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ABSTRACT Low-dose, high-resolution electron micros-
copy combined with conventional direct-phasing methods
based on the estimates of triplet-structure invariants are used
to determine phase values for all observed electron-diffraction-
structure factor magnitudes from epitaxially oriented multi-
lamellar paracrystals of the phosphospholipid 1,2-dihexadecyl-
sn-glycerophosphoethanolamine. The reverse Fourier trans-
form of these phased-structure factors is a one-dimensional
electrostatic potential map that strongly resembles the electron-
densito maps calculated from similar x-ray-diffraction data.
Determination of the phase values for the electron-diffraction
data with structure invariants alone is nearly as successful as
the combined use of two separate methods, assigning values to
13 of the 16 reflections-i.e., the electrostatic potential map
closely resembles the one calculated with all data.

Several techniques have been used to determine crystallo-
graphic phases for x-ray-diffraction data from artificial and
natural phospholipid multilamellar arrays. These techniques
include sampling the continuous Fourier transform by swell-
ing the multilayers in solvent (1-3), direct deconvolution of
the continuous Fourier transform (4, 5), model building (6-8),
and interpretation ofthe Patterson function (6). However, the
validity of such structure analyses can be questioned for
various reasons. For example, structural rearrangements can
occur during solvent swelling (2), if the structure can be
swollen at all. Errors propagate in the deconvolution proce-
dure (5) and, furthermore, the R-factor figure of merit for an
overparameterized fit of a model (9) is imprecise. In this
paper we describe a direct determination of phospholipid
lamellar structure based on the combined use of high-
resolution electron microscope images and Hauptman-Karle
three-phase structure-invariant relationships (10) to find
phase values for electron-diffraction intensity data, thus
overcoming uncertainties encountered in previous analyses.

In the past several years we have demonstrated (11) that it
is possible to orient linear chain molecules, including phos-
pholipids, epitaxially on organic substrates by using methods
designed originally for linear polymers (12). In the resultant
view onto the molecular axis, one can visualize the paracrys-
talline multilamellar structure directly by low-dose electron
microscopy (13). For the example considered here, 1,2-
dihexadecyl-sn-glycerophosphoethanolamine (DHPE),

CH3(CH2)14CHz-O-CH2

0

OH

as well as other lipid headgroup types (9, 14, 15), it has been
possible, moreover, to use the electron-diffraction intensity
data (Fig. 1) for quantitative structure analyses. These anal-
yses have been based on a one-dimensional translational
search in space group PI with models constructed from
known x-ray crystal structures, shown by comparison of
observed and model Patterson functions to have similar
headgroup conformations (6, 16). Although the apparent
structural solution for DHPE occurs at a reasonably low
minimum of the crystallographic residual (9), the low preci-
sion of this figure of merit often does not allow one to identify
this solution unequivocally from others indicated by nearby
minima. An early use of 1.6-nm resolution lattice images (15),
on the other hand, indicated that a more direct phasing
procedure may be possible to choose one of several possible
model structures.

MATERIALS AND METHODS
Samples of the ether-linked phospholipid DHPE were epi-
taxially oriented on naphthalene following the technique
described earlier (11). After initial nucleation to form thin
lath-like crystallites, the nucleating substrate is removed by
sublimation in vacuo. To obtain the higher-image resolution
necessary to phase more of the electron-diffraction intensi-
ties, we used the same 100-kV Siemens prototype electron
microscope with a liquid-helium-cooled superconducting ob-
jective lens that earlier produced 0.25-nm resolution images
of solution-grown monolamellar paraffin crystals (17). Typ-
ical low-dose techniques were used to minimize radiation
exposure to the sample. This involves screening the specimen
grid in the electron diffraction mode with very low beam
currents (e.g., 10-1 e-nm-2 sect) to find samples that diffract
to suitably high resolution. When a satisfactory microcrys-
talline area is found, the beam is deflected to a nearby area
to allow final adjustments to be made at a higher current in
the image mode for astigmation and focus. The final exposure
is taken at lower beam current, so that the total dose to the
specimen at x66,000 direct magnification is -1000 e-nm-2.

Electron micrographs are next placed on an optical bench
to find image areas that diffract to high resolution. After these
areas are identified, they can be converted to a digitized array
with a rotating drum microdensitometer, such as an Optron-
ics P1000. For our instrument, the smallest raster size avail-
able is 25 gm. As will be discussed below, this digital image
file can be manipulated with image-processing computer
software to determine the crystallographic phases of the 001
diffraction spots via a computed Fourier transform.

Electron diffraction experiments were carried out at 100
kV with aJEOL JEM-100B7 electron microscope, also taking
care to minimize the electron-beam dose to the sample (at
room temperature) by reducing the incident beam current and
by use of a photographic film (Kodak DEF-5 x-ray film) that

Abbreviation: DHPE, 1,2-dihexadecyl-sn-glycerophosphoethanola-
mine.
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FIG. 1. Electron diffraction pattern from DHPE crystallized on naphthalene. The lamellar spacing is 5.52 nm. Note that an alternation of
strong and weak reflections is found for the low-angle-diffraction maxima and a zone of reflections with intensities within a Gaussian envelope
is seen at wider angles.

FIG. 2. (a) High-resolution electron microscope image ofDHPE obtained at 100 kV with the Suleika electron microscope with x66,000 direct
magnification on Agfa 23D56 film and total radiation exposure of 1000 e-nm-2. The specimen temperature was near 4 K. With the spherical
aberration constant C, = 1.35 mm and a defocus value near -282.8 nm, the computed phase-contrast transfer-function envelope changes sign
at (1.0 nm)-1. As shown by comparing Fourier transform magnitudes computed from similar images of n-hexatriacontane to their
electron-diffraction-structure factor magnitudes (see ref. 21), the actual contrast-function envelope is found in many of our images to have its
first zero near (0.92 nm)h1 (lamellar repeat, 5.52 nm). (b) Optical transform of a DHPE low-dose electron microscope image. Note similarity
of low-angle reflection intensity to the electron diffraction pattern in Fig. 1.
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Table 1. Phase assignments for DHPE from electron image and use of direct methods

Direct methods
Electron microscopy (three-phase structure invariants)

4W1 = 4003 = 4oos = 0 Origin definition
4001 = 0

t0O2 = 0004 = 006 = IT; 4OM = r Sigma 2 invariants ordered according to value of
A2 = kIEhIE2Eh3I
4O,10 = 4Oo.11 = 00.12 = '00,13 = W0N14 = cos15 = 40.16 = a; 4W03 = 0

Sigma 1 invariants with predicted value of iX according to
Al-= (IEhI2 - 1)IEaI/VN
4002 = 0004 = 6= OM8 = 4W.10 = Ir
thus a = iX

4009 = Ir estimated from numerous triple relationships with lower A2 value

is sufficiently sensitive at the desired magnification of the
diffraction pattern. The intensities of the diffraction spots
were obtained by scanning the films on a Joyce Loebl MkIIIC
flat-bed microdensitometer and then integrating the peak
area. As discussed earlier (9), an effective Lorentz correction
is needed, accounting for the arcing ofthe spots (Fig. 1). This
correction merely multiplies the intensity ofa peak Iobs by the
order to the diffraction peak 1. The relevance of other errors
(e.g., due to n-beam dynamical scattering) to the accuracy of
the intensity measurement was discussed earlier (9). An
additional perturbation due to incoherent multiple scattering
has been detected and will be reported subsequently (18).
After determining the observed structure factor magnitude by

|obsl =(obs l 1

the normalized structure factor IEobsI is found by

IE00I2 =IFOI2/[21|obs| =|obs / f [2

where fi is the scattering factor (19) of atom i, assuming
thermal vibrations to be absent. The values of |Fl were
originally placed on an absolute scale by reference to a
packing model based on a similar crystal structure (see ref. 9).
As usual (10), the JEl values are scaled by specifying that (1E12)
= 1.0.

RESULTS
Initial low-dose experiments on epitaxially crystallized n-
hexatriacontane (20) indicated that the most radiation-
sensitive 001 row of reflections could be directly observed at
least to 0.5-nm diffraction resolution, as shown in the optical
transform of the experimental phase-contrast microscope im-
age. Similar quality images were obtained from the phospho-
lipid (Fig. 2a). (It should be emphasized that these prepara-
tions are not fixed or stained or treated in any way.) Optical
transforms (Fig. 2b) sometimes reveal a 0.6-nm' diffraction
resolution in these images. They also show directly that the
arc-like trace of the diffraction spots is due to a curvilinear
lamellar disorder. This distortion can be removed by selection
of small areas which, upon image analysis via Fourier peak-
filtration techniques (22), can be used to determine crystallo-
graphic phases after the image is shifted to an allowed unit cell
origin. The phases of the first seven lamellar reflections in the
computed Fourier transforms, listed in Table 1, are found to
correspond to the values determined in the earlier structural
analysis with a molecular model (9).
Phase extension to higher resolution is achieved by use of

three-phase structure invariants (10) in space group PT.
Assuming the periodic bilayer profile (repeat distance = 5.52
nm) to be centrosymmetric, the 001 phases can be restricted
to the values 0 or ir. The value of a linear combination of
phases (so-called sigma 2 triples):

[3]i = OhI+ oh,2+ h3, where h, + h2 + h3 = 0

is estimated according to the magnitudes of the normalized
electron-diffraction structure factor amplitudes jEhl, calcu-
lated from PFhi in the usual way (23). In addition, the so-called
sigma 1 relationships:

'P = Oh + Oh + 0-2h' [4]

can be used to identify reflections for which 02h = ir. (10).
Specifying the phase of one reflection-e.g., 6001 = 0, to
define the origin (by necessity, in agreement with the origin
defined from the electron microscope images), the most
probable sigma 2 invariants can be evaluated. From these
phase relationships, a group of reflections at higher angles is
shown to have the same phase value (Table 1). From the
sigma 1 triples, this group of reflections is found to have the
phase value ix, as are the phases of several other low-angle
reflections, some of which can be verified by phase deter-
mination from the electron microscope image (Table 1).
Thus, 15 of 16 reflections are assigned phase values, leaving
one, m009, from a weaker reflection that is somewhat uncer-
tain. However, if one looks at the next group of triple
relationships below the probability threshold where the first
phase error was detected, it is found that relationships were
4W = ir occur more frequently than ones where a 0 value is
assigned.
The phase assignment is in complete agreement with the

earlier structure determination based on a molecular model
(9), as can be seen by the comparison of Table 2. A one-
dimensional electrostatic-potential map generated from the

Table 2. Comparison of phase assignments for electron
diffraction data from epitaxially crystallized DHPE

l |EobsI am 4&l+DP ODP
1 0.920
2 0.469
3 0.964
4 0.547
5 0.722
6 0.434
7 0.591
8 0.165
9 0.523
10 0.836
11 0.932
12 1.524
13 1.513
14 1.554
15 1.486
16 1.244

0 0 0
ITr IT

0 0 0
IT IT 7r

0 0 -
Ir 7r 7T
IT IT
Ir IT IT
IT IT
IT I 7r

7I IT T
IT Ir 7T
Ir 7r IT

IT I IT
IT IT Ir
IT 7r IT

0,m Determination with molecular packing model (ref. 9); 4)I+DP,
determination with images and direct phasing; ODP, determination
with direct phasing alone.
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FIG. 3. One-dimensional electrostatic-potential map (one-half of

the phospholipid bilayer) calculated with the 16 phased electron-
diffraction-structure factors (for values, see ref. 9) is shown by the
unbroken line; the calculation is on a relative scale. An electrostatic-
potential map calculated with 13 of the 16 data phases by direct
methods alone is plotted by the broken line.

phased-structure factors is shown in Fig. 3. Although the
phases determined from high-resolution electron images are
certainly useful for establishing the correctness of the low-
angle phases obtained from triple-phase relationships, it is
interesting to note what happens if only the electron diffrac-
tion data themselves are used, so that only one phase-e.g.,
4'oo = 0-is specified initially for origin definition. By using
the outline in Table 1, the values of 44W5 and4W7 are found to
be ambiguous in addition to 4wq; that is to say, 13 of 16
observed reflections can be phased ab initio by using struc-
ture-invariant relationships. The resulting electrostatic-
potential map is not greatly different from the one calculated
from all the phased data.

DISCUSSION
It is evident, from the above analysis, that molecular models
are not necessary for determining one-dimensional lipid
packings from experimental diffraction data, thus eliminating
the uncertainties inherent in the use of crystallographic
residuals as a figure of merit. The advantage of the direct-
phasing methodology is that is can be used for lamellar
structures for which the continuous Fourier transforms can-
not be sampled by swelling in a solvent. The catalog of lipid
structures which can be epitaxially crystallized to provide a
view onto the lamellae, as shown in Fig. 2, is rather large (11)
and includes headgroup classes for which no x-ray crystal

structures are currently available. It is, therefore, envisioned
that a similar combination of electron microscope images
with crystallographic direct-phase determination will readily
provide a facile comparison of previously uncharacterized
lamellar structures with known structures to ascertain when
the molecular packing arrangements are similar. The unex-
pected success of the direct-phasing method by itself indi-
cates that it may also be applied to x-ray data from multila-
mellar arrays of phospholipids built up, e.g., by repeated
dippings of a flat substrate through a Langmuir-Blodgett
monolayer film (18).
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