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Abstract: In this report, we describe a novel concept of extramembrane control of channel peptide assembly
and the eventual channel current modulation. Alamethicin is a peptide antibiotic, which usually forms ion
channels in various association states. By introducing an extramembrane leucine zipper segment (Alm-LeuZz),
the association number of alamethicin was effectively controlled to produce a single predominant channel
open state. The assembly was estimated to be a tetramer, by comparison of the channel conductance with that
of the template-assembled Alm-LeuZ tetramer, which was prepared by the conjugation of a maleimide-
functionalized peptide template with cysteine-derivatized Alm-LeuZ segments. Employment of an extramem-
brane segment of a random conformation provided higher levels of channel conductance. The result exemplified
the possibility of channel current control by a conformational switch of the extramembrane segments.

Introduction in membranes to form channels. For example, the assembly of
. . . . a mere~20-amino acid residue peptide can manifest a funda-
Natural receptor proteins and ion channel proteins serve in

- X . . mental function of ion channel proteins, which are often
the transduction of biological signals across the cell membranes.

These molecules are often constructed by the association ofcomposed of mare than 1@mino acids. Seli-assembly of the
. . . y the channel peptides often produces a channel of multiple open
multiple homologous subunits to yield an organized structure.

Interaction of a specific ligand may then induce a conformational (1) (a) Oiki, S.; Danho, W.; Madison, V.; Montal, NProc. Natl. Acad.
switch to transmit specific ions in the cells as biological signals. Sci. U.S.A.1988 85, 8703-8707. (b) Oiki, S.; Danho, W.; Montal, M.

. [ . Proc. Natl. Acad. Sci. U.S.A.988 85, 2393-2397. (c) Tosteson, M. T.;
Preserving the features of natural receptor proteins in simpli- Auld D. S.: Tosteson, D. (roc. Natl. Acad. Sci. U.S.A988 85, 8703

fied peptide-based systems is a challenge in peptide engineering7o7. (d) Montal, MCurr. Opin. Struct. Biol1996 6, 499-510. (e) Bong,
offering potential for creating novel molecular devices and D.T.; Steinem, C.; Janshoff, A.; Johnson J. E.; Ghadiri, MCRem. Biol

; il ; ; ; 1999 6, 473-481 and references therein.
channel protein models. Amphiphilic hellc.al peptides denvgd ) (8) Lear, J. D.; Wasserman, Z. R.: DeGrado, WSBience1988
from transmembrane segments of natural ion channel préteins 40 1177-1181. (b) Akerfeldt, K. S.: Lear, J. D.; Wassernab, Z. R.; Chung,
and from artificial desighhave been shown to self-assemble L. A.; DeGrado, W. FAcc. Chem. Re<993 26, 191-197. (c) Ghadiri,
M. R.; Granja, J. R.; Buehler, L. KNature1994 369, 301—-304. (d) Iwata,
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*The University of Tokushima. 125 705-712. (f) Dieckmann, G. R.; Lear, J. D.; Zhong, Q.; Klein, M. L.;
8 National Institute of Health Sciences. DeGrado, W. F.; Sharp, K. Biophys. J1999 76, 618-630, and references
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Aco alamethicin (Alm) }GGGGO leucine zipper (LeuZ) )-CONH2
1 20 25 56

1: AC<|U PUAUAQUVUGLUPVUUEQF{GGGG'RXKQL.EDKVEELLSKNYHLENEVARLKKLVGE}NH2 (Alm-LeuZ)

2: AC{RXKQLEDKVEELLSKNYHLEN EVARLKKLVG ElNH o (LeuZ)

3 AC{UPUAUAQUVUGLUPVUUEQF}NHz (alamethicin amide)

Figure 1. Amino acid sequence of the designed peptides. Residues defining the leucine repeat are underlined. Abbreviations for the amino acid
residues: Ugp-aminoisobutyric acid (Aib); X, norleucine (Nle); A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; K, Lys; L, Leu; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; V, Val; Y, Tyr.

states, where the difference in the association number (or theto give the proper folding. Upon interaction with acetylcholine
association state) may be detected as a difference in the channeéh an extramembrane segment, the protein switches its confor-
conductance levels. To control the association number of channeimation. Subsequent opening of the channel pore results in the
peptides, template molecules have been effectively employed. transduction of a neural signal in the form of an ion flux. The
The application of natural pore-forming membrane profeans| extramembrane segments serve to receive external signals and
non-peptide-based molecutess frameworks for the construc-  modulate the structure of the channels. However, few approaches
tion of artificial ion channels attracted our interest as a means have been reported on the design of artificial ion channels where
for making designed channel pores, as well as to create ionextramembrane segments are utilized to play a role in the
channels in which the ion flux can be controlled by external channel function.

stimuli, such as the binding of specific ligands and changes in  We report here a simple system where a helical leucine zipper
the electrical transmembrane potentff ¢ In contrast to peptidé is attached to the ion channel peptide, alametticin.
modifying a channel pore itself or the outside of a channel pore, The leucine zipper segment plays the role of an extramembrane
a promising approach for the design of artificial ion channels segment to determine the association number of the peptide in
and receptors may be developed by employing functional the membrane. The conformational differences in the extramem-
extramembrane segments to modify the channel peptides. Thebrane segment have been shown to be reflected in the channel
nicotinic acetylcholine receptor channel protein, for example, conductance levels. This report demonstrates the potential of
consists of five homologous subunits which have large ex- extramembrane segments to serve in the design of artificial

tramembrane segmentdhese extramembrane segments may channel and receptor proteins.

be involved in the mutual recognition of the protein subunits

(3) (&) Montal, M.; Montal, M. S.; Tomich, J. MRroc. Natl. Acad. Sci.
U.S.A.199Q 87, 6929-6933. (b) Grove, A.; Tomich, J. M.; Montal, M.
Proc. Natl. Acad. Sci. U.S.A991, 88, 6418-6422. (c) Akerfeldt, K. S.;
Kim, R. M.; Camac, D.; Groves, J. T.; Lear, J. D.; DeGrado, WJ.FAm.
Chem. Soc1992 114 9656-9657. (d) Grove, A.; Mutter, M.; Rivier, J.
E.; Montal, M.J. Am. Chem. S0d993 115 5919-5924. (e) Pawlak, M.;
Meseth, U.; Dhanapal, B.; Mutter, M.; Vogel, Arotein Sci1994 3, 1788-
1805. (f) Futaki, S.; Aoki, M.; Fukuda, M.; Kondo, F.; Niwa, M.; Kitagawa,
K.; Nakaya, Y.Tetrahedron Lett1997 38, 7071-7074. (g) Futaki, S.
Biopolymersl998 47, 75—-81. (h) Futaki, S.; Aoki, M.; Ishikawa, T.; Kondo,
F.; Asahara, T.; Niwa, M.; Nakaya, Y.; Yagami, T.; Kitagawa,Bdoorg.
Med. Chem1999 7, 187-192, and references therein.

(4) (a) Heyse, S.; Stora, T.; Schmid, E.; Lakey, J. H.; VogeBidchim.
Biophys. Actdl998 1376 319-338. (b) Stora, T.; Lakey, J. H.; Vogel, H.
Angew. Chem., Int. EAL999 38, 389-392. (c) Bayley, H.Curr. Opin.
Biotechnol.1999 10, 94-103. (d) Gu, L. Q.; Braha, O.; Conlan, S.; Cheley,
S.; Bayley, H.Nature 1999 398 686-690. (e) Movileanu, L.; Howorka,
S.; Braha, O.; Bayley, HNat. Biotechnol200Q0 18, 1091-1095. (f) Gu,

L. Q.; Cheley, S.; Bayley, HScience2001, 291, 636-640, and references
therein.

(5) (a) Meillon, J.-C.; Voyer, NAngew. Chem., Int. EA997, 36, 967—
969. (b) Murillo, O.; Suzuki, I.; Abel. E.; Murray, C. L.; Meadows, E. S.;
Jin, T.; Gokel, G. W.J. Am. Chem. Socl997 119 5540-5549. (c)
Baumeister, B.; Sakai, N.; Matile, ngew. Chem., Int. EQ200Q 39,
1955-1958. (d) Yoshino, N.; Satake, A.; Kobuke, Xngew. Chem., Int.
Ed. 2001, 40, 457-459. (e) Ishida, H.; Qi, Z.; Sokabe, M.; Downowaki,
K.; Inoue, Y.J. Org. Chem2001, 66, 2978-2989, and references therein.

(6) (a) Oiki, S.; Koppe, R. E., Il; Andersen O. Biophys. J1994 66,
1823-1832. (b) Woolley, G. A.; Epand, R. M.; Kerr. I. D.; Sansom, M.
S.; Wallace, B. ABiochemistry 1994 33, 6850-6858. (c) Woolley, G.
A.; Jaikaran, D. C.; Zhang, Z.; Peng,5Am. Chem. S0@995 117, 4448—
4454. (d) Woolley, G. A.; Zunic. V.; Karanicolas, J.; Jaikaran, A. S.;
Starostin, A. V.Biophys. J.1997, 73, 2465-2475. (e) Cornell, B. A.;
Braach-Makswytis, V. L. B.; King, L. G.; Osman, P. D. J.; Raguse, B.;
Wieczorek, L.; Pace, R. Nature1997, 387, 580-583. (f) Rokitskaya, T.
I.; Antonenko, Y. N.; Kotova, E. A.; Anastasiadis, A.; Separovic, F.
Biochemistry200Q 39, 13053-13058. (g) Futaki, S.; Zhang, Y.; Sugiura,
Y. Tetrahedron Lett2001, 42, 1563-1565, and references therein.

(7) Numa, S.Biochem. Soc. Symf986 52, 119-143.

Results

Design and Preparation of the Hybrid Peptide. The
structure of the alamethictrleucine zipper hybrid peptide (Alm-
Leuz,1) is shown in Figure 1. The N-terminus sequence of the
peptide is taken from that of alamethicin, which is one of the
most extensively studied ion channel peptides. It is well known
that alamethicin self-assembles in the membrane to form ion
channels comprising several alamethicin molecBilgge as-
sociation number of the assembly interconverts very frequently,

a characteristic of the peptide that was selected to assess the
effect of the extramembrane segments on the control of the
assembly states of the transmembrane segment. Moreover, we
chose an alamethicin segment as a transmembrane segment,
because previous studies have been made on the assembly state
of alamethicin itsefas well as to stabilize particular aggregation
states using the covalently cross-linked alamethicin difraerd

the template-assembled alamethicin tetrabhe@n the C-
terminus, a leucine zipper segment (LeuZ) derived from a yeast

(8) (a) O’'Shea, E. K.; Rutkowski, R.; Kim, P. Sciencel989 243
538-542. (b) Vinnson, C. R.; Sigler, P. B.; McKnight, S. &ciencel989
246, 911-916. (c) Wendt, H.; Baici, A.; Bosshard, H. B. Am. Chem.
So0c.1994 116 6973-6974. (d) Zitzewitz, J. A.; Bilsel, O.; Luo, J.; Jones,
B. E.; Matthews, C. RBiochemistryl995 34, 12812-12819, and references
therein.

(9) (a) Latorre, R.; Alvarez, GPhys. Re. 1981, 61, 77—150. (b) Sansom,

M. S. P.Prog. Biophys. Mol. Biol1991, 55, 139-235. (c) Cafiso, D. S.
Annu. Re. Biopys. Biomol. Struct1994 23, 141-165, and references
therein.

(10) (a) You, S.; Peng, S.; Lien, L.; Breed, J.; Sansom, M. S. P.; Woolley,
G. A. Biochemistryl996 35, 6225-6232. (b) Starostin, A. V.; Butan, R;
Borisenko, V.; James, D. A.; Wenschuh, H.; Sansom, M. S.; Woolley, G.
A. Biochemistry1999 38, 6144-6150.
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transcription regulator protein, GCN4, was placed as an extra- (g (b)
membrane segmeffThe leucine zipper segment was selected 20 1
because it is regarded as one of the simplest motifs in protein
folding. The leucine zipper peptide has been well characterized
to form a stable homodimer in wafeand to interact little with
membrane#? A (Gly), linker was inserted between the alame-
thicin and the leucine zipper segments, which were assumed to
adopt helical structures. The linker was expected to separate
the helices to allow ions through the channel pore. If the two
helical segments were continuously and directly connected, the
number of the amino acid residues comprising the helix would
be more than 50. It would be doubtful that such a long helix or -20
the assembly of the helices could keep the structure stable. Even
if it were possible, the assessment of the results would be .51 : , . . . . ,
complicated because ions would have to penetrate through the 200 220 240 260 200 220 240 260
helical extramembrane segments before entering the channel Wavelength (nm) Wavelength (nm)
pore. Glycine does not have a side chain. Presumably, the arrayrigure 2. CD spectra of the Alm-LeuZ hybrid peptide(7 M) (a)
of glycines is expected to form a favorable structure for the and the Leuz peptide (23 uM) (b) in liposomes (closed diamond)
ions to pass through the linker part to enter the pores. We thusand in 5 mM HEPES (pH 7.4) (open diamond), respectively. Liposomes
placed the flexible tetraglycine linker between the helices. ~ were made from egg yolk phosphatidylcholine in 5 mM HEPES
Peptide synthesis was conducted by Fmoc-solid-phase syn{PH 7.4). Lipid concentration;-1 mM.
thesid® on a Rink amide resitf: A protected peptide corre-

sponding to positions 2156 of 1 was prepared using a  gmol: peptide concentration, 2av), suggesting that the LeuZ
benzotnazole-l-yloxytrlspyrrol|d|noph(_)sphon|um hexafluoro- sequence in Alm-LeuZ assumed an almost fully helical con-
phosphate (PyBOFY1-hydroxybenzotriazole (HOBt)/4-meth-  formation and interacted little with the lipid membrane, as
ylmorpholine (NMM) coupling system. The segment corre- rgportecf212 Considering the CD spectrum of alamethicin in
sponding to alamethicin (positions-20) contains Aib residues. ¢ presence of liposomes6fr, ~—1.4 x 10* degcm?/
Because of the steric hindranc_e_at thgp’.b_sition of Aib, it is dmol)2” the CD of Alm-LeuZ in the presence of liposomes was
difficult to construct Aib-containing peptide segments by the egtimated to be almost the sum of those for alamethicin and
usual coupling method. Therefore, the peptide chain was the | euz peptide. The result suggested that, after insertion of
elongated manually using Fmoc-amino acid fluoriéfesreat- the alamethicin segment into the membrane, the alamethicin

ment of the protected peptide resin il M trimethylsilyl and LeuZ segments in Alm-LeuZ would maintain their
bromide/thioanisole in trifluoroacetic acitin the presence of ingrinsic structures without giving serious interference to each

mrcresol and 1, 2-ethanedithiol, followed by HPLC purification, giper.

gave the desired product of high purity $8%). The fidelity Properties of the Channel Formed by the Alm-LeuZ

of the product was ascertained by matrix-assisted laser desorpyyprid Peptide. The association state of the transmembrane
tion/ionization time-of-flight mass spectrometry (MALDI-  peptides was assessed by observing ion channel current using
TOFMS). The yield from the starting resin was 4%. The CD  he planar lipid bilayer methotf. This technique is equivalent
spectra of the peptide in 5 mM 4-(2-hydroxyethyl)-1- (5 the “patch-clamp” systetfor monitoring the ion flux going
piperazineethanesulfonic acid (HEPES; pH 7.4) and in the y,ough a single-channel pore in real time. A difference in the
presence of liposomes prepared from egg yolk phosphatidyl- 53ssociation state of channel-forming peptides would cause a
choline are shown in Figure 2a. The concentration of liposomes jifference in the channel pore structure, which should be
(~1 mM) was chosen by referring to the reports of Woditey reflected in the channel current. Figure 3a shows a single-
and Iwat&? so that alamethicin would sufficiently form a helical  .hannel current recording of the alamethicin ard@pplied
structure on the interaction with the membranes. The helical voltage,+100 mV; peptide concentration, 10 nM). Besides the

-10 4

[8]% 10°3 (deg-cm2/dmol}
[8]% 103 (deg-cm2/dmol)

content of1 in the presence of liposome®,, —2.5 x 10* current level corresponding to the closed state (close), multiple
degcn/dmol; peptide concentrationM) was almost 5 times  |eyels of channel current (open—#) were observed. Such
as large as in the absence of liposomefsh —5.2 x 10° multiple current levels are typically observed in the channels

degcn/dmol; peptide concentration,iM), suggesting that  of the alamethicin-related peptides, which are attributed to the
would cause a certain structural change by the interaction with ayistence of various channel pore structures with different
membranes. On the other hand, the CD spectra of the peptide;gggciation numbers or different conformations of the alame-
2 corresponding to the extramembrane LeuZ segment (positionsiicin molecules in the membran&# channel with a larger

25-56) in the presence and absence of the liposomes (Figureassociation number of the alamethicin molecules would create

2b) were substantially identicalfzz. —3.0 x 10" degen¥/ a larger pore size and an eventual higher channel current level.
(11) Matsubara, A.; Asami, K.; Akagi, A.; Nishino, N. Chem. Soc. The frequent fluctuation in the current levels and the repetitive-

Chem. Commuri996 2069-2070. _ ness of several particular current levels were indicative of
83 (Yl;’PKII']G't; K'nEt.% ghS-; Shdln,R YéEI_S(jCISECﬂ9g4 2;%6 274}]276,- A continual interconversion between the several metastable as-

a erton, ., eppara, R. I0-Phase Peptiae ntnesis, TP

Practical Approach; IRL Prgss: Oxford, U.K., 1989? (b) Ig/utaki, S, sembly states ,Of alamethlcm. Ih the,m,embrane' Although the

Kitagawa, K.Tetrahedron1997, 53, 7479-7492. channel recording of alamethicin ami@én Figure 3a appears
(14) Rink, H.Tetrahedron Lett1987 28, 3787-3790. to show several channel pores simultaneously open, the channel
(15) Coste, J.; Le-Nguyen, D.; Castro, Betrahedron Lett199Q 31,

205-208. (18) (a) Montal, M.; Mueller, PProc. Natl. Acad. Sci. U.S.A972 69,
(16) Kaduk, C.; Wenschuh, H.; Beyermann, M.; Forner, K.; Carpino, L. 3561-3566. (b) Williams, A. Inlon Channels, a Practical Approach

A.; Bienert, M. Lett. Pept. Sci1995 2, 285-288. Ashley, R. H., Ed.; IRI Press: Oxford, U.K., 1995; pp-4&7.
(17) Fuijii, N.; Otaka, A.; Sugiyama, N.; Hatano, M.; Yajima, Ehem. (19) Sakmann, B.; Neher Bingle-Channel Recordingnd ed.; Plenum

Pharm. Bull 1987, 35, 3880-3883. Press: New York, 1995.
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Figure 3. Schematic representation of a possible association state of alamethicinZfajdnd Alm-LeuZl (b) (left) and single-channel currents
from lipid bilayers containing the respective peptid8sl0 nM (a);1, 50 nM (b)] at+100 mV (center). The current histograms are shown at the
right of the respective records. ElectrolyeM KCI. Number of experimentsnf was 9 and 21 foB and 1, respectively.

current is attributed to a single-channel pore. If the channel 209

currents were those going through more than a one-channel pore, A
we would see current levels twice as high as the respective

channel levels, especially that for open 1. This is not the case;

therefore, the observed current was deduced to be of the peptide
assembly comprising a single-channel pore.

On the other hand, the single-channel recording of the Alm-
LeuZ hybrid peptidél is shown in the Figure 3b. With a marked
difference from the case of alamethicin ami@ga channel A
recording ofl (50 nM) showed a single predominant open state A A
designated as open 1. Association of a different number of pore- 0 0 2T0 20 60 80 100 120 140
forming peptides should result in different channel current levels. Applied voltage (mV)

Therefore, by introdution of the leucine zipper extramembrane ppiiec votiage

segment, the association number of the alamethicin segment infigure 4. Current-voltage relationship of the Alm-LeuZ channel (open
the membrane was effectively controlled and a particular 1) in 1 M KCI. Th_e p_eptlde was added to the solution at one side of
association state of the hybrid peptide was stabilized. A higher ¢ membrane (cis side).

current level (open 2) was also observed, albeit less frequently’effectively controlled by introducing an-helical extramem-

and may suggest the presence of a channel_ state of a higheEwrane segment. How many molecules of the hybrid peptides
association number or alternative conformation. No channel are then assembled to form a channel structure? The concept

current was observed when the peptide corresponding to theOfatem late-assembled svnthetic protein (TASP) proposed b
LeuZ segmen® was added to the electrolyte (peptide concen- Mutterzopwould be a usef{n apprgach to( obtai|?1 pa ?)eptidey

tration, 1100 nl\/ll), sg%rg]]etsg]ng that thte IE)euZ szgfme;lt cal?noéform assembly of a predefined association number. On the basis of
anion channeiand that the currént observed for AIM-LeUZ Was ;¢ approach, Matsubara et al. synthesized an alamethicin

att_:_lrk])uted o the fransm(?m.branhe. a:(lamﬁthlcm mf'?ﬁ'?' brid tetramer using an aminobenzoate-based template mofecule.
e current-voltage relationship for the open 1 of the hybrid - e channel conductance of the tetramer corresponded well to

peptidel is shown in Figure 4. A significant channel current hat for the open 1 of the Alm-LeuZ hybrid peptide This
has been observed only at the positive voltages as is observeq 55 4150 comparable to the conductance that is attributed to

iﬂ thehna':]urgl .Zlamet.k:jicin chapr?él]’his fac(;[ gtron%ly SUQQ%StEd the tetramer assembly of natural alamethfit:Based on these
that the hybrid peptidd was incorporated into the membrane ., h4isons, the association number of the Alm-LeuZ was

ﬁﬁm th% I\ll-tc_ermlr}al side é?lametrg)lcup] smlle) of the(-j molecule. - 4o ced to be a tetramer. However, the possibility remains that
e modulation of assembly was both voltage- and concentra-y,o - o ramembrane segment might influence the channel

tion-dependent. When higher voltages or higher peptide.con- conductance, even though the (Gliijhker should diminish the
centrations were applied, the more frequently open 2 or h'gherinfluence of the extramembrane segment on the channel
current levels were observed (Figure 5). In these cases, the

b bl o f . conductance. To answer this question, we synthesized a
observable association or conformation states were MOretemplate-assembled Alm-LeuZ tetranger
organized compared to alamethicin am&Jevhich lacked the

Current (pA)
A

extramembrane seament (Eiqure 3a). (20) (a) Mutter, M.Angew. Chem., Int. Ed. Engl985 24, 639-653.
. . 9 (Fig - ) (b) Mutter, M.; Tuchscherer, G. G.; Miller, C.; Altmann, K.-H.; Carey, R.
Consideration of the Association Number.The above I; Wyss, D. F.; Labhardt, A. M. Rivier, J. El. Am. Chem. Sod.992

results suggested that the association number of alamethicin wad14 1463-1470.
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Figure 5. Effect of voltage on the modulation of the assemblylof
(peptide concentration, 50 nM). Electrolyte M KCI.

The synthetic scheme of the Alm-LeuZ tetramer is shown in
Figure 6. A peptide segment bearing an extra Gly-Gly-Cys linker
on the C-terminus of the Alm-LeuZ peptide (Alm-LeuZ-GGC
1') was prepared by solid-phase synthesis. The peptide

J. Am. Chem. Soc., Vol. 123, No. 49, 209131

four maleimide moietied was then prepared by modifying
template4 (Ac-Lys-Ala-Lys-Pro-Gly-Lys-Ala-Lys-Gly-NH)20-21

with a heterobifunctional cross-linking agehk(4-maleimido-
butyryloxy)succinimide (GMBS). The mass dfand maleim-
ide-functionalized templat® were ascertained by MALDI-
TOFMS. Incorporation of Alm-LeuZ-GGC segments Dwas
conducted using 4 equiv of the segméhtin 6 M guanidine
hydrochloride (GnHCI) containing 50 mM 2-morpholinoethane-
sulfonic acid (MES; pH 6.0) under an argon atmosphere. Even
using the highly reactive chemical species, it was difficult to
bring the reaction to completion by incubation at room tem-
perature. Most of the products in this case were molecules where
only two or three AlIm-LeuZ segments were introduced on the
template. By incubation of the segment and template &C37
for 120 h, we were successful in carrying the reaction almost
to completion. HPLC purification of the product gave pure
(>98%) Alm-LeuZ tetrameb in a yield of 37%.

The protein was detected as a single band by SBPSGE
with an apparent molecular weight comparable to the theoretical
value (26 489). No bands corresponding to the trimer and dimer
of Alm-LeuZ attached on the template were observed on the
gel. Unfortunately, attempts to determine the precise molecular
weight of the final product6é using MALDI-TOFMS or
electrospray-ionization mass spectrometry were unsuccessful,
probably due to the poor ionization tendency of peptides and
proteins with stable secondary structédfes high hydrophobic-
ity.2> Only a broad peak between 26 500 and 25000 was
observed in the MALDI-TOFMS spectrum. The detected broad
peak may be ascribed to the strong laser power required for
ionization. The integrity and purity of the final produgtvas,

consisted of 59 residues and had a molecular weight of 6226.however, sufficiently supported by the following facts: 1)
To tether four molecules of such a large peptide on a templateand the maleimide-templaté were pure £98 and >97%,

would be difficult without using an efficient cross-linking
chemistry?! The reaction of maleimide with thiol was selected

respectively, as determined by analytical HPLC) and character-
ized by TOFMS, respectively, (ii) cross-link formation between

for the tethering because the chemistry is quite often employeda maleimide and a thiol is a well-established reaction, and (iii)

in the cross-linking between protei#s Application of this
chemistry to the attachment of an artificial four-helix-bundle
protein on a gold surface was also repoeA.template having

o Q

NH, NH,  NH; NH,

Ac—KAKPGKAKG—CONH, + 4|

4 (¢

Alm-LeuZ-GGC: 1'

-{CH2) 5 COO—N

no byproducts, including those from insufficient introduction
of the segment’ on the template (monomer, dimer, and trimer
of Alm-LeuZ), were recognized in the final produ@&by HPLC,

Pl
o L,
”%i"TSF e |

Ac{] Alm }GGGGU LeuZ ) GGC CONH2 in 6M guanldme
HCI - 50mM MES
Ac-UPUAUAQUVUGLUPVUUEGF-GGGG-AXKQLEDKVEELLSKNYHLENEVARLKKLVGE-GGC- -CONH, (4eq) {ggfcﬂizoh)
SDS-PAGE of 6
(kDa) Acﬂ Alm }GGGG“ LeuZ }GG d

—66.2

—a24 Ac«{] Alm }ecaa LeuZ jaGCvan

—30.0 6

—20.1 Ac{} Alm )‘GGGGN LeuZ GG

—14.4

A Alm Jecce Leuz GG

Figure 6. Design and synthesis of the template-assembled Alm-LeuZ tetr&mer
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10 observed. We thus concluded that the assembly of Alm-Leuz
corresponding to the open 1 would be most probably that of a
tetramer.

Reflection of Conformational Differences in the Extra-
membrane Segment in the Channel Currentlf a conforma-
tional change in the extramembrane segment could affect the
channel current, such systems may be developed as artificial
receptor systems. To examine whether such an idea is possible,
we designed another two hybrid peptides, Alm-[cFos]Let)Z (
and Alm-[Gly]Leuz ) (Figure 9). The former peptide has a
cFos leucine zipper peptide at the C-terminus of alamethicin as
the extramembrane segment. cFos is a cancer-related protein
that does not form a stable homodimer and preferably forms
heterodimers with other proteins such as cifhe molecular
ellipticity at 222 nm of the leucine zipper pepti@derived
from the cFos sequence in the presence of liposomes turned
200 220 240 260 out to be about one-third that @ ([0]222, —0.8 x 10* deg
cn?/dmol) (Figure 10), which was in contrast to the extramem-
brane segment ol that exhibited an almost fully helical
Figure 7. CD spectra of the template-assembled Alm-LeuZ tetramer strycture. The peptidé in 5 mM HEPES (pH 7.4) gave a CD
6 (2.5 uM) in methanol (open diamond) and liposomes (closed gspectrum slightly different from that in the presence of lipo-
diamond). Liposomes were made from egg yolk phosphatidylcholine ¢, meg suggesting that the segment may have some interaction
in 5 mM HEPES (pH 7.4). Lipid concentratior;1 mM. with membranes (Supporting Information).

In 9, leucine residues, which play a crucial role in the
formation of thea-helical coiled-coil structure in the heptad
repeat of the zipper segment (“d” positi€psvere replaced with
glycines. The replacement of leucines with glycines destabilized
the helical conformation. The CD spectrum of pepti@ewhich
corresponds to the extramembrane segme8tiofthe presence
of liposomes was suggestive of a random structure (Figure 10).
The CD spectrum ofl0in 5 mM HEPES (pH 7.4) was also
suggestive of a random structure (Supporting Information).

A typical channel current record @fat the applied voltage
of +100 mV is shown in Figure 11a. Although the extramem-
brane segment exhibited a less ordered structure than tiat of

104

[8]% 103 (deg-cm2/dmol)

Wavelength (nm)

200 ms I 10 pA and was not expected to form a stable dimer between the
extramembrane segments, the assembly was still organized to
Open 1 produce one predominant open state (open )10 mV. This

M MWWM - (0.12 nS) current level corresponded well to that bf Channel current
- y v V R for [cFos]LeuZ peptide8 was not observed at a peptide

- Close -
concentration of 100 nM.

Figure 8. Schematic representation and a single-channel recording of C d wittg. th dulati f th bl |
the template-assembled Alm-LeuZ tetrante(l nM) at +100 mV ~ompared with, the modulation of the assembly was 1ess
(n = 5). Electrolyte 1 M KCl. efficient in the case 09 at the same applied voltage. A larger

channel current level corresponding to the open 21adr

SDS-PAGE, and MALDI-TOFMS. The CD spectra of protein  sometimes higher levels was prominently observed (Figure 11b).
6 in the liposomes and methanol suggested that the Aim-LeuZ The result exemplified that the conformational alternation in
segments in tetramer protedrformed a helical structure (Figure  the extramembrane segments between helix and random coil
7). It is not clear at this stage why the helical content of the can be reflected in the ion channel current, which strongly
template-assembled Alm-LeuZ tetrantds smaller than Alm- suggested the probability of switching ion channel current by
LeuZ 1. One possible explanation is that the close disposition extramembrane conformational alternation.
of the LeuZ segments by the template may give some steric
hindrances among the segments to influence on their structuresDiscussion

Figure 8 shows a typical channel recording of the AIm-LeuZ . ) .
tetramer6. Though burstlike channel currents were sometimes ~ Although considerable attention has been directed toward the
observed, presumably because the template may tether the foufonstruction of artificial receptors and ion channels, few
Alm-LeuZ peptides too rigidly, a long durable open state (open approaches have focused on the effect of the extramembrane

1) corresponding well to that of untetherdvas predominantly segment on the stabilization of channel structure and channel
_ _ ~current regulation. In this paper, we have demonstrated that the
(21) Futaki, S.; Sogawa, K.; Maruyama, J.; Asahara, T.; Niwa, M.; Hojo, assembly of membrane peptides can be effectively controlled

H. Tetrahedron Lett1997 38, 6237-6240. - -
(22) SchelteP.; Boeckler, C.; Frisch, B.; Schuber,Bioconjugate Chem. with the use of a suitable extramembrane segment. Conforma-

200Q 11, 118-123. tional differences in the extramembrane segments were associ-
(23) Willner, 1.; Heleg-Shabtai, V.; Katz, E.; Rau, H. K.; Haehnel, W.

J. Am. Chem. S0d.999 121, 6455-6468. (26) O’'Shea, E. K.; Rutkowski, R.; Stafford, W. F., lll; Kim, P.Science
(24) Wenschuh, H.; Halada, P.; Lamer, S.; Jungblut, P.; Krauseaid 1989 245, 646-648.

Commun. Mass Spectrorh998 12, 115-119. (27) Woolley, G. A.; Wallace, B. ABiochemistry 1993 32, 9819~

(25) Schey, K. L.Methods Mol. Biol.1996 61, 227—230. 9825.
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1 20 25 64
7: Ac*UPUAUAQUVUG LUPVUUEQF|GGGG{LTDTLQAETDQL.EDEKSALQTEIANLLKEKEKLEFlLAAY{NHz (Alm-[cFos]LeuZ)

8: AC{LTDTLOAETDQLEDEKSALQTEIANI_.LKEKEKLEFILAAY}NHZ ([cFos]lLeuZ)

1 20 25 56
9: Ac{U PUAUAQUVUGLUPVUUEQFIGGGG{RXKQQEDKVEEQLSKNYHQENEVARQKKLVG EiNH2 (Alm-[GlyjLeuZ)

10: Ac RXKQQEDKVEEQLSKNYHQENEVARgKKLVGE{NHz ([GlylLeuZ)

Figure 9. Amino acid sequences of Alm-[cFos]LedZAIm-[Gly]LeuZ 9, and the peptides corresponding to the respective extramembrane segments

(8 and 10). Residues defining the leucine repeat are underlined. Glycine residues substituting for the leucine residues are double-underlined.
Abbreviations for the amino acid residues: ddaminoisobutyric acid (Aib); X, norleucine (Nle); A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His;

I, lle; K, Lys; L, Leu; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; Y, Tyr.

10 (a)

P S00ms 110 pA
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; {; |
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- Close
Wavelength (nm) Figure 11. Schematic representation of a possible association state

Figure 10. CD spectra of the peptides corresponding to the extramem- &1d @ single-channel recording of Alm-[Fos]Le@410 nM) (h = 5)
brane segments of the hybrid peptides in the presence of liposomes{®) and AIm-[Gly]LeuZ9 (3 nM) (n = 6) (b) at+100 mV. Electrolyte,
LeuZ 2 (15uM), closed triangle; [cFos]LeuR (18 uM), closed square; 1 MKCL.

[GlylLeuZ 10 (24 uM), closed circle. Liposomes were made from egg

yolk phosphatidylcholine in 5 mM HEPES (pH 7.4). Lipid concentra- . .
tion, ~1 mM. You et al. reported that a covalently cross-linked alamethicin

dimer predominantly formed a hexamer (three diméts),

ated with modifications in channel current. Because it may be Whereasl was suggested to form a tetramer. The alkyl chain
possible to design peptide segments that switch conformation“f‘kers used to tether the alamethicin molecules are much less
on receiving external stimuli, the potential exists to regulate hindered than extramembrane segments and may account for
transmission of signal through the membrane as channel currentthe difference in association number.
By controlling extramembrane assembly, supramolecular protein  The helical content of the peptide corresponding to the
structures may be constructed that function as artificial receptors.extramembrane segmentivas about one-third in the presence
The GCN4-derived leucine zipper was reported to form a of liposomes (Figure 10), but the predominant channel conduc-
stable homodiméf and interact little with membranés. tance corresponded well with that @f A helical content of
Because the assembly of AIm-LeuZ was deduced to be that of ~30% may be the minimum criterion for the above association
a tetramer, it would be plausible that two dimers of Alm-LeuZ control. Whether the dimer formation is indispensable for
formed a channel. Natural alamethicin was reported to form assembly stabilization is not clear at this pointS@ea reported
channels comprising up to 10 molecufeghe association of  that the cFos leucine zipper peptide can form a homodimer with
the transmembrane segments Jofis thus regulated by the  a dissociation constant of6 xM.28 It may be possible that the
extramembrane domain, which, because of the GCN4-derivedleucine zipper segment of Alm-[cFos]LeuZ becomes concen-
leucine zipper segment, has a strong tendency to form a dimer.trated on the membrane to form a dimer in accordance with
When the dimers come close together in the tetramer formation,alamethicin molecules assembling in the membrane. Further
a certain steric hindrance may arise that prevents completestudy using, for example, ultracentrifuge or size exclusion
assembly of the hybrid peptide and creates a metastable tetramechromatography may shed light on the mechanism of assembly
assembly. The stabilization of the tetramer assembly may control by the extramembrane segments. However, consideration
therefore be contingent on dimer formation and the associating should be necessary on the structural alternation of Alm-LeuZ
nature of the transmembrane segments. In the associat@gn of in the presence and absence of lipids as shown in Figure 2a.
steric hindrance between the extramembrane segments may he effect of the possible aggregation of the alamethicin segment
contribute to assembly modulation. in aqueous buffer should also be taken into account.
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In conclusion, the importance of extramembrane structure on  Construction of the Template-Assembled Alm-l__e_uz Tetramer
assembly and signal transmittance has been demonstrated using Alm-LeuZ-GGC1' (7609, 0.12umol) and maleimide templat®
the artificial receptor protein Alm-LeuZ. Steric hindrance (5049, 0.031umol) were reactedni 6 M GnHCI/50 mM MES (pH
between the extramembrane domains has also been suggesteti®) (40uL) under an argon atmosphere at 37 for 120 h. HPLC
to influence supramolecular structural formation of membrane Purification of the product using a column of TSKgel Octadecyl-4PW
. ..~ (4.6 x 150 mm) and lyophilization afforded a pure template-assembled
proteins. These results offer a novel concept for designing

ficial . h hani Alm-LeuZ tetramer6 (300 ug, 0.011umol; 37%) (purity,>98% as
artificial sensor systems and for studying the mechanisms of estimated from HPLC analysis). The protein was detected as a single

natural channel proteins. Therefore, Alm-LeuZ represents a pand on SDSPAGE with an apparent molecular weight comparable

prototype for the construction of artificial receptors. to the theoretical value (26 489) (Figure 6).
. ) CD Measurements.CD spectra were recorded on a Jasco J-600
Experimental Section spectrometer using a 2-mm cuvette at’f0 Liposomes were prepared

from egg yolk phosphatidylcholine in the presence of 5 mM HEPES

Peptide synthesis was conducted by Fmoc-solid-phase syrithesis ~ (PH 7-4) as reported [final concentration of the lipid, 0.84 mg/mL
Rink amide resiit* A protected peptide corresponding to positions-21 (~1 mM)]. o o

56 of 1 was prepared by a Shimadzu PSSM-8 synthesizer using a Chann(_el Actlwty Measurgments.PlanarI|p|d t_)llayers_were_formed
PyBOPMHOBYNMM coupling system. The peptide chain was then _by the painting methotf? D|phytanoylphc_)sphatldylc_holme_dlssolve_,-d
elongated manually using the Fmoc-amino acid fluoride méfhiad in decane (20 mg/mL) was used as a bilayer-forming lipid. Solutions
construct an alamethicin segment. N-Terminal acetylation was con- Were unbuffered t(CI, and all the measurements were done at room
ducted using acetic anhydride and NMM (10 equiv, each) in DMF at témperature £22 °C). A small quantity of the peptide in methanol
room temperature for 30 min. The obtained protected peptide resin for (Usually 15 uL) was added to the electrolytes at one side of the

1 was treated wit 1 M trimethylsilyl bromide/thioanisole in trifluo- membrane (designated as the cis side). The applied voltage was defined

roacetic aciéf in the presence afrcresol and 1,2-ethanedithiol at 0 S the voltage of cis with respect to the compartment of the other side
°C for 1.5 h, followed by HPLC purification on a YMC protein-RP  (trans). Channel conductance is defined as the membrane current divided
column (yield from the starting resin, 4%). As judged by the analytical PY the applied voltage. The membrane current was measured under
HPLC, the purity was estimated to bed8%. The HPLC condition voltage clamp conditions using 1-kHz filtering and sampling at 5 kHz.
and retention time together with those for other peptides are shown in

the Supporting Information. The fidelity of the product was ascertained . .
by MALDI-TOFMS using a Voyager RP spectrometer (Applied Acknowledgment. This work was supported by Grants-in

Biosystems) [calcd for (Mt Na)* 6014.9: found, 6014.3]. Other Aid for Sqien;ific Resear_ch on the Priority_ Area of Molecular
peptides were prepared basically as stated above. The purity of eachsynChron'Z?tl'on for Design F’f New Materials (No. 1.1167249)
peptide was estimated to be at least more than 96% from analytical rom the Ministry of Education, Culture, Sports, Science and
HPLC. MALDI-TOFMS for AIm-LeuZ-GGC1', Leuz 2, alamethicin ~ Technology of Japan. This work was also supported by the
amide 3, Alm-[cFos]LeuZ 7, [cFos]LeuZ8, Alm-[Gly]LeuZ 9, and Nissan Science Foundation and the Research Foundation for
[Gly]LeuZ 10: 6227.4 [calcd for (M+ H)* 6227.1], 3866.1 [calcd for Pharmaceutical Sciences. The authors are grateful to Professor
(M + Na)* 3868.4], 1998.7 [calcd for (M- Na)* 2000.3], 6777.9 Masahiro Sokabe, (Nagoya University School of Medicine) and

[calcd for (M+ Na)" 6777.6], 4607.9 [calcd for (M- Na)™ 4608.2], Dr. Hitoshi Ishida (Inoue Photochirogenesis Project, ERATO,
5786.2 [calcd for (M+ H)* 5785.4], and 3639.7 [calcd for (M H)* JST) for their helpful discussions.

3640.0], respectively.

Maleimide Template 5.GMBS (7.6 mg, 27«mol) (purchased from
Dojindo, Kumamoto, Japan) in tetrahydrofuran (200 was added to Supporting Information Available: HPLC conditions and
an aqueous solution (10@.) of Ac-Lys-Ala-Lys-Pro-Gly-Lys-Ala- retention times for the synthesized peptides and CD spectra of
Lys-Gly-NH*! (4; 5.0 mg, 5.4«mol) containing NMM (4L, 22 umol). 8 and10in the presence and absence of liposomes. This material

The mixture was stirred at room temperature for 30 min and then . : : .
purified by HPLC to give the maleimide templae(2.5 mg, 29%) is available free of charge via the Internet at http://pubs.acs.org.

(purity, >97% as estimated from HPLC analysis). MALDI-TOFMS
1586.7 [calcd for (M+ H)* 1586.0]. JA011166I

Preparation of Alamethicin—Leucine Zipper Hybrid Peptides.



