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6J, and 6L). No hybridization was detected when sense Lis
RNA was used as a probe (Figures 5B, 5D, and 5G, and 6B,
6E, 6H, and 6K).

Developmental Modulations in the Levels of LIS
Protein in Floral Tissue

The levels of LIS protein in C. breweri floral tissues over the
developmental period from bud stage 4 to day 5 postanthesis
were quantitatively determined by the chemoluminescence pro-
tein gel blotting technique. The polyclonal anti-LIS antibodies,
prepared against the C-terminal third of the LIS protein ex-
pressed in Escherichia coli, recognized two closely migrating
proteins with an apparent molecular mass of 84 kD in crude
floral extracts separated by SDS-PAGE, and no other protein.
The top protein band has been identified by N-terminal se-
quencing as LIS (Pichersky et al., 1995). The lower band, which

is a minor component in most preparations (Figure 7A), may
be a degradation product, an isozyme, or a different conformer
of LIS. Under some conditions (e.g., the presence of urea and
DTT in SDS-PAGE), only a single band in protein gel blots was
observed (data not shown).

The protein blots (Figure 7A) and the measurements of the
protein concentrations taken from these blots (Figure 7B) re-
vealed that stigma and style tissues have the highest levels
of LIS protein per gram fresh weight of tissue; this is consis-
tent with previous observations that these tissues have the
highest level of LIS enzymatic activity per gram fresh weight
of tissue (Pichersky et al., 1994). The LIS protein levels in these
tissues increase during bud development, peak at day 2 of
anthesis, and remain relatively high for several days. Petals
and filaments have lower levels of LIS per gram fresh weight
of tissue, and in these tissues, the protein levels peak on day
1 of anthesis. Anthers exhibit relatively low levels of LIS pro-
tein, with a peak 1 day before anthesis. No LIS protein was
detected in sepals and leaves (data not shown).
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Figure 7. Protein Gel Blot Analysis of LIS Protein in Stigma, Style, Petals, Filament, and Anther during Development of Floral Organs.

(A) Representative protein gel blots of floral organs from bud stage 4 through day 4 of development showing the 84-kD protein recognized by
anti-LIS antibodies. Each lane of each gel represents extracts obtained from the floral organs of 15 to 25 flowers. Numbers at right indicate the
location of protein markers of known molecular mass in kilodaltons.

(B) LIS protein quantitation obtained by scanning the protein gel blots. Results are in pg LIS/g fresh tissue for each day of the developmental
period. Error bars were calculated from two experiments.



DISCUSSION

Linalool Synthase Is a Member of the Terpene
Synthase Protein Family

All terpene synthases bind a terpene precursor that contains
a pyrophosphate group, whether it be GPP (monoterpene syn-
thases; e.g., limonene synthase), Farnesyl pyrophosphate
(sesquiterpene synthases; e.g., vetispiradiene synthase and
5-epiaristolochene synthase), or geranylgeranyl pyrophosphate
(diterpene synthases; e.g., casbene synthase). With the ex-
ception of LIS, which catalyzes the synthesis of the acyclic
monoterpene S-linalool, all terpene synthases whose sequence
is currently known catalyze a reaction that results in a cyclic
product. ent-Kaurene synthase A is another exception in this
group because although it produces a cyclic product, copalyl
pyrophosphate, this product still contains the pyrophosphate
group, whereas all other products resulting from the catalysis
by this group of enzymes—S-linalool, limonene, 5-epiaris-
tolochene, vetispiradiene, and casbene—have lost the
pyrophosphate group.

Previous investigations have shown that the sequence
similarity between different terpene cyclases is not especially
high (ranging from 31 to 42%). However, a region that con-
tains the sequence DDXXD has been noted before (Mau and
West, 1994; Chappell, 1995; McGarvey and Croteau, 1995) to
be more highly conserved in all plant terpene synthases, with
the exception of ent-kaurene synthase A. It is difficult to as-
sess the overall sequence similarity between C. breweri LIS
and the terpene cyclases because LIS is a much larger pro-
tein (870 residues compared with 550 o 600 residues). Our
data show that although the amino acid sequence of LIS has
low (but statistically significant) overall sequence identity with
terpene synthases, several regions show higher levels of iden-
tity. In particular, a region of ~100 residues that contains the
motif DDXXD shows 27 to 34% sequence identity with the cor-
responding region in other terpene synthases, and when
conservative substitutions are equated, the overall sequence
similarity in this region is ~60% (Figure 2A). Because this re-
gion is not conserved in ent-kaurene synthase A, perhaps its
significance lies not in the cyclization step but rather in the
interaction with and the removal of the pyrophosphate group,
possibly mediated by the divalent metal cofactor which the
DDXXD motif has been hypothesized to bind (Tarshis et al.,
1994; Chappell, 1995; McGarvey and Croteau, 1995).

Although ent-kaurene synthase A lacks the DDXXD motif
and the rest of the conserved region around it, two other seg-
ments in this protein show high sequence similarity with LIS
(Figure 2B). Although the significance of these two segments
is not known, they are located close to the N terminus, a re-
gion in both LIS and ent-kaurene synthase A that shows no
sequence similarity to other terpene cylcases. ent-Kaurene syn-
thase A is, like LIS, a larger protein (ent-kaurene A has 802
residues), and the additional amino acid sequence in these
two enzymes, compared with other terpene synthases, appears
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to have been added to the N-terminal region. In summary, the
LIS protein sequence appears to be a composite of sequences
found in at least two types of terpene synthases. A more pre-
cise delineation of its evolution must await the characterization
of additional sequences of terpene synthases.

Emission of S-Linalool from C. breweri Flowers Is
Regulated at the Nucleic Acid Level

C. breweri flowers emit a strong scent, of which S-linalool and
one of its oxides are major components (Raguso and Pichersky,
1995). We have shown previously that LIS activity is found in
several parts of the C. breweri flower, whereas in C. concinna,
a scentless close relative from which C. breweri arose (Raguso
and Pichersky, 1995), low levels of LIS activity could only be
found in the stigma (3% of that found in the stigma of C. breweri;
Pichersky et al., 1994). The LIS activity levels determined by
Pichersky et al. (1994) show strong positive correlation with
the level of LIS protein in a given tissue (Figure 7), suggesting
that differences in LIS activity in different tissues and at different
stages of developmient are due primarily to changes in amounts
of LIS protein and not to post-translational modification.

The data presented in this report also show that the level
of LIS protein is tightly correlated with the steady state levels
of Lis mRNA in C. breweri (Figures 4 and 7). This is also true
in C. concinna, where the level of Lis mRNA in the stigma is
very low (Figure 3B) and the amount of LIS protein is so low
that it cannot be detected by the protein gel blotting technique
(data not shown). In addition, our data show that there is a
lag time of ~1 day between the peak levels of mMRNA and the
peak levels of LIS protein in petal and stigma tissues but not
in styles and anthers.

Novel Expression Patterns of Lis in Floral Cells

of C. breweri

Both C. concinna and C. breweri show Lis expression in the
stigma, suggesting that this is an ancestral condition. It has
been shown previously (Pichersky et al., 1994; Raguso and
Pichersky, 1995) that the expression of LIS in the stigma of
C. breweri leads to the emission of linalool oxides, not S-linaloo!.
Linalool oxides are produced from S-linalool via an additional
enzymatic step(s), and they also serve as pollinator attractants
in C. breweri (Raguso and Pichersky, 1995; Raguso et al., 1996).
However, in C. concinna stigmata, the levels of the S-linalool
and linalool oxides produced are very low, and they do not
seem to serve to attract pollinators (Raguso et al., 1995). Thus,
the function of Lis expression in the stigma of C. concinna is
still obscured.

The most significant observation concerning the expression
of Lis in C. breweri is that in addition to being upregulated sig-
nificantly in the stigma compared with C. concinna, Lis is also
expressed in other types of floral tissues such as styles, fila-
ments, and petals. Up to 70% of the total LIS activity in the
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C. breweri flower is found in the petals, which are the major
source of emitted S-linalool (Pichersky et al., 1994; Raguso
and Pichersky, 1995). The in situ RNA hybridization experi-
ments (Figures 5 and 6) show that Lis is expressed in petals
preferentially in epidermal cells, leading to the production of
water-insoluble S-linalooi on the surface of the petals, a posi-
tion from which it can most easily escape into the atmosphere.
Thus, it appears that C. breweri has evolved its ability to emit
large amounts of S-linalool simply by highly expressing Lis in
the epidermai cells of the petals, without the concomitant de-
velopment of specialized “scent glands,” as has been found
in some other plants such as orchids (Stern et al., 1986). Be-
cause the petals of C. breweri emit additional scent volatiles
(benzyl acetate is another major component), it would be of
interest to examine whether the mechanisms responsible for
their production and emission have evolved in ways similar
to those governing the production and emission of S-linalool.
It would also be interesting to determine whether C. breweri
has evolved concomitantly a reward system, such as produc-
ing nectar of appropriate composition and suitable for the moth
pollinator.

METHODS

Protein Sequencing

We previously reported the purification of linalool synthase from stig-
mata of Clarkia breweri flowers (Pichersky et al., 1995). The purified
S-linalool synthase protein was subjected to N-terminal sequencing
in a protein sequencer (model 477; Applied Biosystems, Foster City,
CA). A sequence of 32 residues was determined in this way (Figure
1). In addition, the whole protein was cleaved with cyanogen bromide,
the digestion products were subjected to SDS-PAGE, and two addi-
tional peptides were isolated and sequenced (Figure 1) by using
standard protocols.

¢DNA Library

Total RNA was isolated from petals and stigmata of 1-day-old C. breweri
flowers and from flower buds 1 day before opening (stage 5 buds;
Pichersky et al., 1994) by using the protocol described by Lewinsohn
etal. (1994). A cDNA library was constructed in the phage vector A-Zapli
by using poly(A)* mRNA (Strategene), according to company pro-
tocols. Both poly(T) and random primers were used in first-strand DNA
synthesis. The titer of the unampilified library was 19 x 108.

Isolation and Characterization of cDNA Clones

Two oligonucleotides designed to match the region encoding the
N-terminal peptide were synthesized. These oligonuclectides were (1)
the sense 23-mer oligonucleotide for the amino acid sequence
QFLVDKVK (positions 7 to 14 from the N terminus) CA(AG)T T(TC)-
(TC)C(ACGT)GT(ACGT)GA(CT)AA(AG)GT(ACGT)AA and (2) the an-
tisense 17-mer for amino acid sequence NTQNLF (positions 24 to 29

from the N terminus) AA(ACGT)G(AG)AG)T T(CT)TG(ACGT)GT(AG)TT.
Polymerase chain reaction was performed on DNA extracted from the
cDNA library by using these two oligonucleotides in a previously de-
scribed protocol (Schwartz et al., 1991). The anticipated 68-nuclectide
fragment was obtained and cloned into the vector pCRII (Invitrogen,
San Diego, CA). The complete sequence of the 68-bp fragment was
determined to ascertain that the rest of its sequence indeed encoded
the experimentally determined amino acid sequence from position 15
to 23. After obtaining a positive result, the cloned 68-bp fragment was
excised from the vector and used as a probe to screen the cDNA Ii-
brary. Fifteen cDNA clones were isolated, and their 5’ sequence was
determined. All proved to have identical sequences within their over-
lapping regions. The sequence of both strands of the longest clone
was determined by the dideoxy chain termination method (Sanger et
al., 1977).

RNA Isolation and RNA Gel Blot Analysis

Total RNA was isolated from 0.1 g of frozen plant tissues by using the
RNeasy Plant Total RNA Kit (Qiagen Inc., Chatsworth, CA). The amount
of RNA was determined by using a spectrophotometer. RNA samples
(2 ng per lane) were size fractionated by electrophoresis under dena-
turing conditions in vertical urea-agarose gels (Locker, 1979) at 4°C
for 5 hr at 20 W and transferred to Hybond N+ membranes (Amer-
sham). A 2.2-kb EcoRI Lis cDNA fragment containing the 5’ end of
the gene was used as a probe, and hybridizations were performed
in5 x SSPE (1 x SSPE is 0.15 M NaCl, 10 mM sodium phosphate,
pH 7.4, 0.1 mM EDTA), 50% formamide, 5 x Denhardt’s solution (1 x
Denhardt’s solution is 0.02% Ficoll, 0.02% PVP, 0.02% BSA), and 05%
SDS at 37°C for at least 18 hr. Membranes were washed once at 37°C
with 5 x SSPE, 05% SDS, and twice with 2 x SSPE at 65°C before
being exposed to x-ray fitm. mRNA transcripts were quantified by using
amolecular imager system (model GS-363; Bio-Rad). Lis mRNA tran-
script levels were normalized to 18S rRNA levels to overcome error
in RNA quantitation by using spectrophotometry. In addition, all gels
contained a standard RNA sample from stigma tissue for equalizing
signais among gels.

In Situ Hybridization

Preparation of tissues and hybridization conditions were the same as
those described by Drews et al. (1991), with modifications used by Sakai
et al. (1995). The Lis 35S-labeled sense and antisense mRNA probes
were synthesized with T3 and T7 RNA polymerase from an EcoRV-
or BamHI-linearized pBluescript SK+ vector containing 450 nucleo-
tides of the 3’ end of Lis cDNA. Slides were coated with emulsion
(NTB-2; Eastman Kodak) and exposed for 2 to 4 weeks at 4°C.

Protein Gel Blots

Crude extracts of C. breweri floral organ tissues (stigma, style, petal,
filament, anther, and sepal) were made by macerating each tissue from
15 to 25 individual flowers in a mircocentrifuge tube containing ex-
traction bufter (50 mM Tris, pH 6.9, 5 mM sodium bisulfite, 10% glycerol,
1% insoluble PVPP, 2% SDS) in a ratio of 3:1 buffer per tissue fresh
weight for 1 min by using a hand-held homogenizer. Extracts were made
from the last two stages of bud development (stages 4 and 5) and four
stages of open flower development (day 1 through day 4). All extracts



were spun for 10 min in a microcentrifuge at 13000 rpm to remove
cell debris and PVPP. The supernatants were prepared for SDS-PAGE
by adding an equal volume of loading buffer (125 mM Tris, pH 6.8, 0.05%
bromophenol blue, 20% glycerol, 10% B-mercaptoethanol, 4% SDS)
and heating for 5 min at 95°C.

Samples (20 uL of each extract) were loaded on 10% SDS-poly-
acrylamide mini-gels along with samples of four known concentrations
of purified native LIS. Gels were run at 200 V for 45 min. Transfer of
proteins to nitrocellulose membranes was performed at 100 V for 1.5
hr in 48 mM Tris, 40 mM glycine, 0.04% SDS, and 20% methanol at
4°C in a Bio-Rad Mini Trans-Blot Cell.

Filters were blocked for 1 hr with PBS solution (pH 7.4) containing
0.5% Tween-20 (PBST) and 5% Carnation nonfat dry milk. Blocked
filters were washed twice in PBST for 5 min to remove the milk. LIS
protein bands were visualized by using Western Blot Chemilumines-
cence Reagent (Du Pont-New England Nuclear), according to the
manufacturer’s protocols except for the following modifications. Pri-
mary anti-LIS antibody (diluted 1:1540) and secondary goat anti-rabbit
IgG horseradish peroxidase conjugate (diluted 1:30,000) were prepared
in PBST instead of PBST plus 1% BSA. Incubations with primary and
secondary antibody were performed for 1 hr at room temperature.

Bands were visualized on Kodak X-OMAT AR film. Quantitation was
performed by using a molecular imager system (model GS-363; Bio-
Rad) to scan images from 5-hr exposures onto an imaging screen
(model CH GS-250; Bio-Rad) into a computer file using the Molecular
Analyst program (Bio-Rad). The four standards from each protein gel
blot for each tissue were used to produce standard curves for each
given blot. These standard curves along with the initial data from tis-
sue collection were then used to calculate concentration of LIS protein
(in micrograms per gram fresh weight of tissue).
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