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ABSTRACT 

Bioassay-guided fractionation of the CHCl3-MeOH extract of Elysia ornata mucus showing antifungal 

activity led us to isolate kahalalide F (KF) along with two unprecedented related compounds. The 

structures of KF congeners, kahalalide Z1(1) and kahalalide Z2 (2), were established by combination of 

NMR spectroscopic and mass spectrometry data, also including Marfey amino acid analysis. 

Compounds 1 and 2 displayed significant antimicrobial properties against several fungal pathogens 

infesting economically important plants, food and fish, and were also found to inhibit the in vitro growth 

of a series of cancer cell lines in a comparable fashion with KF. 
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Kahalalides are a large family of peptides isolated from both the herbivorous marine mollusks of the 

genus Elysia and their algal prey of the genus Bryopsis.1Among them, some selected cyclodepsipeptide 

members, which exhibit the uncommon “head-to-side-chain” structural arrangement ring-closed through 

an ester bond, show therapeutic profiles of interest with highly diverse biological activities including 

antiviral, antifungal, antileishmanial, as well as  immunosuppressive properties.1-3The most 

representative compound is kahalalide F (KF), which is the largest and the most biologically active 

cyclic peptide of the group, originally isolated from the sacoglossan mollusk Elysia rufescens and 

subsequently from the alga Bryopsis pennata upon which it feeds.4Preclinical studies showed strong 

activity of KF against cell lines and tumor specimens derived from different human solid tumors, 

including non-small cell lung cancer (NSCLC), prostate, breast, ovarian, and colon carcinomas. 

Interestingly, the activity of KF was correlated with ErbB3 (HER3) expression and was associated with 

the inhibition of the downstream phosphatidyl-inositol 3-kinase (PI3K)-Akt signaling pathway5,6in 

sensitive cell lines.Licensed to PharmaMar, KF entered clinical trials against prostate cancer, malignant 

melanoma and non-small cell lung cancer, with a mechanism of action that involved oncosis (ischemic 

cell death).7But, recently, the lead was dropped from phase II clinical trials due to a lack of efficacy that 

was ascribed to pharmacokinetic issues.1Considering the high potential for a cytotoxic drug candidate 

from this class, several attempts have been made to modify the molecule to produce analogues with a 

higher potency, better delivery, or longer half-life. More than 150 analogues were obtained by solid 

phase peptide synthesis8,9 and more recently a semi-synthetic approach to produce KF analogues starting 

from natural KF has been also performed.10In parallel, the search of new naturally-occurring KF 

congeners continues to be of a certain interest. 

In the course of a screening for new antifungal compounds from marine mollusks, we have 

selected the extract of the mucous secretion of an Indian population of Elysia ornata (Swainson, 1840). 

The bioassay-guided fractionation of this extract resulted in the identification of two new antimicrobial 

KF analogues, kahalalides Z1 (1) and Z2 (2), co-occurring with the main metabolite kahalalide F. The 

isolated compounds were also subjected to an in vitro growth inhibition assay, showing a bioactivity 

profile comparable with that of KF. 

We report here the isolation and the chemical characterization of kahalalides 1 and 2 and the 

evaluation of their bioactivity in term of in-vitro growth inhibition of various cancer cell lines.  Since 

fungal diseases are second to bacterial infection that causes immense economic loss in agriculture and 
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aquaculture, we also report here the in vitro antifungal activity of these two kahalalides (1 & 2) against 

several plant, food and fish infesting fungal pathogens.  

Results and Discussion 

The sacoglossan mollusk E. ornata (300 individuals) was sampled by snorkeling along the coasts 

of Okha (India) and the mucus released by the animals was also collected. The biological material 

(mollusk and mucus) was initially lyophilized and then extracted with a mixture of CHCl3/MeOH (1:1).  

The resulted extracts were screened for antifungal properties against a series of plant, food, and fish 

pathogens (see Experimental). Comparison of their activity was made with standard antibiotic, 

ketoconazole, to explain the significantly strong antifungal activity of the crude extracts.  Since, the 

most interesting activity profile was exhibited by the mucus extract (600 mg) it was subsequently 

submitted to bioassay-guided fractionation. This procedure led us to isolate a bioactive sub-fraction 

containing a mixture of kahalalides, as suggested by preliminary 1H NMR and LCMS analysis. In 

particular, inspection of the LCMS chromatogram revealed the presence of three main peaks 

corresponding to the ion species at m/z1478.8 [M+H]+, 1449.9 [M+H]+, and 1461.7 [M+H]+, the first of 

which isobaric with kahalalide F whereas the other two possibly related to unprecedented kahalalide 

derivatives. Reversed phase HPLC chromatography of a portion of this mixture afforded KF 

(9.2mg),along with the two analogues, named kahalalide Z1 (1, 4.5mg) and kahalalide Z2 (2, 5.0mg). 

Kahalalide F was identified by comparison of its spectroscopic data with those reported in the 

literature.4,11,12The structures of the new molecules were elucidated by extensive 1D and 2D NMR 

experiments, performed in DMSO and by tandem-MS analysis (ESI-MS/MS). A preliminary analysis of 

NMR spectra (Tables 1 and 3) of compounds 1 and 2 revealed structural features common to KF. In 

addition, it was evident that both analogues 1 and 2 shared the same aminoacid sequence, differing only 

in the nature of the N-terminal acid moiety. Comparison of the NMR spectra of 1 and 2 with respect to 

KF suggested the presence of different residues in the macrocyclic region and in the linear portion of the 

metabolites. This evidence was also confirmed by the different ESI-MS/MS fragmentation pattern 

observed for 1 and 2 with respect to KF, as shown in details below. 

Kahalalide Z1 (1) was obtained as a white amorphous powder. The positive HR-ESI mass 

spectrum showed a sodiated molecular ion peak at m/z 1471.8887[M+Na]+, which was consistent with 

the molecular formula C73H120N14O16. Inspection of its 1H NMR spectrum showed a region between 
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6.79 and 9.67 ppm containing13 deshielded NH resonances, including a broad 2H singlet at δΗ 7.64 

assignable to the Orn residue terminal amino group, common with KF. Moreover, in the low-field region 

of the proton spectrum were present, similarly to KF, signals consistent with the presence of Phe and 

Dhb residues, whereas in the high-field region the methyl doublets and triplets pattern was quite 

different. The occurrence of 12 regular amino acid residues in 1 was indicated by the 12 α-carbon 

methine signals, recorded between δ 50.9and 60.0 in the 13C NMR spectrum, which also contained two 

carbinolic resonances at δ 66.2 and 69.7 according to the presence of two Thr residues as in KF. 

TheCOSY spectrum of 1 showed 14 isolated proton sequences, including 12 spin systems with an amide 

NH connection assigned to regular amino acid moieties and two additional sequences with no 

correlations with any amide NH proton, that were attributed to a Pro and to the terminal butanoic acid 

residue. In particular, in the COSY experiment, spin systems attributable to Val, Leu, and Ile along with 

those consistent with the presence of Thr, Orn, Phe and Dhb residues were recognized.The following 

TOCSY analysis allowed the full assignment of the NH and α-proton resonances of 12 regular amino 

acid units as well as most methyl groups of different Val, Leu and Ile residues (Table 1). Analysis of 

both HMBC and NOESY spectra of 1 led us to assess the entire sequence of the depsipeptide. A series 

of key HMBC correlations (Figure 1) indicated the connection of the single amino acid units in the chain 

fragment starting from the N-terminal acid to Val-2 residue as well as in the other portion including the 

cycle from Val-1 to Pro. In particular, the sequence was inferred by significant long-range correlations 

observed between the NH of each amino acid and the vicinal carbonyl (2J) of the corresponding 

consecutive fragment (Figure 1). 
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Table 1.1H and 13C NMR Data (600 MHz) of kahalalide Z1 (1) in DMSO-d6 

Amino 
acid 

no. δC(mult)a δH(mult) 
Amino 
acid 

no. δC(mult) δH(mult) 

Val-1 1 169.4, C (NH) 6.79, d 9.0 L-Orn 1 169.8, C (NH) 7.99,g d 
 2 60.0, CH 3.85, app t 9.0  2 51.2, CH 4.35, m 
 3 29.4, CH 1.37, m  3 23.4, CH2 1.46, m 
 4 18.5, CH3 0.59, d 6.4  4 29.7, CH2 1.68/1.45, m 
 5 19.2, CH3 0.64, d 6.4  5 38.5, CH2 2.73, m  
(Z)-Dhb 1 163.1, C (NH) 9.67, s    (NH2) 7.64 br s 
 2 130.1, C - D-Pro 1 170.6, C  
 3 129.8, CH 6.33, q 7.0  2 59.4, CH 4.34, m 
 4 12.2, CH3 1.25, d 7.0  3 29.4, CH2 2.00, m 
L-Phe 1 171.3, C (NH) 8.77,g  4 24.4, CH2 1.78, m 
 2 55.86,b CH 4.39, m  5 47.1, CH2 3.77/3.52, m 
 3 35.96, CH2 2.93,br d 8.4 Val-2 1 171.3, C (NH) 8.07 d 8.0 
 4 136.8, C   2 57.8,d CH 4.23, m 
 5,5' 128.2, CH 7.25, m  3 30.8,eCH 1.95, m 
 6,6' 129.2, CH 7.24, m  4 18.5,fCH3 0.86,g d 
 7 126.5, CH 7.19, m  5 19.2,fCH3 0.86,g d 
D-alloIle-1 1 172.6, C (NH) 7.54, d 8.8 Val-3 1 170.5, C (NH) 7.57, d 8.3 
 2 53.8, CH 4.55,br d 8.4  2 57.3,c CH 4.26, m 
 3 40.0, CH 1.89, m  3 30.1,eCH 1.98, m 
 4 14.1, CH3 0.61, d 6.8  4 18.2,fCH3 0.81,g d 
 5 25.6, CH2 1.25/0.96, m  5 19.4,fCH3 0.81,g d 
 6 11.8, CH3 0.89, t 7.0     
D-alloIle-2 1 170.0, C (NH) 8.75,g L-Thr 1 169.6, C (NH) 7.79,d 8.3 
 2 57.3,c CH 4.26, m  2 55.88,b CH 4.249, m 
 3 37.9, CH 1.68, m  3 66.2, CH 3.96, m;4.86, m 
 4 14.5, CH3 0.75, d 7.0  4 19.4, CH3 0.98, d 6.1 
 5 25.6, CH2 1.28/1.00, m Val-4 1 171.5, C (NH) 7.86, d 8.6 
 6 11.3, CH3 0.82,g t  2 57.9,d CH 4.22, m 
D-alloThr 1 168.4, C (NH) 8.55, d 8.8  3 29.9,eCH 1.97, m 
 2 56.3, CH 4.48, app t 9.0  5 18.6,fCH3 0.84,g d 
 3 69.7, CH 4.98, m  5 19.1,f CH3 0.84,g d 
 4 16.8, CH3 1.08, d 6.3     
D-Leu 1 172.0, C (NH) 7.97,g d Butanoyl 1 172.3, C  
 2 50.9, CH 4.27, m  2 37.0, CH2 2.13, m 
 3 41.1, CH2 1.39, m  3 18.7, CH2 1.50, m 
 4 24.1, CH 1.53, m  4 13.6, CH3 0.83,g t 
 5 22.7, CH3 0.83,g d     
 6 21.8, CH3 0.80,g d     

a determined by edited HSQC; b-eassignments with the same superscript may be interchanged; fMethyl signals of Val-3, Val-4 

and Val-5 were not assigned to each residue; gJ value was not determined due to overlapped signals 
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The Pro residue was located between Val-2 and Orn on the basis of both NOESY interactions 

between the α proton of Val-2 (δH 4.23) and the δ protons of Pro (δH 3.77/3.52) and the HMBC cross-

peak observed between the Pro carbonyl (δC 170.6) and the Orn NH (δH 7.97). Similarly to KF, the Val-

1 carboxyl was esterified to the –OH of a Thr unit as suggested by a diagnostic HMBC correlation 

between the Val-1 carbonyl signal (δC 169.4) and the deshielded Thr β-proton (δH 4.98). The NOESY 

spectrum supported the Z double bond geometry in the Dhb unit by the cross-peak between the NH 

singlet at δH 9.67 and the methyl doublet at δH 1.25 (J = 7 Hz). By these data, the amino acid 

composition of kahalalide Z1 (1) was determined to include four Val units, two residues of both Thr and 
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Ile, and one unit of each Phe, Z-Dhb, Orn, Leu, and Pro, thus differing from KF for the presence of a 

Leu residue rather than a Val. According to the molecular formula, the structure of 1 was completed by 

the terminal butanoyl moiety replacing the 5-methyl-hexanoic acyl residue in KF. 
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Figure 1.Key HMBC correlations of kahalalide Z1 (1) 

The sequence of the single amino acid units of kahalalide Z1 (1) was further supported by 

analysis of its ESI-MS/MS spectrum (positive ion mode), where the observed diagnostic fragment ion 

peaks (see Table 2) were consistent with the proposed structure. 

Table 2.Significant ESI/MS/MS fragment ions of kahalalide Z1 (1) 

Ion composition m/z 

[MH]+ 1449.9 

[MH – Bu –Val 4]+ 1280.6 

[MH – Bu –Val 4 – Thr]+ 1179.5 

[MH – Bu –Val 4 – Thr – Val 3]+ 1080.6 

[MH – Bu –Val 4 – Thr – Val 3 – Val 2]+ 981.5 

[MH – Bu – Val 4 – Thr – Val 3 – Val 2 – Pro – Orn]+ 770.4 
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The absolute configuration of the single aminoacids was determined by Marfey’s analysis, which 

indicated L-Thr, D-allo-Thr, D-Pro, L-Orn, D-allo-Ile (x 2), D-Leu, L-Phe. The position of L-Thr and 

D-allo-Thr was suggested equivalent to that of KF by comparison of their NMR signals. The absolute 

configuration of Val individual residues remained unassigned due to the presence of both D and L 

enantiomers of Val (2 mol/units for each enantiomer). However, attempts to define at least the 

stereochemistry of the final Val residue (Val-4), which was attached to the butanoic moiety, were made, 

according to the procedure reported in the literature.13 The partial hydrolysis of aliquots of KZ1 was 

conducted in selected conditions with the aim to recover the terminal moiety containing Val-4 but, 

unfortunately, no defined reaction product was obtained, most likely due to the small amount of 

available material. 

Kahalalide Z2 (2) exhibited a sodium adduct ion at m/z 1483.8948,12 units higher than KZ1, 

indicating the molecular formula C74H120N14O16.  Analysis of its NMR data revealed an extensive 

structural similarity with kahalalide Z1 (1), in particular the same amino acid sequence (Table 3). 

Compound 2 differed from 1 only in the nature of the terminal acyl residue, which was found to contain 

five instead of four carbons (C5H7O rather than C4H7O). This fragment was easily identified as derived 

by 3-methyl-2-butenoic acid (or senecioic acid) on the basis of NMR analysis. In fact, the 1H NMR 

spectrum of KZ2(2) displayed signals due to an olefinic proton at δH 5.83 (1H), and two vinyl methyls at 

δH2.05 (3H) and 1.77 (3H) whereas the carbon spectrum contained signals at δC166.0 (CO), 148.9 (C), 

118.9 (CH), 26.8 (CH3), and 19.3 (CH3). An expected HMBC correlation between the carbonyl signal 

and the proton resonances due to the tri-substituted double bond system confirmed the structure of the 

terminal acid moiety. Senecioic acid has never been reported in natural or synthetic kahalalides, even 

though it has been found in other marine depsipeptides (i.e. largamides).14. 
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Table 3.1H and 13C NMR Data (600 MHz) of kahalalide Z2 (2) in DMSO-d6 

Amino acid no. δC(mult)a δH (mult) 
Amino 
acid 

no. 
δC 
(mult)a 

δH (mult) 

  Val-1 1 169.4, C (NH) 6.79, d 9.0 L-Orn 1 169.8, C (NH) 7.99,g d 
 2 60.0, CH 3.85, app t 9.0  2 51.2, CH 4.35, m 
 3 29.4, CH 1.37, m  3 23.4, CH2 1.46, m 
 4 18.2, CH3 0.59, d 6.4  4 29.7, CH2 1.68/1.45, m 
 5 19.2, CH3 0.64, d 6.4  5 38.5, CH2 2.73, m 
(Z)-Dhb 1 163.1, C (NH) 9.67, s     
 2 130.1, C - D-Pro 1 170.6, C  
 3 129.8, CH 6.33, q 7.0  2 59.4, CH 4.34, m 
 4 12.2, CH3 1.25, d 7.0  3 29.4, CH2 2.00, m 
L-Phe 1 171.3, C (NH)  4 24.4, CH2 1.78, m 
 2 55.86,bCH 4.39, m  5 47.1, CH2 3.77/3.52, m 
 3 35.96, CH2 2.93, br d 8.4 Val-2 1 171.3, C (NH) 8.07, d 8.0 
 4 136.8, C   2 57.8,d CH 4.23, m 
 5,5' 128.2, CH 7.25, m  3 30.8,e CH 1.95, m 
 6,6' 129.2, CH 7.24, m  4 18.5,f CH3 0.86, g d 
 7 126.5, CH 7.19, m  5 19.2,f CH3 0.86, g d 
D-alloIle-1 1 172.6, C (NH) 7.54, d 8.8 Val-3 1 170.5, C (NH) 7.57, d 8.3 
 2 53.8, CH 4.55, br d 8.4  2 57.3,c CH 4.26, m 
 3 40.0, CH 1.89, m  3 30.1,e CH 1.98, m 
 4 14.1, CH3 0.61, d 6.8  4 18.2,f CH3 0.81, g d 
 5 25.6, CH2 1.25/0.96, m  5 19.2,f CH3 0.81, g d 
 6 11.8, CH3 0.89, t 7.0     
D-alloIle-2 1 170.0, C (NH) 8.75,g d L-Thr 1 169.6, C (NH) 7.79, d 8.3 
 2 57.3,c CH 4.26, m  2 55.88, CH 4.249, m 
 3 37.9, CH 1.68, m  3 66.2, CH 3.96, m; 4.86, m 
 4 14.5, CH3 0.75, d 7.0  4 19.4, CH3 0.98, d 6.1 
 5 25.6, CH2 1.28/1.00, m Val-4 1 171.5, C (NH) 7.75, d 8.6 
 6 11.3, CH3 0.80,g t  2 57.9,d CH 4.256, m 
D-alloThr 1 168.4, C (NH) 8.55, d 8.8  3 29.9,e CH 1.97, m 
 2 56.3, CH 4.48, app t 9.0  5 18.6,f CH3 0.84,g d 
 3 69.7, CH 4.98, m  5 19.1,f CH3 0.84,g d 
 4 16.8, CH3 1.08, d 6.3     
D-Leu 1 172.0, C (NH) 7.97,g d Sen 1 166.0, C  
 2 50.9, CH 4.29, m  2 118.9, CH 5.83,br s 
 3 41.1, CH2 1.39, m  3 148.9, C - 
 4 24.1, CH 1.53, m  4 19.3, CH3 2.05, s 
 5 22.7, CH3 0.83,g d  5 26.8, CH3 1.77, s 
 6 21.8, CH3 0.80,gd     

a determined by edited HSQC; b-e assignments with the same superscript may be interchanged; fmethyl signals of Val-3, Val-4 

and Val-5 were not assigned to each residue; gJ value was not determined due to overlapped signals 
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The linkage of the terminal acyl moiety with the peptide chain was supported by the diagnostic 
HMBC correlation of the senecioic acid carbonyl (δC 166.0) with Val-1 NH(δH 7.75), which was the 
only signal with different value, among the entire sequence of amino acid residues, with respect to KZ1 
(1). Indeed, the COSY and TOCSY experiments of compound 2 indicated the same amino acid spin 
systems as in 1. The NOESY interactions between α-proton at δH 4.23 and δ-protons at δH 3.77/3.52 
aided us to link the residue of Val-3 to Pro, as well as to confirm the Z geometry of the Dhb residue. 
Finally, HMBC correlations allowed the connection of all the amino acid units from Val-1 to Pro and 
from N-terminal acid to Val-3 (Figure 2). The amino acid sequence of KZ2 was further confirmed by the 
ESI/MS/MS fragmentation (Table 4). The absolute configuration of the single amino acids in 2 was 
determined to be the same as 1 by using Marfey’s analysis. Analogous with KZ1, the absolute 
configuration of the four Val residues in KZ2 remained undetermined. 

Table 4. Significant ESI/MS/MS fragment ions of kahalalide Z2 (2) 

Ion composition m/z 
[MH]+ 1461.7 

[MH – Sen –Val 4]+ 1280.6 

[MH – Sen –Val 4 – Thr]+ 1179.5 

[MH – Sen –Val 4 – Thr – Val 3]+ 1080.6 

[MH – Sen –Val 4 – Thr – Val 3 – Val 2]+ 981.5 

[MH – Sen – Val 4 – Thr – Val 3 – Val 2 – Pro – Orn]+ 770.4 

 

 

Figure 2. Key HMBC correlations of kahalalide Z2 (2) 
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Pure kahalalides KZ1, KZ2 and KF were tested for the antifungal activity by disc diffusion assay 

against a number of plant, food and fish infesting fungal pathogens, as already done with the crude 

extract. The antifungal activity was evaluated by measuring in millimeters the distinct zone of growth 

inhibition formed around the active compound. In several cases the growth of fungal pathogen which 

was not inhibited by the standard was significant inhibited by KZ1/KZ2 and KZ.  The results are 

reported in Table 5 according to the legend.15 

Table 5.In vitro antifungal activity of pure compounds (KZ1, KZ2 & KF) against plant, food and fish 

pathogens. Std = Ketoconazole, (-) inactive, (+) mild activity, (++) moderate activity, (+++) significant 

activity and (++++) strong activity. 

Plant pathogens Disease caused Std KZ1 KZ2 KF 

Sclerotium rolfsii (Solanum tuberosum) Stem and leaf rot ++ ++ ++ + 

Aspergillus niger gr (Archus sapodilla) Rot disease - ++ ++ + 

Aspergillus niger (Psidium guajava) Black rot disease ++ - - - 

Penicillium piceum  (Archus sapodilla) Leaf rot disease - +++ +++ ++ 

Aspergillus niger (Mangifera indica) Black mold rot +++ ++ - ++ 

Trichoderma koningii Oudemans (M. indica) Fruit rot +++ ++ ++ ++ 

Trichoderma atroviride  (Anacardium occidentale) Rot disease - ++ ++ + 

Rhizoctonia solani  (Amaranthus) Leaf blight - ++ + - 

Colletotrichum gloeosporioides (Cinnamomum verum) Leaf spot - +++ ++ +++ 

Helminthosporium oryzae (Oryza sativa) Spot blotch - +++ ++ + 

Pestalotia sp. (Cocos nucifera) Gray leaf blight - ++ ++++ ++ 

Fusarium sp. (Solenostemon scutellarioides) Fusarium wilt - + +++ - 

Food pathogens (Source)      

Penicillium griseofulvum Dierckx (Indian bread) Infests food + - - + 

Aspergillus flavus (Daucus carota) Infests food +++ +++ ++ + 

Aspergillus niger (Indian bread) Infests food - + + - 

Fish pathogens (Source)      

Exophiala salmonis (O. mossambicus) Systemic mycosis - + - - 

Branchiomyces demigrans (O. mossambicus) Branchiomycosis - - ++ ++ 

Saprolegnia sp. (O. mossambicus) Saprolegniasis + - - ++ 
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The in vitro growth inhibitory activity of the isolated kahalalides was also investigated on four 

human cancer cell lines (Table 6).KZ1 exhibited a selective inhibitory in vitro growth effect on A549 and 

Hs683 cancer cell lines comparable to that of KF, whereas KZ2 showed to be active only on A549. 

Table 6. Determination of the IC50 in vitro growth inhibitory concentrations of KZ1, KZ2 and KF in four 
human cancer cell lines after 72 h of cell culture with the compounds of interest 

Compounds 
Human cancer cell linesa 

A549 Hs683 SKMEL28 U373N Mean + SEM 

KZ1 (1) 1 3 14 31 12 + 7 

KZ2 (2) 3 15 44 84 37 + 18 

KF 1 2 6 20 7 + 15 

aThe origin and histological type of each human cell line analyzed are as follows. Carcinoma models included the A549 NSCLC (DSMZ 

code ACC107) cancer cell line. Glioma models included the Hs683 oligodendroglioma (ATCC code HTB-138) and the U373 (ECACC 

code 08061901) cell lines. One melanoma model included the SKMEL-28 (ATCC code HTB-72) cell line. DSMZ means Deutsche 

Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany), ATCC means American Type Culture Collection 

(Rockville, MD, USA) and ECACC means European Collection of Cell Cultures (Salisbury, UK). 

In conclusion, two unprecedented KF analogues, kahalalide Z1 and kahalalide Z2, with a bioactivity 

profile comparable with KF, have been isolated from the Indian sacoglossan E. ornata. A previous study 

on a Hawaiian population of this mollusk had resulted in the characterization of an inactive member of 

kahalalide family, kahalalide O, which was later detected in the alga Bryopsis from the same collection 

area.16 Analogous to this, KZ1 and KZ2 should have an algal dietary origin. 

Experimental section 

General Experimental Procedures. Optical rotations were measured on a JASCO DIP 370 

digital polarimeter. The UV spectra were recorded on an Agilent 8453 spectrophotometer. 1H and 13C 

NMR spectra were recorded on DRX 600, Avance 400, and DPX 300 MHz Bruker spectrometers in d6-

DMSO, with chemical shifts reported in ppm referred to DMSO (δ 2.50 for proton and δ 40.5 for carbon) 

as internal standard. ESIMS and HRESIMS were obtained on a Micromass Q-TOF Micro spectrometer 

coupled with a HPLC Waters Alliance 2695. The instrument was calibrated by using a PEG mixture 

from 200 to 1000 MW. The ESI-MS/MS analysis were performed on  a Thermo LTQ-Orbitrap XL 

spectrometer, calibrated with ProteoMass™ LTQ/FT-Hybrid ESI Pos. Mode CalMix (Sigma-

Aldrich).Sephadex LH-20 (GE Healthcare Bio-Sciences, Uppsala) was carried out using an open pre-

packed column. Silica gel chromatography was performed using precoated Merck F254 plates and 
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Merck Kieselgel 60 powder. HPLC purification was carried out on a ThermoSpectraSystem SCM 1000 

liquid chromatographequipped with a UV wavelength detector Spectra System UV 2000.Human cancer 

cell lines were obtained from the American Type Culture Collection (ATCC), the European Collection 

of Cell Culture (ECACC), and the Deutsche Sammlung von Mikroorganismen and Zellkulturen (DSMZ). 

The code number and histological type of each of the cell lines used in the current study are detailed in 

Table 6. The cell lines were cultured as detailed previously.17-19 

Biological material. E. ornata (300 individuals) was picked up by snorkeling along the coasts of 

Okha (India) during October 2010. The live animals and the mucus (150 mL) released from them, were 

immediately frozen at -20°C and then lyophilized before extraction. A voucher specimen (code ElyOkha) 

is available for inspection at the National Institute of Oceanography. 

Extraction of biological material. The freeze-dried animals (160 mg dry weight) and mucus 

(700 mg dry weight) of E. Ornata were exhaustively extracted with a 1:1 CHCl3/MeOH mixture (5 x 

150 mL and 5 x 300 mL) with repeated sonication. The combined extracts were concentrated in vacuo, 

to give 150.0 mg and 600.0 mg extracts from the animals and the mucus, respectively. The two extracts 

were subjected to biological screening against several pathogens wherein the mucus extract displayed a 

more significant activity. 

Bioassay guided fractionation of KZ1, KZ2 and KF (1-3). In order to isolate the compounds 

responsible for the antifungal activity, the mucus extract of E. ornata was subjected to a series of 

bioassay guided purifications. Firstly, the extract (600 mg) was fractionated on a Sephadex LH-20 in 

MeOH to yield an active kahalalides-containing sub-fraction (300 mg). An aliquot of this fraction (100 

mg) was further purified on silica gel column by eluting with a gradient system of CHCl3, CHCl3/MeOH 

and finally MeOH to give ten sub-fractions(1-10), finding activity only in sub-fraction 7 (35 mg). 

Preliminary 1H NMR spectra of this fraction revealed the presence of a mixture of peptides that was 

further purified on RP Amide HPLC column (MeCN/H2O/TFA 0.01%; gradient from 70%to 100% in 40 

min.;flow 1.5 mL/min) to afford in order of increasing polarity KF(9.2 mg, Rt 31.7), KZ2(2, 4.5 mg, Rt 

26.4), and KZ1 (1, 5.0 mg, Rt 25.3). 

kahalalide Z1 (1):amorphous white powder; [α]D
25-3.9 (c 0.15, MeOH);UV (MeOH) λmax(logε) 

204 (4.35), 235 (3.73);1H and 13C NMR see Table 1; ESIMS m/z1472 [M+Na]+and HRESIMS 

m/z1471.8887[M+Na]+, (calcd for C73H120N14O16Na1471.8904). 
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kahalalide Z2 (2):amorphous white powder; [α]D
25-3.5 (c 0.21, MeOH);UV (MeOH) λmax(logε) 

204 (4.35), 235 (3.73);1H and 13C NMR see Table 2 and 2; ESIMS m/z1484;HRESIMS m/z 1483.8948 

[M+Na]+, (calcd for C74H120N14O16Na 1483.8904). 

Marfey’s analysis.Compounds 1−3 (250 μg each) were hydrolyzed by heating in HCl (6 N, 500 μL) at 

110 °C for 24 h. Upon reaching room temperature (25 °C), the solutions were evaporated to dryness and 

dissolved in H2O (50 μL). To each peptide acid hydrolysate solution (or to 50 μL of a 50 mM solution of 

the respective amino acid standard) was added NaHCO3 (1 M; 20 μL) and then a 1% (w/v) solution (100 

μL) of FDVA (Nα-(2,4-dinitro-5- fluorophenyl)-L-valinamide, a variant of Marfey’s reagent) in acetone. 

The mixtures were heated for 1 h at 40 °C. The reactions were stopped by addition of HCl (1 N, 20 μL). 

The derivatized peptide hydrolysate solutions were diluted by addition of 300 μL of MeCN, and the 

derivatized amino acid standards solutions were diluted by addition of 770 μL of MeCN. A small 

amount of these solutions (4 μL of1, 2, andKFand 2 μL ofthe standards) was analyzed by LC-MS 

(Ascentis RP-Amide column, 25 × 0.46cm, 5 μm; 0 min 35%CH3CN, 65 % H2O+TFA 0.1% to 40 min 

50% CH3CN, 50 % H2O+TFA 0.1%, detection at 340 nm). Retention times and molecular weights of 

the FDVA amino acid derivatives were compared with those obtained from standard aminoacids.  

Antifungal activity. Eighteen fungal pathogens (12 phyto, 3 food-infesting and 3 fish pathogens) 

were used for biological screening. Crude organic extracts, fractions obtained from the different 

purification steps and the pure compounds were tested for antifungal activity following the standard disc 

diffusion assay as described earlier.15 Briefly, Whatman (GF/C) filter paper discs of 6mm diameter were 

prepared and sterilized for 15 minutes under 15lb/m2 pressure. Known concentration (20µg/disc) of the 

crude extract and 10µg/disc of the pure compound was loaded onto sterile paper discs and allowed to 

air-dry on the laminar airflow. Positive and negative control discs were prepared using ketoconazole 

(10µg/disc) and methanol respectively. The discs, in duplicates, were placed on mycological agar plates 

seeded with the different test fungal pathogens and incubated for 24-48 hours at 27oC.  The zone of 

growth inhibition formed around each disc was measured in millimeters (Table 5) and the activity was 

scored using symbols expressed as inactive (-), mild activity (+), moderate activity (++), significant 

activity (+++) and strong activity (++++) respectively. 

Determination of the IC50 Growth Inhibitory Concentrationsin vitro. The MTT colorimetric 

assay was used as detailed previously. Each experimental condition was assessed in six replicates. The 

origin of each cell line is detailed in the legend to Table 6. 
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