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ABSTRACT. The question of how to design a water-soluble globular protein remains. We report here the
synthesis of a native-like and pore-forming small globular protein (SGP, 69 amino acid residues). The
protein was designed to have four helices: a Trp-containing short hydrophobic helix in the middle
surrounded by three Tyr-containing long basic amphiphilic helices. Size-exclusion chromatography and
CD measurements indicated that in buffer solution SGP is monomeric with a 50% helical structure. SGP
did not completely denature even at high temperaturé @@nd at relatively high GiCl concentration

so that the denaturant concentration at the midpoint of the transition is 5 M. Dye binding studies and
fluorescence energy transfer experiments showed that SGP possesses a hydrophobic binding site and its
Trp of the central helix is present at a relatively hydrophobic region and accepts the energy from Tyr(s)
in other amphiphilic helices, indicating that SGP takes a stable globular-like structure in agueous solution.
From the depth-dependent fluorescent studies using egg PC liposomes comadoixyg fatty acids and
brominated phospholipid as quenchers, it was found that the hydrophobic aetigtik is able to enter
spontaneously into the lipid bilayers and the Trp in the centrhklix is located at about the middle of

the alkyl chain in the outer layer of the phospholipid bilayer. The peptide is also able to increase the
membrane permeability with two modes of current (basal current and single ion channel) in planar
phospholipid bilayers, indicating the spontaneous insertion of the protein into the lipid bilayer (basal
current) and then the formation of a uniform size of channel pore (14 pS). SGP is useful as a basic and
starting model to find good amino acid sequences that fold to a desired protein structure and to search
translocation mechanisms from aqueous solution into lipid bilayers.

To better understand the insertion of membrane targetingbilayer insertion are not available. Thus, tle nao
protein into biomembrane, we designed and synthesized asynthesis of artificial protein, SGP, was used to see if this
small globular protein (SGP) and studied the folding structure translocation mechanism occurs in other membrane targeting
in aqueous solution as well as the actual penetration proteins.
mechanism into lipid bilayers. Colicins, water-soluble toxic
proteins (Konisky, 1982), have been investigated in order
to understand how this enters spontaneously into a nonpola
membrane environment (van der Goot et al., 1991; Mel et
al., 1993). The C-terminal of colicin A is a folding structure
composed of 1@-helices, 2 of them forming a hydrophobic
helical hairpin buried in the soluble protein (Parker et al.,
1989). In the first phase of membrane penetration, the
protein unfolds into a flexible conformation, the so-called
molten globular state. The molten globular structure lowers

the energy required for the hydrophobic hairpin to slip in, :
leaving ggopgned umbrella-|i>|/<e srt)ructure P P protein (Regan & DeGrado, 1988; DeGrado et al., 1989;
This i ) hani ' I Hecht et al., 1990; Dekker et al., 1993; Zhou et al., 1992;
IS Insertion mechanism appears common to all pore- o yeyar et al.,, 1993; Monera et al., 199B}structural

forming colicins. However, the picture of protein translo- - : ;
cation %nd pore formation is not c?omplete yzt, because goodpmte'n (Quinn et al., 1994), a}nd r.netallopr.otem (Handel et
del systems to obtain details of the mechanism of lipid aI.,_ 19.93.)' Howe_v_er, a protein with .bUHEd hydrophobic
mo helix similar to colicins has not been designed yet. We report
here a native-like small globular protein (SGP) which is
& " This r\]NOék WNaI.S ,S?Ppofftgg in Ft’.""” bé élltGrant-ig giq for SCifegtifiC expected to fold as shown in Figure 1. The protein designed
i rom the Central isctte of FLKUoka University and by a grant of 210 Synthesized has 4 helices with a short hydrophobic helix
the Science Promotion Foundation of Kim Man-Yu. and 3 long basic amphiphilic helices in 69 amino acid

* To whom correspondence should be addressed. residues, and is expected to spontaneously insert itself into
* Fukuoka University.

De nao synthesis of artificial protein has been an
emerging area of research that not only tests our understand-
ring of protein structure related to folding but also plays a
role as the groundwork for the macromolecules with
unprecedented structures and properties [see review by
Bryson et al. (1995)]. Self-assembly or simultaneous folding
is essential irde nao design of proteins. The propensity
of amphiphilic peptides to assemble in aqueous solution and
of theS-turn to form a loop has been successfully employed
to design a coiled-coil protein and a 4,5,6-helix bundle

§ Kvushu Universit membrane (Figure 1C). In the present study, we investigated
I Ngﬂonm mstitute)gf Radiological Sciences. the solution behavior of SGP and its insertion from aqueous
® Abstract published iidvance ACS Abstractdfarch 1, 1997. solution to lipid bilayers.
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MATERIALS AND METHODS cence spectrophotometer. The fluorescence spectra were
taken with excitation and emission band-passes of 5 nm.
Correction was made for the contribution from the blank and
the wavelength dependence of the instrumental response.
Quenching of Trp fluorescence by acrylamide was performed
in Tes buffer in the presence and absence of 280egg

PC liposomes. After peptides (4M) were added to the
preformed small unilamellar liposomes, aliquots of 1 M
acrylamide solution in buffer were added. The quenching
data were analyzed by the Stefviolmer plot using the
equationFo/F = 1 + KgJQ], whereFy, F, K, and [Q] are

the fluorescence intensities at maximum wavelength in the
absence and presence of liposomes, the Stéatmer
guenching constant, and the quencher concentration, respec-
tively. Quenching experiments lnydoxylstearic acids were
also performed as described above except for the titration
study, in which the peptide solution was titrated with the
liposome solution allowed to incorporate quenchers to the

Peptide SynthesisSGP was synthesized according to the
Fmoc chemical procedure starting from Fmoc-Leu-PEG
[poly(ethylene glycol)] resin by using a Miligen automatic
peptide synthesizer (Model 9050) to monitor the deprotection
of the Fmoc group by the UV absorbance. After cleavage
from the resin by trifluoroacetic acid, the crude peptide
obtained was purified by HPLC chromatography with an
ODS column, 20x 250 mm, with a gradient system of water/
acetonitrile containing 0.1% trifluoroacetic acid. Amino acid
analysis was performed after hydrolysis in 5.7 M HCl in a
sealed tube at 110C for 24 h. Analytical data obtained
were as follows: Gly, 6.2 (6); Ala, 9.5 (10); Leu, 26.5 (25);
Asp, 3.0 (3); Pro, 2.9 (3); Tyr, 3.1 (3); Lys, 18.9 (18).
Molecular weight was determined by the FAB-mass spectrum
using a JEOL JMX-HX100: base peak, 7555.1; calcd for
CasHeadO77No*HT, 7554.8. Peptide concentrations were
determined from the UV absorbance of Trp and three . . A
tyrosines at 280 nm in buffere (= 8000). Gel filtration preformed I|po_sc_)me _squt|on. Th? quenchlng of Trp f_Iuo-
HPLC chromatography was performed by using Tris buffer €SC€NCe by lipid bilayers containing 1,2-bis(9,10-dibro-
(10 mM Tris, 1560 mM NaCl, pH 5.0 or pH 7.4) on mostgaroyl)phosphatldylchol|ne (DBRPC) as a qugncher
COSMOSIL 5DIOL-300 (Nakalai Tesk, Kyoto, Japan).  (Pawidowicz & Rothman, 1976) was also performed in Tes

Liposome Preparation.Small unilamellar egg PC lipo- buffer. Peptide was titrated with liposome solution prepared

somes were prepared as follows: egg PC (4.4 mg, about™o™ @ mixture of the appropriate ratio of egg PC and
6.0 umol) in chloroform (2 mL) was placed in a round- DBRPC as described above.
bottom flask. After evaporation of the solvent, residual film  Fluorescence Decay Measurement$hese were per-
was driedin vacuoovernight. The lipid film was hydrated formed using the multiwavelength time-resolved photon
with 3 mL of Tes buffer (5 mM Tes/100 mM NaCl, pH 7.4). counting system (Type C4708, Hamamatsu). This system
The suspension was vortexed for 20 min. The turbid solution was constructed mainly with a combination of monochro-
was sonicated under ice-cooling and nitrogen-flowing for 10 mator and streakscope that enables multiwavelength time-
min (x3) by using a titanium tip sonicater. The liposome resolved photon counting with high speed (time resolution,
solution was centrifuged at 5000 rpm for 20 min. 5 ps) and high sensibility. The excitation pulse was obtained
CD Spectrum Measurement€D spectra were recorded from a mode-locked Ti:sapphire laser pumped by an argon
in Tes buffer (5 mM Tes/100 mM NaCl, pH 7.4) on a Jasco ion laser (type 2080). In order to set the excitation
J-600 spectropolarimeter using a quartz cell of 1 mm path Wavelength at 285 nm, a third harmonics generator (GW-

length. Peptide concentration was held at aboutMOCD 3FS, Spectra Physics) was used. Finally, output laser pulses
values are expressed as the mean residue molar ellipticity.for excitation have a pulse width narrower than 100 fs, and
The percent helix was estimated using the equatin; = its repetition was 80 MHz. Fluorescence decay data were

(fn — ik/IN)(On, 202) Where 022, is the mean residue molar  analyzed with a nonlinear least-squares algorithm (McKinnon
ellipticity at 222 nmfy,, the fraction ino-helical form;i, the et al., 1977). Adequacy of fluorescence was judged by

number of helices (assumed to be four);a wavelength- inspection of plots of weighted residual and statistical
specific constant with a value of 2.6 at 222 ni; the parameters such as a reduced ghigquare.
number of residues in the peptide (69 residues); &nebk.), Channel Formation Measurementé. planar lipid bilayer

the molar ellipticity for an infinite chain length at 222 nm  membrane was formed to the portion of an apparatus of about
(—39 500 degenv/dmol) (Chen et al., 1974; Chang et al., 200 um in diameter on a Teflon septum between two
1978). compartments (cis for the compartment to which samples
For the denaturation study, the stock solution of SGP made are added and trans for the opposite compartment) by folding
up using Tes buffer (5 mM Tes/100 mM NaCl, pH 7.4) was of monolayers in a buffer containing 150 mM d M KClI
diluted to 10uM by adding an appropriate quantity of 8M  and 10 mM Tris-Hepes (pH 7.4) as described previously
Gu-HClI/Tes buffer solution. After the solution was left to (Agawa et al., 1991). The 2:1 mixture of egg PC (Avanti
stand for 1 h, the spectra were taken at°€5 Polar Lipids) and brain phosphatidylserine (Avanti Polar
Fluorescence Measuremenll steady-state fluorescence  |ipids) was used as the bilayer lipid. In some experiments,
measurements were performed with a Hitachi 850 fluores- after formation of the bilayer with 150 mM KCl and 10 mM
Tris—Hepes (pH 7.4), the KCI concentration at the cis
1 Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; CD, cir- compartment was increased by withdrawing an appropriate
cular dichroism; DBRPC, 1,2-bis(9,10-dibromostearoyl)phosphatidyl- yolume of the cis solution followed by adding the same

choline; egg PC, egg yolk phosphatidylcholine; egg PE, egg yolk :
phosphatidylethanolamine; brain PS, bovine brain phosphatidylserine;voIume d 3 MKCland 10 mM Tris-Hepes (pH 7.4). The

Fmoc, 9-fluorenylmethoxycarbonyl; @G4CI, guanidine hydrochloride; ~ SGP peptides dissolved in methanol or in a 150 mM KCl
HPLC, high-performance liquid chromatographyDS, n-doxylstearic and 10 mM Tris-Hepes buffer solution (pH 7.4) were added
acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Tes, 5 the cis compartment with stirring under voltage clamp
N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; Tris, tris- . f .
(hydroxymethyl)aminomethane. All amino acids are of theonfig- conditions. The membrane potential was defined as the

uration. potential of the cis with respect to the trans compartment.
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a-1
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Aqueous solution Lipid bilayer

Ficure 1: Amino acid sequence of SGP (A), helical wheel representation of SGP (B), and a schematic illustration of its expected folding
state and open umbrella state in buffer and in membrane, respectively (C).
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Thus, the membrane current was measured and recorded as
described previously (Agawa et al., 1991).
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RESULTS

Design of Small Globular ProteinSGP consists of 69
amino acid residues divided over 4 helical parts: 3 basic
amphiphilic helices composed of Leu and Lys and a
hydrophobic helix composed of oligoalanine in the middle.
Leu, Lys, and Ala have a strong helix-forming potential in o 0 20 0 20 20
globular proteins (Chou & Fasman, 1978). The appropriate

.. .. , X Time (min)
periodical distribution of Leu and Lys along chains can Ficure 2: Elution profile of SGP on gel-filtration HPLC. SGP

induce a stable amphiphilic helical structure at apolar surfaces, ¢ chromatographed on COSMOSIL 5DIOL-300 (Nakarai Tesk
such as air, the hydrophobic sites of protein, and the kyoto, Japan) in 10 mM Tri$iCl, 150 mM NaCl at pH 5.0.
phospholipid membrane (DeGrado & Lear, 1985; Blondelle Molecular size markers are albumin (45 kDa), trypsinogen (24 kDa),

& Houghten, 1992; Kiyota et al., 1996). Oligoalanime=£ and lyzozyme (14.3 kDa). Inset: molecular weights of the markers
10) was selected as the hydrophobic central helix, which is (0Pen circles) and SGP (closed circle) were plotted as a function
e . . of retention time.
the smallest in size and shorter in chain length than the other
three helicesr(= 15). The three helices composed of Lys from the gel filtration column. The elution behavior did not
and Leu residues take on amphiphilic structure when change at pH 5.0 and pH 7.4. The tailing seems to be due
represented as-helical wheels (Figure 1B). It seems that to partial adsorption of the cationic SGP to the slightly
the three amphiphilic helices can surround smoothly the small anionic column. The location of this peak is consistent with
hydrophobic central helix. To look at the folding structures, the expected molecular mass of this protein, indicating that
one Trp was introduced in the hydrophobic helix and one it is monomeric.
Tyr in each amphiphilic helix; the Tyr residue -2 is Molecular size can also be evaluated by the fluorescence
located in the hydrophobic region of the amphiphilic helix anisotropy and lifetime using Perrin and EinsteBtokes
and the two Tyr ino-3 anda-4 are located in hydrophobic  equations which describe the relationships between the
ones. Thex-1 anda-2 helices were connected byjaurn- fluorescence anisotropy)(and the rotational correlation time
forming sequence, Gly-Pro-Asn-Gly to tightly fold and for of the fluorophore ¢) (ro/r = 1 + t/@: ro, intrinsic
connections between the other helices2(ando.-3, -3 and anisotropy) and between the correlation time and the mo-
o-4); a f-turn-unfavorable one, Gly-Asn-Pro-Gly, was lecular weight ¥1) (¢ = yMalKT: #, viscosity;o, hydration
employed to afford flexibility for bending as needed (Chou constantk, Bolzmann constant;, temperature), respectively
& Fasman, 1978). In aqueous solution, SGP is expected to(Tao, 1969). The fluorescence anisotropy was decided
take a globular protein-like structure as shown in Figure 1C. experimentally as 0.04 in the buffer solution (5 mM Tes,
Monomeric State.To demonstrate whether SGP is mon- 100 mM NacCl, pH 7.4) (data not shown), andias obtained
omeric or oligomeric in buffer solution, size-exclusion from the decay experiment described later (Table 1), and
chromatography was performed using a packed column for then the calculated molecular weight is about 6200, indicating
HPLC (Figure 2). Several natural proteins, known to form that the SGP is monomeric.
compact globular structures, were used as calibration stan- This is also supported from analytical ultracentrifugation
dards. SGP was eluted as a single peak with some tailingexperiments using a Beckman XLA-TG-2 analytical ultra-

Molecular Weight

Absorbance
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Ficure 3: Circular dichroism and Trp fluorescence behavior of LPG at different conditions. (A) CD spectra of the peptide in trifluoroethanol
(c) buffer (5 mM TesHCI and 100 mM NaCl at pH 7.4)(a) and in the presence of egg PC liposomes (b). (B) Temperature dependence of
CD spectra in Tes buffer. Peptide concentrationul@ Curves ¢C): a, 20; b, 40; c, 60; d, 80; e, 90. (C) &ICl denaturation profiles

at 25°C plotted on the basis of the ellipticity at 222 nm (circles, leéxis) and the emission maximum of Trp fluorescence excited at 285

nm (triangles, righy-axis). Peptide concentration is 10/.

centrifuge at 60 000 rpm, 20C, in 5 mM Tes, 100 mM comparable to values observed for active destabilized mutant
NaCl, pH 7.4 (data not shown). The data were analyzed by enzymes or betadoublet protein (Quinn et al., 1994). The
using the XLAEQ program algorithm, and the molecular emission maxima of Trp fluorescence shifted gradually to
weight (M) was calculated from the following equatioMy red wavelength with increasing concentration of 8Gl. A
(molecular buoyantyF M(1 — vp). The values of 0.75 and  relatively strong change was observed in the range—8 3

1 were used a® (partial specific volume of the particle) M Gu-HCI (Figure 3C), suggesting that the brief conforma-
andp (density of the solvent), respectively. The observed tional change around the Trp residue starts just before the
molecular weight is about 7600 at a concentration of about commencement of unfolding of the-helical structure.

50 uM. To probe the degree of order in the SGP, binding of the
Spectroscopic Study in Buffer Solutionhe conformations  fluorescent dye 1-anilinonaphthalene-8-sulfonate (ANS) was
of SGP were studied by ultraviolet CD spectroscopic methods measured. ANS binds strongly to the accessible hydrophobic
(Figure 3A). The dichroic spectrum in 80% trifluoroethanol moiety in molten globular folding structures and to either
exhibits negative minima at 206 and 222 nm, characteristic native or denatured proteins (Semisotnov et al., 1991). The
of a-helical structure. In buffer solution, SGP also has a fluorescence of ANS was indeed enhanced by the solution
significant content (50%) of helical residues (Chen et al., containing SGP (Figure 4A), indicating that binding took
1974; Chang et al., 1978). The ellipticities of CD curves of place. The dissociation constant and number of binding sites
SGP were independent of protein concentrations from 50 of the SGP-ANS complex evaluated from the increase of
uM to 5 uM in buffer solution (data not shown), indicating the ANS fluorescence intensities are X80 °>M and 1.17,
that no aggregation took place. Interestingly, the presencerespectively (Wang & Edelman, 1971). Two reasdrss,
of egg PC liposomes increased the helical content to 60%.the reduction in the dissociation constant value by 1 order
To understand the stability of SGP, CD and fluorescence of magnitude as compared with other proteins in the molten
spectra were measured as functions of temperature and oflobular state £10~* M) and the presence of a stable,
guanidine hydrochloride (GHICI) concentration (Figure  Singular hydrophobic binding pocket (only one), suggest that
3B,C, respectively). The intensities of the minimum trough SGP may not be in a molten globular state but somehow in
at 222 nm were decreased linearly with increasing temper-2 state similar to a native-like protein (Semisotnov et al.,
atures in the range of 200°C. However, 100% unfolding ~ 1991).

was not observed even at 9C, at which thea-helical Energy Transfer from Tyr to TrpAll of the data support
content is 35%. The denaturation study using-KBTI that SGP takes a stable folding structure in the monomeric
demonstrated that at low concentration of-BGl at 25°C, state. To ascertain whether SGP takes such an expected

thea-helical content slightly increased when compared with folding structure as shown in Figure 1C, we measured
buffer solution only; a similar trend has been observed for resonance energy transfer between a Trp-ib and one or
molten globular proteins (Goto & Aimoto, 1991). However two of the Tyr ina-2, -3, or -4. The fluorescence decay
with increasing concentration, unfolding started at about 4 kinetics of the Trp residue, which were the energy acceptor,
M Gu-HCI and was completet® M Gu-HCI (Figure 3C). were precisely decided using the time-resolved photon
From the smooth cooperative sigmoidal curve obtained, the counting method. Figure 4B shows the fluorescence decay
free energy change\G) was calculated to be 2.5 kcal/mol profile of the Trp residue in SGP in the buffer solution on
(Hecht et al., 1990). This value is low relative to water- excitation at 285 nm. According to the general rule of
soluble natural proteins such as lactalbuniis(= 4.2 kcal/ excitation energy transfer kinetics, the fluorescence decay
mol) and tode nao designed four helix bundle proteinAG curve of the acceptor molecule must have a truncated form,
= 3.7-4.4 kcal/mol) (Regan & DeGrado, 1988) but is and its decay kinetics include a negative preexponential factor
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Ficure 4: (A) Fluorescence emission spectra of ANS bound to SG#M4ANS was titrated with SGP in 10 mM Te4Cl at pH 7.4

without changing its concentration. Curves a, b, c, d, e, f, and g include 2.2, 5.5, 8.7, 11.7, 14.7, 17.6, aiMI RGB, respectively. The
excitation wavelength was 370 nm. Insert: estimation of the number of binding sjtesd dissociation constant&d) of SGP against

ANS (Eftink & Ghiron, 1976).Kq andn were estimated using eqs 1 and 21 %/ 1/lha + (Ko/lma)/[ANS] is eq 1, and [ANSY = 1/p +
(Kd/pn)/[SGP] is eq 2, wheré and¢ are the fluorescence intensity of ANS and the specific fluorescence intensity of bound ANIS.

the fluorescence intensity of ANS when SGP is saturated with ANS. Line 1 was plotted based on eq 1, tigdii8=P with ANS k-

andy-axes are given at the upper and right side, respectively). Line 2 was based on eq 2 and obtained with titrafidABISIwith SGP

(x- andy-axes are given at the bottom and left side, respectively). (B) Fluorescence decay profile of the Trp residue in 5 mM Tes buffer
(pH 7.4) (upper panel). Excitation wavelength, 285 nm; emission wavelength, 350 nm. Total counts are 12 500. Curves 1, 2, and 3 are the
excitation pulse, the fluorescence decay profile, and the theoretical curve calculated using the decay parameters giving the best fit. The
weighted residuals are shown in the bottom panel.

Table 1: Fluorescence Decay Parameters of SGP the bu]‘fer_ but not in membrane. Unfortunately the intrinsic
¥ - Tyr's lifetime cannot be measured because of the presence
n(psP 72(ps) w(s) o 02 0 % of the energy acceptor (Trp), so it is difficult to estimate the
f?“ﬁer 53 223% %io —0.55 0(-)634 0(-)9%6 1-11835 precise energy transfer rate or the efficiency between Tyr
Iposome i : : : and Trp in SGP in the buffer solution. However, the donor’s
2 Excitation wavelength at 285 nm and emission wavelength at 350 |ifetime (r1) of SGP was evaluated to be about 53 ps (Table

nm.° The fluorescence decay kinetics were given by a linear combina- o Lt :
tion of exponentials:F(t) = o exp(t/z), wherea; andr; are the 1). This lifetime is much shorter than the usual fluorescence

fluorescence lifetime of théth component and the corresponding lifetime of Tyr (about 500 ps te-2 ns), indicating that the

preexponential function, respectively. energy transfer of SGP is considerably effective in the buffer
solution (Willis & Szabo, 1991). This strongly demonstrates
as shown by eq 1 when the donor molecule is excited: that a-1 associates with the other one or twshelical
segment(s) by adopting a globular protein structure in buffer.
[A*] = {k{[D*] /(1/rp — Litp)} exp(—tizp) + {[A*] ; — On the other hand, in the presence of liposomes, the folding
k,[D*] o/(L/t, — 1/zy)} exp(t/t,) (1) structure changes to a conformation where three Tyr residues

are not present near central helices.

where [D*], and [A*]o are the concentrations of excited Trp Fluorescence Study in the Presence of Liposomes.
donor molecules and directly excited acceptor molecules atNext, to examine the translocation of peptide into membrane,
the instant of excitation, respectivel; andz, are decay  the intrinsic fluorescence of Trp was measured in buffer
times of the donor and acceptor, respectively, knib the solution and in the presence of liposomes (Figure 5A). When
energy transfer rate constant. The decay profile in buffer placed in buffer, the peptide exhibited an emission maximum
solution gave a somewhat truncated form on the initiation at 345 nm (excited at 290 nm), indicating a less hydrophilic
of excitation as seen in Figure 4B. The nonlinear decon- environment for the Trp, because the Trp exposed to a
volution analysis of the decay profile gave clearer evidence hydrophilic environment usually has an emission maximum
for the excitation energy transfer from Tyr to Trp in the around 355 nm (Eftink & Ghiron, 1976). However, with
buffer. The fluorescence decay parameters of SGP moni-increasing concentration of egg PC liposome, the peptide
tored and excited at 350 and 285 nm, respectively, are exhibited an enhanced increment in its fluorescence intensity
summarized in Table 1. The fluorescence of the Trp residueand a blue shift to 338 nm in the fluorescence emission
decayed with triple-exponential kinetics in the buffer, and maximum. Since the fluorescence change reflects relocation
the preexponential factor corresponding to the fastest decayof the Trp into a more hydrophobic environment, such a view
component was negative. On the other hand, the decayis not inconsistent with the fluorescence quenching experi-
profile of the Trp residue in the egg PC liposome membrane ments (Figure 5B). The fluorescence intensity decreased
rose steeply (data not shown). The fluorescence decaywith increasing concentration of acrylamide. The quenching
kinetics in the liposome membrane were described definitely data were analyzed according to the Stevielmer relation-
with a double exponential with two positive preexponential ship. The plots in the absence and presence of egg PC gave
factors. These results suggest that SGP takes a conformatioa straight line, and the slope in the presence of egg PC
enabling energy transfer from Tyr to the Trp residue only in liposomes Ksy = 5.8 M™1) was smaller than that in the
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Ficure 5: (A) Trp fluorescence titration curves for binding of SGP to liposomes as a function of egg PC liposome concentrations. Peptide
concentration is 5.2M. Lipid concentrationsgM): a, 5; b, 10; c, 20; d, 40. (B) Fluorescence quenching of SGP by acrylamide in the
various conditions. The solid lines were obtained with the linear least-squares method. The open circles are in buffer solution, and the
closed circles are in the presence of egg PC liposomes.
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Ficure 6: (A) Quenching of Trp fluorescence by variongloxylstearic acids in the presence of egg PC liposomes 4C2Peptide (5
uM) was added to egg PC liposome (1481) solution containing 4%»-doxylstearic acids, 5 mM Tes, and 100 mM NacCl. Buffet)(egg
PConly < —), 5-NS ¢-+), 10-NS ¢ - —), and 16-NS { -+ —). Inset in (A): Titration curves with egg PC liposomes contaimirdpxylstearic
acids. The ratio of the fluorescence maximum intensity (excitation at 290 nm) in the absence of quegcteethe intensity in the
presence of quencheF, is plotted as a function of the amount of membrane-bound quencher per(@iifBlatt & Soyer, 1985). (B)
Quenching of Trp fluorescence by egg PC liposomes containing different concentrations of DBRP@CatBtffer (—), 0% DBPRC
(---), 5% (— —), 10% (— - —), and 20% {-+). Peptide concentration is/a\. Lipid concentration is 20&M.

absence of egg PC liposomé&(= 6.2 M™1). The Stera- the membrane-bound quencher per lipid molecule because
Volmer constantsKs,) observed tell us that Trp residues the series of-doxylstearic acids differ in the affinity of lipid
both in buffer and in the lipid bilayer are present at the membranes (Blatt & Soyer, 1985). So, a titrating study of
intermediate area between the hydrophilic surface and thethe peptide by-doxylstearic acids incorporated into the outer
hydrophobic interior in molecules or in lipid bilayers (Eftink  layer of egg PC liposomes was performed at several lipid
& Ghiron, 1976). concentrations; the results showed that the quenching ef-
Depth-Dependent Fluorescent Quenching of Trp in the ficiency is in the order 10-N& 16-NS = 5-NS (inset in
Presence of Liposomeslo collect detailed information on ~ Figure 6A). From these fluorescence experiments, we
the position of the helices within the lipid bilayers, the concluded that the central helix is localized in lipid bilayers
quenching behavior of-doxylstearic acids in egg PC perpendicularly, in which the Trp residue is present at an
vesicles was investigated (Figure 6A) (Voges et al., 1987). intermediate depth of lipid core at the outer layer of lipid
Depth-dependent fluorescent quenching of a Trp located atbilayers, while the three amphiphilic helices may be left at
the hydrophobic helices was checked using a sen-of the lipid surface, horizontally. This conclusion was also
doxylstearic acidsn(= 5, 10, 16). Then-stearic acid bearing  confirmed from the quenching experiment using the lipid
the nitroxide label at position 10 (10-NS) incorporated into bilayers containing 9,10-DBRPC. As shown in Figure 6B,
egg PC liposomes drastically quenched the Trp fluorophore, the fluorescence quenching caused by bromines attached to
but 5-NS and 16-NS did weakly. Then, the quenching the 9,10 positions of the twin acyl chains of phospholipid
efficiency of n-doxylstearic acid was also compared with was gradually increased with increasing content of DBRPC
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FiIcure 7: Electric current profiles of a bilayer membrane holding SGP. (A) Effect of SGP on the conductance of a planar bilayer membrane.
The bilayer was formed by the folding method using egg PE/brain PS (2:1) in symrh&thNe&Cl and 10 mM Tris-Hepes (pH 7.4). 5

uL of a methanol solution of SGP (1 mg/mL) was added to the cis compartment and stirred0rs5 The trace was filtered at 20 Hz.

The membrane potential was keptiat8.5 mV. The dashed line indicates the zero current level. (B) A part of the current trace from panel

A. The part of the Figure 7 trace indicated as B was expanded. Filter: 20 Hz. (C) Effect of SGP on the conductance of a planer bilayer
membrane in asymmetrical KCI concentration (cis, 600 mM; trans, 150 mM). & a methanol solution of SGP (1 mg/mL) was added

to the cis compartment. The membrane potentials were kept at almost-z&r V). (D) Voltage dependency of the channel events in
symmetrical 150 mM KCI and 10 mM TrisHepes solution (pH 7.4). (E) Currenpotential relationship of the single channel current
shown in panel B. From the slope of the graph, the single channel conductance was calculated as 14 pS.

in egg PC liposomes. SGP undergoes a conformationala certain level, discrete current changes corresponding to
change that results in transferring the Trp position from the channel-event appeared overlapping the basal current. The
protein interior to the area near the 9,10 positions of the channels increased in multiples of the single channel level
phospholipid acyl chain. (Figure 7B) with time at the later part of the trace of Figure
lon Channel Formation. Fina"y, the p|anar bi|ayer 7A. When the same amount of SGP dissolved in 150 mM
method (Montal & Mueller, 1972) was employed to further KCl and 10 mM Tris-Hepes (pH 7.4) was added, a similar
examine whether the peptide is able to move into the lipid time course of the current increase was observed (data not
bilayers and to increase the membrane permeability by shown), suggesting that membrane currents by SGP are not
forming something like an ion channel. When the methanol dependent on the structure in the solubilized conditions such
solution of SGP was added, the membrane current wasas the organic and the aqueous solution. When the concen-
rapidly increased at first, and the rate of the increase wastration of KCl was asymmetrical (cis, 600 mM; trans, 150
gradually slowed down (Figure 7A). Here, the current is mM), SGP also induced two types of membrane currents
referred to as basal current. After the basal current reachedbasal current and channel current) at almost zero membrane
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potential (Figure 7C). Interestingly, the ion selectivity of fluorescence study by the addition of GICI in buffer
the basal current and channel events is different. Although solution, SGP is denatured highly cooperatively, and the Trp
no exact ion selectivity of both currents was determined yet, residue present in the relatively hydrophobic surrounding is
it is likely that the basal current is a little anion-selective exposed to the solution prior to denaturation ofdtikelical
while the channel event is cation-selective. The property structure (Figure 3C). Also, the titration study with ANS
of the channel current was examined further. Figure 7D showed that SGP has one hydrophobic binding site of ANS
demonstrates that the single channel current is dependenin the molecules with a dissociation constant on the order
on the membrane potential. The currepbtential plot (—V of 20 uM. These results indicate that the molten globular-
plot in Figure 7E) shows that the single channel conductancelike structure has an aspect of certain native globular-like
is 14 pS at symmetrical 150 mM KCI. The conductance at structures.
1 M KCI is about 17 pS. The conductance at KCI The CD data of SGP in buffer solution showed 50% helical
concentrations suggests that the KKonductivity of the content. Assuming that the central oligoalanine residues take
channel is considerably saturated at 150 mM KCI. a fully a-helical structure, it amounts to about 15% of the
total structure. The remaining helical content of the three
DISCUSSION amphiphilic helices totals up to 35%. This corresponds to
The hydrophobic effect is a primary factor to the folding the idea of 6-7 of 15 residues of each amphiphilic helical
and stabilization of protein structure (Kauzman et al., 1959). segment. Thus, we image a cationic micelle-like bundle as
Hydrophobic residues tend to cluster into the solvent- the structural feature of SGP; that is, the small central
inaccessible interiors of globular proteins while hydrophilic a-helical cylinder composed of polyalanine (10 residues) and
residues tend to project outward and are more solvated (Janinl Trp is surrounded by the partially collapsed 3 larger
1979). First of all, it is essential to determine whether SGP cylinders composed of Leu and Lys (15 residues/each
is monomeric or oligomeric in buffer solution, because a cylinder), in which Lys residues are scattered to the outer
large hydrophobic part of oligoalanine that may self-assemble surface by the repulsion of negatively charged groups.
is present in the molecule. The present size-exclusion Interestingly, the micelle-like stable structure imaged as
chromatography and the fluorescence anisotrdjfgtime described above is easily broken while the hydrophobic
correlation studies as well as the CD measurements indicateccentralo-helix is penetrated into the lipid bilayer. The depth-
that SGP is monomeric witti-helical structure. Analytical ~ dependent fluorescent studies usimdoxy! fatty acids and
ultracentrifugation also demonstrates that SGP is monomericbrominated phospholipid as quenchers indicated that the Trp
in the buffer solution. The binding of a hydrophobic dye, in the centraloe-helix is present at about the middle of the
ANS, to SGP in buffer solution showed that SGP takes a alkyl chain in the outer layer of the phospholipid bilayer.
stable folding structure and possesses a hydrophobic bindingSince the Trp is present at the middle of the cenirhlelix,
site. Moreover, the maximam wavelength of the Trp the acetyl group of the N-terminal may be present around
fluorescence at 345 nm showed that the Trp of the centralthe middle of the bilayer. Three amphiphilic helices may
helix is present at a relatively hydrophobic region. Moreover, be laid around the lipid surface, because no energy transfer
the energy transfer experiments showed that the Trp acceptsvas observed from Tyr to Trp in lipid bilayers. According
the energy from tyrosines in the other amphiphilic helices, to a classification of the different lipid-associating helices
indicating that the hydrophobic alanine oligomer helix is from the hydrophobic and hydrophilic angles that are defined
close to one or two other helices. All of these experimental as a sector formed by hydrophobic residues and hydrophilic
results reveal that SGP takes a stable globular-like structureresidues on the helical wheel, the peptide with a helix angle
in aqueous solution. Therefore, it would be expected that equal to 180 lies parallel to the membrane surface [see
the hydrophobic helix of SGP is located to make a Epand et al. (1995) as a review; Brausseur, 1991; Kiyota et
hydrophobic core in the central part of the protein as the al., 1996]. As the three amphiphilic peptide angles of SGP
hydrophobic core is surrounded by amphiphilic helices; the are about 1870 they may be located at the membrane surface
hydrophobic parts of the amphiphilic helices are in contact in such a manner. It is interesting that two types of
with the hydrophobic central core while hydrophilic parts membrane current were induced by SGP. The basic proper-
are in the solvent-exposed state, resulting in a globular ties such as conductance and ion selectivity are very different
protein (Figure 1B,C). between these membrane currents. These data suggest that
De nao designed proteins are known to exhibit some of at least two types of interaction modes are present between
the features of the molten globule, such as marginal stability, SGP and the membrane. The insertion of a cewntraélix
low cooperativity of unfolding, ANS binding, and poor NMR  may induce the basal current on the planar lipid bilayer. As
resolution characteristics (Regan & DeGrado, 1988; Semi- the protein accumulates into the outer layer of lipid bilayers,
sotnov et al., 1990; Kamteker et al., 1993; Quinn et al. 1994; some protein makes a pore causing channel current (Figure
Releigh et al., 1995). Biophysical analyses d# nao 7B). The insertion mechanism may be similar to those for
designed helixbundle proteins with four amphiphilie-he- colicins that spontaneously enter the hydrophobic central
lices have shown that they are more stable than naturalhelices into the lipid bilayer by taking an open umbrella-
proteins but lack a well-ordered interior, as seen in the molten like structure, and then making a pore with an inverted
globule (DeGrado et al., 1988; Lutgring & Chmielewski, umbrella-like structure (van der Goot et al., 1991; Mel et
1994). SGP did not completely denature even at high al., 1993).
temperature (90C) and at relatively high GHCI concen- The model of ion channel formation by a bundle of
tration; the denaturant concentration at the midpoint of the membrane-spannirg-helices surrounding a central pore has
transition is 5 M. These results indicate that SGP exhibits received much support both from molecular neurobiological
characteristics associated with the molten globular state.studies and from studies of channel-forming peptides [for a
However, it should be mentioned that from CD and review, see Sansom (1991)]. We have shown that several
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basic amphiphiliax-helical or 3g-helical peptides spanning inserted into the membranes of the target cell (Konisky,
lipid bilayers can form ion channels, but with multilevel 1982). Their insertion is often accompanied by channel
conductance (Agawa et al., 1991; Anzai et al., 1991; Iwata formation. SGP was also spontaneously inserted into lipid
etal., 1994). When Heitz et al. (1982) have tested channel-bilayers, resulting in forming the channels. Interestingly,
forming properties of oligoalanines of length= 10, 15, SGP exhibited strong hemolytic activity but not antimicrobial
20, and 24 in lipid bilayers, the shorter peptides= 10, activity (data not shown). SGP may be a basic and starting
15) failed to increase bilayer conductance, but the longer model to search translocation mechanisms of the water-
peptides § = 20, 24) formed multilevel conductance soluble toxins from aqueous solution into lipid bilayers.
channels. Thus, the hydrophobic central helix and the three
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