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Oscillapeptins A to F, Serine Protease Inhibitors
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Abstract: Oscillapeptins B (2) to F (6), which were congeners of oscillapeptin A (1), were isolated from the
three strains of cultured cyanobacterium Oscillatoria agardhii. These structures were established by
spectroscopic analysis including the 2D NMR techniques. The absolute configurations of oscillapeptins
chymoirypsin and/or eiasiase, and oscillapeptin F (8) inhibiied trypsin and plasm
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were determined by the spectral and chemical methods. Oscillapeptins A (1) to E (5) inhibited
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The search for new enzyme inhibitors from natural sources has led to the discovery of structurally diverse
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y operative compounds for structure-based drug design. In this regard, we have reported a
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number of serine protease inhibitors from cyanobacteria including radiosumins, ' microviridins, > aeruginosins,
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and micropeptin-type peptides. Micropeptins A and B,” cyclic depsipeptides containing a 3-amino-6-
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88-A to 88-F from M. aeruginosa,’ and osciiiapeptin A (1) from Oscillatoria agardhii (>
potently inhibited elastase and chymotrypsin.®

In our continuous survey of freshwater cyanobacteria for protease inhibitors, we isolated oscillapeptin B
(2) and oscillapeptins C (3) to E (5) from O. agardhii (NIES-204 and 205, respectively) as chymotrypsin
and/or elastase inhibitors. Furthermore, oscillapeptin F (6) was isolated from O. agardhii (NIES-596) as a
trypsin and plasmin inhibitor. In this paper we report the isolation and structure elucidation of 2 to 6 and the
determination of absolute configurations of 1 to 4 and 6.
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O. agardhii (NIES-205), from which trypsin and plasmin inhibitors aeruginosins 205-A and —-B were
isolated,”® showed the potent inhibitory activities against elastase and chymotrypsin. Assay-guided fractionation
resulted in the isolation of oscillapeptin C (3, 3.8 mg) from the 60% MeOH fraction, oscillapeptins D (4, 5.0
mg) and E (8, 4.1 mg) from the 50% MeOH fraction.

Oscillapeptin D (4). The molecular formula of 4 was deduced as CH,,N,0,,S by HRFABMS and the
fragment ion of negative FABMS [m/z 1046, (M-SO;-H)] indicated the presence of sulfate as 1. Amino acid

analysis of acid hydrolyzate of 4 revealed the presence of one residue of Thr and two residues of Ile. The 'H

and "C NMR spectra in DMSO-d, suggested depsipeptidic nature of 4, showing five amide protons, seven
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for a set of disubstituted double bond signals (8 5.41, brd, J=10.
in '"H NMR spectrum. The interpretation of 2D NMR analyses including 'H-'H COSY, HMBC’ and HMQC"

assigned three usual amino acids (Ile (1), Ile (2) and Thr), although the amide proton of Ile (1) was not
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recognized. Other structural units, 1.e. a 2-O-methylglyceric acid 3-O-sulfate (Mgs), a homotyrosine (Hty), a N-
methylphenylalanine (Nmf), and a 3-(4’-hydroxy-2’-cyclohexenyl)alanine (HcAla),” were established by 2D
NMR experiments. The presence of Ahp was also deduced on the basis of '"H-'H COSY and HMBC spectra.
Since Ile (1) was suggested to be N, N-disubstituted by the absence of an amide proton, it was supposed that

Ahp involved the amino group of the Ile (1) moiety, which was confirmed by HMBC correlations (Ile (1) H-

2/Ahp CO, Dle (1) H-2/Ahp C-6). This result and HMBC correlations between adjacent units (He (2) NH/Nmf
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addition, HMBC correlation (Thr H-3/Iie (2) CO) indicated the lactone structure between the Thr hydroxy
group and the Ile (2) carbonyl group. It was consistent with both the absence of the hydroxy proton signal and
downfield shift (& 5.46) of the methine proton of Thr. Thus the gross structure of 4 was determined as Fig. 1.

Ile (2)
Fig. 1. Selected 'H-'H COSY, HMBC, and NOESY correlations for 4

The 'H NMR spectrum of 3 was similar to that of 4. However
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methoxy signal appeared at 3.01 ppm. These differences could be explained by the presence of O-Me at C-6 of
Ahp, which was confirmed by HMBC correlations (H-6/0-Me, 0-Me/C-6). Thus a 3-amino-6-methoxy-2-
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piperidone (Amp) unit was established. The fragment peak of negative FABMS of 3 did not indicate the

presence of suifate. In the 'H NMR spectrum, the chemical shifts of glyceric acid portion was shifted upfield in
comparison with those of 4, and a new hydroxy proton signal appeared at 4.84 ppm. These facts and COSY
data assigned a 2-O-methylglyceric acid (Mga) unit instead of Mgs in 4, and thus the gross structure of 3 was
determined as depicted.

Oscillapeptin E (5). The negative FABMS data indicated that the molecular weight of 5 differed from 1
by 30 mass units. The 'H and ""C NMR spectra of 5 and 1 differed only slightly. A methoxy signal of a N,O-

unit was mqumg from the 'H and ’C NMR spectra of §. This fact st gges
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Oscillapeptin B (2). 2 (5.6 mg) was isolated from the cultured O. agardhu (NIES-204), from which
oscillapeptin A (1) was isolated previously.® The negative FABMS data indicated that the molecular weight of 2
differed from 1 by 14 mass units. The 'H and °C NMR spectra of 2 and 1 were very similar. The 'H NMR
spectra of 2 showed one more methyl signal at 1.19 ppm, which was attached to C-7 of Hty by HMBC
correlations [7-Me/C-6, 7-Me/C-8, H-6/7-Me]. The interpretation of 2D NMR analyses revealed that a 7-
methylhomotyrosine (Mhty) unit was present in 2 instead of Hty between Thr and Ahp in 1.

Oscillapeptin F (6). O. agardhii (NIES-596), isolated from Veluwemeer in Holland, was mass cultured in
our laboratory. The crude extracts from this alga showed the potent inhibitory activities against plasmin and
Freeze-dried l a (1359 ¢ from 400 L of culture medinum) was extracted twic ith 80% MeOH and
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fraction was further partitioned between n-BuOH and H,O.

hd
ODS flash chromatography and eluted with aqueous MeOH. The active 80% MeOH fraction
HPLC to yield oscillapeptin F (6, 38.3 mg) as the active principal.
The 'H and ""C NMR spectra indicated that 6 was an analogue of 4. Amino acid analysis and 2D NMR
experiments of 6 showed the presence of Lys instead of HcAla. Amino acid analysis and NMR analysis

0
as purified by

i

confirmed the proposed structure.
Absolute stereochemistry. The absolute configurations of oscillapeptins were determined by the spectral
and chemical methods. The stereochemistry of usual and N-methyl amino acids (Ile, Thr, Lys, Dmy, and Nmﬂ

allowed us to 355.1gn the L configurations for all these amino acids. In order to determine the ausolute
configurations of Hty in 1 to & by Marfey’s aﬁai'ysm, Hty standard was prepared from the acid hydrolyzate of
anabaenopeptin F," a cyclicpeptide isolated from O. agardhii (NIES-204). Prepared Hty was ozonized using an

oxidative workup, followed by derivatization with Marfey s reagent to give L-Glu, indicating that prepared Hty
was the L-form. By using the prepared L-Hty as standard, the stereochemistry of Hty in 1 and 2 was determined
as the L configuration, and that in 3, 4 and 6 was the D configuration. But Marfey’s analysis of S revealed the
presence of both L- and D-Hty. The partial acid hydrolysis (3N HCI/EtOH=1:1, 80°C, 48 h) of 5 (1.0 mg) was
carried out, but unfortunately the expected fragments were not obtained. In all other Ahp-containing

metabolites, however, an amino acid residue between Ahp and Thr was the L configuration without exception.
Therefore, one Hty between Ahp and Thr in § was presumed to be the L configuration, and the other between

Thr and Mgs to be the D configuration. Ozonolysis of 2 using an oxidative workup, followed by hydrolysis and

derivatization gave 1.8 equiv. of L-Giu, which must be derived from Hty and Mhty in 2. Therefore the absolute

stereochemistry of Mhty in 2 is also the L configuration.

&
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The relative Stereocnenusuy of Amp in 3 was deduced as shown in I*'lg 2 Dy NOESY correlaiions. 3 was
oxidized with CrO, in AcOH, foliowed by hydrolysis to give L-Glu. Therefore, the absoiute stereochemistry of
Amp in 3 was decided to be 35, 6R configuration.

Because the chemical shifts of H-4a and H-5 (2H) in Ahp were overlapped in 'H NMR spectrum of 1, 2, 4
§ and 6, the configuration of OH at C-6 was not determined by NOESY data. However, in the case of all other
related compounds the OH in Ahp was the axial configuration, and the OH in Ahp have an important role for

the inhibitory mechanism against protease. In consideration of these points, the configuration of the OH of Ahp

The reduction of 1, 2, 4, § and § with NaBH, followed by hydrolysis produce
Pro, which was confirmed by Marfey’s analysis.” Therefore, the absolute chemistry of Ahp was also deduced as
35, 6R
4
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Fig. 2. The relative stereochmistry of Ahp, Amp, and HcAla
The absolute stereochemistry of HcAla in 3 and 4 was determined by same procedures described in the
structure elucidation of micropeptins 88-A and -D.” The relative stereochemistry of HcAla was deduced as
shown in Fig. 2 by NOESY correlations. 4 triacetate was hydrogenated with Pd-black, followed by hydrolysis
to produce 2-amino-3-cyclohexylpropionic acid, which was proved to be the § configuration at C-2 by Marfey’s

analysis compared with synthetic enantiomers. Therefore, the absolute configuration of HcAla in 4 was
of HecAla
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The deiermination of the absolute stereochemistry of Mgs and Mga in 1 to 6 was achieved by chiral
HPLC analysis. The each hydrolyzate of 1 to 6 was esterified with p-bromophenacyl bromide to detect at 280
nm on HPLC, which was the effective method to separate a racemic carboxylic acid.”” Comparison by chiral

HPLC of the each derivatized hydrolyzate with standard, which was synthesized from DL-glyceric acid using
Me,OBF, in the presence of proton sponge,'* showed that the absolute stereochemistry of Mgs and Mga was the

D configuration.
Discussion
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Oscillapeptins A (1), B (2), C (3), nd E (5) inhibited chymotrypsin with ICsy’s of 2.2,
§ also inhibited elastase with ICs,’s of 0.3, 0.05, 30, and

and 3.0 pg/mL, respectively. Compounds 1, 2, 4, and §
3.0 pg/mL, respectively, whereas 3 did not show any inhibitory activities at 100 pg/mL. Although oscillapeptin
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Table 1. 'H and '*C NMR Data for Oscillapeptin D (4) in DMSO-4
Position 'H J(Hz) Be HMBC
Mgs 1 169.0 (s)
2 3.86 (dd, 6.8, 3.0) 81.0 (d) Mgs C-1, 3, O-Me
3a 3.76 (dd, 10.7,6.8) 66.2 (1) Mgs C-1,2
3b 3.97 (dd, 10.7, 3.0)
O-Me 3.35 (s) 57.7 () Mgs C-2
Hty 1 172.1 (s)
2 4.53 (ddd, 8.5. 8.5,5.6) 52.3 (d) Hty C-1,3.4
3a 1.82 (m) 35.0 Hty C-1,2,4,5
3b 1.93 (mj
4 2.42 (2H, m) 304 (1) Hty C-2,3,5,6, 10
5 1314 (s)
6,10 696 (d 81) 1292 (d) HtyC-4,5,7,8,9
7,9 6.62 (d,8.1) 115.0 (d) Hty C-5,6,8, 10
8 155.1 (s)
NH 8.01 (d,8.5) Mgs C-1, Hty C-2
OH 9.06 (s) Hty C-7, 8,9
Thr 1 169.1 (s)
2 4.62 (d,9.4) 55.0 (d) Hty C-1, Thr C-1,3
3 5.46 (q, 6.8) 71.6 (d) ThrC-1, 2, 4, Ile (2) C-1
4 1.17 (d, 6.8) 17.6 (q) ThrC-2,3
NH 812 (d,94) Hty C-1, Thr C-1
HcAla i 176.7 (s)
2 4.30 (br) 49.8 (d)
3a 1.50 (m) 36.5 (1) HcAlaC-1,5
3b 1.80 (m)
4 2.00 (m) ) HcAla C-5
5 5.41 (brd, 10.3) i3i9 {d) HcAla C-3
6 5.55 (brd, 10.3) 132.7 (d) HcAla C-8
7 3.94 (m) 65.1 (d) HcAla C-6
8a 1.20 (m) 314 (b HcAla C-6
8b 1.74 (m)
9a 0.93 (m) 26.1 (O HcAla C-5
9b [.70 (m)
NH 8.43 (d,9.0) Thr C-1
Ahp 2 169.8 (s)
3 441 (ddd, 11.9,94,64) 49.0 (d) Ahp C-2,4
4a 1.70 (m) 217 (© Ahp C-2,3,5,6
4 2.55 (m)
5 1.70 (2H, m) 297 ® Ahp C-3,4,6
6 4.89 (br) 74.0 &) Ahp C-2,4,5
NH 7.34 (d,9.0) HcAla C-1, Ahp C-3
OH 6.06 (d,3.4) Ahp C-6
Ile (1) I 169.7 (s)
2 438 (d, 10.7) 54.0 (d) Ahp C-2,6,Tle (1) C-1,3
3 1.70 (m) 23.0 (@ He(1)C-2,4,6
4a 0.58 (m) 236 () Tle (1)C-3,5,6
4b 1.04 (m)
5 060 (d4,40) 10.2 (g) Ne(1)C-3,4
6 -0.28 (d, 6.4) 13.8 (@ Ile (1)C-2,3,4
Nmf 1 169.2 (s)
2 512 (dd, 11.1,3.4) 60.3 (d) Nmf C-1, 3
3a 2.81 (dd, 14.5,11.1) 342 (1) NmfC-1,2,4,5,9
3b 324 (dd, 14.5,3.4)
4 137.2 (s)
59 7.20 (d,7.3) 129.5 (d) NmfC-3,4,6,7,.8
6,8 723 1,7.3) 128.6 (d) Nmf C-4,5,7,9
7 7.18 (t,7.3) 126.6 (d)
N-Me 271 ) 300 (@ e (1) C-1, Nmf C-2
fle (2) 1 1724 (s)
2 474 (dd,9.4,5.1) 554 (d) Nmf C-1,1le (2) C-1,
3 170 (m) 37.5 (@) e (2)C-1,2,4,5,6
4a 098 (m) 24.6 (1) He (2)C-2,3,5,6
4b 1.22 (m)
5 0.78 (t,7.3) 11.2 @ Ile (2)C-3,4
6 0.81 (d,6.9) 16.0 (q) e (2)C-2,3,4
NH 7.63 (d,%.4) NmfC-1, e (3 C-2
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Table 2. 'H and '*C NMR Data for Oscillapeptins C (3) and E (8) in DMSO-d,
Oscillapeptin C (3) il in E (§

Position 'H J(Hz) C Position ‘H_J (Hz) BC
Mga 1 169.8 (5) Mgs I 168.8 (s)

2 3.70 (m) 84.0 (d) 2 3.88 (dd, 6.4,2.6) 80.8 (d)

3a 3.56 (m) 62.5 (t) 3a 3.80 (dd, 10.7, 6.4) 66.1 (1)

3b 3.65 (m) 3b 4.01 (dd, 10.7, 2.6)

OH 4.84 (dd,9.8,5.1) O-Me 3.36 (s) 575 (@

OMe 335 (s) 575 (@ Hy(1) 1 170.4 (s)
Hty 1 172.1 (s) 2 4.57 (m) 52.0 (d)

Z 4.53 (ddd, 8.6,8.6,4.7) 52.5 (d) 3a 1.92 (m) 350 ()

3a 1.85 (m) 349 (1) 3b 1.96 (m)

3 1.94 (m) 4 2.45 (2H, m) 304 (1)

4 245 2H, m) 304 (1) 5 1315 ()

5 131.0 (s) 6,10 6.96 (d,8.1) 129.2 (d)

6, 10 6.94 (d,8.5) 129.1 (d) 7.9 6.62 (d, 8.1) 1i15.0 (d)

7.9 6.65 (d, 8.5) 115.2 (d) 8 155.6 (s)

8 154.0 (s) NH 8.04 (d, 8.9)

NH 7.94 (d, 8.6) OH 9.08 (s)

OH 9.12 (s) Thr 1 172.4 (s)
Thr 1 169.2 (s) 2 4,72 d,9.4) 55.1 (d)

2 4.64 (d.9.4) 55.1 (d) 3 5.50 (q,6.8) 71.6 (d)

3 5.52 (g,6.3) 72.0 (d) 4 1.21 (d, 6.8) 178 (@

4 1.19 (d,6.3) 17.8 {(g) NH 8.18 (d,9.4)

NH 813 (d,9.4) Hy 2 | 170.1 (s)
HcAla 1 170.7 (s) 2 4.13 (dt, 10.7,8.5,2.8) 51.5 (d)

2 433 (br) 50.0 (d) 3a 1.68 (m) 323 @)

3a 1.51 (m) 36.5 (V) 3b 2.21 (m)

3b 1.83 (m) 4a 2.35 (m) 303

4 2.01 (m) 31.7 (d) 4b 2.52 (m)

5 5.42 (brd, 10.3) 132.0 (d) 5 131.5 (s)

6 5.58 (brd, 10.3) 1329 (d) 6, 10 6.90 (d,8.4) 129.2 d)

7 3.97 (m) 65.2 (d) 7.9 6.61 (d, 8.4) 1149 ()

8a 1.22 (m) 313 (O 8 155.0 (s)

8b 1.79 (m) NH 8.47 (d,8.5)

9a 0.98 (m) 259 (1) OH 9.08 (s)

% 170 (m) Ahp 2 168.8 (s)

NH 8.49 (d,9.0) 3 442 (ddd, 11.5,9.4, 6.4) 488 (d)
Amp 2 169.0 (s) 4a 1.73 {(m) 217

3 447 (ddd, 11.6,9.5.6.5) 48.5 (d) 4h 2.56 (m)

4a 1.72 (m) 21.7 5 1.73 (2H. m) 298 ()

4b 240 (m) 6 4.90 (bo) 74.0 (&)

5a 1.67 (m) 23.6 (1) NH 7.32 (d,9.4)

5b 2.06 (m) OH 6.06 (d,3.0)

6 443 (br) 83.0 (d) lle(l) 1 169.8 (s)

NH 7.22 (d, 8.0) 2 4.38 (d, 10.7) 54.0 (d)

O-Me 3.00 (s) 55.2 {q) 3 1.73 (m) 325 {d)
Ile (1) 1 169.5 (s) 4a 0.60 (m) 236 ()

2 442 (d, 10.7) 542 (d 4b 1.06 (m)

3 1,79 (m) 32,6 (d) 5 0.59 (d,3.9) 10.2 (q)

4a 0.60 (m) 23.6 (t) 6 -0.26 (d,6.4) 13.8 (@)

4b 1.06 (m) Nmf I 168.8 (s)

5 0.59 d,3.9) 10.0 (q) 2 5.13 (dd, 11.5,3.0) 60.4 (d)

6 -0.29 (d,6.8) 13.5 (g) 3a 2.82 (dd, 15.0, 11.5) 34.1 ()
Nmf 1 1690 (5) 3k 3.26 (m)

2 5.18 (dd,11.5,3.4) 60.5 (d) 4 137.6 (s)

3a 2.81 (dd, 14.1, 11.5) 34.1 (1) 59 7.22 (d,7.3) 129.4 (d)

3b 3.27 (dd,14.1,3.4) 6,8 7.24 (dd,7.5,7.3) 128.6 (d)

4 137.0 (s) 7 7.18 (1,7.5) 126.5 (s)

59 7.22 {4.7.3) 129.5 (@) N-Me 2.72 (s) 300 (W)

6,8 7.27 (t,7.3) 1287 (d) le(2) 1 172.4 (s)

7 7.18 (1, 7.3) 126.8 (d) 2 4.75 (dd,94,5.6) 55.2 (d)

N-Me 273 (s) 30.1 (q) 3 1.76 (m) 37.2 (d)
e 1 172.4 (s) 4a 1.02 (m) 246 ()

2 472 (m) 55.2 (d) ab 1.24 (m)

3 1.73 (m) 37.8 (d) 5 0.80 (t,7.3) 11.2 (q)

4a 1.09 (m) 249 (1) 6 0.86 (d, 6.8) 159 (q)

4b 1.31 (m) NH 7.63 d,94)

5 0.82 (t,7.3) 11.0 (q)

6 0.86 (d, 7.0) 16.0 (q)

NH 6,92 (d,8.6)
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‘Table 3. 'H and >C NMR Data for Oscillapeptins B (2) and F (6) in DMSO-d,

Oscillapeptin B (2) Oscillapeptin F (6)
Position 'H J(Hz) “¢c Position 'H J{H)
Mgs ] 169.0 (s) Mgs 1 1689 (s)
2 3.94 (m) 80.2 (d) 2 3.93 (dd, 6.4, 2.6) 803 (d
3a 377 (m) 66.2 (1) 3a 3.78 (dd, 10.2, 6.4) 66.4 (1)
3b 393 (m) 3b 3.96 (dd, 10.2,2.6)
O-Me 332 (s) 574 (q) O-Me  3.33 (s) 574 (@
Hty 1 172.1 (s) Hity 1 172.1 (s)
2 4.53 (ddd, 8.1, 8.1,5.2) 52.0 (d) 2 4.59 (ddd, 8.1,8.1,4.7) 52.1 (d)
3 1.88 (2H, m) 344 (t) 3a 1.87 (m) 350 (v
4a 242 (m) 305 3b 1.95 (m)
4b 2.52 (m) 4 247 (2H, m) 30.5 (1)
5 131.5 (s) 5 131.5 (s)
6, 10 6.94 (d, 8.4) 129.0 (d) 6, 10 96 (d, 8.1) 129.2 (d)
7.9 6.62 (d,8.4) 115.0 (d) 7.9 6.63 {d,8.1) 1150 (d)
8 155.3 (s) 8 155.0 (s)
NH 8.02 (d4,7.7) NH .08 (d,8.1)
OH 9.06 (s) OH 9.12 (s)
Thr 1 169.2 (s) Thr 1 172.4 (s)
4 474 (4,10.3) 55.1 (d) 2 4.62 (d,9.0) 55.0 (d)
3 5.51 (q,6.6) 71.8 (d) 3 549 (q,6.4) 71.7 (d)
4 1.22 (4, 6.6) 17.7 (@) 4 1.20 (d, 6.4) 17.6 (q)
NH 8.12 (d,10.3) NH 8.30 (d,9.0)
Mhty 1 1704 (s) Lys 1 170.2 (s)
2 4.15 (ddd, 10.7, 8.7, 2.8) 516 (d) 2 4.28 (m) 51.2 (d)
3a 1.65 (m) 32.5 (1) 3a 1.43 (m) 29.8 (1)
3b 2.21 (dddd, 13.4,8.2,8.2,3.3) 3b 2.04 (m)
4a 2.27 (ddd, 13.4,8.2,8.2) 304 (1) 4 1.28 (2H, m) 22,1 (1)
4b 2.47 (m) 5 1.50 (2H, m) 26.1 (1)
5 130.9 (s) 6 273 (2H, m) 386 ()
6 6.76 (d,8.4) 130.5 (d) NH, 7.68 (m)
7 123.4 (s) NH 8.46 (d,8.3)
8 153.3 (s) Ahp 2 16%.2 @)
9 6.61 (d,84) 115.0 (d) 3 4.44 (ddd, 11.9,8.9, 6.8) 489 (d)
10 6.94 (d,84) 129.0 (d) 4a 1.72 (m) 217 ()
7-Me 1.99 (s) 16.0 (q) 4b 2.56 (m)
NH 8.44 (d,8.4) 5 1.72 (2H, m) 297
OH 8.93 (s) [ 4.92 (br) 735 (@)
Ahp 2 169.2 (s) NH 7.34 (d,8.9)
3 4.42 (ddd, 11.6,9.5,6.5) 48.8 (d) OH 6.08 (d,2.6)
4a 1.72 (m) 27 (v lle(D) 1 169.7 (s)
4b 2.58 (m) 2 4.39 d, 10.7) 54.0 (d)
5 1.72 2H, m) 29.7 (1) 3 1.75 (m) 33.0 (d)
6 491 (br) 73.9 (d) 4a 0.59 (m) 236 ()
NH 7.38 (d, 8.0) 4b 1.06 (m)
OH 6.09 (br) 5 0.59 (d,3.8) 10.1 (@)
He (1) 1 169.7 (s) 6 -0.25 (d,6.4) 13.7 (@)
2 4.38 (d, 10.6) 54.1 (dy Nmf 1 168.8 (s)
3 1.75 (m) 33.0 (d) 2 5.13 (dd, 11.5,3.0) 60.4 (d)
4a 0.62 (m) 23.6 (1) 3a 2.82 (dd, 14.1,11.4) 342 (t)
4b 1.08 (m) 3b 328 (dd, 14.1,30)
5 0.62 (d.5.9 103 (q) 4 137.7 (s)
6 0.19 (4, 6.6) 13.8 (@ 5,9 721 d,7.3) 1292 (d)
Dmy 1 169.2 (s) 6,8 7.24 (dd,7.7,1.3) 128.6 (d)
2 5.04 (dd, 11.4,2.9) 60.6 (d) 7 7.18 (t,7.7) 126.3 (d)
3a 2.75 (dd, 15.0,11.4) 332 (1) N-Me 272 (s) 300 (@
3b 3.21 (dd, 15.0,2.9) Ile (2) 1 172.3 (s)
4 129.4 (s) 2 479 (dd,9.4,5.1) 553 ()
5.9 7.12 (d, 8.8) 130.5 (d) 3 1.78 (m) 37.6 (d)
6,8 6.81 (d, 8.8) 114.1 (d) 4a 1.02 (m) 245 (t)
7 158.3 (s) 4b 1.23 (m)
N-Me 2.71 (s) 30.1 (@) 5 0.80 (t,7.3) 1.1 (@
0O-Me 3.66 (s) 55.1 (q) 6 0.86 (d,6.9) 16.0 (q@)
Ile (2) i 1727 (s) NH 7.66 (d,9.4)
2 4,72 (d4d,9.5,5.5) 554 (d)
3 1.81 (m) 373 @)
4a 1Ol (m) 244 (1)
4b 1.24 (m)
5 0.81 (t,7.3) 1.1 (q)
6 0.85 (d,7.0) 16.0 (q)
NH 7.65 (d,9.5)
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F (6) did not inhibit both chymotrypsin and elastase, it showed the strong inhibitory activities against trypsin
and plasmin with ICg’s of 0.2 and 0.03 pg/mL, respectively. These results suggested that an amino acid residue
between Thr and Ahp played an essential role to be recognized in selectivity of the inhibitory activities.

The structure of oscillapeptins is closely related to that of A90720A, an Ahp-containing depsipeptide
isolated from the terrestrial cyanobacterium Microchaete loktakensis. A90T20A was reported to have the
inhibitory activities against trypsin, thrombin, and plasmin.”® Clardy et al. reported the atomic structure of the
trypsin-A90720A complex by X-ray crystallography and discussed putative inhibitory mechanisms.'® In that the
19-membered ring of A90720A was determined to be in elliptical shape by two hvdrogen bonds, one between

r
tho lantans carhanvyl and the Ahn NH andd

o 7
LIV lan vl UNWIIJI GRINE 1A ml}} AVii, Allv

ul}n and the Val NH which carrecnonde
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to the Ile (2) NH in oscillapeptins. In consideration of these results, a lack of the inhibitory activity against
elastase in 3 may be expiained by a change in the shape of the 19-membered ring due to the methylation of the
OH of Ahp. The fact that the 'H NMR signal of Ile (2) NH was unusually shifted upfield by 0.7 ppm suggested
a change of the hydrogen bond between these atoms. It should be noted that in the case of A90720A the
glyceric sulfate of the side chain added two hydrogen bonds to interact with trypsin, while that in 3 was missing
which might also attenuated the inhibitory activity against elastase.

Experimental Section

!nstru.mucntstmn. Optical rotation was determined on a JASCO DIP-1000 digital polarimeter. UV spectra were
N T A b b RTRA . n ranmndad an oA TEMNT TAIRA A £NN A SN NS
iia 1 ICLOUIUCU Ul d JILULY JINLVI-/MAWUOUW of ~ASW l‘LVlR

solvent peaks of DMSO-dj at 8, 2.49 and 9. 39.5. FABMS spectra were measured by using glycerol as matrix
on a JEOL JMS SX-102 mass spectrometer. Amino acid analysis was carried out with a Hitachi L-8500A
amino acid analyzer.

Culture Conditions. Culture conditions of Q. agardhii (NIES-204 and -205) were the same as previously
described.* * O. agardhii (NIES-596) was obtained from the NIES-collection (Microbial Culture Collection,
the National Institute for Environmental Studies, Japan) and cultured in 10 L glass bottles containing CT
medium"’ with aeration (filtered, 0.3 mL/min, without CO,). Cultures were illuminated with fluorescent lights

. . 2. ° . .
on a 12L:12D cycle at an intensity of 250 p/m™s at 25 °C for 10-14 days. After incubation, cells were harvested
Loc: e dloms oo £1.. - b vcntiina At 1T WYY vy W aemrao ad ~alls 1twraea le 304 P A ran

by continuous flow centrifugation at 10 000 rpm. Harvested cells were lyophilized and kept in a freezer at —

~ros

20 °C until extraction.

Extraction and Isolation. Extraction of O. agardhii (NIES-204) and isolation of oscillapeptin A (1) were
previously described.® Oscillapeptin B (2, 5.6 mg) was isolated from the 60% MeOH fraction by rpHPLC (ODS
L-column, 10 x 250 mm; 35% MeCN containing 0.05% TFA; flow rate 2.0 mL/min; UV detection at 210 nm).
Extraction of O. agardhii (NIES-205) was previously described.™ The 60% MeOH fraction (617 mg) was
purified by rpHPLC (Cosmosil C;; MS column, 10 X 250 mm; 20-60% MeCN containing 0.05% TFA in 50
min; flow rate 2.0 mL/min; UV detection at 210 nm) to yield oscillapeptin C (3, 3.8 mg). The 50% MeOH

d by reversed-nphase HPLC (Co sil C.. MS column, 10 x 250 mm: 20-

v VTGS AL Ao \\/vu mosiu Sojg Avanr SRoauaiiR, AV 222333,

60%MeCN containing 0.05% TFA in 50 min; flow rate 2.0 ml/min; UV detection at 210 nm) to yield

r-EAI__

oscillapeptin D (4, 5.0 mg) and oscillapeptin E (5, 4.1 mg).
Freeze-dried cyanobacterium O. agardhii (N 596‘) (135.9 g dry weight from 400 L of culture medium) was
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extracted twice with 80% MeOH and once with 100% MeOH. The extracts were combined and concentrated to
give a crude extract (27.2 g), which was partitioned between Et,0 and H,0. The H,O fraction was further
partitioned between n-BuOH and H,0. The n-BuOH-soluble material (4.41 g) was subjected to ODS flash
chromatography and eluted with aqueous MeOH, 100% MeOH, and CH,Cl,. The 80% MeOH fraction (160
mg) was purified by rpHPLC (CAPCELL PAK C,; UG column, 10 x 250 mm; 20-80% MeCN containing
0.05% TFA in 60 min; flow rate 2.0 mL/min; UV detection at 210 nm) to yield oscillapeptin F (6, 38.3 mg).

Oscillapeptin B (2): white powder; [0], —30.2° (c 0.2, MeOH); UV (MeOH) A, 278 nm (€ 2600); For 'H and

C data, see Table 3; HRFABMS m/z 1180.4956 (M - H) calculated for C;H;N,0,S (A -1.2 mmu).
PR} | PR} o e Ao - - a " -}
Oscilk: pTpril C {3}. white Wwd i, {G}D 26.6° (L 005, L‘V{UOH), Uv (}V/{GOH) r\,m'l ax 278 nm (E 119’\}), For 'H
13 see s PR T I . PO
and °C data, see Tabie 2; HRFABMS m/z 1060.5531 (M - H) cailculated for C;;H,4N,O,, (A -7.6 mmu)

(M
Oscillapeptin D (4): white powder; [a], —23.4° (¢ 0.05, MeOH); UV (MeOH) A, 278 nm (& 1800); For 'H
and “C data, see Table 1; HRFABMS m/z 1126.5013 (M - Hy calculated for C;,;H,\N,0,,S (A -0.5 mmu).
Oscillapeptin E (5): white powder; [a], —25.1° (¢ 0.05, MeOH); UV (MeOH) A, 278 nm (£ 2400); For 'H
and “C data, see Table 2; HRFABMS m/z 1136.4882 (M - HY calculated for C;H,,N;0,,S (A +2.0 mmu).
Oscillapeptin F (6): white powder; [a], —56.1° (¢ 1.0, MeOH); UV (MeOH) A, 278 nm (€ 1300); For 'H and
C data, see Table 3; HRFABMS m/z 1187.5024 (M - H) calculated for C5,H,N;0,¢S (A +0.3 mmu).
Amino Acid Analysis of Oscillapeptin B (2) to F (6). A solution of 2 to 6 (100 pg) in 6 N HCI (500 uL) was

ARAREIL AL ARGVl U UL e et L 1U11 Ul & s}

heated to 110 °C in a each sealed tube for 16 h and then cooled. The solvent was removed in a stream of dry N,

with heating, and the residue was dissolved in 0.02 N HCI (500 pl) and subjected to amino acid analysis
s 2o femian) i 2o R o1t L r1 6 NoY s FELY T o FOC8 AQN TV daw ¢lado nman Aielne Tia
K S (I 11) 111 4IlinO aCius dilalysiy. 111 (10.V0 <70}, LYDd {002.47). UlIUCL tinis conaiti i, LC

>

and aiio-Tie were separated ciearly. Retention times (min): allo-Iie (43.68) and ile (45.76).

L-Hty Standard. Anabaenopeptin F (30 mg)'’ was hydrolyzed and subjected to rpHPLC (Cosmosil MS, 10 x
250 mm; 0-60% MeOH containing 0.05% TFA; flow rate 2.0 mL/min; UV detection at 210 nm) to yield Hty
(3.4 mg); [a], +48.6° (¢ 0.1, MeOH); FABMS (matrix: glycerol, positive) m/z 196 [M + H]*, '"H NMR (DMSO-
dy), 8y 9.20 (s), 6.96 (d, 8.1), 6.67 (d, 8.1), 3.34 (m), 2.53 (2H, m), 1.96 (m), 1.83 (m), *C NMR (DMSO-d,) &
170.0, 155.3, 130.8, 129.2, 115.5, 52.6, 32.7, 29.8. Hty (1 mg) was treated with O, in MeOH at 0 °C for 30 min.
After removal of O, by N,, 2 mL of H,0, and 1 drop of concd HCl were added to the reaction mixture. After
i oom temperature for 16 h, excess solvents were removed under high vacuum to vield L-Glu,

(23 L8 2 s ARRNIL ARy L A A Y D] =AU UAE dULIUIEEl 10 VICIU t7Uiu,

which was confirmed by amino acid analysis and Marfey’s analysis as described bellow. Retention times (min):
L-Glu (41.2), D-Glu (42.4).

HPLC Analysis of the Marfey’s Derivatives. To each acid hydrolyzate of a 100 pg portion of 1 to 6, 1-fluoro-
2,4-dinitrophenyl-5-L-alanineamide (L-FDAA) in acetone (50 puL) and 1M NaHCO, (100 uL) were added. The
mixture was kept at 80 °C for 3 min followed by neutralization with 2 N HCI (50 uL). The reaction mixture
were dissolved in 50% MeCN and subjected to rpHPLC (Cosmosil C;; MS column, 4.6 x 250 mm; 0-60%
MeCN containing 0.1% TFA in 60 min; flow rate 1 mL/min, UV detection at 340 nm). The identity of each
peak was confirmed by Coinjection with a solution of a standard that had been derivatized in the same manner,

but L-Htv-D-FDAA de or D-Hty-L-FDAA derivative. Retention times (min): D-Lys
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(24.4).
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Ozonoiysis and Oxidaiion of Osciilapeptin B (2). Compound 2 (500 jig) was treaied wiih O, in MeOH at
0 °C for 30 min. After removal of O, by a stream of N,, 2 mL of H,0, and 1 drop of conc. HCl were added to
the reaction mixture. After incubation at room temperature for 16h, excess solvents were removed under high
vacuum, and the residue was hydrolyzed to yield 1.8 equiv. of L-Glu derived from both Hty and Mhty in 2,
which was confirmed by amino acid analysis and Marfey’s analysis as described above. Retention times (min):
L-Glu (41.0), D-Glu (42.2).

2-0-Methylglyceric acid p-bromophenacyl ester. DL-glyceric acid (530 mg, 5 mmol) was added to a solution
i in DMF (5 mL)."® After being

of KF (581 mg, 10 mmol) and p-b ngphgna :

22 44 1O

concentrated in vacuo, and chromatographed (Si0O,, EtOAc) to afford DL-glyceric acid p-bromophenacyl ester
(914 mg) as a white powder. To this ester (360 mg, 1.19 mmol) in CH,Cl, (3 mL), #-butyldimetylsilyl (TBDMS)
(1.3 mL, 1.3 mmol), E;N (250 pL, 1.5 mmol)) and DMAP (8 mg) were added under Ar. After being stirred for
overnight, the reaction mixture was diluted with Et,O and washed with saturated NaHCQO; and saturated NH,Cl.
The organic layer was concentrated in vacuo, and chromatographed (Si0,, CHCI,) to afford DL-3-O-TBDMS-
glyceric acid p-bromophenacyl ester (266 mg, 0.64 mmol) as yellow oil. To a solution of this ester in CH,Cl, (7
mL), proton sponge (800 mg) and Me;OBF, (200 mg) were added, ' and the reaction mixture was stirred for 12
h and then chromatographed (SiO,, CHCl,) to afford DL-3-O-TBDMS-2-O-methylglyceric acid p-
b yl ester (241.4 mg, 0.56 mmol) as yellow oil. This was dissolved in H,O/THF/AcOH (1:1:1, 3.0

2 was Lo FALLI/AALAISEL (L0125 DU

l

mL) and stirred for 24 h at room temperature. The reaction mixture was extracted with EtOAc and washed with
oo AT LI MTha ~vonnis oo sxia0 AmnA~a B Ry A Al M M
saturated NaHCO,. The organic layer was concentrated in vacuo, and chromatographed (Si0,, EtOAc) to yield

—_—

DL-2-O-methylglyceric acid p-bromophenacyl ester (165.7 mg, 0.52 mmol) as a white powder. L-2-O-
methylglyceric acid p-bromophenacyl ester was also synthesized by same procedures. L-2-O-methylglyceric
acid p-bromophenacyl ester: [a}, ~28.1° (¢ 1.0, MeOH); FABMS (matrix: glycerol, positive) m/z 317 [M + H]';
319 [M(*'Br) + HI*, '"H NMR (CD,0D), &, 7.89 (d, 8.6, 2H), 7.71 (d, 8.6, 2H), 5.51 (d, 3.9, 2H), 4.07 (dd, 6.0,
3.4),3.90 (dd, 11.5, 3.4), 3.81 (dd, 11.5, 6.0), 3.49 (s); "C NMR (CD,0D), §. 192.8, 171.9, 134.3, 133.3, 130.6,
129.9, 83.1, 67,8, 63.9, 58.8.

Chiral HPLC Analysis of p-bromophenacyl ester Derivatives. Each acid hydrolyzate of 1 to 6 (100 pg) was

added to a sumng solution of KF and p-bromophenacyl bromide in DMF (300 pL). After 30 min, the solution

¢ and washed with H. Q. The nrgnnm layer was evapora ated and chromatographed (810,

Viuk L3587, RAav W ) et BEAWI0E AT < W5,
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(CHIRALCEL OJ column, 4.6 x 250 mm; 100% EtOH, flow rate 0.8 mi/min, UV deiection at 280 nm).
Retention times (min): D-2-O-methylglyceric acid p-bromophenacy! ester (7.0), L-2-O-methylglyceric acid p-
bromophenacyl ester (8.4).

Reduction of Oscillapeptins A (1), B (2), D (4), E (5), and F (6). Each of 1, 2, 4, §, and 6 (500 pg) was
dissolved in MeOH (1.0 mL), and an excess amount of NaBH, was added to the solution with stirring at room
temperature. After 3 h, H,0 was added in the reaction mixture followed by concentration in vacuo. The residue

was subjected to a disposable ODS column (YMC Dispo SPE C 18; H,0-50% MeCN) and the 50% MeCN
fraction was concentrated in vacuo. The residue was hydrolyzed, derivatized and analyzed by the Marfey’s
method as described above.” L-Pentahomoserine-D-FDAA derivative was substituted for D-pentahomoserine-L-
FDAA derivative. Retention times (min): L-pentahomoserine (39.3), D-pentahomoserine (39.8), L-Pro (42.4), D-

Pro (43.4).
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mg of CrO,. After being stirred at room temperature for 2 h, the reaction mixture was subjected to a disposable
ODS column (YMC Dispo SPE C 18; H,0-McOH). The MeOH fraction was hydrolyzed to yield L-Glu which
was confirmed by Marfey’s analysis as described above. Retention times (min): L-Glu (41.0), D-Glu (42.2).

Acetylation and Hydrogenation of Oscillapeptin D (4). To 4 (2.5 mg) dissolved in pyridine (0.5 mL), Ac,0
(0.5 mlL) was added at room temperature. After being stirred for S h, the reaction mixture was concentrated in
vacuo and subjected to rpHPLC (Cosmosil C,; MS column, 10 X 250 mm; gradient elution 50-100% MeCN
containing TFA 0.05% in 50 min; flow rate 2 ml/min, UV detection at 210 nm) to yield triacetate 4 (1.5 mg).
'H NMR (CD,0D), Mgs [§4.05 (H-2, dd, 5.1, 3.0), 4.20 (H-3a, dd, 10.7, 5.1), 4.39 (H-3b, dd, 10.7, 3.0), 3.53

SAYRIN \RaS3NARS ) aful R ARTEy RAR2, a2y DU, MLV RAITOG, WSSy 1V, Vel 7 \ABTUUy WMy AV Ty Sy el

(O-Me, s)], Hty (OAc) [64.60 (H-2, dd, 8.6, 5.1), 2.13 (H-3a, m), 2.20 (H-3b, m), 2.75 (H-4, m), 7.28 (H-6,10,

d, 8.6), 6.96 (H-7,9, d, 8.6), 2.20 (Ac, s)], Thr [5 4.66 (H-2, br), 5.60 (H-3, m), 1.39 (H-4, m)], HcAla (OAc)
[64.55 (H-2, m), 1.72 (H-3a, m), 2.02 (H-3b, m), 2.28 (H-4, m), 5.65 (H-5, brd, 10.3), 5.72 (H-6, brd, 10.3),

5.22 (H-7, m), 1.58 (H-8a, m), 2.02 (H-8b, m), 1.26 (H-9a, m), 1.87 (H-9b, m), 2.00 (Ac, s)], Ahp (OAc)
[64.57 (H-3, m), 1.85 (H4a, m), 2.75 (H-4b, m), 1.89 (H-5, m), 5.04 (H-6, br), 2.02 (Ac, s)], Ile (1) [ 4.53 (H-
2, d, 10.6), 1.89 (H-3, m), 0.74 (H-4a, m), 1.15 (H-4b, m), 0.68 (H-5, t, 6.8), -0.09 (H-6, d, 6.4)], Nmf [ 5.28
(H-2, dd, 11.5, 2.6), 2.86 (H-3a, m), 3.54 (H-3b, m), 7.31 (H-5,9, d, 7.5), 7.26 (H-6,8, dd, 7.5, 6.8), 7.20 (H-7, t,
6.8), 2.87 (N-Me, s)], Ile (2) [64.43 (H-2, d, 8.1), 1.89 (H-3, m), 1.22 (H-4a, m), 1.46 (H-4b, m), 0.88 (H-5, t,
7.2),0.93 (H-6, d, 6.8)].

column, 10 x 250 mm; gradient elution 50-100% MeCN containing TFA 0.05% in 50 min; flow rate 2 mL/min,
UV detection at 210 nm) to yieid 7 (300 pg). 'H NMR spectrum of 7 showed the absence of both an olefin and
OAc signals in HcAla. 7 was hydrolyzed and analyzed by the Marfey’s method. (25)-2-amino-3-
cyclohexylpropionic acid-D-FDAA was substituted for (2R)-2-amino-3-cyclohexylpropionic acid-L-FDAA.
Retention times (min): (25)-2-amino-3-cyclohexylpropionic acid (60.8), (2R)-2-amino-3-cyclohexylpropionic
acid (65.2).

Protease Inhibitory Assay. Serine protease inhibitory activities were determined by the method previously

described.”
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