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Various approaches have been reported for the creation of A

artificial ion channels based on the design of peptides and non- Alm-(lda]Fos: 0:)—_

peptide molecule5Approaches to utilize the frameworks of natural

channels or membrane proteins have also been repoféthe () (alamethicin): Ac-UPUAUAQUVUGLUPVUUEQF
ultimate goal in the design of these channel molecules is to transmit
signals from outside stimuli through the membranes as a channel
current. However, most of the channels reported to date have been
designed to exert this function by modifying the channel pores.

—_ (tetraglycine linker): GGGG

O o sorved leucine zippen):

LTDTLQAETDQLEDKKSXLXTEIANLLKEKEKLEFILAAY-amide

On the other hand, many natural ligand-gated receptor channels, (U=Aib, X=Ida)
such as the nicotinic acetylcholine receptor channel, have large
extramembrane protein segmefEhese segments are assumedto B C helix destabilization
interact with specific ligands to induce the conformational switch /-COOH
in the channel proteins and eventually transmit the external stimuli N\_COOH Fe(()lll)
by increasing the channel current. However, few approaches in —_—
constructing artificial ion channels have employed extramembrane | €—
segments as a potential control unit of the channel cufrént. -NH-CH-CO- EDTA
To create channels that have these unique features, we have Ida
designed the channel peptide, Alm-[lda]Fos, as reported herein D
(Figure 1A-C). This peptide has an alamethicin segrhettthe = = g
N-terminus as a typical channel forming peptide to serve as a E 0 g 0 ii)
transmembrane segment. At the C-terminus, a leucine zipper “"1; 5 &; 5
segment derived from the cFos proféiis placed as an extramem- S 10 4 10
brane segment. These segments are connected via a flexible 5 . g
tetraglycine linker so that these segments exert their own function 2 2 20
without suffering significant effects from the other ones. This linker T2 % 25
also maintains a space between the two segments to allow the ions = 25+ T T { = 304 1 1 1
to flow into the pores. A pair of diiminoacetic acid derivatives of 200 220 240 260 200 220 240 260
Wavelength (nm) Wavelength (nm)

lysine (Ida) residué$ (Figure 1B) are incorporated into the . L (A) Desi d struct ¢ artificial metal-gated ion ch |
" ; igure 1. esign and structure of artificial metal-gated ion channe
extramembrane segment (positions 42 and 44 of the peptide) SOpeptide, Alm-[lda]Fos. (B) Structure of Ida. (C) Schematic representation

that they can form .complexes With Fe(lll) ions. _ of the artificial receptor channel that transmits outside stimuli (metal) to
The peptide design concept is based on our previous report oninside the membrane as an increase in the ion flux. (D) CD spectra of the

alamethicin leucine zipper hybrid peptideEhe association of the ~ Alm-[Ida]Fos (10u4M) (i) and the [Ida]Fos (2Q«M) peptides (ii). Black,

alamethicin segment in the membranes forms ion channel pores,PePtidesn 1 M KCI containing 10 mM HEPES and AM EDTA (pH =~
7.0); red, in the presence of liposomes; green and blue, with 5 and 10 equiv

and the conformation of the extramembrane leucine zipper segmentsyt Fe(iil) (FeCh) in the presence of liposomes, respectively. Liposomes
significantly influenced the channel current. A peptide bearing an were prepared from egg yolk phosphatidylcholine in the presence of 1 M
extramembrane segment of a random conformation forms a channeKCl containing 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
with a larger ion flux as compared with that having a helical (HEPES) and 1:M EDTA (pH 7.0). Lipid concentratior= ~1 mM.

conformation. This result suggested that a channel peptide, in which  The peptide chain was constructed by Fmoc-solid-phase peptide
the conformation of the extramembrane segments switches insynthesis on a Rink amide resin followed by on-resin conversion
accordance with extramembrane stimuli, can be an artificial receptor of lysine at positions 42 and 44 to Ida. Treatment of the peptide
ion channel that transmits the stimuli as changes in the channelresin with trifluoroacetic acid and HPLC purification of the sample
current. On the other hand, we have recently shown that the yielded a high purity peptide of 64 residues (see Supporting
chelation of Fe(lll) with a pair of Ida in a leucine zipper peptide |nformation).

produces a significant helix destabilization, when these Ida residues  The conformation of Alm-[lda]JFos was analyzed by measuring
are placed by andi + 2 positioning in the peptid&. Fe(ll) fails its CD spectra in the absence and presence of liposomes prepared
to form a complex with these Ida residues, and the reduction of from egg yolk phosphatidylcholine-{(L mM) (Figure 1D-i). In the
Fe(lll) to Fe(ll) or removal of Fe(lll) from the systems results in  absence of liposomes, the CD spectrum of the Alm-[Ida]Fos had a
the recovery of the helical conformation of the peptide. This double minima around 205 and 222 nm, suggestive of a helical
approach can thus be utilized for the reversible control of the structure. The helical content of the peptide was judged about 30%,
extramembrane helical peptide structure. based on thed],,, value as a measure of the helical content
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Figure 2. (A) Channel current records of Alm-[lda]Fos in the absence of Fe(lll) (i); after the additionud Ee(lll) (ii); after the addition of 1QuM

EDTA (iii); and after the addition of 12M Fe(lll) (iv). Peptide concentratios 2.5 nM; voltage= +160 mV; electrolyte= 1 M KCI containing 10 mM

HEPES and kM EDTA (pH 7.0). (B) Average channel current going through the membranes and the standard errors of 25 recordings of the channel states
corresponding to-tiv in (A). See Supporting Information for details.

(—1.0 x 10* deg cn? dmol1). On the other hand, thé],,, value Acknowledgment. This work was supported by Grants-in-Aid
in the presence of the liposomes was twice as high as that in thefor Scientific Research from the Ministry of Education, Culture,
absence of liposomes-(L.9 x 10* deg cn? dmol1). These facts Sports, Science and Technology of Japan.

suggest that AIm-[lda]Fos would cause a certain structural change
by the interaction with membranes, and the interaction of ala-
methicin segment with membranes would liberate the [Ida]Fos
segment onto the membrane surfa&&he addition of 10 equiv of
Fe(lll) to the solution of AIm-[lda]Fos (1@M) in the presence of
Iiposl(zmes induced destabilization of the helical structure (Figure References
1D).

_ ; (1) For review: (a) Woolley, G. A.; Lougheed, Turr. Opin. Chem. Biol.
The channel current of Alm-[lda]Fos was then analyzed using 2003 7, 710-714. (b) Sakai. N.. Mareda, J.: Matile, Scc. Chem. Res.

Supporting Information Available: Synthesis, characterization,
and experimental conditions for CD and channel measurement of Alm-
[IdaJFos. Single channel records of Alm-[Ida]JFos and Alm-Fos. This
material is available free of charge via the Internet at http://pubs.acs.org.
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monitor the ion flux (i.e., channel current) going through a channel R.; Weber, M. EBioorg. Med. Chem2004 12, 1291-1304. (e) Futaki,
pore in real time. In the absence of Fe(lll), the Alm-[Ida]Fos forms S. Biopolymers1998 47, 75-81 and the references therein.

. (2) Futaki, S.; Zhang, Y.; Kiwada, T.; Nakase, I.; Yagami, T.; Oiki, S.;

a channel having conductances pf 0.13 apd 0.72 nS (apd less Sugiura, Y.Bioorg. Med. Chem2004 12, 1343-1350.
frequently 1.73 and 2.90 n3) (Figure 2A-i and Supporting 3 %gaggéé;z gggaki, S.; Kiwada, T.; Sugiura, Bioorg. Med. Chem2002
lnfor_matlon Flgure 84)' Wlth_ the add'_tlon of Fe(III) ('ZM)’ a 4) WE)oIIey, G. A Epand, R. M.; Kerr, I. D.; Sansom, M. S.; Wallace, B.
significant and spontaneous increase in the channel current level A. Biochemistryl994 33, 6850-6858.

i _ii i indi (5) Cornell, B. A.; Braach-Makswytis, V. L.; King, L. G.; Osman, P. D.;
was obse.rved (Flgure.ZA ii). This indicates the fact. that the Raguse, B.; Wieczorek, L : Pace. R Nailre 1907 387 580. 583,
conformational change in the extramembrane segment induced by (6) Miyazawa, A.; Fujiyoshi, Y.; Unwin, NNature 2003 423 949-955.

the interaction with Fe(lll) is effectively transmitted as the channel  (7) Eﬁrrertalz, SEdUz'B'SQ Xg. fﬁ%_uf;ﬂgi, R.; Verdini, A.; Vogel, Bingew.

16 i : em., Int. A .
current!® Removal of Fe(lll) resulted in the reduction of the chapnel (8) Futaki. S.; Fukuda, M.- Omote, M.: Yamauchi, K.. Yagami, T. Niwa,
current; by the addition of an excess amount of EDTA (final M.; Sugiura, Y.J. Am. Chem. So@001, 123 12127-12134.
concentration 1@M), the channel current decreased to the original ~ (9) Woolley, G. A;; Wallace, B. ABiochemistry1993 32, 9819-9825.
| lin the ab £ Ee(lll) (Fi 2 M- The furth dditi (10) O’Shea, E. K.; Rutkowski, R.; Stafford, W. F., lll; Kim, P. Science
evelin the absence o e( )(_ igure 2A-ifij.The furt er addition 1089 245, 646648,
of Fe(lll) again yielded the higher current level (Figure 2A-iv).  (11) Hamachi, |.; Yamada, Y.; Matsugi, T.; Shinkai,Ghem—Eur. J.1999

Therefore, the channel current was repeatedly controlled by Fe(lll). 12) 5F’u%a5|23él_5|%it’,ada T.: Sugiura, . Am. Chem. S02004 126, 15762-

The average channel current and the standard error for states i 157609.

were calculated as 158 5.1. 392+ 22 27.6+ 6.0. and 332+ (13) The CD spectra of [Ida]Fos (the peptide corresponding to the extramem-
. . ! y i brane segment of Alm-[IdaJFos) in the presence and absence of liposomes

17 pA, respectively (Figure 2B). Therefore, the addition of Fe(lll) are almost identical with each other, suggesting that the [Ida]Fos segment

yields more than a 1820 times difference in the channel current has little interaction with the lipid membranes (Figure 1D-ii).

. - (14) A greater effect (24% decrease) on the addition of Fe(lll) was observed
as corr_lpared with that in 'ts_ absence. o ) for the [Ida]Fos peptide (Figure 1D-ii). Considering that the alamethicin
In this study, we have designed an artificial channel peptide Alm- Zegm%“dtakersi)% “ﬁ”"[S]' struclture ifn Atre [ln:je?::braﬁ]az% —1.4 x 104 .
i eg cnt dmol),° the [A]22, value of Alm-[Ida]Fos in the presence o
[lda]Fos and C'e‘"?‘”y dem.OHSt.rated that the addition of Fe(lll) led liposomes is almost the sum of those for alamethicin in the membranes
to the conformational switch in the extramembrane segment and and for the [Ida]Fos peptide in the absence and presence of Fe(lll). This
; ; suggests that the change in CD spectra of Alm-[lda]Fos would mainly
the eventual 'ncree_lse in th? (_:ha}nnel current. There are Sev_eral reflect the structural alternation of the extramembrane segment.
reports on the creation of artificial ion channels that have a sensing (15) These current levels are comparable with those of AlméFopeptide
function of the external ligandsHowever, most of them have been having the same amino acid sequence as Alm-[lda]Fos except that Ida at

. . . . ositions 42 and 44 are Ala and GIn, respectively (Supporting Information
designed so that the interaction with ligands leads to a decreased Eigure S5). P y (Supporting

channel current by plugging the channel pores, and very few of (16) Alm-Fos does not contain Ida residues, and the addition of Fe(lll) caused
them have a function that can detect the ligand with the increased ansgig'ﬂrc:'gé;‘_crease in the channel current levels (Supporting Informa-
membrane current as are usually seen in natural ligand-gated (17) Channel conductances of 0.08, 0.41, 1.44, and 1.88 nS were observed.

; ; ; These channel current levels are sometimes observed even in the absence
channels. The system established here is rather simple and may of Fe(lll) presumably due to the subtle difference in the assembly states

need further sophistication. However, we believe that this concept or conformation of the peptide, and this difference may not be due to the
can extensively be applicable for the creation of various ligand- interaction of Fe(lll) with the channel pore.
gated ion channels with novel receptor functions. JA060515B
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