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Abstract - The tropical marine cyanobacterium Hormothamnion enteromo@oides produces a suite of cytotoxic 

and antimicrobial cyclic peptides. The structure of the most lipophilic of these, hormothamnin A, was determined 

by interpretation of physical data, principally high field NMR and FAB MS, in combination with chemical 

derivitization and degradation schemes. Isolation of a key pentapeptide fragment DPHB-D-LEU-L.-lLl+D-uZZo- 

ILErL-LEU, obtained under partial hydrolysis conditions, was instrumental to the final structure deuzmination. 

&D-aminooctanoic acid (D-BAOA) was characterized as a per-ester derivative following complete acid hydrolysis 

and Z-didehydrohomoalanine @HHA) was spectroscopically described in the intact peptide. The remaining 

residues (HYPRO, 2 x HSER, GLY) were evident from amino acid and spectroscopic analysis. Sequencing of 

these residues made use of knowledge from fragments, high field NMR (NOESY and ROESY) and FAB MS 

analysis of the intact peptide. Absolute stereochemistries of the o-amino residues were determined by HPLC 

analysis of the acid liberated residues derivatixed with Marfey’s reagent. The absolute stereochemistry of the /3- 

amino residue was shown by circular dichroism analysis, HPLC analysis of the Marfey derivative, and chiral 

synthesis of a homolog. By these techniques, hormothamnin A was demonstrated to possess a cycle-[D-PHE-D- 

LEU-L-ILE-D-allo-ILE-L-LEU-GLY-D-BAOA-L_ structure. 

Introduction 

Cyclic peptides are a chemical class well recognized from bacteria and fungi,’ and appear to represent a 

common chemical theme in the cyanobacteria (blue-green algae) as well.* Water soluble cyclic peptides have been 

isolated as the active hepatotoxins from the freshwater cyanobacteria Microcystis aeruginosa, M. toxica, 

Oscillaforia agardhi? and Nodularia spumige?uqs and are responsible for numerous intoxications of fish and 

livestock.6*7 Several toxic and cyclic peptides of a lipophilic nature have also been isolated from two freshwater 

and one marine cyanobacteria (Sqvtonema pseua%q@anni,8 an Aruzhem sp. ,9 and Lyngbya majusculal~. An 

unusual structural motif common to all of these peptides is the occurrence of one &amino acid with a large and 

structurally unique side chain. A range of biological activities has been reported for these cyanobacterial peptides, 

including insecticidal” and weak anticancer activity for majusculamide C,‘i weak antimicrobial but strong calcium 

antagonist activity for the scytonemins,* and positive inotropic activity for puwainaphycin.9 
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Our investigations of the cytotoxic and antimicrobial peptide chemistry of the Caribbean cyanobacterium, 

Hormothamnion enteromorphoides Grunow, have occurred over a period of several years and made use of both 

field collected and cultured material .I* H. enteromophoiah is an exclusively marine cyanobacterium which 

grows abundantly in the shallow coastal waters off Northern Puerto Rico, although it has an overall pantropical 

distribution.” The distinctive emerald green color and slimy clump-like morphology assist in its field 

identification and collection by skin diving techniques. From this prokaryote we have detected a complex series 

of peptide natural products which were initially discovered as a result of bioassay guided fractionation efforts 

following the pronounced gram + antimicrobial activity observed in the crude lipid extract. Vacuum 

chromatography of this lipid extract and RP HPLC of the polar peptide containing fractions proved to be the most 

expeditious method for their isolation. ‘* The complete structure elucidation of the most lipophilic of these, 

hormothamnin A (l), which is also the most abundant, has been a challenging problem and we report here the 

results of these effortsI 

Results and Discussion 

Pure hormothamnin A (l), a colorless material drying to a white noncrystalline powder, was optically 

active and showed intense C=O and N-H absorptions at Y = 1700 and 3350 cm-’ typical of peptide-type natural 

products. It possessed an uncharacteristic UV spectrum with maxima at 240 and 270 nm (E = 9500 and 400), 

absorptions later ascribed in concert with other data to an cu,@-unsaturated amide and a mono-substituted aromatic 

ring, respectively. Hormotbamnin A analyzed for C&98N,,0,4 by HR FABMS robs. (M+H)+ at 1196.73031, 

yielding 18” of unsaturation. From the “C NMR and molecular formula data, which showed there to be 11 

amide-type carbonyls, hormothamnin A was likely an undecapeptide with a number of unsaturated and cyclic 

amino acid residues. Further, hormothamnin A was shown to possess three esterifiable functional&s as it 
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formed triacetate 2 upon acetylation. 

Additional analysis of the i3C NMR spectrum of 1 revealed resonances for a tri-substituted olefin (6 131.8, 

121.7) and a mono-substituted aromatic ring. The identity of this aromatic residue as PHE was conclusively 

given by amino acid analysis. Further, amino acid analysis showed the presence of one HYPRO residue as well, 

and thus, explained all but one of the degrees of unsaturation implicit in the molecular formula. Hormothamnin 

A also contained two HSER, one GLY, one ILE, one allo-ILE, and two LEU residues by amino acid analysis. 

Derivatization of these residues obtained from the crude hydrolysate with Marfey’s reagent” and gradient HPLC 

analysis with w-injection of standards defined the absolute stereochemistry of PHE as D, HYPRO as L, both 

HSER’s as L, and one LEU as D and the other as L. Because of overlap in the HPLC chromatogram, it was not 

possible at this point to distinguish whether hormothamnin A possessed D-ILE and L-ullo-ILE or L-ILE and D- 

allo-ILE. 

By ‘H and “C NMR analyses, a tenth residue was identified as didehydrohomoalanine (DHHA), and 

contained distinctive signals and spin systems characteristic for this unsaturated system (see table 1).‘6 By 

estimation of the three bond coupling between the vinyl proton and carbonyl carbon in this residue,17 and NOE 

experiments, the geometry of the tri-substituted olefm was shown to be 2. A gated decoupled 13C NMR spectrum 

of 1 gave a complex yet narrow signal for the DHHA carbonyl at 6 166.7. The complexity of this signal is 

understandable in terms of the five protons to which it probably shows 3-bond couplings. The narrowness of this 

signal (Ahin = 14 Hz) implies the absence of any coupling greater than 10 Hz, which necessarily excludes the 

possibility of a trans disposed proton. i7 More conclusively, NOEDS showed bidirectional NOE’s between the 

NH and vinyl methyl (NH to CH3 1896, CH, to NH 2%) as well as significant NOE between the NH and (Y- 

proton of the adjacent HSER (30%). It is interesting to note that the DHHA residue in 1 is of the opposite 

geometry compared to the same residue found in another cyanobacterium cyclic peptide, scytonemin A.* 

Hence, the eleventh and final residue was required to possess an atomic formula of GHi5N,0, with the 

oxygen and nitrogen atoms being present as components of amide bonds. Importantly, this composition required 

the final residue to possess an aliphatic side chain, and hence, given the degrees of unsaturation in the molecule, 

the overall structure of hormothamnin A was required to be cyclic. This was consistent with both its lack of 

reactivity to CH,N, in EbO/MeOH and that it only formed a triacetate (2) upon acetylation. However, due to 

the highly congested nature of the spectrum in the 0.9 to 1.3 ppm region in 1 or 2, it was not possible to map 

out the spin system of this eleventh residue in the intact peptide. 

The identity of the eleventh residue was unequivocally shown through its isolation from the crude acid 

hydrolysate by repetitive HPLC as a protected acetate, methyl ester derivative (3). LR EIMS of 3 gave a (M)+ 

peak at m/z 215 indicative of a formula of CI,H21N,03r and which showed prominent fragmentation ions at m/z 

172 (M - O=C-CH3)+, 144 (M - CH2CH2CH2CH,CH3)+, and 102 (M - O=C-CH,, CH,CH,CH,C!H$H,)+. By 

i3C NMR, all 11 atoms were easily seen and further supported the existence of carbomethoxy-ester and N-acetyl 

groupings. It was noteworthy that the carbon bearing the nitrogen atom was at higher field than that typical for 
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o-amino acids (S 44.8).” The ‘H-‘H COSY of this pure derivative was highly descriptive and showed that the 

amide proton was coupled to a complex methine proton which was in turn coupled to two different methylenes. 

One of these was isolated and at a shift (S 2.53) fully consistent with its placement adjacent to the carbomethoxy- 

ester, thus defining it as a &amino acid. The other methylene was at higher field (S 1.50) and further coupled 

to a broad peak at 61.25 which contained 6 protons. This 6 proton multiplet was in turn only further coupled 

to a high field triplet methyl group at 6 0.89. Hence, this last residue was characterized as &amino octanoic 

acid. 

The absolute stereochemistry of this residue was shown in three ways. Racemic synthesis of 3- 

aminooctanoic acidi followed by derivatixation with Marfey’s reagent and HPLC analysis gave two peaks. The 

later eluting of these coincided by co-injection with a late eluting peak in the chromatogram formed by analysis 

of similarly derivatixed hormothamnin A hydrolysate. Hence, by analogy to the behavior of o-amino acids 

derivatized with Marfey’s reagent in which the L series elutes earlier than the D serk~,‘~ the hormothamnin A 

derived /3-amino octanoic acid was shown to be of D configuration. This was further confirmed by hydrolysis 

of the acetate and carbomethoxy esters from derivative 3 with 6N HCl and re-derivatixation to form the N-(2’,4’- 

dinitrophenyl)-p-methoxyanalide (4). 20 In its circular dichroism spectrum derivative 4 gave a positive 267 nm 

Cotton effect which decreased to negative numbers at 400 nm, a spectrum highly indicative of aliphatic &D-amino 

acids.” Finally, methyl-3R-aminoheptanoate acetate (5) was synthesized from 2Baminohexanoate (D-norleucine) 
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using adaptations of literature methods*’ and its rotational characteristics compared with methyl-3-aminooctte 

acetate (3) obtained from hormothamnin A (1). Compounds 3 and 5 showed comparable positive rotations at 589 

nm. 

A partial sequencing of residues in hormothamnin A was obtained by analysis of the FAB MS 

fragmentation pattern. As expected, the peptide bond to each side of the cr,/3 unsaturated residue (DHHA) 

preferentially opens with subsequent fragmentation pathways deriving by both clockwise and countercloclovise 

successive residue losses (figure 1). The combination of these four easily discerned fragmentation pathways yields 

thefollowing squenceofresiduemassesbeginning withDHHA: [83-113-lOl-147-113-113-113..113-57-141-1011. 

These could be interpreted to give the sequence [DHHA-1l3-HSER-PHF-113-113-113-113-GLY-BAOA-HSER] 

wherein ‘mass equal to 113’ residues could be either HYPRO, LEU, ILE or allo-ILE. 

Figure 1. Positive ion 

fast atom bombardment 

mass spectral (FAB 

MS) fragmentation 

pathways obtained for 

hormothamnin A (1) 

giving partial sequence 

information. 

However, the primary positioning of these eleven amino acids in hormothamnin A utilized data obtained 

from NOESY and ROESY experiments performed at high field. In turn, this required a full assignment of the 

13C and ‘H NMR spectra for hormothamnin A which was accomplished by a combination of ‘HJH DQFCOSY 

and TOCSY, i3C DEPT, ‘H-i3C LR HETCOSY, HMQC, and HMBC experiments (Table 1). 
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Table 1. High field (500 MHz) *H 13 

C# ‘H(6) “C(6) "N(6) 
L-HYPRO 
C-l 
c-2 4.482 
c-3 2.252 

1.835 
C-l 4.299 
C-5 3.318 

3.609 
OH 5.191 
N 

L-HSER 1 
C-l - 
c-2 4.311 
c-3 2.015 

1.913 
C-4 3.271 

3.416 
OH 4.394 
NH 7.039 

D_PHE 

C-l 
c-2 4.234 
c-3 2.960 

3.037 
c-4 - 
C-5 7.208 
C-6 7.265 
c-7 7.392 
C-8 7.265 
c-9 7.208 
NH 7.650 

b 
59.6 
38.0 

68.4 
57.6 

c 

b 
48.7 
33.9 

56.9 

107.1 

b 
56.8 
37.0 

138.0 
129.1 
128.2 
126.3 
128.2 
129.1 

111.5 

‘C, and “N NMR data for hormotl 

C# ‘H(6) “c(a) “N(b) 

D-LEU 2 
C-l - 
c-2 4.321 
c-3 1.034 

1.283 
Cd 1.573 
C-5 0.751 
Cd 0.806 
NH 7.225 

L_ILE 
C-l - 
c-2 4.761 
c-3 1.805 
Cqh4e) 0.750 
C-5 1.262 

1.246 
C-6 0.750 
NH 6.491 

D-&o-ILE? 
C-l - 
c-2 4.684 
c-3 2.068 
c-4&@ 0.810 
C-5 1.121 

1.195 
C-6 0.836 
NH 8.437 

L-LEU 1 
C-l - 
c-2 4.021 
c-3 1.365 

1.561 
c-4 1.630 
C-5 0.919 
C-6 0.851 
NH 8.486 

b 
51.4 
39.5 

24.7 
21.1 
22.8 

111.7 

b 
55.8 
39.4 
15.4 
22.0 

11.6 
c 

b 
53.6 
37.1 
14.5 
26.3 

11.1 
112.6 

b 
53.1 
39.2 

24.1 
22.6 
21.4 

118.1 

min A (1). 

CM ‘H(6) “CC(a) “N(b) 

GLY 
c-1 - 
c-2 3.260 

3.815 
NH 8.840 

D-BAOA 
C-l - 

c-2 1.683 
1.901 

c-3 4.283 
C-4 1.350 
C-5 1.249 
C-6 b 
c-7 b 
C-8 0.89 
NH 6.878 

LHSER 2 
C-l 
c-2 4.702 
c-3 1.799 
C-4 3.555 
OH 4.590 
NH 7.093 

DHHA 
c-1 - 
c-2 - 
c-3 5.765 
c4 1.754 
NH 10.691 

b 
42.3 

109.8 

b 

39.9 

44.8 
35.1 
30.8 
b 
b 

13.9 
121.6 

b 
49.0 
33.4 
56.9 

118.9 

166.7 
131.8 
121.7 

12.5 
132.1 

pedra obtained in DMSOdd at 25°C 
lnassignedcarbonylsatb 174.6, 173.;, 172.8, 172.5, 172.2, 172.0, 171.3, 170.4, 169.5, 169.2. 

Wet detected. 

Two NOESY (50 and 100 ms) experiments and one ROESY (50 ms) experiment were run on 

hormothamnin A in DMSO-d, at 500 MHz and 24°C. While all of these spectra gave a wealth of information 

on the structure of 1, the ROESY was most descriptive of the sequence of residues in the molecule. As seen in 

Table 2, a series of unidirectional NH-arH interactions were observed that gave the primary co~ectivities. 

Further, a ROE interaction was observed between the NH of DHHA and the 6 protons of the hydroxyprolme 

residue, thus closing the macrocyclic ring. Through the series of adjacent leucine, isoleucine and phenylalanine 

residues found in 1, NH-NH ROE interactions were also observed, indicative of additional secondary structure 

in this region. In addition to the expected ROE interactions between the NH of HSER2 and the /3 protons of the 

BAOA residue, interactions were also detected between the NH of LEU2 and the /I protons of theD-PHE residue. 

The remaining structural questions, the locations of the D and L leucine and normal and allo-isoleucine 
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residues, required chemical degradation 

coupled with amino acid analysis. 
Table 2. Connectivities observed from a 50 ms 

Principally, this effort utilized a key ROFSY spectrum. 
pentapeptide fragment which was obtained in 

NH O!H NH BH 

relatively good yield from acid hydrolysis of 

hormothamnin A (1) and subsequent DHHA HSER 2 
HSER 2 __ BAOA 

acetylation and methylation. This BAOA GLY 

pentapeptide derivative (6) results from GLY LEU 1 

LEU 1 albILE 

hydrolysis of the HSER-PHE and LEU-GLY albILE ILE 

ILE LEU 2 albILE, LEU 2 
linkages with the intervening linkages LEu2 PHE PHB PHB 

between hydrophobic residues being more 
PHI? WSER 1 

resistent. The HPLC purified fragment (6) was completely characterized by various spectroscopic methods and 

showed in its FARMS a strong series of sequence ions which confirmed the relative positions of PHE and 

LEU/ILE/aZZo-ILE residues (see experimental). 

The location of ILE and allo-ILE residues in hormothamnin A (1) was shown in two ways, 1) comparison 

by HPLC of the amino acids remaining following two or three cycles of Eklman degradation of the pentapeptide 

6, and 2) amino acid analysis of three additional peptide fragments isolated (S-10) from partial acid hydrolysis 

of hormothamnin A (1). 

The pentapeptide derivative 6 was deprotected by acid treatment to yield D-PHE-LEU-(ILE-clrro-nE)-LEU 

(7) which was then deposited on an immobilon filter and partially sequenced on an automated gas phase protein 

sequencer. Two Edman degradation cycles were run with normal programming and the eluents discarded. The 

filter was removed and subjected to 6N HCl hydrolysis conditions and the resulting amino acids were analyzed 

by standard HPLC analysis with post-column ninhydrin detection. This showed principally three residues, LEU, 

ILE and allo-ILE. Another sample of deprotected pentapeptide 7 was adhered to a second filter and this time 

subjected to three cycles of Edman degradation. Again, the filter was removed and amino acids liberated by 6N 

HCl treatment. HPLC analysis of this gave principally LEU and allo-ILE, although a small amount of ILE still 

remained. This finding supported a PHE-LEU-ILE-allo-ILE-LEU sequence which was confirmed by the 

following. HPLC of the peptides resulting from partial hydrolysis of hormothamnin A gave tripeptide 8 which 

analyzed by traditional amino acid analysis for PHE, LEU and ILE, and tetrapeptide 9 which analyzed for PHE, 

LEU, ILE and allo-ILE. The structures of 8 and 9 were confirmed by ‘H NMR and FAR MS analyses. 

Complete acid hydrolysis of peptides 8 and 9 followed by derivatization with Marfey’s reagent and gradient 

HPLC analysis gave for 8 D-PHE, D-LEU and L-ILE while 9 analyzed for D-PHE, D-LEU, L-ILE, and D-uZZO- 

ILE. Implicit in this data set is the answer to the second question, that is, that D-LEU is adjacent to D-PHE, 

and hence, the L-LEU must reside between the D-allo-ILE and GLY residues. The location of D- and L-LEU 

residues in hormothamnin A (1) was additionally confirmed by HPLC isolation of a small amount of the dipeptide 



2320 W. H. GERWICK er al. 

PHE-LEU (10) from partial hydrolysis of hormothamnin A. Complete acid hydrolysis of this fragment followed 

by derivatization with Mat-fey’s reagent and HPLC analysis gave only D-PHE and D-LEU. Hence, the complete 

structure of key pentapeptide fragment 7 obtained from hormothamnin A (1) was determined to be D-PHE-D- 

LEU-L-ILE-D-allo-ILE-L-LEU. 

Incorporation of these stereochemical features into the planar structure of hormothamnin A (1) yields its 

complete structure as cycle-[o-pHE_o-LEU-L-~~~~-~E-L-LE 

HYPRO-L-HSER].” It is interesting to note the segregation of hydrophobic and hydrophilic residues in this novel 

cyclic peptide. The location of the dehydro-amino acid residue (DHHA), which is sandwiched between the three 

hydrophiiic residues in the molecule, may be important to the cytotoxic, antimicrobial and possible chemical 

defense properties of hormothamnin A (1) .***16 A closely related cyclic peptide, laxaphycin A, possessing the 

same overall constituitive structure as hormothamnin A but differing in several stereochemical features, has 

recently been obtained from a terrestrial isolate of the related blue-green alga Anabaena Zaz (R.E. Moore, U. 

Hawaii, personal communication). By direct comparisons, laxaphycin A was shown to minimally differ from 

hormothamnin A in the stereochemistry of the DHHA unit @axaphycin A (see table 1 for hormothamnin A) ‘H 

NMR (DMSO-d-6) 6 10.88, 5.60, 1.71; 13C NMR 6 166.8, 130.7, 119.3, 13.9; NOE irrad. NH (610.88), 17% 

enhancement of H3 (65.60); NOE irrad. H3, 6% enhancement of NH]. 

Experimental 

General hmwnentatiott. Nuclear mugnetic romance (NMR) spe&n weau recorded on Bruke~ AM 400 and AC 300, and 

varianVxR5OOspe&omeIers. AllshiftJ3aren?po&!dmlativetomiuteXMlt&ame&y~(TMS)~. Maa3spe&awere 

nwzded on Kratos MS SOTC and Finoigan 4023 mass spectmmeters. Ultraviolet spectra were recorded 011 a Be&au DB-GT W-VIS 

s~&mpl~otometer end inframl speotra on N&let 5 DXB FT 15 nod N&let 510 speotmphotometezs. High performance liquid 

chmmatography (HPLC) was performed with Waters MdOOO and M-45 pumps, U6K injstors, and either a R401 diffmtial 

refractomete.r or a Wate.rs lambda-Max 480 Ic spectmphotomew. Amino acid analyses were performed at the Pmtein Stmcture 

Laboratory at U. California, Davis on a Beckmao 6300 with detection at 440 nm and 570 nm. Partial peptide sequence data wum 

obtaioed using an Applied Micmsystem 475 Gas Phase Protein Seqwncu followed by HPLC detection using a Beckman System Gold 

(0.3 mL/min) with poat+olumo ninhydrin detection. Memk aluminum&a&d thin-layer chmmatograpby (TLC) sheets wem wed for 

TLC, and all solvents were distilled prior to we. 

Colkction, atraction and isokztion of hotmothamnin A (I). Small attached tufts of Homothamnion entetwmpho~ were 

cdlected from -1 to -3 meters at Vega Baja on the North Coast of Puerto Rico in 1986 and 1987 and stored in IPA until workup. 

Peptides were extracted by repetitive steeping in CHClJMeGH (2: 1) sod purified by vacoum chmmatogmphy followed by npctitive 

reverse phase HPLC as previously detailed. I2 Pure honnothamoia A (1) showed spectral characteristics as previously xymrte& and 

as foond in table 1; amino acid analysis (concentmttion in nMoles, retention time) HYPRO (1.50, 12.55 mio), HSER (not c&z., 19.95 

min),GLY (1.77,30.30min),&0-ILE(ca. 1.28, 49.48min),ILE(1.24,50.62min),LEU(3.55,51.58mia),PHE(1.64,56.%min); 

LR FAB MS (relative intmsity) m/z. 1218.7 (89). 1198.7 (15), 1197.7 (35.0), 1196.7 (52.7), 1174.5 (4.4), 970 (1.3). 899.5 (1.3), 897.5 

(1.3), 857.4 (1.4), 835.5 (1.3), 814.4 (1.4), 784.4 (2), 752.4 (1.5), 722.4 (1.6). 701.4 (2.7), 671.3 (2.3), 639.4 (2.3), 609.3 (2.7). 

588.3(5.4),558.3(3.9),526.3(2.9),4%.3(4),475.2(7.3),445.2(5.4),413.2(3.1),383.2(9.8),362.1(22).326.2(4.7),300.2(10), 

298.1 (6), 282.1 (6.9), 261.1 (9.5), 227.1 (18). 215.1 (31), 199.1 (34), 197.1 (17), 195.1 (10). 187 (lo), 185 (la), 182(17), 169 (21), 

167 (12), 157 (12), 154 (37), 152 (13). 140(22), 138 (21), 136 (36), 131 (17), 125 (33), 120 (92), 114 (31). 
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Partial acid hydrolysis of honnothamnin A (I). Hormothamoii A (66.7 mg) was dissolved in one drop of methanol sod then 

10 ad of 2 N HCl was added. AtIer refluxing for 24 hours, tbe solution was neotralized by the addition of saturated NaHCO, @H 9.5) 

pod evaporated in vacua to give P salty white powder. The powder was acetylated (A%O/pyridine, 1: I) with stirring ovemigbt at roam 

temper&~.. The acetyl&~~ was stopped by pouring the reaction pmducts into acidified &mated N&l @H 2). The solutioo was then 

extracted with CHCI, (2x). The CHCI, layer was wasbed with acidic N&l solutioo sod evaporated in vacuum to yield a residue. The 

residue was methyl&d twice with CH& in ether to give 42 mg of mat&d which was thou eqamted by HPLC [Lichmeorb RP-18 

(7cm) 250 x 10 mm, 60% MeOH/HzO)] to yield seven fractions. The materiels retained in the column were eluted with 100% MeOH. 

Practioo 6 was further purified wunepack Silica 10 c, 2 x (300 x 4.1 mm), 50% EtOAc/hexaoes] resulting in pure methyl 3-D- 

ecetamidooctaooate (3.0.8 mg). Fraction 7 contained the deriv&ixed dipeptide 10. The mete&ls eluting with 100% metbet101 wwt 

further seperated by HPLC (linear gmdimt of CH,CN in I-&O, 40% to 70% in 40 minutes, 1.5 mllmin, Pheaommex Ultracarb RP-ODS 

(20). 30 cm x 4.1 mm) to yield the deaivatizd tripeptide (9) end tetqeptide (8). 

Iiomwzhumnin A ticare (2). ‘H NMR S (300 MHz, CDCL,): 9.4 (lH, D,O excb.), 7.65 (lH, J_$O exch.), 7.32 (2 H, bd, 

J = 6Hz), 7.24(2H, t, J = 6Hz). 7.19(1H,m),6.88(1H,&Oexch.), 6.6(1H,D,Oexch.),5.52(1H, m), 5.26(1H, m),4.69(1H, 

m), 4.60 (lH, t, J = 5 Hz), 4.50 (2H, m), 4.35 (4H, m). 4.0 (2H, m), 3.87 (2H, m), 3.7 @I, m), 3.18 (lH, bd. J = 12 Hz), 2.98 

(lH, bt, J = 12 Hz), 2.57 (lH, m), 2.46 (1H. m), 2.33 (5H, m), 2.07 (3H. s), 2.46 (3H. s), 1.99 (3H, s), 1.90 (2H, m), 1.80 (3H, 

d, J = 7), 1.1 - 1.7 (22H, m), 0.7 - 1.05 (27H, m). 

M&y1 3-D-acetamidooctanoate (3). Deaivetive 3 showed [alo = + 20.2” (c = 0.08, MeOH); ‘H NMR 8 (300 MHz, CDC!L& 

6.02 (lH, m). 4.24 (lH, m), 3.69 (3H, s), 2.53 (2H, m), 1.97 (3H, s), 1.50 (ZH, m). 1.28 (6H. m), 0.89 (3H, t, J = 7.8 Hz); “C 

NMR8 (75 MHz, CDC13: 172.5, 169.5, 51.6, 45.9, 38.1, 34.0, 31.5, 27.2,25.9, 23.5, 22.5, 14.0; EIMS (rel. intensity 96): 216 

(M + H+. 3), 215 (M+,3), 184 (7), 172 (26), 144 (38). 102 (KKJ), 70 (14), 60 (28), 43 (66); N-12’,4’~i~~p~~l)-~~~l~ 

(4): Derivative 3 ~18 hydmlyzed in 6 N HCI by refluxing for 6 hours and the solution was passed through e small RP-18 column. After 

thoroughly washing with distilled water, the c&mm wes eluted with 100% MeOH. The MeOH elueat was evqoreted to give the free 

amino acid which was derivatixed directly eccordmg to Nagai et el. m to produce. the N-(2’,4’diitmpheoyl)-p-methoxyaaalidederivative 

(4. CD (M&H), @I, +3900, [Bl, -12W. 
Derivatization of amino acids with I-fluoro-2,4dinitrophenyl-5-L-alanine amide (FDA& and HPLC analysis. For the FDAA 

(Marfey’s reagent) derivatization procedure (Pierce Chemical Company), a small amount of sample in 100 pl of ecetone was mixed with 

200 ~1 of II 1% solution of PDAA in ecetone. To this wes added 40 ~1 of 1.0 M sodium bicarbonate solution, and the resultant solution 

was heated at WC for one hour and thea allowed to cool. After addition of 20 ~1 of 2 M HCI, the resulting solution was degased sod 

then analyzed by HPLC. The HPLC analysis used the following conditions: solvent A, 0.05 h4 EGN in H,PO, at pH 3; solvent B, 

ecetonitrile; linear gradient with flow mte of A + B at 1 ml/minute, solvent B from 10% to 60% in 2 bouts; column, Pheao-x 

Ultracarb RP(20), 30 cm x 4.1 mm; UV detector at 340 nm with 0.10 AUPS. 

Synthcris of + 3-amine octanoic acid. MaIonic acid (12.5 g) was dissolved in 28 ml of dried pyridioe and then 12.5 ml of 

hexanal and 1.2 ml of distilled pyrrolidine were added. After refluxing for 30 minutes, the products were poured into 300 ml of chilled 

dilute HCI solution. The solution was extracted with ether (3 x 100 ml) and the ether layer w&s washed with distilled water, dried with 

Na$O,, sod evaporated to give 12.9 g of octa-2(&enoic acid. The acid (0.26 g) was methyl&d with CH,N, in ether and then mixed 

with 0.31 g of phthalimide in 10 ml of dried pyridioe. The mixture was refluxed for 24 hours io the p-co of EtONa catalyst. After 

cooling to room temperature, the reaction was poured into ice water nod the resultnat solution extracted with CHCl, (2 x 20 ml). The 

extract wes fractioosted by vecuum silica gel column &mmatogmphy to yield 124 mg of methyl 3-phthelimidooctanoete. ‘H NMR 6 

(CDCl,, 300 MHz): 7.70 (2H, m), 7.6 (W, m). 4.59 (lH, m). 3.53 (3H, s), 3.10 (lH, ddd, J = 1.8,9.8, 16.0 Hz), 2.72 (lH, ddd, 

J = 1.5, 5.4, 16.0). 2.0 (lH, m), 1.66 (lH, m). 1.19 (6H. m). 0.77 (3H, m). “C NMR 8 (CDCI,, 75 MHz): 171.3, 168.2, 133.8, 

131.6, 123.1,51.6,47.9,36.6,32.1,31.1,25.8,22.2, 13.8. Themethyl3-phthalimidooctaooateproductwashydrolyzed(6NNaOH, 
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loo”c, 2 h) end the resultant solution acidified end pessed through P pipet whnnn containing reverse phase silica gel (ODS). The 

product was eluted from the ODS column with MeOH, the MeOH evapomted end then redissolved in a&one, to give f-amino octenoic 

acid a~tpminnted by 8 small amount of phthalic acid: ‘H NMR 6 ((CD&IO, 300 MHz): 4.4 (lH, m), 2.75 (lH, dd, J = 17,6 HZ), 

2.55 (lH, dd, J = 17,9 Hz). 1.65 (2H, m), 1.5 (2H, m), 1.35 (4H, m), 0.9 (3H, t, J = 6). This 3-amino octanoic acid WM reacted 

directly with FDAA for HPLC analysis. 

@#hais of methyl 3-D-acetamidohq~amoa~e (5). D-norleucine (1 g) and N-ethoxycarbonylphthalimide(l.7 g) were dissolved 

in 25 ml of tetmhydrofumn end 2 ml of triethylamine end then refluxed for 24 hr. The reaction solution wns filtered end the taolveats 

removed in wmw to give a residue which was dissolved in 30 ml of CHCI,. The CHCI, solution was extracted with 10% Na&O, (3 

x 30 ml). The N&Q solution was then acidified to pH 2 with 6 N HCl and then extracted with CHCl, (3 x 50 ml). The CHCI, layer 

wp8 washed with water end then evaporated to give pure N-phtheloyl D-norleucine (1.63 g). N-phthaloyl D-no&u&e (0.4 g) was 

mixed with 1 ml of thionyl chloride end refluxed for 2 hr. Exceaa thionyl chloride wes removed by evaporation and the residue was 

dissolved in anhydmus ether and then slowly dropped into an excess of diaxom&ane (EhO-MeOH) in en ice bath. After the addition 

was completed, the reaction was allowed to warm to mom temperature for 1 h end then excess reage0t end solveats were removed in 

WCIW to give e residue (0.4 g) which contained about 85 46 l-diaa+3+&hahmidoheptan-2-one~d 15 % I-chloro-3-phthalimidoh@an-2- 

one by *H NMR analysis. The mixture (0.13 g) in 100 ml of dioxane was treated with 100 ml of aqueous Ag@-N&O, (pH ca. 7.5) 

prepared by dissolving Ag,O (formed by precipitation of 6.0 g of AgNO, with 1.7 g of NaOH in %O) and N&O, (12 g) in 100 ml 

dioxene. The solution was refluxed (1 h). acidified to pH 2, extracted with e&ez (3 x 150 ml), dried over Na#O,, concentrated in 

wmo, methylated (CH& in ether). end purified by silica gel chromatography to give me&y1 3-D+thaliidohe+noete (57 mg). l’his 

3-D-phthelimidohept wes refluxed in 6 N HCl (8 h), concatrated in WCIW, end thea methylated (a-I&) end acetyleted 

(A%O/pyridine, l:l, overnight). The acetylation was quenched with the addition of methanol, diluted with 20 ml of CHCb, washed 

with 15 46 HOAc (as), end the chloroform layer wes evaporated to give an oily mnterial which was further purified by HPLC [Lichromrb 

RP-18 (7 rm), 250 x 10 mm, 60% MeOH in H,O] to yield 7.5 mg of methyl 3-D-a&emidoheptanoate. ‘H NMR 6 (CDCl,, 300 MHz): 

6.04 (lH, br. d, J = 8.9 Hz), 4.21 (lH, m), 3.69 (3H, s), 2.58 (lH, dd, J = 5.0, 16.0 Hz), 2.50 (lH, dd, J = 5.0, 16.0 Hz), 1.98 

(3H, 6). 1.51 (2H, m). 1.30 (4H, m). 0.88 (3H, 1, J = 6.7 Hz); ‘T NMRG (CDCI,, 75 MHz): 172.4, 169.4,51.6,45.9,38.1,33.7, 

28.3, 23.4, 22.3, 13.9; FAB MS m/z (rel. intensity): 224 @l+Na+, 70), 24Q (MH+, lOO), 176 (32), 170 (Sl), 160 (4O), 128 (72), 

111 (49). 102 (44), 86 (72), 60 (32); [a]e = +9.0” (c = 0.5, MeOH). 

Formaion and isolation of derivabd pen?upeptide 6: Hormothanmin A (21 mg) was dissolved in one drop of methanol and 

then 0.5 ml of 20% trifluoroac&c acid was added. The reaction tube was sealed end heated in a 100” C oven for one hour. The 

reaction solution was repetitively extracted with CHQ and the solvent evaporated in VUCIW to give a residue which was methyl&d by 

(CH,N, in ether) end acetylated (AqO/pyridine, l:l, 24 hr). Excess AGO end pyridine were evaporated in wuwo and the resultant 
material purified by HPLC (Lichrosorb RP-18 (7pm) RP-18,250 x 10 mm, 80% MeOH&O) to yield derivatixed peutapeptide 6 (cr. 

2 mg) which showed the following: ‘H NMR 8 (300 MHz, &OH-d,): 7.25 (JH, m), 4.60 (IH, dd J = 4.7, 9.6 Hz), 4.4 (3H, m), 

4.24(lH, d, J = 6.7Hx), 3.66(3H, s), 3.13 (lH,dd, J = 4.8, 14.0Hz), 2.87(1H, dd, J = 9.7, 13.9Hx), l.O- 2.0(12H.m), 1.88 

(3H, s), 0.8 - 1.0 (24H. m); ‘F NMR 6 (75 MHz, MeOHd,): 174.9, 174.4, 174.0, 173.9, 173.8, 173.4, 138.5, 130.2, 129.5, 127.8, 

59.8, 58.0, 56.1, 53.5, 52.6, 52.2, 41.5, 41.2, 38.6, 38.0, 37.5, 27.4, 25.9, 23.4, 23.3, 22.4, 22.1, 21.8, 16.1, 15.0, 11.9, 11.6; 

FAB MS (rel. intensity W): 674(MH+, 23). 529 (15), 485 (3), 416 (la), 372 (4), 259 (8), 190 (4), 162 (S), 120 (19), 86 (100); high 

resolution FAB MS: ohs. M+ at m/z 674.4493 gives C&&O, (0.1 mmu deviation). 

Formation and sequencing of pentapeptide 7. Peutepeptide 6 (1 mg) was dissolved in 100 pl of MeOH end then 120 ~1 of 

trifluoroecetic acid and 380 pl of water were added. The solution was sealed in e vial end heated for 1 hr at 100°C with periodic 

shaking. The solution was evaporated in vacua end the residue purified by HPLC lpartisil PXS ODS (5 pm), 250 x 5 mm, 80% 

M&H/H,01 to give the deprotected pentapeptide 7: FAB MS (46 rel. intensity): 640 (M+Na*, 100). 618 (M+H+, 39), 519 (19), 
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487 (19). 485 (67), 471 (15). 374 (13), 329 (25). 261 (27), 245 (13), 227 (25). Sequencing of the peptide was carried out OII aa 

immobilon membrane filter using an automated gas pluw protein sequencer. Afkex two cycles of Edman dqmdation, the imnwbilon 

membraue was hydmlyzed in 6N HCI at 110°C for 20 hours. Amino acid analysis of this acid hydroiysate sbouwl98 pm1 of LEU. 

58 pmol of ILE and 20 pm01 of a&-ILE. The same experimmt was repeated but with 3 cycles of Edman dagmdation and the resultant 

hydrolysate was found to contain 58 pm01 of LEU, 25 pm01 of ILE and 28 pmoi of aNo_ILE. 

Derivked ktrupeptldc 8. ‘H NMR 8 (300 MHz, MeOHd,): 7.2 (5H, m), 4.59 (lH, dd, J = 5.6, 11.9 Hz), 4.50 (lH, d, 

J = 5.6Hz),4.4O(lH, t,J = 7.7Hz),4.35(1H,d, J = 7.7Hz),3.63(3H.s), 3.1(1H,m),2.82(1H,dd,J = 10.5, 14.OH.z), LO- 

2.0 (9H, m), 1.88 (3H, s), 1.0 - 2.0 (188, m); PAR MS (96 ml. intensity): 561 (MH+, 37). 416 (21), 303 (Us), 258 GO), 255 (22), 

176 (lo), 146 (14). Standard amino acid analysis indicated one molar equivalent each of PIG, LEU, ILE and WILE. HPLC analysis 

of the FDAA derivativea from acid hydrolysis showed four residues co-&ted with FDAA derivative standa& of DPHE, D-LEU. L- 

ILE and D-u&ILE. 

Den’vafiwd rripeptide 9: ‘H NMR li (300 MHz, M&H-d.,): 7.35 (SW, m). 4.6 (lH, m), 4.48 (lH, m), 4.35 (lH, m), 3.70 

(3H, s), 3.1 (la, m), 2.82 (IH, dd, J = 8.4, 12.3 HZ), 1.0 - 2.0 @H, m). 1.89 (3H, s), 0.8 - 1.0 (lW, m); FAR MS (46 rel. 

intekty): 448 (MH+, 44), 433 (16), 303 (lo), 259 (26), 255 (lOO), 176 (30). 146 (16). Skadard amino acid analysis indicated PIE 

molar equivalent each of PHE, LWJ and ILE. HPLC analysis of the FDAA dexivatives obtakd from acid hydmiysis gave D-PHI& 

D-LEU sxld L-ILE. 

Derivatited &p.qxkk 15. ‘H NEAR 6 (300 MHz, CDCQ: 7.3 (5H, m), 6.08 (lH, br.d, J =7.6 Hz), 6.2 (iH, br. d, J = 7.4 

Hz), 4.65 (IH, m), 4.51 (lH, m), 3.70 (3H, s), 3.07 (2H, m), 1.98 (3H, s), 1.5 (3H, m), 0.89 (6H. d, J = 5.9 HZ); FAR MS (% 

ref. intensity): 335 (Fr + HI+, SO), 277 (74), 255 (100). 176 (16), 146 (40). HPLC anaIysis of the PDAA defivatives obtabed from 

acid hydrolysis gave 1)-PHE and D-LEU. 

Acknowledgments 

We thank R. Kohnert for help with NMR [OSU Department of Chemistry - Bruker AM 400 (National Science 

Foundation (CHE-8216190) aud M.J. Murdock Charitable Trust) and Bruker ACP 300 spectrometers (NIH RR 

04039 and NSF CHE-8712343)] and B. Arbogast and D. Griffin for help with low and hi8h resolution mass 

spectra [OSU College of Agricultural Chemistry, Kratos MS 50 TC (NIH DRR lSlORRO1409)]. We thank R. 

McFarland (Gene Research Center, OSU) for running the peptide sequencing experiments. We thank G. 

Lukinbeal and A. Aretakis for their assistance with HPLC work, and J. Laramee (OSU A8ricultumI Chemistry) 

for helpful discussions on mass spectrometry. This research was supported by NIH CA42850, NIH CA52955 

and the Oregon Sea Grant Program (R!PD-51). 

References 

Ovchinnikov, Y .A. and Ivanov, V.T. in The Proteins, 3rd ed., H. Neurath & R.L. Hill, eds., Acad. 

Press, NY, 1982, 5, 310642. 

Ireland, CM., Molinski, T.F., Roll, D.M., Zabriskie, T-M., McKee, TX., Swersey, J.C., aud Foster, 

M.P. in Bioorgaoic Chemistry, Vol3, P.J. Scheuer, ed., Sponger-Vet, Berlin, 1989, l-46. 

Gentile, J.H. in Microbial Toxins, Vol. 7, S. Kadis, A. Ciegler and S.J. Ajl., Eds., Academic Press, 

New York, 1971, pp. 27-66. 

Eriksson, J.E., Meriluoto, J.A.O., Kujari, H.P. and Skulberg, O.M. &?up. Biochem. P&J&I., 1988, 



2324 W. H. GERWICK et al. 

89C, 207. 

a) Eriksson, J.E., Meriluoto, J.A.O., Kujari, H.P., Osterlund, K., Fagerlund, K. and Hallbom, L. 

T&con 1988,26, 161; b) Carmichael, W.W., Bschedor, J.T., Patterson, G.M. and Moore, R.E., Appl. 

Environ. Micnobiol. 1988, 54, 2257-2263. 

Carmichael, W.W. in Advances in Botanical Research, J.A. Callow, ed., Academic Press, London, 12, 

1986, pp. 47-101. 

Moore, R.E. in Marine Natural Products: Chemical and Biological Perspectives, Vol. 4, P.J. Scheuer, 

ed., Academic Press, London, 1981, pp. l-52. 

Helms, G.L., Moore, R.E., Niemczum, W.P., Patterson, G.M.L., Tomer, K.B. Gross, M.L., J. Org. 

them. 19t?& 53, 1298. 

Moore, R.E., Bomemann, V., Niemczura, W.P., Gregson, J.M., Chen, J.-L., Norton, T.R., Patterson, 

M.L. and Helms, G.L., J. Am. Gem. Sot. 1989, III, 61286132. 

Carter, D.C., Moore, R.E., Mynderse, J.S., Niemczura, W.P. Todd, J.S., J. Org. Chem. 1984,49,236. 

Munro, M. H.G., Luibrand, R.T., Blunt, J.W., in Bioorganic Marine Chemistry, P.J. Scheuer, ed., 

Springer-Verlag, Berlin, 1987, pp. 94-176. 

Gerwick, W.H., Mm&, C. Moghaddam, M.F. and Aganval, S.K., Eqerientia 1989, 45, 115-121. 

Fritsch, FE. The Structure and Reproduction of the Algae, Volume 2, Cambridge University Press, 

London, 1945, 939 pp. 

Gerwick, W.H., Agarwal, S.K. and Farmer, S. Intl. Congress on Nat. Prod. Res., Am. Sot. Pharmacog. 

Ann. Meet., Park City, Utah, 1988. 

Marfey, P., Car&erg Res. Commun. 1984, 49, 591-596 

Schmidt, U., Hausler, J., Ohler, E., and Poise& H. in Progress in the Chemistry of Organic Natural 

Products, Vol. 37, W. Herz, H. G&back, G.W. Kirby, eds., Springer-Verlag, Wien, 1979, pp. 251- 

327. 

Marshall, J.L. Carbon-Carbon and Carbon-Proton NMR Couplings: Applications to organic 

Stereochemistry and Conformational Analysis, Verlag Chemie Intl., Deerfield Beach, Florida, 1983, p. 

36. 

Sohar, P., Nuclear Magnetic Resonance Spectroscopy, Volume 2, CRC Press, Boca Raton, Florida, 1983, 

p. 204. 

Li, S.-W.; Fen, R.-L., Manual for Practical Organic Chemistry, Shanghai Science and Technology Press, 

Shanghai, China, 1979, p. 413. 

Nagai, U.; Kawai, M.; Yamada, T.; Kuwata, S.; Watanabe, H., Ttirahedron Left. 1981, 22, 653-654. 

Balenovie, K.; Thaller, V.; Filipovie, L. Helv. Chim. Acfa 1951, 34, 744-747. 

5. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 


