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Abstract

A previously unspecified ‘“‘starter” unit in the predicted biosynthesis pathway of 5-al-
kylresorcinols has now identified as a fatty acid or its equivalent, using an efficient 5-alkylres-
orcinol production system of etiolated rice seedlings. Feeding saturated, odd-carbon fatty acid
ester substrates from C11 to C19 specifically and markedly increased the amount of the cor-
responding 5-alkylresorcinol homologs with even-carbon chains that are shorter by one car-
bon than those of the supplied fatty acids. The amount of these homologs depended on
substrate concentration. Some of the homologs whose amounts increased had linear carbon
chains and the dodecyl homolog was shown to be 5-n-dodecylresorcinol. Moreover, the *C
label in the dodecyl homolog that was biosynthesized from the [1-'*C]tridecanoate substrate
was localized on the C-5 carbon of the resorcinol ring. These results obviously show that
the fatty acid unit acts as a direct precursor and forms the side-chain moiety of 5-n-alkylres-
orcinol via the predicted biosynthesis pathway.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

5-Alkylresorcinols (ARs) are found in many different living organisms, such as
lower and higher plants, fungi, bacteria, and animals, and show multiple aspects
of cellular biochemistry, membrane structure, and physiology [1]. In particular,
ARs in cereal grains [2-4] and in their seedlings [5,6], and in mango fruit [7] play
a role in the defense system as phytoanticipins against fungal pathogens. ARs are
polyketide-derived products and their biosynthesis pathway, route A, is predicted
based on 6-methylsalicylic acid biogenesis [§8], as shown in Fig. 1. The Aldol-type
condensation of malonyl-Coenzyme A (malonyl-CoA) to a pre-existing fatty acid

o] CO, (x2) Malonyl-SCoA (x2) O Acpw.SH j\/
R R
fl\ko/ Coas ™ mmom o “*  ACPS
acps™No KR 1a 1b
ﬂReductior_\s R =H (Acetyl-SCoA)
Dehydration R = C2n (Acyl-SCoA) (3a) R=H
b o}
R Malonyl-SCoA (x 3)
ACPS”Y0 I HS-ACP
K Malonyl-SCoA CO; (x3)
co, o) OH
N o o 0o
R
0o o R HO R
CO-SACP CO-SACP CO-SACP
2 7
E Reduction
L. H,0 J L\. H,0 v'Dehydratlon
OH OH
R
HO/@/ HO R HO i
CO-SACP CO-SACP CO-SACP
3a 3b
CO-SAC% %HS-ACP
HS-ACP
OH OH
/@,R
HO R HO HO R
COH CO,H
6 4 5
(6-methylsalicylic acid) (orcinol) (orcellinic acid)
6-alkylsalicylic acids ~ 5-alkylresorcinols  6-alkylresorcinolic acids

Fig. 1. Predicted biosynthesis pathways of 5-alkylresorcinol and related compounds [1].
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unit 1, the so-called “starter” unit, followed by second and third extensions of
malonyl-CoAs to 3-oxoacyl-acyl carrier proteins (3-oxoacyl-ACPs), without the
reductive removal of oxygen similarly to fatty acid biosynthesis, yields a polyoxom-
ethylene intermediate 2 in which all the carbonyl oxygens are retained. The Claisen-
type ring closure of the acyclic intermediate 2 yields 6-alkylresorcinolic acid 3a. The
concerted liberation of ACP and decarboxylation from 3a yields 5-alkylresorcinol 4
with an odd-carbon-number chain. Simple ACP liberation from 3a affords 6-alkyl-
resorcinolic acid 5. To date, the biosynthesis pathway for short-chain ARs and their
reduced analogs (R =H), e.g., namely orcinol, orsellinic acid, and 6-methylsalicylic
acid [9-12], has been established through labelling experiments using malonate and
acetate where acetyl-CoA is the starter unit.

To our knowledge, however, there are few biosynthesis studies on ARs with a
carbon chain longer than five carbons. Fate and Lynn [13] showed that labelled
acetate was incorporated into the ring carbons of quinone-type xenognosin and
its AR-type derivative indicating that they were derived from a polyketide biosyn-
thesis pathway. However, no detectable incorporation of labelled acetate into
their side chains was shown. An alternative hypothetical pathway, route B, has
also been considered based on the non-incorporation of a label into their side
chains [1]. In this pathway, orsellinic acid-ACP 3a (R =H) might condense onto
a pre-existing fatty acid unit 1b, affording 6-(2’-oxoalkyl)resorcinolic acid 7. The
reduction of the 2’-oxo group in 7 to a methylene group affords 6-alkylresorcin-
olic acid 3b. There is little biochemical precedence for this pathway because an
activation mechanism of the methyl group in orsellinic acid-ACP required for at-
tack on the activated fatty acid unit is unknown. Thus, there are two unresolved
problems with respect to the 5-alkylresorcinol biosynthesis pathway. First, do pre-
existing fatty acids function as starter units as predicted. Second, does malonyl-
CoA (route A) or orsellinic acid-ACP 3a (R=H) (route B) condense onto the
starters if pre-existing fatty acids are the starter units. Non-incorporation of ace-
tate into the side carbon chains of xenognosin and its AR-type derivative are pre-
sumably due to a dilution of the fatty acids derived from exogenous acetate by
endogenous fatty acids. It may also be due to a difference between the organelle
and rate of fatty acid biosynthesis and those of ARs formation from fatty acid
starters. If such an assumption is correct, feeding odd-carbon fatty acids under
higher concentrations may effectively elevate their ratio of incorporation in AR
carbon chains because, in general, odd-carbon fatty acids are relatively lower in
content than even-carbon fatty acids in plants. In such cases, the produced AR
homologs should have even-carbon chains, and not odd-carbon chains.

We have previously developed an efficient AR production system that uses etio-
lated rice seedlings, which produces a series of AR homologs with odd-carbon side
chains of C13, C15, and C17 [6]. In our recent survey of these rice seedlings, a series
of even-carbon chain AR homologs as well as odd-carbon ones were detected, al-
though all in trace amounts. Here, we establish the biosynthesis of long chain
ARs using our AR production system and show that a fatty acid unit acts as a direct
precursor and forms the carbon-chain moiety of ARs via the predicted AR biosyn-
thesis pathway.
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2. Results and discussion
2.1. Detection and tentative identification of minor AR homologs

Prior to an AR biosynthesis study, minor AR homologs were detected and iden-
tified. We focused on saturated carbon-chain AR homologs. One of the reasons for
this is that saturated carbon chains are more amenable to structure identification
than unsaturated carbon chains. The fatty acids required for feeding-substrate prep-
aration are also more available for the saturated types.

In the GC-EI-MS analyses of the extracts obtained from the 8-day-old seedlings,
we detected several AR homologs. Based on a common, intense fragment ion of m/z
268 and moderately intense molecular ions, five homologs with saturated, even-car-
bon chains of C10, C12, C14, C16, and C18 (AR10:0, AR12:0, AR14:0, AR16:0, and
AR18:0), and three homologs with saturated, odd-carbon chains of C9, C11, and
C19 (AR9:0, AR11:0, and AR19:0) were detected. Fig. 2A shows the GC-EI-MS/
SIM chromatograms of the silylated rice seedling extracts, monitoring with a frag-
ment ion at m/z 268. The hatched and black peaks represent the minor and major
homologs, respectively. As shown in the control entry of Table 1, all the minor ho-
mologs were detected in extremely low amounts that ranged from about 0.05%
(AR10:0) to 1.5% (AR14:0) of that of AR13:0, a major homolog. Whether or not
those minor homologs have linear or branching carbon chains and alkylbenzene-
1,3-diol moieties was not determined.

2.2. Feeding experiments of fatty acid ester substrates

Based on a possibility that a high endogenous fatty acid content in plants reduces
the incorporation ratio of the supplied fatty acid substrates to ARs, we focused on
even-carbon chain AR homologs that should be synthesized from odd-carbon fatty
acids. A 6 mM higher substrate concentration was supplied except in the case of fatty
acids that were severe germination and growth inhibitors. As substrates for supply-
ing the fatty acids, we chose an ester conjugate of a n-fatty acid and monomethoxy
poly(ethylene glycol) because it was not possible to prepare millimolar substrate so-
lutions of the free fatty acids or their corresponding salts due to their low solubility.
The free acids also caused both germination and growth inhibition, especially the
short-chain fatty acids. Poly(ethylene glycol) is used for many synthetic surfactants,
is relatively low in toxicity, and tends to be absorbed by living organisms.

AR homolog contents (ng/seedling) in the seedlings treated with ester substrates
for 8 days were determined by GC-EI-MS/SIM and the results are shown in Table
1. Substrate concentrations between 0.2 and 0.6 mM were also used for the short-
er-chain substrates, e.g., C10, C11, and C12, in order to reduce the germination
and growth inhibition. Interestingly, all of the substrate feedings increased only
the amounts of the AR homologs that had chain lengths shorter by one carbon than
those of supplied fatty acid substrates. If such homologs have 5-n-alkylresorcinol
structures, these results strongly suggest the direct incorporation of fatty acid units
liberated from the substrates to the AR carbon chain moieties via route A, but not
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Fig. 2. GC-EI-MS/SIM chromatograms of the silylated rice seedling extracts, monitored with a fragment
ion at m/z 268. (A) Extract of non-treated sample (control), and samples treated with 6 mM (B) C13 sub-
strate and (C) C15 substrate for 8 days at 29 °C in darkness. In the chromatogram (A), black peaks show
the known major homologs with an odd-number of side-chains of C13, 15, and 17, and hatched peaks
show newly detected minor homologs with saturated side-chains of C9, C10, C11, C12, Cl14, Cl16, C18,
and CI19.

route B (Fig. 1). In route B, the AR homologs would have have carbon lengths long-
er by one carbon than the fatty acid chains of the supplied substrates. While the ob-
served ratios varied, they were at least 3-fold higher than the control. Moreover, they
depended on the substrate concentration between 0.2 and 6 mM.

In Table 1, the ratios for the AR10:0 and AR12:0 homologs were surprisingly high,
about 100- and 4500-fold greater than the control, respectively. In particular, the level
of AR12:0 (about 4500 ng/seedling) was comparable to that of the major homolog,
AR13:0 (about 7700 ng/seedling) (Fig. 2B) using 6 mM of Cl13-substrate feedings.
AR14:0 production also increased to a fairly high level (about 1200 ng/seedling) using
6 mM of C15-substrate feedings although its increased ratio was 10-fold higher than
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the control. Shorter-chain substrates, namely C10, C11, and C12, also gave high in-
creased ratios despite the low substrate concentrations of 0.2-0.6 mM. Interestingly,
the supply of an odd-chain fatty acid did not change the relative compositions of ma-
jor, odd-carbon chain AR homologs, AR13:0, AR15:0, and AR17:1 (Fig. 2).

The effect of substrate supply on the production of the major homologs was also
examined. Feeding the tetradecanoate substrate C14 under the same conditions de-
scribed above efficiently increased AR13:0 production (Table 2). The increase was
about 2000 ng/seedling and was almost the same order as that of AR12:0 (about
4500 ng/seedling, Table 1) although the ratio was only about 25% higher than the
control (about 8000 ng/seedling). Therefore, the major homolog as well as the minor
homologs were found to increase with an increase in substrate supply.

Table 3 shows the free fatty acid content of substrate-treated rice seedlings. In
non-substrate supply (designated control), the amounts of odd-carbon fatty acids
were relatively lower than those of even-carbon ones, as expected. Among the
even-carbon fatty acids, FA16 was the most predominant. Three fatty acids, namely
FA10, FA1l, and FA19, were not detected. In the seedlings treated with the sub-
strates, only free fatty acids that can be derived from the supplied substrates mark-
edly increased and this increase depended on substrate concentration. These results
showed that free fatty acids are released from the supplied substrates by hydrolysis.
In addition, the amount of fatty acid decreased as the number of carbons decreased.
The relationships between the amount of liberated fatty acid and carbon-chain
length suggest that the liberated fatty acid content does not directly influence the cor-
responding homolog production. For example, AR12:0 production is extremely high

Table 2

AR homolog content of seedlings treated with C14 substrate
Substrate AR homolog content (ng/seedling)

Control SD* Cl14®° SD

AR 9:0 0.5 0.1 1.6 0.4
AR10:0 0.3 0.1 0.5 0.1
ARI11:0 66 2 131 17
AR12:0 1 0.4 28 1
AR13:0 8085 326 10367 716
AR14:0 107 5 143 5
ARI15:1 1893 55 1794 76
ARI15:0 9506 475 9091 539
AR16:0 10 0 14 1
ARI17:1 23420 924 22337 1109
ARI17:1 4105 124 3711 212
ARI17:0 2005 135 1768 199
ARI18:0 3 0.04 2 0.5
AR19:0 11 1 15 2
Total amount 49212 1957 49820 2010

Data in boldface indicate product expected from route A (Fig. 1).
#SD; standard deviation (n = 3).
® Treatment with 6mM tetradecanoate ester substrate.
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Table 3

Free fatty acid content of substrate-treated rice seedlings
Free fatty acid Free fatty acid content (ug/seedling)

Substrate Control Substrate supply

FA10 C10 ND ND (0.2mM), ND (0.6 mM)
FAll Cl1 ND ND (0.2mM), ND (0.6 mM)
FA12 c12 0.11 0.1 (0.6mM), 0.31 (2mM)
FA13 C13 0.12 0.11 2mM), 0.7 (6 mM)
FAl14 Cl4 0.68 NE
FAIl5 C15 0.41 4.90 2mM), 31.85 (6 mM)
FAL16 Cl6 3.53 NE
FA17 C17 0.13 26.7 2mM), 107 (6 mM)
FA18:1 C18:1 1.53 NE
FA18 C18 0.91 NE
FAI19 C19 ND 45.5 (2mM), 90.4 (6 mM)

ND, not detected; NE, not examined.

despite a free-FA13 content lower than the contents of the other odd-carbon free
fatty acids, namely FA15, FA17, and FA19. Interestingly, free-FA10 and -FAT1l
were not detected even when substrate was supplied.

2.3. Structure determination of minor AR homologs

We attempted to isolate the minor homologs for which the quantities increased
with substrate supply by preparative HPLC to determine their structures. The elu-
tion of the extract with solvent A (see Section 3) gave a mixture of each homolog
(AR11:0, AR12:0, AR14:0, and AR16:0) and the free fatty acid liberated from the
supplied substrate. These enriched homologs, without further purification, were sub-
jected to a negative ion collision-induced-dissociation mass spectrometry (CID-MS)
analysis to determine the carbon chain structures [14]. Fig. 3 shows the CID-MS
spectra of the four homologs together with that of AR13:0. The fragment patterns
for the four homologs (spectra A, B, E, and F) were quite similar to that of
AR13:0 (spectrum D) and spaced by 14 mass unit, showing that the four homologs
examined have linear carbon-chain structures. Due to the extremely low amounts,
the carbon chain structures for the other homologs (AR9:0, AR10:0, and AR18:0)
were not determined.

In order to prove the presence of an alkylbenzene-1,3-diol structure in the minor
homologs, the AR12:0 homolog, for which production was the highest with sub-
strate supply, was isolated in pure form by re-preparative HPLC (solvent B, see Sec-
tion 3) of the AR12:0 homolog fraction containing only FA13 as the impurities. The
'"H-NMR and proton-noise-decoupled *C-NMR (3C{'H}-NMR) spectra are con-
sistent with the presence of an alkylbenzene-1,3-diol structure. Fig. 4B shows the
"H-NMR spectrum of the AR12:0 homolog. The triplet at § 6.17 ppm, doublet at
0 6.24 ppm, and triplet at 6 2.48 ppm are identical with those found for AR13:0 (data
not shown) and indicated the presence of an alkylbenzene-1,3-diol structure. The
BC{'H}-NMR spectrum (Fig. 5B) also supported this assignment (see Section 3).
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[1-13C]C13 substrate or non-labelled C13 substrate for 8 days at 29 °C in darkness.

The results of CID-MS and NMR analyses showed that the structure of AR12:0 is
5-n-dodecylresorcinol.

2.4. Biosynthesis of 'C-labelled ARI2:0 using [I-3C]tridecanoate substrate
([1-5C]CI3)

[1-3CJFA13 as a labelled fatty acid was prepared from [1-"*Clacetic acid and
1-bromoundecane [15]. The spectral data of [1-'*C]JFA13 are consistent with the ex-
pected structure including the '3C label. For example, in the *C{'H}-NMR spectrum
(see Section 3), the '3C label was detected as an intense singlet at the C-1 carboxylate
carbon (6 179.3 ppm). Moreover, carbons of C-2, C-3, and C-4 were observed as dou-
blets that were due to ['*C-'*C]-coupling with an [1-'3CJ-atom. These data showed
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that the '3C-atom is localized on the C-1 carbon. The labelled substrate from
[1-3C]FA13 was prepared in the same manner described for non-labelled substrates.

Feeding the !*C-labelled substrate followed by solvent extraction and subsequent
isolation of AR12:0 were carried out in the same manner described for the non-la-
belled AR12:0. The structure of the *C-labelled AR12:0 was determined by compar-
ing the spectral data between the labelled and non-labelled AR12:0 homologs. In
their GC-EI-MS (data not shown) and CID-MS spectra (Figs. 3B and C), the mo-
lecular and fragment ions in the labelled AR12:0 increased by one mass unit com-
pared with those in the non-labelled AR12:0. These shifts clearly shows that the
13C label is localized in resorcinol-ring carbons. The PC{'H}-NMR data (Fig. 5)
demonstrated the '3C label to be the C-5 carbon because the label was detected as
an intense singlet at ¢ 146.2 ppm, which is assigned to the C-5 carbon. Moreover,
several doublets due to ['*C-"3C]-coupling with the [5-'*C]-atom were observed in
carbons of C-2 and C-4, 6 and of C-1’, C-2/, and C-3'. The '"H-NMR spectra
(Fig. 4) further supported the assigned '*C-atom position. Only the coupling patterns
of the H-1' protons at § 2.48 ppm differed. There is a triplet of doublets for the
labelled AR12:0 and a triplet for the non-labelled AR12:0. The additional coupling
observed for the labelled AR12:0 is due to ['H-'*C] coupling with the [5-*C]-atom.
The same coupling pattern was also observed in the H-2 protons of the synthetic
[1-3C]JFA13 (see Section 3). Thus, it has been shown that [1-'3C]tridecanoate unit
liberated from the supplied substrate, without any carbon—carbon fissions such as
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fatty acid B-oxidation, is directly incorporated into the [5-'*CJAR12:0 carbon chain
via the predicted AR biosynthesis pathway. Hence, a fatty acid or its equivalent is
likely a starter unit (precursor) in long-chain-AR biosynthesis.

2.5. Conclusions

We have established here the biosynthesis pathway of long-chain ARs in rice
seedlings. The putative starter unit in long-chain-AR biosynthesis is a fatty acid
or its equivalent and the pathway is the route A shown in Fig. 1. These studies
were made possible by the following developments. First, rice seeds without ARs
were used but ARs were eventually produced in their etiolated seedlings. Second,
it was found that the AR12:0 homolog content increased markedly with substrate
supply because this high production ratio made it possible to isolate the non-la-
belled AR12:0 homolog and labelled one with higher incorporation of *C-label.
This enabled us to use CID-MS and NMR analysis to provide evidence for the
labelled AR12:0 structure.

Hesk et al. [16] reported the biosynthesis of anacardic acids, long-chain 6-alkylsal-
icylic acids (6), from fatty acid methyl esters in geranium (Pelargonium xhortorum).
They found that [1-'*C]fatty acids are predominantly incorporated into the corre-
sponding anacardic acid homologs expected from the predicted long-chain 6-alkyl-
salicylic acid biosynthesis pathway (Fig. 1). Although the labelling patterns of
these homologs were not determined, these data seem to suggest that pre-existing
fatty acids are precursors for the long-chain 6-alkylsalicylic acids.

It is noteworthy that only the AR12:0 homolog was produced in higer quan-
tities when substrate was supplied. This is probably due to substrate specificity
for the malonyl-CoA condensation to acyl-CoA starters and for the subsequent
reactions. Under conditions where substrate was not supplied, a relationship ex-
ists between chain length and degree of chain-unsaturation in ARs (Fig. 2A). Sat-
urated chains are the major component in relatively shorter-chain homologs of
AR13:0 and AR15:0, while unsaturated ones are the major component in rela-
tively longer-chain homologs of AR17:1s. On the other hand, the amount of free
fatty acids varies (Table 3). Consequently, the production of the major, odd-car-
bon chain homologs does not directly reflect free fatty acid content. For example,
the levels of AR13:0 and AR15:0 are almost identical although the FA16 level is
5-fold higher than the FA14 level. Such a result was also observed in the seed-
lings treated with the substrates. Therefore, it seems that substrate specificity,
but not the amount of free fatty acids as a starter unit, determines AR produc-
tion levels.

In the course of this study, a series of minor AR homologs with an even-carbon
chain as well as an odd-carbon chain were also found. In barley and rye [3,17], the
occurrence of such even-carbon chain AR homolog has been reported together with
odd-carbon chain ones. However, their identification is poorly documented because
they were determined based only on GC-MS data. A complete structural identifica-
tion of the AR12:0 homolog in this study is the first report on the occurrence of even-
carbon chain ARs. In addition to AR12:0, all the minor homologs found here are
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also thought to have alkylbenzene-1,3-diol and linear carbon-chain structures
because the same increases in the production of the ARs specific to the supplied
substrates as that of AR12:0 were observed.

3. Experimental
3.1. Plant materials and experiments

Rice seeds (Oryza sativa L. cv. RD-25) were surface-sterilized with 70% ethanol
(v/v) for 3min, washed thoroughly with tap water, and then soaked in tap water
at 29 °C for 2 days in darkness. Twenty of these soaked seeds were germinated in ver-
miculite filled with distilled water or an aqueous substrate solution (50 mL) in 100-
mL glass beakers. After 8 days of incubation at 29 °C in darkness, these seedlings
were used for extraction of ARs and free fatty acids.

3.2. Extraction of ARs and free fatty acids from rice seedlings

The extraction of ARs and free fatty acids from seedlings was essentially per-
formed as reported by Lynn et al. [13]. The roots of the 8-day-old seedlings (about
0.6 g fresh weight/10 seedlings) were dipped in 10% MeOH/CHClI; (v/v, 50 mL/10-20
seedlings) for 3 min. The filtered extract was concentrated in vacuo and the residue
was subjected to GC-EI-MS analysis and preparative HPLC.

3.3. General

'H- and BC{'H}-NMR spectra were recorded in CDCIl; with tetramethylsilane
as an internal standard using 300 MHz Bruker and JEOL GSX-500 spectrometers.
FAB-MS and FAB-CID-MS were measured on a JEOL JMS-HX/HX110A four-
sector (EBEB) tandem mass spectrometer equipped with an array detector. The
product ion was scanned manually with a B/E constant and subjected to collision.
The second-generation product ions formed by CID were measured using the sec-
ond mass spectrometer. FAB was generated using xenon as the primary beam with
an energy of 6keV and an ion acceleration voltage of 10kV. High-energy CID was
performed by introducing helium as the collision gas until the intensity of the pre-
cursor ion was reduced to 1/3 of the initial value. m-Nitrobenzoic acid was used as
the matrix.

3.4. Analysis of AR homologs and free fatty acids by GC-EI-MS and GC-EI-MSISIM

An amount of extract equivalent to 0.1 seedlings and m-n-pentadecylphenol
(200ng) as an external standard were placed in a glass microvial for GC and
the solvent was evaporated. N-methyl-N-trimethylsilyltrifluoroacetamide (50 pL),
a trimethylsilylating agent, was added, and the mixture was heated at 70°C
for 30min. One microliter of the derivatized sample was loaded on a gas
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chromatograph HP 6890 series coupled to a mass spectrometer HP 5973 at 70eV
with a gas flow rate of 1 mL/min of He. A DB-5MS column (¢ 0.25mm x 30 m,
0.25 um film thickness, G&L Science) was used and the column oven temperature
was programmed as follows: 90 °C for 1 min, increasing at 30 °/min up to 180°C,
and at 5°C/min up to 300 °C, and 300 °C for 10 min. GC-EI-MS, R, min: 8.40 (M*
380, AR9:0), 9.04 (Mt 394, AR10:0), 9.77 (M* 408, AR11:0), 10.58 (Mt 422,
AR12:0), 11.48 (M* 436, AR13:0), 12.44 (M* 450, AR14:0), 13.28 (M* 462,
ARI15:1), 13.47 (M" 464, AR15:0), 14.53 (M* 478, AR16:0), 15.38 and 1547
M+ 490, AR17:1s), 15.65 (Mt 492, AR17:0), 16.76 (M* 520, AR18:0), 17.90
(M* 520, AR19:0). AR15:1 and AR17:1s represent ARs with a mono-unsaturated
carbon chain, 5-(8'-pentadecenyl), 5-(8'-heptadecenyl), and 5-(10'-heptadecenyl)res-
orcinol, respectively.

AR homolog content was quantified according to the method described previ-
ously [6] with small modifications by GC-EI-MS/SIM using a fragment ion m/z
268 that is characteristic for S-alkylresorcinol homologs. n-Pentadecylresorcinol
(AR15:0, Aldrich) was used for calibration. Free fatty acid content was quantified
by GC-EI-MS/SIM using each [M-CHj;]" ion of the silylated fatty acids. Saturated
fatty acids from FA10 to FA19 and cis-9-octadecenoic acid (FA18:1) were used
for calibration.

3.5. Preparation of fatty acid-monomethoxy poly(ethylene glycol) ester substrates

A mixture of fatty acid (4 mM), monomethoxy poly(ethylene glycol) (Mn 350,
3mM), and camphor sulphuric acid (250 mg) was refluxed for 18 h with the azeotro-
pic removal of water. The mixture was cooled on ice and saturated NaHCO; solu-
tion was added. The solvent layer was washed with saturated NaCl solution and
dried over anhydrous MgSQO,. The solvent was evaporated and the residue was chro-
matographed on a silica gel column. Elution with 5% MeOH/CHCI; (v/v) afforded
an ester in a quantitative yield.

3.6. Synthesis of [1-" C]tridecanoic acid ([1-°C]JFAI3)

[1-3CJFA13 was synthesized as described by Pfeffer et al. [15]. 1.6 M n-butylli-
thium (11.2mL) was added to a solution of diisopropylamine (1.81 g) in dry tetrahy-
drofuran (15 mL) with stirring under N, at a rate necessary to keep the temperature
below 0 °C. Subsequently, [1-'3CJacetic acid (500 mg, 99 atom % of '3C, Aldrich) was
added at 0°C. After a 15min period, hexamethyphosphoramide (4 mL) was added.
The solution was stirred for 20 min and 1-bromoundecane (2.06 g) was added at 0 °C.
After 2-h stirring, saturated NH4Cl solution was added at 0 °C. The aqueous layer
was extracted with n-hexane. The combined organic layers were washed three times
with 1 N hydrochloric acid, followed by a saturated NaCl solution. The organic layer
was dried and evaporated. The residue was chromatographed on a silica gel column
with 1% MeOH/CH,Cl, to give [1-3C]JFA13 (1.3 g).

FAB-MS: m/z 214.1 (M-H)~. '"H-NMR (300 MHz, CDCl;) § ppm: 0.88t (3H,
J =6.7Hz, H-13), 1.26m (18H), 1.63m* (2H, H-3), 2.35td* (2H, J = 7.3 Hz,
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e =74, H-2). BC{'H}-NMR (75MHz, CDCl;) § ppm: 14.1, 22.7, 24.7d*
(*Jec = 1.5Hz, C-3), 29.0d* (CJcc =3.5Hz, C-4), 29.2, 29.3, 29.4, 29.5, 29.6
(2x), 31.9, 33.9d* ('Jc.c = 54.9Hz, C-2), 179.3 (C-1). The splitting (*) shows the
'H-"C (Jcn) and BC-C (Jc_¢) couplings.

3.7. Purification of minor AR homologs by HPLC

Preparative HPLC was performed with a reverse phase PEGASIL ODS column
(¢ 10mm x 250 mm, Senshu Scientific) connected to a SSC system (Senshu Scien-
tific) in the isocratic mode. The solvent system used was H,O/CH3;CN ((A) 10:90,
(B) 25:75 vlv) containing 0.1% trifluoroacetic acid, and the flow rate was 4mL/
min. The substances were monitored by UV absorption at 280 nm. An amount of
extract equivalent to 30 seedlings was loaded on the column. R; (solvent A) min:
7.72 (AR11:0), 9.97 (AR12:0), 12.60 (AR13:0), 16.23 (AR14:0), 21.04 (AR15:0),
28.00 (AR16:0), 37.77 (AR17:0). Five homolog peaks (ARI11:0, AR12:0 ([5-
3CJAR12:0), AR13:0, AR14:0, AR16:0) were obtained. Only AR13:0 was pure in
the '"H-NMR spectrum (data not shown). Re-chromatography of the fraction
AR12:0 or [5-3*C]JAR12:0 by preparative HPLC with solvent B yielded a pure sample
(Ry: 24.37 min).

AR12:0 (200 ug). FAB-MS: m/z 277.1 [M-H]~. '"H-NMR (500 MHz, CDCl;) §
ppm: 0.88t (3H, J = 6.9 Hz, H-12'), 1.26m (18H), ca. 1.5m (2H, H-2', overlapped
with solvent), 2.48t (2H, J = 7.8 Hz, H-1"), 4.62s (2H, OH), 6.17t (1H, J = 2.3 Hz,
H-2), 6.24d (2H, J = 2.3Hz, H-4, 6). *C{'H}-NMR (125 MHz, CDCl;) § ppm:
156.5 (C-1,3), 146.2 (C-5), 108.0 (C-4, 6), 100.1(C-2), 35.8 (C-1'), 31.9 (C-10'), 31.1
(C-2)), 29.7 x 2, 29.63, 29.59, 29.5, 29.4 (C-4' to C-9), 29.3 (C-3'), 22.7 (C-11"),
14.1 (C-12)).

[5-BCJAR12:0 (150 ng). FAB-MS: m/z 278.1 [M-H]~. 'H-NMR (500 MHz,
CDCl;) 6 ppm: 0.88t (3H, J = 6.9 Hz, H-12'), 1.26m (18H), ca. 1.5m (2H, H-2', over-
lapped with solvent), 2.48td* (2H, J = 7.8 Hz, 'Jy_c = 6.0Hz, H-1'), 4.63s (2H,
OH), 6.17t (1H, J =2.3Hz, H-2), 6.24d (2H, J = 2.3Hz, H-4, 6). *C{'H}-NMR
(125MHz, CDCl3) 6 ppm: 156.5 (C-1,3), 146.2 (C-5), 108.0d* ('Jc_c = 59.5Hz, C-
4, 6), 100.1d* (PJo_c = 3.8Hz, C-2), 35.8d* (‘Je_c = 42.2Hz, C-1'), 31.9 (C-10),
31.1d* (Jec =422Hz C-2), 29.7x2, 29.64, 29.6, 29.5, 29.4 (C-4 to C-9),
29.3d* (*Je_c = 3.8 Hz, C-3'), 22.7 (C-11"), 14.1 (C-12).

Fractions AR11:0, AR12:0, AR14:0, and AR16:0 were subjected to negative
FAB-CID-MS analysis without further purification (See Fig. 3). FAB-MS [M-H]:
m/z 263.1 (AR11:0), m/z 277.1 (AR12:0), m/z 305.1 (AR14:0), m/z 333.1(AR16:0).
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