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Eight novel thiazole and oxazole containing cyclic peptides, microcyclamides GL616, GL582, GL614A,
GL614B, GL614C, GL546A, GL546B, and GL628, as well as the known microcyclamide A, were isolated from
the hydrophylic extract of a Microcystis sp. water-bloom collected in Gilboa reservoir, Valley of Armaged-
don, Israel. The planar structure of the compounds was determined by homonuclear and inverse-
heteronuclear 2D NMR techniques as well as high-resolution mass spectrometry. The absolute configu-
ration of the asymmetric centers of the amino acids was studied using Marfey’s method for HPLC following
ozonolysis, hydrolysis and derivatization with Marfey’s reagent. This is the first example where acidic and
modified amino acids are incorporated in this group of ribosomally biosynthesized metabolites.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Certain genera of cyanobacteria, including Microcystis, Plankto-
thrix, Anabaena, Nostoc, and Nodularia, form massive and frequently
toxic blooms in fresh and brackish water-bodies. These genera of
cyanobacteria habitually produce the hepatotoxic' and tumor pro-
moting microcystins.? Aside from these toxins these genera of cya-
nobacteria produce a large number of bioactive metabolites with
a diverse range of biological activities. These include families of
protease inhibitors such as the micropeptins,> anabaenopeptins,*
aeruginosins,” microginins,® microviridins,” and other metabolites
with diverse activities such as the aeruginoguanidines?® kawa-
guchipeptins,® nostophycin,'° nostopeptolides,'’ and nostodiones.!
Many of the later metabolites are short modified peptides that are
products of non-ribosomal biosynthesis. Cyclic peptides involving
heterocyclic modifications (usually called cyclamides) were initially
isolated from several marine organisms (through cyanobacterial
diet, i.e., dolastatin E,'3 or cyanobacterial symbionts, i.e., trisoxazo-
line and bistratamides'#). Such metabolites were characterized from
marine (i.e., venturamides'®) and cultured terrestrial cyanobacteria
(i.e., raocyclamides and tenuecyclamides)'® and recently also from
water-bloom-forming strains of cyanobacteria such as Microcystis
and Nostoc (i.e., microcyclamide,” aerucyclamides,'® and banyas-
cyclamides'®). Contrary to the other peptide derived metabolites of
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water-bloom-forming cyanobacteria, this group of metabolites is
ribosomally synthesized.?® As part of our continuing interest in the
chemical ecology of cyanobacterial water blooms and search for
novel drugs for human diseases, we examined the extracts of
a Microcystis sp. bloom collected during July 2007 from Gilboa res-
ervoir, Valley of Armageddon, Israel. Mass spectral analysis of the
bloom material extract?! indicated that it contained considerable
amounts of microcystins (microcystin LR, RR, LY, and [Dha]-
microcystin RR, and three derivatives of microcystin LY), micro-
peptins, and a series of unidentified compounds with molecular
weights around 600 mass units. Fractionation of the methanol/wa-
ter extract of the bloom material (IL-363) afforded nine non-toxic
secondary metabolites. Of these nine compounds, eight are new
natural products: microcyclamide GL616 (1), microcyclamide GL582
(2), microcyclamide GL614A (3), microcyclamide GL614B (4),
microcyclamide GL546A (5), microcyclamide GL546B (6), micro-
cyclamide GL628 (7), microcyclamide GL614C (8), and one is known
microcyclamide A (9).”7 The structure elucidation, inter-conversion,
and biological activity of the compounds is discussed below.

2. Results and discussion

Microcyclamide GL616 (1) was isolated as a yellow glassy
material. The molecular formula of 1, C;9H40NgO7S (HREIMS, m/z
616.2679, 0.9 ppm error), indicated 13 unsaturations within the
molecule. The hexapeptide nature of 1 was deduced from the six
nitrogen atoms in the formula and six sp? carbon signals in the
amide region of the 13C NMR spectrum. The presence of five amide
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protons, one singlet aromatic proton and two doublet methyl
carbinol units in the 'H NMR spectrum suggested the presence of
one cyclically modified amino acid. Five standard amino acid
residues—two serinyl-moieties, one alanyl-moiety, one isoleucyl-
moiety and a phenylalanyl-moiety—and one modified amino
acid-a thiazole—were established on the basis of analyses of 'H,
13C (Table 1), COSY, HMQC, and HMBC spectra. The thiazole-
isoleucyl unit could be established on the basis of the long range
H-C correlations between the aromatic protons (H-3) and the
neighboring carbons C-1, C-2, and C-4, of H-5 with C-4 and on the
basis of the COSY correlations of H-5 with N(2)H and H-6, H-6
with Hy-7 and H3-9, and H;-7 with H3-8. The two threonine
moieties were established from the COSY correlations of H-11
with H-12 and N(3)H, H-12 with 12-OH and Me-13 and the HMBC
correlation of H-11 with C-10 and of H-22 with H-23 and N(5)H, H-
23 with 23-OH and Me-24 and the HMBC correlation of H-22 with
C-21. The phenylalanyl-moiety was deduced on the basis of COSY
correlations between H-15 and H-16, H-16’ and N(4)H and be-
tween H-19 and H-19' and H-18, H-18" and H-20 and the HMBC
correlation of C-16 with H-18,18’ and C-14 with H-15, H-16 and H-
16'. The alanyl-moiety was established based on the COSY corre-
lations of H-26 with N(6)H and Hs-27, and on the basis of the
HMBC correlation of H-26 and H3-27 with C-25. HMBC correla-
tions were used to connect the above fragments to the planar
structure of 1. C-1 presented correlation with N(6)H, C-10 with
N(2)H, C-14 with N(3)H, C-21 with N(4)H and C-25 with N(5)H.
Ozonolysis, acid hydrolysis and derivatization of 1 with Marfey’s
reagent,?? followed by HPLC analysis, demonstrated the t-config-
uration of alanine, isoleucine, and phenylalanine and the b-

stereochemistry of threonine. These arguments established
structure 1 for microcyclamide GL616.

Microcyclamide GL582 (2) and microcyclamide A (9) eluted
from the HPLC column one after the other. They share the same
molecular weight (HREIMS, m/z 582.1830, M*, for 2 and 582.1831
for 9, and molecular formula Cy6H309Ng04S). Their 'H and 3C NMR
spectra (see Table 2) were similar and presented only small
chemical shifts differences for the N(2)H to N(6)H segment of the
molecules. Their NMR data suggested that the two compounds, 2
and 9, differ at least in one of the four-stereogenic centers present
in their structure. Analyses of their 'H, 1>C, HMQC, HMBC (Table 2),
and COSY spectra established three molecular fragments: thiazole-
isoleucyl, methyl oxazole-alanyl and thiazole-N-methyl histidine.
The latter fragments were connected to the planar structure of 2
based on the HMBC correlations of N(6)H and H-21 with C-1, of
N(2)H with C-10 and of N(4)H with C-17. Similar arguments were
used to establish the same planar structure for 9. Literature search
revealed that 9 is identical with the Microcystis aeruginosa metab-
olite microcyclamide A.” Ozonolysis, acid hydrolysis, and de-
rivatization of 2 with Marfey’s reagent,?* followed by HPLC analysis,
established the absolute configuration of the amino acids obtained
in this hydrolytic procedure as: L-isoleucine, r-alanine, and p-
aspartic acid (obtained from the ozonolysis of the methyl histidine
side-chain). The absolute configuration of the asymmetric centers
of 2 is thus, 58, 6S, 15S, and 21R. Using the same procedure for 9,
established the absolute configuration of the asymmetric centers as
5S, 6, 15S, and 218, in accordance with the published data.!”

Microcyclamide GL614A (3) and microcyclamide GL614B (4) also
eluted from the HPLC column one after the other and were isolated
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Table 1
NMR data of microcyclamide GL616 (1) in DMSO-dg*
Position  dc, mult.”  §y, mult, LR H-C Cosy
J (Hz) correlations® correlations

1 160.6 s N(6)H,3

2 1485 s 3

3 124.0d 8.18 s

4 1720 s 3,5

5 53.8d 5.28dd 9.1,4.3 N(2)H, 6 6

6 411d 1.83 ddq 6.1, 5.6, 6.7 57389 579

7 263t 1.12m; 1.38 m 6,8,9 6,8

8 11.7 q 086t 7.3 6,7 7

9 143 q 0.78 d, 6.7 6,7 6

N(2)H 8.11d, 9.1 5

10 1704 s N(2)H

11 61.5d 4.03dd 7.2, 45 N(3)H,12, N(3)H, 12
12-OH

12 65.5d 3.87ddq 7.2, 64, 6.1 N(3)H, 12, 11, 12-OH,
12-OH 13

12-OH 482d6.4 12

13 204 q 1.09d 6.1 12,12-OH 12

N(3)H 8.16 brd 4.5 11

14 1706 s N(3)H, 15,
16, 16/

15 52.1d 458 ddd 8.7,84,40 N(4)H, 16 N(4)H,

16, 16/
16 376t 2.73dd 13.7,84 15,18 15
2.95dd 13.7,4.0

17 1370 s 18, 19

18,18 129.3d 7.10d 7.5 19, 20 19,19

19,19 127.0d 7.01dd 7.5,7.0 18, 20 18, 18/, 20

20 126.1d 6.96t7.0 18, 19 19

N(4)H 7.16d 8.7 15

21 169.7 s N(4)H, 22, 23

22 61.3d 3.82dd 7.0,5.3 N(5)H, 23 N(5)H, 23

23 65.7d 4.00 ddq 6.6, 5.3, 6.1 22, 23-OH 22,24

23-OH 4.83 d 6.6 23

24 202 q 0.93d6.1 23, 23-OH 23

N(5)H 8.07d 7.0 22

25 1714 s N(5)H,26,27

26 486 d 468dq7.1,64 N(6)H, 27 N(6)H, 27

27 173 q 1.20d 6.4 26 26

N(6)H 8.38d7.1 26

3 TH (400 MHz), 13C (100 MHz).

b Multiplicity and assignment from HSQC experiment.

¢ Determined from HMBC experiment, "Jcy=8 Hz, recycle time 1 s, presented as
a correlation of a proton with carbon in the row.

as white glassy materials. Both presented a HRCIMS quasimolecular
ion peak (MH™) at m/z 615.1818 (3) and 615.1825 (4) matching the
molecular formula, C2gH30NgOgSs. The 'H and 3C NMR spectra of 3
and 4 (see Table 3) were similar and presented only small chemical
shifts differences for the C-20 to N(6)H segment of the molecule,
suggesting opposite stereochemistry at C-21, as found for 2 and 9.
Comparison of the NMR spectra of 2 and 9 with those of 3 and 4
revealed that they differ only in the C-21 to C-26 region in the
molecules (see Tables 2 and 3). The 32 mass unit difference be-
tween 2 and 9 and 3 and 4 is in accordance with the loss of 3 sp?
carbons (resonating at ca. 130, 136, and 120 ppm) that appear in the
spectra of 2 and 9 and the appearance of 1 sp> methine and 2 ox-
ygenated sp? carbons (resonating at ca. 60,157, and 174 ppm) in the
13C NMR spectra of 3 and 4. The C-21 to C-23 fragment of both 3 and
4 was established on the basis of COSY correlations. The N-Me
protons (H3-26) present HMBC correlations with both C-23 and the
carbon resonating at dc 156.8 ppm (in both compounds), suggesting
that the N-Me moiety is situated between them. H-22, -22’ and -23
present HMBC correlations with the carbon at ¢ 174 ppm. The
chemical shift of the latter carbon is in accordance with an amide
carbonyl and the correlation with H-23 suggests their vicinity. The
chemical shift of the carbon resonating at Jc 156.8 ppm is in
agreement with an imide carbonyl or enolimide carbon. Although
no direct correlation between the latter carbonyls was observed,
their chemical shifts and the molecular formula of 3 and 4 suggest

that they are connected through an N-imine nitrogen to produce
a  2-hydroxy-1-methyl-1-H-imidazol-4(5H)-one-5-yl =~ moiety,
which seems to be derived from the N-methyl-imidazole moiety of
2 and 9. Ozonolysis, acid hydrolysis, and derivatization of 3 and 4
with Marfey’s reagent,?? followed by HPLC analysis, established the
absolute configuration of the amino acids obtained in this hydro-
lytic procedure as: 1-isoleucine, r-alanine for both 3 and 4, and -
aspartic acid for 3 and p-aspartic acid for 4 (obtained from the
ozonolysis of the dioxoimidazole ring system). The absolute con-
figuration of the asymmetric centers of 3 is thus, 55, 6S, 155, and 215
and 58, 6S, 155, and 21R for 4. The absolute configuration of C-23
was not established due to the oxidation process that occurred
under the reaction conditions. On the basis of these arguments the
structures of microcyclamide GL614A and microcyclamide GL614B
were established as 3 and 4, respectively.

In common with 2 and 9, and 3 and 4 microcyclamides
GL546A (5) and GL546B (6) eluted from the column one after the
other. They presented similar HRCIMS molecular ion clusters as
well, m/z 5471437 for 5 and m/z 547.1430 for 6, in accordance
with a molecular formula of C33H26NgOgS,. The 'H and 3C NMR
spectra of 5 and 6 (see Table 4) were similar. When compared
with that of 2, 3, 4, and 9 it was obvious that the methyl-imid-
azole moiety is missing in 5 and 6 since the aromatic singlet
protons and the N-methyl resonances were missing from their
spectra. The chemical shifts of the signals assigned to positions
1-19 were similar to those of 2, 3, 4, and 9 suggesting that this
part of the molecules is similar in all compounds. For positions
20 to N(6)H some small chemical shifts differences were ob-
served, which might suggest a difference in the absolute con-
figuration of C-21 (see Table 4). This molecular fragment in 5 and
6, was established by COSY, HSQC, and HMBC correlations (Table
4) as an aspartyl moiety, which its C-termini condensed to
a thiazole and it N-termini to a second thiazole moiety. Ozo-
nolysis, acid hydrolysis, and derivatization of 5 and 6 with Mar-
fey’s reagent,®® followed by HPLC analysis, established the
absolute configuration of the amino acids obtained in this hy-
drolytic procedure as: L-isoleucine, r-alanine for both 5 and 6,
and p-aspartic acid for 5 and L-aspartic acid for 6. The absolute
configuration of the asymmetric centers of 5 is thus, 5S, 6S, 15S,
and 21R and 58, 6S, 15S, and 21S for 6. On the basis of this evi-
dence the structures of microcyclamide GL546A and micro-
cyclamide GL546B were established as 5 and 6, respectively.

Microcyclamide GL628 (7) and microcyclamide GL614C (8) are
similar in their structure as evident from their NMR spectra.
Comparison of their NMR data revealed that 7 is a methyl ether of
the tertiary lactim, 8. The HRCIMS quasimolecular [MH]" ion of 7 at
m/z 629.1958 matched the molecular formula C;7H3,NgOgS, while
that of 8, m/z 637.1627 [M+Na]* matched the molecular formula
Ca6H30NgO0gS2, thus confirming the difference between these to
compounds. The oxidation state of 7 and 8 seems to be similar to
that of 3 and 4, while 7 differs from them by a carbon and two
protons. The proton and carbon NMR spectra of 7 and 8 in DMSO-dg
appeared as a mixture of two conformers while those taken in
CDCls displayed one conformer and were well resolved. Compari-
son of the NMR data of 7, in CDCl3 with that of 2 (data not shown)
revealed the similarity of the C-4 to C-19 fragment in both com-
pounds and confirmed the difference in the C-20 to C-3 fragment.
These differences suggested that an oxidized form, in 7, substitutes
the methyl histidine moiety of 2. In the 'H NMR spectrum of 7, the
doublet N(6)H was missing, while a new singlet amide proton (dy
6.28 ppm) and a new singlet methine (éy 5.19 ppm) were observed
and the chemical shift of the NMe was upfield shifted (éy
3.29 ppm), relative to that of 2. In the 3C NMR, of 7, the three
double bond carbons of the imidazole moiety (of 2) were missing
and instead an uryl amide carbon (é¢c 157.6 ppm), a tertiary oxy-
genated carbon (6¢c 100.4 ppm), and a methine carbon (é¢ 72.1 ppm,
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Table 2
NMR data of microcyclamide GL582 (2) and microcyclamide A (9) in DMSO-d¢g*
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Position Microcyclamide GL582 (2) Microcyclamide A (9)

o, mult.” 0y, mult., J (Hz) LR H-C correlations® ¢, mult.” Oy, mult,, J (Hz)
1 159.5 s 21, N(6)H, 3 1593 s
2 148.0 s 3 147.7s
3 125.4d 8.28 s 125.2d 8.28 s
4 168.0 s 3,5, N(2)H 1678 s
5 546d 5.32dd 7.4,5.8 N(2)H,6,7,7,9 544 d 5.31dd 7.8,6.4
6 402 d 201 m 577,89 40.2 d 2.01 m
7 255t 1.18 ddq 13.2,8.1, 74 6,8,9 253t 118 m

1.58 ddq 13.2,5.0, 7.4 1.59 m
8 11.7q 094t74 6,7, 7 115q 094t74
9 14.7 q 0.81d6.8 56,77 145q 0.81d6.7
N(2)H 852d74 842d7.8
10 1594 s 5, N(2)H, 13 159.6 s
11 128.0 s 13 1278 s
12 153.6s 13 1535 s
13 114 q 2.60s 112 q 2.60 s
14 1614 s 15, 16, N(4)H 1614 s
15 443 d 5.18 dq 5.9, 6.6 16, N(4)H 441d 5.19dq 7.0, 6.6
16 193 q 1.54d 6.6 15 19.1¢q 1.53d 6.6
N(4)H 8.56d 5.9 8.58d 7.7
17 159.8 s 15, N(4)H, 19 1593 s
18 1479 s 19 147.7 s
19 126.0d 8.46 s 1259d 848 s
20 169.2 s 19, 21, 22, 22/, N(6)H 169.0 s
21 499d 5.99 ddd 8.9, 8.4, 5.5 22,22 496 d 6.01 ddd 8.6, 8.5, 5.4
22 310t 3.38dd 15.3,84 21 308t 3.36 dd 15.4, 8.5
3.48 dd 15.3,5.5 3.50dd 154, 5.4

23 1299 s 21, 22,22, 24, 25, 26 130.2 s
24 136.2d 8.77 brs 25,26 135.7 d 8.98 s
25 120.2d 7.29 brs 22,22/, 24 119.0d 745 s
26 33.1q 3.79 brs 24 332q 3.84s
N(6)H 8.90d 89 8.94d 8.6

2 TH (400 MHz), '3C (100 MHz).
b Multiplicity and assignment from HSQC experiment.

¢ Determined from HMBC experiment, "Jcy=8 Hz, recycle time 1 s, presented as a correlation of a proton with carbon in the row.

0y 5.19 ppm) were observed. Analyses of 'H, >C, HMQC, HMBC
(Table 5), and COSY spectra, of 7, established the similarity of the C-
4 to C-19 segment in 2 and 7. The cross peaks in the COSY spectrum
established the connectivity of H-21, H-22 and H-22/, as well as,
those of H-25 and N(8)H. The pyrrolidine ring contains the nitrogen
bearing C-21, C-22, the carbon at dc 100.4 (C-23), which is con-
nected to C-22, and the carbon at é¢ 72.1 (C-25), which in turn is
connected to the tri-substituted nitrogen. The HMBC correlations of
H-21 with the carbons at 6¢ 100.4 and 72.1 ppm, of H-22 and 22’
with the carbons at ¢ 100.4, 72.1, and 56.5 (C-21) ppm, of the
proton at ¢y 5.19 ppm with the carbons at éc 100.4, 56.5, and 41.1
(C-22) ppm and of the methoxy protons (éy 3.29 ppm) with the
carbon at ¢ 100.4 ppm, established the structure of a pyrrolidine
ring. The HMBC correlations of H-25 with the carbonyl at ¢ 157.6,
of the amide proton at dy 6.28 ppm with C-23 and of the NMe
protons with the carbonyl at é¢c 157.6 ppm and C-23 close a second
five member ring, which is fused to the pyrrolidine ring through
carbons 23 and 25. HMBC correlations between C-20 and H-19, H-
21, H-22 and H-22’ connected the pyrrolidine moiety to one of the
thiazole moieties while the correlations of H-25, and H-3 with C-1
connected the pyrrolidine moiety to the carbonyl of the other thi-
azole thus, establishing the planar structure of 7. The relative
configuration of the pyrrolidine ring was established through the
NOE correlations, from a ROESY experiment, between H-21 and H-
22’, H-22 and H-25 and H-25 and 23-OMe to be syn between H-25
and 23-OMe and anti between H-21 and H-25. Based on these ar-
guments the proposed relative configuration of the chiral centers of
this moiety is 215+, 23S¥, and 255+ The absolute configuration of the
chiral centers was established by the same procedure described for
compounds 1-6 as L-isoleucine, 1-alanine, and r-aspartate. Estab-
lishing the absolute configuration of C-21 as S by Marfey’s method

defines the absolute configuration of the chiral centers of the pyr-
rolidinone moiety as 23S and 25S and structure 7 for micro-
cyclamide GL628.

Microcyclamide GL614C (8) was isolated as a white glassy
material. The NMR spectra of 8 resembled those of 7. The only
difference observed was the absence of the methyl ether signals
(0y 3.04 ppm, dc 50.9 ppm in 7), in the spectra of 8. Analyses of
1H, ¥C, HMQC, HMBC, COSY, and ROESY spectra of micro-
cyclamide GL614C and Merfay’s analysis®? established structure 8
as shown.

Histidine in proteins, peptides and as a free acid is known to be
susceptible to oxidation. Hara®? studied the oxidation of mono-
meric and protein histidine, by photosynthesizers or metal catalysis
and found aspartic acid and urea to be the final products. Others
have shown that histidine in proteins and peptides can specifically
be oxidized by irradiation with visible light in the presence of
a suitable photo sensitizer?* or in the presence of a suitable metal
such as zinc, copper or iron>>2% to produce the 2-oxo-imidazole
derivative without breaking the peptide bond between the amino
acids of the peptide. Tomita et al.?” studied the photoxidation of N-
benzoylhistidine and isolated a handful of products, among them
N-benzoyl-aspartate and 6a-hydroxy-2-oxo-4-(phenylcarbonyl)
octahydropyrrolo-[3,2-d]imidazole-5-carboxylic acid similar to
that of 8. They proposed a mechanism for the reaction, which is
based on a [2+4] singlet oxygen addition to the imidazole diene
system. More recent studies with urocanic acid suggest that the
imidazole moiety can react with singlet oxygen in [2+4] and [2+2]
fashions.”® We propose that the methyl histidine moiety of
microcyclamides 2 and 9 underwent, either an enzyme mediated or
spontaneous, oxidative process that resulted in the production of
compounds 3-6 and 8 (see Scheme 1). Compound 7 is most
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Table 3
NMR data of microcyclamide GL614A (3) and microcyclamide GL614B (4) in DMSO-dg*
Position Microcyclamide GL614A (3) Microcyclamide GL614B (4)
o, mult.” 0y, mult., J (Hz) ¢, mult.” 0y, mult., J (Hz) LR H-C
correlations®
1 1594 s 1594 s N(6)H, 3
2 1484 s 1485 3
3 125.0d 8.23s 125.1d 830s
4 168.0 s 1678 s 3, 5, N(2)H
5 54.8d 5.26dd 7.5, 6.0 548 d 5.26 dd 7.7, 6.0 N(2)H,6,7,7,9
6 39.8d 2.02 m 40.5d 2.01 m 57,7,8,
7 256t 1.20 ddq 13.1, 8.0, 7.3 256t 1.16 ddq 13.2, 8.0, 7.4 6,8,9
1.61 ddq 13.1,4.8,7.3 1.62 ddq 13.2,4.7, 7.4
8 114q 093t73 114q 094t74 6,7,7
9 148 q 0.81d6.7 14.7 q 0.83d 6.7 56,77
N(2)H 844 d75 835d7.7
10 160.0 s 159.9's 5,N(2)H, 13
11 128.6 s 128.1s 13
12 153.6s 153.6s 13
13 11.6q 2.59s 11.7q 2.59s
14 1614 s 1614 s 15, 16, N(4)H
15 444d 5.15dq 5.7, 6.6 445 d 5.15dq 5.4, 6.7 16, N(4)H
16 193 q 1.53d 6.6 193 q 1.54d 6.7 15
N(4)H 8.55d 5.7 8.51d54
17 159.6 s 159.6 s N(4)H, 19
18 148.1 s 148.1 s 19
19 1258 d 843 s 125.9d 843 s
20 1705 s 170.6 s 19, 21, 22, 22’
21 479d 5.78 ddd 9.4,9.2, 3.4 476 d 5.92 ddd 9.7, 8.9, 4.2 22,23
22 36.7 t 2.38 ddd 14.7,4.3,3.4 36.8t 243 m 21,23
2.54 ddd 14.7,9.2, 3.7 249 m
23 59.7d 4.09 dd 4.3, 3.7 593 d 4.00dd 7.0,3.3 22,26
24 156.6 s 156.8 s 26
24-OH 10.11 s =
25 1742 s 1744 s 22,22, 23
26 27.6q 2.68 s 275q 273 s
N(6)H 8.98d 9.4 8.73d 9.7

3 TH (400 MHz), 3C (100 MHz).
b Multiplicity and assignment from HSQC experiment.
¢ Determined from HMBC experiment, "Jcy=8 Hz, recycle time 1 s, presented as a correlation of a proton with carbon in the row.

Table 4

NMR data of microcyclamide GL546A (5) and microcyclamide GL546B (6) in DMSO-dg*

Position Microcyclamide GL546A (5) Microcyclamide GL546B (6)
oc, mult.” 0w, mult., J (Hz) LR H-C ¢, mult.” 0y, mult., J (Hz)
correlations®
1 159.2 s N(6)H, 21, 3 159.0 s
2 1484 s 3 1485 s
3 1254d 8.37s 125.2d 835s
4 168.2 s 3,5 168.2 s
5 545d 5.31dd 7.8, 6.0 6,7,9 54.5d 530dd 7.5, 6.1
6 40.5d 1.97 m 7,8,9 40.5d 1.96 m
7 255t 1.15ddq 13.6, 8.8, 7.3 6,8 254t 1.16 ddq 13.1,7.7, 7.2
1.35ddq 13.6,4.7,7.3 1.57 ddq 13.1,4.8, 7.2
8 11.7 q 091t73 6,7 116 q 092t7.2
9 14.7 q 0.78d 6.8 5,6 148 q 0.79d 6.7
N(2)H 8.54d 6.0 8.53d 6.1
10 1598 s N(2)H, 5, 13 1598 s
11 128.0 s 13 128.7 s
12 153.6s 13 153.6s
13 114q 2.60s 114q 2.59s
14 161.5s 15, 16 161.5s
15 442d 5.19 dq 7.8, 6.8 14, 16, N(4)H 441d 5.19 dq 7.6, 6.7
16 193 q 1.53d6.8 15 193 q 1.52d 6.7
N(4)H 8.38d 7.8 8.38d7.6
17 159.5s N(4)H, 19 1595 s
18 1479 s N(4)H, 19 147.7 s
19 1259d 841 s 125.8d 8.39s
20 1703 s 19, 21 1709 s
21 484 d 5.80 dt 8.2, 5.2 N(6)H, 22 48.6 d 5.77 dt 8.2, 5.6
22 40.8 t 3.07d5.2 N(6)H, 21 414t 2.98 brs
23 171.7 s 1709 s
N(6)H 8.77d 8.2 8.78 d 8.2

2 TH (400 MHz), 3C (100 MHz).
b Multiplicity and assignment from HSQC experiment.
¢ Determined from HMBC experiment, "Jcy=8 Hz, recycle time 1 s, presented as a correlation of a proton with carbon in the row.
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Table 5
NMR data of microcyclamide GL628 (7) and microcyclamide GL614C (8) in CDCl3*
Position Microcyclamide GL628 (7) Microcyclamide GL614C (8)
¢, mult.” on, mult., J (Hz) LR H-C correlations® o, mult.” 0y, mult., J (Hz)
1 162.2s 3,25 1623 s
2 148.8 s 3 149.0 s
3 126.1d 8.12s 126.0d 8.10s
4 1679 s 3,5, 6, N(2)H 168.1 s
5 56.4d 5.27 dd 6.1, 4.6 6,7,7,8,9 56.4 d 5.21dd 5.6, 6.2
6 39.7d 233 m 577,89 39.8d 231m
7 263t 1.33ddd 13.3,4.7, 74 6,89 264t 1.33 ddq 13.3,8.8, 74
1.66 m 1.67 ddq 13.3,5.3, 7.4
8 118 q 1.04t7.4 7,7 118 q 1.05t7.4
9 14.0q 0.90d 6.8 577 143 q 0.90d 6.8
N(2)H 8.50d 6.1 8.47 d 6.2
10 161.2s 5,N(2)H, 13 161.2 s
11 128.7 s 13 1285s
12 1536s 13 1535s
13 115q 2.65s 115q 2.64s
14 1615 s 15, 16, N(4)H 1613 s
15 452d 5.17 dq 5.3, 6.7 N(4)H, 16 451d 5.15dq 5.3, 6.7
16 20.1q 163d6.7 N(4)H, 15 200 q 1.62d6.7
N(4)H 841d53 8.40d 5.3
17 159.9's N(4)H, 19 160.0 s
18 1490 s N(4)H, 19 149.0 s
19 1248 d 8.13 s 1244d 8.12s
20 168.7 s 19, 21, 22, 22’ 168.6 s
21 56.5d 6.38 dd 2.0, 6.5 22,22',25 56.8 d 6.39dd 6.4, 2.0
22 411t 2.62 dd 13.2, 6.5; 2.64 brd 13.2 25 409 t 2.68 brs
23 1004 s 21, N(8)H, 22, 22/, 25, 26 96.7 s
24 1576s N(8)H, 25, 26 1569 s
25 721d 5.19s 21, 22,22/ 76.2d 5.16 s
26 241q 2.39 brs 239q 2.44 brs
OMe/OH 51.0q 3.04s
N(8)H 6.28 s 6.28 s
2 1H (500 MHz), '3C (125 MHz).
b Multiplicity and assignment from HSQC experiment.
¢ Determined from HMBC experiment, "Jcy=8 Hz, recycle time 1 s, presented as a correlation of a proton with carbon in the row.
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probably an artifact of isolation from the methylation of 8. We
propose that compounds 3 and 4 are produced from 9 and 2, re-
spectively, through a [2+3] singlet oxygen addition to the imidazole
diene or, a [2+4] addition and 1,2-oxygen migration, followed by
1,2-H radicals shift and rearrangement of the cyclic peroxide to the
dioxo-imidazolidine derivatives, 3 and 4. Such oxidation products
were not characterized previously for histidine, proteins or pep-
tides that contain histidine. A [2+2] singlet oxygen addition to the
methyl-imidazole C-23-C-25 double bond affords the dioxetane,
which collapse to the corresponding open carbonyl and upon hy-
drolysis led to the formation of the carboxylic acids, 5 and 6.
Compounds 5 and 6 might as well biosynthesized directly by in-
corporation of aspartic acid instead of histidine to the natural
products. A [2+4] singlet oxygen addition to the imidazole diene
system followed by H-radical shift, C-N bond formation and col-
lapse of the dioxan ring to the hydroxy carbonyl derivative, led to
compound 8.

Microcyclamide A (9) was reported to have moderate cycto-
toxicity against P388 murine leukemia cells.”” To investigate the
anticancer potential of compounds 1-8 they were assayed against
one solid tumor (A549-lung) and one leukemia (Molt-4) cell lines at
concentrations of 1 and 10 pg/mL.2° Microcyclamide GL582 (2)
displayed a weak cytotoxicity (20% growth inhibition) against Molt-
4 cell line at a concentration of 10 pg/mL. The other compounds
were non active at these concentrations toward both cell lines.

3. Experimental
3.1. Instrumentation

Low- and high-resolution EI and CI mass spectra were mea-
sured on a Fisons VG AutospecQ instrument. Low- and high-
resolution ESI mass spectra were recorded on a Waters Synapt
instrument. UV spectra were recorded on an Agilent 8453 spec-
trophotometer. Optical rotation values were obtained on a Jasco P-
1010 polarimeter at the sodium D line (589 nm). NMR spectra
were recorded on a Bruker ARX-500 spectrometer at 500.13 MHz
for 'H and 125.76 MHz for '3C and a Bruker Avance 400 Spec-
trometer at 400.13 MHz for 1H, 100.62 MHz for '3C. COSY-45,
gTOCSY, gROESY, gHSQC, gHMQC, and gHMBC spectra were
recorded using standard Bruker pulse sequences. HPLC separations
were preformed on a Jasco HPLC system (model PU-2080-plus
pump and model MD-2010-plus diode array detector), a Merck
Hitachi (model L-6200 intelligent pump, model L-4200 UV-vis)
a,nd an Agilent 1100 series HPLC system (model Agilent 1100 DAD
and Agilent 1100 pump).

3.2. Biological material

Microcystis sp., TAU strain IL-363, was collected, in August 2008,
from Gilboa reservoir Valley of Armageddon, Israel. A sample of the
cyanobacterium is deposited at the culture collection of Tel Aviv
University.

3.3. Isolation procedure

The freeze-dried cells (35 g) were extracted with 7:3 MeOH/
H,0. The crude extract (7.2 g) was evaporated to dryness and
separated in two portions on an ODS (YMC-GEL, 120A,
4.4x6.4 cm) flash column with increasing amounts of MeOH in
water. Fraction 7 (3:4 MeOH/H,0, 617 mg) was subjected to
a Sephadex LH-20 column in 1:1 chloroform/methanol to obtain
10 fractions that were combined to three pools, 7a-c, based on
NMR and TLC. Pool 7b (fractions 4-7, 35 mg) was separated on
areversed phase HPLC column (YMC-Pack C8, 25020 mm, 5 pm,
DAD at 238 nm, flow rate 5 mL/min) eluted with 1:1 acetonitrile/

0.1% TFA in Hy0, to obtain six fractions, 7b1-6. Fraction 7b5 (tg
35.2 min, 17.1 mg, 0.049% yield based on the dry weight of the
bacteria) was established as the new microcyclamide GL616 (1).
Fraction 9 of the initial separation (1.4 gr, 8:2 MeOH/H,0) was
separated on a Sephadex LH-20 column (5x30 cm) eluted with
1:1 CHCI3/MeOH into 15 fractions. The 15 fractions were com-
bined based on their NMR spectra into five pools 9a-e. Pool 9c
(fractions 6-10, 340 mg) was separated on a reversed phase HPLC
column (YMC-Pack C8, 250x20 mm, 5 pm, DAD at 238 nm, flow
rate 5 mL/min) eluted with 55:45 acetonitrile/0.1% TFA in H;0, to
obtain eight semi-pure compounds 9c1-8. Fraction 9c1 was fur-
ther separated on the same HPLC column (YMC-Pack C8,
250x20 mm, 5 um, DAD at 238 nm, flow rate 5 mL/min) eluted
with 43:57 acetonitrile/0.1% TFA in H,O to obtain a single pure
compound (tg 16.1 min, 6.1 mg, 0.017% yield based on the dry
weight of the bacteria), established as the new microcyclamide
GL582 (2). Fraction 9¢2 was further separated on the same HPLC
column (YMC-Pack C8, 250x20 mm, 5 um, DAD at 238 nm, flow
rate 5 mL/min) eluted with 40:60 acetonitrile/0.1% TFA in H,O to
obtain a single pure compound (tg 16.6 min, 2.0 mg, 0.006% yield
based on the dry weight of the bacteria), which was established as
the known microcyclamide A (9)."” Fraction 9¢c3 was further sep-
arated on the same HPLC column eluted with 35:65 acetonitrile/
0.1% TFA in H,0 to obtain a single pure compound (tg 54.2 min,
4.1 mg, 0.012% yield based on the dry weight of the bacteria), it's
structure was established as the new microcyclamide GL614A (3).
Fraction 9c4 was further separated on the same HPLC column
eluted with 50:50 acetonitrile/0.1% TFA in H,O to obtain a single
pure compound (tg 19.4 min, 2.7 mg, 0.008% yield based on the
dry weight of the bacteria), it's structure was established as the
new microcyclamide GL614B (4). Fraction 9c5 was further sepa-
rated on the same HPLC column eluted with 43:57 acetonitrile/
0.1% TFA in H,0 to obtain a single pure compound (tg 26.7 min,
7.1 mg, 0.02% yield based on the dry weight of the bacteria),
established as the new microcyclamide GL546A (5). Fraction 9¢6
was further separated on the same HPLC column eluted with
43:57 acetonitrile/0.1% TFA in H,O to obtain a single pure com-
pound (tg 28.2 min, 0.7 mg, 0.002% yield based on the dry weight
of the bacteria), it’s structure was established as the new micro-
cyclamide GL546B (6). Fraction 9¢7 was further separated on the
same HPLC column eluted with 43:57 acetonitrile/0.1% TFA in H,0
to obtain a single pure compound (tg 18.9 min, 2.0 mg, 0.006%
yield based on the dry weight of the bacteria), established as the
new microcyclamide GL628 (7). Fraction 9c8 was further sepa-
rated on the same HPLC eluted with 32:68 acetonitrile/0.1% TFA in
H,O to obtain a single pure compound (tg 19.4 min, 2.4 mg, 0.007%
yield based on the dry weight of the bacteria), it’s structure was
established as the new microcyclamide GL614C (8).

3.3.1. Microcyclamide GL616 (1). Yellowish glassy material. [o]3°
+6.0 (c 0.02, MeOH); UV (MeOH) Amax (loge) 227 (4.10), 280
(3.40) nm; for NMR data see Table 1; HREIMS m/z 616.2678 (M,
calcd for C29H40N607S, 616.2679).

3.3.2. Microcyclamide GL582 (2). White glassy material. [a]3° —104
(c 0.12, MeOH); UV (MeOH) Apax (log¢) 220 (4.40) nm; for NMR
data see Table 2; HREIMS mjz 582.1830 (M", caled for
Co6H30Ng04S,, 582.1831).

3.3.3. Microcyclamide GL614A (3). White glassy material. [o]3°
—168 (c 0.008, MeOH); UV (MeOH) Amax (log ¢) 222 (4.26) nm; for
NMR data see Table 3; HRCIMS m/z 615.1818 (MH™, calcd for
CoeH31Ng06S>, 615.1802).

3.34. Microcyclamide GL614B (4). Colorless glassy material. [o]3°
—184 (¢ 0.005, MeOH); UV (MeOH) Amax (log ¢) 223 (3.96) nm; for
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NMR data see Table 3; HRCIMS m/z 615.1825 (MH™, calcd for
C26H31N506S5, 615.1802).

3.3.5. Microcyclamide GL546A (5). Colorless glassy material. [o]3°
—70 (c 0.057, MeOH); UV (MeOH) Amax (log¢) 222 (4.26) nm; for
NMR data see Table 4; HRCIMS m/z 5471437 (MH', calcd for
Co3Hy7NG06Ss, 547.1428).

3.3.6. Microcyclamide GL546B (6). Colorless glassy material. [o]3°
—46 (¢ 0.013, MeOH); UV (MeOH) Amax (log ¢) 223 (3.96) nm; for
NMR data see Table 4; HRCIMS m/z 5471430 (MH™, calcd for
Ca3H27N60gS2, 547.1428); HRESIMS m/z 569.1254 (MNa*, calcd for
Cy3H26NgNaOgS,, 569.1253).

3.3.7. Microcyclamide GL628 (7). Colorless glassy material. [o]3°
—180 (c 0.006, MeOH); UV (MeOH) Apax (log ¢) 224 (4.10) nm; for
NMR data see Table 5; HRCIMS m/z 629.1958 (MH™, calcd for
Cy7H33Ng0gS,, 629.1959).

3.3.8. Microcyclamide GL614C (8). Colorless glassy material. [o]3°
—61 (c 0.1, MeOH); UV (MeOH) Amax (log ¢) 231 (4.26) nm; for NMR
data see Table 5; HRESIMS m/z 6371599 (MNa', calcd for
Cy6H30NgNaOgSy, 637.1627).

3.3.9. Microcyclamide A (9). Colorless glassy material. [a]3° —184 (¢
0.005, MeOH); UV (MeOH) Anmax (log ¢) 223 (3.96) nm; for NMR data
see Table 2; EIMS m/z 582.1 (MH™).

3.4. Determination of the absolute configuration of the
amino acids

Compounds 1-8 (0.3 mg portions) were dissolved in dichloro-
methane (10 mL) and cooled to —70°C. Ozone was bubbled
through the cold sample for 30 s and the reaction mixture was heat
to rt. The solvent was removed with air stream and the residue was
dissolved in 6 M HCI (1 mL). The reaction mixture was then placed
in a sealed glass bomb at 110 °C for 20 h. After removal of HCl, by
repeated evaporation in vacuo, the hydrolyzate was resuspended in
water (40 pL). A solution of (1-fluoro-2,4-dinitrophenyl)-5-L-ala-
nine amide (FDAA) (4.2 mMol) in acetone (150 mL) and 1 N NaHCOs3
(20 mL) were added to each reaction vessel and the reaction mix-
ture was stirred at 40 °C for 2 h. A 2 N HCI solution (10 mL) was
added to each reaction vessel and the solution was evaporated in
vacuo. The N-[(-dinitrophenyl)-5-L-alanine amide]-amino acid de-
rivatives, from hydrolyzates, were compared with similarly deriv-
atized standard amino acids by HPLC analysis on LichroCART
250x4.6 mm Purospher STAR, 5 pm column at a flow rate of 1 mL/
min and UV detection at 340 nm. For 1, a linear gradient elution
from 9:1 50 mM triethylammonium phosphate (TEAP) buffer (pH
3)/acetonitrile to 1:1 TEAP/acetonitrile within 60 or 120 min was
used. For compounds 2-8, a 60 min gradient from 0.1% TFA in water
to 6:4 acetonitrile/0.1% TFA in water was used. HPLC analysis of
Marfey’s derivatives of 1 established the following retention times
of the derivatized amino acids: 1-Ala, 34.1 min; p-Thr, 26.9 min
using 60 min gradient, and 1-Phe, 90.1 min; i-Ile, 89.4 min; using
120 min gradient. HPLC analysis of Marfey’s derivatives of com-
pounds 2-8 established the following retention times of the
derivatized amino acids: 1-Ala, 40.3 and t-lle, 50.6 min
(+/-0.2 min) for all the compounds, p-Asp, 36.6 min for micro-
cyclamide GL582 (2), t-Asp, 39.3 min for microcyclamide GL614A
(3), p-Asp, 36.1 min microcyclamide GL614B (4), p-Asp, 36.2 min for

microcyclamide GL546A (5), L-Asp, 39.8 min for microcyclamide
GL546B (6), L-Asp, 40.2 min for microcyclamide GL628 (7), and 1-
Asp, 40.4 min for microcyclamide GL614C (8).
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