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Novel peptidic lipids were synthesized by the coupling of a linear oligopeptide as the hydrophilic moiety with a glut amic acid 
dialkylamide as the hydrophobic moiety. Their self-assembling properties were investigated. The critical aggregate concentrations 
(CAC) for the peptidic lipids with a double dodecyi group were in the range of 1.0.10-5-3.8 • 10 -5 M. The phase transition 
parameters and the aggregation morphologies in aqueous dispersion were largely dependent on the number and nature of the 
constitutive amino acid residues. Dark-field optical microscopy demonstrated that the present peptidic lipids can form four types 
of stable morphologies in water, i.e., tubular structures, twisted ribbons, vesicles, and amorphous crystals. 

Introduction 

Peptides generally assume a specific conformation 
that helps to determine their physicochemical activity. 
Some proteins can self-assemble to function as flagella, 
tobacco mosaic virus, ribosomes, etc. In every case, 
spatial arrangements of the peptide chains play an 
important role in forming such molecular assemblies. 
In globular proteins, six levels of structural organiza- 
tion can be distinguished [1]. Among them, primary 
and secondary structures of proteins so far have been 
mimicked by using synthetic homo-poly(amino acid)s 
[2,3]. However, it is too difficult to predict higher levels 
of ordered structures for synthetic peptides, because 
they are stabilized by a complex network of comple- 
mentary intra- and interchain forces. In our previous 
study, we observed an enhanced circular dichroism 
(CD) by peptidic lipids in the 200-250 nm region [4]. 
This phenomenon supports the existence of regular 
inter- and intramolecular arrangements of the amide- 
bond chromophore in the assembly. Thus, we turned 
our attention to the physicochemical understanding of 
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the self-assembling behavior exhibited by such peptidic 
lipids. 

A great number of studies on self-assembling prop- 
erties of phospholipids have been carried out to deter- 
mine the structure and energetics of the biomembrane 
[5-7]. Extensive studies on synthetic bilayer-forming 
compounds have also greatly contributed to the under- 
standing of biomembrane behavior [8-11]. Recently, 
synthetic lipids bearing an oligosaccharide [12,13], a 
poly(amino acid) [14], or a nucleotide [15] as the hy- 
drophilic moiety, have been prepared to investigate the 
headgroup function in the formation of specific aggre- 
gation morphologies. As a result, it has been found 
that specific morphologies such as a helix can be formed 
by the intermolecular hydrogen bonding and the stere- 
oselective interaction between chiral headgroups [16]. 

In this paper, we wish to report the approach of 
arranging peptide moieties by self-assembly and the 
formation of special superstructures. This approach 
utilizes synthetic peptidic lipids that consist of a linear 
oligopeptide as the hydrophilic region and a gluta- 
mate-derived double hydrocarbon chain as the hy- 
drophobic region. We describe the synthesis of peptidic 
lipids (1-8) shown in Table I and their self-assembling 
properties in aqueous dispersions. In the present study, 
we have synthesized four amino acid trimers (1, 2, 3, 
and 7) and two amino acid tetramers (4 and 8), which 
contain glycine, sarcosine, or proline residues as the 
hydrophilic peptidic moiety. In addition, we have also 
adopted the amino acid sequence of Gly-Lys(Z)-Sar-Pro 
in 5 and Gly-Lys-Sar-Pro in 6 as a related segment to 
the synthetic peptidic Ca2+-ionophore [17,18]. The 
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TABLE I 

Constitutive amino acid residues in the peptidic lipids that we have 
synthesized 

H + X-" H - - A  1 ~ A  2 . . . . .  A m -  N H C H C O - - N H ( C H 2 )  n_ 1CH3 
I 

( C H  2)2 
t 

CONH(CH 2),,- 1CH 3 

Peptidic X A 1 A 2 A 3 A 4 m n 
lipid 

1 CI Gly Gly Gly - 3 12  

2 Cl Sar Sar Sar - 3 12 
3 Cl L-Pro L-Pro L-Pro - 3 12 
4 Cl L-Pro L-Pro L-Pro L-Pro 4 12 
5 CI Gly L-Lys(Z) Sar L-Pro 4 12 
6 Br Gly L-Lys Sar L-Pro 4 12 
7 Cl Sar Sar Sar - 3 18 
8 C1 Sar Sar Sar Sar 4 18 

physical parameters used for characterization of the 
amino-acid effects are critical aggregate concentrations 
(CAC), thermodynamic transition parameters by differ- 
ential scanning calorimetry (DSC), and morphology 
assignments by dark-field optical microscopy. 

Materials and Methods  

Synthesis of peptidic lipids 
Peptidic lipids were synthesized according to the 

following route. The peptide chain of the hydrophilic 
region was elongated through the N-terminal. The 
conventional procedure of peptide synthesis gave the 
linear oligopeptides, Boc-Gly-Gly-GIy-OH (a white 
solid, m.p. 125-127°C), Boc-Sar-Sar-Sar-OH (a white 
semisolid), Boc-Sar-Sar-Sar-Sar-OH (a white semi- 
solid), Boc-Pro-Pro-Pro-OH (a white solid, m.p. 189- 
191°C), Boc-Pro-Pro-Pro-Pro-OH (a white solid, m.p. 
95-98°C), and Boc-Gly-Lys(Z)-Sar-Pro-OH (a white 
solid, m.p. 78-80°C). Glutamic acid dialkylamide 
derivatives, HBr  • H-L-GIu[NH(CH2)11CH3]-NH- 
(CH2)IICH 3 (hereafter abbreviated as HBr.  H-GIu- 
(NHC12)-NHC12) and H B r .  H-L-Glu[NH(CH2)17- 
CHa]-NH(CH2)17CH 3 (hereafter abbreviated as HBr. 
H-GIu(NHC18)-NHC18) were obtained by the cou- 
pling of carbobenzoxy-L-glutamic acid a, y-di-N-hy- 
droxysuccinimide ester [Z-Glu(OSu)-OSu] with 
dodecylamine and octadecylamine, respectively. Fi- 
nally, condensation between the peptide moiety and 
the glutamic acid derivative was accomplished by the 
use of diphenylphosphoryl azide (DPPA) or diethyl 
phosphorocyanidate (DEPC) as a coupling reagent. 
DEPC was much more reactive than DPPA. Treating 
the product with hydrogen halide produced the hydro- 
gen halide salt, which has amphiphilic character. All 
synthetic intermediates were purified by medium-pres- 
sure liquid chromatography with silica-gel (Merck 

Lichroprep Si 60). The. purity of each compound was 
confirmed by elemental analysis, thin-layer chromatog- 
raphy, and 67.5 MHz 13C-NMR spectroscopy. 

HBr .H-Glu(NHC12)-NHC12. A solution of Z- 
Glu(OSu)-OSu (1.00 g, 2.10 mmol) and dodecylamine 
(0.78 g, 4.21 mmol) in chloroform (20 ml) was allowed 
to stand at room temperature for 2 days. The chloro- 
form solution was washed with an aqueous 4% sodium 
bicarbonate solution and then water before drying over 
anhydrous sodium sulfate. Evaporation of chloroform 
left a white solid of Z-Glu(NHC12)-NHC12; yield, 1.17 
g (91%); m.p., 138-139°C. 

A solution of this compound (0.83 g, 1.35 mmol) in 
trifluoroacetic acid (TFA) (3 ml) was treated with 25% 
HBr/acetic acid (4.2 ml) at room temperature for 2 h. 
The precipitate was filtered and taken up in ether. An 
oily residue obtained by evaporation of ether was solid- 
ified from a water/methanol/chloroform mixture; 
yield, 0.74 g (98%); m.p., 118-122°C. Anal.: Calcd. for 
C29Ha002N3Br: C, 61.90; H, 10.75; N, 7.47. Found: C, 
61.57; H, 10.69; N, 7.61. 

HBr. H-Glu(NHC18)-NHC18 was obtained in the 
same manner as mentioned above; yield, 1.28 g (92%); 
m.p. 125-127°C. Anal.: Calcd. for C41HsaOzN3Br: C, 
67.36; H, 11.58; N, 5.75. Found: C, 66.97; H, 11.12;, N, 
5.91. 

HCI. H-GIy-GIy-GIy-GIu(NHC12)-NHC12 (I) and 
HCl. H-Pro-Pro-Pro-GIu(NHC12)-NHC12 (3). These 
peptidic lipids were synthesized as reported elsewhere 
[191. 

HCl. H-Sar-Sar-Sar-Glu(NHC12)-NHC12 (2). A so- 
lution of DEPC (0.45 g, 2.76 mmol) in dimethylform- 
amide (DMF) (2 ml) was added to a solution of Boc- 
Sar-Sar-Sar-OH (0.77 g, 2.32 mmol) and HBr.  H- 
GIu(NHC12)-NHC12 (1.57 g, 2.79 mmol) at 0°C with 
stirring, followed by the addition of a solution of trieth- 
ylamine (TEA) (0.72 ml, 5.14 retool) in DMF (2 ml). 
Stirring was continued at 0°C for 6 h and at room 
temperature overnight. The reaction mixture was di- 
luted with chloroform (100 ml) and washed with 10% 
citric acid (50 ml × 2), 4% sodium bicarbonate (50 
ml x 2), saturated aqueous sodium chloride aqueous 
solution (50 ml x 2) and distilled water (50 ml × 2). 
The chloroform layer was dried over anhydrous sodium 
sulfate. Evaporation of the solvent left Boc-Sar-Sar- 
Sar-Glu(NHC12)-NHC12 as a white gel. Drying under 
reduced pressure gave a white solid; yield, 2.00 g 
(100%). This product (1.84 g, 2.31 mmol) was dispersed 
in ethyl acetate (10 ml) and treated with 4 M HC1/ethyl 
acetate (17 ml) at room temperature for 1 h. Evapora- 
tion of the solvent gave a white solid. Recrystallization 
from a water/methanol/chloroform mixture gave 2 as 
a white solid; yield, 260 mg (15%). 

HCI. H-Pro-Pro-Pro-Pro-Glu(NHC12)-NHC12 (4). A 
solution of DPPA (0.27 ml, 1.24 mmol) in DMF (5 ml) 
was added to a solution of Boc-Pro-Pro-Pro-Pro-OH 
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(II) (0.53 g, 1.04 mmol) and HBr. H-GIu(NHC12)- 
NHC12 (0.70 g, 1.24 mmol) in DMF (50 ml) at 0°C with 
stirring, followed by the addition of a solution of TEA 
(0.32 ml, 2.29 mmol) in DMF. By the same treatment 
as described for 2, Boc-Pro-Pro-Pro-Pro-Glu(NHC12)- 
NHC12 was obtained as a white solid. The product was 
purified by silica-gel column chromatography (chloro- 
form/ methanol (5 : 1, v/v)). A pale yellow oil (0.65 g) 
was dissolved in ethyl acetate (10 ml) and treated with 
3.5 N HC1/ethyl acetate (10 ml) at room temperature 
for 1 h. Evaporation of the solvent left a pale yellow 
oil. Recrystallization from a w a t e r / m e t h a n o l /  
chloroform mixture gave 4 as a white solid; yield, 400 
mg (77%). 

HCI • H-GIy-Lys(Z)-Sar-Pro-Glu(NHC12)-NHC12 
(5). Boc-Gly-Lys(Z)-Sar-Pro-OH (1.00 g, 1.65 mmol) 
and HBr. H-GIu(NHC12)-NHC12 (1.11 g, 1.98 mmol) 
was coupled by DEPC (0.34 g, 2.08 mmol) and TEA 
(0.51 ml, 3.64 mmol) in the same manner as described 
for 2. In this way, Boc-Gly-Lys(Z)-Sar-Pro-Glu- 
(NHC12)-NHC12 was obtained as a white solid; yield, 
1.50 g (85%); m.p., 71-73°C. This product (0.29 g, 0.27 
mmol) was dissolved in chloroform (6 ml) and treated 
with 4 M HC1/ethyl acetate in the same manner as 
described for 4. A colorless syrup obtained was crystal- 
lized from water. Lyophilization of the colloidal aque- 
ous solution left a pure white solid; yield, 270 mg 
(99%). 

2HBr. H-GIy-Lys-Sar-Pro-GIu(NHC12)-NHC12 (6). 
Boc-GIy-Lys(Z)-Sar-Pro-Glu(NHC12)-NHC12 (0.70 g, 
0.66 mmol) was dissolved in ethyl acetate (6 ml) and 
treated with 25% HBr/acetic acid (56 ml, 13 mmol) at 
room temperature for 2 h. Evaporation of the solvent 
gave a pale yellow oil, to which a small amount of 
water (10 ml) was added. Lyophilization of the col- 
loidal solution left a pale yellow solid; yield, 600 mg 
(92%). 

HCI.  H-Sar-Sar-Sar-Glu(NHC18)-NHC18 (7). Boc- 
Sar-Sar-Sar-OH (0.30 g, 0.91 mmol) and HBr. H- 
Glu(NHC18)-NHC18 (0.79 g, 1.09 mmol) was coupled 

by DEPC (0.18 g, 1.09 mmol) and TEA (0.28 ml, 1.99 
mmol), and the product was debutoxycarbonylated with 
4 N HC1/ethyl acetate in the same manner as de- 
scribed for 2. In the course of the synthesis, Boc-Sar- 
Sar-Sar-Glu(NHC18)-NHC18 was purified by silica-gel 
column chromatography (chloroform/methanol (5:1, 
v/v)); yield, 230 mg (95%). 

HCI • H-Sar-Sar-Sar-Sar-Glu(NHC18)-NHC18 (8). 
Boc-Sar-Sar-Sar-Sar-OH (0.40 g, 0.99 mmol) and HBr. 
H-Glu(NHC18)-NHC18 (0.87 g, 1.19 mmol) was cou- 
pled by DEPC (0.19 g, 1.19 mmol) and TEA (0.31 ml, 
2.19 mmol), and the product was debutoxycarbonylated 
with 4 M HCl/ethyl acetate in the same manner as 
described for 2. All products were purified by silica-gel 
column chromatography (chloroform/methanol (5:1, 
v/v)); yield, 260 mg (68%). 

Observation of  morphologies of  aggregates in aqueous 
dispersions 

1 ml of deionized double-distilled water was added 
to 1 mg of peptidic lipid. The aqueous dispersion was 
sonicated at a temperature about 10°C higher than the 
corresponding phase transition temperature. The pH 
range of the obtained aqueous media was 5.9-6.5 for 
all peptidic lipids (1-8). Therefore, the amino groups 
of the lipids should be in the protonated state. The 
sonicated dispersion was then allowed to stand at room 
temperature (23-25°C) for a specified time. A drop of 
the dispersion was placed on the slide glass, covered 
with a coverslip, and sealed at the edges with adhesive 
tape. Samples were examined by dark-field optical 
microscopy [20] (Olympus BHS, 200-W Xe lamp, mag- 
nification 900-1500 × ). 

General measurement 
For differential scanning calorimetry (DSC), weighed 

quantities of peptidic lipids (1-2 mg) were dispersed in 
50/~1 of deionized double-distilled water by sonication. 
The same thermodynamic data were also obtained 
when buffered solutions (pH 5.0-6.0) were used in- 

TABLE II 

Analytical  data o f  peptidic lipids 

Peptidic Formula Elemental analysis a (%) 

lipid C H N 

m.p. (°C) [ a ] 2z 

1 C35H 6905N6C1 • (3 /2)H 2 ° 58.88 (58.67) 
2 C38 H 7505 N6CI • (1 /2)H 20 61.45 (61.63) 
3 C44HslOsN6CI.H20 63.61 (63.86) 
4 C49H 8sO6 N7CI • (5/2)CH 3OH 63.02 (62.68) 
5 C53H93OsNsCI-(5/2)H20 60.87 (60.58) 
6 C45HssO6NsBr2. HBr- 5H20 46.30 (46.27) 
7 C50H99OsN6C1. (5 /2 )H20  63.24 (63.56) 
8 C53H 10406N7C1 ' (3 /2)CH3OH 64.76 (64.24) 

9.76 (10.12) 
10.38 (10.34) 
9.95 (10.11) 
9.94 (10.00) 
9.17 (9.40) 
8.36 (8.54) 

10.98 (11.09) 
10.64 (10.88) 

11.18 (11.73) 208-209 
11.12 (11.35) 163-164 
10.03 (10.15) 89-  91 
9.42 (9.93) 76-  78 

10.21 (10.66) 107-110 
8.98 (9.59) 189-195 
8.63 (8.89) 175-178 
9.03 (9.62) 130-135 

n.d. b 
-- 7.85 (c = 1.07, ethanol) 

-81.26 (c = 1.05, ethanol) 
-81.58 (c = 1.07, ethanol) 
-35.42 (c = 1.05, ethanol) 
-29.73 (c = 1.15, ethanol) 

-4 .93  (c = 0.16, chloroform) 
-4 .08  (c = 0.27, chloroform) 

a Calculated values are given in parentheses. 
b Not determined since 1 was practically insoluble in common organic solvents. 



stead of deionized double-distilled water. All measure- 
ments were run on a Seiko Denshi SSC 560U calorime- 
ter at a scanning rate of 1.0°C/rain. The surface ten- 
sion was measured by the Wilhelmy method with a 
Kyowa Kaimen Kagaku CBVP-A3 surface-tension ap- 
paratus in a class 100 clean room. For the measure- 
ment, a peptidic lipid was dissolved in chloroform to 
prepare a 10 mM mother liquor. An accurately known 
volume of the peptide solution was placed in the vial. 
After drying in vacuo, aqueous solutions (10-6-10 -3 
M) were prepared by adding deionized double-distilled 
water and then sonicating. These solutions were al- 
lowed to stand for more than 1 day at room tempera- 
ture. 

Results and Discussion 

General properties 
The analytical data for the peptidic lipids are sum- 

marized in Table II. Hopp et al. [21] have provided a 
set of values expressing the relative hydrophilicity of 
each amino acid. According to this information, the 
relative hydrophilicity values of the lysine, glycine, and 
proline residues are estimated to be 3.0, 0.0, and 0.0, 
respectively. It is safe to assume that the sarcosine 
residue (although the data are not shown) has a value 
similar to that of the proline and glycine residues. 
Therefore, except for lysine, the amino acid residues 
utilized in this study, i.e., glycine, sarcosine, and pro- 
line, are intermediate between the hydrophobic 
residues and hydrophilic residues. Double-chain alkyl 
derivatives with poly(L-glutamic acid)- [14] or poly(L- 
aspartic acid) headgroups [22] have been synthesized 
by Yamada et al. and Ihara et al., respectively. How- 
ever, those compounds are a mixture of amphiphiles 
with a certain degree of polymerization. Besides the 
lysine residue, the amino acids employed by us are not 
charged or polar residues like glutamic acid and aspar- 
tic acid. Furthermore, our amphiphiles are regarded as 
a peptide which consists of only an a-amino acid 
component. From these viewpoints, the present pep- 
tidic lipids are substantially different from peptide-con- 
taining amphiphiles [14,22,23-25]. 

Another important characteristic of sarcosine and 
proline is that they allow the introduction of N-sub- 
stituted amino acid residues into the hydrophilic head- 
group. These residues have no ability to act as hydro- 
gen-bonding donors because of the lack of amide NH 
protons. Actually, the peptidic lipid 1, which has three 
glycine residues, gave a white amorphous precipitate 
when it was sonicated in water at 70-80°C for 10-20 
min. This poor dispersibility into water probably origi- 
nates from strong intermolecular hydrogen bondings 
between glycine residues. On the other hand, good 
turbid aqueous dispersions were obtained by the addi- 
tion of water and gentle shaking at room temperature 

TABLE III 

Critical aggregate concentration (CAC) of peptidic lipids 
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Peptidic lipid or amphiphile CAC (M) Ref. 

2 3.8"10 -5 
3 1.2.10 5 
4 3.1'10 -5 
6 1.0.10 -5 
(CH3)3N +(CH2)11TM3Br- 1.5-10-2 [27] 
(CH3)3N+(CH2)5CH3Br - 9.2-10 -4 [27] 
CH 3(CH z)x 1 OSO3 Na 8.1. ! 0 -  3 [27] 
1,2-Didecanoyl-sn -glycero- 

3-phosphocholine 5 . 10-6 [28] 
1,2-Dipalmitoyl-sn -glycero- 

3-phosphocholine < 10- l0 [29] 

with the peptidic lipids (2-6). The peptidic lipids 7 and 
8 with a double octadecylamino group gave a turbid 
dispersion only after sufficient sonication at 80-90°C. 

Critical aggregate concentration (CAC) 
The critical aggregate concentrations were deter- 

mined from the break points of plots of lipid concen- 
tration vs. surface tension. The CAC values obtained 
for the four peptidic lipids (2, 3, 4, and 6) are summa- 
rized in Table III. The CAC values are in the range of 
1.0.10-5-3.8 • 10 -5 M. They are not significantly af- 
fected by the structural characteristics of the amino 
acid residues when the length of hydrocarbon chain is 
fixed. The values agree with those of quarternary am- 
monium salts containing amino acid residues (3.10 -6- 
2.10 -5 M) [23] and those of synthetic ammonium 
amphiphiles bearing the same length of double hydro- 
carbon chain (8" 10-6-3 • 10 -5 M) [26]. These am- 
phiphiles are well known to form bilayer assemblies in 
dilute aqueous solution [23,26]. For comparison, CAC 
values of representative surfactants and naturally oc- 
curring phospholipids are also available [27-29]. Mi- 
celle-forming compounds bearing a single long hydro- 
carbon chain have higher CAC values (> 9.2.10 -4 M) 
than those of the peptidic lipids, while phosphatidyl- 
choline-derivatives forming liposomes have much lower 
CAC values (< 10 -6 M). 

Differential scanning calorimetry (DSC) 
In order to gain information about the phase transi- 

tion of the peptide assembly, we performed thermody- 
namic measurements with a differential scanning 
calorimeter. Each aqueous dispersion of the peptidic 
lipid (1-5 wt%) gave one endothermic peak at 23- 
103°C on heating, which may be safely ascribed to a 
gel/liquid-crystal phase transition. This feature could 
be confirmed by polarizing optical microscopy. At tem- 
peratures above the DSC-determined phase transition, 
a focal conic texture could be observed between crossed 
nicol prisms, suggesting the existence of lamellar struc- 
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TABLE IV 

Phase transition parameters for  peptidic lipids in aqueous dispersions 

Amphiphile Concentration T m A H 
(w/w, %) (°C) (kJ/mol) 

1 4.78 103 n.d. a 
2 1.22 47 35.6 
3 1.89 31 7.3 
4 2.06 22 3.5 
5 1.84 53 28.0 
6 1.60 39 23.4 
7 1.80 80 62.8 
8 1.94 79 51.9 

a Not determined. 

ture [30]. The phase transition temperature (T m) and 
the enthalpy change (AH)  were evaluated from the 
endothermic peak minimum and the peak area, respec- 
tively, and they are summarized in Table IV. 

When peptidic lipids having both identical alkyl- 
chain length and the same number of residues are 
compared (1, 2, and 3), the trisarcosine-containing lipid 
2 exhibits a phase transition temperature higher than 
that of the triproline-containing lipid 3, but consider- 
ably lower than that of the triglycine-containing lipid 1. 
The number of constituent amino acid residues also 
affects the phase transition behavior of the aqueous 
dispersion. The introduction of one proline residue to 
the triproline derivative 3 lowers the T m value from 31 
to 22°C when the alkyl chain length is fixed as a 
dodecyl group (3 and 4). This contribution, however, 
cannot be notably observed for the sarcosine deriva- 
tives with a double octadecyl group (7 and 8). The 
replacement of a hydrophobic e-carbobenzoxy-lysine 
residue (Lys(Z)) with a cationic lysine residue (Lys) 
also lowers the T m value from 53 to 39°C (5 and 6). 
The T m value of the peptidic lipid 7 with a double 
octadecyl group is larger than that of 2 with a double 
dodecyl group (5.5°C change per methylene group). As 
predicted from the literature [31,32], increasing alkyl 
chain length shifts the endothermic peak to higher 
temperatures, provided the number of residues is fixed. 

Since the internal rotation around the proline N-C a 
bond is restricted, oligoproline tends to maintain a 
well-defined and rigid conformation. The CD spectra 
of the tri- and tetraproline-containing lipids (3 and 4) 
in aqueous solution suggested that they exist in a 
left-handed helical conformation with a trans peptide 
bond in the assembly [2,33-34] (Fig. lc). Accordingly, 
the 3-dimensional arrangement of the tri- or tetrapro- 
line moiety will keep the headgroup volume of these 
lipids larger in comparison to the other peptidic lipids. 
Actually, monolayer studies demonstrated that the lim- 
iting molecular area of the tetraproline-containing lipid 
4 is about 2-times larger (~  100 .~2) than that of the 
sarcosine- or glycine-containing lipids (unpublished 

data). Thus, the backbone of the trisarcosine and the 
triglycine can be assumed to take an extended form 
with a tram peptide bond (Fig. la, b). From the 
findings discussed above, the bulkiness of the triproline 
headgroup would perturb the effective hydrophobic 
interaction between alkyl chains, compared to the tris- 
arcosine derivatives. Relatively lower values of both T m 
and AH for the proline-containing lipids 3 and 4 are 
closely related to these features. In contrast, the prop- 
erty of glycine residues to impart higher stability (T m) 
is probably ascribed to the lower degree of hydration. 
Such a situation promotes the hydrogen-bond forma- 
tion between glycine moieties. On the other hand, 
sarcosine has an intermediate character between 
glycine and proline and is able to hydrogen bond to 
water molecules to some degree. Table IV shows that 
the T m values are more sensitive to the nature of 
constitutive amino acid residues than the number of 
residues.. 

The dependence of AH on the alkyl chain length 
and the headgroup is apparently complex. The increase 
in the hydrocarbon chain length gives a larger AH 
value, assuming the hydrophilic groups are equivalent 
(2 and 7). However, an increase in the number of 
residues causes a decrease in AH (3 and 4) (7 and 8). 
This implies that the decrease in intermolecular forces 
between lipids is closely correlated to the headgroup 
size. The triproline-containing lipid 3 gave a relatively 
smaller AH, compared with the trisarcosine derivative 
2. Headgroup-headgroup interactions in the oligopro- 

(a) 

CH a 0 H H (~H a u 

(c) 

: Hydrophoblc Moiety 

Fig. 1. Most possible conformations of the oligopeptide-head groups 
in peptidic lipids 1-3. (a) a planar zig-zag conformation with a trans 
peptide bond proposed for HC1. H-Gly-Gly-GIy-Glu(NHC12)-NHC12 
(1), (b) a similar conformation of HCI-H-Sar-Sar-Sar-Glu(NHC12)- 
NHC12 (2) as that proposed for 1, and (c) a left-handed helical 
conformation with a trans peptide bond proposed for HCl'H-Pro- 

Pro-Pro-Glu(NHC12)-NHC12 (3). 



line-containing lipids are presumably weaker than the 
hydrophobic interactions because of the steric bulki- 
ness of the headgroups. The A H  values also depend 
strongly on the length of the alkyl chain. In the case of 
sarcosine derivatives, the increase in A H  is estimated 
to be 1.1 kca l /mol  per methylene group. 

Morphology of aggregate 
Morphologies of the aggregates were observed by 

dark-field optical microscopy. This methodology is effi- 
cient, because the aggregate structure can be directly 
elucidated in the presence of water and monitored 
with time [20,35]. 

After  the sonication of each aqueous dispersion at a 
tempera ture  above the corresponding Tm, the morpho-  
logical change of the aggregate was monitored at room 
tempera ture  (23-25°C) for the peptidic lipids (1, 2, 3, 
4, 5, and 6) with a double dodecyl group. After  10-20 
min of incubation time, very small particles (<< 1 /zm) 
were observed on the optical microscope for all pep- 
tidic lipids. However, the structure of the aggregate 
underwent a gradual change from a very small particle 
to another  specific morphology over a period of hours 
or days. 

As a result, four representative growth process could 
be observed, depending on the head-group character. 
The first is a tubular structure [14,36,37] demonstrated 
by 3, 5, and 6. This tube was stable at room tempera-  
ture and showed no morphological change over a p e -  

55 

riod of 6 months. In the course of this growth process, 
long flexible helical ribbons could be also detected as 
an intermediate structure. The growth features of the 
tubular structure via helices are shown in Fig. 2. The 
bar-graphs indicate the respective variation in the 
length of the helical and tubular structure. The tubular 
structure appears  so rigid and straight that it is shorter 
in length ( <  30 Izm) than the helices. Fig. 3 shows a 
characteristic photograph which provides the evidence 
of an intermediary microstructure in the formation of a 
tubular structure. It shows a tubular aggregate con- 
nected to a helical ribbon structure. This structure is 
quite different from fused double-duplex strands [14,15] 
or widened ribbons [36]. Such a junction occurs at 
several places within a helix. The schematic transition 
process is shown in Fig. 4. The helical ribbon structure 
is metastable, because its hydrocarbon surface is ex- 
posed to water. The complete transition from helical 
ribbons to tubular structures required between 1 day 
and a few weeks. In the previous study with the tripro- 
line-containing lipid 3, we reported a remarkable re- 
duction in the length of the helical assemblies, which 
was induced by Ba 2÷ [33]. This approach is worthy of 
mention in terms of leading to the artificial control of 
the dimensions of the helical bilayer assembly [38]. 

The second characteristic morphology is the twisted 
ribbon which is produced by 2 (Fig. 5). To the best of 
our knowledge, such clear twisted ribbons were first 
directly observed by dark-field optical microscopy. 
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Fig. 2. Length distribution of helical ribbons and tubular structures formed by HCI.H-Pro-Pro-Pro-GIu(NHC12)-NHC12 (3). The length was 
directly measured from the optical micrograph. The concentration of the lipid was 1 mg/ml. The incubation times in aqueous dispersion were (a) 
3 h, (b) 1 day, and (c) 11 days. Average length of the aggregate (1) and the total number of measured aggregates (n) are (a) i = 19.4/zm, n = 51, 

(b) i = 64.7 izm, n = 45, and (c) ] = 63.8/zm, n = 37 for helical ribbons and 1 = 17.5/.tm, n = 53 for tubular structures. 
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Fig. 3. Dark-field optical micrographs of aqueous dispersion of HCI.H-Pro-Pro-Pro-GIu(NHC12)-NHC12 (3, 1 mg/ml). The junction points 
where helical ribbon structures were connected to tubular structures, are denoted by arrows. The content of helical ribbon structure within a 
single aggregate decreases as we see from the helix (denoted as 1) to the tube (denoted as 4) in numerical order. The time of incubation is 1-3 

days at room temperature. Magnification: scale bar, 10/xm. 

Thickness of  the ribbon was est imated to be 200-1000 
,~ f rom the lower limit of  detect ion [20] and the width 
at the most  constr icted part  (denoted by arrows in Fig. 
5). Accordingly,  the ribbons are composed  of  multiple 
bilayers. A similar microstructure has been  also found 
in the aqueous  dispersion of  glucocerebroside f rom 
Gaucher ' s  spleen [39]. Such a structure differs remark- 

Fig. 4. Schematic illustration of the growth process for a helical 
ribbon structure to change into a tubular structure. 

ably from the helically wound  ribbon in the following 
respects. The  center  line of  the ribbon is not  helically 
wound,  but  almost straight or loosely curved. No  twisted 
ribbons change into a tubular  structure. As discussed 
above, the oligoproline derivatives 3 and 4 will take a 
lef t -handed helix (Fig. lc) [2,33-34], because of  the 
chirality of  the proline residue and the restricted rota- 
tion around the N-C '~ bond. Oligosarcosine has no 
chirality and will take an extended conformation.  How- 
ever, the tr isarcosine-containing lipid 2 is a chiral com- 
pound  owing to the existence of  the glutamate residue. 
Therefore ,  the chirality of  the amino acid residue and 
the head-group volume may be determinants  in the 
format ion of  ei ther  a twisted ribbon or  a helical ribbon. 
The  growth mechanism of  twisted ribbons will be dis- 
tinct f rom that  of  helical ribbons. We detected that  the 
width of  the ribbon gradually increased without  inter- 
twisting and became prominent  on the optical mi- 
c rophotograph.  This means  that a common  crystal- 
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growth process is applicable as a growth mechanism for 
the self-assembling lipid 2. 

The  third example is the format ion of stable vesicles 
given by 4 (Fig. 6). All aggregat ion morphologies  men-  

t ioned above were stable only at t empera tures  below 

each T m. U p o n  heat ing them to a t empera tu re  above 
the Tm, they immediate ly  converted from their  charac- 
teristic morphology in the gel state into a vesicle form 
in the l iquid-crystall ine state. The hydrocarbon chains 
of 4 exist as a fluid state at room tempera ture ,  because 

the T m of 4 is 22°C, so the te t raprol ine  derivative 4 
remains  unchanged.  

The  final case is an amorphous  crystal produced by 

1. This implies that favorable hydrat ion is suppressed 
by the strong in termolecular  hydrogen bonding  be- 
tween glycine residues. 

In conclusion,  novel peptidic lipids provided a num-  
ber  of aggregat ion morphologies  in aqueous  dispersion. 
The self-assembling propert ies  of each peptidic lipid 

strongly depend  on the n u m b e r  and na tu re  of the 
consti tutive amino acid residues. 
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