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Supramolecular Structures of Peptide Assemblies in Membranes by
Neutron Off-Plane Scattering: Method of Analysis

Lin Yang, Thomas M. Weiss, Thad A. Harroun, William T. Heller, and Huey W. Huang
Physics Department, Rice University, Houston, Texas 77251-1892 USA

ABSTRACT In a previous paper (Yang et al., Biophys. J. 75:641-645, 1998), we showed a simple, efficient method of
recording the diffraction patterns of supramolecular peptide assemblies in membranes where the samples were prepared in
the form of oriented multilayers. Here we develop a method of analysis based on the diffraction theory of two-dimensional
liquids. Gramicidin was used as a prototype model because its pore structure in membrane in known. At full hydration, the
diffraction patterns of alamethicin and magainin are similar to gramicidin except in the scale of g (the momentum transfer of
scattering), clearly indicating that both alamethicin and magainin form pores in membranes but of different sizes. When the
hydration of the multilayer samples was decreased while the bilayers were still fluid, the in-plane positions of the membrane
pores became correlated from one bilayer to the next. We believe that this is a new manifestation of the hydration force. The
effect is most prominent in magainin patterns, which are used to demonstrate the method of analysis. When magainin
samples were further dehydrated or cooled, the liquid-like diffraction turned into crystal-like patterns. This discovery points
to the possibility of investigating the supramolecular structures with high-order diffraction.

INTRODUCTION

It has long been speculated that membrane active peptidéise reciprocal space, including the momentum trangfer
may self-assemble into supramolecular structures withirprojected out-of-plane as well as in-plane. Normally, dif-
fluid membranes. The best known example is alamethicinfraction measurement in a two-dimensiomplspace is a
Both its crystalline structure (Fox and Richards, 1982) andime-consuming process. In a previous paper (Yang et al.,
its single-channel conduction behaviors (Bauman and Muel{998), we showed a simple method of recording the com-
ler, 1974; Latorre and Alvarez, 1981) suggested that alamplete pattern using existing small-angle neutron scattering
ethicin monomers assemble in the barrel-stave fashion tgycilities. By this method, a complete diffraction pattern of
form transmembrane pores. Other peptides, such as melittig typical peptide-in-membrane sample can be obtained
and magainin, are also likely to form pores in lipid bilayers yithin one hour at the Cold Neutron Research Facility of the
as suggested by ion conduction (Tosteson and TosteSORytional Institute of Standards and Technology (Gaithers-

1981; Duclohier et al., 1989; Juretic et al., 1994), Ieakageburg’ MD). In this paper, we present the method for ana-
experiments (Matsuzaki et al., 1996, 1997, Ladokhin,Iyzing such diffraction patterns

1997), and other evidence (Dufourcq et al., 1986). However, When multilayers of membranes are fully hydrated, the

there has not .been an e>l<per|m§-ntal method capable' %dividual bilayers are well separated by intercalating water

directly observing such oligomeric peptide structures in, yers, so that the in-pane positions of embedded objects

membranes. A few years ago we successfully detecte&1 ’ . ’
such as membrane pores, are uncorrelated between bilayers.

membrane pores with neutron in-plane scattering (He et al
1995). Neutron detects structures within the membrand]! SUch cases, the, (the out-of-plana) component) depen-

where the neutron scattering-length densities are differenqence of the scattering pattern. is governed solely *?y the
from that of a pure lipid bilayer. In particular, use of® form factor of the scatterlng ob_Jects. The struc_tural qur-
makes water-filled pores within the membrane stand ouffation for the lateral organization can be obtained by in-
against the lipid background. (In contrast, peptide pores ilane scattering, as we have shown previously (He et al.,
fluid membranes, with the exception of gramicidin, are1995, 1996; Ludtke et al., 1996). However, some of the
difficult to detect by x-ray.) This method allowed us to Most intriguing phenomena of peptide-membrane interac-
detect and measure the size of the alamethicin and magainf{pns manifest themselves in less than fully hydrated con-
pores (He et al., 1995, 1996; Ludtke et al., 1996). ditions. In many cases, when the multilayer samples were
However, to fully characterize these supramolecu|arunderhydl’ated, the diffraction patterns showed that the in-
structures in membranes, the diffraction data must cover aplane positions of pores became correlated between bilay-
ers. This indicated a lateral repulsion between pores residing
in neighboring bilayers. This phenomenon of lateral force
between embedded objects in two neighboring bilayers has

Received for publication 11 May 1999 and in final form 29 July 1999. .
. _ _not been observed before. In very low hydrations or low
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X-RAY EXPERIMENT THEORETICAL ANALYSIS

The neutron data we will analyze here were measured at the Nationddackground-diffraction patterns of pure

Institute of Standards and Technology, by the method reported in Yang dipid bilayers

al. (1998). The data include alamethicin in dilauroyl phosphatidylcholine ) . .

(DLPC), and magainin in DLPC, in dimyristoyl phosphatidylcholine One expects perfectly aligned lipid multilayers to produce Bragg peaks at
= n2n/d) (n = 1, 2, 3, ...) andg, = 0, whereq, and g, are the

. I A o O =
é?y'f:r(;? ,(g:/(l:ll;g)the 3:1 mixture of DMPC and dimyristoy! phosphatidy! projections of the momentum transfer of neutron or x-ray scattering per-

. ) . ._pendicular and parallel to the plane of bilayers, respectively,caisdcthe
In addition, we performed x-ray experiments using the same scattermé’e eat spacing of the multilaversis typically about 60 A. so the Bra
geometry as the neutron experiment described in Yang et al. (1998). P pacing yersis ypicaly ! 99

. A~ . peaks are located af ~ 0.1, 0.2,..., A~% In addition, along the plane
point source of Cu K radiation (operating at 35 mA/40 kV) was used. A of the bilayer, the hydrocarbon chains give rise to the so-called paraffin

thin Ni filter was placed at the tube exit to remove most of the Gu K peak atq, ~ 27/(4.6 A) ~ 1.4 A1 (He et al., 1993a). However, in real

ra@atlon. The beam was then fogused by a pa|r.of Sphe”ca”Y bent X-rf’“éamples of membrane multilayers, the Bragg peaks often extend into rings
mirrors (Charles Supper Co., Natick, MA). The mirrors were Ni-coated tO(qz + ¢)¥2 = n(2m/d), as will be explained below. We need to be

. . . 1z Ir ’ .
further reduce the amount of Kradiation. The multilamellar sample, o, cerned with the first two of these rings because they are in the back-

oriented.at an angle relative to the in(.:ident beam (Yang et al., 1998), was ground of the peptide patterns, which lie typically in the rangéqgpf~
housed in a sealed chamber wherein the sample temperature and relaum)l_(l2 AT, The paraffin peak is outside the range of interest here.

humidity of the air could be controlled. A small beamstop was placed Figure 1 shows an example of diffraction pattern by pure DLPC
directly behind the chamber to prevent excessive air scattering. multilayers. The pattern was measured by the method of off-plane scatter-
X-ray data were collected using a Siemens X1000 multiwire Propor-ing (yang et al., 1998) with the multilayer sample orientedat (90° —
tional chamber (512< 512 pixel; Bruker AXS Inc., Madison, WI) at the ¢ Bragg angle). Two rings corresponding to the first and the second
sample-to-detector distance of 21.54 cm. The distance was measured usiggagg orders are visible. Such rings are the result of two effects: the
sucrose powder as a calibration standard. Data collection time ranged frO'E\’oadening of the Bragg peaks and the presence of smectic defects in
2to 5 h, depending on the amount and quality of the sample. multilayers. First, we discuss the effect of peak broadening that could be
DLPC was purchased from Avanti Polar Lipids (Alabaster, AL). Gram- caused by instrumental resolution or by sample imperfection. The instru-
icidin D and thallium acetate (99.99% purity) were purchased from Sigmament factors include the energy and momentum resolutions of the beam
Chemical Co. (St. Louis, MO). All chemicals were used without further and the detector. In particular, if a small angle neutron scattering facility is
purification. Thallium acetate was added to the gramicidin sample toysed, the energy resolution of the incident beam is usually the dominant
enhance the contrast of the gramicidin D channels (Olah et al., 1991; He @fistrument factor, because the wavelength resolutionX) could be as
al., 1993a). Preparation for the gramicidin sample was the same as dgarge as 30%. On the contrary, x-ray facilities, whether an x-ray generator
scribed previously (Olah et al., 1991; He et al., 1993a). Approximately 4—6or synchrotron, usually have excellent energy resolutidfSE < 1073).
mg of hydrated sample was sandwiched between two polished and SiOMomentum (or angular) resolutions of either neutron or x-ray facilities are
coated beryllium plates (0.% 15 mm diameter). The sample was thor- usually not a factor compared to the broadening effect due to either neutron
oughly aligned to remove most of the smectic defects (Huang and Olahenergy resolution or sample imperfection. The qualities of the sample that
1987). For the measurement of pure lipid background, mg of DLPC might contribute to peak broadening include sample mosaic spread, domain
was deposited from organic solvent (Ludtke et al., 1995) onto a thoroughlysize (Warren, 1969), and undulation fluctuations (Caill®72) of the
cleaned 0.2-mm-thick microscope cover glass. The organic solvent wabilayer plane. All of these factors are well understood. The effect of
removed by vacuum and the lipid was rehydrated with water vapor. undulation is important only when the sample is fully or over hydrated.

FIGURE 1 (eft) Diffraction pattern of DLPC multilayers deposited on a glass substrate from organic solvent. Two rings corresponding to the first and
the second Bragg orders are visible. The unigds A~ (Right Top The geometry of off-plane scattering. S represents the plane of multilamellar
membranes; it is rotated by an angleabout the vertical axis from parallel to the detector D. The pattern shown here was measured(80° — the

Bragg angle). Right Bottom The intensity of the first Bragg ring is plotted as a functionagfthe angular coordinate of the ring defined as 0° algng

and 90° alongy,.



2650 Biophysical Journal Volume 77 November 1999

The sample producing Fig. 1 was equilibrated-@5% relative humid-  hand side of Eq. 3|2, exp(q * R.)|?, is written as the product df, the
ity (RH) and the diffraction was measured by x-ray. In this case, thenumber of channels, and the structure fac¥,, q,), so the scattering
broadening of the Bragg peaks was dominated by the effect of samplétensity is given in the conventional form (Bacon, 1975; Warren, 1969),
mosaics. (A poorly aligned sample was chosen for the purpose of illustra-
tion.) Consider the first-order ring, and let us specify its angular coordinate (a, q) = N|F¢(qp a)[’S(@,, q). 4)
« to be 0° along they, axis, increasing to 90° along thg axis or the
equator. The intensity of the ring peaksiat 0°, and decreases rapidly by By the same method of developing the in-plane scattering theory (He et al.,
two orders of magnitude when it reaches- 5°. This part of the ring is ~ 19938), the structure factor can be expressed as
roughly Gaussion and can be attributed to the sample mosaic spread
(Warren, 1969). The reason the diffraction ring extends to the equator is ! )
that there were misaligned defects in the sample. (The intensity from 50° S, q) =1+ > QQZ(ZNZD)J Nom(r )€Y dr, )
to 90° was distorted by the complicated effects of sample edge and m
substrate absorption—effects that are not as important in neutron diffrac-
tion.) Because the mosaic spread and the amount of defect vary frowherer is the two-dimensional coordinate in the plane parallel to the
sample to sample, the intensity of these Bragg rings varies from very stronf§lémbranes. The difference between the present theory and the in-plane
to invisible (see He et al., 1996 for the description and control of smecticScattering where only one bilayer was considered is that here, the in-plane
defects in multilayer samples). When these rings appear as part of th@ositions of the scattering objects (the pores) may be correlated between
diffraction pattern produced by a peptide sample, they are generally recdifferent bilayers. The correlation functiog,,(r) is defined as the average

ognizable and, in most cases, separable from the peptide patterns. number of pores in theth bilayer at positiorr relative to an arbitrarily
chosen pore in the Oth bilayer. Teelependence is discrete= md, m =
0,*1,*2,....Furthermoren, = ny_, Expanding the sumin Eq. 5 and

Scattering theory of fluid multilayers making use of the fact that the distribution of pores in a fluid bilayer is
isotropic in the plane, we have

The coherent neutron scattering intensify) is given by (Bacon, 1975)

S, o) = Soldh) + 2 codq,d)Su(q) +- -+, (6)

(@) = (AP =\ || p(R)expliq-R) dR|?), (1) )
Sm(@) = Som + | (Nom(r) — NIo(qpr)27r dr,  (7)

where A(q) is the scattering amplitude angR) is the scattering-length

density at the positioiR in the sample. Assuming that identical channels wheren is the average density of pores in each bilayer ani the Oth

(pores) are embedded in a stack of planar lipid bilayers all aligned parallebrder Bessel functionS,,, are similar to the partial structure factors in a

to thex-y plane, we writep(R) asp,(R) + ¢(R), wherep,(R) represents  multicomponent liquid (Bacon, 1975%, is the in-plane structure factor,

the scattering-length density of pure lipid multilayers (including the inter- due to the correlations of the pores in the same bila§gris due to the

calating water layers) without peptides, ap(R) represents the scattering- correlations between the pores residing in nearest neighboring bilayers.

length contrast of the channels against the lipid background. Defining theNote that theq,-dependence of(q,, q) comes from the correlations

scattering amplitudes between different bilayers. If there are no interbilayer correlations in the
in-plane positions of the pores, that i;,, = 0 for all m # 0, then
Sa,, ) = So(q,), the structure factor has ry-dependence.

AlQ) = | po(R)expig-R) dR The contrast form factoF ,(q,, q) is given by

F(b(qza Qr) = Fp(qz: qr) - Flb(qz: Qr): (8)

whereF(d,, ) is the form factor of the pore an,(d,, q) is the form
factor of a patch of lipid bilayer filling the space of the pore. In neutron
A(b(q)) = d)(R)exF(iq ‘R) dR, diffraction, the contrast form factor is dominated by theCBfilled water
channel, approximated as a cylinder of diameteand heightb. a is a
fitting parameter bub is the bilayer thickness. The,-dependence of a
we have cylindrical form factor of heighb is sin(@,b/2)/(g,b/2). Thus, for neutron
diffraction, theq,-dependence d¥ ,(q,, q,) =~ sin(q,b/2)/(q,b/2). For x-ray
I = <|Ao + A<1>|2> = <|A0|2 + |A<1>|2 +2 RdAoA’Z)» (2) diffraction, the contribution of Iidp))ids cran be significant. For gramicidin
samples, theg,-dependence oF ,(q,,q) = Fg(q,) — Fi(d). The q,-

The contribution ofA(q) is described in the last section. We_ will assume dependence of the gramicidin form facfg(q,) can be calculated directly
thatA.(q) andA,(q) are separable and concern ourselves with the scatterfrom the nuclear magnetic resonance (NMR) structure of the gramicidin

ing by ¢(R) alone. We denote the positions of the centers of the Channel%hannel (Arseniev et al., 1985; Nicholson and Cross, 1989). Ghe

by R, n= 1,2, ...N.Itis convenient to writeh(R) = =, ¢(R — R).  gependence of a lipid bilayeF,(q,) is directly measurable by lamellar
where¢o(R — Ry) is the scattering-length contrast of a channel, Centereddiffraction. For example, the x-ray form factor of the DLPC bilayer has

atRy, against the lipid background. It follows that been measured by Olah et al. (1991). The diffraction patterns we have
observed divide into three cases.

and

2

‘ ¢(R)expigq-R) dR
Case 1: No interbilayer correlations

2 . ) . . . .
Diffraction patterns with no interbilayer correlations were observed when

the multilayers were sufficiently hydrated. Figure 2 shows examples of
three different peptides, gramicidin, alamethicin, and magainin, in fully
hydrated DLPC bilayers. Gramicidin is included here as a prototype model,
The scattering amplitude by an individual channel (pore) is called the formbecause it has a well-established channel structure. The 15-amino acid
factor F (q,, o) = [¢(r)exp(q - R) dR. The second factor on the right- peptide forms a dimeric pore that has a cylindrically averaged outside

2

‘ f d(R)expliq-R) dR| | | Xexpliq- R,)
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FIGURE 2 Diffraction patterns of
three peptides in DLPC bilayers mea-
sured by the off-plane scattering
method described in Yang et al.
(1998). The multilayers were ori-
ented atw = 60° with respect to the
detector. The bottom row shows the
intensity patterns on the area detector
and the top row shows the intensity
patterns in the d, ordinate, q, ab-
scissa; unit A1) space. [(eft column)
gramicidin in DLPC at the peptide-
to-lipid molar ratio P/L= 1/10, by
x-ray. (Middle column alamethicin
in DLPC at P/L= 1/30, by neutron
with D,O. (Right colum) magainin
in DLPC at P/L= 1/30, by neutron
with D,O. All samples were near full
hydration. Note that all three patterns
are similar to one another except in
the scale ofg.

0

03 -02 -01

0.1 0.2 0.3 0.4

diameter~18 A (Harroun et al., 1999a,b) and an inside pore of diameterto analyze the alamethicin pore (He et al., 1995, 1996) and the magainin
~4 A (Arseniev et al., 1985; Nicholson and Cross, 1989). The diffractionpore (Ludtke et al., 1996), where the samples were measured near full
of gramicidin channels can be observed with either x-ray or neutron. Inhydration. Eq. 9 is a typical scattering formula for a liquid (except that,
fact, diffraction by x-ray provides a stronger contrast than by neutronhere, it is in two dimensions) for which the methods of analysis are well
because the gramicidin channel has a rigid peptide backbone (He et aknown (Warren, 1969; Bacon, 1975; Hansen and McDonald, 1986). In the
1993a). In comparison, the peptide assemblies in the magainin and al@ase of gramicidin, the form factor is known. The scattering curve can be
methicin pores are not rigid, so they do not provide a sufficient x-ray
contrast against the lipid background, unless the samples crystallize (see
below). In fluid membranes, the magainin and alamethicin pores have been
observed only by neutron with the aid of,O hydration. All gramicidin
patterns discussed in this paper were obtained by x-ray diffraction; all
magainin and alamethicin patterns were by neutron wif® Beplacing the
water.

The key observation here is that thedependence of these diffraction
patterns (Fig. 2) is consistent with that of the form factor squared
|F (0, )% This is displayed in Fig. 3 where thg-dependence of each
diffraction pattern at the peak value qgf is shown, to a large extent, in
agreement with they,-dependence o|II:¢(qz, g)2. That means that, ac-
cording to Eq. 4, the structure fact®(q,, g,) has no significantqg,-
dependence. According to Egs. 5 andS@y,, q,) is essentially§4(q,). All
S M # 0 terms in the expansion diq, q,) (Eq. 6) vanish. The
individual pores are positionally uncorrelated from one bilayer plane to the
next. Because of the well-established pore structure of gramicidin, Fig. 2
(left) may be regarded as the representative diffraction pattern of pores in S
fluid membranes with no interbilayer correlations. Alamethicin and ma- - N
gainin produced similar patterns (Fig.r@iddleandright, respectively), so o
each peptide must have created pores in the lipid bilayers. Furthermore, =
from the position of the peak ig,, one can roughly estimate the external
size of the pores before a detailed analysis. It has been shown in the A
hard-core approximation that the position of the peakirs roughly 7.0 01 0 0.1 0.1 0 0.1
(the first maximum ofJ,) divided by the outside diameter of the pore, q (A‘l) q (A"l)
relatively insensitive to the pore density (Hansen and McDonald, 1986; He z z

et al., 1993a,b). Therefore, roughly the external diameter of the magainin heq.-d d  the diffracti h -
pore is twice the external diameter of the alamethicin pore, which is, in"\GURE 3 Theq,-dependence of the diffraction patterns shown in Fig.

turn, twice the external diameter of the gramicidin channel. 2. T_he dat_a ©) were taken along the, coor_dl_n_ate am, fixed at the
When there are no interbilayer correlations, thelependence of the maximum intensity of each patternTdp) gramicidin pattern. The dotted

diffraction pattern can be taken directly from the in-plarg & 0) line is the form factor of the grgmludm chanrjEl;(qZ)2| . The soIld_IlnPT is
scattering, the g,-dependence df ,(a,, > = |[F&(a,) — Fi(a)>. The contribution

of the lipid background is significant. The data show a small dip at the
1(0,q) = Nleb(O' qr)|2500(qr)_ 9) center 6, =0) indica_ting that the sample was not quite_ fully hydrat(_aq (see
Fig. 4 for the hydration dependenceRoftom left and right alamethicin
This justifies the previous use of in-plane scattering to study the gramicidirand magainin pattern, respectively. Both solid lines|sirea,b/2)/(q,b/2)
distribution in membranes (He et al., 1993a,b; Harroun et al., 1999a) ansith b = 30 A approximately the thickness of DLPC bilayer.

Iq,)
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FIGURE 4 Diffraction patterns of
one gramicidin sample at three hydra-
tion levels. ¢, ordinate,q, abscissa;
unit A=) (Left) the same as shown in
Fig. 2, the sample humidity was
>95% RH. (Middle) ~90% RH.
(Right) ~80% RH.

used to study, for example, the effect of membrane-mediated interactionscattering curve near full hydration has been analyzed earlier (Ludtke et al.,
on the distribution of the gramicidin channels in membranes (Harroun etl996). If the truncated form of Eq. 6 is valid, depending on the sighf
al., 1999b). In the case of alamethicin and magaiRj{p, g,) is dominated ~ and &,;, the maximum of theg,-dependence can only occur at either
by the D,O column within the pore. The inside diameter of the pore is the cos@,d) = 1 (g, = 0) or cos@,d) = —1 (g, = ==/d). The pattern of Fig.
dominating parameter i ,(0, ) (He et al., 1996). In contrasg,y(q,) is 5 is consistent with the maxima being @t = *=/d. (+q, and —q, are
most sensitive to the contact distance between two pores, that is equivalesymmetric.) This justifies the truncation of the expansion in Eq. 6 and
to the outside diameter of the pores (He et al., 1993b). Thus in-plandeeping only two terms in the structure fac®n,, q,).
scatteringl(0, ¢,) provides accurate estimates for the inside and outside Assume that thel,- andg,-dependence df ,(d,, g,) can be factorized,
diameters of membrane pores. To narrow the uncertainties of the estimates, .
it is desirable to further restrict the model fitting by contrast variations. For sin(gb/2)
example, we used deuterated lipids to obtain four independent in-plane F¢(qz' qf) = q b/2 F¢(O’ qf)'
scattering curves for alamethicin in DLPC bilayers, and demanded the ‘
same model (dominated by only two parameters, i.e., the inside and outsidghich is valid if the shape of the pore is cylindrical. We obtain
diameters) to agree with all the four curves (He et al., 1996).

The in-plane scattering curves of Fig. ff and middlg, had been |(q2, Qr)
analyzed previously in He et al. (1993a) and in He et al. (1996), respecfqij 2
tively. The analysis of Fig. 2right) showed that the magainin pores in [5|n(qzb/2)/(qzb/2)]

(10)

DLPC bilaye_rs have an inside ri_adius (the water _chanﬂéﬁ _A and an - N|Fd>(0' Qr)|2[S)o(Qr) +2 CO@‘(de)S)l(Qr)]- (11)
external radius-42 A. In comparison, the alamethicin pore in DLPC has
an insider radius-9 A and an external radius20 A (He et al., 1996). As  The two scattering curves af, = 0 and atq, = =*a/d are
mentioned above, the NMR structure of the gramicidin channel has am|F (0, g,)|?[So(d;) = 2%,(q,)], from which we recover Eq. 9440, q,) =
inside radius~2 A and an external radius9 A. NIF,(0, 9)Se(ay). and obtain a new equation,
|01(0, qr) = N“:dJ(O- qr)|2331(qr)- (12)

Case 2: Weak interbilayer correlations

Eq. 9 can also be obtained from Eq. 11 by choosjpg ==/2d. |, and
Partial structure factor Sg, lo; Were extracted from Fig. 5 using= 35.5 A andd = 49.3 A (Harroun

] ) . et al., 1999a) and shown in Fig. B, at 95% RH is nearly the same as the
When thegz—_de_pen_dence of the diffraction pattern deviates from that of j,_p|ane scattering curve measured near full hydration and analyzed pre-
IF(@: a)I% it implies that the structure factd¥(d;, ) has significant  \iously (Fig. 4 of Ludtke et al., 1996). In contrasg, describes a phe-
g.-dependence. Itis clear from the expansion in Eq. 6 that SSem # 1 1omenon never measured before, that is, interactions of membrane-embed-
0 terms must contribute t§(d,, ¢,). This means that individual pores are a4 objects between two lipid bilayers.
positionally correlated from one bilayer plane to the next. Diffraction 14 extract the partial structure factgy; from the data, we first analyzed
patterns manifest interbilayer correlations when the multilayer sample§00 by the method of in-plane scattering (Ludtke et al., 1996). Because, by

were less than fully hydrated. Figure 4 shows patterns of one gramicidirheﬁnmon’ the functiorSy(q,) asymptotically levels to one at largg one
sample in three different hydration levels. When the sample was highly

hydrated, theg,-dependence is maximum at = 0. However, upon
dehydration, the maximum intensity shifts off the equator, apparently
deviating from ther,-dependence df 4(q,, g,)|>. The strength of interbi-
layer correlation at a given hydration level varies greatly with sample,
depending on both the peptide and lipid composition. For example, ma;
gainin pores showed stronger interbilayer correlations than did alamethicil
pores in both DLPC and DMPC. For both peptides, the degree of corre
lations was stronger in DMPC than in DLPC at the same level of dehy-
dration. Like gramicidin, magainin patterns showed increasing interbilayel
correlations with decreasing hydration (see an example shown under Ca
3, below). All the effects of dehydration were reversible. When a dehy- A ge
drated sample was rehydrated, the interbilayer correlations decrease 10

More systematic studies on hydration and dehydration are in progress.

When the interbilayer correlations are weak (to be justified below), weFIGURE 5 Diffraction pattern of magainin in DMPC/DMPG (3:1) at
expect the structure factor to be dominated by the first two terms in thepeptide-to-lipid molar ratio 1/30, 35°C an€95% RH, measured by
expansion shown in Eq. 6, which we will now use to analyze the exampleneutron with DO at o = 60° (Yang et al., 1998).Left) the intensity
of magainin pores in DMPC/DMPG (3:1) bilayers measured 86% RH, pattern on the area detectdrighf) the intensity pattern in they(, g,; unit
shown in Fig. 5. This example is chosen because its corresponding in-plank™?) space.
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can normalizelyy(0,qg,) by a constant multiplication factor, such that in the neighboring bilayer, is analogous to the correlation function between
loo(0, q,) fits \F(,,(O, g)[? in the largeq, region (for details see He et al., atoms A and atoms B. There is self-correlationSg, but there is no
1993a, 1996). This same multiplication factor was then used to normalizgelf-correlation ing); (note the absence of one in the first term of Eq. 7
102(0, 0, )—this process is equivalent to putting= 1in Eq. 9 and Eq. 12.  when m # 0). Indeed, an upside down bell-shap8g;, qualitatively
Si(0y) was then obtained by dividing the normalizég(0,q,) by the  similar to the experimented,, shown in Fig. 6, was observed by neutron
|F¢(0, q,)|? obtained from the in-plane scattering analysis. The results arediffraction of liquid CuCl (Page and Mika, 1971).

shown in Fig. 6. The correlation function,(r) was obtained by a reverse  We analyzed th&,, shown in Fig. 6 by a computer simulation. We used
Bessel transform on Eq. 7. Herés the horizontal distance between a pore a model system of 20 bilayers with 120 pores in each bilayer, so the total
in the m = 0O bilayer and another pore in the = 1 bilayer. This  number of pores idN = 2400. Each pore was represented by a disk of
experimentahy,(r) shows that, if there is a pore located at the origin in the diameterA. The total area of each bilayer is such that the fraction of the
m = 0 bilayer, the possibility of finding a pore near the origin of the= area occupied by the disksds The value forc, 45%, was determined by
*1 bilayer is very small. Instead, there is a relatively high possibility of the analysis of in-plane scattering (see Ludtke et al., 1996 for the discus-
finding pores atr ~ 46 A in them = =1 bilayer. For a qualitative  sjon of ¢ relative to the peptide/lipid ratio). Within the same bilayer, the
understanding, one can compare the experimenél) with the theoret-  yisks diffuse around without restriction except that disks were not allowed
ical noo(r) obtained from the hard disk model (Fig. 6) where pores areyq gyerlap with one another—we call this the hard disk condition. The
freely diffusing in the same bilayer except that they are not allowed to,5)e of A, 70 A, was previously determined by the analysis of in-plane
overlap. The modefoo(r) shows that, if there is a pore at the origin, then gcattering (Ludtke et al., 1996). For simplicity, we assume a linear repul-
within the diameter of the pore, the probability of finding another pore g6 hotential(r) as a function of the horizontal distancéetween one

IS Zero (loo(r) = 0 fromr = 0 toA), but there is arelatively high possibility ¢ iy hilayem and another pore in bilayen + 1, with two parameters:

of f|nd|ng pqres right outside the exgluded .reglon. The experlm@g&éﬂ) the heightU, and the range,, as shown in Fig. 6. The enerdy was

has qualitatively the same features, indicating that the observed |nterb||ayeérxpl,essed in the unit of thermal enerbyT (ks being the Boltzmann

cor_re_lanqns were CaL.'SEd by a horizontal repulsion between the POT€Sonstant and” the absolute temperature). To determine the distribution of

residing in adjacent bilayers. the pores in each layer, we used the following Monte Carlo simulations.
Each disk (pore) was allowed to move in its own layer only. Periodic

Analysis of partial structure factor S, boyndqry conditions were applieq to each layer (i.e., if a pore moveq out
of its bilayer from the left edge, it would reenter the bilayer on the right

The physics of the partial structure fac®y; is similar to that of a binary ~ edge), and to the stack of the layers (i.e., bilayer 1 is the same as bilayer

liquid, say, of atom A and B (Page and Mika, 1971). The functigy 21). The system evolved by steps. In each step, each disk was, in turn,

describing correlations between the pores in the same bilayer, is analogo@dowed to attempt an (in-plane) move of distaisée an arbitrarily chosen

to the correlation function between like atoms A-A, or B-B. The function direction. For each move, the resulted energy chakifevas calculated

no., describing correlations between the pores in one bilayer and the poresccording to the potential energy specified above. A random nurnber
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FIGURE 6 (Top row) The data©) are|F 4(0, q,)|*So(a,) and|F,(0, 0,)[*S4(q,) deduced from Fig. 5 as described in the teXof lef) Data analysis for

|F (0, 0,)[*Soo(at) has been described in Ludtke et al. (1996). The dotted lifig,(®, q,)|°. The thin solid line isS,(q,) obtained by Eq. 7 from the simulated

Noo(r) shown in the bottom left panel, where the inset shows the interaction potential between the pores in the same bilayer. The thick solid line is the
simulated|F (0, 9,)[*So(d,). (Top righ) The dotted line is the san€,(0, g,)|* shown in the top left panel. The dajfa,(0, q,)[°S,,(q,) was divided by

|F4(0, g)[* and transformed by Eq. 7 to the experimemg(r) shown as the dash line in the bottom right panel. The thin solid i,s) obtained from

the simulatedh,(r) shown in the bottom right panel. The thick solid line (barely visible) is the simul&g@®, 0))[?Soa(at,)- (Bottom righy The dash line

is the experimentatby,(r). The solid line is the simulaten},,(r). The inset shows the interaction potential between pores residing in two adjacent bilayers.
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between 0 and 1 was generated and compared with the Boltzmann factshortens with increasing dehydration. The phenomena of interbilayer cor-
p = exp(—AE/kgT). The movement was accepted onlyf i p. If p =< f, relations observed in the magainin and gramicidin patterns are consistent
the disk was returned to the prior position. The step lesgtlas adjusted  with this qualitative description.
so that, on average, about 70% of the attempted moves were accepted:
was increased if the acceptance rate wa@5%, decreased #60%.

Initially, the disks were arranged on a regular lattice. To avoid possibleGgase 3: Strong interbilayer correlations
dependence on the initial condition, we monitored an order parameter
defined a(k) = (1/N) =, cosk - r;), wherek is a reciprocal lattice vector  In the experimental paper (Yang et al., 1998), we showed that the liquid-
of the initial lattice and; is the position vector of thigh disk ( = 1, 2, . . ., like diffraction pattern of magainin in DMPC/DMPG (3:1) bilayers at 35°C
N) (Allen and Tildesley, 1987). We noted that, after a few hundred Montetransformed to a crystal-like diffraction pattern when the sample was
Carlos stepsQ(k) approached the value N/ indicating that the initial ~ cooled to below 20°C, while the sample humidity was kept-86% RH.
lattice had melted (or randomized). Thereafter, the position correlationVe have found that crystallization could also be achieved by dehydration,
function ny,(r) was constructed from the disk distribution every five steps. and similar effects have been observed for magainin in a variety of lipids.
The result shown in Fig. 6 is the average of 20,000 Monte Carlo steps. Th&igure 7 shows an example of magainin in DMPC bilayers at various levels
simulations were repeated with different values of helghtand rangeA, of hydration. Both the effects of dehydration and cooling were reversible.
until the simulatech,,(r) agreed with the experimenta),(r). We see that ~ So far crystal-like patterns have not been observed in gramicidin or
the experimental data can indeed be explained by such a model with aalamethicin samples, however.
appropriate choice of parametets; = 2.2;T, andA, = 44 A (see Fig. We note that both the liquid-like and crystal-like diffraction patterns
6). However the fit was not sensitive to the functional form for the appear in the range dfj| < 0.1 A~ corresponding to structures larger
potential. For example, the linear potential could be replaced by an expathan 60 A. The only known lipid organization in this range|gfis the
nential potential of the similar height and the similar range, and the resultippled (Pz) phase (Wack and Webb, 1989), besides the obvious first-order
would still fit the data. The definitive conclusion is that the potential is Bragg peaks of lamellar, hexagonal, or cubic phases (Seddon, 1989). The
repulsive, of magnitude~2ksT and of range~40 A. In comparison, diffraction patterns of various phases of lipids are readily recognizable.
analysis of the gramicidin pattern (Fig. Aght) showed that the interbi- ~Most of the crystal-like diffraction patterns observed in our experiment are
layer repulsive potential between gramicidin channels is of magnitudeclearly distinct from the known lipid patterns. For example, in Fig. 7, the
~4kgT and range~15 A. crystal-like diffraction spots developed directly on the liquid-like pattern of

We speculate that such repulsive potentials could originate from themagainin pores wherl( RH) was changed from (32°C, 90%) to (28°C,
hydration force (Israelachvili, 1992; Rand and Parsegian, 1989). It is welB5%). The discovery of the crystalline phase of peptide organizations in
known that two fluid-like amphiphilic surfaces, such as two apposingmembranes points to the possibility of high-order diffraction of these
bilayers, exhibit short-range repulsive forces perpendicular to the surfacesupramolecular structures, that should be investigated with appropriate
If the bilayers contains pores, the potential surface associated with thdiffractometers.
hydration force will not be flat. As a result, the hydration force can cause
horizontal repulsion between a pore in one bilayer and another pore in the
next bilayer so as to lower the total potential energy. We can understanGQNCLUSION
this by considering an example of electrostatic repulsive force: Two large,
parallel plane conductors are kept at a fixed distance. Each plane conducttWe presented here the basic principles for analyzing the

has a circular hole and both conductors are positively charged. It is easy toff-plane diffraction patterns of oriented membrane multi-
show that the electric potential is maximum when the two holes are Iinec‘ayers The structures in fluid membranes are obtained by

up and have the same in-plane position, and is minimum when the two lvzina the f factoE dthei | t
holes are infinitely separated. Therefore, there is a horizontal (i.e., in-plane?na yzing the torm tacto ¢(qZ’ qf) an € In-plane struc-

repulsive force between these two holes. Similarly, it is energeticallyture factorS(q,). In particular, with the aid of deuteration
unfavorable to have pores in two neighboring bilayers to have the sameontrast variations, one can measure the inside and outside
in-plane position when there is a hydration force between the two bilayersdiameters of the membrane pores rather precisgly(q,)

This effect is not significant when the samples are fully hydrated becausecan be measured directly by in-plane scattering, provided

in this condition, the bilayers are well separated. The hydration force ha?h interbil lati H th |
arange of 10-20 A and decreases exponentially with a decay lerigts ere are no interbliayer corrélations. However, the only

A (Israelachvili, 1992: Rand and Parsegian, 1989; Mcintosh and SimonWay to be certain of no interbilayer correlations in a sample
1986). The effect becomes stronger as the separation between bilayeis by measuring its off-plane diffraction and showing that its

0.1

0

-0.1
0 0.1 0 0.1

0 0.1 0 0.1
28C 28T 28°C 2T
RH=80% RH=85% RH=90% RH=90%

FIGURE 7 Diffraction patterns orgf ordinate,q, abscissa; unit &) of one magainin sample in different temperature and hydration levels. Magainin
was in DMPC bilayers at the peptide-to-lipid molar ratio 1/30.
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