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ocystis aeruginosa (NIES-88). Their structures were determined by two-dimensional 'H-1H and
H C NMR correlation expeumems and confirmed by mass spc(,lral and amino acid dﬂdlyheh Their
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absolute stereochemistries were deduced u_y a combination of bpcuuzu and chemical studies.

Micropeptins 88-A and 88-C to 88-F inhibited chymotrypsin potently with IC5( of 0.4-10.0 ug/mL.
© 1998 Elsevier Science Ltd. All rights reserved.
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The cyclic depsipeptides containing the Ahp (3-amino-6-hydroxy-2-piperidone) unit have been frequently
found in the constituents of freshwater-blooming cyanobacteria.! In addition, these peptides are known to be
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m Microcysits
nostopeptins2 from Nostoc minutum and micropeptm 103 IJ from Microcystis viridis, which inhibit elastase and
chymotrypsin. In the course of our screening program of protease inhibitors from microalgae, we found that
M. aeruginosa (NIES-88), which produces kawaguchipeptins,3 had a potent inhibitory activity on
chymotrypsin. Here we describe the isolation and structure elucidation of new chymotrypsin inhibitors,

micropeptins 88-A to 88-F (1-6).
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M. aeruginosa (NIES-88)% was isolated from a bloom in Lake Kawaguchi and mass-cultured in our

laboratory as previously described.5 The 80% methanol extract of freeze-dried alga was partitioned between
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water and diethyl ether. The aqueous layer, which inhibited chymotrypsin, was further exiracted with n-
butanol and fractionated by ODS flash column chromatography (20-100% MeOH elution) followed by
reversed-phase HPLC, using 0.05% TFA in aqueous MeCN, to yield micropeptins 88-A (1), 88-B (2), 88-C
(3), 88-D (4), 88-E (5) and 88-F (6) as colorless amorphous powder.

The molecular formula of micropeptin 88-C (3) was established as C57H7¢NgOj5 by the high resolution
FABMS and NMR spectral data (Table 2). It's peptidic nature was suggested by the 'H and 13C NMR spectra
of 3 (Table 2), and the amino acid analysis of the hydrolysate gave 1 mole each of Thr, Glu, Val, and Ile and 2
moles of Tvr The 1H-1H COSY and H‘MQ(“G spectra also indicated the presence of these amino acids exce
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for Val. The Val unit was suggested to be present as an N, N-disubstituted derivative, since its amide proton
was not recognized (Fig. 1). The Phe residue was assigned from the H-TH COSY, HMQC and
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HMBC7 spectra of 3, which showed correlations from N-methyl protons (8 2.72) to a-~carbon (8 60.4). The
structure of Ahp was deduced as follows. In the IH-IH COSY and HMQC spectra of 3, the connectivity from
NH (8 7.42) to OH (6 6.07) was determined. The correlation of C-2 (8 169.3) with H-3 (& 4.46), H-6 (8
4.82) and H-2 (8 4.33) of the Val derivative was observed in the HMBC spectrum of 3. The unit containing
the triplet methyl protons (8 0.71) was identified as butyric acid (Ba) at the N-terminus by the H-!H COSY
and HMBC spectra (Fig. 1).
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-3 (3 5547)[ Ile C-1 (8 172.4) confirmed the este
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between Thr and Ile. The HMBC correlations (Thr H-2 and NH/Glu C-5, Glu H-3 and H-4/Glu C-5) and the
ANTNAT O o al Ve o WITY ir1] TITX 4N e e a2 L . ATY N 3 Y o Y -&F2 o 1N\
INULED Y COITCIAauon ( 1 II NI/ UlU 1r1-4) connecica 1nr iN and Giu C-5 (rig. 1)

The stereochemistries of the usual amino acids and N-Me Phe were determined as all L by HPLC analysis
of the derivatives of the acid hydrolysate with L- and D-Marfey's reagents.8.9 The stereochemistry of the Ahp

unit was deduced as follows. The reduction of 3 with NaBHy4 followed by hydrolysis with HC1 afforded Pro
and pentahomoserine, !¢ which were proved to be both L-form from HPLC analysis of their derivaiives with L-
and D-Marfey's reagents (L-pentahomoserine was synthesized from Boc-L-Glu (OBzi) using LiBHg4). The
relative stereochemistry of the Ahp unit in 3 was decided as shown in Fig. 2 by the NOESY correlations
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between Ahp NH and H-4a, H-4a and OH, H-4b and H-3, and H-3 and H-5b. Therefore, the stereochemistry
of Ahp was assigned as (3S,6R)-3-amino-6-hydroxy-2-piperidone.

The molecular formula of micropeptin 88-F (6) was larger than 3 by CH; from the HRFABMS data, and
the signal of methy! protons (8y 3.61) was observed in the 'H NMR spectrum, suggesting the presence of an

extra methyl group. Interpretation of the NMR data and the amino acid analysis of the hydrolysate allowed that

the structure of 6 was almost the same as that of 3 except for the presence of methyl protons. By the HMBC

correlation from Gln methyl protons
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stereochemistry of & was determined by the above-mentioned

Micropeptins 88-B (2) and 88-E (5) had the molecular formulas Cs3H73Ng01¢6 and Cs4H78NgO14,
respectively. The amino acid analyses of the acid hydrolysates suggested that these peptides were closely
related to micropeptin 88-C (3) except for the presence of Glu and Leu in 2 and 5, respectively, instead of one
of two Tyr in 3. Interpretations of the NMR data of 2 allowed that the structure of 2 was almost the same as
that of 3 except for the presence of Glu (II) instead of Tyr (II) in 3. Glu (II) was determined as the a-linkage
by the HMBC correlations (Ahp NH/Glu (IT) C-1 and Glu (IT) H~4/(31u (IT) C-5), the NOESY correlation
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(Ahp NH/Glu (II) H-2 and Glu (IT) NH) and the chemical shift of Glu (II) C-5 (8¢ 173.6). Interpretations of
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f the Leu unit instead of Tyr (II) in 3. The absolute stereochemistries of Z and 5 were determined by the
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above-mentioned procedures (The stereochemistry of the usual amino acids in 2 was determined as all L by the
Chiral GC analysis of N-trifluoroacetyl isopropyl ester derivatives of the acid hydrolysate.).
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Fig 2. Relative stereochemistry of the Ahp unit Fig 3. Relative stereochemistry of the HcAla unit
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The molecular weight of micropeptin §8-D (4) was larger than 3 by four daltons. The amino acid
analysis of the hydrolysate allowed the absence of 1 mole of Tyr in 3, and one disubstituted E-geometric

Ln
wn
.

'



doubie bond (8y 5.43, brd, /=10.0 Hz and dy 5.59, ddd, J=10.0, 2.4, 2.4 Hz) in the 1H NMR spectrum
suggested the presence of the 3-(4-hydroxy-2'-cyclohexenyl)alanine (HcAla) unit,!! which was decided by the
TH-TH COSY and HMBC spectra.12 Interpretations of the NMR data of 4 allowed that the structure of 4 was
almost the same as that of 3 except for the presence of the HcAla unit instead of the Tyr (II) unit in 3. The
absolute stereochemistry except the HcAla unit of 4 was determined by the above-mentioned procedures. The
stereochemistry of HcAla was deduced as follows. The hydrogenated product (8) of micropeptin 88-D

triacetate (7) was hydrolyzed with HCI to afford 2-amino-3- cyclohexylpropnomc acid, which was proved to be

S configuration from the HPLC analys;s of its derivatives with L- and D-Marfey's reagents ((5)-2-amino-3-
PR, Dy _ 12 _ - .
cyciohexyipropionic acid*~ was synthesized from L-Phe using PiO7). The relative stereochemisiry of HcAla

unit in 4 was decided as shown in Fig. 3 by NOESY correlations (HcAla NH/H-4, H-2/H-4, H-2/H-9b, H-
3a/H-5, H-3b/H-9a, H-4/H-8a, H-7/H-8b and H-7/H-9a). Therefore, the stereochemistry of HcAla was
decided to be (25, 1'S, 4'R)-3-(4'-hydroxy-2'-cyclohexenyl)alanine.

Micropeptin 88-A (1) had the molecular formula C44Hg5N7017. The presence of two methine protons
(8H 5.44 and 5.60) in the '"H NMR spectrum suggested that 1 was closely related to 4. The amino acid

analysis of the hydrolysate of 1 did not allow the presence of Tyr. The methyl protons (8y 0.71) and two
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methylene protons (8y 1.38 and 1.99) due to the butyric acid unit detected in the IH NMR spectrum of 4 were
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almost the same as that of 4 except for the absence of Glu and the butyric acid unit in 4. The absolute
stereochemistry except for the HcAla unit of 1 was also determined by the above-mentioned procedures, and
the similarity of 'H and 13C NMR signals due to the HcAla unit in 1 and 4 (Tables 1 and 2, respectively)
indicated that the stereochemistry of the HcAla unit in 1 was also (25, 1'S, 4'R).

Micropeptin 88-A (1) inhibited chymotrypsin and elastase with ICs¢'s of 0.4 and 3.5 pg/mL,
respectively, Micropeptins 88-C to 88-F (3-6) also inhibited chymotrypsin with ICs¢'s of 5.0, 10.0, 5.2 and
3.4 ng/mL, respectively, but did not inhibit elastase at 100 pg/mL. Micropeptin 88-B (2) did not inhibit

chymotrypsin and elastase at 100 pg/mL. These peptides did not inhibit thrombin, trypsin, plasmin and papain
at 100 ug/mL. These results suggest that the amino acid between Thr and Ahp is involved in the chymotrypsin

inhibition-mechanism. Moreover, the side chain (buytric acid-Tyr-Glu-) may also relate to the mechanism.
Experimental Section

General Information. Ultraviolet spectra were measured on a Hitachi 330 spectrophotometer. Optical
rotations were measured on a JASCO DIP-1000 polarimeter. 'H and 13C NMR spectra were measured on



Table 1. 1H and !3C NMR Data for Micropeptins 88-A (1) and 88-B (2) in DMSO-dg
micropeptin 88-A (1) micropeptin 88-B (2)
Position 14 J(Hz) 130 Position Iy J(H2) 3¢
Glu 1 172.1 (s) Butyric 1 171.8 (s)
2 3.68 (br) 52.5 (d) acid 2 2.00 (1,7.3) 371
3a 1.90 (m) 26.6 (1 3 1.38 (m) 18.5 (1
3b 2.00 (m) 4 0.73 (t,7.5) 13.4 ()
4 2.45 (m) 31.0 © Tyr 1 171.8 (s)
2 4.48 (m) 53.8 @@
5 172.2 (s) 3a 2.61 (dd,13.9,10.4) 36.7 (v)
Thr 1 169.5 (s) 3b 2.92 (dd,13.9,3.7)
2 4.59 (d, 9.2) 55.3 @ 4 126.6 (s)
3 5.48 (g, 7.0) 71.5 (@ 5.9 7.03 (d,9.0) 1300 @
4 1.23 (d, 7.0) 17.8 (@ 6,8 6.62 (d,9.0) 114.7 ()
NH 8.22(d, 9.2) 7 155.6 (s)
HcAla 1 170.6 (s) NH 7.84 (d,8.8)
2 4.32 (br) 50.0 (d) Glu(l) 1 172.4 (s)
3a 1.49 (m) 36.4 (1) 2 4.22 (ddd,7.7,6.2,4.4) 51.4 @
3b 1.84 (m) 3a 1.84 (m) 7.0 (1)
4 2.03 (m) 31.6 @ 3b 2.00 (m)
5 5.44 @, 10.2) 1320 @ 4a 2.34 (my) 312
6 5.60 (dd, 10.2, 2.6) 132.6 (d) 4b 2.40 (m)
7 3.99 (m) 65.1 (d) 5 173.1  (s)
8a 1.25 (m) 31.3 (1) Thr 1 169.5 (s)
8b 1.83 (m) 2 4.58 (d,8.8) 55.5 (d)
Sa 1.00 (m) 25.8 (i) 3 5.48 (m) 71.5 (&)
9b 1.74 (m) 4 1.23 (m) 17.7 (@)
NH 8.45 (d, 8.4) NH 8.13(d.8.8)
Ahp 2 169.4 (s) GludD 1 170.0 (s)
3 4,45 (ddd, 12.1, 9.1, 6.6)  49.7 (d) 2 4.43 (m) 51.4 (d)
4a 1.71 (m) 217 @ 3 i.71 (m)
4b 2.52 (m) 4a 2.60 (m)
Sa 1.71 (m) 29.7 (1) 4b 2.69 (m)
5b 1,80 (uu 5 173.6 (S)
6 4.93 (d, 3.3) 74.0 (d) NH 8.56 (d,8.5)
NH 7.40 d, 9.1) Ahp 2 169.1 (s)
OH 6.11 (d, 3.3) 3 4.47 (m) 48.8 (@)
Val 1 169.6 (s) 4a 1.71 (m) 21.6 (1)
2 4.31 (br) 55.7 & 4b 2.52 (m)
3 1.92 (m) 27.4 (d) Sa 1.72 (m) 296 (1)
4 -0.20 (d, 6.4) 17.9 (@ 5b 1.80 (m)
4’ 0.47 (d, 6.6) 18.0 (@ 6 4.93 (d,3.1) 73.9 ()
N-Me Phe 1 169.1 (s) NH 7.42 (d.8.6)
2 5.09 (dd, 11.4, 3.3) 60.4 (@ O 6.11(d3.1)
3a 2.81 (dd, 14.6, 11.4) 34.1 (1) Val 1 169.7 (s)
3b 3.25 (br 2 4.32 (d,10.4) 55.7 ()
4 137.5 (s) 3 1.90 (m) 27.3 )
5.9  7.24(d, 8.4) 129.6 (d) 4 -0.20 (d,6.5) 17.8  (q)
6,8  7.27(dd, 8.4, 7.0) 128.5 (d) 4 0.47 (d,6.9) 17.9 @
7 7.19(, 7.0) 126.6 (d) N-Me Phe | 169.1 (s)
N-Me 2.72(s) 300 (@ 2 5.07 (dd,11.7,3.1) 60.4 (@
Ile 1 172.6 (s) 3a 2.80 (dd,14.2,11.7) 341 (1)
2 4.76 (dd, 9.5, 5.5) 55.4 (d) 3b 3.27 (dd,14.2,3.1)
3 1.78 (m) 37.2 ) 4 137.5 (s)
4a 1.00 (m) 24.5 (1) 5.9 7.25 (d,8.1) 129.6 )
4b 1.25 (m) 6,8  7.28 (dd,8.1,7.8) 128.5 @
5 .80 (dd, 7.7, 7.3) 1.l O 7 7.18 {t,7.8) 126.5 &)
6 0.84 (d, 6.6) 16.0 (g) N-Me 2.72(s) 30.0 (g
NH 7.71 (9.5) Ile 1 172.5 (s)
2 4.75 (m) 55.4
3 1.78 (m) 37.2 ()
4a 1.00 (m) 24.5 (v)
4b 1.25 (m)
5 0.79 (m) 11.1 @
6 0.84 (m) 159 (@
NH 7.67 (m)




Table 2. 'H and 13C NMR Data for Micropeptins 88-C (3) and 88- D (4) in DMSO-dg
micropeptin 88-C (3) micropeptin 88-D (4)
Position Iy J (Hz) 13¢ Position Iy J(H2) 13¢
Butyric 1 171.83 (s) Butyric 1 171.83 (s)
acid 2 2.00 (m) 37.i6 (O acid 2 .99 (m) 37.3 (O
3 1.38 (m) 185 (bv) 3 1.38 (m) 185 ()
4 0.71 (t, 7.3) 13.4 (@ 4 0.71 (, 7.3) 135 (9
Tyr(D) 1 171.83 (s) Tyr 1 171.83 (s)
2 4.48 (ddd, 10.2, 8.6, 3.9) 539 (@ p 4.49 (ddd, 10.7, 8.6, 3.9) 53.8 ()
3a 2.61 (dd, 13.6, 10.2) 36.7 () 3a 2.61 (dd, 14.1, 10.7) 372 ()
b 2.93 (dd, 13.6, 3.9) 3b 2.93 (dd, 14.1, 3.9)
4 128.3  (s) 4 128.3  (s)
55 7.03 {4, 8.1) 130.0 @ 59 7.03 (d, 8.6) 136.1 &)
6, 8 6.61 (d, 8.1) 114.7 (@ 6, 8 6.61 (d, 8.6) 1147 @
7 155.6 (s) 7 155.6 (s)
NH 7.86 (d, 8.6) NH 7.85 (, 8.6)
7-OH 9.10 (s) Glu 1 173.2  (s)
Giu i i73.2  (s) 2 4.22 (ddd, 9.0, 8.1, 4.7) 5i.5 {d)
2 4.20 (ddd, 9.0, 7.7, 4.7) 52.4 (@ 3a 1.80 (m) 27.1 (1)
3a 1.80 (m) 27.1 (1) 3b 2.01 (m)
3b 2.01 (m) 4 2.36 (m) 314 (©
4a 2.27 (ddd, 154, 10.3, 5.1) 31.3 (1) 5 171.76 (s)
4b 2.36 (ddd, 154, 10.3, 5.1) NH 8.21 (d, 8.1)
5 171.76 (s) Thr 1 169.5 (s)
NH 8.19 (d,7.7) 2 4.62 (brd, 9.0) 55.1 (d)
Thr H 169.1  (s) 3 5.47 (g, 64) 71.7 &
2 4.64 (d, 8.6) 54.7 (@ 4 1.21 (d, 64) 17.6 ()
3 5.47 (q, 6.8) 72.0 () NH 8.04 (d, 9.0)
4 1.15 (d, 6.8 17.6 (@ HcAla 1 170.6  (s)
NH 7.87 (d, 8.6) 2 4.33 (br) 49.8 (@
Tyr(iD) 1 169.9 (s) 3a 1.50 (m) 36.8 (1)
2 4.39 (ddd, 9.8, 8.6, 4.3) 54.4 (d) 3b 1.83 (m)
3a 2.57 (dd, 14.5, 9.8) 35.2 (b 4 2.02 (m) 31.6 (d)
3b 3.23 (dd, 14.5, 4.3) 5 5.43 (brd, 10.0) 132.1 (d)
4 128.5 (s) 6 5.59 (ddd, 10.0, 2.4,24) 132.7 (d)
59 6.97 (d, 8.1) 129.8 () 7 3.98 (m) 65.1 (d
6, 8 6.60 (d, 8.1) 1149 (@ 8a 1.23 (m) 314 ()
7 155.6  (s) 8b 1.82 (m)
NH 8.51 (4, 8.6) 9a 0.99 (m) 259 (@
Ahp 2 169.3  (s) 9b 1.72 (m)
3 4.46 (ddd, 11.5, 9.0, 6.8) 48.9 (d) NH 8.40 (d, 8.6)
4a 1.77 (m) 21.6 (1) Ahp 2 169.4 (s)
4b 2.56 (m) 3 4.45 (ddd, 12.0, 9.4, 6.8) 48.7 (@)
S5a 1.72 (m) 29.6 () 4a 171 (m) 217 ®
5b 1.81 (m) 4b 2.56 (m)
6 4.92 (m) 739 () 5a 1.70 (m) 29.7 ()
NH 7.39 (d, 9.0) 5b 1.80 (m)
6-OH 6.07 (d, 3.4) 6 4.92 (bn) 74.0 (@
Vai i 169.6 (s) NH 7.42 (d, 9.4)
2 4.33 (d, 10.3) 55.7 () 6-OH 6.08 (, 3.0)
3 1.90 (m) 27.4 (d) Val 1 169.6 (s)
4 0.48 (d, 6.8) 18.0 (q 2 4.31 (4, 10.3) 55.7 @
4' -0.20 (d, 6.4) 17.9 (@ 3 1.89 (m) 27.4 (d)
N-Me Phe 1 169.0  (s) 4 0.48 (d, 6.8) 18.0 (@
2 5.06 (dd, 11.5, 3.4) 60.4 (d) 4' -0.20 (d, 6.4) 17.9 (@)
3a 2.80 (dd, 14.2, 11.5) 342 (B N-Me Phe 1 169.1 (s)
3b 3.24 (dd, 14.2, 3.4) 2 5.07 (44,115, 3.0 604 (&)
4 137.5 (s) 3a 2.81 (dd, 14.3, 11.5) 34.2 ()
59 7.23 d,7.7) 129.6 (d) 3b 3.26 (dd, 14.3, 2.8)
6, 8 7.26 (dd, 7.7, 7.7) 128.5 (d) 4 137.6 (s)
7 7.18 (dd, 7.7, 7.7) 126.6 (d) 59 7.23 (d, 8.1) 129.6 (@
N-Me 2.72 (s) 30,0 (@ 6, 8 7.26 {(dd, 8.1, 7.3) 128.5 @&
Ile 1 172.4  (s) 7 7.18 (dd, 7.3, 7.3) 126.7 @
2 4.74 (dd, 9.7, 5.3) 55.4 (d) N-Me 2.72 (s) 30,0 (g
3 1.76 (m) 37.2 (@ Ile 1 172.4  (s)
4a 0.97 (m) 24.4 () 2 4.77 (dd, 9.6, 5.4) 554 (&)
4b 1.20 (m) 3 i1.79 (m) 37.2  {d
5 0.78 (, 7.3) 11.2 (@ 4a 0.98 (m) 24.4 (V)
6 0.80 (d, 6.8) 16.0 (q) 4b 1.21 (m)
NH 7.64 @, 9.4 s 0.79 , 7.3) 11.2 (@
6 0.82 (, 6.8) 16.0
NH 7.66 (d, 9.4)




7 4 .7 PP

K. Ishida et al. / Tetrahedron 54 (1998) 5545-5556

Table 3. 1H and 13C NMR Data for Micropeptins 83-E (5) and 83-F (6) in DMSO-dg
Pl

micropeptin 88-E (& micropepiin 88-F {(§)

Position gy JHz) 13¢ Position 1y J (Hz) 3¢

Butyric 1 171.83 (s) Butyric 1 171.8 (s)

acid 2 1.99 (m) 37.2 () acid 2 2.00 (m) 37.1 (1)
3 1.38 (m) 18.5 (1) 3 1.38 (m) 18.5 (1)
4 0.71 @, 7.3) 13.4 (@ 4 0.71 (, 7.3) 134 (q

Tyr 1 171.83 (s) Tyr(D) i 1720 ()

2 4.48 (ddd, 10.3, 8.6, 3.8) 53.9 (@ 2 4.48 (ddd, 10.3, 7.3, 4.1) 53.8 @
3a 2.61 (dd, 14.1, 10.3) 36.7 (v) 3a 2.61 (dd, 13.7, 10.3) 36.8
3b 2.93 (dd, 14.1, 3.8) 3b 2.90 (dd, 13.7, 4.1)
4 128.3 (s) 4 128.3 (s)
59 7.03 (d, 81) i30.0 (d) 59 7.03 (d, 8.1) 130.0 @
6,8 6.61 (d,8.1) 114.7 () 6, 8 6.61 (d, 8.1) 114.7 @)
7 155.6 (s) 7 155.64 (s)
NH 7.84 (d, 8.6) NH 7.86 (, 8.6)

Glu 1 173.2 (s) Glu-OMe 1 172.2  (s)
2 4.22 (ddd, 9.0, 8.1, 4.7) 52.4 (d) 2 4.20 (ddd, 8.6, 7.7, 4.7) 524 (d)
3a 1.81 (m) 27.1 (1) 3a 1.80 (m) 271 @
3b 2.0t (m) 3b 2.01 (m)
4a 2.35 (ddd, 158, 103, 6.0) 31.3 (1) 4a 2.27 (ddd, 15.0, 5.8, 5.6) 31.3 W)
4b 2.37 (ddd, 15.0, 10.0, 5.6) 4b 2.36 (ddd, 15.0, 9.8, 6.4)

5 172.1 (s) 5 171.7  (s)
NH 8.20 (d,7.7) NH 8.25 (4, 7.7)

Thr 1 169.4 (s) OMe 3.61 (s) 51.8 (@
2 4.65 (d, 94 54.7 (d) Thr i 169.0 (s)
3 547 (g, 6.4) 72.0 (d) 2 4.64 (dd, 94, 1.3) 544 )
4 1.19 (d, 6.4) 17.6 (g 3 5.47 (gd, 6.0, 1.3) 72,1 (d)
NH 202 (d, 94) 4 1.15 (d, 6.0) 17.6 @

Leu 1 170.7 (s) NH 7.83 (d, 9.4)

2 4.30 (ddd, 12.4, 7.3, 3.4) 50.5 (d) Tyr(II) 1 169.9 (s)
3a 1.37 (m) 39.3 (1) 2 4.39 (ddd, 9.8, 9.0, 4.3) 54.2 (@
3b 1.83 (m) 3a 2.55 (dd, 14.3,9.8) 352
4 1.53 (m) 242 b 3b 3.24 (dd, 14.3,43)

5 0.78 (d, 6.8) 21.1 (g 4 128.5 (s)
5 0.88 (d, 6.8) 233 @ 59 6.97 (d, 8.1 129.8 (@
NH 8.36 (d, 9.0) 6, 8 6.60 (d, 8.1) 1149 (@

Ahp 2 169.4 (s) 7 155.58 (s)
3 4.45 (ddd, 124, 9.4, 6.8) 48.9 &) NH 8.50 (d, 5.0)
4a 1.71 (m) 21.8 (v Ahp 2 169.3  (s)
4b 2.55 (m) 3 4.46 (ddd, 11.6, 94, 6.5) 49.0 (@
5a 1.71 (m) 29.6 () 4a 1.77 (m) 216 (1)
5b 1.79 (m) 4b 2.57 (m)

6 4.92 (m) 74.0 (@) Sa 1.72 (m) 296 (M)

NH 7.42 (d, 9.4) 5b 1.81 (m)

6-OH 6.07 (d, 3.0) 6 4.82 (m) 73.9 @
Val 1 169.6 (s) NH 7.39 (d, 9.4)

2 4.33 (d, 10.3) 55.7 () 6-OH 6.07 (, 3.0

3 i.90 (m) 27.4 (d) Vali i 169.6 (s)

4 0.48 (d, 6.8) 18.0 (q 2 4.33 (d, 10.7) 55.7 @

4' -0.20 (d, 64) 17.9 (@ 3 1.90 (m) 27.4  (d)

N-Me Phe ! 169.0 (s) 4 0.48 (d, 6.8) 18.0 (@
2 5.06 (dd, 11.5, 3.4) 60.4 (d) 4’ -0.20 (d, 6.8) 179 (@
3a 2.80 (dd. 14.5, 11.5) 342 () N-Me Phe 1 169.0 (s)
3b 3.24 (dd, 14.5, 3.4) 2 5.06 (dd, 11.8, 3.2) 60.4 (@
4 137.5 (s) 3a 2.80 (dd, 14.3, 11.8) 342 ()
59 7.23 (4,7.7) 129.6 (d) 3b 3.23 (dd, 14.3, 3.2)

6, 8 7.26 (dd, 8.1, 7.7) 128.5 (d) 4 137.5  (s)
7 7.18 (dd, 8.1, 8.1) 126.6 (d) 5.9 7.23 (d, 7.5) 129.6 (d)
N-Me 272 (s) 30.0 (g 6, 8 7.26 (dd, 7.7, 1.5) 128.5 ()

Ile 1 172.5 (s) 7 7.18 (dd, 7.7) 126.6  (d)
2 4.78 ({dd, 9.6, 5.4) 55.4 (d) N-Me 2.72 (s) 30,0 (@
3 1.76 (m) 37.2 (@ Ile 1 172.4  (s)
4a 0.97 (m) 24.4 () 2 4.74 (dd, 9.4, 5.1) 55.4 ()
4b 1.20 (m) 3 1.76 (m) 372 @
5 0.80 (t, 7.3) 11.2 (@ 4a 0.97 (m) 244 (v)
6 0.82 (d, 6.8) 16.0 (q) 4b 1.20 (m)

NH 7.64 (d, 9.8) 5 0.78 (1, 7.3) 112 (@
6 0.80 (d, 6.8) 0 (g
NH 7.64 (d,94)

W

W
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either a JEOL JNM-A500, -A600 or Bruker AM600 NMR spectrometer. Two-dimensional NMR spectra of
micropeptins 88-A and 88-B were recorded on a Bruker AM600 NMR spectrometer equipped with an ASPECT
1000 computer. Two-dimensional NMR spectra of micropeptins 88-C to 88-F were recorded on a JEOL JNM-
A500 NMR spectrometer equipped with a VAXserver 4000-200 computer. FAB mass spectra, including high
resolution mass measurements, were measured on a JEOL SX-102 mass spectrometer. Amino acid analyses
were carried out with a Hitachi L-8500A amino acid analyzer.

Cultivation of Alga. Culture conditions were the same as previously described.32
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1soiation of Micropepiins 88-A to 83-F. Freeze-dried alga (121.7 g from 590 L of cuiture) was
el X ~r AW S Ty 2 O RS ATTY 1

X 2) and MeOH (2 L x 1). Combined 80% MeOH and MeOH exiracts were
concentrated to an aqueous suspension which was then extracted with ether. The aqueous layer was extracted
with n-BuOH. The n-BuOH layer was evaporated under reduced pressure to green dry solid (7.0 g), which

was subjected to flash chromatography on ODS (YMC-GEL, 120 A, 10 x 12 cm) with aqueous MeOH
followed by CH,Cl,.

0
30-65% MeCN containing 0.05% TFA; UV-detection at 210 nm; flow rate 2.0 mL/min) to yield micropeptins
88-D (4, 17.8 mg) and 88-C (3, 22.6 mg).

The 60% MeCOH fraction (527.5 mg) was subjected to reversed-phase HPL.C (Capcell Pak C18 UG, 20 x 250

e AQ EL0) WA MW e N NS MDA
i, J20-2270 IVICUIN COmAdning u.uo7 1IrAa;

UV-deiection at 210 nm; flow rate 6.0 mi/min) to yieid
micropeptin 88-C (3, i9.8 mg) and crude peptide fractions I, I, Iii and IV. The fraction I was subjected to
reversed-phase HPLC (Cosmosil MS, 10 x 250 mm; 35-50% MeCN containing 0.05% TFA; UV-detection at
210 nm; flow rate 2.0 mL/min) to yield micropeptin 88-B (2, 8.4 mg). The fraction IT was subjected to
reversed-phase HPLC (Deverosil ODS-5, 10 x 250 mm; 35-55% MeCN containing 0.05% TFA; UV-detection
at 210 nm; flow rate 2.0 mL/min) to yield micropeptin 88-C (3, 13.6 mg). The fraction IIl was subjected to
reversed-phase HPLC (Cosmosil MS, 10 x 250 mm; 40% MeCN containing 0.05% TFA; UV-detection at 210
nm; flow rate 2.0 mL/min) to yield micropeptin 88-D (4, 21.8 mg). The fraction IV was subjected to reversed-
phase HPLC (Cosmosil MS, 10 x 250 mm; 40% MeCN containing 0.05% TFA; UV-detection at 210 nm; flow

rate 2.0 mL/min) to yield micropeptins 88-D (4, 17.0 mg), 88-C (3, 84.1 mg), 88-E (§, 20.1 mg) and 88-F
(6, 9.7 mg)
The 80% MeOH fraction (287.2 mg) was subjected to reversed-phase HPLC (Cosmosil MS, 10 x 250 mm;

30-60% MeCN containing 0.05% TFA; UV-detection at 210 nm; flow rate 2.0 mL/min) to yield micropeptin
88-D (4, 13.9 mg) and crude peptide fractions V and VI. The fraction V was subjected to reversed-phase
HPLC (Cosmosil MS, 10 x 250 mm; 33% MeCN containing 0.05% TFA; UV-detection at 210 nm; flow rate
2.0 mL/min) followed by reversed-phase HPLC (Capcell Pak C18 UG, 10 x 250 mm; 33% MeCN containing

0.05% TFA; UV-detection at 210 nm; flow rate 2.0 mL/min) to yield micropeptin 88-A (1, 1.8 mg). The

0.05% TFA; UV-detection at 210 nm; flow rate 2.0 mL/min) to yield micropeptins 88-C (3, 20.8 mg), 88-E
{5, 12.1 mg) and 88-F (6, 5.3 mg).

e e . 23 ¢ . . N - A o e fon 1 A 12
Micropeptin 88-A (1). [a]p?3 -46.7° (¢ 0.10, MeOH); UV (MeOH) Amax 278 nm (g 1170); 'H and !3C

NMR see Table 1; HREFABMS m/z 884.4726 (M + H]* (C44HgeN7012, A -4.4 mmu).
Micropeptin 88-B (2). [a]p23 -17.2° (¢ 0.50, MeOH); UV (MeOH) Amax 278 nm (g 1100); IH and 13C
NMR see Table 1; HREABMS m/z 1079.5208 [M + H]* (C53H74NgO16, A -9.4 mmuy).



Micropeptin 88-C (3). [alp?3 -47.4° (¢ 0.10, MeOH); UV (MeOH) Amax 278 nm (g 3000); 1H and 13C
NMR see Table 2; HRFABMS m/z 1095.5405 [M - H,O + H]* (Cs7H75NgO14, A +0.3 mmu).

Micropeptin 88-D (4). [a]p23 -29.2° (¢ 0.10, MeOH); UV (MeOH) Amax 278 nm (¢ 1600); 1H and 13C
NMR see Table 2; HRFABMS m/z 1117.5814 [M + H]* (C57HgiNgOjs, A -0.7 mmu), m/z 1099.5706 [M
-H20 + H]* (C57H79NgO14, A -1.0 mmu), m/z 1081.5596 [M - 2H,0 + H]* (Cs7H77Ng013, A -1.4 mmu).
Micropeptin 88-E (5). [a]p23 -64.0° (¢ 0.10, MeOH); UV (MeOH) Amax 278 nm (¢ 1830); 'H and 13C

NMR see Table 3; HREABMS m/z 1063.5716 [M + H]* (Cs4H79NgO14, A -6.0 mmu).

Micropeptin 88-F (6). [a]p23 -27.2° (c 0.05, MeOH); UV (MeOH) Amax 278 nm (¢ 2700); 'H and 13C
TIMYT A T 80 L TINAN SoAM TR S TY TIYIL b - A Ve A =~ ~
NMR see Table 3; HRFABMS m/z 1109.5500 {M - HoO + Hj+ (CsgH77Ng014, A -5.9 mmu)

Acid Hydrolysis. For amino acid analysis, 100 pug each of 1 to 6 in 0.5 mL of 6 N HCI was heated at 110
°C for 16 h. The reaction mixture was dried, dissolved in 0.6 mL of 0.02 N HCI and subjected to amino acid
analysis. Retention times (min) of the standard amino acids: Thr (15.04-15.33), Glu (20.42-20.80), Val
(40.05-40.64), allo Tle (43.78), lle (45.76-46.29), Leu (47.44) and Tyr (49.84-50.29). Retention times (min)
in the amino acid analyses of 1 to 6: 1, Thr (15.06), Glu (20.48), Val (40.64) and Ile (46.32); 2, Thr (15.01),
2xGlu (20.34), Val (40.58), Ile (46.16) and Tyr (50.08); 3, Thr (15.33), Glu (20.93), Val (40.02), 1le
(45.81) and 2xTyr (49.81); 4, Thr (15.30), Glu (20.77), Val (39.97), lle (45.65) and Tyr (49.70); 5, Thr

PR PAVIREDIER R I R Dl P S L b SO AN LI 20 S

b
S
[ole] 3

5.84
(40. ), Ile (45.73) and 2xTyr (49.73).

HPLC Analyses of the Marfey Derivatives. To each acid hydrolysate of a 100 ug portion of the
peptides, 50 pL of 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (L-FIDAA) in acetone (10 mg/mL) and 100 pL
of 1 M NaHCO3 were added, and the mixture was kept at 80 °C for 3 min. To the reaction mixture, 50 pL of 2
N HCI and 300 pL of 50% MeCN were added and analyzed by reversed-phase HPLC (Cosmosil MS, 4.6 x
250 mm; gradient elution from HyO/TFA (100:0.1) to MeCN/H,O/TFA (60:40:0.1) in 60 min; UV-detection
340 nm; flow rate 1.0 mL/min). Retention times (min) of the standard amino acids: L-Glu (39.6), D-Glu

(40.6), L-Thr (37.0), L-allo-Thr (37.4), D-allo-Thr (38.5), D-Thr (40.2), L-Val (47.4), D-Val (51.4), L-lle

(50.8) and D-Ile (55.0); and amino acid derivatives from 1: L-Glu (39.6), L-Thr (37.0), L-Val (47.4) and L-lle
(50.8). Retention times (min) of the standard amino acids: L-Glu (39.4), D-Glu (40.5), L-Thr (37.2), L-allo-
Thr (37.6), D-allo-Thr (38.7), D-Thr (40.4), L-Val (47.6), D-Val (51.8), L-Ile (51.3), D-Ile (55.6), L-Leu
(52.3), D-Leu (56.2), L-Tyr (57.9) and D-Tyr (61.1); and amino acid derivatives from 3-6: L-Glu (39.5), L-

Thr (37.2), L-Val (47.5), L-lle (51.3), L-Leu (§; 52.2) and L-Tyr (57.8).

N-Me D- and L-Phe were also derivatized as above. The derivatives were analyzed by reversed-phase HPL.C
(Cosmosil MS, 4.6 x 250 mm; mobile phase MeCN/H>O/TFA (35:65:0.1); UV-detection 340 nm; flow rate
1.0 mL/min). Retention times of standards (min): N-Me L-Phe (23.2) and N-Me D-Phe (24.6); and amino acid
derivative from 1: N-Me Phe (23.4). Retention times of standards ( min)' N-Me L-Phe (23. O) and N-Me D-Phe
(24.4); and amino acid derivative from 2: N-Me Phe (23.0). Retention min);: N-Me L-Phe

(22.8) and N-Me D-Phe (24.2); and amino acid derivative from 3-6: N-Me Phe (22.8).
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Chiral GC Analyses of Micropeptin 88-B (2). To the acid hydro
2% ra iy o n

-
-

1NN °

HCl in (-PrOH (400 iL) was added and heated at 100 °C for 30 min.

product was evapor: ted, dissolved

in trifluoroacetic anhydride (200 pL) and CH,Cly (200 pL), reacted at 100 °C for 5 min and evaporated. The

residue was dissolved in CH,Cl3 and analyzed by GC with a Chiral-L-Val capillary column (Chrompak, 0.25
mm X 25 m). The oven temperature was maintained for 5 min at 60 °C and raised to 200 °C at 4 "C/min and at
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200 °C for 3 min. Retention times of the standard amino acids (min): D-Val (12.29), L-Val (13.47), D-Thr
(13.13), L-Thr (14.57), D-lle (15.11), L-Ile (16.25), D-Glu (28.12), L-Glu (28.86), D-Tyr (33.09) and L-Tyr
(33.83). Retention times of the amino acid derivatives of 2 (min): L-Val (13.44), L-Thr (14.53), L-Ile (16.28),
L-Glu (28.86) and L-Tyr (33.79).

Synthesis of L-Pentahomeserine. Boc L-Glu (OBzl) (1.0 g) was dissolved in dried THF (5.0 mL) and
then 132 mg of LiBH4 was added to the solution with stirring at room temperature under argon. After stirred
for further 16 h, EtOAc (5.0 mL) was added and stirred at room temperature for 3 h. After evaporation, the

ot NT
reaction mixture was subjected to silica gel column chromatography (Wako gel C-300, 3 x 9 cm) with CHCl3
S LI AMAOLT (1.1 Tha fraction anntninios Dan 1 _mantabkom o
to CHCI3/MeOH (1:1). The fraction containing Boc L-pentahomoserine (863 mg) was evaporated and

HCOOH (10 mL) was added and stirred at room temperature for 4 h. The reaction mixture was concentrated to
yield an orange oil (722 mg). A 53.6 mg portion of the orange oil was subjected to reversed-phase HPLC
(Cosmosil 5NH3, 10 x 250 mm; H7O; flow rate 2.0 mL/min; UV detection 210 nm) to yield L-
pentahomoserine (46.3 mg). L-Pentahomoserine: [o]p!® +4.9° (¢ 0.5, H0) and +14.8° (¢ 0.5, fresh in 5N
HC1); HRFABMS m/z 134.0820 (CsH203N, A +0.3 mmu); 'H and 13C NMR (DMSO-dg; 600 MHz), H-2
(dy 3.03, br, 8¢ 54.8), H-3 (dy 1.50, m, 1.73, m, 8¢ 29.9), H-4 (8y 1.50, m, 8¢ 29.3) and H-5 (8y 3.36, t,
6.4, 3¢ 60.7). [lit.14 [a]p23 +6.0° (c 2.0, H,0) and +28.8° (¢ 2.0, fresh in 5N HCl).]

¢ (6). Each of 1to 6 (500 ng) was dissolved in dried
t
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evaporated, and the residue was dissolved in 6 N HCI (500 pL) and heated at 110 °C for 16 h. To each acid
hydrolysate of the reduced products of 1 to 6 was added 50 puL of L-FDAA in acetone (10 mg/mL) and 10 pL
of 1 M NaHCQ3, and the mixture was kept at 80 °C for 3 min, added 50 pL of 2 N HCI and 200 puL of 50%
MeCN, and analyzed by ODS-HPLC: column Cosmosil MS (4.6 X 250 mm); gradient elution from H,O/TFA
(100:0.1) to MeCN/H>O/TFA (60:40.0.1) in 60 min; UV detection at 340 nm. L-Pentahomoserine was
derivatized with D- and L-FDAA as described above, respectively. Retention times of standards (min): L-

pentahomoserine-L-FDAA (39.3), L-pentahomoserine-D-FDAA (39.8), L-Pro (42.4) and D-Pro (43.4).

Retention of the acid hydrolysates of reduced products of 1 to 6 (min): pentahomeserine (39.3) and Pro
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Syntihesis of (25)-2-Amino-3-Cyciohexylpropionic
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mL) and glacial acetic acid (6.0 mL) was treated with PtO; (50 mg) and 45 psi of hydrogen at 50 °C for i8hon
a Parr shaker apparatus. The reaction mixture was cooled to room temperature and filtered. The filtrate was
evaporated in vacuo and the remaining solid triturated with Et0 and filtered. The white solid was subjected to
flash chromatography on ODS (YMC-GEL ODS-A 120-230/70, 3 x 8 cm) with HyO and aqueous MeOH to
yield (25)-2-amino-3-cyclohexylpropionic acid (902 mg; 87%): [a]p?3 +13.9 ° (¢ 0.1, 6 N HCl); HRFABMS
m/z 172.1358 (CoH18OsN, A +2.1 mmu); 'H NMR (D,0; 600 MHz), 8 0.78-0.90 (m, 2H), 1.00-1.18 (m,
3H), 1.26 (m, 1H), 1.50-1.66 (m, 7H) and 3.62 (dd, 8.8, 5.5, 1H). [lit.}3 'H NMR (D;0; 300 MHz), &

A=
{
v Ui, /rij anu J.i 4 sy AK1)]

1.50-1.80 (m, 7H) and 3.72 (dd, 1H)]

Acetylation and Hydrogenatlon of Micropeptin 88-D (4). Micropeptin 88-D (3.0 mg) was
dissolved in pyridine (0.5 mL) and then anhydrous acetic acid (0.5 mL) was added to the soiution and stirred at
room temperature for 20 h. The reaction mixture was evaporated, lyophylized, and subjected to reversed-phase
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HPLC (Cosmosil MS, 10 x 250 mm; 50-90% MeCN containing 0.05% TFA; flow rate 2.0 mL/min; UV
detection 210 nm) to yield the triacetate (7; 3.9 mg): FABMS (matrix: glycerol, negative) m/z 1241 [M-H]"; 'H
NMR (CD3O0D), butyric acid [d 2.18(H-2, t, 7.7), 1.55 (H-3, tq, 7.7, 7.5), 0.85 (H-4, t, 7.5)], Tyr (OAc) [8
4.72 (H-2, dd, 8.6, 6.8), 3.00 (H-3a, dd, 14.1, 8.6), 3.16 (H-3b, dd, 14.1, 6.8), 7.29 (H-5,9, d, 8.6), 7.01
(H-6,8, d, 8.6), 2.24 (Ac, s)], Glu [ 4.39 (H-2, dd, 8.6, 4.7), 1.87 (H-3a, m), 2.25 (H-3b, m), 2.38 (H-4a,

m), 2.46 (H-4b, m)], Thr [5 4.68 (H-2, br), 5.60 (H-3, m), 1.37 (H-4, d, 6.4)], HcAla (OAc) [3 4.56 (H-2,
m), 1.67 (H-3a, m), 2.07 (H-3b, m), 2.26 (H-4, m), 5.65 (H-5, brd, 10.3), 5.72 (H-6, brd, 10.3), 5.23 (H-
7, m), 1.55 (H-8a, m), 1.87 (H-8b, m), 1.27 (H-9a, m), 1.87 (H-9b, m), 2.00 (Ac, s)], Ahp (OAc) [3 4.59

(H-2, ddd, 12.4, 9.0, 6.8), 1.86 (H-3a, m), 2.80 (H-3b, m), 1.90 (H-4, m), 5.07 (H-3, br), 2.02 (Ac, s)],
Val [5 4.46 (H-2, d, 10.7), 2.04 (H-3, m), -0.08 (H-4, d, 6.8), 0.57 (H-4', d, 6.8)], N-Me Phe [ 5.25 (H-2,
dd, 11.5, 2.7), 2.80 (H-3a, dd, 14.8, 11.5), 3.47 (H-3b, dd, 14.8, 2.7), 7.27 (H-5,9, d, 7.7), 7.25 (H-6,8,
dd, 7.7, 6.8), 7.18 (H-7, t, 6.8), 2.83 (N-Me, s)], lle [6 4.53 (H-2, dd, 8.6, 7.7), 1.89 (H-3, m), 1.16 (H-
4a, m), 1.40 (H-4b, m), 0.87 (H-5, t, 7.5), 0.93 (H-6, d, 6.8).

Compound 7 was dissolved in EtOH (1.0 mL) and then 5.0 mg of palladium black was added to the
solution with stirred at room temperature for 5 h under hydrogen atmosphere. The reaction mixture was filtered

and subjected to reversed-phase HPLC (Cosmosil MS, 10 x 250 mm; 50-90% MeCN containing 0.05% TFA;

flow rate 2.0 mL/min; UV detection 210 nm) to yield 8 (200 ng): FABMS (matrix: glycerol, negative) m/z
1185 [M-H}-. 'H NMR spectrum of 8 allowed the absence of the signals due io the HcAla (OAc) unit
observed in that of 7 [H-5 (6 5.65), H-6 (6 5.72) and A 2.00)].

} 3
_—~
on

Compound 8 (100 pg) was dissolved in 6 N HCI (400 pL) and heated at 110 °C for 16 h. The acid
hydrolysate of 8 was derivatized with L-FDAA and analyzed by reversed-phase HPLC as above. (25)-2-
Amino-3-cyclohexylpropionic acid was also derivatized with D- and L-FDAA as above, respectively. Retention
times of standards (min): (25)-2-amino-3-cyclohexylpropionic acid-L-FDAA (60.8) and (25)-2-amino-3-
cyclohexylpropionic acid-D-FDAA (65.2). Retention time of the acid hydrolysate of 8 (min): 60.8.

Protease Inhibitory Assay. Serine and cysteine protease inhibitory activities were determined by the

o

eviously described. 13
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