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Peptides and Natural Phospholipids

Tomomi Furuya,* Taira Kiyota,* Sannamu Lee,*" Tohru Inoue,* Gohsuke Sugihara,*" Anna Logvinova,*
Paul Goldsmith,* and H. Michael Ellerby*

*Department of Chemistry, Faculty of Science, and TAdvanced Material Institute, Fukuoka University, Fukuoka 814-0180, Japan; and
*Buck Institute for Age Research, 8001 Redwood Boulevard, Novato, California 94945 USA

ABSTRACT We previously reported that the 18-mer amphiphilic a-helical peptide, Hel 13-5, consisting of 13 hydrophobic
residues and five hydrophilic amino acid residues, can induce neutral liposomes (egg yolk phosphatidylcholine) to adopt long
nanotubular structures and that the interaction of specific peptides with specific phospholipid mixtures induces the formation of
membrane structures resembling cellular organelles such as the Golgi apparatus. In the present study we focused our attention
on the effects of peptide sequence and chain length on the nanotubule formation occurring in mixture systems of Hel 13-5 and
various neutral and acidic lipid species by means of turbidity measurements, dynamic light scattering measurements, and
electron microscopy. We designed and synthesized two sets of Hel 13-5 related peptides: 1) Five peptides to examine the role
of hydrophobic or hydrophilic residues in amphiphilic a-helical structures, and 2) Six peptides to examine the role of peptide
length, having even number residues from 12 to 24. Conformational, solution, and morphological studies showed that the
amphiphilic a-helical structure and the peptide chain length (especially 18 amino acid residues) are critical determinants of very
long tubular structures. A mixture of a-helix and B-structures determines the tubular shapes and assemblies. However, we
found that the charged Lys residues comprising the hydrophilic regions of amphiphilic structures can be replaced by Arg or Glu
residues without a loss of tubular structures. This suggests that the mechanism of microtubule formation does not involve the
charge interaction. The immersion of the hydrophobic part of the amphiphilic peptides into liposomes initially forms elliptic-like
structures due to the fusion of small liposomes, which is followed by a transformation into tubular structures of various sizes and

shapes.

INTRODUCTION

The control of material architecture on the nanometer scale
has recently emerged as an important field in both biology
and technology. Indeed, nanotubular structures have re-
ceived increasing attention because they can be used as
organizational templates in crystallization, metallization, and
mineralization (Schnur, 1993) and as drug delivery vehicles
(Goldstein et al., 1997). Several types of phospholipids can
be induced to form stable tubular structures, such as the
helical tubular liposome (a few pum in diameter and 100 wm
in length) induced by the Ca?*-mediated inter-membrane
interaction in mixtures of cardiolipin and dimyristoylphos-
phatidylcholine (Lin et al., 1982), the crystal cylindrical
structures of Na*-bound dimyristoylphosphatidylglycerol
on annealing of a gel phase temperature (Kodama et al.,
1993) and the bilayers, tubules, and cochleate myelinic
cylinders formed by monoglycosylated sphingolipid homo-
logs (Goldstein et al., 1997; Kulkarni et al., 1995, 1999) that
were found originally as intracellular lipid deposits in
Gaucher’s and Krebbe’s diseases (Yanis and Lee, 1970).
However, the lipid assemblies are intrinsically fluid in
nature. Consequently, their ordered structures are easily
disordered by physical or chemical forces acting to transform
to the other structures (Hotani et al., 1999). For example,
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although giant liposomes prepared from the film of
dipalmitoylphosphatidylcholine/cholesterol (1/1) can adopt
various vesicular structures containing thin flexible filaments
through the several transformation pathways from the bi-
concave form, they do not maintain well-defined structures
(Hotani, 1984).

In biology, protein-lipid complexes are involved in the
morphological shaping of stable vesicular structures in cel-
lular membrane systems (Rothman and Wieland, 1996). Ex-
tensive membrane tubules (50-80 nm in diameter and up to
several um in length), thought to participate in membrane
trafficking, have been observed to form the Golgi complex,
the trans Golgi network, and the connections between the
Golgi stacks of eukaryotic cells (Weidman et al., 1993;
Urrutia et al., 1997; Presley et al., 1998). This stable tubule
formation is induced by proteins that interact with lipids. For
example, the three proteins localized to both synaptic and
Golgi intracellular membrane compartments, which all have
amphiphilic a-helical regions in their N-terminals, display
a membrane tubulating activity (Farsad et al., 2001). But
what is the minimal machinery required to form such
membrane tubules? In the previous study, we demonstrated
that a de novo-designed 18-mer amphiphilic a-helical pep-
tide, Hel 13-5, transforms spherical liposomes prepared from
a Golgi-specific phospholipid mixture into nanotubules re-
sembling those from the Golgi apparatus on the scale and
the shape (Lee et al., 2001). Furthermore, we showed that the
size and the shape of such nanotubules depend on lipid
composition, and peptide properties such as length and the
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ratio of hydrophobic to hydrophilic amino acids. Our work
might define the first simple membrane modeling system that
can be used to begin to understand how peptides and proteins
shape biomembranes into cellular organelles. Interestingly,
Mercier et al. (2002) have shown that the biogenesis of
nanotubular networks in Toxoplasma parasitophorous vac-
uoles induced by parasite protein depends on the amphi-
pathic a-helical regions of the protein.

In the present study, to investigate in greater detail the
relationship between the peptide sequence and nanotubular
structure formation, we designed and synthesized two sets of
peptides based on modifying Hel 13-5: the first with varying
chain lengths and the second with substituted amino acids as
shown in Fig. 1. Their interaction with phospholipids was
examined through circular dichroism (CD) spectroscopy,
membrane-clearing experiments, liposome size determina-
tions, and morphological observations by electron micros-

copy.

A) Hel 13-5: KLLKLLLKLWLKLLKLLL

B)

1) L9GHel 13-5 : H-KLLKLLLKGWLKLLKLLL-OH
Hel 13-5Nle : H-KnnKnnnKnWnKnnKnnn-OH

Hel 13-5V  : H-KVVKVVVKVWVKVVKVVV-0OH
Hel 13-5R  : H-RLLRLLLRLWLRLLRLLL-OH
E3Hel 13-5 :H-ELLKLLLELWLKLLELLL-OH
2) Hel 8-4 : H-KLLKLWLKLLLK-OH
Hel 10-4 : H-LKLLLKLWLKLLKL-OH
Hel 12-4 tH-LLKLLLKLWLKLLKLL-OH
Hel 14-6 : H-KLLKLLLKEWLKLLKLLLKL-OH
Hel 15-7 t H-KLLKLLEKEWLKLLKLLLKLLK-0OH
Hel 17-7 s H-KLLKLLE KEWLKLLKLLLKLLKLL-OH

FIGURE 1 Primary structure, helical wheel, and helical net representa-
tions of the amphiphilic model peptide, Hel 13-5. Symbol » in Hel 13-5Nle
is norleucine.
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MATERIALS AND METHODS

9-Fluorenylmethoxy-carbonyl (Fmoc)-(Leu or Lys)-polyethylene glycol-
polystyrene (PEG-PS) resin, Fmoc amino acids, activation reagents (HOBT
and TBTU), and 2,2,2-trifluoroacetic acid were purchased from Watanabe
Chem. Ind., Ltd. (Hiroshima, Japan). Egg yolk phosphatidylcholine (egg
PC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Brain
phosphatidylserine (PS) and egg PG were obtained from Sigma Chemical
(St. Louis, MO, USA). All the materials described above were used as
received. N-Tris[hydroxymethylJmethyl-2-aminoethanesulfonic acid (TES)
buffer (5 mM TES/I mM EDTA/100 mM NaCl at pH 7.4) was used as
a buffer solution.

Peptide synthesis

Peptides were synthesized by Fmoc strategy based on the solid phase
technique starting from Fmoc-(Leu or Lys)-PEG-PS resin (0.1 mmol scale)
using a Pioneer Peptide Synthesis System (Applied Biosystem, Japan) as
described previously (Kiyota et al., 1996). The peptide-bound resins were
treated by 2,2,2-trifluoroacetic acid (20 ml) containing m-cresol (0.35 ml),
ethandithiol (1.05 ml), and thioanisole (2.3 ml) for 1.5 h at room tem-
perature. The crude peptides obtained were applied on Sephadex G-25 (25
mm X 130 cm). Then peptides, L9GHel 13-5, Hel 13-5Nle, Hel 13-5R,
E3Hel 13-5, and Hel 8-4, were purified by a preparative C18 reverse phase
(RP)-HPLC. Hels 13-5V, 10-4, 12-4, 14-6, and 15-7 were purified by a C8
RP-HPLC column, and Hel 17-7 was purified by a C4 RP-HPLC column.
Peptide purities were confirmed by analytical RP-HPLC and MALDI-TOF
mass spectroscopy (Voyager-DE STR, PerSeptive Biosystems, Framing-
ham, MA, USA).

The stock solutions of model peptides were prepared as follows: the
peptide powders were dampened with only a little 100% acetic acid or
trifluoroethanol, then diluted in TES buffer and filtered through the
membrane with a pore size of 0.45 um (Millex-HV, Millipore, MA,
USA). The peptide concentrations in the stock solution were determined
from UV-absorbance of Trp at 280 nm (¢ = 5500) in TES buffer containing
6M Gu-HCL

CD spectrum measurement

CD spectra were measured by a JASCO J-600 spectrometer (JASCO
Corporation, Tokyo, Japan) with a personal computer (NEC PC-9801) using
a quartz cell with a 1-mm path length. Liposomes were prepared by the
extrusion method as described later. Peptide and lipid concentrations were
kept at 20 uM and 100 M, respectively.

Turbidity measurement

Lipid clearing experiments were performed as reported by Mclean et al.
(1991). Lipids in chloroform placed in a round-bottom flask were dried
through a stream of N, gas. The residual lipid films were further dried
overnight in vacuo and then hydrated with the TES buffer by vortexing. The
turbid liposome solutions obtained were diluted to a concentration of ~100
uM in the same buffer. The peptide solutions were then added to the
liposome solution to obtain a given mole ratio of the peptide to lipid and
incubated at 25°C. The absorbance of the sample solution was recorded at
400 nm using a JASCO spectrometer (JASCO Corporation, Tokyo, Japan)
after vigorous vortexing.

Liposome-size determination

Unilamellar liposomes in a controlled size distribution of ~80-90 nm in
diameter were prepared by using the extrusion method (Mayer et al., 1986).
The liposomes, made by ultrasonic irradiation in the cuphorn of a Branson
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Model 185 sonifier at room temperature, were extruded through two stacked
polycarbonate filters with 100-nm and 200-nm pore sizes by applying
nitrogen pressure, and then collected and reextruded into an Extruder (Lipex
Biomembrane Inc., Vancouver, Canada). The liposome solution (100 uM)
was added to the peptide solution of appropriate concentrations. The size of
liposomes were measured by the quasi-elastic-light scattering method using
a NICOMP Submicron Particle Sizer, Model 370, version 1.46 (Santa
Barbara, CA, USA) with an argon laser (A = 488 nm) of a maximum power
of 75 mW at 25°C (Minami et al., 1996).

Electron microscopy

For whole-amount observation, liposome solutions were prepared by the
extrusion method described above. The lipid and peptide concentrations
were 500 uM and 100 uM, respectively (lipid/peptide = 5/1). All the
peptides were incubated for ~24 h with liposome before the negative
staining. The sample solutions were placed on carbon-coated grids and
stained with 5% phosphotungstic acid adjusted to pH 7.4, and observed
by Hitachi 7100 transmission electron microscope (Hitachi, Japan).

For thin sectioning, the peptide pellets obtained by a 3000 RPM cen-
trifugation step were fixed with 2% (w/v) paraformaldehyde and 0.2% (v/v)
glutaraldehyde, in 0.15 M sodium cacodylate buffer (CB), pH 7.4, for 30
min at room temperature. Pellets were rinsed gently three times in 0.1M CB
for 1 h. Osmication was performed in 2% (w/v) osmium tetroxide in 0.1 M
CB for 30 min at RT. Pellets were rinsed gently three times in 0.1 M CB.
Filtered solution of 0.5% tannic acid in 0.1 M CB was applied for 10 min at
room temperature. Pellets were washed immediately in 1% (w/v) sodium
sulfate in 0.1 M CB (1, 2, 4, 8 min) and dehydrated in 50% (v/v) ethanol/
water for 5 min. A 5% (w/v) uranyl acetate in 50% EtOH for 30 min at RT
was applied. Pellets were dehydrated in 70%, 80%, 90%, 95%, 100%, and
anhydrous EtOH (X2) for 5 min each and then passed through propylene
oxide and 1:1 propylene oxide:Epon 812 for 10 min. Epon 812 mixture was
prepared according to the manufacturer’s instructions (Electron Microscopy
Sciences, Fort Washington, PA, USA). Pellets were embedded in the BEEM
capsules. Silver-gold thin sections (60-90 nm) were collected on uncoated
(200 mesh thin-bar) copper grids. Grids were counterstained with uranyl
acetate and lead citrate, rinsed well in H,O, and dried. Sections were
examined at 80 kV in Tecnai 12 TEM (Phillips FEI, Eindhoven,
Netherlands); images were collected using BioScan Camera (Gatan,
Pleasanton, CA, USA).

RESULTS
Design and synthesis of model peptides

The amphiphilic a-helical peptide, Hel 13-5, consists of 13
hydrophobic residues (12 leucines and one tryptophan) and
five hydrophilic residues (five lysines) (Fig. 1 4). When it
adopts an ideal a-helical structure, it has an amphiphilic
structure with a 260° hydrophobic sector region as shown in
helical wheel representation. To investigate the relationship
between the peptide sequence or chain length and fibril
structure formation, we designed and synthesized two sets of
Hel 13-5 related peptides as shown in Fig. 1 B-1. All of these
peptides have the same 260° hydrophobic sector region as
Hel 13-5. First, to look at the role of hydrophobic residues in
amphiphilic a-helical structures, we created Hel 13-5V and
Hel 13-5Nle (Nle: norleucine) where all Leu residues are
replaced by Val and Nle, respectively, and L9GHel 13-5
where one Leu is replaced by a helix-breaker amino acid,
Gly. Second, to investigate the role of hydrophilic residues,
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we synthesized two peptides, Hel 13-5R, with all Lys
residues replaced by Arg, and E3Hel 13-5, with three Lys
residues replaced by Glu.

Third, to investigate the effect of chain length, six peptides
with residues of even number from 12 to 24 (Hel 8-4 to Hel
17-7) were made (Fig. 1 B-2). For the peptides shorter than
the residues of Hel 13-5, each one-residue was successively
omitted from both N- and C-terminals. Although the 260°
hydrophobic sector was retained in these peptides, their ra-
tios of hydrophobic and hydrophilic amino acid residues dif-
fered slightly from Hel 13-5.

CD study

To investigate the conformational properties of these pep-
tides, we measured their CD spectra in various media (Fig. 2).
In TES buffer solution (Fig. 2 A4), L9GHel 13-5, and Hels
13-5R, 13-5, 14-6, 15-7, and17-7, adopted a typical a-helical
spectral pattern with a negative ellipticity at 206 and 222 nm
and a positive CD band below 200 nm, whereas Hels 8-4,
10-4, 13-5Nle, and 13-5V showed S-structure-like CD bands
with a minimum band ~216 nm. Interestingly, Hel 12-4
adopted a mixture of a-helix and B-structure, indicating
that 16 residues might be an intermediate state of confor-
mational change of a-helix to B-structure.

In small unilamellar egg PC liposomes, all the peptides,
except for Hel 13-5Nle and E3Hel 13-5, displayed similar
a-helical CD shapes ~200-250 nm as those in buffer so-
Iutions, although the intensities of the troughs are different
(Fig. 2 B). Hel 13-5Nle and E3Hel 13-5 have a broad band
at 205-225 nm, indicating a mixture of «-helix and
[B-structures.

As shown in Fig. 2 C, all the peptides in the presence of
acidic liposomes (egg PC/egg PG = 3/1), except for Hels 13-
5V, 10-4, and 12-4, showed «a-helical structures, although
the helical contents are different. It is noted that Hel 13-5V
adopted a B-structural pattern. Hels 10-4 and 12-4 did not
show any secondary structural patterns in acidic liposomes.

Measurements of turbidity and mean
diameter of liposome

In the previous study, we demonstrated that the fibril
structure formation by lipid-peptide complexes leads to
a decrease in turbidity of neutral lipid (egg PC) suspensions,
and that this accompanies an increase in the mean diameter
of the complex, when measured by quasi-elastic-light
scattering and analyzed by conventional analysis procedure
(Kitamura et al., 1999). Therefore, the time course of tur-
bidity and mean diameter of liposome were measured to
investigate any tubular structure formation by the peptides.
In the presence of neutral liposomes (100 wM), at the peptide
concentration of 20 uM (lipid-peptide ratios = 5/1), the
absorbance of L9GHel 13-5, E3Hel 13-5, Hel 12-4, and Hel
14-6 decreased sharply within 1 h and then reached a plateau
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250

FIGURE 2 CD spectra of Hel 13-5 and its
related peptides in buffer (4), in the presence of
egg PC (B) and egg PC and egg PG (3/1)(C).
Peptide and lipid concentrations are 20 uM and
100 uM, respectively.
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as shown in Fig. 3 A4. This indicates that vesicles become
smaller in size than those of pure lipids in the absence of
peptides. However the decreases are smaller than those
found for Hel 13-5. Gradual decreases in turbidity were

Wavelength (nm)

observed for Hel 13-5Nle, Hel 13-5R, Hel 17-7, and Hel
10-4. On the other hand, a slight increase in turbidity was
observed for Hel 13-5V and Hel 8-4, suggesting that the
liposomes were aggregated or fused. Interestingly, for Hel
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FIGURE 3 Turbid-liposome clearing ability (#pper) and change in mean diameter (lower) of model peptides as a function of time in egg PC liposomes.

Peptide and lipid concentrations are 20 uM and 100 wM, respectively.

14-6 and Hel 15-7, their turbidity increased in the early
stages and then decreased later, and in the case of Hel 15-7,
increased again.

The mean diameter of neutral liposomes treated by Hel 13-
5 analogs also increased gradually to a similar extent for
L9GHel 13-5, Hel 13-5R, and Hell13-5Nle as Hel 13-5, as
shown in Fig. 3 B. Interestingly, E3Hel 13-5 and Hel 12-4
showed a drastic increase in the mean diameter. These results
are consistent with electron micrographs showing that the
former peptides formed fiber structure, but that the latter
peptides adopted a large aggregated or liposome fused
structure, as described below. Hel 13-5V, which adopted a
B-structure as determined by CD, showed an increase in the
liposome size during the first h, but then decreased in size
over the next 6 h, and after that increased in size again. The
other peptides with different chain length showed few or no
changes in size with time.

In the presence of acidic liposomes, the turbidity for Hel
17-7 slowly increased. On the other hand, a decrease was
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observed for Hel 14-6 and Hel 15-7, but no change took
place for E3Hel 13-5 (Fig. 4). For the other peptides, the
turbidity rapidly increased within 1 h, and beyond amaximum,
decreased slowly, although the intensities were different.
Unfortunately, we could not perform the measurement of
size (the mean diameter), because all the acidic liposomes
increased in the size beyond the measuring scale (more than
1 pwm) of the machine (NICOMP Submicron Particle Sizer),
when mixed with any of the peptides.

Electron microscopy

To investigate whether the present peptides adopt a tubular
structure like that of Hel 13-5, a transmission electron
microscopy (TEM) study was carried out. Egg PC liposomes
(500 uM) prepared by the extrusion method in the presence
of EDTA were visualized through an electron microscope
under negative stain and thin section methods after the
addition of peptide (100 uM). The mean diameter of neutral
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PC/egg PG (3/1) liposomes. Peptide and lipid
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respectively.

=3

0.05

0 5 10 15 20 25 o s
Time (h)

or acidic liposome was ~80-90 nm. We found that Hel 13-5
transforms egg PC phospholipids into helical fibril structures
25~50 nm in diameter and more than a few um in length as
shown previously (Fig. 5 4-7) (Kitamura et al., 1999). We
also observed double helical structures formed by two fibers.
After fixing with 3% glutaraldehyde, thin sections of the Hel
13-5 and egg PC phospholipid mixtures revealed circular-
and sheath-like structures indicative of the tubular structure
(Fig. 5 A-2). The tubules were ~50 nm in diameter and 5 nm
in thickness corresponding to unilamellar. Some of the
tubules adopted more complex structures made from two or
three tubules, forming double or triple helical arrangements.
Images taken with atomic force microscopy (AFM) also
showed left-sided, twisted-helical tubules (Fig. 5 A4-3).

As shown in Fig. 5, B and C, in neutral liposome, L9GHel
13-5 and Hel 13-5R adopted twisted ribbon-like fibers,
which were longer than a few wm. They also formed double
or more intertwining structures. Interestingly, despite a
relatively straight fibril structure for Hel 13-5, the fibril
structures of L9GHel 13-5 were more bended. The TEM
image of thin sectioning for Hel 13-5 R showed a tubular
structure ~25 nm in diameter and 5 nm in bilayer thickness
(Fig. 5 C-2).

Hel 13-5Nle (Fig. 5 D) was found to form short rod-like
structures that were much shorter (~25-50 nm in diameter
and 0.5-1 um in length) than the structure formed by Hel
13-5. Interestingly, E3Hel 13-5 (Fig. 5 E-1) also created very
short fibril structures (~25-50 nm in diameter and 300 nm in
length) that were similar to those of Hel 13-5Nle, but the
structures of the former aggregated more than those of the
latter. The thin-section TEM images showed that the tubular
structures of E3Hel 13-5 (Fig. 5 E-2) are layered just as the
Golgi apparatus tubules, but that those of Hel 13-5Nle are not.
Hel 13-5Nle and E3Hel 13-5 created a mixture of a-helix
and B-structures in egg PC liposome, indicating that the fiber
shapes may also depend on their secondary structure.

For Hel 13-5V, spherical liposomes of more than 200 nm
in diameter, but no fibril structures were observed (data not

15 20 25

Time (h)

shown), suggesting that the 3-structural peptide makes small
liposomes fuse. Taken together, these facts have the fol-
lowing implications on the relationship between the nature
of the peptide sequence and its ability to form tubules:
the tubular structure can be retained when the hydrophobic
isobutyl groups of the Leu residues are interchanged with
n-buthyl groups but not with isopropyl groups, and can also
be retained when the charged Lys residues in the hydrophilic
regions of amphiphilic peptides are replaced by Arg or Glu.

Regarding the different chain length model peptides, short
twisted fibril structures (~1 um in length) as well as
intertwined fibrils were formed for Hel 14-6 (Fig. 5 F).
Aggregates formed from short rod-type structures were
observed for Hel 15-7 (Fig. 5 G). No fibril structure was
observed for Hels 8-4, 10-4, 12-4, and 17-7. Interestingly, for
Hel 12-4, larger spherical liposomes were observed, sug-
gesting the fusion of the original liposomes (Fig. 5 H). These
results tell us that the 18 chain residues in Hel 13-5 are
extremely critical determinants of long fibril structure for-
mation, at least with neutral liposomes.

In neutral/acidic phospholipid mixtures (PC/PG and PC/
PS; 3/1), left-sided helical tubular fibers similar to those seen
with pure PC liposomes were also found for Hel 13-5 (Fig. 6,
A and B). Thus, to investigate how the charge interactions
between lipid head groups and the hydrophilic residues of
peptides and also how the hydrophobic interactions of the
peptides and lipids contribute to the fiber formation, the
lipid-peptide ratio (L/P) for the mixture of PC/PG (3:1) was
varied (Fig. 6 C). For L/P = 10/1 (equivalent charge ratio),
short elliptical fused-liposomes aggregated to form short
fibers (50—100 nm in thickness and less than 1 wm in length;
Fig. 6 C-1). For L/P = 5/1 (in 2X higher negative charge)
various sized fibers (25-80 nm in thickness and more than
1 wm in length) were formed; the elliptical liposomes seen
for L/P = 10/1 grew into fused fiber structures with one to
multi circular tubular structures (Fig. 6, C-2 and insef).
Finally, for L/P = 3/1, much longer fiber structures with the
same diameter (25 nm in thickness) were formed (Fig. 6
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FIGURE 5 TEM and AFM images by a mixture of Hell3-5 or its relating
peptides and egg PC. Hel 13-5: negatively-stained TEM (A4-1); thin sections
after fixing with 3% glutaraldehyde (A4-2); and AFM image on mica (A4-3).
L9GHel 13-5: negatively-stained TEM (B). Hel 13-5R: negatively-stained
TEM (C-1); and thin sectioning (C-2). Hel 13-5Nle: negatively-stained
TEM (D). E3Hel 13-5: negatively-stained TEM (£-1); and thin sectioning
(E-2). F-H are negatively-stained TEM images of Hel 14-6, Hel 15-7, and
Hel 12-4, respectively. Bars are 200 nm in A, and 500 nm in others.

C-3). These results suggest that the mechanism of micro-
tubule formation did not involve the charge interaction, but
the immersion of the hydrophobic part of the peptides into
liposomes—initially forming elliptic-like structures by the
fusion of small liposomes, and then, with increasing peptide
concentrations, forming more ordered fiber structures. It
should be noted that, as shown in Fig. 6, D and E, fibril
structures were observed for LOGHel 13-5 and Hel 13-5R in
acidic liposomes; however, all the other peptides did not
form fibril structures in acidic liposomes.

DISCUSSION

We have previously discussed that the fibril structures
formed by lipid-peptide complexes leads to a decrease in
turbidity of neutral lipid (egg PC) suspensions, and that it
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L/P (3:1)

FIGURE 6 TEM images by a mixture of Hell3-5 or its relating peptides
and acidic phospholipids. Hel 13-5 in PC/PG (3/1),(A4), and in PC/PS (3/1),
(B). Different lipid/peptide ratio (L/P) of Hel 13-5 in PC/PG (3/1): L/P (10/
1), (C-1); L/P (5/1), (C-2);and L/P (3/1), (C-3). L9GHel 13-5 in PC/PG (3/
1), (D). Hel 13-5R in PC/PG (3/1), (E). Bars are 500 nm in 4, C, and D; 200
nm in B; and 667 nm in E.

accompanies an increase in mean diameter of the complex as
measured by quasi-elastic-light scattering (Kitamura et al.,
1999). The turbidity depends on the difference in the
refractive indices between the scattering entity and the
medium; the larger the difference, the more turbid the
solution becomes. It is likely that the lipid and peptide
molecules are packed more loosely in the fibril assembly
than in the liposomal assembly; in this case, the difference in
the refractive indices between the molecular assembly and
aqueous phase would be smaller for the fibril structure than
the liposomal structure. The addition of Hel 13-5 to the
neutral liposome solution results in the decrease in turbidity
accompanied by the transformation from liposome to fibril
structure. In dynamic light scattering, on the other hand, the
‘““size”” of particles in solution is evaluated based on the
translational diffusion coefficient of one particle, which is
reflected in the fluctuation of scattered light intensity. The
diffusion rate of the solutes with fibril structure should be
quite low. Thus, the size of the molecular assembly with
fibril structure would become apparently very large when
derived from dynamic light scattering using a conventional
analysis procedure. Along the same lines, we consider here
how the secondary structures of peptides and the change in
turbidity or the liposome size change do relate to the fibril
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structure formation. The experimental results will be dis-
cussed in terms of the CD, turbidity, and liposome size experi-
ments, as they relate to the electron microscopy observations.

Hel 13-5, L9GHel 13-5, and Hels 13-5R, 14-6, 15-7, and
17-7 were found to adopt a mainly a-helical structure at the
peptide concentration of 20 uM in egg PC liposomes of 100
uM (Fig. 2 B). All these peptides except for Hel 13-5R
decreased the turbidity of hydrated multilamellar vesicles
after 24 h incubation (Fig. 3 A). LOGHel 13-5 and Hel 13-5R
showed increases in the mean diameter of liposomes as
compared with the original liposomes (Fig. 3 B). Actually,
on the observation of electron microscopy, tubules formed
by the addition of L9GHel 13-5 or Hel 13-5R to egg PC
liposome are similar in chain length to those of Hel 13-5.
Thus, even if an a-helix breaker amino acid, Gly, is intro-
duced into the hydrophobic region, the peptide that can adopt
a-helical structure makes the tubular structure. And the data
also showed that the Lys residues of the hydrophilic side of
the amphiphilic structure can be replaced with other basic
residues. We cannot explain the reason why Hel 13-5R did
not decrease the turbidity.

Hel 14-6 also decreased the turbidity, but the mean
diameter of liposomes did not change very much. Under
electron microscopy, short single helical fibrils were ob-
served for Hel 14-6, indicating that Hel 14-6 has no ability to
make the long fibril structures similar to Hel 13-5. In regard
to other peptides, Hels 10-4, 15-7, and 17-7, a decrease of
turbidity but no increase of liposome size was observed. Hel
15-7 could make a short rod-type structure, but no fibril
structure was viewed for those peptides under electron mi-
croscopy. These results indicate that even if the peptides
take a-helical structure, they cannot always make fibril
structure. Clearly, the length of the peptide is a determining
factor in tubule creation, and the 18-mer residues in Hel
peptides are very critical determinants in the creation of long
tubular structures.

Hel 13-5Nle and E3Hel 13-5, which have a broad negative
band at 205-225 nm indicating a mixture of a-helix and
B-structure (Fig. 2 B), led to a decrease in turbidity. The
mean diameter of neutral liposomes, when incubated with
E3Hel 13-5, drastically increased within 1 h. Hel 13-5Nle
also increased moderately. On the electron micrographs,
Hel 13-5Nle and E3Hel 13-5 were observed to form the short
tubular structures that are much shorter than the structure
formed by Hel 13-5 (Fig. 5, D and E). Although both
peptides have a tubular structure as seen in a thin sectioning
TEM image, E3Hel 13-5 took an aggregated structure of
tubules such as that found with the Golgi’s tubular complex
(Fig. 5 E-2). A mixture of a-helix and B-structures, which
was created in the presence of egg PC liposome, may
determine the tubular shapes. Interestingly, when Lys
residues of the hydrophilic region in the amphiphilic
structure of Hel 13-5 were substituted for Arg, and when
partially substituted even for Glu, the fibril structures were
observed equally, indicating that the hydrophilic part of the
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amphiphilic a-helical structure in Hel 13-5 is not critical
for the tubular structure formation. The glutamic residues in
E3Hel 13-5 may promote the tubule aggregation by the
charge interaction between tubules. Hel 12-4, which also
showed a mixed CD curve of a-helical and 3-structure (Fig. 2
B), had a moderate decrease in the turbidity and a remarkable
increase in liposome size within 1 h (Fig. 3, 4 and B). These
results are not incompatible with that of the electron mi-
crograph; no fibril structures, but large fused liposomes were
observed (Fig. 5 H). It is unclear why Hel 12-4 could not
form a tubular structure. However, Hel 10-4, which takes a
mixed CD curve of a-helical and S-structure, did not form
such structures—indicating that amphiphilic peptides of less
than 18 residues could not transform the lipid to tubules.

It is noted that Hel 13-5V as well as Hel 8-4 adopted
B-structure in egg PC liposomes and that Hel 13-5V increased
in both turbidity and liposome size, whereas Hel 8-4 did
not. However, no tubular structure was seen with electron
microscopy for Hel 13-5V and Hel 8-4. Inasmuch as these
peptides do not adopt ideal amphiphilic structures when they
adopt B-structures, the peptide-lipid interaction is weaker,
resulting in no tubule formation.

It is well known in the case of neutral liposomes such as
PC that membrane perturbation and fusion by the insertion of
peptides into lipid bilayers depend on their hydrophobic
interactions. On the other hand, in acidic liposomes such
as PG and PS, associations of lipid bilayers should be con-
nected to electrostatic interaction among the polar resi-
dues of the peptides and the phospholipid headgroup as well
as the hydrophobic interaction (Palozov et al., 1997; Pérez-
Méndez et al., 1998). In the present study, the negative-
stained TEM study showed that only three peptides, Hel 13-5,
L9GHel 13-5, and Hel 13-5R formed fibril structures in
the presence of acidic liposomes (egg PC/brain PG = 3/1;
Fig. 6). These results suggest that the formation of the
fibril structure simultaneously in either neutral or acidic
liposomes is very peptide-specific and that the charge
interaction of lipid headgroup and the hydrophilic part of
peptides is not so important to participate in the fibril
structure formation. Considering that the cationic Lys can
be replaced with anionic Glu in Hel 13-5 for tubular
structure formation (i.e., charge is not so important), the
interaction of Hel series peptides and lipids is controlled
by hydrophobic interaction between lipid acyl chains and
the hydrophobic residues of the peptides.

The exact molecular arrangement of the tubular structures
formed by the interaction between Hel 13-5 and phospho-
lipids is unknown. Some two-long alkyl chain amphiphiles
can adopt stable tubular structures including twist ribbons,
helices, and cochleate cylinders in aqueous media (Schnur,
1993; Goldstein et al., 1997; Kodama et al., 1993; Nakashima
et al.,, 1985; Zastavker et al., 1999). Recent theoretical
studies have estimated that intrinsic bending of rectangular
bilayer lipid sheets due to chiral packing of molecules in
a membrane leads to the formation of tubules (Selinger et al.,
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1996; Nandi and Bagchi, 1996). The present electron
micrograph studies show that all the tubules formed by Hel
13-5 and various phospholipids have twisted helical
structures. We have previously shown that the hydrophobic
parts of Hel 13-5 are deeply buried into lipid bilayers
(Kitamura et al., 1999). It is reasonable, therefore, to hy-
pothesize that the hydrophobic part of amphiphilic Hel
13-5 buried in various phospholipid bilayers helps to bend
the rectangular bilayer to make and retain a tubular structure.
The immersion of the hydrophobic part of the amphiphilic
peptide into lipid bilayers initially induces elliptic-like
structures by the fusion of small liposomes and then the
elliptic-like structures are transformed into the long fiber
structures (Fig. 6 C). However, further study is needed to
determine the exact molecular arrangement of peptides in
lipid bilayers.

Our present results do provide a starting point for the
investigation of how biological systems generate and
maintain organelle morphology, or even more interestingly,
how dynamic interchanges between different morphologies
may occur. In a previous study, we carried out a systematic
study using defined lipid mixtures of biological relevance
along with defined peptide structures to illustrate and define
specific parameters that may determine such morphology
(Lee et al., 2001). Our present finding also indicates that
tubulovesicular shapes can be controlled by lipid composi-
tion and peptide structure. Of course, we do not consider that
the present experimental results could directly apply to the
interpretation of the complicated tubular formation mecha-
nisms involved in the biological events. However, recent
evidences from cell-free systems have shown that dynamin,
amphyphisin, and endophilin-1, which have been proposed
to participate in the endocytosis of synaptic vesicles, can
transform spherical protein-free liposomes composed of
a brain lipid extract into narrow tubules (Takei et al., 1998,
1999; Aridor et al., 2001). Although brain extract is not
a simple phospholipid model system, the narrow tubules
obtained from the system are very similar to ours. An amino
acid homolog study of amphyphisin, and of endophilin-1,
suggested that the region of lipid binding and tubulation of
both proteins needs a sequence of 29 amino acids and its
helical wheel plot gives an amphiphilic structure (Farsad
et al., 2001). Mercier et al. (2002) also demonstrated that the
formation of tubular architecture of an intracellular parasite
(Toxoplasma) network requires an amphiphilic «-helical
structure composed of 19-mer amino acid residues in the
secretary protein, GRA2, from dense granules. Thus, these
results and our results suggest that the tubular structures
found in intracellular trafficking might be induced and
maintained by short amphiphilic a-helical or a mixture of
a-helical and B-structural sequences found in membrane-
binding surface proteins.

The control of nanotubular structures is important because
of their role in various biomedical and biotechnological
processes. However, inasmuch as the lipid assemblies are
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intrinsically fluid, their ordered structures are easily dis-
ordered or transformed to the other ones (Hotani et al.,
1999). In living bodies, these tubular structures maintain
their shapes only if further transformations are prevented by
linkage networks of surface membrane proteins. On the other
hand, lipid tubules have been studied for over a decade
because of their potential application in nanotechnology,
such as in metallization, the mineralization-microfabrica-
tion process (Schnur, 1993), and as drug delivery vehicles
(Goldstein et al., 1997). Our present study of the interaction
between the Hel 13-5 and its related peptides and phos-
pholipids shows that lipid-peptide complexes make stable
tubular structures with relatively constant diameters in the
solution, and that their shapes and sizes can be also con-
trolled by the selection of specific lipid species and peptide
sequences. These findings would form part of the ground-
work necessary to eventually understand the mechanisms of
nanotubular structure formation in intracellular processes,
and in the design processes of biotechnological nanotubular
materials.

This work was supported in part by an operating grant, #12680665, from
the Japanese government’s Grants-In-Aid for Scientific Research.
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