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ABSTRACT The structures of the unit cells of lipid phases that exhibit long-range crystalline order but short-range liquid-like
disorder are of biological interests. In particular, the recently discovered rhombohedral phase has a unit cell containing either the
structure of a membrane fusion intermediate state or that of a peptide-induced transmembrane pore, depending on the lipid
composition and participating peptides. Diffraction from such systems generally presents a difficult phase problem. The existing
methods of phase determination all have their limitations. Therefore it is of general interest to develop a new phasing method. The
method of multi-wavelength anomalous dispersion is routinely used in protein crystallography, but the same method is difficult for
lipid systems for thepractical reason that the commonly used lipid samples for diffraction donot haveawell-defined thickness.Here
we describe a practical approach to use the multi-wavelength anomalous dispersion method for lipid structures. The procedure is
demonstratedwith the lamellar phase of a brominated lipid. Themethod is general to all phases as long as anomalous diffraction is
applicable.

INTRODUCTION

The experimental method described here was developed dur-

ing our research to resolve the structures of peptide-induced

membrane fusion intermediate states (1,2) and membrane

pores (3). These problems are related to the questions as to

how the lipid components and peptides are distributed in a

curved monolayer or bilayer. One way to study these prob-

lems is to make use of the nonlamellar phases of the peptide-

lipid systems, and use x-ray diffraction to resolve the structures

of the unit cells. These lipid phases exhibit long-range order

(periodicity) but their unit cells usually contain disordered

conformations. The existing methods of phase determination

for lipid systems, such as swelling (4,5), pattern recognition

(6,7), and methyl trough search (8,9) are limited in their

applicability. In protein crystallography the most reliable

phase-determining method is the method of multi-wave-

length anomalous dispersion (MAD) (10–16). We found that

the standard method of MAD analysis is difficult for lipid

systems. Through trial and error we have arrived at a new

procedure of MAD analysis that works well for lipid sys-

tems. We believe that the method is of general interest to

lipid structure research. Here we use a simple lamellar sys-

tem to illustrate the method.

In the standard MAD method, one uses an equation re-

lating three quantities; i.e., the magnitude of the normal dif-

fraction amplitude of the host molecules, the magnitude of

the normal diffraction amplitude of the anomalous atoms,

and the relative phase angle between the two amplitudes,

with coefficients that are wavelength dependent. A set of

diffraction measurements are then recorded at wavelengths

below and above the absorption edge of the anomalous atom

so as to vary these coefficients as much as possible to allow

the three unknowns to be determined. We previously applied

this standard method to a gramicidin-lipid bilayer system (17).

This required the sample to have a well-defined thickness;

hence the sample was sandwiched between two substrates,

with one of them being a thin, polished beryllium plate for

x-ray transmission. However, more commonly used and

much more conveniently prepared lipid samples are depos-

ited on one substrate only. Such samples can be subject to a

rapid hydration change, which is important for synchrotron

radiation experiment. One drawback of these open samples is

that the thickness of the jellylike lipid deposition is known

only approximately due to at least two reasons: 1), although

the amount of lipid can be precise, the lipid is difficult to

confine to a well-defined area; and 2), the thickness may vary

with hydration. As a result the length of the beam path

through the sample is known only approximately. Therefore

the correction for the x-ray absorption can be significantly

uncertain, particularly if the absorption coefficient is large

and sensitive to wavelength.

To alleviate the difficulty of absorption correction, we

choose our x-ray energies below the absorption edge, where

the x-ray absorption coefficient is relatively small and almost

independent of wavelength. We measured diffraction at eight

different wavelengths so as to solve the unknowns by a

straight-line fitting instead of solving nonlinear equations.

Even assuming that the absorption correction is error free,

the multiple solutions of the simultaneous nonlinear equa-

tions constructed from MAD measurement can be ambigu-

ous. This is because the coefficients in the equations inevitably

contain experimental errors. We can imagine that if the coef-

ficients of the equations were precise, the correct solutions

would be reproduced by overdeterminations (by using more
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