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Floral Scent Production in Clarkia breweri (Onagraceae)’

Il. Localization and Developmental Modulation of the Enzyme
S-Adenosyl-L-Methionine:(Iso)Eugenol O-Methyltransferase and Phenylpropanoid Emission

Jihong Wang, Natalia Dudareva, Shyam Bhakta, Robert A. Raguso?, and Eran Pichersky*
Department of Biology, University of Michigan, Ann Arbor, Michigan 48109-1048

We have previously shown (R.A. Raguso, E. Pichersky [1995]
Plant Syst Evol 194: 55-67) that the strong, sweet fragrance of
Clarkia breweri (Onagraceae), an annual plant native to California,
consists of 8 to 12 volatile compounds, including 4 phenylpro-
panoids. Although some C. breweri plants emit all 4 phenylpro-
panoids (eugenol, isoeugenol, methyleugenol, and isomethyleuge-
nol), other C. breweri plants do not emit the latter 2 compounds.
Here we report that petal tissue was responsible for the bulk of the
phenyipropanoid emission. The activity of $-adenosyl-L-methionine:
(iso)eugenol O-methyltransferase (IEMT), a novel enzyme that cat-
alyzes the methylation of the para-4'-hydroxyl of both eugenol and
(iso)eugenol to methyleugenol and isomethyleugenol, respectively,
was also highest in petal tissue. IEMT activity was absent from floral
tissues of plants not emitting (iso)methyleugenol. A C. breweri
cDNA clone encoding IEMT was isolated, and its sequence was
shown to have 70% identity to S-adenosyl-L.-methionine:caffeic acid
O-methyltransferase. The protein encoded by this cDNA can use
eugenol and isoeugenol as substrates, but not caffeic acid. Steady-
state [IEMT mRNA levels were positively correlated with levels of
IEMT activity in the tissues, and no IEMT mRNA was abserved in
flowers that do not emit (iso)methyleugenol. Overall, the data show
that the floral emission of (iso)methyleugenol is controlled at the
site of emission, that a positive correlation exists between volatile
emission and IEMT activity, and that control of the level of 1EMT
activity is exerted at a pretranslational step.

Flowers of many plants attract pollinators by producing
and emitting a complex mixture of low-molecular-weight
volatile compounds. Floral scents may function as both
long- and short-distance attractants and nectar guides to a
variety of animal pollinators (for review, see Dobson,
1993). Since insects are able to distinguish between com-
plex floral scent mixtures, discriminatory visitation based
on floral scent has important implications for population
structure and reproductive isolation (Dodson et al., 1969;
Galen and Kevan, 1983; Galen, 1985; Pellmyr, 1986).
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Despite the importance of floral scent to plant reproduc-
tion and evolution, the biochemical and genetic basis of
scent production has received little attention. Previous re-
ports have failed to identify and purify specific enzymes
involved in the biosynthesis of scent components in flow-
ers. Since many scent components are also found in floral -
tissues in bound, nonvolatile forms such as glycosides, it
was originally hypothesized that scent compounds could
possibly be synthesized elsewhere in the plant, bound into
glycosides, and then transported to the emitting part of the
flower, where they could be broken down to release the
volatile components (Ackermann et al., 1989; Watanabe et
al., 1993). However, direct and reproducible evidence of
the transport of free scent constituents or their glycosides
from vegetative tissue to floral tissue is lacking.

We have begun to investigate the biosynthetic pathways
of scent components and their location in the plant by
examining Clarkia breweri (Gray [Greene]; Onagraceae), an
annual plant native to California. The strong, sweet fra-
grance of C. breweri consists of 8 to 12 different vola-
tiles that fall into two groups: monoterpenoids and
phenylpropanoids-benzenoids (Raguso and Pichersky,
1995). We have shown that linalool, an acyclic monoter-
pene, is synthesized in C. breweri petals and other floral
tissues in a reaction catalyzed by LIS (Pichersky et al., 1994,
1995), and that the enzyme activity is regulated at a pre-
translational level (Dudareva et al., 1996). A closely related
species, Clarkia concinna (from which C. breweri is believed
to have evolved [Raguso and Pichersky, 1995]), also pos-
sesses the gene encoding LIS, but the expression of this
gene in this nonscented species is limited to the stigma, and
the level of expression is much lower than in the stigma of
C. breweri. Thus, linalool production in C. breweri flowers
involves a change in regulation of an existing gene.

Here we report on the production of four phenylpro-
panoid components of the C. breweri scent, eugenol,
isoeugenol, methyleugenol, and isomethyleugenol, during
the lifespan of the flower. We show that methyleugenol
and isomethyleugenol are produced from eugenol and
isoeugenol, respectively, by the action of a single enzyme,

Abbreviations: CCOMT, S-adenosyl-L-Met:caffeoyl CoA O-
methyltransferase; COMT, S-adenosyl-L-Met:caffeic acid O-meth-
yltransferase; IEMT, S-adenosyl-L-Met:(iso)eugenol O-methyl-
transferase; LIS, S-linalool synthase; OMT, O-methyltransferase;
SAM, S-adenosyl-L-Met.
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[EMT. We have previously shown the existence of poly-
morphism in C. breweri for the production of methyleuge-
nol and isomethyleugenol (Raguso and Pichersky, 1995).
Here we show that the gene encoding IEMT exhibits
flower-specific and temporal expression patterns in a line
of C. breweri emitting methyleugenol and isomethyleuge-
nol, but not in a line that does not emit these two com-
pounds. Thus, the expression of specific biosynthetic genes
in floral tissues may be a common phenomenon in scent
production, and changes in the expression characteristics
of such genes may lead to the evolution of new scents.

MATERIALS AND METHODS

Plant Material, Growth Conditions, Headspace
Collection, and GC-MS Analysis

Details of the construction of true-breeding Clarkia brew-
eri stocks, growing conditions, dynamic headspace collec-
tion on Tenax (Alltech Inc., Deerfield, IL) and activated
charcoal sorbents, and chemical analyses via GC-MS were
as described by Raguso.and Pichersky (1995). All head-
space collections were performed in a growth chamber
(Conviron, Asheville, NC) under a 12-h light/12-h dark
photoperiod. Temperature was set to 22°C during the light
period and 18°C during the dark period. In all experiments,
headspace collections from ambient air and from vegeta-
tive tissues were used as controls.

Time Course of Phenylpropanoid Production

Volatile phenylpropanoid production in individual flow-
ers of four separate plants was monitored over a 6-d period
beginning on the day before anthesis and continuing until
floral abscission. Headspace volatiles were collected as
described by Raguso and Pichersky (1995). The collections
were made at 12-h intervals, corresponding to the dark and
light periods in the growth chamber.

Localization and Quantitation of Phenylpropanoid
Emission in Floral Parts

The specific floral parts responsible for scent emission
were determined and the emission levels were quantified
by headspace collection essentially as described by Raguso
and Pichersky (1995). Headspace collection was made from
attached, 2nd-d (hermaphroditic) intact flowers and from
same-stage flowers in which floral organs had been sys-
tematically removed to leave only petals, only anthers, or
only the pistil. To detect all volatiles emitted by a given
flower part that could possibly emit different compounds
at different times, a 24-h collection period was used.

IEMT Enzyme Extraction and Assay
Enzyme Extraction

A crude protein extract was prepared by macerating
flower parts in a microcentrifuge tube in the presence of
ice-cold buffer (10 volumes fresh weight) containing 50 mm
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BisTris-HCl, pH 6.9, 10 mM 2-mercaptoethanol, 5 mm
Na,5,05, 1% (w/v) PVP-40, and 10% (v/v) glycerol. The
slurry was centrifuged for 10 min and the supernatant was
transferred to a new tube. For each time point, flowers
from three different plants were combined.

OMT Enzyme Assays and Product Analysis

Assay samples were prepared by adding to a 1.5-mL
microcentrifuge tube: 10 uL of crude extract, 10 uL of assay
buffer (250 mm Tris-HCl, pH 7.5, 10 mm DTT), 1 uL of 50
mM substrate (eugenol, isoeugenol, or other related com-
pounds) in ethanol, 1 uL of S-[methyl-'*Cladenosyl-L.-Met
(40-60 mCi/mmol) in 10 mm sulfuric acid:ethanol (pur-
chased from NEN Research Products), and 28 uL of water
to bring the assay volume to 50 pL. Assay samples were
incubated at 30°C for 30 min in a heating block, after which
2.5 uL of 6 m HCI was added to stop the reaction. The
radioactively labeled methylated product was extracted by
the addition of 100 uL of ethyl acetate, and 20 puL of the
organic phase (on top and clear in color) was transferred to
a scintillation vial with 2 mL of nonaqueous scintillation
fluid (Bio-Safe NA, Research Products International,
Mount Prospect, IL) and counted in a liquid scintillation
counter (model 256800, Beckman). The raw data (counts
per minute) were converted to femtomoles of product pro-
duced per second based on the specific activity of the
substrate, using the appropriate correction factors for
counting efficiency.

To verify the identity of the products, organic extracts
were analyzed in two ways. First, 20 uL was spotted on a
10 cm X 20 cm silica gel 60 F,5, precoated TLC plate (EM
Industries, Inc., Gibbstown, NJ), and 5 uL of a 5% (v/v)
solution containing authentic methyleugenol or isomethyl-
eugenol was spotted on the same plate as a standard. The
plate was developed in a solvent system of 2:3:1 (v/v)
benzene:acetic acid:water (De Carolis and Ibrahim, 1989).
When the solvent was within 2 cm of the top edge of the
plate, the plate was removed and allowed to dry. UV light
revealed the elution points of the standards, from which
retention-factor values were calculated.

TLC plates containing radioactively labeled product
were analyzed by an imaging scanner (System 200, Bio-
scan, Inc., Washington, DC). Plates were scanned horizon-
tally in lanes 0.6 cm in width for 5 min per lane by the
Autochanger 3000 detector (Bioscan) under a steady flow
of 90% argon/10% methane at a flow rate of 70 kPa (10
p-s.i.). Bioscan computer software produced full-color,
two-dimensional images of TLC plates using a color scale
to display the location of radioactivity, indicating the pres-
ence of radioactively labeled product. Comparison of the
retention-factor values of radioactive spots and those of the
nonradioactive standards tentatively determined the iden-
tities of radioactively labeled enzyme product.

In addition, “cold assays” with nonradioactive SAM
were performed by scaling up the reaction to a total vol-
ume of 1000 uL and a final substrate concentration of 1 mm.
The products were organically extracted and analyzed by
GC-MS analysis. -
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Isolation and Purification of OMTs from C. breweri

Preparation of crude extract from C. breweri petals was
performed as previously described (Pichersky et al., 1995).
The enzyme activity was purified through successive chro-
matographic steps involving DE53 anion-exchange and hy-
droxyapatite columns as previously described (Pichersky
et al.,, 1995). The last step of purification utilized a 5'-ADP
affinity column from which the pyrophosphate group was
removed with alkaline phosphatase as described by Attiech
et al. (1995). A complete description of the purification
protocol will appear elsewhere (J. Wang and E. Pichersky,
unpublished data).

Protein Sequenc‘ing

The two proteins present in the final purified OMT prep-
aration were separated on Jong SDS-PAGE and subjected to
N-terminal sequencing in a protein sequencer (model 477,
Applied Biosystems). In addition, the proteins were
cleaved with cyanogen bromide, the digestion products
were subjected to SDS-PAGE, and additional peptides
were isolated and sequenced as previously described (Du-
dareva et al., 1996).

Isolation and Characterization of cDNA Clones

Since peptide sequence determination showed that the
putative IEMT had substantial sequence similarity to
COMT, a clone encoding aspen (Populus tremuloides) COMT
(Bugos et al., 1991) was obtained from Dr. W. Campbell
(Michigan Technological University, Houghton) and used
to screen a C. breweri flower cDNA library (Dudareva et al.,
1996). Clones were identified, isolated, and characterized
as previously described (Dudareva et al., 1996).

RNA isolation and RNA Gel-Blot Analysis

Total RNA was isolated from 0.1 g of frozen plant tissue
as previously described (Dudareva et al,, 1996). RNA sam-
ples (7 ug per lane in blots to determine tissue-specific
expression, 3 pg per lane in blots to determine variation in
expression in petals over the lifespan of the flower) were
size-fractionated by electrophoresis under denaturing con-
ditions in vertical urea-agarose gels at 4°C for 5 h at 20 W
and transferred to Hybond-N" membranes (Amersham).
For IEMT blots, either a 1.3-kb IEMT ¢DNA fragment con-
taining the coding region of the gene or a 0.3-kb fragment
containing the 3’ noncoding region of the gene (from nu-
cleotide 1159 in Fig. 6 to the 3’ end) was used as a probe.
For COMT blots a 1-kb fragment containing the coding
region of aspen COMT was used as a probe. Hybridiza-
tions were performed in 5X SSPE (0.75 m NaCl, 0.05 m
NaH,PO,, pH 74, and 0.5 mm EDTA), 50% formamide, 5X
Denhardt’s solution, and 0.5% SDS at 37°C for at least 18 h.
Membranes were washed at 37°C with 5X SSPE, 0.5% SDS,
and twice with 2XSSPE at 65°C before being exposed to
x-ray film. mRNA transcripts were quantified using a mo-
lecular imaging system (model GS5-363, Bio-Rad). IEMT
mRNA transcript levels were normalized to rRNA levels to
overcome error in RNA quantitation by spectrophotome-

try. In addition, all gels contained a standard for equating
signals among gels.

Expression of IEMT in Escherichia coli

The ¢cDNA clone of IEMT was subcloned into the Ndel-
BamHI sites of the pET-T7-11a expression vector (Studier et
al., 1990) by first amplifying by PCR the entire coding
region of the clone with an oligonucleotide at the 5’ end
that introduced an Ndel site around the first ATG codon.

RESULTS
Temporal Variation in Scent Emission by Intact Flowers

We have previously shown (Raguso and Pichersky, 1995)
that eugenol, isoeugenol, methyleugenol, and isomethyl-
eugenol are constituents of the scent of C. breweri flowers,
although some C. breweri plants were found that did not
produce methyleugenol and isomethyleugenol (Raguso
and Pichersky, 1995). To determine the amount of these
compounds emitted at different stages of floral develop-
ment, we performed time-course headspace collections at
12-h intervals, followed by GC-MS analysis, using an in-
bred line that emits all four compounds. We began head-
space collection with buds on the evening before they
opened and ended it 4 d later. Little or no emission was
detected from unopened flowers (buds). The amounts
emitted from buds and open flowers 1 to 4 d after anthesis
are shown in Figure 1, A to D. Emissions of eugenol (Fig.
1A) and methyleugenol (Fig. 1C) both peaked on d 2 and
declined thereafter. Emissions of isoeugenol (Fig. 1B) and
isomethyleugenol (Fig. 1D) showed similar patterns, al-
though peak emission occurred approximately 12 h later
than the eugenol and methyleugenol peaks. Emission lev-
els at peak time ranged from 0.22 pg/flower for isoeugenol
to 1.5 ug/flower for eugenol per 12 h.

Localization and Quantification of Phenylpropanoid
Emission from the Different Parts of the Flower

To determine the specific parts of the C. breweri flowers
that emit these phenylpropanoids, we performed experi-
ments in which living flowers were modified by selectively
excising floral parts so that only one class of major floral
organ (petals, stamens, or pistil) remained attached to the
hypanthium and sepals. We then collected headspace vola-
tiles from these modified flowers over a 24-h period. The
data obtained were used to calculate the contribution of
each part to the total emission of the flower (Fig. 2). These
data revealed that the petals were the organs responsible
for the majority of the phenylpropanoid emission. How-
ever, the emission of eugenol and isoeugenol in such flow-
ers was greatly decreased (in the case of isoeugenol to
below-detection levels). This observation suggests that tis-
sues other than petals may be involved in controlling the
flux of the pathway, perhaps by supplying precursors.
Alternatively, the injury sustained by the flowers in these
experiments may have influenced the outcome.
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IEMT and COMT Activities in Flowers
IEMT Activity in Flower Parts and Its Temporal Variation

The biochemical steps that lead to eugenol and isoeuge-
nol synthesis, and their immediate precursors, are cur-
rently undetermined. However, it appeared likely that
methyleugenol and isomethyleugenol could be synthesized
from eugenol and isoeugenol, respectively, by the addition
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Figure 2. Emission of phenylpropanoids from C. breweri flowers and
flower parts as measured by headspace collection at 12-h intervals
and GC-MS analysis.

Time Postanthesis Time Postanthesis

of a methyl group to the p-hydroxyl (4’-hydroxyl) moiety
(Fig. 3). To our knowledge, a specific enzyme that methy-
lates the 4’-hydroxyl of (iso)eugenol has not been previ-
ously described. However, methylation of the 3’ hydroxyl
of similar compounds has been found to be catalyzed by
enzymes collectively termed OMTs that use SAM as the
methyl donor (Attieh et al., 1995; Meng and Campbell,
1996). Therefore, we devised an enzymatic assay to test for
the presence of IEMTs. The crude extracts were incubated
with either eugenol or isoeugenol and [**C]SAM, and the
product was extracted and analyzed. Products were iden-
tified by co-migration with standards on TLC plates and by
GC-MS analysis.

C. breweri plants that did not emit methyleugenol and
isomethyleugenol did not contain any IEMT activity in
their floral parts. C. breweri plants that did emit these two
compounds contained substantial IEMT in the petals, and
some activity was also found in stamens and styles, with
trace activity found in stigmata (Fig. 4, A and B). None of
the remaining floral parts—sepals and ovaries—or leaves
were found to contain any IEMT activity.

Whereas some IEMT activity was already found in ma-
ture buds just before anthesis, IEMT activity levels in-
creased quickly after the flower opened and reached 90 to
100% of maximal levels on d 1 of anthesis (Fig. 4, A and B).
Subsequent IEMT activity remained fairly constant. Inter-
estingly, the patterns of changes in eugenol-OMT activity
levels and isoeugenol-OMT activity levels were very sim-
ilar (Fig. 4, A and B), with the ratio of the latter to the
former ranging from 1.4 to 1.6 in all floral tissues and
throughout the lifespan of the flower.
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Figure 3. The reactions catalyzed by IEMT and
the possible pathways leading to eugenol and
isoeugenol (based on Manitto et al.,, 1974;
Senanayake et al., 1977). An alternative path-
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COMT Activity in Flower Parts and Its Temporal Variation

We also measured the activity in floral parts of COMT,
an enzyme involved in lignin biosynthesis and possibly in
(iso)eugenol biosynthesis as well. Similar to IEMT, COMT
activity was highest in petals, but its pattern of gradual
increase in activity over time was substantially different
from the pattern for IEMT. Whereas IEMT increased
quickly after anthesis and reached a maximum on the 2nd
d after anthesis, COMT activity was relatively low at this
time and increased only gradually to achieve a maximum
on the 5th d after anthesis, at the end of flower’s lifespan.

Isolation and Characterization of IEMT cDNA Clones

We purified IEMT from 1- to 4-d-old petal tissue in a
procedure involving anion-exchange, hydroxyapatite, and
adenosine-conjugated affinity column chromatography.
The latter column is known to selectively bind a variety of
OMTs (Attieh et al,, 1995). This procedure yielded two
proteins that migrated very close to each other on SDS-
PAGE, each with an apparent molecular mass of 40 kD
(Fig. 5, right lane). After separating the two proteins on
long SDS-PAGE and subjecting them to N-terminal protein

A. Eugenol as Substrate

B. Isoeugenol as Substrate

sequencing, we obtained two very similar peptide se-
quences (from the top protein band: XTGNAETQLTP [X =
unidentified]; from the bottom protein band: SPGNAEI-
QIIP), both of which show some similarity to COMT
N-terminal sequences of dicotyledonous plants in the data
bank. In addition, several individual peptides were ob-
tained from SDS-PAGE after cyanogen bromide cleavage of
a mixture of the two proteins, and their sequences also
showed significant similarity to COMT sequences. None of
the peptide sequences showed any similarity to CCOMT,
an enzyme that methylates caffeic acid bound to CoA in an
alternative lignin biosynthesis pathway and that also has
no significant similarity to COMT (Ye at al., 1994).

Since the N-terminal sequences of both proteins in the
“purified” IEMT preparation showed similarity to COMT,
we used a COMT cDNA clone from aspen (Bugos et al.,
1991) as a probe in low-stringency hybridization screening
of a C. breweri flower cDNA library. Several clones were
isolated, and the nucleotide sequence of one of them, des-
ignated IEMT1 (see below), was determined for this study
(Fig. 6). This clone contains 1486 nucleotides, not including
the poly(A) tail, with an open reading frame of 368 codons,
beginning with an ATG codon at positions 43 to 45. There

C. Caffeic Acid as Substrate
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Figure 4. Levels of different OMT activities in different parts of the flower during the lifespan of the flower. A, Eugenol OMT
activity. B, Isoeugenol OMT activity. C, Caffeic acid OMT activity. Data are shown only for flower parts that contained
detectable IEMT activity (fkat = femtomoles of product per second).
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Figure 5. Steps in the purification of OMTs from C. breweri petals.

is one stop codon in-frame upstream of this ATG, suggest-
ing that we have isolated a cDNA clone that contains the
entire coding region. This conclusion is also supported by
primer-extension experiments to determine the 5’ end of
the mRNA (data not shown). The molecular mass of the
protein encoded by the open reading frame of IEMT1 is 40
kD, the same as that of the two proteins found in our
purified OMT preparation (Fig. 5).

The N-terminal sequence of the protein encoded by
IEMT1 does not match the N-terminal sequence of the
higher-molecular-mass protein of the two present in the
purified OMT preparation (3/10 mismatches). However, it
did match in 9 of 10 positions the N-terminal sequence of
the lower-molecular-mass protein (underlined sequences
in Fig. 6). The one mismatch in the sequence may have been
due to the difficulty in determining the correct N-terminal
peptide sequence due to high background signals. The
N-terminal sequence predicted from the open reading
frame of IEMT1 is two amino acid residues longer than that
of the N terminus experimentally determined, suggesting
that some processing occurs either in vivo or during the
purification procedure. In addition, the protein encoded by
IEMT1 contains two of the internal peptide sequences de-
termined experimentally, MLDRVLRLLASYSVVTYTLRE
and MFDGVPKGDAIFIK (Fig. 6). The IEMT1 protein is
approximately 30% divergent from all available dicot
COMT sequences. These COMTs vary among themselves
by no more than 15%, with the exception of a Zinnia elegans
sequence, designated COMT, the substrate specificity of
which has not been extensively tested (Ye and Varner,
1995). IEMT1 shows sequence identity of 65% or less to
several other types of plant OMTs in the data bank, and it
contains the three conserved motifs (Fig. 6) identified by
Kagan and Clarke (1994) and hypothesized by these au-
thors to be involved in the binding of SAM.

To determine the enzymatic activity of the protein en-
coded by IEMT1, we cloned it into a pET-T7 (11a) expres-
sion system (Studier et al., 1990) and expressed it in E. coli.
Cell lysates were prepared and assayed with the substrates
eugenol and isoeugenol, as well as with several intermedi-
ates in the lignin biosynthesis pathway that are structurally
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related to (iso)eugenol, including caffeic acid. We also
tested the substrate specificity of cloned plant COMT ex-
pressed in E. coli (Meng and Campbell, 1996; ]. Wang and
E. Pichersky, unpublished data) and of our C. breweri
affinity-purified OMT preparation (Fig. 5, right lane). The
latter preparation showed high levels of OMT activity with
eugenol, isoeugenol, caffeic acid, and 5-hydroxyferulic acid
(Fig. 7A). However, lysates of E. coli expressing COMT had
high activity only with caffeic acid and 5-hydroxyferulic
acid, as previously described (Meng and Campbell, 1996),
and essentially no activity with eugenol and isoeugenol
(Fig. 7C). Lysates of E. coli expressing IEMT1 had high
levels of activity with both eugenol and isoeugenol, but
little or no activity with any of the other substrates tested
(Fig. 7B). Moreover, the ratio of isoeugenol-OMT activity to
eugenol-OMT activity in the IEMT-expressing E. coli ly-
sates (1.4) was basically the same as that of the plant-
purified OMT preparation and of the plant crude extracts
as well (Fig. 4, A and B). Lysates of E. coli that contained a
pET-T7 (11a) plasmid with no plant DNA insert had un-
detectable OMT activity with any of these substrates.
Since our results indicate that IEMT has only residual
COMT activity (<3%) and that COMT has only residual
IEMT activity, it appears that the substrate-specificity pro-
file of the affinity-purified plant preparation (Fig. 7A) was
obtained because this preparation has both COMT and
IEMT activities, each contained on a separate protein. The
lack of activity of COMT with eugenol and isoeugenol
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67 8 Q L P T TNUPTEATPTUVM D R_V

CTAGCCAGCTACTCCGTCGTAACATACACTCTCCGGGAACTTCCCAGCGGCAAGGTGGAG 360

87 _L s BV Yy 9y h B E LDPS K VB
AGGCTGTACGGCCTCGCCCCTGTCTGCAAGTTCTTGACCAAGAACGAGGATGGAGTTTCT 420

07 R 3 ¥ 6 5L A P ve X FLTKNEDGV S
CTTGCTCCTTTTTTGCTCACGGCTACCGACAAGGTCCTTTTGGAGCCCTGGTTTTACTTG 480

120 » A P FL L@ AT DKV LLEPWNWSELTYTL
AAAGATGCGATTCTTGAAGGAGGAATTCCATTCAATAAAGCGTATGGAATGAATGAATTC 540

W7 X b A I L B GG I P P NKUKGEGH

GATTACCATGGAACAGACCACAGATTCAACAAGGTGTTCAACAAGGGAATGTCCAGCAAC 600

167 D ¥ H G T D H R F W R VYV F N K G M 8§ 8 N
TCTACCATCACCATGAAGAAGATCCTTGAAATGTACAACGGATTCGAGGGGCTARCAACG 660

187 8" T T M X K T L B MY N GEF B G L T 9
ATTGTCGATGTTGGGGGCGGTACAGGTGCCGTGGCTAGCATGATTGTTGCTAAGTATCCT 720

207

G
TCCATCAACGCCATCAACTTCGACCTGCCTCACGTTATTCAGGATGCTCCAGCTTTTTCT 780
227 8 T W A I NP DL PEHEVIQDADPA ATFES

GGTGTTGAACATCTTGGAGGAGATATGTTTGATGGCGTACCCARAGGCGACGCTATATTC 840
247 € VE HLGGDMTED v
ATCAAGTGGATTTGCCACGACTGGAGCGATGAGCATTGCCTGAAGTTGCTGAAAAACTGC 900
267 XK W I C H D W S DEHTCLJZ KTILTLTZ KN C
TATGCTGCACTTCCCGACCATGGCAAGGTCATTGTTGCAGAATACATCCTTCCTCCGTCT 960
L G K E I

287 ¥

CCTGACCCGAGTATCGCCACCAAGGTAGTCATCCATACCGACGCCCTCATGTTGGCCTAC 1020

307 P B P S I VvV Yy R 2 DAL M
AACCCAGGCGGCAAAGAAAGGACTGAGAAGGAGTTCCAGGCTTTGGCTATGGCTTCCGGA 1080

327 N P G 6 K ERTEIXTETFQAILAMAS G
TTCAGGGGTTTCAAAGTAGCATCTTGTGCCTTCAACACTTACGTCATGGAGTTCCTCAAA 1140

347 P RGP XK VA S CAPNTIY VMETEFTILTEK
ACCGCGTAAATGATTATGTTCGAAACCGACCARATTGTGAATGGCTGCAAAACTATTCCTA 1200

367 T B *
TCGAATAAGTGAGTTTTATGCTGGTTGTTGCTGAATATATCAGTATGCAAGAGTATGCTC 1260
TTCCAATAAATCTTAGAATAGTAGTGACTTTGTACAAGTCCTAGAATAGTGGTAAGCTGT 1320
GTCTTTACTGTTAAAAGTTTGTCGTATGGCCACTATAAAAGGAAAGTATCTGCGTCTTTG 1380
TTGTAATTAGCAATTCACTGTAGCTGAGATCCTCCCCTCAGCTTAGGTGTTTGCTCTCAA 1440
TTATTCTCCAGCTTAATGTGAATTGAGCCTGACTGGAGCTTATTAG 1486

Figure 6. Nucleotide sequence of IEMT1 cDNA clone. The predicted
protein sequence is shown below the nucleotide sequence. Numbers
on right refer to the nucleotide sequence, and numbers on left refer
to the protein sequence. Peptide sequences obtained experimentally
are underlined. The three conserved motifs hypothesized to bind
SAM (Kagan and Clarke, 1994) are shown in black boxes with white
letters.
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Figure 7. A, Enzymatic activity of the plant purified OMT prepara-
tion. Several related substrates in addition to eugenol and isoeugenol
were tested as substrates (see text and Fig. 3). B, Activity of plant
IEMT1 expressed in E. coli. Results are presented as a percentage of
activity relative to activity with eugenol, which is arbitrarily set at
100%. C, Activity of plant COMT expressed in E. coli. Results are
presented as a percentage of activity relative to activity with caffeic
acid, which is arbitrarily set at 100%.

further indicates that the IEMT activity measurements
shown in Figure 4 indeed represent only the activity of a
distinct enzyme, i.e. IEMT. This enzyme was identified
from the N-terminal sequence data as the lower-molecular-
mass protein in our purified OMT preparation (Fig. 5).

Northern Analysis of IEMT in Flower Parts

Levels of IEMT mRNA in the different tissues of
(iso)methyleugenol emitters and nonemitters were deter-
mined by northern analysis (Fig. 8). mRNAs were extracted
from the different tissues of flowers on the day of anthesis.
In (iso)methyleugenol emitters, the highest levels of IEMT
mRNA were observed in petals, followed by style and
stamens. Little or no IEMT mRNA was observed in stigma
and sepals, or in leaf and stem tissue (Fig. 8A). It should be
pointed out that although IEMT mRNA levels are higher in
style tissue than in stamens on a per cell basis, the style is
a much smaller organ than stamens are, and as a conse-

quence there is much less total IEMT mRNA in the style
than in stamens, consistent with the activity data shown in
Figure 4, A and B. True-breeding plants that do not emit
(iso)methyleugenol had little or no IEMT message in any of
the tissues examined (Fig. 8B).

The size of the IEMT mRNA was estimated to be 1.6 kb,
in agreement with the size of the cDNA clone. A broad
band, and in many lanes two closely spaced bands, were
observed, indicating some heterogeneity in message size. A
probe obtained from the 3’ noncoding region of IEMT1 also
gave the same pattern (data not shown). The appearance of
two distinct bands is most likely due to the fact that IEMT
message fortuitously co-migrates with the abundant 18S
rRNA, so that IEMT mRNA transcripts that are slightly
larger than 185 rRNA and IEMT mRNA transcripts that are
slightly smaller than 185 rRNA are separated by the 18S
rRNA. This interpretation is also consistent with Southern
analysis suggesting that (iso)methyleugenol-emitting C.
breweri plants (as well as nonemitting plants) have a single
IEMT gene (data not shown). With a probe derived from
the coding region of COMT, a single band of 1.3 kb was
observed (data not shown), indicating that under our strin-
gent northern-blot conditions the IEMT probe does not
cross-hybridize with COMT message but only with its own
distinct message.

The variation in IEMT mRNA levels over the lifespan of
the (iso)methyleugenol-emitting flowers was also exam-
ined. mRNA levels increased as the bud matured and

A (Iso)Methyleugenol-Emitting Plants
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Figure 8. Expression of IEMT in flower parts. A, Northern-blot hy-
bridization with mRNA from different tissues of an inbred line of
plants that emit (iso)methyleugenol, using IEMT probe derived from
the coding region of IEMT1. B, Northern-blot hybridization with
mRNA from different tissues of an inbred line of plants that do not
emit (iso)methyleugenol, using the same IEMT probe as in A. Lanes
were loaded with 7 ug of total RNA. Autoradiography was for 48 h.
Control lane in B contained 7 ug of total RNA from petals of
(iso)methyleugenol-emitting flowers (i.e. sample identical to the petal
RNA lane in A). Each blot was rehybridized with an 18S rDNA probe
to standardize samples.
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peaked just before anthesis. IEMT mRNA levels on the day
of anthesis were about 75% of the levels just before anthe-
sis, and remained relatively stable afterward (Fig. 9).

DISCUSSION

Temporal Variation in Scent Phenylpropanoids by Whole
Flowers and Buds, and Localization of Emission to the
Different Parts of the Flower

The strong, sweet floral scent of C. breweri is unique in its
genus and is correlated with pollination by moths, a mode
of reproduction that is novel among Clarkia species (Mac-
Swain et al., 1973). Emission of the phenylpropanoid com-
ponents of the scent begins at anthesis and reaches a peak
on d 2 (Fig. 1). During the lifespan of the flower, marked
variation in phenylpropanoid emission between the day
and night periods was not observed. Our data also show
that most of the floral emission of the four phenylpro-
panoids investigated in this study comes from petals, with
the stamens contributing the remainder (Fig. 2).

IEMT mRNA

16

14 4

12

1.0

08

0.6

04

Relative Amount of JEMT mRNA
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Hours -24 0 24 48 72 96
Days -2 -1 1 2 3 4
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Figure 9. Expression of IEMT in petals during flower development. A,
Representative northern-blot hybridization experiment with mRNAs
extracted from petal tissue at different stages in the lifespan of
(iso)methyleugenol-emitting flowers. Each lane contained 3 ug of
total RNA. Autoradiography was for 14 d. The blot was rehybridized
with an 18S rDNA probe to standardize samples. B, Plot of the
variation in levels of petal IEMT mRNA in (iso)methyleugenol-
emitting flowers over time. Values were obtained by scanning blots
with a phosphoimager. Each point is the average of four different
experiments (including the one shown in A), and values were cor-
rected by standardizing for 185 RNA levels.

Plant Physiol. Vol. 114, 1997

Biosynthesis of Methyleugenol and Isomethyleugenol and
the Expression of IEMTT1 in Floral Tissues

Little is known about the enzymatic steps leading to
eugenol and isoeugenol, although pulse-chase experiments
with radioactive precursors have clearly shown that they
are ultimately derived from Phe, with p-coumaric acid as
an intermediate (Manitto et al., 1974; Senanayake et al.,
1977). It is important to note that our investigation did not
address the question of whether an early step in the bio-
synthesis of eugenol and isoeugenol involves the 3'-
hydroxyl methylation of caffeic acid by COMT or, alterna-
tively, the 3’-hydroxyl methylation of caffeoyl CoA by
CCOMT (or neither) (Fig. 3). We have found that COMT
enzyme levels do not parallel IEMT levels in petals, the
emitting organ, but COMT may also be involved in other
pathways in the petals, and we did not measure CCOMT
activity levels. Rather, our investigation concentrated on
the biosynthesis of (iso)methyleugenol via the action of
IEMT.

To our knowledge, no enzymatic activity capable of con-
verting eugenol and isoeugenol to methyleugenol and
isomethyleugenol, respectively, has previously been re-
ported from plants. Our data show the existence of a single
enzyme, designated IEMT, which methylates both eugenol
and isoeugenol to methyleugenol and isomethyleugenol,
respectively, with high specificity (Fig. 7). Although this
enzyme has high sequence similarity to COMTs, it cannot
use caffeic acid as a substrate, nor can COMT use (iso)euge-
nol as a substrate. Levels of IEMT activity and mRNA in
the different floral tissues of (iso)methyleugenol emitters
strongly correlate with the production and emission of
these two compounds by the same tissues, being highest in
petals, followed by stamens, style, and stigma, and absent
in sepals and in leaf and stem tissue (Fig. 8A). Moreover,
nonemitting plants did not have IEMT activity or IEMT
mRNA in any floral tissues (Fig. 8B), although they do
contain the IEMT gene in their genome (data not shown).
These results are very similar to those obtained for LIS, an
enzyme that produces linalool, another floral scent com-
pound in C. breweri. We observed strong positive correla-
tion between levels of LIS enzyme activity, protein, and
mRNA at the site of synthesis and emission of linalool in
the flower (Pichersky et al., 1994; Dudareva et al., 1996).

However, whereas in the case of linalool levels of emis-
sion, enzyme activity, and mRNA in the petals all rose and
fell in parallel (but with mRNA levels peaking 1-2 d ahead
of enzyme activity and emission) until the end of the
lifespan of the flower, the situation with IEMT was some-
what different. Isomethyleugenol and methyleugenol emis-
sion, IEMT activity, and mRNA levels in the petals all
increased in parallel as the buds matured and the flowers
opened (again, with mRNA levels peaking 1-2 d ahead of
enzyme activity and emission). However, starting from the
3rd d of anthesis (1 d after the stigma becomes receptive
and most pollination occurs), emission began to decline but
IEMT activity remained relatively stable. IEMT mRNA lev-
els actually went up a little after declining 25% from their
peak on the day before anthesis (Figs. 4, A and B, and 9).
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The consequence of high levels of IEMT activity without
(iso)methyleugenol emission in old flowers is not known. It
could be that methyleugenol and isomethyleugenol are still
being made by the floral tissues but are being tied into
nonvolatile compounds. Loughrin et al. (1992) have re-
ported an increase in glycosidically bound scent com-
pounds in tobacco floral tissues as the flowers aged. Al-
though methyleugenol and isomethyleugenol cannot be
directly linked to a sugar moiety, perhaps they are conju-
gated to other compounds. Alternatively, isomethyleuge-
nol and methyleugenol biosynthesis may decline as the
flower ages, even though IEMT levels remain high, because
of changes in other factors involved (e.g. a decline in levels
of other enzymes in the pathway, especially rate-limiting
enzymes).

CONCLUSION

We show here that the initial synthesis of two phenyl-
propanoid scent compounds in C. breweri occur in the same
part of the flower from which such compounds are emit-
ted. Although evidence of enzymatic activity in flower
tissue responsible for new synthesis of scent compounds is
still scarce, this report contributes additional evidence that,
at least in C. breweri flowers, scent compounds are pro-
duced de novo in the tissues from which they are emitted.
We conclude that the difficulties encountered in the past in
identifying scent-volatile-producing enzymes will be over-
come as assays are developed to identify these enzymes,
and are probably not due to the absence of such enzymes
from floral tissues.
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