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Abstract: Lipid mimetics, synthetic molecules that resemble natural lipids either structurally or functionally,

have been developed as potential medicinal substances. They have been successfully applied in the

development of drug and peptide delivery systems and for the development of inhibitors or lipid metabolizing

enzymes. Phospholipase A2 is considered to be involved as the rate-limiting step in the production of lipid

mediators of inflammatory responses and, as such, it has been a target for drug design. A series of lipid

mimetics including lipopeptides, amides and alcohols of lipidic a-amino acids, have been tested by bulk and

monolayer assay techniques. The findings suggested the direct interaction of the tested compounds with

porcine pancreatic phospholipase A2. The inactivation of the enzyme occurred in a competitive manner. The

most active compound 1 (2-amino-N-hexadecyl-L-hexanamide) showed an apparent IC50 of 12mM and

inhibitory power Z�13 in the monolayer assay. # 1997 European Peptide Society and John Wiley & Sons,

Ltd.
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INTRODUCTION

The discovery that natural mammalian lipids parti-

cipate in cellular signalling and that lipids and their

metabolites can modulate the activity of membrane

receptors, ion channels and enzymes, has initiated

fundamental studies of lipid structure, metabolism

and function. Synthetic molecules resembling lipids

either structurally or in function could be of

importance for biochemical and mechanistic stu-

dies. The term `lipid mimetics' has been adopted for

analogues of natural lipids and their metabolites,

that have been developed as medicinal substances

[1, 2]. Lipidic amino acids and peptides have been

successfully applied as mimetics in the development

of drug and peptide delivery systems [3] and an

adjuvant/carrier system [4]. They have also been

used as starting materials for the synthesis of

sphingosine and ceramide analogues [5]. This study

presents the utilization of lipid mimetics in the

development of novel phospholipase A2 inhibitors.

The definitive contribution of phospholipases A2

(PLA2) (EC 3.1.1.4) to the formation of natural lipid

mediators of inflammation, identified the enzyme as

a target for the design and synthesis of anti-

inflammatory inhibitors [6, 7]. Phospholipase A2

catalyses the hydrolysis of membrane glycero-phos-

pholipids at the sn-2 position of the glycerol moiety

and results into the liberation of polyunsaturated

fatty acids (PUFAs) such as arachidonic acid and

lysoglycerolipids. Although these molecules act as
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second messengers in their own right, PUFAs are

further metabolized to prostaglandins, thrombox-

anes and leukotrienes, and some lysophospholipids

to the platelet-activating factor (PAF). All of these

have been proposed as mediators of inflammatory

responses [8, 9]. The search for specific, potent and

bioavailable inhibitors of PLA2 has included a wide

spectrum of structurally and functionally different

compounds [10±12]. Phospholipid analogues de-

signed as substrate and transition state analogue

inhibitors [12, 13], natural products [14, 15] and

miscellaneous compounds derived from molecular

modelling and enzyme±inhibitor interaction studies

[16, 17], including series of lipophilic amines [16,

18] and amides of fatty acids [19], have given

significant in vitro and in vivo anti-inflammatory

results in various models, but none has emerged

with a potential clinical use [6, 11].

In the present study a series of novel lipidic

mimetics was synthesized, characterized and tested

as potential inhibitors of porcine pancreatic phos-

pholipase A2. The series consisted of (1) amides

(compounds 1±19) and esters (compounds 20 and

21) of a-amino acids with saturated and unsaturated

linear side chains, (2) esters of a-amino alcohols

(compounds 22 and 23) and (3) derivatives of lipidic

dipeptides (compounds 24±27).

MATERIALS AND METHODS

Melting points were determined on a Buchi micro

melting point apparatus and were not corrected.

Specific rotations were determined with a Perkin

Elmer 141 polarimeter using a 10 cm cell. 1H-NMR

spectra were recorded at a 500 MHz on a Bruker-

AM500 spectrometer. FAB mass spectra were re-

corded using a VG analytical ZAB-SE instrument. L-

2-Amino-hexanoic acid was purchased from Fluka,

while 2-tert-butyloxycarbonylamino-D,L-hexadeca-

noic acid was prepared according to the literature

[5]. All other chemicals used were purchased from

Fluka and were of reagent quality. Pre-coated TLC

aluminium plates (silica gel 60 F254) were obtained

from Merck.

Synthesis of Lipopeptides and Lipidic Mimetrics

The amides 4±19 were synthesized by the direct

reaction of Boc-protected 2-amino-L-hexanoic acid

and 2-amino-DL-hexadecanoic acid with the corre-

sponding lipidic amines by the water-soluble carbo-

diimide/HOBt method. The Boc group was removed

from all the derivatives by treatment with 4N HCl/

THF. The known compound 1 [19] was prepared for

comparison purposes. Compounds 2, 3 and 20±27

were synthesized as previously described [2].

Synthesis of compounds 4, 6, 8, 10, 12, 16, 18. To a

stirred solution of Boc-protected amino acid

(0.41 mmol) and lipidic amine (0.41 mmol) in di-

chloromethane (7 ml), triethylamine (0.06 ml,

0.41 mmol), water-soluble carbodiimide (55 mg,

0.41 mmol) and 1-hydroxybenzotriazole (55 mg,

0.41 mmol) were added at 0�C. The reaction mixture

was left for 1 h at 0�C and overnight at 25�C. The

organic layer was washed with water (2615 ml),

dried (MgSO4) and evaporated. Pure products were

obtained after flash chromatography on silica

gel using hexane±AcOEt (8:2, v/v) as eluent. Yield

65±80%.

2-(tert-Butoxycarbonylamino)-N-(cis-9-octadece-
noyl) hexanamide (4). 1H-NMR (500 MHz, CDCl3): d
0.88 (6H, m, 26CH3), 1.25±1.33 (26H, m,

136CH2), 1.41 (9H, s, (CH3)3C), 1.43 (2H, m,

CH2CH2NHCO), 1.47 (1H, m, CHCHH(CH2)2CH3),

1.81 (1H, m, CHCHH(CH2)2CH3), 1.99 (4H, m,

CH2CH�CHCH2), 3.22 (2H, m, CH2NHCO), 3.97

(1H, m, a-CH), 4.95 (1H, b, OCONH), 5.33 (2H, m,

CH�CH), 6.06 (1H, b, NHCO). MS (FAB) 482

(M�2H, 7%), 408 (25%), 255 (100%). Anal. calcd

for C29H56N2O3 (480.78): C, 72.44; H, 11.75; N,

5.83. Found C, 72.25; H, 11.56; N, 6.00.

2-(tert-Butoxycarbonylamino)-N-(cis-9-octadece-
noyl) hexadecanamide (6). 1H-NMR (500 MHz,

CDCl3): d 0.86 (6H, t, J�7 Hz, 26CH3),

1.10±1.25 (46H, m, 236CH2), 1.42 (9H, s,

(CH3)3C), 1.48 (2H, m, CH2CH2NHCO), 1.55 (1H,

m, CHCHH(CH2)12CH3), 1.77 (1H, m,

CHCHH(CH2)12CH3), 1.98 (4H, m, CH2CH�CHCH2),

3.23 (2H, m, CH2NHCO), 3.99 (1H, m, a-CH), 5.15

(1H, b, OCONH), 5.33 (2H, m, CH�CH), 6.25 (1H, b,

NHCO). MS (FAB) 643 (M�Na, 5%), 521 (35%), 226

(100%). Anal. calcd for C39H76N2O3 (621.04): C,

75.43; H, 12.33, N, 4.51. Found C, 75.61; H, 12.04;

N, 4.59.

2-(tert-Butoxycarbonylamino)-N-(all cis-9,12-octa-
decadienoyl) hexanamide (8). 1H-NMR (500 MHz,

CDCl3): d 0.87 (6H, m, 26CH3), 1.25±1.36 (20H, m,

106CH2), 1.42 (9H, s, (CH3)3C), 1.48 (2H, m,

CH2CH2NHCO), 1.57 (1H, m, CONHCHCHH-

(CH2)2CH3), 1.84 (1H, m, CONHCHCHH(CH2)2CH3),

2.04 (4H, m, 26CH2CH�CHCH2), 2.76 (2H, m,
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CH�CHCH2CH�CH), 3.23 (2H, m, CH2NHCO), 3.99

(1H, m, a-CH), 4.97 (1H, b, OCONH), 5.35 (4H, m,

26CH�CH), 6.01 (1H, b, NHCO). MS (FAB) 501

(M�Na, 100%), 479 (M�H, 10%), 423 (42%), 379

(100%), 226 (35%). Anal. calcd for C29H54N2O3

(478.76): C, 72.75; H, 11.37; N, 5.85. Found C,

72.88; H, 11.24; N, 5.90.

2-(tert-Butoxycarbonylamino)-N-(all cis-9,12-octa-
decadienoyl) hexadecanamide (10). 1H-NMR

(500 MHz, CDCl3): d 0.86 (3H, t, J�7 Hz, CH3),

0.88 (3H, t, J�7 Hz, CH3), 1.23±1.34 (40H, m,

206CH2), 1.43 (9H, s, (CH3)3C), 1.47 (2H, m,

CH2CH2NHCO), 1.57 (1H, m, CHCHH(CH2)12CH3),

1.78 (1H, m, CHCHH(CH2)12CH3), 2.03 (4H, m,

26CH2CH�CHCH2CH�CH), 2.76 (2H, m,

CH�CHCH2CH�CH), 3.22 (2H, m, CH2NHCO),

3.99 (1H, m, a-CH), 5.03 (1H, b, OCONH), 5.34

(4H, m, 26CH�CH), 6.21 (1H, b, NHCO). MS (FAB)

641 (M�Na, 75%), 619 (M�H, 35%), 519 (45%),

441 (100%). Anal. calcd for C39H74N2O3 (619.03): C,

75.67; H, 12.05; N, 4.53. Found C, 75.56; H, 11.89;

N, 4.61.

2-(tert-Butoxycarbonylamino)-N-(all cis-9,12,15-oc-
tadecatrienoyl) hexanamide (12). 1H-NMR

(500 MHz, CDCl3): d 0.89 (3H, t, J�7 Hz, CH3),

0.97 (3H, t, J�7.5 Hz, CH3), 1.25±1.35 (14H, m,

76CH2), 1.43 (9H, s, (CH3)3C), 1.58 (1H, m,

CONHCHCHH(CH2)2CH3), 1.83 (1H, m, CONHCH-

CHH(CH2)2CH3, 2.05 (4H, m, 26CH2CH�
CHCH2CH�CH), 2.80 (4H, m, 26CH�
CHCH2CH�CH), 3.23 (2H, m, CH2NHCO), 3.98

(1H, m, a-CH), 4.97 (1H, b, OCONH), 5.36 (6H, m,

36CH�CH), 6.03 (1H, b, NHCO). MS (FAB) 477

(M�H, 15%), 421 (40%), 377 (100%). Anal. calcd for

C29H52N2O3 (476.74): C, 73.06; H, 10.99; N, 5.88.

Found C, 73.29; H, 10.74; N, 5.99.

2-(tert-Butoxycarbonylamino)-N-(all cis-9,12,15-oc-
tadecatrienoyl) hexanadecanamide (14). 1H-NMR

(500 MHz, CDCl3): d 0.87 (3H, t, J�7 Hz, CH3), 0.96

(3H, t, J�7.5 Hz, CH3), 1.24±1.34 (34H, m,

176CH2), 1.43 (9H, s, (CH3)3C), 1.47 (2H, m,

CH2CH2NHCO), 1.57 (1H, m, CHCHH(CH2)12CH3),

1.80 (1H, m, CHCHH(CH2)12CH3), 2.05 (4H, m,

26CH2CH�CHCH2CH�CH), 2.80 (4H, m,

26CH�CHCH2CH�CH), 3.22 (2H, m, CH2NHCO),

3.98 (1H, m, a-CH), 5.00 (1H, b, OCONH), 5.35 (6H,

m, 36CH�CH), 6.08 (1H, b, NHCO). MS (FAB) 618

(M�2H, 5%), 562 (35%), 518 (70%), 226 (100%).

Anal. calcd for C39H72N2O3 (617.01): C 75.92; H,

11.76; N, 4.54. Found C, 76.01; H, 11.75; N, 4.39.

2-(tert-Butoxycarbonylamino)-N-(all cis-5,8,11,14-
eicosanetetraenoyl) hexanamide (16). 1H-NMR

(500 MHz, CDCl3): d 0.88 (6H, m, 26CH3), 1.25±

1.38 (12H, m, 66CH2), 1.44 (9H, s, (CH3)3C, 1.54

(3H, m, CH2CH2NHCO, CONHCHCHH(CH2)2CH3),

1.83 (1H, m, CONHCHCHH(CH2)2CH3), 2.06 (4H, m,

26CH2CH�CHCH2CH�CH), 2.82 (6H, m, 36
CH�CHCH2CH�CH), 3.25 (2H, m, CH2NHCO),

3.99 (1H, m, a-CH), 4.95 (1H, b, OCONH), 5.35

(8H, m, CH�CH), 6.01 (1H, b, NHCO). MS (FAB) 503

(M�H, 10%), 403 (60%), 147 (100%). Anal. calcd for

C31H54N2O3 (502.78): C, 74.06; H, 10.83; N, 5.57.

Found C, 73.82; H, 10.64; N, 5.69.

2-(tert-Butoxycarbonylamino)-N-(all cis-5, 8, 11, 14-
eicosanetetraenoyl) hexadecanamide (18). 1H-NMR

(500 MHz, CDCl3): d 0.87 (3H, t, J�7 Hz, CH3), 0.89

(3H, t, J�7 Hz, CH3), 1.24±1.29 (30H, m, 156CH2),

1.39 (2H, m, CH2CH2CH2NHCO), 1.43 (9H, s,

(CH3)3C), 1.52 (3H, m, CH2CH2NHCO,

CHCHH(CH2)12CH3), 1.82 (1H, m,

CHCHH(CH2)12CH3), 2.06 (4H, m,

26CH2CH�CHCH2CH�CH), 2.80 (6H, m,

36CH�CHCH2CH�CH), 3.24 (2H, m, CH2NHCO),

3.98 (1H, m, a-CH), 4.95 (1H, b, OCONH), 5.36 (8H,

m, CH�CH), 6.00 (1H, b, NHCO). MS (FAB) 666

(M�Na, 15%), 544 (25%), 226 (100%). Anal. calcd

for C41H74N2O3 (643.05): C, 76.58; H, 11.60; N,

4.36. Found C, 76.31; H, 11.44; N, 4.42.

Synthesis of the Compounds 5, 7, 9, 11, 13, 15, 17, 19.
Boc-protected compound (0.1 mmol) was treated

with 4N HCl in THF (5 ml) at room temperature for

30 min. The excess acid and solvents were removed

under reduced pressure and the residue was

evaporated twice from anhydrous THF. The oily solid

was triturated with cold anhydrous acetone. Yield

85±90%.

2-Amino-N-(cis-9-octadecenoyl) hexanamide hy-
drochloride (5). 1H-NMR (500 MHz, CD3OD): d 0.89

(3H, m, CH3), 0.94 (3H, t, J�7 Hz, CH3), 1.22±1.41

(26H, m, 136CH2), 1.52 (2H, m, CH2CH2NHCO),

1.80 (2H, m, CH3(CH2)2CH2CHNH3
�), 2.01 (4H, m,

CH2CH�CHCH2), 3.15 and 3.55 (2H, m, m,

CH2NHCO), 3.73 (1H, m, CHNH3
�), 5.33 (2H, m,

CH�CH). MS (FAB) 381 (M�HÿHCl, 40%, 86

(100%). Anal. calcd for C24H49ClN2O �H2O (435.13):

C, 66.25; H, 11.81; N, 6.44. Found C, 66.20; H,

12.00; N, 6.24.

2-Amino-N-(cis-9-octadecenoyl) hexadecanamide
hydrochloride (7). 1H-NMR (500 MHz, CDCl3): d 0.87
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(6H, t, J�7 Hz, 26CH3), 1.25 (46H, m, 236CH2),

1.71 (2H, m, CH2CH2NHCO), 1.86 (2H, m,

CH3(CH2)12CH2CHNH3
�), 2.08 (4H, m,

CH2CH�CHCH2), 3.47 (1H, m, CHNH3
�), 3.68 and

3.56 (2H, m, m, CH2NHCO), 5.33 (2H, m, CH�CH),

8.13 (1H, b, NHCO). MS (FAB) 521 (M�HÿHCl,

100%), 226 (50%). Anal. calcd for C34H69C1N2O �

H2O (575.40): C, 70.97; H, 12.44; N, 4.87. Found C,

70.64; H, 12.64; N, 4.79.

2-Amino-N-(all cis-9,12-octadecadienoyl) hexana-
mide hydrochloride (9). 1H-NMR (500 MHz, CDCl3):

d 0.87 (6H, m, 26CH3), 1.18±1.23 (20H, m,

106CH2), 1.71 (2H, m, CH2CH2NHCO), 1.86 (2H,

m, CH3(CH2)2CH2CHNH3
�), 2.03 (4H, m, 26

CH2CH�CHCH2), 2.75 (2H, m, CH�
CHCH2CH�CH), 3.47 (1H, m, CHNH3

�), 3.56 and

3.68 (2H, m, m, CH2NHCO), 5.32 (4H, m, CH�CH),

8.01 (1H, b, NHCO). MAS (FAB) 379 (M�HÿHCl,

100%), 266 (100%). Anal. calcd for C24H47C1N2O

(415.10): C, 69.44; H, 11.41; N, 6.75. Found C,

69.69; H, 11.67; N, 6.62.

2-Amino-N-(all cis-9,12-octadecadienoyl) hexade-
canamide hydrochloride (11). 1H-NMR (500 MHz,

CDCl3): d 0.86 (6H, m, 26CH3), 1.18±1.33 (40H, m,

206CH2), 1.72 (2H, m, CH2CH2NHCO), 1.87 (2H,

m, CH3(CH2)12CH2CHNH3
�), 2.03 (4H, m, 2 �

CH2CH�CHCH2), 2.76 (2H, m,

CH�CHCH2CH�CH), 3.48 (1H, m, CHNH3
�), 3.56

and 3.66 (2H, m, m, CH2NHCO), 5.32 (4H, m,

CH�CH), 8.14 (1H, b, NHCO). MAS (FAB) 519

(M�HÿHCl, 100%), 266 (25%), 226 (100%). Anal.

calcd for C34H67C1N2O (555.37): C, 73.53; H, 12.16;

N, 5.04. Found C, 73.28; H, 12.31; N, 4.92.

2-Amino-N-(all cis-9,12,15-octadecatrienoyl) hex-
anamide hydrochloride (13). 1H±NMR (500 MHz,

CDCl3): d 0.88 (3H, t, J�7 Hz, CH3), 0.95 (3H, t,

J�7.5 Hz, CH3), 1.24±1.33 (14H, m, 76CH2), 1.70

(2H, m, CH2CH2NHCO), 1.87 (2H, m,

CH3(CH2)2CH2CHNH3
�), 2.04 (4H, m, 2 �

CH2CH�CHCH2CH�CH), 2.78 (4H, m, 26CH�
CHCH2CH�CH), 3.48 (1H, m, CHNH3

�), 3.57 and

3.67 (2H, m, CH2NHCO), 5.34 (6H, m, 36CH�CH),

8.33 (1H, b, NHCO). MS (FAB) 377 (M�HÿHCl,

100%), 264 (25%), 219 (14%). Anal. calcd for

C24H45C1N2O (413.09): C, 69.78; H, 10.98; N,

6.78. Found C, 69.57; H, 11.19; N, 6.69.

2-Amino-N-(all cis-9,12,15-octadecatrienoyl) hexa-
decanamide hydrochloride (15). 1H-NMR (500 MHz,

CDCl3): d 0.84 (3H, t, J�7 Hz, CH3), 0.93 (3H, t,

J�7.5 Hz, CH3), 1.15±1.25 (34H, m, 176CH2),

1.68 (2H, m, CH2CH2NHCO), 1.83 (2H, m,

CH3(CH2)12CH2CHNH3
�), 2.02 (4H, m,

26CH2CH�CHCH2CH�CH), 2.76 (4H, m,

26CH�CHCH2CH�CH), 3.44 (1H, m, CHNH3
�),

3.64 and 3.54 (2H, m, m, CH2NHCO), 5.31 (6H, m,

CH�CH), 8.12 (1H, b, NHCO). MS (FAB) 517

(M�HÿHCl, 60%), 264 (15%), 226 (100%). Anal.

calcd for C34H65C1N2O (553.36): C, 73.80; H, 11.84;

N, 5.06. Found C, 73.61; H, 12.04; N, 4.98.

2-Amino-N-(all cis-5,8,11,14-eicosanetetraenoyl)
hexanamide hydrochloride (17). 1H-NMR (500

MHz, CDCl3): d 0.87 (6H, m, 26CH3), 1.24±1.35

(12H, m, 66CH2), 1.72 (2H, m, CH2CH2NHCO),

1.87 (2H, m, CH3(CH2)2CH2CHNH3
�), 2.04 (4H, m,

26CH2CH�CHCH2CH�CH), 2.80 6H, m, 3 �
CH�CHCH2CH�CH), 3.46 (1H, m, CHNH3

�), 3.56

and 3.69 (2H, m, m, CH2NHCO), 5.35 (8H, m,

CH�CH), 8.23 (1H, b, NHCO). MS (FAB) 403

(M�HÿHCl, 100%), 379 (50%), 266 (8%), 147

(85%). Anal. calcd for C26H47C1N2O �H2O (457.14):

C, 68.31; H, 10.80; N, 6.13. Found C, 68.02; H,

11.07; N, 6.01.

2-Amino-N-(all cis-5,8,11,14-eicosanetetraenoyl)
hexadecanamide hydrochloride (19). 1H-NMR

(500 MHz, CDCl3): d 0.85 (6H, m, 26CH3), 1.23±

1.36 (32H, m, 166CH2), 1.68 (2H, m,

CH2CH2NHCO), 1.84 (2H, m, CH3(CH2)12-

CH2CHNH3
�), 2.04 (4H, m, 26CH2CH�

CHCH2CH�CH), 2.79 (6H, m, 36CH�
CHCH2CH�CH), 3.44 (1H, m, CHNH3

�), 3.56 and

3.66 (2H, m, CH2NHCO), 5.34 (8H, m, CH�CH), 8.24

(1H, b, NHCO). MS (FAB) 543 (M�HÿHCl, 25%),

266 (5%), 226 (100%). Anal. calcd for

C36H67C1N2O.H2O (597.41): C, 72.38; H, 11.64; N,

4.69. Found C, 72.04; H, 11.91; N, 4.52.

Biochemical Assays

Bulk PLA2 Assay. The inhibitory activity of the

synthesized compounds was tested against porcine

pancreatic phospholipase A2 (Sigma). A bulk radio-

metric assay was used with 6 nmol 1-stearoyl 2-

(1±14C) arachidonyl phosphatidyl choline (Amer-

sham) (specific activity 10,000 dmp/mmol) as sub-

strate. 20 ml phosphatidyl choline (solution in

chloroform) was dried under nitrogen and resus-

pended in 10 ml dimethysulfoxide (DMSO) and

10 mM CaCl2 in 25 mM Tris±HCl, pH 8. The com-

pounds to be tested were used as DMSO solutions,

and the total amount of DMSO used did not exceed
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the 5% (v=v) of the assay volume (500 ml). The

enzyme reaction was initiated by the addition

of PLA2 in the preincubated (5 min) mixture of

substrate and inhibitor (method C [21]). Incubations

were performed at 37�C for 10 min. The enzyme

reaction was stopped with 2 ml of the organic layer

of a CHCl3:MeOH:2N HCl (6:3:1, v/v) mixture.

The organic layer was washed with 1 M KCl and

applied to a silica gel TLC plate which was developed

in a solvent system of CHCl3 : EtOH:Et3N:H2O

(40:50:40:1, v/v). The radioactive reaction products

were quantified on a Bertold TLC scanner and the

results were expressed as a percentage of hydrolysis.

Control experiments were performed to ensure that

the amount of DMSO used did not affect the enzyme

activity. Initial experiments confirmed the linearity

of the reaction. In all cases the hydrolysis was kept

below 20%. Apparent IC50 values, in mM, were

determined graphically from plots of percentage

inhibition versus log concentration of the tested

compound. Each compound was tested in five

different concentrations, each assay performed in

duplicate. The results are summarized in Table 1.

Monolayer PLA2 Assay. Porcine pancreatic PLA2

inhibition assays using the monomolecular film

technique were described previously [22]. The sub-

strate used was 1,2-dilauroyl-sn-glycerol-3-phos-

Table 1 Structural Components of Lipid Mimetics and their Effect on the Activity of Porcine Pancreatic

Phospholipase A2

Compound R R1 X Y R2 App IC50
a (mM) % stimulation

at 100 mM
a

Z b

1 C4H9 H,HCl �O NH C16H33 12.1�1.3 13.3�0.7

2 C14H29 Boc �O NH C14H29 >100 2.0�0.2

3 C14H29 H, HCl �O NH C14H29 56 70.36

4 C4H9 Boc �O NH C18H35,n9,cis

5 C4H9 H, HCl �O NH C18H35,n9,cis 24.8�7.1 2.0�0.1

6 C14H29 Boc �O NH C18H35,n9,cis

7 C14H29 H, HCl �O NH C18H35,n9,cis 15 70.2

8 C4H9 Boc �O NH C18H33,n9,12,cis

9 C4H9 H, HCl �O NH C18H33,n9,12,cis >100 0.6

10 C14H29 Boc �O NH C18H33,n9,12,cis

11 C14H29 H, HCl �O NH C18H33,n9,12,cis >100 0.1

12 C4H9 Boc �O NH C18H31,n9,12,15,cis

13 C4H9 H, HCl �O NH C18H31,n9,12,15,cis 10.8�1.7 2.9�1.6

14 C14H29 Boc �O NH C18H31,n9,12,15,cis

15 C14H29 H, HCl �O NH C18H31,n9,12,15,cis 20 0.2

16 C4H9 Boc �O NH C20H33,n5,8,11,14,cis

17 C4H9 H, HCl �O Nh C20H33,n5,8,11,14,cis >100 0.01

18 C14H29 Boc �O NH C20H33,n5,8,11,14,cis

19 C14H29 H, HCl �O NH C20H33,n5,8,11,14,cis >100 70.4

20 C4H9 H, HCl �O O C16H33 55 70.8

21 C4H9 H, HCl �O O C18H35,n9,cis 53 70.3

22 C4H9 H, HCl H, H OÿC�O C15H31 >100 70.8

23 C4H9 H, HCl H, H OÿC�O C17H33,n8,cis 64 0.4

24 C4H9 Boc �O NH (C14H29)ÿCHÿCO2Me 13 70.9

25 C4H9 H, HCl �O NH (C14H29)ÿCHÿCO2Me 20.3�7.0 0.18

26 C4H9 H, HCl �O NH (C14H29)ÿCHÿCO2H 190 70.8

27 C4H9 H, HCl �O NH (C14H29)ÿCHÿCH2OH 12�4.9 0.4

aData from the bulk radiometric assay.
bData from the monolayer assay.
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phocholine (Fluka). All the tested compounds

formed stable monomolecular films at the air/water

interface and their `compression isotherm curves'

(surface pressure versus area per molecule) were

recorded. The molecular air of every compound was

calculated at a surface pressure of 10 mN/m (Table

2). The monolayer assays were performed according

to the procedure described by Rasnac et al. [22, 23]

using mixed substrate/inhibitor monomolecular

films spread over the reaction compartment of a

`zero order' trough [24] of the KSV 2200 Barostat

equipment (KSV Helsinki). The inhibitory power (Z)

was calculated for each compound (Table 1) as

described by Rasnac et al. [23].

RESULTS AND DISCUSSION

The initial screening of the present series of lipid

mimetics as inhibitors of PLA2 has been based on a

bulk radiometric assay. The findings, expressed as

apparent IC50 values are summarized in Table 1.

The a-amino acid amides, 1, 5 appear to be more

active that the a-amino acid esters 20 and 21 or the

esters of the a-amino alcohols (22, 23). Comparison

of the activities exhibited by the dipeptide analogues

24, 25, 26 and the corresponding alcohol 27

revealed the importance of the presence of a free

amino group. The functional groups seemed to

influence the inhibitory activity in the order alcohol

(27)> ester (25)>acid (26). Amides (1±19) and

dipeptide analogues (24, 25 bearing short (C5) and

long (C14±C20) saturated and unsaturated side

chains were designed to explore the specificity of

the R1 and R2 groups. The 2-amino-hexanoic acid

derivatives exhibited inhibitory activity in contrast to

the a-amino hexadecanoic acid derivatives that were

found to be inactive.

As expected, the tested compounds were found to

inhibit the pancreatic PLA2 in a reversible manner.

PLA2 was preincubated with the inhibitors for

30 min, at concentrations that had been observed

to reduce the enzymatic activity significantly (70±

90% inactivation). After preincubation, aliquots

were removed and diluted 10±30 fold into the assay

mixture (radioactive assay). The level of inhibition

observed was decreased in respect to the dilution,

corresponding to the values given by the dose

response curves for each inhibitor. These findings

suggested the reversibility of the observed inhibition

[25]. In the case of irreversible inhibition, no

alteration in the inhibitory activity should be ex-

pected after dilution with substrate.

Phospholipases are lipolytic enzymes that react at

a lipid/water interface. Any molecule modifying the

properties of the interface could affect the PLA2

activity [26]. The bulk assay system used for the

initial evaluation of the compounds did not allow us

to distinguish between true inhibitors acting directly

on the active centre of the enzyme and the mole-

cules ± modifiers of the `interfacial quality' that

cause indirect `inhibition' [26, 27]. The fact that

most of the lipid mimetics that were found to be

inactive during this study, stimulated the enzyme,

has been attributed to the resemblance these

compounds share with the natural lipids, and hence

improve the `interfacial quality' of the substrate

used. This property could cast doubt about the

validity of the findings regarding the true nature of

the inhibition towards the PLA2.

The use of monolayer techniques for the study of

phospholipase kinetics has been well documented

[23]. The kinetic model developed by Ransac et al.

[28] is applicable to water-insoluble molecules and

therefore suitable for the study of the lipid mimetics.

Mixed substrate/inhibitor monomolecular films at

different mole fractions were used for the estimation

of the inhibitory power (Z) of the tested compounds

(Table 1).

The compounds exhibiting affinity for the enzyme

greater than that of the substrate are expected to

Table 2 Molecular Areas of the Tested Compounds at

a Surface Pressure of 10 mN/m, as Calculated by

the Corresponding Compression Isotherm Curves

Compound Molecular area (AÊ 2/molecule)

at 10 mN/m

1 54.9

2 66.7

3 51.0

5 65.4

7 54.3

9 49.1

11 43.2

13 44.5

15 40.8

17 54.6

19 48.7

20 60.8

21 45.5

22 73.2

23 35.2

24 86.4

25 92.2

26 62.4

27 74.0
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have inhibitory power values greater than one,

whereas for the inactive compounds the values are

zero or negative. As can be seen from the results

(Table 1) all the compounds that had no effect or

stimulated PLA2, according to the results of the bulk

assay, gave Z values close to 0. The compounds that

had apparent IC50 values in the range of 10±30 mM

gave Z values of 2±13. As can be seen from the

results of Table 1, the results of the two assay

systems are in agreement, and most of the conclu-

sions drawn from the bulk assay are valid: the free

amino group is important and there is preference for

short (C4) and long (C16) side chains for the active a-
amino acid amides. According to the results from the

monolayer assay the dipeptide analogues 24±27 did

not exhibit any significant inhibitory activity that

could allow the confirmation of the initial conclu-

sions concerning their differentiation.

The most potent compound of the studied series

was the amide 1, which gave an inhibitory power

Z �13.3�0.7. This value indicated a weak inhibi-

tion and is in the same range of potency as some of

the acylamino analogues of phospholipids that have

been designed and tested as PLA2 inhibitors with

the same monolayer technique [22]. The inhibitory

power of the lipid mimetics exhibited suggested that

the active compounds inhibited the porcine pan-

creatic PLA2 by a direct interaction with the active

centre and not through the modification of the

quality of the interface.

The overall results of this study suggested that

this type of lipid mimetic could contribute not only to

the development of potent inhibitors of pancreatic

PLA2 but also to other lipolytic enzymes as well,

owing to their resemblance to the natural lipid

substrates. The application of the monolayer tech-

nique for the evaluation of the inhibitors indicated

their direct interaction with the enzyme and vali-

dated the results of this study. In comparing

inhibition data obtained with the bulk and the

monolayer methods one has to consider the huge

difference in specific surfaces characterizing each

system. As a consequence the phase partitioning of a

water-soluble lipolytic enzyme between the interface

and the water phase are also very different with both

systems. This means that both experimental condi-

tions are not directly comparable [22,23].

CONCLUSIONS

Further design and synthesis are currently under-

way in order to improve the exhibited inhibitory

power and in vivo studies must be performed in

order to evaluate the anti-inflammatory and other

activities of the reported compounds.

Acknowledgements

This research has been supported by the EU (Hu-

man Capital and Mobility, Contract No. CT930288

and BIOTECH Contract No. BOI2-CT94-3041). A.N.

acknowledges the British Council, Paris, for a travel

grant.

REFERENCES

1. W. A. Gibbons, R. A. Hughes, M. Charalambous, M.

Christodoulou, A. Szeto, P. Aulabaugh, P. Mascani and

I. Toth (1990). Lipidic peptides I: Synthesis, resolution

and structural elucidation of lipidic amino acids and

their homo- and hetero-oligomers. Liebigs, Ann. Chem.

1175±1183.

2. G. Kokotos, V. Constantinou-Kokotou, C. Noula, A.

Nicolaou and W. A. Gibbons (1996). Synthesis of lipidic

amino acid and dipeptide inhibitors of human platelet

phospholipase A2. Int. J. Peptide Protein Res. 48, 160±

166.

3. W. A. Gibbons (1988). Racemic and optically active

fatty amino acids, their homo- and hetero-oligomers

and conjugates, the process of their production, their

pharmaceutical composition and activity. British Pa-

tent Application GB 2217319.

4. I. Toth, M. Danton, N. Flinn and W. A. Gibbons (1993).

A combined adjuvant and carrier system for enhancing

synthetic immunogenicity utilising lipidic amino acids.

Tetrahedron Lett. 34, 3925±3928.

5. G. Kokotos, V. Constantinou-Kokotou, E. Del Olmo

Fernandez, I. Toth and W. A. Gibbons (1992). Lipidic

peptides IV: Conversion of racemic lipidic amino acids

into sphingosine and ceramide analogues and 1,2

diamines. Liebigs. Ann. Chem. 961±964.

6. K. G. Glaser (1995). Regulation of phospholipase A2

enzymes: Selective inhibitors and their pharmacologi-

cal potential. Adv. Pharmacol. 32, 31±66.

7. R. J. Flower and G. J. Blackwell (1976). The impor-

tance of phospholipase A2 in prostanglandin biosynth-

esis. Biochem. Pharmacol. 25, 285±291.

8. M. Waite: The Phospholipases, Plenum, New York,

1987.

9. E. A. Dennis, Ed. (1991). Phospholipases. Methods

Enzymol. 197.

10. W. W. Wilkerson (1990). Antiinflammatory phospholi-

pase A2 inhibitors. Drugs Future 15, 139±148.

11. S. Connolly and D. H. Robinson (1993). Inhibitors of

the phospholipases A2. Curr. Opinion Therapeutic

Patents, August 1141±1155.

12. M. H. Gelb, M. K. Jain and O. G. Berg (1994). Inhibition

of phospholipase A2. FASEB J. 8, 916±924.

SYNTHESIS AND PROPERTIES OF LIPOPEPTIDES AND LIPID MIMETICS 297

# 1997 European Peptide Society and John Wiley & Sons, Ltd. JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 291±298 (1997)



13. G. H. De Haas, R. Dijkman, J.-W. P. Boots and

H. M. Verheij (1995). Competitive inhibition of

lipolytic enzymes XI. Estimation of the interfacial

dissociation constants of porcine pancreatic

phospholipase A2 for substrate and inhibitor in the

absence of detergents. Biochim. Biophys. Acta 1257,

87±95.

14. B. C. M. Potts and D. J. Faulkner (1992). Phospholi-

pase A2 inhibitors from marine organisms. J. Nat.

Prod. 55, 1701±1717.

15. K. Matsumoto, K. Tanaka, S. Matsutani, R. Sakazaki,

H. Hinoo, N. Uotani, T. Tanimoto, Y. Kawamura, S.

Nakamoto and T. Yoshida (1995). Isolation and biolo-

gical activity of thielosins: novel phospholipase A2

inhibitors produced by Thielavia terricola RF-143. J.

Antibiotics 48, 106±112.

16. W. Wilkerson, I. DeLucca, W. Galbraith and J. Kerr

(1992). Antiinflammatory phospholipase A2 inhibitors

II. Design synthesis and structure±activity relation-

ships. Eur. J. Med. Chem. 27, 595±610.

17. H. G. Beaton, C. Bennion, S. Connolly, A. R. Cook, N. P.

Gensmantel, C. Hallam, K. Hardy, B. Hitchin, C. G.

Jackson and D. H. Robinson (1994). Discovery of new

non-phospholipid inhibitors of the secretory phospho-

lipases A2. J. Med. Chem. 37, 557±559.

18. W. Wilkerson, I. DeLucca, W. Galbraith, K. Gans, R.

Harris, B. Jaffe and J. Kerr (1991). Antiinflammatory

phospholipase A2 inhibitors I. Eur. J. Med. Chem. 26,

667±676.

19. M. K. Jain, F. Ghomashchi, B.-Z. Yu, T. Bayburt and D.

Murphy (1992). Fatty-acid amides: Scooting mode-

based discovery of tight-binding competitive inhibitors

of secreted phospholipases A2. J. Med. Chem. 35,

3548±3586.

20. W. H. McGregor and J. Y. Chang (1988). Phospholipase

A2 inhibitors. International Patent WO88/06885.

21. Y. Gargouri, H. Chaginian, H. Moreau, S. Ransac and

R. Verger (1991). Inactivation of pancreatic and gastric

lipases by THL and C12:0-TNB: A kinetic study with

emulsified tributyrin. Biochim. Biophys. Acta 1085,

322±328.

22. S. Ransac, A. M. T. J. Deveer, C. RivieÁre, A. J.

Slotboom, C. Gancet, R. Verger and G. H. De Haas

(1992). Competitive inhibition of lipolytic enzymes V. A

monolayer study using enantiomeric acylamino analo-

gues of phospholipids as potent competitive inhibitors

of porcine pancreatic phospholipase A2. Biochim.

Biophys. Acta 1123, 92±100.

23. S. Ransac, H. Moreau, C. RivieÁre and R. Verger (1991).

Monolayer techniques for studying phospholipase

kinetics. Methods Enzymol. 197, 49±65.

24. R. Verger and G. H. de Haas (1973). Enzyme reactions

in a membrane model I: A new technique to study

enzyme reactions in monolayers. Chem. Phys. Lipids

10, 127±136.

25. M. D. Lister, K. B. Glaser, R. J. Ulevitch and E. A.

Dennis (1989). Inhibition studies on the membrane

associated phospholipase A2 in vitro and prostaglandin

E2 production in vivo of the macrophase-like P388D1

cell. J. Biol. Chem. 264, 8520±8528.

26. R. Verger and G. H. de Haas (1976). Interfacial enzyme

kinetics of lipolysis. Ann. Rev. Biophys. Bioeng. 5, 77±

117.

27. M. H. Gelb, M. K. Jain, A. M. Hanel and O. G. Berg

(1995). Interfacial enzymology of glycerolipid hydro-

lases: Lessons from secreted phospholipases A2. Ann.

Rev. Biochem. 64, 653±688.

28. S. Ransac, C. RivieÁre, J. M. Soulie, C. Gancet, R.

Verger and G. H. de Haas (1990). Competitive inhibi-

tion of lipolytic enzymes I. A kinetic model applicable to

water-insoluble competitive inhibitors. Biochim. Bio-

phys. Acta 1043, 57±66.

298 NICOLAOU ET AL.

# 1997 European Peptide Society and John Wiley & Sons, Ltd. JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 291±298 (1997)


