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Three types of peptide lipids having different numbers of hydroxyl groups in their head moieties, (HO)Cs-
Ala2C,, QCsAla2C,, and Q,LysCsAla2C, (n=14, 16), were prepared, and their morphological behavior was inves-
tigated by various physical techniques: negative staining and freeze-fracture electron microscopy, low-angle
X-ray diffraction, selected area electron diffraction, fluorescence polarization spectroscopy, and differential
scanning calorimetry. QCsAla2Cy, having four hydroxyl groups in the head moiety, underwent aggregation in
the aqueous dispersion state to afford the nonbilayer phase, which was constituted with highly developed
globular domains with face-centered cubic (Cn) lattice, above the phase transition temperature (Twm). This Cn
phase was transformed into the bilayer one below Twm. On the other hand, Q,LysCsAla2C,, having eight
hydroxyl groups in the head moiety, formed bilayer aggregates in a whole temperature range, above and below
Tn. Deprotonation of the hydroxyl groups of QCsAla2C, and Q,LysCsAla2C, resulted in morphological
changes to afford the bilayer and micellar phases, respectively. Two-component lipid systems composed of
(HO)C5A1a2C;, and Q,LysCsA1a2C,, at appropriate molar ratios afforded the inverted hexagonal (Hu) phase in
the aqueous dispersion state; the first example of the Hu phase formed with artificial double-chain amphiphiles.

The aggregate morphology was discussed on the basis of the critical packing mode of lipid molecules.

Extensive studies on structures and functions of
biomembranes gave an impetus to rapid growth of
membrane mimetic chemistry.)) While synthetic lipids
having a wide variety of molecular structures have
been demonstrated to afford bilayer aggregates, struc-
tural limitations of such lipids in morphological
behavior have not been unveiled up to the present
time. Nonbilayer structures, such as inverted hexago-
nal and inverted cubic ones, have often been observed
with natural lipid systems,? and some useful concepts
have been proposed to explain the molecular basis for
the formation of such aggregates.>* However, feed-
back of these concepts to the development of artificial
lipids requires the guidepost for molecular design of
lipids, which adopt desired aggregate structures, and
such attempts have encountered some difficulties.” In
other words, appropriate structural modifications
must be systematically exercised in designing artificial
lipids, so that changes in their morphological behav-
ior are significantly amplified. The peptide lipids are
suitable candidates for such purposes, since amino
acid residues involved in aggregates of these lipids
form the tight hydrogen-belt domain which acts to
separate two intramembrane domains, the surface
domain composed of polar head moieties and the
hydrophobic interior domain formed with double-
chain segments, so that direct structural interactions
between the latter two domains tend to be minimized.®
Thus, only the size of double-chain segments of the
lipid molecules primarily controls the phase transition
behavior.®»” On these grounds, we can exactly evalu-
ate the effects of structural modifications of lipid
molecules on aggregate morphology. In the present
work, we investigated the aggregate morphology of
individual and mixed lipid systems of the following
three types of peptide lipids having different numbers
of hydroxyl groups in their head moieties; (HO)Cs-

Ala2C,, QCsAla2C,, and Q,LysCsAla2C, (n=14, 16).
Four different types of aggregate morphology, inverted
hexagonal, inverted cubic, bilayer, and micellar
phases, were systematically created for the first time
with these artificial lipids by controlling the packing
mode of lipid molecules in the aggregate state.
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Experimental

Materials. 1,6-Diphenyl-1,3,5-hexatriene (DPH) was
obtained from Nakarai Chemicals as a guaranteed reagent
and used without further purification. Trisodium 8-
hydroxy-1,3,6-pyrenetrisulfonate (pyranine) was purchased
from Tokyo Kasei Kogyo Co. and purified after the method
reported by Kano and Fendler.® Hexadecyltrimethylammo-
nium bromide (CTAB) from Nakarai Chemicals was recrys-
tallized from ethanol, mp 237—239 °C (decomp). Prepara-
tion of nonionic peptide lipids having the 1,3,4,5-tetrahydroxy-
[1R-(1a,3a,4a,58)]cyclohexylcarbonyl (quinoyl) moiety has
been reported previously: N,N-dihexadecyl-N2-[6-(quinoyl-
amino)hexanoyl]-L-alaninamide (QCs;Ala2Ci5)” and N,N-
ditetradecyl-N *-[6-(quinoylamino)hexanoyl]-1.-alaninamide
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'(QC5A132C14).9)

N, N-Dihexadecyl-N®-(6-hydroxyhexanoyl)-L-alaninamide
[(HO)CsA1a2Ci6]. A mixture of N,N-dihexadecyl-N*-(6-
bromohexanoyl)-r-alaninamide” (1.0 g, 1.6 mmol), formam-
ide (2.5 g, 86 mmol), and water (60 mg, 3.2 mmol) was stirred
for 3 h at 140—150°C and cooled to room temperature.
Water (4 mL) was added to the mixture, which was subse-
quently extracted with dichloromethane (3X10 mL). The
solvent was removed in vacuo, and the residue was dissolved
in ethanol (20 mL). Aqueous NaOH (2 moldm3, 3 mL) was
added to the ethanol solution, and the resulting solution was
refluxed for 3 h. After addition of water (10 mL), the mixture
was acidified with hydrochloric acid and extracted with
chloroform (3X15 mL). The extract was washed with water,
dried over sodium sulfate, and evaporated to dryness in
vacuo. The residue was purified by gel-filtration chromato-
graphy on a column of Sephadex LH-20 with methanol as
an eluant: a colorless solid, yield 110 mg (11%); mp 44.8—
45.2°C; IR (KBr) 3440 (OH), 3280 (NH), 2920 and 2845 (CH),
and 1635 cm™! (C=0); 'H NMR (CDCl3, Me,Si) 6=0.87 [6H,
t, (CH,)5CHj], 1.25 [65H, m, CH»(CHy),;,CH3, CH(CHj), and
HOCH,(CH;);CH,], 2.20 [2H, t, HO(CH,),CH;], 3.2 [4H, m,
CH,(CH,);,CH;3], 3.60 [2H, t, HOCH,], 4.83 [lH, m,
CH(CH3)), and 6.60 [1H, d, CONH].

Found: C, 74.55; H, 12.50; N, 4.33%. Calcd for
CyHg:N,O3-1/2 H,0: C, 74.60; H, 12.67; N, 4.24%.

N, N-Ditetradecyl-N*-(6-hydroxyhexanoyl)-L-alaninamide
[(HO)CsAla2Cy4]. This was prepared from N,N-ditetradecyl-
Ne¢.(6-bromohexanoyl)-L-alaninamide” in a manner similar
to that stated above: a colorless solid, yield 18%; mp 48.5—
49.0°C; IR (KBr) 3440 (OH), 3280 (NH), 2920 and 2845 (CH),
and 1635 cm™! (C=0); 'TH NMR (CDCl;, Me,Si) 6=0.88 [6H,
t, (CHz)13CHs], 1.25 [57H, m, CHy(CH,)1,CH3, CH(CHg), and
HOCH,(CH,);CH,], 2.20 [2H, t, HO(CH,),CH;], 3.2 [4H, m,
CH,(CH,),,CH;], 3.59 [2H, t, HOCH,], 4.84 [1H, m,
CH(CHjy3)], and 6.60 [1H, d, CONH].

Found: C, 74.34; H, 12.39; N, 4.75%.
C3;H724N,O3: C, 74.69; H, 12.54; N, 4.71%.

N, N-Dihexadecyl-N®-[6-[[ N*,N¢-bis(t-butoxycarbonyl)-L-
lysyllJamino]hexanoyl]-L-alaninamide [(Boc);LysCsAla2C;¢].
Trifluoroacetic acid (25 g, 220 mmol) was added to a dry
dichloromethane solution (20 mL) of N,N-dihexadecyl-N*-
[6-(¢-butoxycarbonylamino)hexanoyl}-i-alaninamide” (5.0 g,
6.7 mmol), and the mixture was stirred for 4.5 h at room
temperature. An excess amount of trifluoroacetic acid and
the solvent were evaporated off in vacuo. The residue was
dissolved in chloroform (50 mL) and then washed with 5%
aqueous sodium hydrogencarbonate (3X30 mL). After being
dried over sodium sulfate, the solution was evaporated to
dryness in vacuo to give a pale yellow solid (3.0 g). Elimina-
tion of the t-butoxycarbonyl group was confirmed by IR and
'HNMR spectroscopy. Dicyclohexylcarbodiimide (0.93 g,
4.5 mmol) was added to a dry dichloromethane solution (20
mL) of the N*,N®bis(¢-butoxycarbonyl)-L-lysine dicyclohex-
ylamine salt (2.3 g, 4.5 mmol) and p-toluenesulfonic acid
(0.77 g, 4.5 mmol) at 0°C. After the mixture being stirred for
15 min at 0°C, a dry dichloromethane solution (10 mL) of
the amine was added to it at the same temperature. The
mixture was stirred for 3 h at 0°C and overnight at room
temperature. The resulting precipitate (N,N’-dicyclohexyl-
urea) was removed by filtration, the filtrate was evaporated
to dryness in vacuo, and the residue was dissolved in ethyl
acetate (100 mL). The ethyl acetate solution was then
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washed with 10% aqueous citric acid (2X50 mL), water (50
mL), 4% aqueous sodium hydrogencarbonate (2X50 mL),
and water (50 mL) in this sequence. After being dried over
sodium sulfate, the solution was evaporated to dryness in
vacuo. The residue was chromatographed on a column of
silica gel (Wako Gel C-100) with chloroform as an eluant: a
pale yellow solid, yield 1.7 g (22%); IR (KBr) 3320 (NH), 2920
and 2850 (CH), and 1770 and 1660 cm™! (C=0); 'THNMR
(CDCl3, Me,Si) 6=0.87 [6H, t, (CH;);sCH;], 1.25 [71H, m,
CHZ(CI;I2)14CH3, CH(CI;I3), CONHCHz(CI;IQ);;CH, and
CONHCH,(CH,);CH,], 1.42[18H, s, OC(CHj;)3], 2.3 [2H, m,
CONH(CH,),CH;], 3.14 [8H, m, CONHCH, and CH,-
(CH_y);4CH3;), 4.27 [3H, m, CH(CH,); and CONHCH,], 4.80
[1H, m, CH(CHj;)], 5.12 [1H, d, OCONHCH], and 7.60 [1H,
d, CONHCH].

N, N-Dihexadecyl-Ne-[6-[[ N*,N¢-bis(tetraacetylquinoyl)-L-
lysylJamino]hexanoyl]-L-alaninamide [(AcQ):LysCsA1a2C¢].
Trifluoroacetic acid (25 g, 220 mmol) was added to a dry
dichloromethane solution (20 mL) of (Boc),LysCsAla2Ci
(1.1 g, 1.1 mmol), and the mixture was stirred for 2 h at room
temperature. Evaporation of an excess amount of trifluoro-
acetic acid and the solvent gave a pale yellow oil (1.2 g).
Elimination of the ¢-butoxycarbonyl group was confirmed
by IH NMR spectroscopy. The amine was dissolved in dry
dichloromethane (20 mL), and the solution was cooled to
0°C. Triethylamine (2.3 g, 22 mmol) was added to the solu-
tion, and then (—)-tetraacetylquinoyl chloride!® (1.7 g, 4.5
mmol) dissolved in dry dichloromethane (20 mL) was added
dropwise to the mixture at 0 °C with stirring. The resulting
mixture was stirred for 1 h at 0°C and for 2 h at room
temperature, and then dichloromethane (100 mL) was added
to it. The mixture was washed with saturated aqueous
sodium chloride (2X50 mL), 5% aqueous citric acid (2X50
mL), saturated aqueous sodium chloride (2X50 mL), 5%
aqueous sodium hydrogencarbonate (2X50 mL), and satu-
rated aqueous sodium chloride (2X50 mL) in this sequence.
After being dried over sodium sulfate, the solution was evap-
orated to dryness in vacuo. The residue was chromato-
graphed on a column of silica gel (Wako Gel C-100) with
ethyl acetate as an eluant. The product was further purified
by gel-filtration chromatography on a column of Sephadex
LH-20 with methanol as an eluant: a colorless solid, yield
0.32 g (20%); mp 75.0—76.5 °C; IR (KBr) 2920 and 2850 (CH),
and 1740 and 1650 cm™! (C=0O).

N, N-Dihexadecyl-N¢-[6-[(N®,Nt-diquinoyl-L-lysyl)amino]-
hexanoyl]-L-alaninamide [Q;LysCsAla2C,¢). After addition
of hydrazine monohydrate (700 mg, 14 mmol) to a solution
of (AcQ);LysCsAla2C;6 (270 mg, 0.19 mmol) in 85% aqueous
ethanol (3 mL), the mixture was refluxed for 1 h, cooled to
room temperature, and poured into cold water (20 mL).
Chloroform (30 mL) was added to the mixture, and the
organic layer was separated by centrifugation. After being
dried over sodium sulfate, the organic layer was evaporated
to dryness in vacuo. The residue was purified by gel-
filtration chromatography on a column of Sephadex LH-20
with methanol as an eluant: a colorless solid, yield 120 mg
(59%); final mp 227 °C; IR (KBr) 3350 (OH), 2920 and 2850
(CH), and 1640 cm™! (C=0).

Found: C, 64.07; H, 10.26; N, 6.20%.
N;0,3- H;O: G, 64.01; H, 10.30, N, 6.12%.

N, N-Ditetradecyl- N*-[6-[(N*,N*-diquinoyl-L-lysyl)amino]-
hexanoyl]-L-alaninamide [Q:LysCsAla2Ciq]. This was
prepared from N,N-ditetradecyl-N*-[6-(t-butoxycarbonyl-

Calcd for CgHyy5-
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amino)hexanoyl]-L-alaninamide” in a manner similar to
that stated above: a colorless solid; final mp 173 °C; IR (KBr)
3350 (OH), 2920 and 2850 (CH), and 1640 cm™! (C=0).

Found: C, 62.93; H, 10.32; N, 6.45%. Calcd for Cs;H;gr-
N50,;3+ H;O: C, 62.89; H, 10.09; N, 6.43%.

Analyses and Measurements. Elemental analyses were
performed at the Microanalysis Center of Kyushu University.
Melting points were measured with a Yanagimoto MP-S1
apparatus (hot-plate type). 'H NMR spectra were taken on a
Hitachi R-24B spectrometer. IR spectra were recorded on a
JASCO IR-810 spectrophotometer. pH Measurements were
carried out with a Beckman ®71 pH meter equipped with a
Beckman 39505 combined electrode after calibration with a
combination of appropriate standard aqueous buffers. A
JASCO UVIDEC-100 UV spectrophotometer was used as a
detector for gel-filtration chromatography. Fluorescence
spectra were recorded on a Hitachi 650-60 spectrofluorome-
ter. A Daini Seikosha SSC-560U calorimeter was used for
differential scanning calorimetry (DSC). The phase-
transition temperature (Trm, temperature at a peak maximum
of DSC thermogram) and the enthalpy change for phase
transition (AH) were determined in a manner as reported
previously.”

Electron micrographs were taken on a JEOL JEM-2000FX
electron microscope installed at the Research Laboratory for
High Voltage Electron Microscopy of Kyushu University.
Negatively stained and freeze-fractured samples for the mea-
surements were prepared in a manner as described previously.”
Selected area electron diffraction measurements were carried
out by using the same electron microscope, electron wave-
length being adjusted at 100 kV (4=0.037A). The camera
length (2870 mm) was calibrated on the basis of diffractions
from (111) and (200) planes of the face-centered cubic lattice
of single crystalline gold.

The fluorescence polarization measurements were carried
out on a Union Giken FS-501A fluorescence polarization
spectrophotometer equipped with a Sord microcomputer
M200 Mark II; emission at 450 nm originated from DPH was
monitored upon excitation at 358 nm with a slit width of 3.5
nm for both excitation and emission sides. The steady-state
fluorescence anisotropy (rs) was calculated by Eq. 1, where I
is the fluorescence intensity, and the subscripts v and h refer
to the orientations, vertical and horizontal, respectively, for
the excitation and analyzer polarizers in this sequence. Cs is
the grating correction factor, given by In./Inn.

s = (Ivv - CfIvh)/(Ivv + 2Cflvh)a (1)

The nickel-filtered Cu Ka radiation (A=1.542 A) from a
Rigaku Rotaflex RU-200 X-ray generator was used for X-ray
diffraction measurements. Each sample was sealed up in a
specimen holder equipped with mica windows, and a low-
angle diffraction pattern was recorded on a Fuji X-ray film
150; a sample-film distance being set at 200 mm.

Results and Discussion

Molecular Design of Nonionic Peptide Lipids. Ionic
peptide lipids having an a-amino acid residue inter-
posed between a polar head moiety and a hydrophobic
double-chain segment generally form bilayer aggre-
gates in an aqueous dispersion state.5 On the other
hand, we have recently found that nonlamellar aggre-
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gates appear in the aqueous dispersions of cationic
and anionic lipids, N,N-dialkyl-N[6-(trimethyl-
ammonio)hexanoyl]-t-alaninamide bromide [N*+Cs-
Ala2C,] and sodium N,N-dialkyl-N*-(6-sulfonatohexano-
yl)-L-alaninamide [(SO5~)CsAla2C,,], respectively, mixed
at the 1:1 molar ratio above the phase-transition
temperature (Twm).!Y This nonlamellar phase is

CH3
|
(CH3)3N"(CH2)5ENHCHEN((CH)n-1CHgp  Br™
0 o

N*'CgAla2Cn (n= 8,10,12,14,16,18)

CH3
- |
Na" (503 )(CH5ENHCHEN (CH)n -1CH3),
0 O

(S03)CsAla2Cn  (n=14,16)

referred to the inverted cubic (Cu) one composed of
three-dimensional network of globular aggregates
with small internal aqueous compartments.!? The
following two effects control the packing mode of
lipid molecules to adopt the Ci phase in aqueous
media: (1) intramembrane electrostatic interactions
between cationic and anionic head moieties to form
highly developed ion-pair clusters in the membrane
surface, and (ii) recovery of the rotational and bending
motions of hydrophobic double-chain segments above
Trn. As a result, these lipid molecules are allowed to
retain the inverted truncated cone shape*® in their
aggregates above T, and the critical packing mode
under such conditions favors the formation of inverted
micellar aggregates. We have also found that the non-
lamellar phase was formed with nonionic peptide li-
pids having the quinoyl moiety, QCsAla2C,, through
the hydrogen-bonding interaction among the polar
head moieties. These observations imply that the pep-
tide lipids tend to construct various aggregate struc-
tures, which have been demonstrated so far with natu-
rally occurring lipid systems, in aqueous media by
manipulating steric bulkiness of their polar head
moieties so that specific packing modes are attained in
their aggregates.

A useful concept has been proposed on the self-as-
sembling behavior of lipid molecules in dilute aque-
ous solutions, based on the critical packing parameter,
v/agle, where v, ay, and [ are the hydrocarbon volume,
the optimal surface area, and the critical chain length
of lipid molecules, respectively.¥ The following
guidepost for the formation of specific aggregate struc-
tures has been postulated on the basis of the dynamic
packing mode: v/ayl.<1/3 for spherical micelles,
1/3 <v/ayl.<1/2 for cylindrical micelles, 1/2<wv/agl.
<1 for bilayers, and v/agl. >1 for inverted micelles.?
However, there are few successful explanations to dis-
tinguish between structural factors for the formation
of the two kinds of nonlamellar phases; a hexagonally
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packed array of inverted cylindrical micelles (Hu
phase), and a closely packed cubic array of inverted
spherical micelles (Cn phase).!3 Recently, Verkleij
mentioned in his review article that lipidic particles
are found in a variety of lipid mixtures and in total
lipid extracts under physiological conditions in excess
water, and that lipidic particles are only found in
mixed systems of natural lipids, in which one compo-
nent or more of the lipids prefer to adopt the Hir phase
in their individual states.?) Since the Cy; phase is con-
sidered to be the principal morphology pertaining to
lipidic particles, the Cir aggregate is granted to be the
intermediary form lying between bilayer and Hn ones.
Thus, the critical packing parameter for the Hu form-
ing lipid seems to be larger than that for the Ci1 form-
ing lipid.

As for the peptide lipids, the critical packing
parameter is primarily controlled by the a4 value if
only the polar head moiety undergoes structural varia-
tion and the rest of the molecule remains the same. As
one of such purposive series of lipid molecules, we
prepared three types of nonionic peptide lipids having
various numbers of hydroxyl groups in their head
moieties; (HO)CsAla2C,, QCsAla2C,, and Q,LysCs-
Ala2C, (n=14, 16). The CPK molecular models of these
lipids are shown in Fig. 1. Since the four hydroxyl
groups of the quinoyl moiety are located on one side of
the cyclohexane ring with chair-type conformation,
the head moieties of QC5A1a2C, and Q,LysCsAla2C,
seem to hold configurations paralled to the membrane
surface. In addition, the extent of solvation of the head
moieties of the present lipids mainly depends on a
number of the hydroxyl groups in the presence of
excess water. Thus, the qy value for the present peptide
lipids decreases in the following order: Q,LysCsAla2C,
>QCs5Ala2C,. > (HO)CsA1a2C,.  Now, correlations
between aggregate morphology and lipid structure are
described below on the basis of the critical packing
concept.

Inverted Cubic Phase. Recently, we have found
that QCsAla2C, having four hydroxyl groups in the
head moiety form nonlamellar aggregates in the aque-
ous dispersion state by means of negative staining elec-
tron microscopy.? The low-angle X-ray diffraction
technique was applied to these aggregates in this
work. Four diffractions with the spacing ratio, 1: 3/
2: ﬁ / \/73_ :1/2, were observed for QCs;Ala2C,, (n=14,
16) at pH 7 above T, (Table 1). This spacing ratio is
in conformity with diffractions from (111), (200), (220),
and (222) planes of the face-centered cubic (fcc) lattice
with lattice constant a (Fig. 2). We have obtained sim-
ilar diffraction patterns for aggregates formed with
equimolar mixtures of cationic and anionic lipids.!?
It has been claimed that an apparent cubic phase
observed in the 1-oleoylglycerol-water system actually
consists of a lipid bilayer forming a tetrahedral peri-
odic minimal surface which separates two water chan-
nel networks.!¥ The existence of such continuous
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Fig. 1. CPK molecular models of (HO)CsAla2Ciq
(A), QCs5Ala2C14 (B), QzLysCsAla2Cy4 (C).

water channels in our peptide lipid systems, however,
can be ruled out in the light of the electron micro-
scopic measurements.® 1112 The (111) plane of the fcc
lattice is the closest packed one, and the distance
between the nearest neighbors in the plane (a//2 ) is
referred to the repeating distance of internal aqueous
compartments. When the weight fraction of QGCs-
Ala2C;, in water was increased from 0.22 to 0.28, the
a/ \/—2_ value was reduced by 9A. In addition, the
a/\/2 value as observed by negative staining electron
microscopy, for which water was completely removed
during the sample preparation, was 70 A.%' Such large
dependence of the a/ \/2 value on the lipid concentra-
tion seems to be originated from the fact that the
hydrogen-bonding interaction among polar head
moieties of the lipid molecules predominantly con-
trols the critical packing mode to give thermodynami-
cally stable aggregates and water molecules solvated
onto the head moieties also take part in the hydrogen-
bonding interaction. In dilute aqueous solutions, on
the other hand, the a//2 value seems to approach to
a limiting value (ca. 110 A) in a manner as observed for
an equimolar mixture of N*C;Ala2C;, and (SO;7)-
CsAla2C,4 by means of freeze-fracture electron micros-
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Table 1. Low-Angle X-Ray Diffraction Data for QCsAla2C,—~Water Systems
) Lipid concn Temp  Spacing” Relative Lattice Lattice constant _a/\/2
" w/w% p °C A intensity® plane (hkl) (a)/A A
14 22 7 25 83 (82) s (111) 142 100
71 (71) m (200)
50 (50) w (220)
41 (41) w (222)
14 28 7 25 75 (74) s (111) 128 91
63 (64) m (200)
45 (45) w (220)
37 (37) w (222)
14 22 14 25 59
16 29 7 40 77 (77) s (111) 133 94
66 (67) m (200)
47 (47) w (220)
38 (38) w (222)
16 29 7 10 77 w
55 S

a) A number of carbon atoms in the double-chain segment of QCsAla2C,. b) Calculated values are given in parentheses.

¢) s, strong; m, medium; w, weak.

Fig. 2. Schematic representation of the inverted

cubic phase formed with QCsAla2C,; a, lattice

constant.

copy.! It is noteworthy, however, that the a/ \/?
value is not so sensitively dependent on the lipid con-
centration for the cationic and anionic lipid system as
observed for the QCsAla2C;, system in the light of
observations by negative staining and freeze-fracture
electron microscopy!! and low-angle X-ray diffraction
measurements.!? The tight ion-pair cluster formed
with cationic and anionic head moieties of the mixed
lipid system seems to minimize hydration in the sur-
face domain, while such an effect is not operative for
QGCsAla2C,. These hydration effects must be reflected
on the correlations between a/+/2 and lipid concen-
tration, and the a/ \/? value is more strongly depend-
ent on the lipid concentration in the case of the latter
lipid system. The a/y/2 value for the QCsA1a2C

aggregate (94A) is slightly larger than that for the
QCsAla2C,, aggregate (91 A) at a comparable concen-
tration; mole fraction, 0.009.

Bilayer Phase. We have previously reported that
the Cn phase formed with QCsAla2C,, was trans-
formed into the bilayer phase upon deprotonation of
the polar head moiety as confirmed by freeze-fracture
electron microscopy, differential scanning calorimetry
(DSC), and turbidity measurements.” This behavior
was further evidenced by low-angle X-ray diffraction
measurements in this work. As listed in Table 1, the
diffractions from the Cy lattice at pH 7 completely
disappeared at pH 14 to give a single diffraction with a
spacing of 59A, which corresponds to the bilayer
thickness evaluated by the CPK molecular model (Fig.
1B).

The diffraction patterns originating from the Cpy
phase formed with QCsAla2C;¢ disappeared below T
even at pH 7 and were replaced with two diffractions
(Table 1). The stronger diffraction with a spacing of
55 A and the relatively weak one with a spacing of 77 A
presumably correspond to the thickness of the lipid
bilayer and that of the bilayer plus water layer, respec-
tively. Formation of the bilayer phase below Trn was
also confirmed by negative staining electron micros-
copy applied to the specimen prepared at 5°C. We
have previously suspected that QCsAla2C;s would
form the nonlamellar phase even below Tn on the
basis of its smaller phase transition enthalpy and a
lower value of steady-state fluorescence anisotropy for
DPH embedded in the aggregate below Twn as com-
pared with the corresponding values for bilayer-
forming lipids having an analogous molecular struc-
ture.” Now, it is concluded that the Ci; phase formed
with QCsAla2C;g above Tn is transformed through
phase transition into the bilayer phase accompanied
with relatively loose packing of the hydrocarbon
chains in comparison with those of bilayer-forming
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Fig. 3.

ionic peptide lipids.

The phase transition parameters (7Tm; enthalpy
change, AH) for the aggegates of Q,LysCsAla2C, hav-
ing two quinoyl moieties are 1.7 °C and 17.1 kJ mol~!
for n=14 and 24.9°C and 28.0 k]Jmol~! for #=16,
respectively, at pH 7 as evaluated by DSC. These
values are comparable to those observed for other
bilayer aggregates having the same double-chain seg-
ments.%7 The bilayer aggregates were formed both
above and below T, as observed by electron micros-
copy. As shown in Figs. 3A and 3B, multiwalled
bilayer aggregates are observed in the specimens of
Q,LysCsAla2C;s and Q,LysCsAla2C,,, respectively,
which were negatively stained at 20 °C in the aqueous
dispersion state. Upon sonication of these dispersions
with a probe-type sonicator, single-walled bilayer vesi-

Electron micrographs for

Q2LysCsAla2C,: A, 5mmoldm3
aqueous dispersion of Q2LLysCsAla2Cis negatively stained with uranyl
acetate; B, 2.5mmoldm™3 aqueous dispersion of QzLysCsAla2Cy4
negatively stained with uranyl acetate; C, 2.5mmoldm=2 aqueous
solution of QglysCsAla2Ci4 sonicated for 2 min at 30 W, negatively
stained with uranyl acetate; D, 1.5mmoldm= aqueous solution
of Q2LysCsAla2Cy4 sonicated for 3min at 30 W, freeze-fractured.

cles in the diameter range of 200—500 A were obtained,
as confirmed by negative staining and freeze-fracture
electron microscopy (Figs. 3C and 3D). The steady-
state fluorescence anisotropy (rs) of DPH embedded in
the Q,LysCsAla2C;s membrane is shown in Fig. 4
(curve A) as a function of temperature. The T, value
obtained from the inflection range (24.5 °C) is in good
agreement with that evaluated by DSC. When homo-
geneous mixtures of QCsAla2C, and Q,LysCsAla2C,
(n=14, 16) at the 1:1 and 2:1 molar ratios were
dispersed in water, formation of multiwalled bilayer
aggregates was detected by negative staining electron
microscopy. Thus, it became apparent that transfor-
mation of the Cy; phase formed with QCsAla2C, above
T into the bilayer phase can be achieved by the fol-
lowing perturbations to reduce the v/aplc value: (1)
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Fig. 4. Correlations of steady-state fluorescence
anisotropy (rg) with temperature for DPH
(1.0X10-"moldm=3) embedded in the following
aggregates: A, 0.10mmoldm—3 QLysCsAla2Cis
at pH 7; B, 0.10mmoldm— Q:LysCsAla2Cie at
pH 14; C, 3.0mmoldm=3 CTAB at pH 7.

freezing of the rotational motion of the hydrophobic
double-chain segment by a phase transition from the
liquid-crystalline state to the gel state (decrease in v);
(i1) a volume increase in the hydration shell around the
polar head moiety of the lipid molecule upon depro-
tonation of the four hydroxyl groups (increase in ay);
and (iii) an increase in average bulkiness of the polar
head moiety by incorporation of another bilayer-
forming lipid (increase in a,). In addition, it may be
predicted that an increase in [, e.g. introduction of a
longer hydrocarbon connector in between the quinoyl
moiety and an amino acid residue, also causes a mor-
phological change from Ci to bilayer.

Inverted Hexagonal Phase. As mentioned above,
the Hi forming lipids may have v/ayl. values greater
than those for the Cy forming lipids. We examined
this criterion in this work by using the three types of
nonionic peptide lipids. Since QCsAla2C, forms the
Cu phase above T, the individual or mixed lipid sys-
tems having g, values smaller than that of QCs;Ala2C,
are the candidates to form the Hi phase. Although
accurate evaluation of the a4 values for these peptide
lipids is much difficult due to hydration of the polar
head moieties, the effective bulkiness of these head
moieties can be reasonably correlated with the average
number of hydroxyl groups per lipid molecule (N): the
N values for (HO)CsAla2C,, QCsAla2C,, and Q,Lys-
CsAla2C, are apparently 1, 4, and 8, respectively.
(HO)CsAla2C,, was not dispersed in water without
coexisting lipid(s). When (HO)C;Ala2C, and QCs-
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Fig. 5. Correlations of phase transition enthalpy
(AH) with a number of hydroxyl groups per lipid
molecule (N) for the aggregates formed with
(HO)CsAla2Cys and QzLysCsAla2Ci4; total lipid
concentration, 5.0mmoldm=3: A, for the phase
transition peak at 1.8°C; B, for the phase transi-
tion peak at 4.6°C; closed circles for lipid mixtures
which were not dispersed in water. The AH value
is given for unit mol of the total lipid, regard-
less of morphology.

Ala2C,, were mixed at the 1:1, 1:2, and 1:4 molar ratios
(N values are 2.5, 3.0, and 3.4, respectively), stable
aqueous dispersions were not obtained even by pro-
longed vortex mixing.

Mixtures of (HO)CsAla2C,4 and Q,LysCsAla2C,4 at
the 1:1, 2:1, and 3:1 molar ratios (N values are 4.5,
3.3, and 2.8, respectively) were readily dispersed in
water by vortex mixing, and turbidity of the aqueous
dispersions remained unchanged at least over a week.
The aggregates formed with (HO)CsAla2C,4 and
Q,LysCsAla2C,, at the equimolar ratio showed a sin-
gle phase transition at 1.8°C, and the AH value was
comparable to that observed for the bilayer aggregates
formed with Q,LysCsAla2C,, alone (Fig. 5). The neg-
atively stained electron micrograph showed the forma-
tion of multiwalled bilayer membranes. On the other
hand, the DSC thermograms for the aggregates formed
with (HO)C5A132C14 and QzLySC5A132C14 at the 2:1
and 3:1 molar ratios showed two phase transition
peaks at 1.8 and 4.6 °C. The AH value for the latter
peak increased as the N value was reduced, and the AH
value for the former peak decreased concomitantly
(Fig. 5). In the light of the correlations given in Fig. 5,
the aggregate having T at 4.6 °C is referred to the Hyy
phase (above Tw) while that having Trm at 1.8 °C to the
bilayer phase. In the negatively stained electron
micrographs for these aggregates, three types of
images, which are typical of the Hy phase, were
observed: two kinds of striped patterns with different
layer thickness and a network array of small internal
aqueous compartments were observed in different
areas of the specimen (Fig. 6). We evaluated these
repeating distances by means of electron diffraction
measurements applied to selected areas of the electron
micrographs;'® 52 and 31 A of the repeating distances
of layers (ratio, V3 1) and 62 A of the repeating dis-
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Fig. 6. Electron for a mixture of
(HO)CsAla2Cy4
LysCsAla2Cis (1.67mmoldm=3) in the aqueous
dispersion state at room temperature, negatively
stained with uranyl acetate. The images shown in
A, B, and C were observed in different areas of
the specimen. Numerals 1, 2, and 3 refer to three
different cross sectional views of the Hy tubes,
and 4 is attributed to the bilayer phase.

micrographs
(3.33mmoldm=3) and Q.-

tance of aqueous compartments.'® On these grounds,
the aggregation status, which is referred to the Hpy
phase, is schematically illustrated in Fig. 7. The elec-
tron micrographic pattern, which presumably corre-
sponds to the bilayer aggregate, was also observed in a
limited area of the electron micrographs. However, it
is rather difficult to distinguish between the image due
to bilayer aggregates and that due to thicker layers of
the Hu phase, since these show comparable layer
thicknesses. The distinction between these aggrega-

[Vol. 60, No. 4

tion states became possible by tilting the specimen in
the electron microscope, as mentioned in our prelimi-
nary communication.'® That is, the image and the
corresponding electron diffraction pattern originating
from one of the layers of the Hy phase were converted
into those from the other type of layers by 30° rotation
of the specimen (Fig. 8). The electron micrographic
pattern showing a network array of internal aqueous
compartments for the Hyr phase resembles that for the
Ci phase. However, the domain for the former phase
is rather limited relative to that for the latter phase and
surrounded by domains of the two types of layers
attributable to the Hy phase. Fractions of the Hu
phase in the overall aggregates were evaluated from
the phase transition enthalpy; 0.7 and 0.9 for the
(HO)GCsAl1a2C,4-Q,LysCsAla2C,, system at the molar
ratios of 2:1 and 3:1, respectively. These lipid mix-
tures were not dispersed in water at the N value smaller
than 2.4. However, the Hy phase seems to be exclu-
sively obtained at the N value below 2.7 in the light of
the correlations given in Fig. 5. The mixed lipid sys-
tem composed of (HO)CsA1a2C,g and Q,LysCsAla2C g
did not give stable aqueous dispersions at the N value
smaller than 4, so that the aggregate morphology was
not critically characterized.

Micellar Phase. Multiple ionization of the polar
head moiety of Q;LysCs;Ala2C, tends to expand the
hydration shell around the quinoyl moieties to give an
increase in a;. As a result, the bilayer phase may be
converted into the micellar one. The multiwalled
bilayer aggregates formed with Q,LysCsAla2C, exhib-
ited relatively large turbidity in aqueous media, pre-
sumably due to extended aggregation of the mem-
branes, in comparison with those formed with cationic
or anionic peptide lipids. Deprotonation of the
hydroxyl groups of the lipids caused turbidity decrease
above pH 13. We characterized the aggregates formed
at pH 14 by means of DSC, gel-filtration treatments,
and fluorescence polarization measurements. The
phase transition peak observed for Q,LysCsAla2C,
(n=14, 16) at pH 7 disappeared completely at pH 14 in
the temperature range of 0—60 °C. Both dispersed and
sonicated (with a probe-type sonicator at 30 W for 3
min) samples of Q,LysCsAla2C;4 at pH 14 were com-
pletely eluted at the void volume on a column of
Sephadex G-50 with aqueous 1 moldm~3 KOH as an
eluant, as monitored by a UV detector at 254 nm.
Then, we adopted experiments entrapping fluorescent
probes into the aggregates. When DPH (1.0X107°
moldm™3) was added to the aqueous dispersion of
Q,LysCsAla2C¢ (1.0 mmoldm™3), this hydrophobic
probe was quantitatively incorporated into and
remained in the aggregates even by gel-filtration
treatments as confirmed by fluorescence spectroscopy.
On the other hand, pyranine (1.0 mmoldm™3) as a
hydrophilic probe®!” was not incorporated at all into
the aggregates of Q,LysC5;A1a2C;6 (1.0 mmol dm™3) as
confirmed by gel-filtration treatments at pH 14,
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31A
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Fig. 7. Schematic representation of the inverted hexagonal phase

formed with (HO)CsAla2Ci14 and Q2LysCsAla2Ci4; for numerals

1, 2, and 3, refer to Fig. 6.

Fig. 8. Electron micrographs for a mixture of (HO)CsAla2Cis (3.33mmoldm—3) and
Q2LysCsAla2Ci4 (1.67mmoldm—3) in the aqueous dispersion state at room temperature,
as negatively stained with uranyl acetate (A and C); their selected area electron diffraction
patterns (B for A and D for C, respectively). Image A and diffraction pattern B were converted
into C and D, respectively, by 30° rotation of the specimen around the y-axis.

regardless of the sample conditions, sonicated or A correlation of the rg value due to DPH embedded in
dispersed. The results apparently indicate that these  the aggregates with temperature at pH 14 is shown in
aggregates do not hold inner aqueous compartments.  Fig. 4 (curve B). Apparently, any inflection region is
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Table 2. Aggregate Morphology for Synthetic Peptide Lipids in Aqueous Media

Lipid system Aggregate morphology N® N’
(HO)CsA1a2C14-QaLysCsAla2Cis Hy? 2.7%
QCsAla2C, (n=14, 16) Ci® 4
QCsA1a2C,-Q2LysCsAla2C, (n=14, 16) Bilayer 5.3—6
Q2LysCsAla2C, (n=14, 16) Bilayer 8
(Q4)C5A1a2C, (n=14, 16)° Bilayer 4
(Q4):LysCsAla2C, (n=14, 16)° Micelle 8

a) A number of OH groups per molecule. b) A number of O~ groups per molecule. ¢) Formed above Tw. d) Anestimated
value from Fig. 5. ¢) Anionic form of QCsAla2C,. f) Anionic form of Q2LysCsAla2C.,.

not observed. This is consistent with the formation of
micelles and in good agreement with the result
obtained from DSC. The critical aggregate concentra-
tion was evaluated from a correlation of the rg value due
to DPH embedded in the aggregate with the lipid con-
centration; 3.0X1075 moldm™3 for Q,LysC5Ala2C,4 at
pH 14. It should be noted that the rg values for the
aggregates formed with QyLysCsAla2C,4 at pH 14 are
much larger than those for the normal micelles com-
posed of CTAB at various temperatures (Fig. 4, curve
C) and comparable to those for the bilayer aggregates
of the same lipid in the liquid crystalline state. Thus,
this lipid undoubtedly forms rigid micelles in its
polyanionic form. We have previously clarified that
monocationic peptide amphiphiles having a hydro-
phobic single-chain segment form rigid cylindrical
micelles by means of negative staining electron
microscopy, ESR, and low-angle light scattering mea-
surements.'® We have also observed similar cylindri-
cal micelles in the aqueous dispersion of N*CsA1a2Cs,
having a double-chain segment shorter than those of
the corresponding bilayer-forming lipids, N*C;-
Ala2C, (n=10—18).5 In the latter case, the aggregate
morphology is controlled by modifying the v and [
values but not the ay value. The aggregate structures
of these various peptide amphiphiles seem to be tight-
ened due to the intermolecular hydrogen-bonding
interactions among the amino acid moieties within
each aggregate.

Concluding Remarks. It became apparent that a
series of synthetic peptide lipids having various
numbers of hydroxyl groups in their head moieties,
(HO)GsAla2C,, QCsAla2C,, and Q,LysCsAla2C,, adopt
four kinds of aggregate morphology in aqueous
media; Hn, Cn, bilayer, and micellar phases (Table 2).
The difference in aggregate morphology can be well
correlated with the critical packing parameter, v/agle,
and the a, value is cited as a primary factor for control-
ling the morphology in the present case. The v/aylc
value increases in the order: micelle, bilayer, Cy, and
Hi forming lipids. The a4 value is reasonably corre-
lated with the average number of hydroxyl groups per
lipid molecule involved in the head moieties of the
individual or mixed nonionic lipids. Although the
polar head moieties of these nonionic lipids in the
aggregated state are hydrated to a certain extent, the
hydration shells of these moieties become much

expanded upon deprotonation of the hydroxyl groups.
The ay value becomes significantly larger under such
conditions, and the aggregate morphology undergoes
relevant transformations as a consequence. Recent
rapid growth of the membrane mimetic chemistry has
yielded a large number of bilayer-forming synthetic
lipids. On the other hand, relevant nonbilayer-
forming lipids have not been explored up to the pres-
ent time, even though important aspects of such mor-
phological status in the biomembrane fusion have
been emphasized.?? We believe that the present study
provides useful molecular criteria for designing
nonbilayer-forming lipids.
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