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ABSTRACT: Two different approaches for arranging functional groups regularly in space are
presented. One way is based on the covalently bonding chemistry as exemplified by proteins. Here, a
helix-bundle structure was elaborately prepared by connecting two or three helices to a template
molecule. The peptide carrying three helices in the motecule formed ion channel at lower con-
centration than the peptides of the helical part alone or carrying two helices in the molecule. The
other way is based on the self-assembling system. The amphiphiles carrying a chromophore-con-
taining amine acid formed a bilayer membrane in water. The membrane showed efficient photo-en-
ergy migration between chromophores and effectively reduced cytochrome ¢ by photo-irradiation.

Introduction

Functionality of proteins is exhibited on the
basis of the specific tertiary structure because the
efficacy of the protein function is generally im-
paired by denaturation. Therefore, construction of
a weli-defined structure should be important in
terms of developing novel functional polymers
where the functional groups are fixed in space to
realize efficient cooperation between them. Howev-
er, the problem is that we do not know the
mechanism by which a polypeptide chain folds into
a corresponding tertiary structure. In the present
report, two ways to dissolve the difficulty are
presented for the regulation of the topological ar-
rangement of the functional amino acids.

One way is to synthesize polypeptides with graft
chains connected to a template molecule, so-called
template-assisted synthetic proteins (TASPs).! In
the TASP, the spatial arrangement of the graft
chains is regulated entropically and energetically
by conmecting it to the template molecule. Here
this method is applied to the synthesis of ion-chan-
nel-forming peptides which take a bundle struc-
ture of o-helices.

The other way is to fix functional amino acid
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residues in a molecular assembly. Recently, the
number of reports on molecular assembly is in-
creasing. It has been shown that amphiphilic molec-
ules construct a bilayer membrane in a shape of a
regular spherical vesicle in water.? Functional am-
ino acid residues will be fixed regularly in the bi-
layer membrane by incorporation of the amino acid
residue into the amphiphile.

Experimental

Materials. Peptides were synthesized by a con-
ventional liquid-phase method. The synthesis of
one of the amphiphiles is previously reported,’ and
the other was prepared similarly.

Methods. CD, fluorescence, and transition ab-
sorption measurements were carried out on a
JASCO J600 spectropolarimeter, a Hitachi MPF-4 flu-
orophotometer, and an Otsuka Electronics IMUC-
7000 using a XeF excimer laser {351 nm, 54 m]).

Ion-channel formation of the peptides was ex-
amined by BLM measurement A thin Teflon film
{0.25 mm thick) with an aperture of 0.2~0.3 mm
diameter was clamped between two halves of a
Teflon trough. The hole was precoated with hexa-
decane/hexane {6/4 v/v). The soybean-lectin mem-
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Nap-(Als-Aib)5-OBzl  (Nap-Al6-OBzl, 1)

Nap-A16-Lys(poly(Sar))-NCH;CH{OCH,CH,)N- CH,
CH; Nap-Al16-Lys(poty(Sar))

{2aS)

(Nap-A16-Lys(poly(Sar))-NH-C3Hg 3N

Nap, OB, and A16 represent 2-naphthalencacetyl, benzyl ester,
and -(Ala-Aib)y-, Fespectively.

Figure 1. Molecular structure or the helical peptides.

brane was formed by the method reported by Mon-
tal and Muller." Both water phases contain 1 MKCL
The peptide was added to both water phases.

DMPC liposome was prepared by a sonication of
the lipid dispersion in a Tris buffer solution. The
liposomes of the amphiphiles were prepared by a
extruder method® or a sonication method.

Results and Discussion

Template-Assisted Synthetic Proteins.

Molecular Design for the Ien-Channel-Form-
ing Peptides: Cell cytoplasm is partitioned from
the outside by the lipid membrane, which is es-
sentially impermeable for ions and hydrophilic com-
pounds. Ion-channe] proteins and some antibiotics
have been found to transport ions across the lipid
membrane. The molecular structure of the ion-
channiel forming compounds has been elucidated
and a helix-bundle structure has heen advocated to
be essential.® For example, fully hydrophobic hel-
ical peptides have been shown to act as a voltage
dependent ion channel which span across the lipid
membrane and associate together to form the helix-
bundle structure.”® However, the number and
molecular orientation of the helices in the bundle
structure are, not as yet, clear. Parallel orientation
of the helices where the macrodipole moments
align in the same direction has been assumed to be
an active form of the ion channel. In the present
study, two or three chains of hydrophobic helices
were combined together into a complex tolecule
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Figure 2. CD spectra of the peptides in methanal.

taking a parallel orientation (Figure 1). In these
compounds, formation of the helix bundle in paral-
le] orientation should be promoted, and con-
sequently they will function efficiently as an ion
channel.

Conformation: The helix part of the peptides is
composed of alanine and 2-aminoisobutyric acid
(Aib), which are helix-promoting residues. In a sol-
id state, x-ray analysis revealed that Boc-(Ala-Aib)s
OMe takes o-helical structure.” Conformation of
the peptides in solution was investigated hy a CD
spectroscopy (Figure 2). All the peptides in
methanol show the double-minimum spectra sup-
porting the G-helical structure. The poty{Sar) part
of 20S and 3¢S do not influence the helicai con-
formation of the peptides because CD spectra of
207 and 2aS or 30Z and 3aS are similar. Howev-
er,. the helix content changes with the number of
helical rods in the peptides, and notably increases
in the order of la<2eZ=205<3aS. Since the
bundle formation will be promoted in this order,
the helical conformation is considered to be sta-
bilized by the formation of the bundle structure
despite the fact that the orientation of the helix
peptides is parallel in the bundle.

The conformation of the peptides in phospholipid
membrane was studied by a CD spectroscopy in
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Figure 3. Current fluctuation at applied voltage of 190 mV
across the soybean-lectin membrane in the presence of a}
1c(0.029 pM and b) 308 (0,026 uM).

the presence of dimyristoylphosphatidylcholine
(DMPC) liposome. The double-minimum spectra
of 2¢S and 30S were observed, but the negative in-
tensity at 235 nm was stronger than that at 208
nm,suggesting that the helices associate tightly to-
gether in the membrane.”” Therefore, the helix-
bundle structure of these peptides should be form-
ed in the membrane. On the other hand, the con-
formation of 207 and 30Z could not be determined
due to the aggregation of liposome. The aggre-
gation should be induced because the partition of
the hydrophobic peptides to the membrane
changes the membrane surface hydrophobic and
disturbs the membrane structure. The poly(Sar)
chains of 208 and 30S are very effective in
suppressing the aggregation of liposome upon the
peptide partition to the lippsome hecause the pep-
tides possess’ hydrophilic property due to the
chains.

Ion-Channel Formation: lon-channel formation
in lipid membrane is generally detected by current
fluctuations across the membrane. Current across
BLM are measured with changing applied voltage
and concentrations of the peptides. 308 produced
the current fluctuation at lower concentrations
than 1o (Figure 3) or 208, suggesting that 3¢S ef-
ficiency forms an ion channel. Interestingly. the
conductance of the 308 channel formed in the
membrane was not clearly dependent on the ap-
plied voltage across the lipid membrane. These
findings support the view that a bundle structure
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Figure 4. Schematic presentation of partition of the pep-
tides to phospholipid bilayer membrane. The helix bundle
structure in the parallel orientation is formed in the mem-
brane easily by 30S because three helices are already ar-
ranged in the bundle structure.

or o-helical rods in parallel orientation gives rise
to ion channel, and that the TASP 3¢S promotes
this type of association of helices to form ion chan-
nel without the help of applied voltage as iilus-
trated in Figure 4.

Self-Assembly of Amino-Acid Containing Am-
phiphile.

Molecular Design for the Light Harvesting
Amphiphile: Dialkylammonium-type amphiphiles
are reported to form a vesicular assembly in water.”
When a functional group is incorporated in the am-
phiphile, it will be arranged regularly in the bilayer
membrane to function for specific purposes. For ex-
ample. a bilayer membrane composed of am-
phiphiles having a chromophore is expected to be
an excellent model for a photoenergy-harvesting
system because of the high density of the chro-
mophore in  two-dimensional membrane. In the
membrane, the probability of photoenergy transfer
to an acceptor molecule is large due to the efficient
photoenergy migration among the chremophores.

A dialkylammonium-type amphiphile (5Cz18 and
5Cz187Z) carrying L-3-(3-N-ethylcarbazolyl)-alan-
ine (Figure 5) was designed, because the di-
alkylammonium-type amphiphile was reported to
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Figure 5. Molecular structure of the amphiphiles carrying the ECz group (5Cz18 and 5CzI8Z) and the quencher.

form a bilayer membranes and the N-ethyl-
carbazolyl (ECz) group is difficult to form excimer
which will become a photoenergy trapping site in
the membrane.” For the light harvesting system,
the membrane should have the following prop-
erties, i) efficient photoenergy migration between
chromophores, ii) high vield of electron tansfer
and i) stabilization of the charge-separated state.
In the present study, the photoenergy migration
was estimated by the guenching experiment in
which methyl terephthaloyldialkylamide (Terl3,
Figure 5) is mixed into the membrane. The sta-
bility of the radical cation produced by laser ir-
radiation was evaluated by measuring the transient
ahsorption spectra of the radical cation. In addition,
the photoreduction of cytochrome c by the mem-
brane was examined.’

(2) Characterization of the Molecular As-
sembly of 5Cz18: The aqueous dispersion of 5Cz18
after a brief sonication contained small vesicles of
diameters between 200 and 800 A by TEM ob-
servation.” Though a thermal analysis of the vesi-
cles an endothermic peak at 25.4°C in the DSC
thermogram, which corresponds to a gel-liquid-crys-
tal phase transition of bilayer membrane was ob-
served. 5Cz18Z, which is a zwitter-ion type am-
phiphile, similarly, formed vesicles in water, and
the phase-transition temperature was observed at
26.7°C.

Photoenergy Migration in the Membrane:
Fluorescence spectra or 5Cz18 in water were
measured with varing concentrations of Terl8 and
at two different temperatures. The fluorescence
quenching rate at 18 °C, which is lower than the
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Figure 6. Simulation of the fluorescence guenching process
in the mixed membrane of 5Cz13 and Terl8. ECz groups
and terephthaloyl groups are placed on a square lattice with
a spacing of 7.7 A. The interaction distance between an ex-
cited ECz group and a terephthaloyl group is 8.7 A

phase-transition temperature of 25.4'C, is larger
than that at 40 °C. The quenching rate will become
large in the bilayer membrane where energy mi-
gration occurs efficiendy. Therefore, the high
guenching rate at a gel-state membrane may be
due to the efficient excited energy migration
ameng chromophores in the membrane.

Simulation of the quenching in the mixed mem-
brane of 5Cz18 and Terl8 was carried out under
the assumption that ECz groups and terephthaloyl
groups are arranged in a square latfice with a spac-
ing of 7.7 A(Figure 8), which is taken from the x-
ray data of the crystalline structure of diocta-
decyldimethylammonium bromide in the bilayer
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Figure 7. Perrin plot of fluorescence quenching of 5Cz18
bilayer with Terl8. The experimental data at 18 C (@)
and 40°C (0 are shown together with the result of com-
puter simulation taking Wk to be 23 (—yand 9 ().
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Figure B. Transient absorption spectra of 5Cz18 bilayer
membrane at 18°C at different time lapses after laser ir-
radiation.

membrane.” Since the interaction distance bet-
ween the excited ECz group and the terephthaloyl
group is 8.7 A% the excited ECz group is gquenched
when one of the four nearest sites from the ECz
group is occupied by the terephthaloyl group. The
simulation results are shown in Figure 7, which
are determined uniquely by setting the values of
Wik (W and k represent the rates of energy mi-
gration and emission, respectively) and the quan-
tum yield of 5Cz18 in the membrane. The ex-
perimental results were consistently fitted to the
simulation curves by taking the values of W/k, at
18 °C and at 40 °C to be 23 and 7, respectively
Thus, the number of energy migration in the life
time are 5.0 times at 18 °C and 1.9 times at 40 °C.
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Hole Transfer in the Membrane: When the bi-
layer system is irradiated by an excimer-laser
beamn, a biphotonic process will occur to yield the
radical cation (ECz+.)} by ejecting an electron. The
produced hole hops among the ECz groups under
coulombic force of a radical anion which is pro-
duced by trapping the electron ejected from the
ECz group. The distribution of the geminate elec-
tron is reported to be maximum about 20 A apart
from the parent radical cation."

Figure 8 shows transeient absorption spectra of
5Cz18 bilayer membrane at 18°C and the change
of absorbance at 780 nm with time. The time
course was fitted by a single exponential curve to
obtain a life time of 130 s of ECz+. This is re-
latively along life time compared with a few Us or
the ECz group in micelle reported by Nakamura ef
al.’® One explanation may be the existence of car-
bony] groups in our molecular system. The ejected
electron from the ECz group may be produced in-
itially as a solvated anion, which is stabilized by
trapping it in the carbonyl group.

On the other hand, the life time of ECz+. was 40
us at 40 °C. The shorter life time ahove T, may be
due to the lateral diffusion of the amphiphiles in
the bilayer membrane, which should facilitate en-
counter of ECz+. with the radical anion. Therefore,
the rate of hole transfer, occurs below T, it is com-
parable to the lateral diffusion of the amphiphiles
{10® cm®s). The rate of hole transfer in the pely
(vinylcarbazole) film is reported to be 10° cm/s."
Thus, the rate of the hole transfer in the bilayer is
considered to be remarkably low, suggesting a sta-
bilization of the radical cation in the membrane.

Photoelectron Transfer to Cytochreme c: Pho-
toreduction of cytochrome ¢ by the ECz contaming
membranes was examined.

Cytochrome ¢ partitioned to the 5Cz18Z mem-
brane more favorably than to the 5Cz18 membrane
from the hinding experiment. Since cytdchrome c
bears positive charges at neutral pH region, it will
have higher affinity for the electrically neutral
membrane (5Cz18Z} than the positively charged
membrane (5Cz18).

Triethanolamine was used for electron donor. Cy-
tochrome ¢ was not nearly reduced by 5Cz18Z
membrane when the dispersion was kept in the
dark. However, upon irradiation the efficient reduc-
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Figure 9. Reduction or cytochrome ¢ monitored by the in-
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tion of cytochrome c was observed (Figure 9).
Two mechanisms for the photoreduction are pos-
sible; 1) photoelectron transfer from ECz group to
cytochrome ¢ and iilelectron transfer from tri-
ethanolamine to the heme which is activated by
the excited energy transfer from the ECz group.
The elucidation of the mechanism is under inves-
tigation,

Conclusions

Protein engineering 1s still not so powerful
enough to develope a novel protein with a certain
tertiary structure, because the folding mechanism
of proteins has not heen clarified, as yet. In the
present study, two or three helices are connected
together by using a template molecule to construct
a helix-bundle structure. The helix-bundle for-
mation in phospholipid membrane was shown by
CD spectroscopy, and the peptide functioned ef-
ficiently as ion channel. Thus, the TASP method is
very useful to construct a tertiary structure.

The other way to arrange a functional group reg-
ularly in space was also presented here. The am-
phiphiles carrving a chromophore-containing amino
acid formed a bilayer membrane. The chromophores
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were fixed in the membrane to realize efficient pho-
to-energy migration and to suppress the hole frans-
fer by stabilizing the radical cation in the membrane,
The membrane reduced cytochrome c effectively by
irradiation. Therefore, molecular-assembly system is
also useful for realizing the regular arrangement of
functional groups as the case of the tertiary struc-
ture of proteins.
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