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The 2Z-isomer of malyngamide K has been isolated along with the known compounds malyngamide C,
deoxy-C and K, and characterized from a Papua New Guinea field collection of the cyanobacterium Lyn-
gbya majuscula. The planar structure was deduced by 1D and 2D NMR spectroscopic and mass spectral
data interpretation. The absolute configurations were determined on the basis of spectroscopic tech-
niques, chemical degradation and DFT theoretical calculations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Malyngamides are a predominant class of marine cyanobacte-
rial natural product [1-3] that is generally characterized as N-
substituted amides of 7(S)-methoxytetradec-4(E)-enoic acid
(lyngbic acid (1), Fig. 1), or in rare cases of its respective C;,
[4-6], C16 [7,8], methylated [7] or epimerized 7(R) [9] analogs. In
contrast to the fatty acid portion, the amine moiety of the
malyngamides shows a remarkable structural diversity, including
heterocycles, tripeptides and highly oxidized six-membered rings
systems, mostly extended by a vinyl chloride functionality.
Regarding the chloromethylene moiety, the majority of the 35
known malyngamides [3,9] were proven to possess 2E geometry.
To date, only the naturally occurring isomalyngamides A and B
[10] and malyngamides Q and R [11] have been shown to bear
2Z-configured vinyl chloride substructures. Recently, also the
synthetically-derived isomalyngamide M [12] was added to this
geometrical isomer-series of malyngamides.

In previous papers, we reported the isolation and characteriza-
tion of several cancer cell toxic lyngbyabellin [13] and aurilide [14]
analogs from the chemically rich strain Lyngbya majuscula PNG5-
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27-02-1, collected from Alotau Bay, Papua New Guinea. Further
in-depth analysis of the remaining fractions from this extract led
to the isolation of a new stereoisomer (2) of malyngamide K (3)
[15] which possesses an exo-chloromethylene moiety in the rare
Z configuration, along with the known compounds malyngamides
K (3) [15], C (4) [16] and deoxy-C (5) [16] (Fig. 1). This paper de-
scribes the isolation and structure elucidation of the new metabo-
lite isomalyngamide K (2) with 2Z stereochemistry.

2. Experimental section
2.1. General experimental procedures

Optical rotation measurements were recorded on a Jasco P-
1010 polarimeter. UV and FT-IR spectra were obtained employing
Hewlett Packard 8452A and Nicolet 510 instruments, respectively.
All NMR spectra were recorded on Bruker Avance DRX300 and
DPX400 spectrometers. Spectra were referenced to residual solvent
signal with resonances at dy;c 7.26/77.1 (CDCl3) and 6y 7.15/128.0
(CeDg). Low resolution ESI-MS spectra were obtained on a Thermo
Finnigan LCQ Advantage mass spectrometer. High resolution ESI-
TOF and CI mass spectra were recorded on Waters Micromass
LCT Classic and JEOL MSRoute mass spectrometers, respectively.
HPLC was carried out using a Waters system consisting of a Rheo-
dyne 7725i injector, two 515 pumps, a pump control module and a
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Fig. 1. Malyngamide-based compounds isolated in this report.

996 photodiode array detector. TLC grade (10-40 pm) Si gel was
used for vacuum chromatography. All solvents were purchased
as HPLC grade.

2.2. Algal material

The marine cyanobacterium L. majuscula (voucher specimen
available from WHG as collection number PNG5-27-02-1) was col-
lected by hand from shallow waters (1-3 m) in Alotau Bay, Papua
New Guinea, on May 7, 2002. The material was stored in 2-propa-
nol at —20 °C until extraction.

2.3. Extraction and isolation

Approximately 138 g (dry wt) of the collected cyanobacterial
mat was extracted repeatedly with CH,Cl,/MeOH (2:1) to pro-
duce 3.05 g of crude organic extract. The extract (3.0 g) was frac-
tionated by silica gel vacuum liquid chromatography using a
stepwise gradient solvent system of increasing polarity starting
from 10% EtOAc in hexanes to 100% MeOH. The fractions eluting
with 90% and 100% EtOAc showed proton resonances in the 'H
NMR spectrum, indicative for malyngamide-based compounds
and peptidic metabolites. Both fractions were separately further
chromatographed on Mega Bond RP18 solid-phase extraction
(SPE) cartridges using a stepwise gradient solvent system of
decreasing polarity starting with 80% MeOH in H,O and ending
with 100% MeOH. 'H NMR profiling revealed malyngamide-con-
taining fractions which were subsequently purified by HPLC
(Phenomenex Sphereclone 5p ODS, 250 x 10 mm, 9:1 MeOH/
H,O, detection at 211 nm), yielding isomalyngamide K (2)
(4.2 mg), malyngamide K (3) (3.0mg), malyngamide C (4)
(2.3 mg) and deoxy-malyngamide C (5) (2.1 mg).

2.4. Basic hydrolysis of isomalyngamide K (2)

Compound 2 (4.0 mg) was dissolved in 2 mL solution of 10%
KOH in EtOH-H,0 (4:1) and the stirred mixture refluxed for 15 h.
The hydrolysate was concentrated in vacuo and partitioned be-
tween H,0 and CH,Cl,. The H,0 layer was isolated, acidified, and
extracted with CH,Cl, to yield 1.1 mg of lyngbic acid (1): brownish
oil; [a]p —8° (¢ 0.5, CHCl3) [lit. —5° (¢ 0.22, CHCl3) [10]; —10° (c 0.5,
CHCl3), [17]; HRCIMS m/z 257.2110 [M+H]" (calcd. for C;5H,903,
257.2117); 'H NMR (300 MHz, CDCl5): 5 0.88 (3H, t, J = 6.9 Hz, H-
14’), 1.27m (10H, m, H-9’, H-10, H-11’, H-12’ and H-13’), 1.42
(2H, m, H-8'), 2.19 (2H, m, H-6'), 2.36 (2H, m, H-2'), 2.42 (2H, d,
J=5.9Hz, H-3"), 3.15 (1H, t, J=5.8 Hz, H-7'), 3.32 (3H, s, H-15’),
5.49 (2H, m, H-4'and H-5').

2.5. Computational procedures

All structures were built with Gaussian03 [18]. Initial optimiza-
tions were done on the B3LYP/6-311+g(2d,p) level of theory. Sub-
sequent relaxed scans were done with AM1. Low energy
conformations (1 kcal/mole cut-off) were further geometry opti-
mized on the B3LYP/6-31G(d) level of theory. The chemical shifts
were calculated on the B3LYP 6-31g(2d,p)/IEFPCM level of theory
with chloroform as solvent.

3. Results and discussion

Compound 2 showed an [M+H]" peak at m/z 424.2610, consis-
tent with the molecular formula Cy4H39CINO3; by HRESITOFMS
(calcd for Cp4H3CINOs, 424.2618, A4 - 1.9 ppm). The IR spectrum
possessed absorptions due to free OH or amide NH groups
(3347 cm™!), aliphatic atoms (2927, 2854 cm™!) and amide car-
bonyl groups (1725, 1672 cm™!). UV (MeOH) maxima were ob-
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served at /max 208 nm (& = 4910) and 236 nm (& = 3025), suggestive
of one conjugated enone system. Diagnostic resonances in the 'H
NMR spectra with CDCl3 as solvent strongly suggested that com-
pound 2 was a metabolite of the malyngamide class. For example,
a methoxy singlet signal (6 3.31) and its corresponding o-methoxy
methine multiplet (5 3.14), two olefinic signals (6 5.46), three
methylenes between § 2.17 and 2.32, a methylene envelope (6
1.25-1.42) and a terminal methyl (6 0.88) were indicative of the
lyngbic acid (1) moiety in 2. In addition, the 'H and '3C NMR spec-
tra contained resonances consistent with the presence of an exo-
methylene functionality possessing a vinyl chloride (éy 6.20/6¢c
119.8) and an exchangeable amide signal (J 6.02), revealing further
typical structural features of this compound class. Based on its
mass and overall NMR features, isolate 2 was initially dereplicated
as malyngamide K (3) [15] using the MarinLit database [19]. How-
ever, when the spectral data were carefully compared with those
reported in the literature, deviations in the >C NMR spectra be-
tween 2 and malyngamide K (3) became apparent (Table 1). Anal-
ysis of the 2D-NMR data confirmed that 2 had the same
constitution as malyngamide K (3), and hence, the two molecules
must differ in the configuration of either the chiral center C-7
and/or the geometry of the 4% and/or 4* double bonds.

The geometry of the 4% double bond was inferred from 'H
decoupling experiments. The olefinic proton signals of C-4’ and
C-5" were overlapped in CDCls (Table 1), but resolved to a distinct
pair of multiplets in CgDg. Decoupling of the adjacent methylene
protons at C3’ and C6' allowed the measurement of the *J,_ys
as 15.4 Hz, confirming an E geometry for 4% in 2, the same config-
uration as in 3. This E-double bond geometry was also revealed
from the chemical shifts of the adjacent C3’ and C6' carbon atoms
(6 28.7 and 6 36.5, respectively) [20]. Since the optical rotation va-
lue obtained for 2 ([0 —12.9, ¢ = 1.05, CHCl3) was comparable to
that of malyngamide K ([o]p —8.4, c=0.28, CHCl3) in sign and
amount, the absolute configuration of the lyngbic acid moiety of
2 was assumed to be 7’'S. This hypothesis was verified by base

hydrolysis of 2, yielding the fatty acid portion 1, which was identi-
cal in all respects to that previously reported for 7(S)-methoxytet-
radec-4-(E)-enoic acid, thus establishing the 7S configuration for 2.

These results focused our efforts on elucidation of the geometry
of the chlorinated exomethylene functionality of 2, the 4% double
bond. Moreover, this was the part of the molecule where the
majority of >C NMR chemical shift differences were observed be-
tween 2 and malyngamide K (Table 1). Compound 2 decomposed
soon after it was defined, such that it precluded the determination
of its relative configuration by measurement of key diagnostic 3Jcy
couplings utilizing HSQMBC [11] or editing-HETLOC and phase
sensitive HMBC [10] NMR experiments. However, the geometry
of the chlorinated exomethylene group was suggested by compar-
ison of 1>C NMR data of 2 with those of regular and isomeric forms
of malyngamides A, B [10] and M [12]. This analysis revealed that
compared to the E-configured vinyl chloride malyngamides, in the
Z-configured vinyl chloride malyngamides the '3C NMR shift value
of C-1 usually experiences a significant upfield-shift in the range of
2.8-3.4 ppm while for carbons C-2, C-3 and C-4 a corresponding
downfield-shift in the range 0.3-2.9 ppm is observed. The observed
shifts in >C NMR spectrum of 2 (Table 1) for C-1 (—5.0 ppm, up-
field), C-2 (+1.8 ppm, downfield), C-3 (+0.1 ppm, downfield) and
C-4 (+0.6 ppm, downfield) are therefore consistent with the 2Z
configuration. Thus we propose for compound 2 the trivial name
isomalyngamide K.

In order to consolidate this hypothesis, the NMR analysis was
complemented by the comparison of quantum-mechanically cal-
culated 3C NMR chemical shifts [21-23] with experimental ones.
To increase the reliability of this comparison, the most indicative
differences in chemical shifts were chosen that occur between
the published data for malyngamide K (3) and the putative isom-
alyngamide K (2): C-1 (-5.0 ppm) and C-2 (+1.8 ppm).

To derive the stereochemistry two simplified model compounds
with E or Z configuration were constructed, respectively. These
models represent cut-outs of the original structures and contain

Table 1
H and '3C NMR spectroscopic data for isomalyngamide K (2) and malyngamide K (3) in CDCls.
Position Isomalyngamide K (2)* 2Z configuration Malyngamide K (3)*® 2E configuration Adc
OH dc OH dc 3c(2)-0¢(3)

1 4.14d (5.9) 39.0 CH, 3.94d (6.1) 44.0 CH, -5.0
2 138.5 qC 136.7 qC +1.8
3 6.20brs 119.8 CH 6.20brs 119.7 CH +0.1
4 138.2 qC 136.5 qC +1.7
5 199.2 qC 198.6 qC +0.6
6 2.49m 38.7 CH, 2.54ddd (6.5, 13.5) 38.6 CH, +0.1
7 2.01ddd (6.1, 13.1,10.4) 22.6 CH, 2.08ddd (6.5,13.2,10.3) 22.9 CH, -0.3
8 2.43ddd (10.4,4.2) 26.3 CH, 2.50ddd (10.2,4.3) 26.3 CH, 0.0
9 6.94t (4.2) 149.5 CH 6.95t (4.1) 151.5 CH -2.0
1 172.0 qC 172.5 qC -0.5
2 2.19m (5.8,7.5) 36.4 CH, 2.24dd (5.8,7.5) 36.6 CH, -0.2
3 231m 28.7 CH, 2.32m 28.8° CH, -0.1
4 5.46m 130.7 CH 5.47m 130.9 CH -0.2
5 5.46m 127.5 CH 5.47m 127.9 CH -0.4
6 2.19m 36.5 CH, 2.20m 36.6 CH, -0.1
7 3.14ddd (5.5,11.1) 80.7 CH 3.15dddd (5.8,11.4) 80.9 CH -0.2
8 1.41t 6.2 33.3 CH, 1.43m 33.6 CH, -0.3
9 1.26m 31.8 CH, 1.28m 32.0 CH, -0.2
10 1.26m 25.3 CH, 1.28m 25.5 CH, -0.2
11 1.26m 29.3 CH, 1.28m 29.5° CH, -0.2
12 1.26m 29.7 CH, 1.28m 29.9° CH, -0.2
13 1.26m 22.7 CH, 1.28m 22.9 CH, -0.2
14/ 0.88t (7.0) 14.1 CH; 0.88t 14.3 CH3 -0.2
15 3.32s 56.5 CH3 3.34s 56.7 CH; -0.2
NH 6.02brt (5.3) 6.10m

2 The coupling constants (J) are in parentheses and reported in Hz; chemical shifts are given in ppm.

Y NMR values taken from reference Wu et al. [15].

¢ The '*C NMR values of carbons C-3’, C-11” and C-12’ deviate from the original report. Re-examination of the original '>C spectrum of malyngamide K (see Supplementary
data) revealed that these carbons were not correctly assigned. Table 1 shows the corrected values.
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the relevant vinyl chloride substructure up to carbon C-2’ regard-
ing the western end of the molecule and up to C-4 concerning
the eastern part of the molecule (Fig. 2). In this way, the resulting
model compounds contain the relevant carbons to answer the ste-
reoisomeric question and were free from complicating conformers
originating from the remaining long fatty acid side chain. Prior to
the reduction of the cyclohexenone-ring down to a methyl group,
DFT calculations were initiated to probe whether the pucker of
the ring system had a significant influence on calculated '3C chem-
ical shifts for C-1 and C-2. Since only a minor influence by the ori-
entation of the cyclohexenone-ring on the calculated >C NMR shift
of C-1 and C-2 was observed (<0.2 ppm), the simplified model was
considered as acceptable.

Two relaxed scans were conducted with the E and Z-versions of
the vinyl chloride model compound: the first one around the C-1-
C-2 bond, the second around C-1 and NH, each with a stepsize of
36°. From the calculated energy differences, Boltzmann-derived
populations for different conformations were calculated with a
1 kcal/mole cut-off. For the Z configuration 10 conformations were
obtained, for the E configuration 43. These conformations were
geometry optimized on the B3LYP/6-31g(d) level of theory, and
subsequently the >C chemical shifts of C-1 and C-2 were calcu-
lated on the B3LYP/6-31g(2d,p)/IEFPCM level of theory. This proce-
dure was successfully applied even for the calculation of proton
chemical shifts which are even more difficult to predict compared
to 13C chemical shifts [24]. The averaged calculated 3C chemical
shifts of C-1 and C-2 for the Z model are 38.4 and 129.1 ppm,
whereas for the E model 43.2 ppm and 126.8 ppm were found,
respectively (Fig. 2). Consequently, the two isomers were predicted
to differ for C-1 by —4.8 ppm (experimental: —5.0 ppm) and for C-2
by +2.3 ppm (experimental: +1.8 ppm). In conclusion, the quan-
tum-mechanical calculated data showed an excellent fit in sign
and magnitude with the experimental data and thus indepen-
dently corroborated the assignment of the Z-geometry for the vinyl
chloride moiety in isomalyngamide K (2).

The identity of compounds 3-5 was established by direct com-
parison of the HR-EIMS, '"H NMR and '3C data with literature data
[15,16].

4. Conclusions

The isolation of the new L. majuscula metabolite isomalynga-
mide K (2), in addition to eleven known compounds (3-5,
[13,14]) from this single collection, demonstrates the capacity of
this organism to produce a remarkable diversity if structures. Com-
pound 2 represents a rare type of malyngamide, in which the

configuration of the chloromethylene group is opposite from the
majority of previously reported malyngamides.

Speculating on the reasons for the different double bond geom-
etry, a possible photochemical isomerization process of the vinyl-
chloride moiety [25] was considered but excluded since the
interconversion from E to the Z isomer was never observed with
our pure E-configured malyngamides. Furthermore, also the Z-con-
figured malyngamides Q and R give support the hypothesis of a
subtle yet fundamental difference in the biosynthetic pathway
giving rise to the Z-vinylchloride isomers.

The detailed biosynthesis of malyngamides is to date unknown,
however, the NH, C-1 and C-2 carbons of malyngamide K deriva-
tives are likely derived from glycine, while C-3 is most probably
generated by an HMGCoA synthase-like reaction as determined
for the jamaicamides [26]. Extension by three malonyl-CoA derived
acetate units and further processing produce the basic skeleton of
the peptidic moiety of malyngamide K. From a recent study on
vinylchloride formation in the cyanobacterial metabolite jamaica-
mide A [27], it can be concluded that the geometry of the double
bond may be determined either by the configuration of the radical
halogenase-introduced chlorine atom, the ensuing dehydratase
and/or the decarboxylase which act on the halogenated p-branch-
ing product. Due to the presence of 2E and 2Z configured malynga-
mide K in this single cyanobacterial extract, the existence of
enzymes with different chiral specificities in this reaction mani-
fold, or showing a lower regiochemical control, is postulated.
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