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Barrel-Stave Model or Toroidal Model? A Case Study on Melittin Pores

Lin Yang, Thad A. Harroun, Thomas M. Weiss, Lai Ding, and Huey W. Huang
Department of Physics and Astronomy, Rice University Houston, Texas 77251 USA

ABSTRACT Transmembrane pores induced by amphiphilic peptides, including melittin, are often modeled with the barrel-
stave model after the alamethicin pore. We examine this assumption on melittin by using two methods, oriented circular
dichroism (OCD) for detecting the orientation of melittin helix and neutron scattering for detecting transmembrane pores. OCD
spectra of melittin were systematically measured. Melittin can orient either perpendicularly or parallel to a lipid bilayer,
depending on the physical condition and the composition of the bilayer. Transmembrane pores were detected when the
helices oriented perpendicularly to the plane of the bilayers, not when the helices oriented parallel to the bilayers. The
evidence that led to the barrel-stave model for alamethicin and that to the toroidal model for magainin were reviewed. The
properties of melittin pores are closely similar to that of magainin but unlike that of alamethicin. We conclude that, among
naturally produced peptides that we have investigated, only alamethicin conforms to the barrel-stave model. Other peptides,
including magainins, melittin and protegrins, all appear to induce transmembrane pores that conform to the toroidal model
in which the lipid monolayer bends continuously through the pore so that the water core is lined by both the peptides and the
lipid headgroups.

INTRODUCTION

Many naturally produced peptides, such as gene-encodathturally produced amphiphilic peptides we have investi-
antimicrobial peptides and toxins, are known to spontanegated, only alamethicin is consistent with the barrel-stave
ously induce transmembrane pores in lipid bilayers undemodel.

certain conditions. It is commonly believed that pore for- One example that has been described as a barrel-stave
mation is the mode of action of these peptides (Boman et almodel is the pore induced by melittin (Vogel and Jahnig,
1994); therefore, it is of importance to characterize the basi@¢986; Sansom, 1991; Naito et al., 2000). Melittin is a
properties of this process. Until recently much of the evi-cytolytic peptide extracted from bee venom (Habermann,
dence for the pore formation was either the peptide-induced972). It has been commonly used as a cell-lysing agent and
ion conduction or leakage through lipid bilayers. It is dif- is one of the most widely studied membrane-active peptides
ficult to determine the molecular structures of pores from(see review by Dempsey, 1990). In this paper we will
such experiments. Thus, one relied on model building teexamine the pores induced by melittin in a number of
help make sense of experimental observations. The firdifferent lipid bilayers, with oriented circular dichroism
model of peptide-induced pores was proposed by Baumann
and Mueller (1974) to account for the single-channel con-
ductance induced by alamethicin in black lipid membranes.
(We do not include gramicidin in this category because it
forms a unique dimeric channel unlike the pores discussed
here; see review by Woolley and Wallace, 1992). In this
model alamethicin helices associate to form a bundle with a
central lumen, like a barrel made of helical peptides as
staves (Fig. 1). Ever since its introduction in the early
1970s, this barrel-stave model has been viewed as the pro-
totype of peptide-induced transmembrane pores. Perhaps
due to the lack of alternatives, peptide pores are most often
described in literatures by a barrel-stave model, explicitly
(e.g., Sansom, 1991) or sometimes implicitly. However, we
have found and will show in this paper that, of all the
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(OCD) and neutron diffraction. From these results and thes a key step toward understanding how the activities of
experimental observations by others, we conclude thaantimicrobial peptides (and perhaps toxins) are regulated in
melittin pores do not conform to the barrel-stave model.the biological world. We have developed two different
Instead, they are consistent with the toroidal model that wamethods for detecting both the active and inactive states of
first proposed to describe magainin-induced pores (Matsupeptides in oriented membranes. The method of OCD is a
zaki et al., 1996; Ludtke et al., 1996). The toroidal modelsimple way of measuring the orientation of helical peptides
differs from the barrel-stave model in that the peptides aréen membranes (Olah and Huang, 1988; Wu et al., 1990).
always associated with the lipid headgroups even when theyhe method of neutron in-plane and off-plane scattering can
are perpendicularly inserted in the lipid bilayer. In forming detect and measure the sizes of transmembrane pores in
such a pore the lipid monolayer bends continuously frommembranes (He et al., 1995; Yang et al., 1998, 1999). It is
the top to the bottom in the fashion of a toroidal hole, so thaimportant to point out that these two methods can be used to
the pore is lined by both the peptides and the lipid headexamine the same sample under identical conditions. In
groups (Fig. 1). previous experiments on magainin and alamethicin, the
Melittin is a 26-residue linear peptide:-jGly-lle-Gly-  pore-like diffraction patterns were observed only when the
Ala-Val®-Leu-Lys(+)-Val-Leu-Thrt%Thr-Gly-Leu-Pro-  helical axes were oriented perpendicular to the plane of
Ala'>-Leu-lle-Ser-Trp-11&°%Lys(+)-Arg(+)-Lys(+)- membranes, not when they were oriented parallel to the
Arg(+)-GIn?>-GIn-NH, (Habermann and Jentsch, 1967). Its plane (He et al., 1995, 1996; Ludtke et al., 1996). The
molecular structure, determined from crystals grown inessential difference between the alamethicin pores and the
agueous solutions, is a besmthelical rod (Eisenberg et al., magainin pores is in their sizes. We will review the exper-
1980; Terwilliger et al., 1982). (The bending is due to theimental evidence that led us to conclude that the magainin
presence of a proline, a feature common among antimicropores are of the toroidal type rather than the barrel-stave
bial and toxin peptides.) Both the primary and secondantype. More recently we have developed a method to observe
structures are similar to many antimicrobial peptides. Fotthe pore states as a function of temperature and hydration in
example, magainin 2 found in frog skin is a 23-residueoriented multilayer samples (Yang et al., 2000). Alamethi-
linear peptide. Its NMR-deduced structure (in solutionscin and magainin behave distinctly in these experiments.
containing>2% trifluoroethanol) is also am-helix (Marion =~ Magainin pores crystallized in low hydration whereas ala-
et al., 1988). Both peptides retain the helical conformationgnethicin pores never did. We will apply all these techniques
when bound to membranes (Vogel and Jahnig, 1986; Wilt{o study melittin. We will show that in most aspects melittin
liams et al., 1990). In helical conformations, both peptidesand magainin are similar.
are strongly amphiphilic; one side along the helix largely
consists of hydrophobic side chains, and the other sid
consists of hydrophilic side chains. Melittin has five b asic MATERIALS AND METHODS
side chains, and magainin has five basic and one acidic siddaterials

chain, thus Carrymg'.mCIUdmg the. N-te.rmmal’ neé and . Melittin purified (85% minimum) from bee venom was purchased from
+5 charges, respectively, at physiological pH. In COmp"’m'Sigma Chemical Co. (St. Louis, MO). Synthetic melittin was made by
son, alamethicin is a 20-residue-long, bent helix (having &r. James T. Sparrow (Kanda et al., 1991) using the solid-phase method
Pro-14) that is also amphiphilic (Pandey et al., 1977; Foxas developed by Merrifield (Barany and Merrifield, 1980). 1,2-Dilau-
and Richards, 1982). But it carries only one acidic sideroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-ditridecansytglyc-

- _ PO - ro-3-phosphocholine (DTPC), 1,2-dimyrist@rglycero-3-phosphocho-
chain (Glu-18) at pH 7. Thus, alamethicin is an essenﬂa”)}ﬁne (DMPC), 1-palmitoyl-2-oleoykn-glycero-3- phosphocholine (POPC),

neutral peptide that appears to be distinct from most othex, 1 5_giphytanoysnglycero-3-phosphocholine (DPhPC) were pur-
antimicrobial peptides which are usually highly charged.chased from Avanti Polar Lipids (Alabaster, AL). All materials were used
We will compare melittin with alamethicin, magainin, and a as delivered.

few other antimicrobial peptides in their pore-forming prop-
erties.

Antimicrobial peptides do not always form pores when
they bind to membranes. In their functionally inactive state,Two types of oriented multilayer samples were prepared. For measure-
the peptides are adsorbed in the headgroup region of Iipitﬁ!}e”tS tl'l“"}t reqlt‘?"fdb"?‘l rapid C?ange i?dth?, d_zgre_et(’f hydratg’”' a,tthi(’j‘ film

. .. . N . . Oof parallel multiple blayers of a peptide-lipid mixture was deposited on
b”ay_ers' Appart_antly, antimicrobial peptldes are a(_:tlve’ I'e'bnep flat substrapte; Weycall thispapone—sﬂbstrate or open spample. The
forming pores, in some cell membranes but not in othersprocedure for the preparation of a one-substrate sample was described in
such that they can function as host-defense agents, that igstail in Yang et al. (2000). Briefly, 1.5 mg of lipid and an amount of
killing invading microbes without harming self. In lipid peptide corresponding to the desired peptide-to-lipid molar ratio P/L were
bilayers we have found variables that can switch the pep(_:o-dissolved in 15Qul of a mixture of 3:1 trifluoroethanol and chloroform

tides from the inactive to the active stat r vice ver and vortexed. The X 2 cn? quartz plates were cleaned abrasively and
aclive 1o he state o € Sasoaked in a heated bath of sulfuric acid and chromic acid mixture followed

(Huang', 2000). Becaulse diﬁerent' pore structures may inpy repeated washing with distilled 8 and ethanol. The peptide-lipid
volve different energetics, elucidation of the pore structuresolution was deposited onto a cleaned quartz plate and was kept undis-

Sample preparation
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= the sample of Sigma melittin when €awas added, which was expected

- DLPC because Sigma melittin contains phospholipasa#\impurities. The same
DLPC +Si MEL i preparation for DLPC+ synthetic melittin and another for DLPC alone,

. o both containing C&", did not show lyso-PC. In Fig. 2, no lyso-PC was

DLPC + synth MEL detected in DLPC, DLPG- Sigma melittin, or DLPC+ synthetic melittin
without added C&'.

DLPC,w/ Ca™

€
A
| 3 DLPC + Sigia MEL, w/ C:
.
' .

Oriented circular dichroism

DLPC + synth MEL, w/ Cal OCD is a simple method for detecting the orientation of helical peptides
embedded in lipid bilayers using a conventional CD machine (Olah and
Huang, 1988; Wu et al., 1990). A Jasco J-500A spectropolarimeter was
used for this experiment. The procedure of OCD measurement is the same
as the conventional CD measurement, except that an oriented sample is
used. Both types of samples described above, one-substrate and sand-
wiched preparations, can be used for OCD measurement. For most exper-

) » iments as in this one, normal (rather than oblique) incidence OCD is
FIGURE 2 @) TLC of pure DLPC, DLPC+ Sigma melittin and DLPC gy ficient for orientation analysis (Wu et al., 1990). In all cases, the results

+ synthetic melittin. No lyso-PC was detecteB) _Ca2+ was added to the ot Sigma melittin and synthetic melittin were indistinguishable. The rep-
samples inA. Lyso-PC was detected in DLPE€ Sigma melittin+ C&™, resentative results are shown in Figs. 3 and 4.

but not in the other two.G) TLC of DLPC + lyso-PC, Sigma melittin
alone, and synthetic melittin alone.

DLPC + L-lyso PC
SigmaMEL
synthetic MEL

Neutron diffraction

. . . . The neutron experiment w. rform t th nter for Neutron R rch
turbed during solvent evaporation. The formation of parallel multiple . € neutron experime as performed at the Center for Neutron Researc

bilayers was proven by microscopic inspection and x-ray diffraction in the National Institute of Standards and Technology (NIST), Gaithers-

burg, MD, using the small-angle scattering facility NG3. The NG3 was
(Ludtke et al., 1995). For OCD measurement, one such plate was used. For ~ . - ; )
neutron diffraction, six or seven plates were stacked together with space gquipped with a highly collimated neutron beam of adjustable wavelength

. . rf?om 0.5 to 2.0 nm and an area detector of 644 cn?. The sample-to-
that kept each sample exposed to ambient air.

- . . etector distance was adjustable frorl to ~13m. In addition, the
For neutron measurements in the fluid phase of lipids, a larger amoun L
- . . - ) etector could be moved transversely to the beam direction up to 0.3 m.
of sample was needed to produce a high signal-to-noise ratio. To align

S . he range of (the momentum transfer) was 0.015—6 TixiThe technique
larger amount of lipid bilayers, we sandwiched the sample between tWoof using this facility to measure the diffraction patterns of oriented multi-

substrgtes; we call them sandwu;hed §amp|es. The procedqre for prepariy ellar membranes has been described in detail (Yang et al., 1998, 2000).
sandwiched samples was described in He et al. (1996). Briefly, 50 mg of, . : . ) .
riefly, the sandwiched multilayer samples were oriented at an oblique

lipid and an appropriate amount of peptide were co-dissolved in an organic

solvent as above. After the solvent was evaporated, 2—3 m of distiled H angle with respect to the incident neutron beam so that the entire low-angle

. : iffraction pattern was recor the ar tector at on mple-to-
was added to the sample, and the suspension was homogenized byda action patte as recorded by the area detector at one sample-to

sonicator. The suspension was lyophilized until the product was fluffy anddeteCtor d|stancg, typically 2.0 m (Yang et al._, 1998); this is calle(_i t_he_
: ) off-plane scattering pattern. The sealed, sandwiched samples of melittin in
cotton-like. It was then rehydrated by, vapor into a clear gel and kept )
L ; . - DLPC, DPhPC, and POPC were measured in room temperature, so the
fully hydrated. The sample was divided into six to seven equal portions. . : . )
. . . - bilayers were in the | (fluid) phase in all of these cases. The raw data
Each portion was aligned into parallel multi-bilayers between two consec-

utive quartz plates in a stack of total seven to eight plates. The sandwicherc?wrded on the detector are shown in Figs. 5 and 6. The patterns were

semple was then sealed in 2n ainight holder panela) wheres, 15 the. momennum ransier of the neutron setierin
All samples for neutron diffraction used Sigma melittin. Both Sigma P g 9

. - ; . perpendicular to the plane of bilayers ajdhe component parallel to the
and synthetic melittin were used in OCD experiments. plane (Yang et al., 1998). Because the bilayers are two-dimensional fluids

(or two-dimensional powders in the case of crystallization), there is no
need for decomposing, into g, andg,.

Melittin in DTPC at P/L= 1/30 was prepared as an open sample. For
Purified melittin obtained from Sigma is supposed to contain a tracethis experiment, the lipid DTPC, rather than the more commonly used
amount of phospho"pasezAwhich is known to hydr0|yze phosph0||p|ds DLPC or DMPC, was chosen for its convenient main transition tempel’a-
at the sn2 position to form fatty acid and lysophospholipid products. ture, ~13.5°C. OCD measurement showed that melittin in DTPC is ori-
However, the enzyme requires Tdor activities (Gennis, 1989). We used €ented perpendicular to the plane of membranes as in DLPC (Fig. 4) and
thin layer chromatography (TLC) to detect the possible effect of phosphoPMPC at the same P/L (data not shown). The open sample was housed in
lipase A, on the lipid samples containing melittin. Synthetic and Sigma & temperature-humidity chamber during the neutron scan as described in
melittin were each mixed with 2 mg of DLPC at PA 1/30 in organic ~ Yang et al. (2000). The results are shown in Fig. 8.
solvent and dried in a bottle, exactly the same way the samples were
prepared for the neutron experiment, and 0.5 ml of distilled water or 10
mM CaCl, solution was added to the bottle. The suspension was vortexe®RESULTS
and kept in room temperature for a week. After freeze-drying, the lipid-

peptide mixture was dissolved in organic solvents for TLC. The TLC Effect of phospholipase A, in Sigma melittin

assays were performed using a chloroform/methanol/water (65:25:4, v/v/? H t t of ph holi . ti
mixture as solvent (Skipski et al., 1962). The result is shown in Fig. 2. Th pparently a trace amount ot pnospho |pasée|sApresen in

control runs with synthetic melittin alone, Sigma melittin alone, and DLPC melit'tin Obtained from Sigma. prev_ery the effect of phos-
+ lyso-PC are shown in the Fig.Q In Fig. 2B, lyso-PC was detected in  pholipase A is detectable only if a significant amount of

Effect of phospholipase A, in Sigma melittin
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FIGURE 3 OCD spectra of one sample, melittin in DMPC at the peptide-to-lipid molar ratic=P1L100, at six different temperatures and various
hydration levels at each temperature (the OCD of the lipid background has been removed from each spectrum). The spectrum at 35°C (insensitive t
hydration changes) is identified as the | spectrum. The spectrum at 15°C (insensitive to hydration changes) is identified as the S spectrunsH@md S are

by dashed lines in each panel as reference. Note that all other spectra fall between | and S, and each can be fit by a linear combination of | and S, fror
which we measured the percentage of melittin oriented parallel or perpendicular to the bilayers. The right panel shows the percentage ofenalisn mol
oriented perpendicularly to the bilayers in each condition.

ca" is added to the sample. Lyso-PC was indeed detecteQrientation of melittin in lipid bilayers

in the lipid sample containing Sigma melittin whenCa _ . .
was added. No G4 was added to our experimental samplesThe OCD spectra ak-helical peptides have been discussed

and no lyso-PC was detected from them. both experimentally and theoretically in two original papers
Both Sigma melittin and synthetic melittin were used in (Olah and Huang, 1988; Wu et al., 1990). In the UV region,

OCD experiments. The results of the two melittins arethe spectra are dominated by the amigler* and n-m*
indistinguishable. transitions. The n#* transition gives rise to a negative CD

band near 224 nm for helices perpendicular to the incident
light (or parallel to the plane of membranes), and it de-
creases in magnitude and red-shifts slightly for helices

I T T T ! ' I T

— L:30 DLPC, 100% parallel to the light. Ther-o* transition in a helix splits into
-=-= 1:15 POPC, 68% h ) . ive band 5 it
1:40 POPC. 15% three conjponenﬁs_. oneis a negayve and near 205 nm wit
r s 1:30 DPRPC, 0% | the electric transition dipole polarized parallel to the helical

axis so this component is absent for helices parallel to the
light, and the other two have their electric transition dipoles
polarized perpendicular to the helical axis and give rise to a
positive Gaussian band centered near 190 nm when the
helix is normal to the light. When the helix is parallel to the
light, the positive band has a shape of the negative deriva-
tive of a Gaussian and is red shifted relative to the normal-
léo s 2;0 L 2}‘0 . to-light band. These spectra vary somewhat from one helical
peptide to another, probably because none of them are
perfecta-helices for the entire length (Okada et al., 1994).
FIGURE 4 OCD spectra of four neutron samples. The spectrum ofIn general, ,If one m?asures the QCD of a peptide in a
melittin in DLPC at P/L= 1/30 is the same as the | spectrum, and the NUMber of different lipids as a function of P/L, temperature,
spectrum of melittin in DPhPC at P4 1/30 is the same as the S spectrum and hydration, particularly if the variety of the lipid includes
shown in Fig. 3. The orientation of melittin in POPC depends on thephoth saturated and unsaturated chains, the normal- and
e e o 11 i a0 parallel-to-lght spectra wil appear as two extreme spectra
percentage of perpendicular orientation. All were measured in room tem(HU@ng and Wu, 1991; Ludtke et al., 1994; Heller et al.,
perature and were insensitive to hydration changes. 1998). And if the peptide can exist only in two orientations,

ocD

wavelength (nm)
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perpendicular to the bilayers. The diagram on the right panel
of Fig. 3 shows how the orientation of melittin changes with
temperature and hydration. It appears that, in the case of
DMPC, melittin is inserted perpendicularly in fluid bilayers
but oriented parallel to the bilayer in the gel phase. This,
however, is not a general rule for other lipids (see below).

Fig. 4 shows the OCD of the four samples that were used
for neutron experiments. The spectra show that melittin in
DLPC at P/L= 1/30 is perpendicular to the plane of the
bilayers. Melittin in DPhPC at P/= 1/30 is parallel to the
plane of the bilayers. Melittin in POPC at PA 1/40 is
85% parallel to the bilayer but at P/ 1/15 is 68%
perpendicular to the bilayer. The decompositions to the
normal and parallel components were obtained by fitting
each spectrum with a linear superposition of the | and S
spectra. The lipid bilayers of these four samples were in the
fluid phase, and the spectra were insensitive to hydration
change.

0 0.1
q.A™h
) L Analysis of neutron diffraction
FIGURE 5 Neutron off-plane scattering of melittin in DPhPC at R/L
1/30 @) and melittin in POPC at P/l= 1/40 @). The multlamellar ~ The two samples, melittin in DPhPC at P4 1/30 and

samples were oriented at®@ith respect to the incident neutron beam (see melittin in POPC at P/L= 1/40. for which the OCD has
Yang et al., 1998). The left panel shows the raw data recorded on the areah that littin i . .I’ iented llel to th
detector. The data were translated to the reciprocal spageon the right showhn that melitin 1S primarily oriented parallel 1o the

panel. The circular arcs are due to smectic defects in the samples. Similglane of membranes are shown in Fig. 5, as the control.
patterns were obtained from pure lipid samples (He et al., 1996). Each pattern is essentially a circular arc with a radius

corresponding ta = 2#/d whered is the lamellar repeat

spacing. If the samples were perfectly oriented multi-bilay-
all other spectra are linear superpositions of the two. Theys, the circular arcs should be absent. The arcs were due to
two extreme spectra of melittin were found in DMPC bi- the presence of smectic defects called oily streaks in the
layers at P/L= 1/100 in high and low temperatures (Fig. 3). samples, as described in detail in He et al. (1996). These
According to the spectral theory qualitatively describedpatterns are the same as that produced by a pure lipid
above, melittin is oriented parallel to the light, or perpen-sample with defects. There are no in-plane structures in
dicular to the bilayer, in the spectrum labeled | and orientedhese bilayers. In contrast, diffraction patterns (Fig. 6) char-
perpendicular to the light, or parallel to the bilayer, in the acteristically different from Fig. 5 were recorded for melit-
spectrum labeled S. All other OCD spectra can each be fifin in DLPC at P/L= 1/30 and melittin in POPC at P/
by a linear combination of | and S, from which one mea-1/15, for which OCD has shown that melittin is primarily
sures the percentage of the peptide oriented either parallel @fiented perpendicular to the plane of membranes. These are
the typical diffraction patterns of transmembrane pores in
fluid membranes, because neutron was mainly scattered by
D,O penetrating the lipid bilayers. The analyses of these
patterns have been discussed recently in Yang et al. (1999).

In Fig. 7 A, right, the g, dependence of the diffraction

peak is compared with that of the form factor of a cylinder
of height equivalent to the bilayer thickness, representing
the D,O column inside the pore (see details in Yang et al.,
1999). When thej, dependence of the diffraction pattern is
that of the form factor of a pore, it implies that the individ-
ual pores are positionally uncorrelated from one bilayer to
the other bilayers. The, dependence of the diffraction
pattern (Fig. 7A, middle is governed by the theory of
scattering from a two-dimensional fluid (Yang et al., 1999):

FIGURE 6 Neutron off-plane scattering of melittin in POPC at P/L
1/15 A) and melittin in DLPC at P/L= 1/30 B), measured in the same
manner as the two samples in Fig. 5, recorded on the area detector. The

signals are dominated by the diffraction patterns of transmembrane pores. loo(0, a) = |F4(0, 4)[*Soe(a), D

Biophysical Journal 81(3) 1475-1485
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FIGURE 7 (A, left) The data on Fig. & were translated to the reciprocal spage,. (A, middle The circles are the data points alogatg, = 0. The

dotted line is|Fd,(0, qy)|? of a cylinder representing the,D pore, essentially determined by one parameter representing the diameter. The thin solid line

is So(a,) computer-simulated by freely diffusing hard disks, essentially determined by the disk concentration and the disk size. The latter represents the
contact distance between two pores or the outside diameter of the pores. The thick solid line is the fit to théFg#8adp)*S,o(a,)- (A right) The circles

are the data points alorgy atg, = ¢° = 0.066 A * (the g, position of the peak). The solid line is tlig dependence of the form fact{¥,(a,, g)J* of a

cylinder of height 33 A.B, left) The data on Fig. 8 were translated to thg,-g, plane. B, middle) The circles are thg (0, 09)|?So(a)component obtained

from the data on the left. The fit to the data was similaAtdB, right) The circles are the data points from the left panel algnatq, = o° = 0.068 A2,

theq, position of the peaks. The solid line is thedependence &, |F (., 0,)])[1 + a,cosg,d)] (see Eq. 2) with the form factdF ,(q,, a,)|* of a cylinder

of height 30 A and the repeat spacidg= 45 A. a, anda, are constants.

where the scattering intensityy(0, g,) has been normalized al., 1999), andg,4(q,) is the partial structure factor within an

to one pore (Warren, 1969) and the subscript 00 indicatemdividual bilayer.

that the density correlations (that give rise to the scattering) The diffraction pattern of melittin in DLPC (Fig. 8)

are within one individual bilayer. The form factor looks very different from that of melittin in POPC (Fig. 6
Fo(@ d) = Fo(a d) — Fip(a, q) is the form factor of the  A). This is because in this DLPC sample, at the condition of
pore F,(a,, g;) minus the form factor of a patch of lipid measurement, the in-plane positions of the pores are corre-
bilayer F,,(q,, g, filling the space of the pore (see Yang et lated between neighboring bilayers. As explained in two

K
q.(A)

FIGURE 8 Neutron diffraction patterns of one sample, melittin in DTPC at-P/L/30, housed in a temperature-humidity chamber. Inside the chamber,
the open sample was exposed to air of controlle® Dumidity. A) 27°C, 99% RH; B) 20°C, 95% RH; C) 17°C, 98% RH; D) 10°C, 94% RH. The
changes were reversible and reproducible.

Biophysical Journal 81(3) 1475-1485



Barrel-Stave Model or Toroidal Model? 1481

previous papers (Yang et al., 1999, 2000), such correlationsompared with ours. We also note that leakage experiments
occur (due to the hydration force between bilayers) wheriend to underestimate the pore size.
the sample is less than fully hydrated. In this case the
scattering intensity(q,, q,) is given by (Yang et al., 1999)
Crystallization of melittin pores

— 2
(s G) = [Fo(q 0 I"S(a @) (2.1) Fig. 8 shows a series of diffraction patterns indicating

_ different degrees of correlation between bilayers: from hav-
S(G: G) = Sool@) + 20040 Sual @) + .- - (2.2) ing negligible correlation in a close to fully hydrated con-

. : dition (Fig. 8 A) to having long-ranged correlation (i.e.,
where $,(q) is the partial structure factor between the rystallization) in a condition of low temperature and low

nearest neighboring bilayers. In principle, there is a partiaﬁumidity (Fig. 8D). These phenomena of correlations be-

structure factor between a bilayer and its next nearest neIgr’f\'/veen bilayers and crystallization of peptide organizations

th lipid bilayers have been observed previously in magainin
and protegrin samples (Yang et al., 2000) but never oc-
curred in alamethicin samples. This seems to indicate that

analyze the data with two terms shown in Eq. 2.2. Fig, 7
right, shows that the, dependence of the diffraction pattern
;Su?i)s;(;::itz)euds ?ngl;zir;n (\g(g/r?g 2’3/ aFT q.lzg.gé)A?t\?;a;S)os:s?g\fg 'tgthe pores induced by magainin, protegrin, and melittin are
make use of the factor cagf) in Eq. 2.2 to separate ti, structurally different from the pores induced by alamethicin.
term and theg,; term from the diffraction pattern. Fig. B,
middlg shows thel o0, g,) = |F4(0, 0,)[*Sye(a,) term ob
tained from the diffraction patter?l shown in the left panel. InDISCUSSIQN
our previous experiments with magainins and protegrinsThe orientation of melittin in lipid bilayers has been a
we found that the pore size (and hergg varied with lipid  controversial issue (e.g., Okada et al., 1994; Naito et al.,
(Yang et al., 1999; 2000). But helg(0, g,) of the melittin ~ 2000), in part, at least in the past, due to an implicit
pores in POPC is very close to the correspondingassumption made by some investigators that a helical pep-
loo(0, a) = |F (0, 0,)|°Sye(a)) of the melittin pores in DLPC.  tide must bind to a lipid bilayer with a definite orientation.
In both cases, the form factét,(0, g,) is essentially that of However, over the years it has been gradually realized that
the D,O cylinder inside the pore. The functidf,(0, g,) is  the orientation of a membrane-bound helical peptide can
essentially determined by the diameter of thgxylinder  vary with the physico-chemical condition of the bilayer
or the inside diameter of the pore. The structure facto(Vogel et al., 1983; Vogel, 1987; Brauner et al., 1987;
So(d) was computer-simulated by freely diffusing hard Altenbach et al., 1989; Frey and Tamm, 1991). In patrticular,
disks of an undetermined diameter that corresponds to thiéhe simplicity of the OCD method has allowed us to inves-
contact distance between two pores, or the effective outsidiéggate numerous peptide-lipid combinations in many differ-
diameter of the pore (He et al., 1996). Thus the data fittingent conditions (Olah and Huang, 1988; Wu et al., 1990;
(Fig. 7, middle produces the estimates for the inside andHuang and Wu, 1991; Ludtke et al., 1994; Heller et al.,
outside diameters of the pores (see the detailed data anal$997, 1998). We have found that one of the most important
sesin He etal., 1996; Yang et al., 1999). The pores in POPControlling variables for the orientation is the peptide con-
have an inside diameter of 4.4 nm and an outside diameterentration. In general, at a given level of hydration and
of 7.6 nm. The pores in DLPC are similar, 4.4 nm and 7.8temperature, a helical peptide is bound parallel to a lipid
nm. bilayer when the concentration P/L is below a certain
More detailed model fittings are possible. For example, inthreshold value P/L*. As P/L increases above P/L* an
previous papers we have considered the form factor basddcreasing fraction of the peptide molecules change to the
on an assumed model (Ludtke et al., 1996) and the effect gierpendicular orientation, until above another threshold
hydrogen-deuterium exchange on peptides (He et al., 1996¢oncentration, all of the peptide molecules become oriented
The results were not significantly different from the simple perpendicularly. This threshold concentration for insertion
model as presented above. We believe that the 4.4-nnR/L* varies greatly with both peptide and lipid. Because
diameter for the water pore does not disagree with thesamples of very high P/LX1/10) are difficult to prepare
estimates by vesicle leakage experiments (Katsu et aland, on the other hand, peptide signal is undetectable for
1988; Ladokhin et al., 1997; Matsuzaki et al., 1997). Theyvery low P/L (<1/300), a given peptide-lipid combination
all reported pore size up to a diameter 63 nm that often reveals only one orientation within the detectable
apparently was increasing with melittin concentration. Onrange of P/L. Other important variables for the orientation
the other hand, in our experiments (He et al., 1996; Ludtkénclude the sample hydration and temperature. Again, the
et al., 1996) the pore size was quite independent of peptidsensitivity of these variables varies with peptide and lipid.
concentration (for P/I= 1/30). It is not clear what value of For example, melittin appears to be oriented perpendicular
peptide concentration in the leakage experiment should b the DLPC, DTPC, and DMPC bilayers for all the P/L
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values &1/120) we have experimented, if the temperaturelayers. This is not to say that only helical peptides are
is well above their respective gel-to-fluid transition point. capable of pore formation. Indeed, transmembrane pores
On the contrary, in the same range of P/L, melittin is alwaysnduced byB-sheet peptide protegrin-1 have also been ob-
oriented parallel to the DPhPC bilayers, with little depen-served by the same technique (Yang et al., 2000).
dence on temperature and hydration. To produce unambig- To assess the possible structure of the melittin pore, it is
uous signal from neutron experiment, we needed a lipiduseful to review briefly the evidence that led to the barrel-
bilayer in which melittin would change orientation above stave model for alamethicin and the toroidal model for
P/L of ~1/40. This was found in POPC. As shown in Fig. magainin. The most important evidence for the barrel-stave
4, melittin is 85% parallel to the bilayers at PA1/40 and model is the single-channel conductance induced by alam-
is 68% perpendicular to the bilayers at PA_1/15. ethicin that is characterized by reproducible multiple dis-
In DMPC bilayers, we showed how the orientation of crete states (Baumann and Mueller, 1974; Latorre and Al-
melittin varies with temperature and hydration (Fig. 3). Onevarez, 1981; Mak and Webb, 1995). This behavior of ion
might be tempted to conclude from the DMPC example thatonduction naturally suggested the barrel-stave model in
melittin is inserted perpendicularly in fluid bilayers but which the channel changes its conductance state when a
adsorbs parallel to the surface of gel-phase bilayers, but thisingle alamethicin molecule joins or leaves the aggregate.
is not a general rule. Melittin appears not to insert in DPhPCThe model also explained the dependence of the channel
bilayers, which are fluid unless severely dehydrated (Hungctivity on voltage (Hall et al., 1984) and on membrane
et al., 2000). And in POPC, another fluid bilayer, melittin tension (Opsahl and Webb, 1994). Neutron scattering
can orient either parallel or perpendicularly to the plane ofshowed that alamethicin pores in DLPC have an inside
the membrane depending on the peptide concentratiomiameter of~1.8 nm and an outside diameter 6#.0 nm
Taken together with similar observations on alamethicin(He et al., 1996). These dimensions imply that the wall of
(Huang and Wu, 1991; Heller et al., 1997) and magaininthe channel is-1.1 nm in thickness, and this is the same as
(Ludtke et al., 1994), it is clear that the orientation of athe diameter of the alamethicin helix according to the crys-
helical peptide is a function of the physical condition andtal structures of alamethicin helices (Fox and Richards,
the chemical composition of the lipid bilayer. Theoretically, 1982). Thus, the neutron-determined dimensions of alam-
only some aspects of the principles that determine thethicin pores are entirely consistent with the barrel-stave
orientation of a peptide are understood. For example, if thenodel composed of eight alamethicin monomers (He et al.,
membrane-thinning effect (Wu et al., 1995; Ludtke et al.,1996).
1995; Heller et al., 2000) is the mechanism for the peptide lon conductance induced by magainin did not show mul-
orientation change, one can understand how it depends diple discrete levels as in the case of alamethicin. In fact, the
the areal ratio of the lipid headgroup to its chains (Heller etconductance level of magainin varied from one experiment
al., 1997). to another (Duclohier et al., 1989). This is very different
OCD measurement of melittin orientation is consistentfrom alamethicin for which different laboratories have re-
with previous measurements by other techniques mentiongaroduced the same conductance levels using the same lipid
above when the same lipid systems were used. In particulasystems (Mak and Webb, 1995). Thus, the structure of the
our measurement is consistent with the temperature-inducedagainin pores appears to be continuously variable rather
change of orientation in DMPC reported by Vogel (1987)than discrete. There is no reason to invoke a barrel-stave
and the hydration dependence reported by Frey and Tammodel to describe the magainin pores based on the single-
(1991). More recently, Naito et al. (2000) used magneticallychannel conductance experiments. Neutron scattering
oriented vesicles to investigate the orientation of melittin byshowed that the magainin pores are substantially larger and
solid-state NMR. Melittin was found to insert transmem- with a greater size variation compared with the alamethicin
brane in DMPC bilayers in the fluid phase at PA.1/10  pores (Ludtke et al., 1996; Yang et al., 1999). In a number
(consistent with the OCD measurement above). of different lipid bilayers, their inside diameters are 3.0-5.0
Neutron is uniquely capable of detecting water penetrathm with corresponding outside diameters of 7.0-8.4 nm.
ing through lipid bilayers because of the strong contrast inThese dimensions are not consistent with the barrel-stave
the neutron-scattering length density betwee®nd lipid  model for several reasons. First, crystallographic analyses
(He et al., 1996). Neutron diffraction clearly showed that(Terwilliger et al., 1982) and monolayer studies (DeGrado
melittin-induced transmembrane pores were present wheet al., 1981) both gave a cross-sectional area along the
and only when the peptide was primarily oriented perpenmelittin helix close to 4.00 nfy implying that the diameter
dicular to the bilayers. No pores were detected when OCf the melittin helix is~1.0—-1.1 nm. The crystallographic
showed that the peptide was primarily oriented parallel toanalysis by Terwilliger et al. (1982) had taken into account
the bilayers. The same is true with alamethicin (He et al.the solvent content of the crystals, whereas the alamethicin
1996) and magainin (Ludtke et al., 1996). There should notliameter of 1.1 nm might be slightly overestimated because
be any more doubt that transmembrane pores are formed litywas not corrected for the solvent content in the alamethi-
helical peptides oriented perpendicular to the plane of bicin crystals (-30% solvent; Fox and Richards, 1982). These
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results are consistent with each other, because melittin sidellized when the samples were dehydrated and/or cooled
chains (average MW 109 per amino acid) are somewhatYang et al., 2000). But under the same conditions, alam-
bulkier than alamethicin side chains (average MW 98 peethicin pores never crystallized. These experiments have
amino acid). Thus, it is reasonable to assume that 1.0—1een repeated many times, and the results so far have been
nm is the typical size for helical peptides, including ma-the same. This is a strong indication that the molecular
gainin (average MW 107 per amino acid). This dimension isconfigurations of magainin pores and alamethicin pores are
substantially smaller than the walls of the channels meadifferent, further justifying two different models for these
sured above 1.7-2.0 nm. Second, from the density of thewo pores.
pores in the membrane measured by neutron scattering andThe argument for the two models above is based on
the percentage of perpendicularly oriented peptides bgxperimental evidence. Another argument can be made by
OCD, we estimated only four to seven magainin monomergonsidering the effects of the charges carried by the pep-
in each pore (Ludtke et al., 1996). These numbers of monatides. A magainin monomer may carry as many -85
mers are insufficient to form a barrel-stave model compa<charges at physiological pH. The fact that the pores are
rable to the diameters measured. Third, the sizes of théormed by approximately seven monomers in each pore
pores also disfavor the barrel-stave model from the viewimplies that these charges are effectively screened; other-
point of mechanics. A barrel-stave model with a water porewise the Coulomb energy would be so high that pore for-
greater than 3.0 nm in diameter would consist of a bundle ofmation would not be possible (Bechinger, 1997). Besides
12 or more peptide helices, which is most likely unstableions, water molecules and lipid headgroups are effective in
against shape deformation and is outside the observed rangereening due to their large polarizability (Debye, 1929;
of 5-10 peptides reported in alamethicin experiments (Makdasted, 1973; Israelachvili, 1992). We believe that in the
and Webb, 1995). These difficulties are resolved by theoroidal model the lipid headgroups play an important role
toroidal model in which the lipid monolayer continuously in screening the peptide charges, whereas such screening
bends from the top leaflet to the bottom leaflet through awould be absent in the barrel-stave model. This could be the
toroidal hole, so the pore is lined by both the lipid head-reason why only an essentially neutral peptide like alam-
groups and peptide helices. The helices are embeddesthicin seems to form barrel-stave pores. (We note that
among the lipid headgroups as in the case of surface adnultilayer samples are not ion-free. The concentration of
sorption and are oriented perpendicular to the plane of theounter-ions in water would be as high a€.3 M if five
bilayer according to the OCD result given above. The di-polar side chains were ionized in each peptide at P/L
mensions of the toroidal model are expected to be contini/30.)
uously variable depending on P/L and the physical proper- Very few ion conduction experiments with melittin have
ties of the lipid bilayer, such as the elasticity constantspeen published, as far as we know. Early experiments by
which in turn depend on the degree of hydration, temperaTosteson and Tosteson (1981) reported discrete levels of
ture, etc. Unlike the barrel-stave model, the toroidal modektonductance somewhat similar to alamethicin. However, the
should be mechanically stable against shape deformatiodata of more recent experiments showed single-channel
even in a large size (manuscript in preparation). This modetonductance similar to magainin (Hanke et al., 1983; San-
was proposed by us for the magainin pores because of thesiom, 1991). Various studies on the location of melittin
physical dimensions determined by neutron diffraction andwithin the bilayer were also inconclusive (for reviews see
for an important constraint that magainin has been observeBempsey, 1990; Sansom, 1991). Thus, our conclusion is
to be always associated with the lipid headgroups rathedrawn mainly from our neutron experiment. Both the inside
than with the lipid chains (Ludtke et al., 1996). This con- and outside diameters, 4.2 and 7.7 nm, of melittin pores are
straint was found by a wide range of experiments, includingcomparable to that of magainin (Yang et al., 1999) in DLPC
Raman (Williams et al., 1990), fluorescence (Matsuzaki ebilayers. The pores crystallized in the same manner as
al., 1994), differential scanning calorimetry (Matsuzaki etmagainin pores when the sample was dehydrated and
al., 1991), and NMR (Hirsh et al., 1996). An equivalent cooled. These properties agree with the toroidal model but
model was independently proposed by Matsuzaki's groumot with the barrel-stave model. The experimental data of
(Matsuzaki et al., 1996) based on their innovative fluores-other peptides we have investigated including magainin
cence and leakage experiments and in part to account for thenalogs, protegrin-1 and protegrin analogs (see Yang et al.,
observed lipid flip-flop during the leakage. However, we 1998, 1999, 2000) also conform to the toroidal model. So
note that lipid flip-flop was also observed during alamethi-far, among naturally produced peptides, only alamethicin
cin-induced conduction (Hall, 1981). has been found to be describable by the barrel-stave model.
Another important distinction between magainin and ala- In recent years there has been increasing interest in mem-
methicin is in what happens when the pores are subjected farane-active antimicrobial peptides (e.g., Ganz, 1999, 2000;
hydration and temperature changes. For magainin in higiMartin et al., 1995). Gene-encoded peptide antibiotics are
P/L (1/50-1/15), once the pores were formed in fluid lipid ubiquitous components of host defenses in mammals, birds,
bilayers, such peptide-lipid supramolecular structures crysamphibians, insects, and plants. Extensive evidence showed
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that these small proteins (20—40 residues in length) act bganz, T. 2000. Paneth cells: guardians of the gut cell hatchéay.
permeabilizing the cell membranes of microorganisms (see 'mmunol.2:99-100.

; ; . ; ; Habermann, E. 1972. Bee and wasp venom: the biochemistry and phar-
reviews in Boman et al., 1994; Shai, 1999)' Interestlngly, macology of their peptides and enzymes are revievBaience.177:

melittin has similar molecular characteristics as antimicro- 314-322.
bial peptides, and its action on cell membranes is als®iabermann, E., and J. Jentsch. 1967. Sequenzanalyse des Melittins aus den
similar (Tossi et al., 2000). The difference is that melittin is  tryptischen und peptischen Spaltstuckétope-Seylers Z. Physiol.

antibacterial as well as hemolytic, whereas the hOSt-defenSHeaﬁ:lhij.Sigsz_\?gllta e-dependent lipid flip-flop induced by alamethicin
peptides are antibacterial but non-hemolytic (Oren and Shal, gigpys 3_33':373_3981. P picTip-Tiop Y '

1_997)- It is therefore (_)f great interest from_ the points ofyay, 3. E., 1. Vodyanov, T. M. Balasubramanian, and G. R. Marshall. 1984.
view of fundamental principles and of potential pharmaceu- Alamethicin: a rich model for channel behaviBiophys. J45:233-247.
tical applications to understand the similarities and differ-Hanke, W., C. Methfessel, H.-U. Wilmsen, E. Katz, G. Jung, and G.

e s ; : Boheim. 1983. Melittin and a chemically modified trichotoxin form
ences between melittin and antimicrobial peptides alamethicin-type multi-state pore®iochim. Biophys. Acta727:

108-114.
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