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43,2, and 54.0 pM) of the starter substrate (cinnamoyl-CoA, cinna-
moyl-NAC, or diketide NAC) in the assay mixture, containing 108 uM
of malonyl-CoA, 5 ug of purified enzyme, 1 mM EDTA, in a final
volume of 500 pL of 100 mM Tris-HC1 buffer, pH 7.5. Incubations
were carried out at 30 °C for 20 min. The reaction products were ex-
tracted and separated by TLC (Merck Art. 1.11798 Silica gel 60 Fag;
ethyl acetate/hexane/AcOH = 63:27:5, v/v/v). Radioactivities were
quantified by autoradiography using a bioimaging analyzer BAS-
200011 (Fujifilm). Lineweaver-Burk plots of data were employed to
derive the apparent Ky and ke values (average of triplicates + stan-
dard deviation) using EnzFitter software (BIOSOFT).

HPLC and HPLC-ESIMS. The enzyme reaction products were
separated by reverse-phase HPLC (JASCO 880, JASCO) on TSK-gel
ODS-80Ts column (4.6x 150 mm, TOSOH) with a flow rate of
0.8 ml/min. Elutions were monitored by a multichannel UV detector
(MULTI 340, JASCO) at 290, 330, and 360 am; UV spectra (198
400 pm) were recorded every 0.4 s. Gradient elution was performed
with H;O and MeOH, both containing 0.1% TFA: 0-5min, 30%
MeOH; 5-17 min, linear gradient from 30% to 60% MeOH; 17-
25 min, 60% MeOH; 25-27 min, linear gradient from 60% to 70%
MeOH.

Oreline HPLC-ESIMS spectra were measured with a Hewlett-
Packard HPLC 1100 series (Wilmington, DE) coupled to a Finnigan
MAT LCQ ion trap mass spectrometer (San Jose, CA) fitted with an
ESI source. HPLC separations were carried out under the same con-
ditions as described above, The ESI capillary temperature and capil-
lary voltage were 225 °C and 3.0V, respectively. The tube lens offset
was set at 20.0 V. All spectra were obtzined in the negative and positive
modes; over a mass range of m/z 100-500, at a range of one scan every
2 5. The colligion gas was helium, and the relative collision energy scale
was set at 30,0% (1.5 eV). Product analysis was carried out as described
before by direct comparison with the authentic compound [17,18].

PKR enzyme reaction. The reaction mixture contained 108 pM of
substrate (cinnamoyl-CoA, cinnamoyl-NAC, or diketide-NAC), 1 mM
NADPYH, and 6 pg of the purified enzyme in a final volume of 500 L.

of 100mM potassium phosphate buffer, pH 6.5, containing 1 mM
EDTA. Incubations were cartied out at 30 °C for 20 min to overnight.
The products were then extracted with 1 mL of ethyl acetate (2x),
concentrated by N flow, and separated by reverse-phase HPLC (TSK-
gel ODS-80Ts, 4.6 % 150 mm; 40% MeOH; 0.8 ml/min).

CHSIPKR enzyme reaction. The reaction mixture contained 54 uM
of starter substrate (cinnamoyltCoA, cinnamoyl-NAC, or diketide-
NAC), 108 uyM of malonyt-CoA, 1 mM NADFH, and Sug of S.
baicalensis CHS, and 60 pg of G echinata PKR in a final volume of
500 pL of 100mM potassium phosphate buffer, pH 7.0, containing
1 mM EDTA. Incubations were carried out at 30 °C for 20 min to
overnight and stopped by adding 50 uL of 20% HCI. The products
were then extracted with 1 mL of ethyl acetate {2x), concentrated by
N, flow, and analyzed by the reverse-phase HPLC as described above
for the CHS enzyme reaction.

Resnlts and discussion

Enzymatic formation of chalcone from NAC-thioesters by
CHS

Although it has been reported that plant type III
polyketide synthases including CHS from Pinus sylves-
fris accepted NAC-thioesters as a substrate [25), detailed
analysis of enzyme kinetics as well as complete charac-
terization of the enzyme reaction products have thus
far not been carried out. OQur TLC based assay (Fig.
3) and the LC-ESIMS analyses of the enzyme reaction
products unambiguously demonstrated that purified
recombinant S. baicalensis CHS [17,18] readily accepted

Fig. 3. TLC analysis (autoradiography) of the CHS enzyme reaction products from [2-"*C}malonyl-CoA and (a) 4-coumaroyl-CoA (1a); (b)
cinnamoyl-CoA (1b); (c) cinnamoyl-NAC (6); and (d) cinnamoyl diketide-NAC (7). Note that by acid treatment chalcones are converted to racemic

flavanones through a non-stereospecific ring-C closure.
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both cinnamoyl-NAC (6) and cinnamoyl diketide-NAC
(7} as a starter substrate, and carried out sequential
decarboxylative condensations with malonyl-CoA to
produce 2',4',6'-trihydroxychalcone (pinocembrin chal-
cone} (3b). In addition, as in the case of enzyme reaction
with the regular starter CoA esters, formation of the
early released derailment by-products, tetraketide and
triketide a-pyrone (4a and 5b) [3,4], was also detected
in the assay mixture. However, interestingly, no evi-
dence was obtained for the formation of 4-(phenyl)-

Table 1

Steady-state kinetic parameters for CHS enzyme reactions®

Starter substrate kea Ky (uM) kea/ Kna
(min™") (7'M

Cinnamoyl-CoA 072+002 627+£1.02 1920

Cinnamoyl-NAC 0531002 630126 1390

Cinnamoyl diketide-NAC 0234000 9284071 413

* Steady-state kinetic parameters were calculated for formation of
pinocembrin chakone {actually the flavanone rather than the chalcone
was quantified). Lineweaver-Burk plots of data were employed to
derive the apparent Ky and kg, values (average of triplicates + stan-
dard deviation) using EnzFitter software (BIOSOFT).

but-3en-2-one  (benzalacetone),  derived
decarboxylation of the diketide-NAC [14,15).

Steady-state kinetic analysis revealed that the recom-
binant S. baicalensis CHS accepted cinnamoy] diketide-
NAC(7) with less efficiency than cinnamoyl-CoA (Table
1). The Ky value of 7 was 1.5-fold higher, while the k.../
Ky value was only 21% of that of cinnamoyl-CoA. In an
earlier report, it was roughly estimated that P. sylvestris
CHS accepted cinnamoyl diketide-NAC with 60-70%
efficiency when compared with cinnamoyl-CoA [25]. In
contrast, it was remarkable that cinnamoyl-NAC (6),
the simple NAC-thioester of cinnamic acid, primed the
CHS enzyme reaction almost as efficiently as cinna-
moyl-CoA; it showed the k. /Ky value as much as
72%, while the K} value was almost as equal as that
of cinnamoyl-CoA.

The unusually broad substrate specificities toward the
NAC-thioesters provided further mechanistic and
stereochemical insights into the polyketide formation
reactions of the CHS enzyme. It appears that the 3'-
phosphoadenosine diphosphate moiety of the CoA
molecule (Fig. 2) is not essential for the substrate
recognition. Instead, the NAC moiety seems to be just

from
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Fig. 4. HPLC profile of the enzyme reaction products from (A) cinnamoyl-NAC (6); (B) cinnamoyl diketide-NAC (7) by G echinata PKR.
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enough for the loading of the starter substrate to the ac-
tive site of the enzyme, while recently reported crystal
structure of CHS from Medicago sativa revealed a
CoA binding tunnel at the substrate entrance of the ac-
tive site of the enzyme [5]. This suggests that chemically
synthesized NAC-thioesters, instead of CoA-ester ana-
logues, would be excellent probes to further explore
the catalytic potential of the enzyme to produce unnat-
ural and novel polyketides.

Enzymatic formation of 6'-deoxychalcone from
NAC-thioesters by co-action of CHS and PKR

It was for the first time demonstrated that the dike-
tide-NAC (7), the NAC derivative of the polyketide
intermediate of the CHS enzyme reaction, was also ac-
cepted as a substrate by recombinant G. echinata PKR
[30,31] to produce the corresponding B-ketohemithio-

ester (8) in the presence of NADPH (Fig. 4B). The struc-
ture of the reduced dikteide was confirmed by LC-
ESIMS, which gave a parent ion peak [M + HJ" at m/
z 294, 2 Da higher than the unreduced form. In contrast,
neither cinnamoyl-NAC (6) nor cinnamoyl-CoA (1b)
was accepted as a substrate by PKR, suggesting that
presence of the P-ketocarbonyl moiety is essential
for the enzyme reaction, while, as in the case of
the above-mentioned CHS, the 3’-phosphoadenosine
diphosphate moiety of the CoA molecule is not required
for the substrate recognition (Fig. 2). On the other hand,
it was also confirmed that G echinatea PKR did not ac-
cept malonyl-CoA (2), 4,2'.4',6'-tetrahydroxychalcone
(3a), and 2',4',6'-trihydroxychalcone (3b) as a substrate.

By co-action of S. baicalensis CHS and G. echinata
PKR, both cinnamoyl diketide-NAC and cinnamoyl-
NAC were converted to 2',4'-dihydroxychalcone (a 6'-
deoxychalcone) (3¢} in the presence of NADPH and

A cinnamic acid + 4b
™
Wage pinccembrin 3b°
004
1 5b (6-deoxychalcone 3¢ )
hoo
| Ny |
o=
8 ®  nin
B cinnamic acid + 4b
Uzg0 pinocembrin 3b'
wl \
ol {6'-deoxychalcone 3¢ )
5b
404
6
" \
‘ s ® min
4 cinnamic acid + 4b
3004
UVzeo pinocembrin 3b'
0
{6'-deoxychalcone 3¢
5b
104 \ | /
ot A‘\J
® ° min

' Fig. 5. HPLC profile of the CHS/PKR enzyme reaction products from malonyl-CoA and (A) cinnamoyl-CoA (1b); (B} cinnamoyl-NAC (6); aad (C)

cinnamoyl diketide-NAC (7).
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Fig. 6. Proposed mechanism for formation of a 2',4'-dihydroxychalcone (a 6-deoxychalcone) (3c) from cinnamoyl diketide-NAC (7} by the co-
action of CHS and PKR. Note that reduction of the carbonyl group of the diketide intermediate would interrupt further polyketide chain elongation

reactions catalyzed by CHS.

malonyl-CoA, just as in the case of cinnamoyl-CoA
(Fig. 5). In addition, 2’4',6'-trihydroxychalcone (a 6'-
hydroxychalcone) (3b) was also obtained as a major
product along with tetraketide (4b) and triketide w-py-
rone (5b), however, interestingly, formation of deoxy-
type triketide and deoxy-type tetraketide o-pyrone was
not detected by LC-ESIMS analysis (Fig. 5). It was thus
demonstrated that the CHS/PKR enzyme reactions al-
ways produced both 6'-deoxy and hydroxy products,
suggesting an intrinsic property of the interaction be-
tween the dimeric CHS and the monomeric PKR.

Interestingly, the once reduced cinnamoyl diketide-
NAC (8), which was prepared by enzymatic conversion
of the diketide-NAC by PKR (Fig. 4B), was found to be
no longer a substrate for the CHS enzyme reaction;
when incubated with CHS, 8 was recovered unchanged
in the reaction mixture. It is thus likely that the reduc-
tion of a carbonyl group of the diketide or triketide
intermediate would interrupt further polyketide chain
clongation reactions catalyzed by CHS. The observa-
tions suggest that, during the 6'-deoxychalcone forma-
tion reaction, the PKR catalyzed reduction of a linear
polyketide intermediate may possibly take place at the
tetraketide stage prior to the CHS-catalyzed cyclization
reaction (Fig,. 6).

Although precise molecular interactions for the for-
mation of the 6'-deoxychalcone by the co-action of the
CHS/PKR enzyme still remain to be elucidated, the
buried nature of the CHS active site precludes PKR
from accessing the CHS-enzyme-bound polyketide
intermediate [2]. It is thus presumable that a portion
of CoA-linked polyketide intermediates are once re-
leased from the active site of CHS, diffused into the
surrounding solution, and get reduced to the corre-
sponding P-ketoalcohol by PKR that catalyzes transfer
of the pro-R hydrogen of NADPH [27). The reduced
linear tetraketide is then reloaded onto the cyclization
pocket of the active site of CHS, where the Claisen-
type cyclization leads to formation of the new aromatic
ring system of the 6’-deoxychalcone, The mixed forma-
tion of the 6'-deoxy and hydroxy-type products in the

assay mixture would support this hypothesis. To
further elucidate the catalytic mechanism of the
CHS/PKR enzyme reaction, structure—function analy-
sis of G. echinata PKR is now in progress in our
laboratories.
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A growing number of functionally diverse type III polyketide
synthases (PKSs), the chalcone synthase (CHS) (EC 23.1.74)
superfamily enzymes, have been cloned and sequenced from various
plants,! which include recently reported & diketide (benzalacetone)b
and a heptaketide (aloesone) synthase (ALSYs from Rhewn pal-
matun. In addition, bacterial type III PKSs, such as a pentaketide
1,3,6,8tetrahydroxynaphthalene-producing enzyme, have been also
reported. 34 The CHS-superfamily enzymes are structorally and
mechanistically distinct from the type I (modular type) and type 1
(subunit type) PKSs, using free CoA thioesters as substrates without
the involvement of acyl carrier protein, to carry out a complete
serics of decarboxylation, condensation, cyclization, and aromati-
zation reactions with a single active site. The homodimer of 40—
45 kDa proteins typically selects 4-conmaroyl-CoA as a starter and
performs up to three condensations with malonyl-CoA to produce
naringenin chalcone, (4,2'.4',6"tetrhydroxychalcone), which is the
biosynthetic precursor of flavonoids (Scheme 1A). Recent crystal-
lographic and site-directed mutagenesis studies have revealed
structural and functional details of the plant and bacterial type III
PKSs,1-6

Here we repont a novel plant-specific type HI PKS that catalyzes
formation of a pentaketide chromone, 5,7-dihydroxy-2-methyl-
chromone, from five molecules of malonyl-CoA (Scheme 1B).
Remarkably, replacement of a single amino acid residue Me1207
{corresponding to the Medicago sativa CHS active-site residue
Thr197) yielded a mutant enzyme that efficiently produces aromatic
octaketides, SEK4 and SEK4b, the products of the minimal PKS
for the benzoisochromanequinone actinorhodin (act from Strepto-
myces coelicolor)” (Scheme 1C). A cDNA encoding the pentaketide
chromone synthase (PCS) (the GenBank accession no. AY823626)
was cloned and sequenced from young roots of aloe (Aloe
arborescens), a medicinal plant rich in aromatic polyketides
including chromones and anthraquinones, by RT-PCR using
degencrate primers based on the conserved sequences of known
CHSs as described before.2 A 1212-bp open reading frame encoded
a M, 44,568 protein with 403 amino acids. The deduced amino
acid sequence showed 50-60% identity to those of CHS-super-
family enzymes from other plants (58% identity (232/403) with
M. sativa CHS,™® and 50% identity (206/403) with R. palmatum
ALS¥ that catalyzes formation of a heptaketide, aloesone (2-
acetonyl-7-hydroxy-5-methylchromone), from acetyl-CoA and six
molecules of malonyl-CoA). A. arborescens PCS maintains an
almost identical CoA binding site, and the catalytic trad of Cys164,
His303, and Asn336 (numbering in M. sativa CHS) is absolutely
conserved jn all type III PKSs. Furthermore, most of the aclive-
site residues incleding Met137, Gly211, Gly216, Pro375, as well
as Phe215, and Phe265,! are conserved in PCS (Figure 1). The
CHS-based komology modeling predicted that A. arberescens PCS
has the same three-dimensional overall fold as M. sativa CHS,*
with the total cavity volume (1124 A% slightly larger than that of
CHS (1019 A3y and almost as large as that of R. palmatum ALS
(1173 A3).%

1362 w J. AM. CHEM, SOC. 2005, 127, 1362—-1363

Scheme 1, Formation of Polyketides by CHS-Superfamily
Enzymes
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Recombinant PCS was heterologously expressed in Escherichia
coli BL2I(DE3)pLys$ as fusion proteir with GST at the N-terminal
(pET vector). After cleavage of the GST-tag, the purified enzyme
gave a singfe band with molecular mass of 44 kDa on SDS-PAGE,
while the native PCS appearcd to be a homodimer since it had
molecular mass of 88 kDa as determined by gel filtration, A.
arborescens PCS efficiently accepted malonyl-CoA as a sole
substrate to yicld a single product with a parent ion peak [M +
HJ* at m/z 193 on LC-ESIMS. Spectroscopic data ('H NMR, L.C-
MS, and UV) of the preduct obtained from a large-scale enzyme
reaction (1.0 mg from 20 mg of malonyl-CoA) are completely
identical with those of an authentic 5,7-dihydroxy-2-methyl-
chromone. The aromatic pentaketide has been isolated from several
plants and is known to be a biosynthetic precursor of khellin and
visnagin, the anti-asthmatic furochromones found in Ammi visnaga
Interestingly, acetyl-CoA, resulting from decarboxylation of ma-
lonyl-CoA, was also accepted as a starter substrate but not so
efficiently as in the case of R. palmatum ALS.® This was confirmed
by the ¥C incorperation rate from [1-#Clacetyt CoA in the presence
of cold malonyl-CoA, while the yield of the pentaketide from
[2-"“CImalonyl-CoA was almost at the same level in the presence
or absence of cold acetyl-CoA in the reaction mixture. The
recombinant PCS showed the Ky = 71.0 uM and ky = 445 x
1073 min~!, with a broad pH optimum within & range of 6.0—8.0.
On the other hand, like other type Il PKSs, 19 A, arborescens PCS
showed the promiscuous substrate specificity; the enzyme also
accepled aromatic (4-coumaroyl, cinnamoyl, and benzoyl) and
aliphatic {n-hexanoyl, #-octanoyl, and n-decanoyl) CoA esters as
a starter substrate; however, it yielded only triketide and teraketide
o-pyrones.

One of the characteristic features of A. arborescens PCS is that
the CHS active-sits residues, Thr197, Gly256, and Ser338 (number-
ing in M. sativa CHS),% are uniquely replaced with Met, Leu, and
Val, respectively. Interestingly, the three residues are also missing
in the heptaketide-forming R. palmatum ALS%* (T197A/G2561/
S338T), and in Gerbera hybrida 2-pyrone synthase (2PS)S (T 1971/

10,1021400431206 CCC: $30.25 © 2005 American Chemical Sodety
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Figure 1. Comparison of primary sequences of A, arborescens PCS and other CHS-superfamily enzymes. M.s CHS, M. safiva CHS; Ah 8T8, Arachis
hypogaea stilbene synthase; O.h 2PS, G. hybrida 2PS; R.p ALS, R. palmatum ALS. The active-site residues conserved in the CHS-superfamily enzymes
(Cys164, Phe215, His303, and Asn336, numbering in M. sativa CHS) are marked with #, and residues for the CoA binding, with +.

G236L/S338]) that also selects acetyl-CoA as a starter to produce
a triketide pyrone. A CHS triple mutant (T197L/G2561/S3381) has
been shown to yield an enzyme that was functionally identical to
2PS, suggesting the substitutions are responsible for the starter
substrate specificity of the enzymes.® To test the hypothesis, a
mautant enzyme was constructed in which Met207 (corresponding
to Thr197 in CHS) was replaced by Thr. However, the point
mutation did not significantly affect the enzyme activity; PCS
M207T mautant was functionally almost jdentical to the wild-type
PCS. In contrast, when Met207 was substituted with Gly, there
was & dramatic change in the enzyme activity, PCS M207G mutaat
efficiently afforded two new products with a parent ion peak [M
+ HJ* at m/z 319 on LC-ESIMS, which were identified as aromatic
octaketides SEK4 and SEK4b (ratio 1:4), the shunt products of the
minimal type {T PKS for actinorhodin,” by direct comparison with
authentic compounds. Here formation of only a trace amount of
5,7-ditiydroxy-2-methylchromone was detected by LC-MS. The
pentaketide-forming PCS was thus transformed into an octaketide-
producing enzyme by the single amino acid mutation, This is the
first demonstration of a type IIT PKS catalyzing seven successive
polyketide chain elongation reactions.

In conelusion, A. arborescens PCS is a novel plant-specific type
111 PKS that produces an aromatie pentaketide from five molecules
of malonyl-CoA. Site-directed mutagenesis revealed that Met207
determines the polyketide chain length and the product specificity;
PCS M207G mutant yielded SEK4 and SEK4b from eight
molecules of malonyl-CoA. % This provided new insights into the
catalytic Fanctions and specificities of type 1T PKSs. Further
characterization of the enzymes including their three-dimensional
structure will be reported in due course.

Acknowledgment. We thank Professor Takao Tanahashi (Kobe
Pharmaceutical University) for the gift of 5,7-dihydroxy-2-meth-
ylchromone and Professor Chaitan Khosla (Stanford University)
for the anthentic samples of SEK4 and SEK4b. This work was in
part suppoited by the COE21 Program and Grant-in-Aid for
Scientific Research (Nos. 1531053 and 16510164) from the Ministry
of Education, Culture, Sports, Science and Technology, Japan, and
by The Sumitomeo Foundation, Japan,

Supporting Information Available: Materials and methods. This
material is available free of charge via the Internet at hitp://pubs.acs.org.

References

(1) For recent reviews, see: (a) Schrider, 1. In Comprehensive Natural
cts Chemistry; Elsevia: Oxford, 1999; Vol, 2, pp 749-771. (b)
Anstin, M. B.; Nocl, J. P. Nat. Prod. Rep, 2003, 20, 79— 110. (c) Staunton,

L.; Weissman, K. J, Nat, Prod, Rep. 2001, I8, 380—416.

(2) (a)Abe, L: Takahaschi, Y.; Morita, H.; Noguchi, H. Eur. J. Biochem, 2001,
268, 33543359, (b) Abe, 1.; Sano, Y.; Takahashi, ¥.; Noguchi, H. J,
Biol, Cherm, 2003, 278, 15218~25226_ (¢} Abe, L; Usuni, Y,; Oguro,
8.; Noguchi, L. FEBS Len. 2004, 562, 171—176.

(3) (a)Funa, N.; Ohnishi, Y.; Fujii, L; Shibuya, M.; Ebizuka, Y., Horinouchi,
8. Nature 1999, 400, 897~899. (b) Funa, N.; Ohnishi, Y.; Ebizoka, Y3
Hotinoncki, 8. J. Biol. Chem, 2002, 277, 46284638, (c) Funa. N.
Ohnishi, Y.; Ebizuka, Y.; Horinouchi, 5. Biochem. J. 2002, 3567, 781~
789. () Izm'ml.awa,M Sthley P. R.; Hopke, J.N; O'Hare T.! Xumg,
L.; Noel, 1. B; Moore, B, 5.J, Ind. Nicrobiol, Biotachuol. 2003, 30, 510~
515. (e} Austin, M. B.; Izamikawa, M.; Bowman, M. B,; Udwary, D. W,;
Ferrer, J.-L.; Moore, B. S.; Noel, 1, P. [ Biol. Chem. 2004, 279, 45162—
45174.

(4) (a) Saxcns, P.; Yadav, G.; Mohanty, D.; Gokhale, R, 8. J. Biol, Ckem,
2004, 278, 44750—44790. (b) Sankaranarayansn, R.; Saxena, P.; Marathe,
T.; Gokhale, R. 8.: Shanmugam, ¥V, M.; Rukmini, R. Nat. Street. Mol
Biel. 2004, 11, 894—900. (¢} Plciler, V.; Nicholson, G. J.; Riea, L;
Recktenwald, 1.; Schefer, A B.; Shawky, R, M.; Sclrdder, J.; Wohlleben,
W.: Pelzer, 8. J. Biol. Chem. 2001, 276, 38370—38377. (d) Teeng, C. C,;
McLoughlin, S. M.; Kelleher, N, L.; Walsh, C. T. Biochemistry 1004,
43, 970980,

(5) (a) Ferrer, J. L; Jez, J. M.; Bowman, M. E.: Dixon, E. A.; Noel, 1. P.
Nat. Strues. Biol. 1999, 6, T15~784. (b) Jez, J. M.; Ferrer, J. L.; Bowman,
M. E; Dizon, R, A.; Nod, J. P. Biochemistry 2000, 39, 890—902. (c)
Jez, I. M; Noel, X, P. J. Biol. Cham. 2000, 275, 3964039645, (d) Jez,
J.M.; Bowman, M. E.; Neel, J. P. Biochemistry 2001, 40, 14829—14838.
(c)Tmpf $.; Kiircher, B.; Schrifder, G.; Schrdder, J. J’ Biol. Chem. 1998,
270,71922- 7923, {f) Suh, D Y Fnkuma,K. Kagami, J.; Yamazaki, Y.;
Shibuya, M.; Ebizuka, Y.; Sankawa, U, Biochem. J. 2000, 350, 229-
235, () Sub, D. Y; Kagami, J.; Fokuma, K.; Sankawa, U. Biochem.
Biophys. Res. Commun. 2000, 275. T25-730, (h) Jez, 5. M.; Bowman,
M. E; Noel, 1. B. Proc. Nad. Acad. Sei. USA. 2002, 99, 5319-5314. (i)
Austin, M. B.; Bowman, M. E; Ferrer, 1-L.; Scheder, I; Noel, 1. P,
Chem. Biol, 2004, 11, 1179—-11%4.

{6) (a) Eckermumn, S Schidder, G.; Schmidt, J; Strack, D.; Edrada, B. A
Helariutta, Y.} Hlomaa, P.; Kotitainen, M.,; Kﬂpclisncn. 1.; Proksch, P.;
Teeri, T. H; Scln'ﬁder, 1. Nature 1998, 396 387390, (b) Jez, 1. M.;
Aualiu. M. B.; Fener, J.; Bowman, M. E.: Schridder, J; Noel, . P. Chem,
Biol, 2000, 7, 919—930.

(7 (a) Fo, H,; Ebert-Khosla, §.; Hopwood D. A Khosla. C. J. Am. Chem.
Soc, 1994, 116, 4166— 4110 (b} Fu, H. anwood . A.; Khosla, C,
Chem. Biol. 1994. 1, 205-210.

(8) Dewick, P. M. In Medicinal Natural Products, A Blosynthetic Approach,
2od ed.; Wiley: West Sussex, 2002,

(9) (2) Abe, 1; Motita, FL; Nomura, A.; Noguchi, 1L J. Am. Chem. Soc. 2000,
122, 1124211243, (b) Morita, B.; Takahashi, Y.; Nogochi, I1.; Abe, L
Biochem. Biophys. Res, Commun. 2000, 279, 190~195, (c) Morita, H.;

oguchi, H.; Schridder, I.; Abe, 1. Eur, J. Biochem. 2001, 268, 3759—
6. (d) Abe, L; Takahashi, Y.; Noguchi, H. Org. Lest. 2002, 4, 3623~
3626, (¢) Abe, L; Takahashi, Y.; Lon, W_; Noguchi, H. Org. Lest. 2003,
5, 1277-1280, () Abe, L; Watanabe, T.; Noguchi, H. Fhytochemis
2004, 65, 2447—2453. (g) Ogure, S.; Akashi, T.; Ayabe, S.; Noguchi,
H.; Abe, 1. Biockem. Biophys. Res. Commun. 2004, 325, 561—567.
(10) An analogous result in Type II PKS has been reported, see: Tang, Y.,
Tsai, $.-C; Khoda, C. J. Am. Chem. Soc. 2003, 725, 12708--12709.

JA043 1206

J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005 1363

146 —



N

Y
-

IHE 47
B & S EETAR

Dort 11

JA¥Xavy
I TTY
ATV
TG RAE v T
JaA 7Y



K

{ERLE SR
vAFXay
FFY TG TV
Z N
R A

auA 7Y

HIFICET HHBDRE S



B E W

HFHEDEEAFT I TROEFNE 2 ICE T TEHL 2.
1. 1E#&

e zEB L, 220, MED L CEEZHPLERE E L THAWLA TV 254
2% DEETZEEL 2,

ERZTEFE R RETREOLEHFL A2, AT AEERF R OHEYSE
FOGHTLEREATV2LDER W,

2. FURBEA

HEEELTHYWS a0 2R L 72,
3. EYOER

TP 2 o RE & BRE L 72,

4. EZORMRUE

FBurE L L THARRER L RO HFERH I ERFEDRBRNEL I MG TR
CRBHLNT D IEN R Z EE L 72,

PEMMI E L EFEME = FUE L 72,

5. FIEEORE

CRMEIEEE, ARE, S, MR UHEB ST CREL L.

WHBER CERHERARRE S (RIB2ERIORGLBFEORSTHT, HES
& 1 BAOTHAREFTES), £RRS (LB 2E~DHEE) ROERD L
BEZRELL. RIEESDEZI DRSS, BHrEORSRUBRESENICHBRSD
TESFRIESHEICBRL 72,

6. BI&E

R miE, Sk, B (EM, R BE, B, EAU, BR FE R
BE, UE, AR, NE) DJRCEERL .

IEFHIESR, Bk, MEORSELHHL -

DEIIFHI R L VIR 102 %72 ) DRGNS # 58 L 7=
7. EEORETE

BRRAIE LT, 8RERHOBEIR- 72,

8. FritaER

FRENFELBAR T - TRRL 2. BELHIC L - TRZ 2BEYH 50T,
INLOREREFLLTRLE, 28, SBEEHEPAEL -

§. RIBE

BIEBENEEANFT 2 RIETIRIZIE > TEBIZR L7, 2o, SO BRI AL

7z,
10. EH

BRORE, HIRE (EEORERVBISEROHBOSEZ LT3 L 00, sk

EBEICLTITY), A ReEFLFEZERL L.
— 151 —



A =



1. Ham4 A4 Faw U
(BE4) [E (U1Faw)

(% 4)  Foeniculum vulgare Miller
2. MAEE  RE R

3. WEHDOHEIR

S-Dy NEEOLYROSEEER, BHS 1~2 m, ZRETL LB THETS.
SEERG, ME2EFONH L. EIEE., 2EPREETHAIVNERT S0, EHiT
RN, ERIIREETREL, ZEETREROBDOIEEI 2D, TRV IhbEE
AR, seRERS. EREAEFEZEMmIMT, 2ROEGOMNEEZEL. RERIFRK
ZABORBET, FOHMW., EIIXE. 71 3+ a JI2id Foeniculum vulgare Miller var.
piperitum Countinho & F. vulgare Miller  var. dulece (Mill.) Thell. @ 2 ZfAH D, FHIIE
TE1% bitter fennel &IEEN, HEIIHEIE sweet fennel EIEIEN S . F D IZ HEFE sweet fennel
MEWD, 73 b—IVOEHEEIIFEEF bitter fennel DH ML .

4. EEORBEKRUE

1) ##

£E35~8 mm, @ 1~25 mm T, AEHRZKERE~KERT, EWCHEET? 2D
NROEZIZSEOBEEREHS. BEFIILIELIE 2~10mm ORF 2T 5.
HMHTHZ EAERE THE T L&, HFE2ETo M, BAHEIC 2HOMEINED S
Nn3.

2) EpEf

(BR) REE, BIUR, Jtid

(B#) $E (UEE, ARTBEEKX)

5. RIEHORE
TERENRIE SN TN S.
1) WERE |
BEXIR14EBT12~18m, 2FEBTR2m U EERS. EHOEFTICHES> TEEDE
Ao HEERHEIEL, THENSHTSKIREERD, BORKIIZE BIC 2 ROENRE
ET S, LBELTEHOERTIE, 1FET3I~6FE, 2 FEAUETIE 15~20 K, S0k
T30 FL EOEHK /S,
2)  AEERIRHE
BEEMTIA<EIZERETH 20, NELSHE TS EBEMANEL TWa, Bl TidE
AETE 1 FHTHELUNENVRETH S, I TRERELZVWAEHRLTHDINMT
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HD, FEOBNEL2EBLUREERS. ABIZTEAFE T DR TIIHRIMIET S
DIFRFHNIATIRETH 5.

3) BoBRE

BiM3~8 %. BMmY : JxovFanx) 4t RELTTZR M=), ZARSO-), £
JTFNRELTT7 223, UERY, ERZBENGTEND.
4) MR CETRE

a) [MERS

(1) ][R (7) BESODRR I~V
(1) BAIORS  55~170
(2) BREMH I~V
b) HERSH
(1) =EHE I~I1I
(2) TBEAOHEHE
(7)) BEKROMRKGEHEAOHEE AR OB D EWERTIZET 5.
(1) THRULHE WET~ETITBT 5.
(77) IR~ D FRIRHINZ BT 5.
c) IENXOHENH AE
6. FEEE
1) &fF
EREMRVnwENS.
2) BgEE
BT (EHELESE ZRW5.
3) g
a) W%

AERGTEOHEEIIA . FEKEFTHLORERNWIZET S, FIZEBABEL TH
Bl2fTo THRIETHERBEE, Ry M EABHEL TH2T THEICESNEET 258
RIEENDH S,

b) #&iE

BT ORIEBRT 15~25CTH 5. BHELHIZBWTIL, BT 3 A TE~4 B L4,
EHEHM TS A E~TAITD. Bidkb - @12, 4R 80 cm~100 cm, #&f 75cm
~100 em 254U (102 %72 D 1250~1333 #F), W<EET 3. 10 B~ 2:8ETHRIFLHE
£5.

ST, 4 AEAICRY FREABELTIENYATHZERL, b HPHE~6 A
EFACEGICERET U 1 EBPATIENTIRIZRS.

c) et
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#FEIBELT, 10aH-DHE 1000 kg, FLARK 60~100kg, EFE 4kg, K 5~6kg,
B T7kg Z2BIZHET. BIEELT, BHTIE7AE~p4a, BT 7ATE~8H
EEIZ10a Y0z kg, ME Tkg ZHHT 5.

2EBLRIE, FEOWHFEMIT10a B0 FELARIK 100 kg, BH 5~6kg, i 8~10kg,
INE 7kg, BHTIEI6 BH~TH, EWMHTIZI7TATEA~8 B LAIZ10a Y4208 5~6
kg, MB7kg ZHHT 5.

d) &%

ERFFCBWTE, 1 £ 0RFR, BELEHEEEMEIEL, 6 A TA~T7 A LA
FTRIIECHKMIZT 5. BE, BRERHZTS.

e) FHE

AFHRZRL, FTONOHRICIZEORENHSH, FLWLEELRAZ SN,
MEMIT AT HALVIZEBREORITENALNS. FEKDOVWTIE, HIEEXR
FRIRED s TWiz.

f) I - RE

EWBITBWTIZ 1 EBTR 10 ATaE~TH, 2 FEURIE8 A TA~9 Ahans,
REODRENRAL, BRAKZDLVBDEEIIBKERT 2. REENEHTOEHEST
3, 14EE TR A TTA~11 A LA, 2£8LRE 7 Aha)~9 AR BIIEREIRT 5. £
WMUAREZIRAGEETI2NEELORWARTHEONIERTS.

LFERFETOEFITIE, FRIBANROFBEEDIZIEREAN SHRM, BEA
IZZEDHO, REERSI BMS 55 BE TN 5020RE (HFR) AHEB/ERD, 60 HAL
PRIZIEZ2IBELRES. ZHIZHEL, BHTELECMETT2EHANS D, fE-T,
FAfE#R 50 H BRENRFEL W,

EIEELUT, REBEFTVEFOIHRLS, POHEROHIZ2HONREMEINS.

g N&E

L EATTOEFTIL, LREED 10 a ¥/ DINEIL 1 F4E 10~25 kg, 2~3F4E
80~100 kg FREETH B, FIRTOEHFITIZ, 144:209ke, 24E4H 2857 kg, HHER/I
EHTOFEFITIE, 1454E61kg, 2HE4E320kg, ZHEOEHFTII2EETI3 kg &1
SWEDHS.

HEFOHMEU TR M-I g8, BMFEES<A38AM8DNTNRS,

BAE <22 ERENMETT2OT, 65EBZBRICHROEHREITS.

h) IRFEE

2EELE, FERICKAETEZNERTICHREEL, HEAZ2EL-EMET (EY
ZEINR) 29 ATA~10 Aha (BmhTid 10 A LE~11 B £A) ITHIT 3.

i) FTORE

BHUTREZEE, BEEMGHTTRETIEDR &b 5 FLLEIRRENITHR
ENDH, BREARE TRIRFNMIETTS.
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7. EEOHATE

BAERE ORBEOBES
a) HEOHER 4.1) IZEL.
b) IR & 10.0%LAF.
c) BABERS 1.5%LLTF.
d) ¥l 0.7 ml/50 g BA L.
10. &HH
1) FERONREE

ABRIERFRIZBRCEASIN, TFRAIRBESHTRESN ZEWDNTVWS. &
PESBFRAE T VA Iz Foeniculum vulgare Miller 13, HHRETREL TWARKEZ, BIEXK
RESAEEREFLEBERAEDSERRBICEAL, #FINTHIHOIEDL.

2) WERRIE
a) 1XOmEE 5.6 mLbLE 4:fE180 cm, #&R 100 cm
b) #EMEERK 5 fEREA
c) REXK 2 RELLE

3) H&

MREZFEEREEE L TEHSE (BB OFEHETS. 1AERARSE3 g RE
LT1lg). RBEMHLE, 85 - HOWEEARINGESFLFITHEEINS.
4) ESEHLE

B, TEMWE
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EoriR  |[BHEOURAL CEEDE) S~AEF RSB
RHEEOHF ORIR CEENE) SRR
EEOECELYR) BEEHURE
DR [TEFORE &L
TEFD/INBRIOE 2L
o 5
REORAR  |[ET OEDF LIS R T EER) OBR (HRET) BIEHE. R
HroRs GERET) #1(4.5~7.0 mm)
BT OREGEHET) $ (1.9~3.0 mm)
AT O ESFEICASNOME R GERET) # (6~8)
ETFOBRSTCHSNSIER (GHAET) F(2~4)
7L FHTED B8 (A A BRICBY 2 ZEOTETE) H (7 H~8H )
BURAHE (AR (SEELICREHREETHRE) i
it IR (2R RS AT BIRE AT B 1) H
R EEEITBITS10 atil- VIR EE BUERRMRESR 1 (80~280 kg)
Bt |ERREORRS R EREEELIFES0 g/h) 0.7ml Bk
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