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Miuraenamides: Antimicrobial Cyclic Depsipeptides Isolated from a Rare
and Slightly Halophilic Myxobacterium
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Abstract: Marine myxobacteria are
rare culture-resistant microorganisms,
several strains of which have been
identified by research groups in Asia.
Paraliomyxa miuraensis, a slightly halo-
philic myxobacterium discovered in
Japan, produces the cyclic hybrid poly-

tion of these two miuraenamides and
introduce four new members of the
miuraenamide family. We carried out
the complete structural analysis of
miuraenamides A and B on the basis
of NMR spectroscopic analysis and elu-
cidated the absolute configuration of

miuraenamide A by chemical derivati-
zation and subsequent use of the modi-
fied Mosher method or the Marfey
method. Miuraenamides C-F were iso-
lated from the same strain of the bacte-
rium as miuraenamides A and B. The
structure—antimicrobial-activity ~ rela-

ketide—peptide antibiotics known as
miuraenamides A and B, whose taxo-
nomical and biological characteristics
have been reported previously. Herein,
we describe the chemical characteriza-

Introduction

Myxobacteria have been recognized as a rich source of
novel antibiotics that are not found in actinomycetes or
fungi.!' A prominent example of myxobacterial secondary
metabolites is the epothilone family: derivatives of these
non-taxane microtubule-stabilizing anticancer agents” are
currently in clinical trials.’! The unique Gram-negative bac-
teria had been regarded as terrestrial microorganisms until
some myxobacterial strains were isolated a decade ago from
marine environments and characterized phylogenetically.!
Since then, only a few strains of halophilic or halotolerant
myxobacteria have been discovered by Asian researchers.”!
Haliangium ochraceum, which was discovered in Japan and
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tionships of the six natural metabolites
and four chemically derived com-
pounds demonstrated the importance
of both the macrocyclic structure and
the B-methoxyacrylate moiety.

peptides -

produces the potent antimicrobial polyenes named haliangi-
cins, is perhaps the most interesting of these species.! More
recently, a slightly halophilic species, Paraliomyxa miuraen-
sis strain SMH-27-4, was discovered in near-shore soil in
Japan and shown to produce the novel halogen-containing
depsipeptides miuraenamides A (1) and B (2). The biologi-
cal properties of these natural products were found to in-
clude antimicrobial activity and inhibitory activity against
NADH oxidase.”! Herein, we report full details of the struc-
tural analysis of 1 and 2, the determination of the absolute
configuration of 1, and the isolation and characterization of
four additional members of this family of antibiotics, miu-
raenamides C-F (3-6). We also report structure—antimicro-
bial-activity relationships of the miuraenamides and related
derivatives.

Results and Discussion
Production and Isolation

The myxobacterium P. miuraensis strain SMH-27-4 was iso-
lated from a soil sample collected near the seashore on the
Miura Peninsula in Kanagawa, Japan.”! The strain required
an optimum NaCl concentration of approximately 0.5-1.0 %
for growth; that is, the strain was slightly halophilic. Unlike
many bacteria, the growth rate of this species was so slow
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miuraenamide A (1): X = Br miuraenamide D (4)
miuraenamide B (2): X = |

miuraenamide C (3): X = Cl

miuraenamide E (5)

miuraenamide F (6)

that the production of secondary metabolites required a
long cultivation time (18 days). A total of 20 L of culture
broth was used for the extraction and isolation. The bacteri-
al cells, including the resin, were extracted with acetone,
and the extract was partitioned between EtOAc and water.
The fraction in EtOAc was subjected to column chromatog-
raphy on silica gel and then purified by reversed-phase
HPLC to afford the major compound miuraenamide A (1;
19.6 mg) and the minor congeners miuraenamides B (2;
0.4 mg) and E (5; 1.9 mg). Other relevant HPLC fractions
were combined with the corresponding fractions obtained
from additional cultures (total 33 L) and purified by TLC
on silica gel to give miuraenamides C (3; 0.1 mg) and D (4;
0.4 mg). A fraction obtained by silica-gel column chroma-
tography that was slightly more polar than those containing
1-5 was also separated by HPLC to afford another minor
congener, miuraenamide F (6; 0.5 mg).

Abstract in Japanese:

BRI LA D R SR B AN T, TOTOWREIZLD
OIENREIRMENDDHTH D, Miuraecnamide A, B iR 5 2
SRYEFSTEMRE Paraliomyxa miuraensis b BEBEINT-RIRORY &
FR=_TF NEGETAEWE T, BB L OCEMEROMRIR
HEENTWVWD, 4E, miuraenamide & % OBIEME (ZBI L TILHARY
HRAEBRET D, BMEMT OFEMIT NMR IZE S 470
miuracnamide A D%t ST IRELE I L FE M & B R Mosher & F 721
Marfey i EICK VIRE LTz, /o, RIE XV MBS E L T4ED
¥ #% & miuraenamide C—F # B R LB ELXMBALEZ, Zhb
miuraenamide 38 & & OFFEIROEDIE IR B (20T 2 FUETE % 2 574
LR, Bk & a-amino-B-methoxyacrylate #iE 3 {EMEIZ BE
THH T EMHI L,
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Structural Elucidation

The physicochemical properties of miuraenamides A (1) and
B (2) were summarized previously.”! Miuraenamide A (1)
has the molecular formula C;,H;,N;0O,Br, as determined by
high-resolution MS analysis. Its IR spectrum indicated the
presence of amide bonds and thus suggested the peptide
nature of the molecule. We investigated the structure further
by two-dimensional NMR spectroscopy. 'H-'H COSY corre-
lations revealed the partial structures —CH,CH,CH,CH=,
CH,CH,CH(O)CH;, -CHCHCH— (part of a phenyl group),
—CHCH,—, a 1,2@4-trisubstituted phenyl ring, and
—CH(NH)CH;. 'H NMR spectroscopy showed the presence
of three isolated methyl groups, CCH;, NCH;, and OCH;
(Table 1). The direct proton—carbon connectivities were de-
termined by heteronuclear multiple quantum coherence
(HMQC) experiments. Although most of the partial struc-
tures could be connected in the usual way on the basis of
heteronuclear multiple bond correlation (HMBC) data
(Scheme 1 and Table 2), the connectivity of the phenyl
group and an alkene moiety (C13-C14) remained unclear.
This problem was then solved by an HMBC experiment in
[D¢]dimethyl sulfoxide. The additional correlations 13-NH/
C12, 13-NH/C14, H16/C14, and H17/C15 observed in this
solvent led to the elucidation of the planar structure of 1.
Ester formation between C9 and C12 was interpreted from
the chemical shift of 9-H and the HMBC correlation 9-H/
C12. The geometry of the two double bonds, C5=C6 and
C13=C14, was determined from the NOESY correlations 5-
H/7-H and 16-H, 20-H/13-NH. The absolute configuration
of 1 is discussed below.

Miuraenamide B (2) was deduced to be a congener of 1
on the basis of its similar '"H NMR spectrum (Table 1) and
its molecular formula C;,H,,N;O-I, which contains iodine in
place of the bromine atom in 1. The '"H-'H COSY data of 2
indicated the presence of carbon frameworks identical to
those in 1. The only notable difference between the NMR
spectroscopic data of the two compounds lies in the chemi-
cal shifts of the halogenated phenol moiety. The chemical
shifts of the halogen-bearing carbon atom (C26) and 25-H
are shifted significantly from 0r=110.0ppm and Joy=
7.28 ppm in 1 to 0-=85.8 ppm and 0y =7.47 ppm in 2. The
chemical shifts of the neighboring hydrogen and carbon
atoms are also shifted to some extent. On the other hand,
the chemical shifts of the other parts of 2 were superimposa-
ble with those of 1 (Ady<+£0.01, Ad-<=£0.2). These data
indicated that the bromine atom of the tyrosine residue in 1
is replaced with an iodine atom in 2 and that the two struc-
tures are otherwise completely identical.

The 'H NMR spectroscopic data of miuraenamide C (3;
Table 1) are also similar to those of 1. The amount of the
sample was insufficient to obtain C NMR spectroscopic
data. The isotope peaks at m/z 640.3 and 642.3 (=3:1) in
the mass spectrum indicated the presence of a chlorine atom
in the molecule. The molecular formula of C;,H,,N;0,Cl de-
termined by high-resolution MS suggested that 3 is the con-
gener with a chlorine atom instead of the bromine atom in
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Table 1. "H NMR spectroscopic data for miuraenamides A-F in CDCl; (600 MHz)."!

Position 1 2 3 4 5 6

2-H 2.32 (dt, 13.2, 8.4) 2.33 (dt, 13.8, 8.4) 2.32 (dt, 13.8, 8.4) 2.28-2.24 (m) 2.15-2.21 (m) 2.60 (dd, 15.3,2.4)
2.11-2.17 (m) 2.12-2.18 (m) 2.12-2.18 (m) 2.08-2.14 (m) 2.28 (dd, 15.3, 8.4)

3-H 1.79-1.85 (m) 1.79-1.85 (m) 1.79-1.85 (m) 1.83-1.89 (m) 1.63-1.69 (m) 3.92-3.98 (m)
1.67-1.74 (m) 1.67-1.74 (m) 1.67-1.74 (m) 1.56-1.63 (m)

4-H 2.05-2.10 (m) 2.05-2.10 (m) 2.05-2.10 (m) 1.99-2.03 (m) 1.99-2.05 (m) 2.35-2.41 (m)

1.92-1.98 (m) 2.16-2.22 (m)

5-H 5.04-5.10 (m) 5.05-5.11 (m) 5.05-5.11 (m) 4.95 (t, 7.0) 4.80 (t, 7.2) 5.13 (t,7.8)

7-H 2.15-2.20 (m) 2.15-2.20 (m) 2.15-2.20 (m) 1.82-1.88 (m) 1.65-1.71 (m) 2.14-2.20 (m)
1.94-2.00 (m) 1.94-2.00 (m) 1.94-2.00 (m) 1.65-1.71 (m) 1.46-1.52 (m) 1.95-2.00 (m)

8-H 1.84-1.90 (m) 1.83-1.89 (m) 1.83-1.89 (m) 1.34-1.40 (m) 1.42-1.48 (m) 1.83-1.89 (m)
1.61-1.67 (m) 1.60-1.66 (m) 1.60-1.66 (m) 1.03-1.08 (m) 1.35-1.40 (m) 1.60-1.66 (m)

9-H 5.09-5.13 (m) 5.09-5.13 (m) 5.08-5.12 (m) 4.60-4.66 (m) 4.85 (sext, 6.2) 5.02-5.08 (m)

10-H 1.33 (d, 6.6) 1.33 (d, 6.6) 1.33 (d, 6.0) 0.67 (d, 6.6) 1.20 (d, 6.2) 1.33 (d, 6.6)

11-H 1.60 (s) 1.60 (s) 1.60 (s) 1.52 (s) 1.46 (s) 1.64 (s)

13-H - - - - 6.11 (d, 8.4) -

16-H, 20-H 7.17-7.21 (m) 7.17-7.21 (m) 7.17-7.21 (m) 7.32 (d, 7.0) 8.07 (d, 8.0) 7.16-7.20 (m)

17-H, 19-H 7.17-7.21 (m) 7.17-7.21 (m) 7.17-721 (m) 7.40 (t,7.0) 7.50 (t,7.5) 7.16-7.20 (m)

18-H 7.29-7.33 (m) 7.29-7.33 (m) 7.29-7.33 (m) 7.43 (t,7.0) 7.64 (t,7.5) 7.32 (t, 6.9)

22-H 5.05-5.09 (m) 5.05-5.09 (m) 5.05-5.09 (m) 5.49 (dd, 8.4,7.2) 5.46 (dd, 8.4,7.2) 5.05 (dd, 10.7, 4.8)

23-H 3.24 (dd, 13.2, 10.8) 3.23 (dd, 13.5, 10.8) 3.25 (dd, 13.5, 10.5) 3.36 (dd, 14.4, 8.4) 3.28 (dd, 14.4, 8.4) 3.27 (dd, 13.8, 10.7)
2.61 (dd, 13.2, 5.0) 2.60 (dd, 13.5, 5.0) 2.61 (dd, 13.5,5.4) 2.85 (dd, 14.4,7.2) 2.83 (dd, 14.4,7.2) 2.62 (dd, 13.8, 4.8)

25-H 7.28 (d, 1.5) 7.47 (d, 1.5) 7.14 (d, 1.5) 7.38 (d, 1.5) 7.33 (d, 1.5) 7.30 (d, 2.0)

28-H 6.88 (d, 8.4) 6.85 (d, 8.2) 6.88 (d, 8.4) 6.94 (d, 8.4) 6.91 (d, 8.2) 6.91 (d, 8.4)

29-H 6.96 (dd, 8.4, 1.5) 6.99 (dd, 8.2, 1.5) 6.93 (dd, 8.4, 1.5) 7.12 (dd, 8.4, 1.5) 7.07 (dd, 8.2, 1.5) 7.00 (dd, 8.4,2.0)

31-H 4.79 (dq, 8.0, 6.0) 4.79 (dq, 7.8, 6.0) 4.80 (dq, 8.0, 6.6) 4.84 (dq, 7.5, 6.6) 4.97 (dq, 8.4, 6.7) 4.84 (dq, 7.8,7.2)

32-H 129 (d, 6.0) 1.30 (d, 6.0) 1.30 (6.6) 1.33 (d, 6.6) 1.32 (d, 6.7) 1.32(d, 7.2)

OMe 3.49 (s) 3.49 (s) 3.49 (s) 3.42 (s) - 3.48 (s)

NMe 2.86 (s) 2.86 (s) 2.86 (s) 2.92 (s) 2.97 (s) 2.90 (s)

13-NH 7.06 (s) 7.05 (s) 7.06 (s) 7.34 (s) 7.47 (d, 8.4) 7.02 (s)

31-NH 7.17-7.21 (m) 7.17 (d, 7.8) 7.18 (d, 8.0) 7.29 (d, 7.5) 6.53 (d, 8.4) 7.14 (d. 7.8)

OH 5.72 (s) 5.33 (brs) 5.49 (brs) 5.48 (s) 5.49 (brs) 3.65 (brs)

5.51 (brs)

[a] Chemical shifts are in ppm; multiplicities and coupling constants (Hz) are given in parentheses. The signals were assigned by 2D NMR spectroscopy
as described in the text.

Scheme 1. HMBC correlations of 1 measured in CDCl; (dashed arrows:
in [Dg]dimethyl sulfoxide).

1. The 'HNMR spectroscopic data were superimposable
with those of 1, except for the chemical shift of 25-H, which
was shifted from 0y=7.28 ppm in 1 to dy="7.14 ppm in 3.
These data indicated that the bromine atom of the tyrosine
residue in 1 is replaced with a chlorine atom in 3 and that
the two structures are otherwise completely identical.

The NMR spectroscopic data of miuraecnamide D (4),
which has the same molecular formula as 1, are similar to
those of 1 (Tables1 and 2). Thus, 4 appeared to be an
isomer of 1. The chemical shifts observed for the polyketide
moiety (5-H-11-H) appeared at higher field (Ad=-0.08 to
—0.66 ppm) in the '"H NMR spectrum of 4 than in the spec-
trum of 1, and the chemical shifts for the peptide moiety
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(13-NH, 22-H-31-H) appeared at lower field (A6=0.05 to
0.42 ppm). This finding suggested that these protons are af-
fected differently by the anisotropic effect of the phenyl
group at Cl4 as a result of E/Z isomerism of the C13—C14
double bond. The Z geometry of this double bond was then
established by NOE correlations between 16-H/20-H and
10-H and between 17-H/19-H and 10-H. Therefore, we con-
cluded that miuraenamide D (4) is the 13Z isomer of 1.
Miuraenamide E  (5) has the molecular formula
Cy3;HyN;O,Br, which is smaller than that of 1 by CH,. The
NMR spectroscopic data (Tables 1 and 2) indicated the lack
of the methyl enol ether moiety (C13=C14—OMe) and the
presence of a ketone (6-.=191.0 ppm) and a methine group
(0y=6.11 ppm, 6-=57.6 ppm). The other NMR signals cor-
responded to those of 1 according to '"H-"H COSY analysis.
The modified substructure around the ketone group was an-
alyzed by an HMBC experiment. The HMBC correlations
summarized in Scheme 2 revealed the structure 5, in which
the enol ether moiety had been hydrolyzed to the corre-
sponding ketone. The existence of a benzoyl group (Cl4-
C20) was also supported by the downfield shifts of the sig-
nals for the aromatic hydrogen atoms (H16-H20) relative to
those of the equivalent atoms in 1 (Ad=0.31-0.88 ppm). As
the differences in the proton chemical shifts observed for 5§
and 1 were analogous to those found for 4 and 1 (upfield

Chem. Asian J. 2008, 3, 126 -133



Miuraenamides A-F

Table 2. ®C NMR spectroscopic data (ppm) for miuraenamides A-F in
CDCl; (150 MHz).

Carbon atom 1 2 4 5 6
1 173.4 173.4 173.3 172.9 172.7
2 34.9 34.9 345 35.4 39.7
3 25.9 25.9 257 25.8 69.0
4 26.5 26.5 26.1 26.5 35.8
5 125.4 125.4 1252 125.8 121.3
6 134.7 134.7 134.7 133.7 136.6
7 35.0 35.0 35.0 345 35.1
8 333 333 32.6 324 33.0
9 70.3 70.2 70.1 72.1 70.2
10 19.7 19.7 18.6 20.0 19.4
11 16.3 16.3 16.2 15.5 16.4
12 165.8 165.81 165.31 166.2 166.2
13 111.1 n.d.l 107.8 57.6 n.d.l
14 165.0 165.0% 165.4 191.0 164.0%
15 131.7 131.7 132.8 134.0 131.7
16, 20 1286 1285 128.1 129.7 128.6
17,19 1282 128.3 129.2 128.8 1283
18 130.1 130.1 129.5 134.7 130.2
21 168.8 168.8 167.9 169.5 168.8
22 56.7 56.7 56.6 56.3 56.7
23 31.8 31.6 31.6 315 31.8
24 130.4 131.0 130.7 130.3 n.d.
25 1325 138.6 1323 132.3 1325
26 110.0 85.8 110.01 110.1 110.01
27 151.1 153.6 151.1 151.1 151.1
28 116.1 115.0 116.1 116.1 116.1
29 130.0 131.1 129.8 129.8 130.2
30 172.8 172.8 173.7 1741 172.4
31 46.1 46.1 46.1 453 45.8
32 17.2 17.2 17.4 17.9 17.1
OMe 58.6 58.6 57.4 - 58.6
NMe 30.2 30.2 30.1 30.4 30.3

[a] The chemical shift of the signal was determined from HMBC spectro-
scopic data. [b] Not determined. [c] Interchangeable signal assignments.

Scheme 2. HMBC correlations around the keto group (C14) of miuraen-
amide E (5).

shifts for the polyketide moiety and downfield shifts for the
peptide moiety), we concluded that the orientation of the
phenyl group is similar in § to that observed in 4. The abso-
lute configuration at C13 is unclear; however, the NMR
spectroscopic data showed that 5 is a single isomer. Miura-
enamides D (4) and E (5) could be artifacts that result from
the isomerization and hydrolysis of the enol ether moiety of
1 during the isolation procedure.

Miuraenamide F  (6) has the molecular formula
C3,H,;,N;OgBr, which is larger than that of 1 by an oxygen
atom. Therefore, this compound appeared to be a hydrox-
ylated derivative of 1. The NMR spectroscopic data
(Tables 1 and 2) indicated that the methylene group at C3 in
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1 is replaced with an oxymethine functionality in 6 (0y=
3.95 ppm, 6-=69.0 ppm). The signals for 2-H and 4-H were
shifted downfield with respect to those observed for 1 (Ad,.
n=028/0.14 and Ad,;=0.11/0.30 ppm, Ad-,=4.8 and
Ab,=9.3 ppm). The NMR signals for the other parts of the
molecule corresponded to those of 1 on the basis of 2D
NMR spectroscopic analysis. Therefore, 6 was determined
to be 3-hydroxymiuraenamide A. The absolute configuration
at C3 was determined to be R by comparing the 'H NMR
spectroscopic data of the (§)- and (R)-MTPA esters 7s and
7r derived from 6 by the modified Mosher method
(Scheme 3).

ZT

~
7-0.081

= -0.096

3 +0.063
AN

+0.018
+0.029

Scheme 3. A portion of the methoxy(trifluoromethyl)phenylacetic acid
(MTPA) esters 7s and 7r derived from miuraenamide F (6) with Ad
values (07,—0d7,) in ppm.

Absolute Stereostructure

To determine the absolute stereostructure of the natural
products, we attempted to prepare crystalline derivatives of
1 (Scheme 4). Acetate 8 was first prepared from 1 under
standard conditions. The acid hydrolysis of 1 in 1N HCI af-
forded ketone 5, which was identical to the natural deriva-
tive § in all respects. On the other hand, the treatment of 1
with 2N HCI also promoted a retroaldol reaction to furnish
9 as well as 5. None of the derivatives, including the natural
metabolites, afforded suitable single crystals for X-ray analy-
sis.

Next, we applied the modified Mosher method and the
Marfey method to determine the absolute configuration of
the stereogenic carbon atoms of the ester group (C9) and
the peptide moiety (C22 and C31), respectively. The basic
hydrolysis of 1 in 2N NaOH gave seco acid 10, which was
converted into methyl ester 11 with TMSCHN,. Methyl
ester 11 was then converted into bis(MTPA) diesters 12s
and 12r. The chemical-shift differences (d154—012r;
Scheme 4), which were determined on the basis of 'H-'H
COSY experiments, revealed the 95 configuration.®! To de-
termine the absolute configuration of the two amino acids,
miuraenamide A (1) was heated in 12N HCI, and a portion
of the hydrolysate was treated with 1-fluoro-2,4-dinitrophen-
yl-5-L-leucinamide or the corresponding 5-p-leucinamide (-
or p-FDLA) to afford a mixture of FDLA derivatives of the
amino acids.”’) Derivatization with L-FDLA afforded the N-
methyl-D-tyrosine and L-alanine derivatives, as determined
by comparison with authentic samples (Figure 1 A), whereas
derivatization with D-FDLA afforded the diastereomeric
compounds (Figure 1B). The results demonstrated that the
alanine and N-methyltyrosine units in 1 have the L and D
configuration, respectively. The complete stereostructure of
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12s: (S)-MTPA diester
12r: (R)-MTPA diester
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The type of halogen present
in the tyrosine residue in miu-
raenamides A-C (1-3) is not
important for their activity.
The decrease in activity ob-
served for miuraenamide E (5)
and 9 could be attributable to
the lack of an appropriately
oriented -methoxyacrylate
moiety (C12-C14), the well-
known pharmacophore of the
fungicides that target the mito-
chondrial cytochrome bc; com-
plex, such as the strobilurins,"!
myxothiazole A,"" and the cys-
tothiazoles.'"” The low activity
of miuraenamide D (4) shows
that even a change in the ge-
ometry of the (-methoxyacry-
late group affects the activity
of these compounds. Indeed,

the conformation of the f-

Scheme 4. Derivatization of miuraenamide A (1). For the MTPA esters 12s and 12r, A values (0;,,—0y,,) are methoxyacrylate group is

given in ppm. TMS = trimethylsilyl.

|
/\ \_J D-Ala

° |
“JL“J \”J L*J“"

t- / min

Figure 1. HPLC traces of L-FDLA (A) and p-FDLA (B) derivatives of
the acid hydrolysate of miuraenamide A (1). MeTyr = N-methyltyrosine.

1 was therefore determined as shown. The similarity of their
spectra to those of 1 and chemical correlations suggest that
the other congeners 2-5 have the same stereostructure.

Antifungal Activity

Miuraenamide A (1) inhibited selectively the funguslike
phytopathogen Phytophthora capsici at a minimum dose of
0.025 pg per disk and had no effect on bacteria.”? We evalu-
ated the anti-Phytophthora activity of the other miuraen-
amides and related compounds synthesized in this study rel-
ative to that of 1 (Table 3).

Table 3. Minimum doses of miuraenamides and derivatives for anti-Phytophthora activity.

known to be important for the

antimicrobial activity of these

fungicides.'¥ The lipophilicity
of the polyketide moiety and the free phenol group on the
peptide portion of the structure appear to be important for
the activity of these compounds on the basis of the low ac-
tivity observed for miuraenamide F (6) and acetate 8, re-
spectively. The anti-Phytophthora activity is lost completely
in the case of the ring-opened derivatives 10 and 11, al-
though they contain the P-methoxyacrylate moiety. Thus,
the macrocyclic structure of the miuraenamides appears to
be essential. Several polyketide—peptide hybrid-type metab-
olites that resemble the miuraenamides have been isolated
from marine sponges and a mollusk (e.g., the geodiamo-
lides," the seragamides,"” and doliculide!""!). The true pro-
ducers of these metabolites could be unknown halophilic
myxobacteria and/or related microorganisms.

Conclusions

Four antimicrobial depsipeptides, miuraenamides C-F (3-6),
were isolated from the unique slightly halophilic myxobacte-
rium P. miuraensis strain SMH-27-4 together with the previ-
ously isolated miuraecnamides A (1) and B (2). We carried
out the complete structural analysis of 1-6, including the as-
signment of the absolute stereostructure of 1, by a combina-
tion of spectral analysis and chemical derivatization. The
major metabolite, miuraenamide A (1), was found to be a
potent inhibitor of the growth
of the phytopathogenic micro-

Compound 1 2 3 4 5 6

s ° 1 ;1 Organism P. capsici at a mini-

Dose [ug per disk] 0.025 0.025 0.025 1 10 0.13

mum dose of 25ng per disk.

> 2 >0 30 Structure-activity-relationship
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studies, for which the natural products and chemically de-
rived derivatives were examined, revealed the importance of
the macrocyclic structure and the a-amino-f-methoxyacry-
late moiety.

Experimental Section
General

Flash chromatography was carried out with a low-pressure gradient
system equipped with an 880-PU HPLC pump and an 880-02 gradient
unit (Jasco, Tokyo). Silica gel 60 F,5, (0.25-mm thickness; Merck,
Rahway, NJ) was used for both analytical and preparative TLC. Prepara-
tive HPLC was performed with a high-pressure gradient system equipped
with PU-1586 and PU-2086 pumps and a UV-1570 detector (Jasco). Spe-
cific rotation was measured by using a DIP-370 digital polarimeter
(Jasco). FTIR spectra were recorded on an FTIR-7000S spectrometer
(Jasco). UV/Vis spectra were recorded on a Ubest-50 UV/Vis spectro-
photometer (Jasco). Mass spectra (MS) were recorded on a Mariner Bio-
spectrometry Workstation (Applied Biosystems, Foster City, CA) in the
positive-ESI mode. A peptide mixture (angiotensin I, bradykinin, and
neurotensin) was used as an internal standard for high-resolution MS
analysis. NMR spectra were recorded at 27°C on an AMX2 600
(600 MHz) or an ARX 400 (400 MHz) spectrometer (Bruker, Rheinstet-
ten, Germany). The NMR chemical shifts (ppm) were referenced to the
solvent peaks at 0y ="7.26 ppm and 0.=77.0 ppm (residual CHCl;) for
samples in CDCl,.

Isolation

The culture conditions used were the same as those reported previously.”
The bacterial cells and the absorber resin were obtained from 20 L of the
culture broths by centrifugation and extracted three times with acetone
(2 L) at room temperature. (Each time, the cells were exposed to acetone
for 1 day.) The extracts were combined and concentrated to give an aque-
ous mixture (400 mL), which was extracted three times with EtOAc
(400 mL). The extracts in EtOAc were concentrated, and the residue
(878 mg) was subjected to flash column chromatography on silica gel
(Hi-Flash SI-40W-M (12 g, 20 i.d. x60 mm; Yamazen, Osaka, Japan), 30—
100% (35min) EtOAc in hexane, then 0-40% (20 min) MeOH in
EtOAc, 6 mL min"). The fractions eluted with 66-94% EtOAc in
hexane were combined and concentrated. The residue (61 mg) was sub-
jected to reversed-phase HPLC (YMC-Pack D-ODS-5 (20 i.d.x250 mm;
YMC, Kyoto, Japan), 65-80% MeOH (90 min, linear gradient),
8 mLmin !, detection at 225nm) to give 1 (19.6 mg, tx=46.3 min), 2
(0.4 mg, 1 =50.5 min), and 5 (1.9 mg, t; =63.0 min).

To purify other minor congeners, the fractions of interest were combined
with the corresponding fractions obtained from additional culture broths
(total 33 L). The fraction with a peak at 43.0 min (0.4 mg) in the last
HPLC separation was combined with the new fraction (0.3 mg) contain-
ing the same substance. The mixture was separated by silica-gel TLC
(20x 10 cm) with benzene/EtOAc (1:2). The UV-positive band (R;=0.4)
was collected, and the product was purified further by TLC (20x 10 cm)
with the eluent mixture CHCly/acetone/MeOH (86:10:4) to give 3
(0.1 mg; R;=0.8). The fraction with the peak at 57.9 min (0.2 mg) in the
last HPLC separation was combined with the corresponding fraction
(0.9 mg) from the additional culture broths. The mixture was separated
by silica-gel TLC (20x10 cm) with CHCly/acetone/MeOH (90:10:5) to
give 4 (0.4 mg; R;=0.85).

The fractions eluted with 94-100 % EtOAc in hexane and 0-12 % MeOH
in EtOAc by flash chromatography were combined and concentrated.
The residue (17.0 mg) was subjected to ODS chromatography (Cosmosil
75C18-OPN (6 g; Nacalai Tesque, Kyoto, Japan), 50-100% MeOH in
water (50 min, linear gradient), 2 mLmin~'). The fractions eluted with
62-74% MeOH in water were combined and concentrated, and the resi-
due (4.6 mg) was subjected to reversed-phase HPLC (Develosil ODS-
UG-5 (101.d.x250 mm; Nomura Chemical, Aichi, Japan), 60-70%

MeOH in water (30 min, linear gradient), 4 mLmin', detection at
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250 nm, tx=18.5 min, or 40% MeCN, 4 mLmin', detection at 250 nm,
tg =18.5 min) to give 6 (0.5 mg).

The physicochemical properties of 1 and 2, except for NMR spectroscop-
ic data, were reported in reference [7].

3: Colorless powder. [a]]=+24 (¢=0.005m, MeOH); UV/Vis (MeOH):
Amax (€)=202 (61000), 258 nm (11000M"cm™"); IR (film): #=1698, 1653,
1636, 1508, 1260, 1116, 1057 cm™'; MS (ESI): m/z (% )=640.3 and 642.3
(23 and 8) [M+H]™, 662.3 and 664.3 (54 and 28) [M+Na]*; HRMS: m/z
caled for C;,H,;N;0,7Cl: 640.2785; found: 640.2760.

4: Colorless powder. [a]f=-37 (¢=0.03m, MeOH); UV/Vis (MeOH):
Amax (€)=203 (58000), 258 nm (13000M~'cm™"); IR (film): #=3340, 1683,
1662, 1635, 1297, 1218, 1124, 757 cm™'; MS (ESI): m/z (%)=684.2 and
686.2 (17 and 24) [M+H]*, 706.2 and 7082 (92 and 100) [M+Na]*t;
HRMS: m/z caled for C3,Hy3N;0,”Br: 684.2279; found: 684.2256.

5: Colorless powder. [a]¥=+14 (c=0.13m, CHCL); UV/Vis (MeOH):
Amax (£)=208 (26000), 250 (13000), 280 nm (4100mM'cm™"); IR (KBr):
7=3421, 1749, 1673, 1635, 1508, 1228, 1134, 1045, 816, 689 cm™'; MS
(ESI): m/z (%)=670.2 and 672.2 (22 and 27) [M+H]*, 692.2 and 694.2
(59 and 73) [M+Na]™; HRMS: m/z caled for Cy3H,N;0,H”Br:
670.2122; found: 670.2125.

6: Colorless powder. [a]¥=+17 (¢=0.067M, MeOH); UV/Vis (MeOH):
Amax (8)=210nm (27000), 278 (sh, 12000m'cm™'); IR (KBr): #=3326,
1679, 1652, 1508, 1217, 1119, 757cm™'; HRMS: m/z caled for
C3H,,N;04"BrNa: 722.2052; found: 722.2048.

7s: Miuraenamide F (6; 0.2 mg, 0.3 umol) was treated with (R)-MTPA
chloride (4 pL, 21 pmol) in dry pyridine (0.1 mL) for 20 h at room tem-
perature. The product was isolated under standard conditions and puri-
fied by HPLC (Develosil ODS-UG-5 (10x250 mm), MeOH/H,O (9:1),
4mLmin~', detected at 210 nm, tz=9 min) to give 7s (0.3 mg, 93%).
'"HNMR (600 MHz, CDCL,): 6=7.74-7.70 (m, 2H), 7.57-7.51 (m, 2H),
7.50-7.44 (m, 3H), 7.45 (d, J=1.8 Hz, 1H), 7.40-7.35 (m, 3H), 7.32-7.23
(m, 5H), 7.13 (dd, J=1.8, 8.1 Hz, 1H), 7.07 (s, 1H), 6.97 (d, J=8.1 Hz,
1H), 6.27 (d, J=78Hz, 1H), 5.59-5.55 (m, 1H), 5.15 (dd, J=6.6,
10.2 Hz, 1H), 5.17-5.11 (m, 1H), 5.03-4.87 (m, 1H), 4.77 (dq, J=6.6,
7.8 Hz, 1H), 3.80 (s, 3H), 3.54 (s, 3H), 3.49 (s, 3H), 3.34 (dd, /=102,
14.4 Hz, 1H), 2.83 (s, 3H), 2.67 (dd, J=6.6, 14.4 Hz, 1H), 2.60-2.50 (m,
3H), 2.46-2.40 (m, 1H), 2.25-2.19 (m, 1H), 2.01-1.95 (m, 1H), 1.83-1.77
(m, 1H), 1.71-1.65 (m, 1H), 1.64 (s, 3H), 1.31 (d, J=6.6 Hz, 3H),
1.07 ppm (d, J=6.6 Hz, 3H); MS (ESI): m/z=1132.3 and 1134.3 [M+
H]*, 1154.3 and 1156.3 [M +Na]*, 1170.3 and 1172.3 [M +K]*.

7r: Compound 6 (0.2 mg) was converted under the same conditions with
(S)-MTPA chloride (4 pL, 21 pmol) into 7r (0.2mg, 62%). 'H NMR
(600 MHz, CDCly): 6=7.74-7.70 (m, 2H), 7.58-7.52 (m, 2H), 7.50-7.44
(m, 4H), 7.41-7.36 (m, 3H), 7.31-7.20 (m, 5H), 7.14 (dd, /=1.8, 8.1 Hz,
1H), 7.06 (s, 1H), 6.98 (d, J=8.1 Hz, 1H), 6.34 (d, /=7.8 Hz, 1H), 5.57-
5.51 (m, 1H), 5.12 (dd, J=6.0, 9.6 Hz, 1H), 5.10-5.04 (m, 1H), 5.04-4.98
(m, 1H), 4.89 (dq, /=6.6, 7.8 Hz, 1H), 3.75 (s, 3H), 3.55 (s, 3H), 3.48 (s,
3H), 3.34 (dd, J=9.6, 13.5Hz, 1H), 2.88 (s, 3H), 2.69 (dd, J=6.0,
13.5 Hz, 1H), 2.62-2.56 (m, 2H), 2.50-2.44 (m, 1H), 2.29-2.23 (m, 1H),
2.22-2.16 (m, 1H), 1.99-1.93 (m, 1H), 1.82-1.76 (m, 1H), 1.72-1.66 (m,
1H), 1.62 (s, 3H), 1.31 (d, J=6.6 Hz, 3H), 1.17 ppm (d, /J=6.6 Hz, 3H);
MS (ESI): m/z=1132.3 and 11342 [M+H]*, 11543 and 11563 [M+
Na]*, 1170.3 and 1172.3 [M+K]".

8: Miuraenamide A (1; 2.3 mg) was treated with a mixture of pyridine
(0.5 mL) and acetic anhydride (0.5 mL) at room temperature for 3.5 h.
The mixture was then concentrated in vacuo to give 8 (2.7 mg, 100%) as
a colorless powder. [a]®¥=+130 (c=0.13M, CHCL); UV/Vis (MeOH):
Amax (€)=208 (25000), 261 nm (1000m 'ecm™'); IR (KBr): #=3351, 1772,
1695, 1645, 1529, 1209, 1189, 1117, 1047, 778, 705cm™'; 'H NMR
(400 MHz, CDCLy): 6=7.43 (d, J=2.0 Hz, 1H),7.36-7.30 (m, 1H), 7.25-
7.20 (m, 4H), 7.12 (d, /=7.6 Hz, 1H), 7.09 (s, 1H), 7.06 (dd, J=8.4,
2.0 Hz, 1H), 6.98 (d, /=8.4 Hz, 1H), 5.16-5.06 (m, 3H), 4.80 (quint, J=
7.2 Hz, 1H), 3.50 (s, 3H), 3.32 (dd, /J=13.6, 10.4 Hz, 1H), 2.86 (s, 3H),
2.65 (dd, J=13.6, 5.2 Hz, 1H), 2.37 (s, 3H), 2.36-2.30 (m, 1H), 2.20-2.14
(m, 2H), 2.11-2.05 (m, 2H), 1.95-2.01 (m, 1H), 1.92-1.77 (m, 2H), 1.75-
1.58 (m, 2H), 1.61 (s, 3H), 1.33 (d, J=6.0 Hz, 3H), 1.29 ppm (d, /=
6.4 Hz, 3H); MS (ESI): m/z (%)=2382.6 and 383.6 (72 and 100) [M+H+

www.chemasianj.org 131



FULL PAPERS

KJ*, 726.2 and 7282 (48 and 66) [M +H]*, 7482 and 750.2 (38 and 35)
[M+Na]*; HRMS: m/z caled for CsH,sN;Og""Br: 726.2497; found:
726.2392.

Hydrolysis of 1 to 5 and 9: Miuraenamide A (1; 2.6 mg, 3.8 umol) was
stirred in a mixture of THF (0.9 mL), water (0.1 mL), and HCI (12N,
0.2 mL; final concentration: 2N) at room temperature for 9 h. The mix-
ture was then diluted with saturated NaHCO; (5 mL) and water (5 mL)
and extracted three times with diethyl ether. The combined ethereal ex-
tracts were washed with brine, dried over Na,SO,, and concentrated. The
residue was purified by HPLC (Develosil ODS UG-5 (10 i.d. x250 mm),
70-80% MeOH in water (30 min), 3 mLmin !, detection at 215 nm) to
give 5 (0.3 mg, 12%, tx=25.2min) and 9 (0.3 mg, 14 %, tz=13.3 min),
each as a colorless powder. The treatment of 1 with HCI at lower concen-
tration (a final concentration of 1N) for 4 h afforded only 5 (43 %).

9: '"H NMR (400 MHz, CDCLy): 6=7.32 (d, J=2.0 Hz, 1H), 7.07 (dd, /=
8.4, 20Hz, 1H), 6.92 (d, J=84Hz, 1H), 6.83 (d, J=8.0Hz, 1H), 6.74
(brd, J=9.6 Hz, 1H), 5.41 (brs, 1H), 5.34 (dd, /=84, 7.2 Hz, 1H), 5.05
(brt, J=7.0Hz, 1H), 4.97-4.93 (m, 1H), 4.83 (dq, /J=7.6, 6.4 Hz, 1H),
4.42 (dd, J=18.0, 9.6 Hz, 1H), 3.40 (dd, /=18.0, 3.6 Hz, 1H), 3.29 (dd,
J=144, 84Hz, 1H), 2.92 (s, 3H), 2.81 (dd, /=144, 7.2 Hz, 1H), 2.27-
2.10 (m, 2H), 2.09-2.03 (m, 2H), 1.95-1.89 (m, 1H), 1.85-1.40 (m, 5H),
1.58 (s, 3H), 1.30 (d, J=6.4 Hz, 3H), 1.24 ppm (d, /J=6.4 Hz, 1H); MS
(ESI): m/z (%)=566.0 and 568.0 (84 and 100) [M +H]*, 587.9 and 589.9
(50 and 63) [M +Na]*; HRMS: m/z calcd for C,sH;;N;04”Br: 566.1806;
found: 566.1850.

10: Miuraenamide A (1; 1.9 mg, 2.8 umol) was stirred in a mixture of
EtOH (0.8 mL) and NaOH (5N, 0.4 mL) at room temperature for 24 h
under nitrogen atmosphere. The mixture was then diluted with saturated
NH,CI (3 mL), HCI (1N, 1 mL) was added, and the resulting mixture was
extracted with EtOAc. The combined organic extracts were washed with
brine, dried over Na,SO,, and concentrated. The residue was purified by
chromatography on silica gel (Wako gel C-300, 2.8 g; eluent: CHCly/
MeOH =9:1-8:1) to give 10 (1.0 mg, 51%). '"H NMR (400 MHz, CDCL;):
0=7.44-7.40 (m, 1H), 7.35 (t, J=7.2Hz, 2H), 7.32-7.27 (m, 3H), 7.17
(d, J=1.4 Hz, 1H), 6.91 (brd, J=84Hz, 1H), 6.84 (d, J=8.4 Hz, 1H),
6.49 (brd, J=6.8Hz, 1H), 522 (t, J=8.0 Hz, 1H), 5.19-5.15 (m, 1H),
4.65 (quint, J=6.8 Hz, 1H), 3.79 (sext, J=6.4 Hz, 1H), 3.63 (s, 3H), 3.12
(dd, J=14.8, 7.0 Hz, 1H), 2.68 (dd, /=14.8, 9.0 Hz, 1H), 2.63 (s, 3H),
2.19 (t, J=7.2Hz, 2H), 2.13-2.00 (m, 4H), 1.70-1.64 (m, 2H), 1.61 (s,
3H), 1.58-1.52 (m, 2H), 1.19 (d, /=6.4 Hz, 3H), 1.03 ppm (d, J=6.4 Hz,
3H).

11: A solution of TMSCHN, (2Mm) in diethyl ether (4 uL, 8 pmol) was
added to 10 (1.0 mg, 1.4 pmol) in a mixture of benzene (1.4 mL) and
MeOH (0.2 mL), and the resulting mixture was stirred at room tempera-
ture for 2 h. The mixture was then concentrated, and the residue was sub-
jected to HPLC (Develosii ODS UG-5 (10i.d.x250 mm), 60-80%
MeOH in water (60 min), 3.0 mLmin~', detection at 218 nm) to give 11
(0.8 mg, 78 %, 1z =29.3 min) as a colorless powder. [a]¥=+22 (c=0.06 M,
CHCL;); IR (KBr): 7=3281, 1703, 1635, 1507, 1264, 1224, 1115, 981, 818,
757, 704, 666 cm™'; '"H NMR (CDCl;, 600 MHz): =737 (t, J=7.2 Hz,
1H), 7.32 (t, J=7.2 Hz, 2H), 7.27 (d, J=7.2 Hz, 2H), 7.21 (d, J=2.0 Hz,
1H), 7.14 (s, 1H), 6.97 (dd, J=8.4, 2.0 Hz, 1H), 6.88 (d, /=84 Hz, 1H),
6.30 (d, J=6.6 Hz, 1H), 5.22 (dd, J=9.0, 6.6 Hz, 1H), 5.15 (t, /J=6.6 Hz,
1H), 4.59 (quint, J=6.9 Hz, 1H), 3.81-3.75 (m, 1H), 3.78 (s, 3H), 3.52 (s,
3H), 3.19 (dd, J=14.4, 72 Hz, 1H), 2.75 (dd, J=14.4, 9.6 Hz, 1H), 2.66
(s, 3H), 2.14 (t, J=7.2 Hz, 2H), 2.10-2.04 (m, 2H), 2.02 (q, /=72 Hz,
2H), 1.68-1.62 (m, 2H), 1.60 (s, 3H), 1.58-1.51 (m, 2H), 1.19 (d, /=
6.0 Hz, 3H), 0.96 ppm (d, /J=7.2Hz, 3H); MS (ESI): m/z (%)=738.2
and 7402 (93 and 100) [M+Na]*; HRMS: m/z caled for
C;5H,6N;0¢BrNa: 738.2361; found: 738.2361.

12s: Methyl ester 11 (0.4 mg, 0.6 umol) was treated with (R)-MTPA chlo-
ride (4 pL, 21 umol) in dry pyridine (80 pL) under the standard condi-
tions. The crude product was purified by HPLC (Develosil ODS UG-5
(101i.d.x250 mm), 90% MeOH in water, 4.0 mLmin~', detection at
220 nm) to give 12s (0.5 mg, 78 %, ty =10.4 min) as a colorless powder.
'"HNMR (major conformer; 600 MHz, CDCL;): 6=7.71-7.67 (m, 3H),
7.55-7.51 (m, 2H), 7.48-7.43 (m, 4H), 7.42-7.38 (m, 5H), 7.35-7.31 (m,
2H), 7.16 (s, 1H), 7.11 (dd, J=1.8, 8.4 Hz, 1H), 6.94 (d, /=8.4 Hz, 1H),
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6.29 (d, J=6.6 Hz, 1H), 5.31 (d, /=9.0, 7.2 Hz, 2H), 5.13-5.04 (m, 2H),
4.56-4.50 (m, 1H), 3.78, 3.72, 3.64, 3.50, 3.55, and 3.53 (s, total 12H), 3.30
(dd, J=14.4, 72 Hz, 1H), 2.81 (dd, J=14.4, 9.6 Hz, 1H), 2.65 (s, 3H),
2.13-2.06 (m, 2H), 2.05-1.95 (m, 4H), 1.70-1.50 (m, 3H), 1.70-1.64 (m,
1H), 1.56 (s, 3H), 1.26 (d, J=6.0 Hz, 3H), 0.96 ppm (d, /=6.6 Hz, 3H);
MS (ESI): m/z (%)=1148.4 and 1150.4 (13 and 18) [M +H]*, 1170.3 and
1172.3 (90 and 100) [M +Na]*.

12r: Methyl ester 11 (0.5 mg, 0.7 umol) was converted under the same
conditions with (S)-MTPA chloride (4 uL, 21 umol) into 12r (0.8 mg,
100 %, tg =9.95 min), which was obtained as a colorless powder. 'H NMR
(major conformer; 600 MHz, CDCL;): 6=7.70-7.66 (m, 3H), 7.55-7.51
(m, 2H), 7.48-7.44 (m, 4H), 7.41-7.37 (m, 5H), 7.36-7.30 (m, 2H), 7.17
(s, 1H), 7.11 (dd, /=84, 1.8 Hz, 1H), 6.95 (d, J=8.4Hz, 1H), 6.27 (d,
J=6.6Hz, 1H), 5.32 (dd, /=9.0, 7.2 Hz, 1H), 5.13-5.08 (m, 1H), 5.03-
4.98 (m, 1H), 4.53 (quint, /=6.6 Hz, 1H), 3.78, 3.72, 3.64, 3.55, and 3.52
(s, total 12H), 3.30 (dd, J=14.4, 72 Hz, 1H), 2.81 (dd, /=9.6, 14.4 Hz,
1H), 2.65 (s, 3H), 2.14-2.06 (m, 2H), 1.94-2.02 (m, 2H), 1.93-1.85 (m,
2H), 1.74-1.68 (m, 1H) 1.65-1.55 (m, 3H), 1.51 (s, 3H), 1.34 (d, /=
6.0 Hz, 3H), 0.97 ppm (d, /J=6.6 Hz, 3H); MS (ESI): m/z (%)=1148.4
and 1150.4 (11 and 15) [M+H]*, 1170.3 and 1172.3 (84 and 100) [M +
Na]*.

Hydrolysis of 1 and derivatization by the Marfey method: A solution of 1
(1.0 mg, 1.5 umol) in HCI (12N, 1 mL) was heated at 115-120°C (oil-bath
temperature) in a sealed glass vial under nitrogen atmosphere for 15 h.
The hydrochloric acid was then removed by flushing with nitrogen, and
the residue was dissolved in water and washed twice with diethyl ether.
The aqueous layer was dried by flushing the vial with nitrogen. The resi-
due was lyophilized and redissolved in water (150 uL). Aqueous
NaHCO; (1M, 20 pL) and 1% - or b-FDLA (Tokyo Chemical Industry
Co., Ltd., Tokyo) in acetone (30 pL, 1 umol) were added to a portion
(30 puL) of the resulting solution, and the mixture was incubated at 37°C
for 1 h. The reaction was then quenched by adding HCI (1w, 20 uL), and
the mixture was diluted with acetonitrile (100 uL) to give a solution
(200 pL) containing L- or D-FDLA derivatives of amino acids. A portion
(3 uL) of each solution was analyzed by HPLC (Develosil ODS UG-5
(4.6x250 mm), 45-50% A in water (A=MeCN/MeOH (3:1)-0.1% tri-
fluoroacetic acid (TFA); 40 min, linear gradient), 1 mLmin~', detection
at 305nm). The authentic FDLA derivatives of N-methyltyrosine
(Bachem, Switzerland) and alanine were prepared and analyzed by the
same method.

Anti-Phytophthora Assay

Detailed conditions for the assay were reported previously."? The phyto-
pathogen P. capsici was cultured on a synthetic agar medium in a 9-cm
dish at 25°C for 2 days in the dark until the colony had grown to a size
of about 3-4 cm in diameter. Each paper disk (8§ mm in diameter) im-
pregnated with a sample was placed 1 cm away from the front of the
colony. After incubation for 1 day, the distance between the edge of the
colony and the paper disk was measured (control: 0 mm).
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