amino acids were added by PCR
and the putative full-length cDNA was subcloned into
pFastBacl for functional expression in insect cell cul-
ture (Pauli & Kutchan, 1998). Active expression veri-
fied that the cDNA encoded an enzyme with (S)-N-
methylcoclaurine 3’-hydroxylase activity. The physical
characteristics and substrate specificity of CYP80BI
from P. somniferum were similar to the E. californica
enzyme. The pH optimum was 8.0, the temperature
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plant cytochrome P-450 reductase for functional heter-
ologous expression. The cDNA encoding a cytochrome
P-450 reductase from E. californica was co-expressed
herein with P. somniferum hydroxylase in insect cell
culture to produce active hydroxylase (Rosco, Pauli,
Priesner & Kutchan, 1997). The hydroxylase from E.
californica was active in insect cells in the absence of
plant P-450 reductase (Pauli & Kutchan, 1998). Geno-
mic DNA blot analysis indicates that there are two
cyp80b1 genes in the P. somniferum genome (Fig. 3).

optimum was ranged between 25 and 30°C, with a
reproducible reduction in activity at 20°C. The K,, for
the substrate (S)-N-methylcoclaurine was 20 uM. The
values for the E. californica hydroxylase were pH 7.5,
35°C and 15 uM, respectively (Pauli & Kutchan,
1998). The enzymes from both species were found to
hydroxylate only (S)-N-methylcoclaurine and could
utilize NADPH, but not NADH as cofactor. This
same hydroxylase from P. sommniferum, however,
showed an absolute requirement for the presence of a
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Fig. 2. Amino acid sequence comparison of CYP80BI1 from P. somniferum (PsoCYP80B1) and E. californica (EcaCYP80BI1) (Pauli & Kutchan,
1998) and CYP80A1 (berbamunine synthase, BstCYP80A1) from B. stolonifera (Kraus & Kutchan, 1995). Only those amino acid residues that
differ from CYP80BI1 from P. somniferum are shown. Short stretches of similarity between EcaCYP80B1 and BstCYP80AI facilitated the iso-
lation of PsoCYP8OBI.
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2.2. Differential regulation of cyp80bl, bbel and corl
during seedling development

In previous studies conducted on developing Papa-
ver seedlings, sanguinarine and thebaine were found to
increase in level during the days following germination
(Rush et al., 1985; Wieczorek, Nagakura, Sund, Jendr-
zejewaki & Zenk, 1986; Facchini et al., 1996). We have
again characterized our experimental variety of P.
somniferum herein under our standard laboratory/
greenhouse conditions in order to correlate alkaloid
accumulation with biosynthetic gene expression using
cDNAs that were not available at the time of these
earlier publications. Sanguinarine is absent from ger-
minating seedlings until day five after emergence of the
radical (Fig. 4A). The concentration of sanguinarine
continued to increase from approximately 0.1 pmole/
mg fresh tissue weight to 0.65 pmole/mg fresh weight
throughout the 20 day period investigated. In contrast,
thebaine was already present on day two after germi-
nation at a 1500-fold higher concentration (150 pmole/
mg fresh weight) than sanguinarine and its level
remained high throughout the first 20 days after germi-
nation (Fig. 4B). These differences were reflected in the
relative amounts of gene transcript detected by RNA
gel blot analysis over the same time period of 2 to 20
days post germination (Fig. 4C). The transcript of

Bam HI, 2
EcoRI, 1
Hin dIII, 1
Msp 1,2
Pst1, 0

0.7 —

Fig. 3. Genomic DNA gel blot analysis. P. somniferum genomic
DNA was hybridized to a nearly full length ¢cDNA encoding
CYP80B1. The numbers following the restriction endonuclease
names indicate the number of recognition sites that occur within the
reading frame.

bbel, encoding the enzyme BBE that directs the central
intermediate (S)-reticuline into the sanguinarine bio-
synthetic pathway, is almost absent at germination.
This correlates well with the absence of sanguinarine
in germinating seedlings. The transcript of corl,
specific to the morphine pathway, is present on day
two after germination. This is in agreement with the
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Fig. 4. Temporal accumulation of alkaloids and biosynthetic gene
transcript in developing P. somniferum seedlings. (A) Graphic presen-
tation of the results of HPLC analysis of the benzo[c]phenanthridine
alkaloid sanguinarine and (B) of the morphine biosynthetic precursor
thebaine from 2 to 20 days after germination. (C) Graphic presen-
tation of relative transcript accumulation for the alkaloid biosyn-
thetic genes cyp80b1, bbel and corl as determined by RNA gel blot
analysis. RNA was isolated from developing seedlings on days 2, 4,
S5, 6, 7,8, 15 and 20 after germination. The blot was hybridized to
cDNAs encoding cyp80b1, common to both sanguinarine and mor-
phine biosynthesis, bbel, which participates only in the formation of
sanguinarine and corl, involved only in morphine synthesis. All
values were normalized to hybridization to actin transcript.
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presence of the morphinan alkaloid thebaine at that
time. The transcript of ¢yp80b1, which participates in
both morphine and sanguinarine biosynthesis, is also
detectable on day two after germination and increases
in level following a pattern similar to bbel.

2.3. Expression pattern of cyp80bl, bbel and corl in the
mature plant

RNA gel blot analysis of gene transcript accumu-
lation in various organs of the mature P. somniferum
plant indicates that cyp80bI transcript is present pre-
dominantly in the root, the stem and the leaf, with
higher levels in the leaf mid rib than the lamina (Fig.
5). It is present, however, at lower levels in the flower
bud and the capsule. Similarly, bbel transcript is pre-
dominant in the root, the stem and the leaf mid rib,
with less in the leaf lamina, but absent in the flower
bud and the capsule. We define leaf lamina here as a
leaf tissue from which the mid rib has been removed.
In contrast to cyp80b1 and bbel, corl transcript is pre-
dominant in the capsule, the stem, the leaf mid rib,
with less in the leaf lamina. Lower levels are present in
the root and the flower bud. This correlates with the
accumulation of morphine in reticulated laticifers as-
sociated with vascular cells.

2.4. Preferential induction of cyp80bl and bbel in cell
suspension culture

There are no reproducible reports in the literature of
cell suspension cultures of P. somniferum that produce
morphine. It has, however, been well established that
upon elicitation, P. somniferum cell suspension cultures
produce sanguinarine rather than morphine (Eilert,
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Fig. 5. Spatial distribution of alkaloid biosynthetic gene transcript in
the mature P. somniferum plant. Graphic presentation of relative
transcript accumulation for the alkaloid biosynthetic genes cyp80b1,
bbel and corl as determined by RNA gel blot analysis in various
organs of the mature P. somniferum plant. All values were normal-
ized to hybridization to actin transcript. cyp80b1 is common to both
sanguinarine and morphine biosynthesis, while bbel participates only
in the formation of sanguinarine and cor/ only in morphine syn-
thesis.

Kurz & Constabel, 1985). Likewise, cell suspension
cultures of P. bracteatum respond to elicitor addition
with production of sanguinarine rather than thebaine
(Cline & Coscia, 1988). This response to elicitor ad-
dition with the accumulation of benzo[c]phenanthri-
dine rather than morphinan alkaloid accumulation is
reflected in an RNA gel blot analysis of the cell sus-
pension culture elicited by the addition of 100 pM
methyl jasmonate to the culture medium (Fig. 6).
Transcripts of ¢yp80b1 and bbel, both essential to san-
guinarine biosynthesis, rapidly increase in levels after
elicitor addition, reaching initial maxima 6 h after elici-
tation. The levels of both transcripts decrease over the
following 6 h, then begin to increase again up until at
least 24 h. This is a pattern that is similar to results
obtained with other systems (Dittrich & Kutchan,
1991; Kutchan & Zenk, 1993). In contrast, corl tran-
script maintains a relatively constant level throughout
the 24 h period investigated.

2.5. Expression of cyp80bl, bbel and corl in various
Papaver species

Many species of Papaver produce tetrahydrobenzyli-
soquinoline- derived alkaloids. P. rhoeas contains alka-
loids such as rhoeadine, P. orientale accumulates
oripavine and P. bracteatum produces thebaine, but
none of these species accumulate morphine (Southon
& Buckingham, 1989). All of these species should con-
tain CYP80B1 necessary for synthesis of the central
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Fig. 6. Response of alkaloid biosynthetic gene transcript accumu-
lation to elicitation in cell suspension cultures of P. somniferum.
Graphic representation of an RNA gel blot prepared from methyl
jasmonate-induced cell suspension cultures. RNA was isolated at 0,
3, 6,9, 12 and 24 h after addition of elicitor to the culture medium.
The blot was hybridized to three alkaloid biosynthetic cDNAs
cyp80b1, bbel and corl. All values were normalized to hybridization
to actin transcript. cyp80bl is common to both sanguinarine and
morphine biosynthesis, while bbel participates only in the formation
of sanguinarine and cor/ only in morphine synthesis.
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tetrahydrobenzylisoquinoline  alkaloid intermediate
(S)-reticuline, those that accumulate (S)-scoulerine-de-
rived alkaloids should also have BBE and only P. som-
niferum should express corl. Leaf RNA gel blot
analysis of these three transcripts in four Papaver
species indicated that, as expected, ¢yp80bI transcript
is present in P. rhoeas, P. orientale, P. bracteatum and
P. somniferum, with the highest relative amount in P.
somniferum (Fig. 7). Transcript of bbel was also
detectable in all four Papaver species, with the highest
relative levels in P. orientale and P. somniferum. The
morphine biosynthesis-specific transcript cor! was sur-
prisingly present in all four species. The highest rela-
tive amounts of corl transcript were present in P.
bracteatum and P. somniferum. The high stringency
wash conditions (65°C) that were used in the northern
analysis should exclude cross-hybridization with other
members of the gene family, such as cor2 (Unterlinner
et al., 1999).

3. Discussion

We examined herein the expression pattern of three
genes of alkaloid biosynthesis in the opium poppy P.
somniferum. These genes participate in the biosynthesis
of two alkaloids representative of two different classes
of isoquinoline alkaloids, the benzo[c]phenanthridine
sanguinarine and the morphinan morphine. The gene
bbel is specific to sanguinarine synthesis and corl is
specific to morphine synthesis. Both alkaloids arise
from a bifurcation in the central tetrahydrobenzyliso-
quinoline pathway after (S)-reticuline (Fig. 1). The
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Fig. 7. Distribution of alkaloid biosynthetic gene transcript in var-
ious Papaver species. Graphic representation of an RNA gel blot
prepared from mature leaf material from P. rhoeas, P. orientale, P.
bracteatum and P. somniferum. The blot was hybridized to three al-
kaloid biosynthetic cDNAs cyp80b1, bbel and corl. Transcript for
c¢yp80b1 should be present in all species that produce tetrahydroben-
zylisoquinoline-derived alkaloids. Transcript for bbel should be pre-
sent in all species that produce (S)- scoulerine-derived alkaloids.
Transcript for corl should be present only in species that synthesize
morphine.

gene cyp80bI participates in (S)-reticuline biosynthesis,
occurring before the pathway bifurcation and is, there-
fore, common to both sanguinarine and morphine bio-
synthesis.

In our previous work, we established that benzo[c]-
phenanthridines such as sanguinarine accumulate
during development of P. bracteatum seedlings (Rush
et al., 1985). We have herein analyzed developing seed-
lings of P. somniferum for sanguinarine accumulation
and have correlated it to the accumulation of tran-
scripts of the two biosynthetic genes cyp80bI and bbel.
Our results for the continuous accumulation of bbel
through the first 15 days after germination are at var-
iance with those reported by Facchini et al. (1996). In
that study, bbe transcript was detected only transiently
on day 3 and day 6 after imbibition. The results
reported herein demonstrate that cyp80bI and bbel
transcript accumulation parallels that of sanguinarine
accumulation.

Thebaine levels in germinating seedling were high
compared to those of sanguinarine. Even at the highest
level measured for sanguinarine on day 20, the the-
baine level was 200-fold higher. Corl transcript was
present at all time intervals analyzed even though mor-
phine was below HPLC detection limits in seedlings
during the first twenty days after germination. Mor-
phine has been shown by radioimmunoassay, however,
to begin to accumulate in developing seedlings seven
days after germination (Wieczorek et al., 1986). As
observed for corl transcript, COR enzyme activity is
also present in seedlings at relatively constant levels
throughout development, and cannot therefore be the
rate limiting enzyme of morphine biosynthesis (Unter-
linner et al., 1999).

The site of morphine biosynthesis in P. somniferum
is a long- standing question. Transcript of corl was
detected herein in each plant organ analyzed, with the
highest relative amounts in the stem, the leaf mid rib
and the capsule consistent with the latex rich aerial
organs. This correlates, in part, to the in situ hybridiz-
ation results with cDNAs encoding TYDC, an enzyme
that occurs at a very early step in (S)-reticuline bio-
synthesis (Facchini & De Luca, 1995). Transcripts
encoding tydc were found associated with vascular tis-
sue in mature roots and stems. Transcript accumu-
lation appeared restricted to the metaphloem and the
protoxylem in the vascular bundles of aerial organs.
Transcripts for tydcl and tydc2 were not detected in
the capsule, but for another allele, zydc5, the transcript
was detected by RNA gel blot analysis to 1.2% of that
level found in the root (Maldonado-Mendoza et al.,
1996).

Transcript of cyp80b1 was detected in all plant
organs analyzed, with the highest levels in the root,
the stem and the leaf mid rib, but also detectable in
the flower bud and the capsule. Transcript of bbel was
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detected at approximately equal levels in the root, the
stem and the leaf mid rib, but not in the flower bud or
the capsule. This is at variance with previously
reported results where bhbel was not detected in the
leaf (Facchini et al., 1996). Under field conditions, P.
somniferum synthesizes sanguinarine in leaf (Fisinger &
Zenk, unpublished), which is consistent with the bbel
transcript distribution that we found.

It is not clear why cell cultures of P. somniferum
cannot produce morphine. All of the known enzymes
of morphine biosynthesis have been detected in cell
suspension culture (reviewed in Kutchan, 1998). Ac-
cumulation of morphinan alkaloids is thought to cor-
relate to the appearance of laticifer cells in the
developing plant and in differentiating plant cell cul-
ture (Rush et al., 1985; Kutchan et al., 1985). As for
COR enzyme activity (Lenz & Zenk, 1995), corl tran-
script is found in cell suspension cultures of P. somni-
ferum, but does not increase in response to addition of
the elicitor substance methyl jasmonate to the culture
medium. This supports the result that morphine ac-
cumulation is not elicitor inducible, but does not
explain the complete lack of morphine in cell culture.

Consistent with the induction of sanguinarine ac-
cumulation in culture (Eilert et al., 1985; Cline & Cos-
cia, 1988; Facchini et al., 1996), transcripts for the
sanguinarine biosynthetic genes cyp80b1 and bbel are
induced. The time course that we observe is consistent
with that reported for the TYDC allele zydc2 (Facchini
et al., 1996).

With morphine biosynthetic genes now in hand, we
believe that we can begin to address the question why
only P. somniferum produces morphine, while other
Papaver species such as P. rhoeas, P. orientale and P.
bracteatum do not. It was expected that all four Papa-
ver species investigated herein by RNA gel blot analy-
sis would yield positive results for hybridization to
cyp80b1. Each of the species P. rhoeas, P. orientale, P.
bracteatum and P. somniferum synthesize tetrahydro-
benzylisoquinoline-derived alkaloids. The gene cyp80b1
must, therefore, be expressed in each plant. Our results
are consistent with this hypothesis. Likewise, bbel
transcript accumulation was detected in each species.
Alkaloids in which BBE lies along the biosynthetic
pathway also occur in each species. For example, nor-
sanguinarine in P. rhoeas, P. orientale and P. bractea-
tum and sanguinarine in P. somniferum (Southon &
Buckingham, 1989). Unexpectedly, corl transcript was
present to some degree in all four species. A review of
the literature revealed no alkaloids reported in P.
rhoeas for which COR should participate in the syn-
thesis. Similarly, P. orientale accumulates the alternate
morphine biosynthetic precursor oripavine, but COR
is not involved in the biosynthesis of oripavine, acting
rather after this alkaloid along the biosynthetic path-
way to morphine (Brochmann-Hanssen, 1984). P. brac-

teatum produces the morphine precursor thebaine as a
major alkaloid. As for oripavine in P. orientale, COR
would act after thebaine formation on the pathway to
morphine. P. bracteatum has been reported to contain
neopine as a minor alkaloid (Southon & Buckingham,
1989), but COR has not yet been demonstrated to
reduce neopinone directly to neopine. From the results
of our northern analysis, it appears that the fact that
P. rhoeas, P. orientale and P. bracteatum do not pro-
duce morphine is not related to the absence of tran-
script of the morphine biosynthesis-specific gene corl.
The expression of corl could simply be an evolution-
ary remnant in these species.

A fascinating but still unanswered question in bi-
ology concerns the origin of species-specific secondary
metabolite accumulation in plants. As we identify
more genes from alkaloid biosynthetic pathways such
as those for morphine, we should be able to analyze a
broad range of taxonomically related species and pro-
vide insight into whether specialization is a result of
loss of gene expression or rather a consequence of the
appearance of new genes in response to selection press-
ure.

4. Experimental
4.1. General experimental procedures

Total RNA was isolated and RNA gels were run
and blotted on nylon membranes as previously
described (Pauli & Kutchan, 1998). The same blots
were washed and re-used for hybridization to all
cDNAs. All blots were normalized to hybridize to
actin transcript to account for differences in gel load-
ing and blotting. Genomic DNA was isolated and
DNA gels were run and blotted according to (Bracher
& Kutchan, 1992). cDNA clones were labeled by ran-
dom-primed labeling with [0-*P]JdCTP and oligodeox-
ynucleotides were end-labeled with [y-*’PJATP.
Hybridized RNA on northern blots and DNA on
Southern blots were visualized with a Raytest BAS-
1500 phosphorimager. The entire nucleotide sequence
on both DNA strands of full-length cDNA clones in
pGEM-T was determined by dideoxy cycle sequencing
using internal DNA sequences for the design of deox-
yoligonucleotides as sequencing primers. Results of
enzyme assays are the means of at least two separate
experiments performed in duplicate.

4.2. Plant material

Cell suspension cultures of the opium poppy Papa-
ver somniferum L. were provided by the cell culture
laboratory of the Lehrstuhl fiir Pharmazeutische Biolo-
gie, Universitdt Miinchen, Germany. Cultures were
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routinely grown in either 1 I conical flasks containing
400 ml of Linsmaier—Skoog medium (Linsmaier &
Skoog, 1965) over 7 days at 23°C on a gyratory shaker
(100 rpm) in diffuse light (750 lux). Differentiated
opium poppy plants were grown outdoors in Upper
Bavaria. Seedlings were grown on a substrate from 7
to 56 days in a greenhouse at 20°C, 65% relative
humidity and continuous light. Elicitation of P. sommni-
ferum cell suspension cultures was achieved by aseptic
addition of methyl jasmonate to a final concentration
of 100 pM to the culture medium (Gundlach, Miiller,
Kutchan & Zenk, 1992).

4.3. Isolation and characterization of clones encoding
CYP80BI and BBE

Partial cDNAs encoding cytochromes P-450 from P.
somniferum were generated by PCR using cDNA pro-
duced by reverse transcription of total RNA isolated
from the stem material of mature plants. DNA ampli-
fication was performed under the following conditions:
Primer sequences, 5'-CAA ATC AAT GCC/A T/ATG
T/CTT/C ATG GAA-3' and 5'-CCT TCT T/GCC
TGC/A ACC AAA TGG TAT-3’; cycle, 2 min 94°C,
35 cycles of 94°C, 45 sec; 50°C, 45 sec; 72°C, 2 min;
then 72°C, 10 min. At the end of 35 cycles, the reac-
tion mixture was cooled to 4°C. The amplified DNA
was then resolved by agarose gel electrophoresis, the
band of approximately the correct size (400 bp) was
isolated and subcloned into pGEM-T (Promega) prior
to nucleotide sequence determination. A partial clone
that was similar in nucleotide sequence to cyp80bl
from E. californica was used to screen a cDNA library
in A-ZAPII (Stratagene) prepared from RNA isolated
from P. somniferum leaf tissue from mature plants. A
near full-length cDNA, lacking the first 17 nucleotides
of the reading frame, but putatively encoding
CYP80B1 was thus isolated. After determination of
the nucleotide sequence on both strands, the full length
reading frame, free of the 5'- and 3’-flanking
sequences, was generated by PCR. Six codons were
added to the sense primer to replace the six missing
amino acids M E V V T V (as determined from the
sequence of E. californica CYP80B1) so that the
cDNA could be functionally expressed in insect cell
culture as described in (Pauli & Kutchan, 1998).

DNA encoding bbel was generated by PCR using
genomic DNA isolated from cell suspension culture.
The gene bbel contains no introns and could therefore
be used to generate DNA suitable for functional heter-
ologous expression (Facchini et al., 1996; Hauschild et
al., 1998). DNA amplification was performed under
the following conditions: primer sequences, 5'-
GGATCC ATG ATG TGC AGA AGC TTA-3" and
5-GAATTC CTA CAA TTC CTT CAA CAT-3’
using the same amplification conditions as for cyp80b1

given above. The amplified DNA was then resolved by
agarose gel electrophoresis, the band of approximately
the correct size (1600 bp) was isolated and subcloned
into pGEM-T prior to nucleotide sequence determi-
nation. The BamHI/EcoRI restriction fragment from
pGEM-T/BBE1 was ligated into BamHI/EcoRI
digested pFastBacl (Life Technologies, Eggenstein).
pFastBac/BBE1 was transposed into baculovirus DNA
in the Escherichia coli strain DH10BAC (Life Technol-
ogies, Eggenstein) and then transfected into Spodoptera
frugiperda Sf9 cells according to the manufacturer’s
instructions. The insect cells were propagated and the
recombinant virus was amplified according to the pro-
cedure followed by Kutchan, Bock & Dittrich (1994)
and Kraus & Kutchan (1995). Identity of the clone as
that encoding BBE was ascertained by the presence of
enzyme activity measured as done by Kutchan et al.
(1994).

4.4. Alkaloid analysis

Morphinan and benzo[c]phenanthridine alkaloids
were extracted and quantitated exactly as described by
Blechert et al. (1997). Individual alkaloids were ana-
lyzed by HPLC using the following gradient: [column,
Knauer Vertex Eurospher 100-C18, 5 pm (4 x 250
mm); solvent system, (A) 97.99% (v/v) H,0, 2%
CH;CN, 0.01% (v/v) H3POy4, (B) 1.99% (v/v) H,O,
98% CH;CN, 0.01% H3POy; gradient for morphinans:
0-25 min 0-46% B, 25-26 min 46-100% B, 26-30
min 100-0% B, 30-32 min 0% B; gradient for ben-
zo[c Jphenanthridines: 0-5 min 25-40% B, 5-20 min
40-70% B, 20-25 min 70-100% B, 25-27 min 100%
B, 27-30 min 100-25% B; flow 1 ml/min] with detec-
tion at 284 nm using authentic alkaloids as reference
materials.The distribution of RNA transcription of
several genes encoding morphine and sanguinarine bio-
synthetic enzymes in P. somniferum have been ana-
lyzed.
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