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Summary

X-ray diffraction from oriented bilayers of sphingomyelin gave up to 14
orders of diffraction of a lamellar repeat of 68.5 A on the meridian and up to
eight reflections, including a strong reflection at 4.2 A, on the equator. The dif-
fraction spacings did not change when the sphingomyelin bilayers were exposed
to different humidities. A direct analysis of the low resolution X-ray data, using
deconvolution is presented. A comparison of the Patterson functions of
sphingomyelin with those of phosphatidylcholine and phosphatidylethanol-
amine suggests that the molecular structure of sphingomyelin in oriented
bilayers resembles the structure of both phosphatidylcholine and phosphatidyl-
ethanolamine. Molecular model calculations for sphingomyelin bilayers have
also been performed. Electron density profiles of sphingomyelin bilayers at
resolution of about 6 A and about 2.5 A are presented. Our results indicate
that the phosphorylcholine head group of sphingomyelin is in the plane of the
membrane and at right angles to the hydrocarbon chains, the hydrocarbon
chains are nearly parallel to each other, and there is only a limited, if any, inter-
digitation of the hydrocarbon chains of the adjacent sphingomyelin molecules
in the bilayer.

Introduction

Sphingomyelin is an important constituent of many biological membranes
and in particular nerve myelin [1] and is considered to be a structural lipid in
membrane [2]. Sphingomyelin has the same phosphorylcholine polar group as
phosphatidylcholine and can replace phosphatidylcholine in some membranes
such as erythrocyte membranes [3]. Thus the association of sphingomyelin
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and its interaction with other biological molecules, for instance cholesterol,
may be similar to that of phosphatidylcholine. However, the molecular struc-
ture of sphingomyelin and phosphatidylcholine are different, for the polar
region of phosphatidylcholine contains two ester bonds whereas that of
sphingomyelin contains an amide bond, a hydroxyl group and a trans double
bond [1]. In the hydrophobic region the average number of CH, units in phos-
phatidylcholine is less that in sphingomyelin, and the difference in the lengths
of the two hydrocarbon chains is more pronounced in sphingomyelin than in
phosphatidylcholine. There are differences in the net dipole moments of phos-
phatidylcholine and sphingomyelin and in their ability to form hydrogen
bonds [4,5]. These differences between sphingomyelin and phosphatidyl-
choline are expected to exert specific effects on the structure and association
of their bilayers and their interactions with other biolobical molecules. In fact,
the phase behaviour [6,7] and the dynamical properties [8] of sphingomyelin
are different from those of phosphatidylcholine [8,9]. Recently we have
reported differences in the interaction of cholesterol with sphingomyelin and
phosphatidylcholine [10].

A number of X-ray diffraction studies have been made on oriented phospha-
tidylcholine [11—16], and phosphatidylethanolamine [17—19] bilayers but
only a few studies on unoriented sphingomyelin bilayers have been reported
[20—23]. In this paper a study of the molecular structure of oriented sphingo-
myelin bilayers using X-ray diffraction is described. A brief account of this
work has been previously reported [24].

Materials and Methods

Bovine brain sphingomyelin was obtained from Sigma Chemical Co. and was
used without further purification. Oriented samples of sphingomyelin were
obtained by slow evaporation of a solution of sphingomyelin in chloroform in
glass capillaries (1.0 mm diameter). The inner surfaces of the glass capillaries
were coated with a monolayer of the silane surface coupling agent N,N-
dimethyl-N-actadecyl-1,3-amino-propyltrismethoxysilyl chloride (DMOAP)
(Dow Corning No. XZ-2-2300). The use of silane coupling agents for orienting
lecithin bilayers has been previously described [10]. The silane coupling agent
constrains the sphingomyelin molecules to align fairly uniformly normal to the
surface of the capillary as shown by their X-ray diffraction patterns.

The X-ray source was a Jarrell-Ash microfocus tube. Some of the patterns
were also recorded using Philips microfocus X-ray tube. X-ray diffraction
patterns were recorded using an optically focusing X-ray camera [25]. Most
patterns were recorded using a point focus collimation, which was obtained by
using only one mirror and a guard slit collimation. A specimen-to-film distance
of about 7.5 cm or 10 cm was generally used. The X-ray patterns were taken
with Ni-filtered CuKa radiation (A =1.54 A) and were recorded on Ilford
industrial G X-ray films. The exposure times varied from 0.5 h for the first few
orders to 30 h for the higher orders. The spacings (d) were calculated from the
Bragg’s equation 2d sin 8 = kA, where h is the diffraction order.

Densitometer traces of the patterns were obtained using a microdensitometer
(Joyce-Loebl MK-IIIC). The background curve was subtracted from the tracing
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in the usual way. The integrated intensities I(2) of the lamellar reflections on
the meridian were obtained by measuring the area under the diffraction peaks.

In an attempt to swell sphingomyelin bilayers, oriented samples of sphingo-
myelin inside the capillary were exposed to various humidities for extended
periods of up to 10 days. Different humidities were obtained by using saturated
salt solutions. All experiments were carried out at room temperature (20 +
2°C).

In the analysis of the lamellar reflections that follows, t(x) is the electron
density of the unit cell of width d, and T(X) is the Fourier transform of t(x),
where x and X are distances in real and reciprocal space, respectively. When the
oriented sphingomyelin bilayers have a regular lamellar repeating unit, discrete
reflections at X = h/d, h is an integer, are recorded. The observed Fourier trans-
form T,,s(h), of the bilayers is related to the integrated intensity by the rela-
tion [26]:

[ Tons(h)I* = h*I(h)

Different sets of X-ray diffraction data from sphingomyelin and other lipid
bilayers were normalized by using the relation [28]:

h=hmax

(2/d) 25 (Toue(h)I* = a constant

h=1

The low-angle X-ray data have a minimum spacing of d(h,..)"! and the X-ray
data have a resolution of d(2hma, )t

Results

X-ray diffraction patterns obtained from sphingomyelin bilayers are shown
in Figs. 1A and 1B. The patterns showed both meridional and equatorial
reflections. 14 orders of lamellar reflections of d = 68.5 A were visible in the
original negative. A strong 4.2 A equatorial reflection is visible in Fig. 1B and
other equatorial reflections are also visible in this reproduction. These patterns
clearly indicate that our specimens had an oriented lamellar structure. The
meridional reflections arise from the regular electron density distribution #(x)
along the lamellar repeat. The first six reflections, h = 1--6, have strong inten-
sity while the A = 11—14 reflections have relatively weak intensity. The diffrac-
tion data d = 68.5 A, h = 14, have a resolution of 2.5 A. The lamellar repeat
distance d = 68.5 + 0.5 A did not vary when the specimens were placed in high
or low relative humidities.

The equatorial reflections derive from the molecular organization in the
plane of the bilayers. Eight equatorial reflections at spacings of 12.9, 10.3, 8.9,
8.6, 4.9, 4.2, 3.5 and 3.1 A were visible on the original negative. The strong
wide-angle reflection of 4.2 A is the usually observed reflection in crystalline-
type hydrocarbons and arises from the regular packing of the hydrocarbon
chains. A weak and broad diffraction maximum at a Bragg spacing of about
8 A was also present.
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Fig. 1 (A) Low-angle X-ray diffraction pattern of oriented sphingomyelin bilavers. 14 orders of d =
68.5 A along the meridian, which is indicated by a white arrow, can be seen in the original negative and
many of these can be seen in the reproduction. (B) Wide-angle X-ray diffraction pattern of oriented
sphingomyelin bilayers, The meridional direction is indicated by a white arrow. The reproduction shows
the presence of many non-lamellar reflections and a strong 4,2 A reflection which is arced on the equator.

Analysis

Oriented specimens of sphingomyelin can be considered to be one-dimen-
sional structures with a center of symmetry. The structure analysis of lamellar
diffraction from such bilayers essentially means determination of the phases of
the diffraction orders. The one-dimensional electron density profile of the
sphingomyelin bilayer as a function of depth along the length of bilayer can be
computed once the phases are assigned to the diffraction orders. In the centro-
symmetric case, where the phases can only be + or —, one has to select the
correct set of phases from the 2" possible sets, where h is the number of reflec-
tions. Sphingomyelin-oriented bilayers showed no swelling in an environment
of high relative humidity and therefore we do not have a continuous intensity
transform for analysis.

The present analysis is limited to the lamellar diffraction data and was
carried out in two stages, the low resolution analysis and the high resolution
analysis. The low resolution data, h = 1—6, were analyzed using electron
density strip models which were based on the chemical knowledge of sphingo-
myelin and by a direct deconvolution analysis of the Patterson function. A
comparison of Patterson function of sphingomyelin with the Patterson func-
tions of phosphatidylcholine and phosphatidylethanolamine indicated that the
polar group of sphingomyelin is in a folded conformation. The high resolution
data, h = 1—14, were analyzed using molecular model building.

{A) Low resolution analysis
(1) Electron density strip models. The structural formula for sphingomyelin
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Scheme 1.

CH,(CH,),,CH = CH - (IJH . (}JH—-CH:—OX

OH ITIH
C'O
R
where X is
?
~IT—OCH20H2N®(CH3)3
OQ

is given in Scheme I. Sphingomyelin has an 18-carbon sphingosine chain and an
amide-linked fatty acid (R). Natural sphingomyelin contains a range of fatty
acid chains from C;4 to C,s but the composition is dominated by two fatty acid
species Cis and C,4 [6,27]. The phosphorylcholine group in fully extended
conformation will be about 12 A and in its folded configuration about 6 A
long. The amide-linked fatty acid chain in fully extended conformation will be
about 22—30 A long. Thus, it appears that the observed spacing of 68.5 Ais
the correct order of magnitude to represent twice the molecular length of the
sphingomyelin molecule. This chemical information was used to postulate the
electron density strip models for the sphingomyelin bilayers.

The use of uniform electron density strip models [28] has proved useful in
treating the phase problem in the studies of nerve myelin and photoreceptor
membranes [29] and as a first step, this approach was used with lamellar
X-ray diffraction data of sphingomyelin bilayers. Using low resolution data,
Amax = 6, uniform electron density strip models [28] were postulated and the
calculated Fourier transform values, T, (h), were compared with the experi-
mental values T, (h), and a R value defined as

h=hmax
20 UTous(R)l — ITe(R)II
h=1
R:
h=hpmax
27 1 Tops(h)l
h=1

was computed. Electron density strip models with interlocking (model A) and
open (model B) packing of hydrocarbon chains were considered. The model
parameters which gave minimum R values are shown in Fig. 2. The Fourier
transform values derived from the strip models are compared with the observed
amplitudes and are listed in Table I. Model A which has interdigitated chains
gave a minimum R value of 29%. Model B which has no interdigitation gave a
minimum R value of 3%. This comparison leads to the conclusion that the
hydrocarbon chains in sphingomyelin bilayers have at most only a limited inter-
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Fig. 2. Electron density strip models of sphingomyelin bilayers. Model B is shown as a solid line and
model A when different from model B is shown as a dotted line. Model A has interdigitated hydrocarbon
chains whereas model B has only limited interdigitation of hydrocarbon chains.
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Fig. 3. Electron density profile of sphingomyelin bilayers computed using the first six orders of diffrac-
tion and (+, +, —, —, —, —) phases. The Fourier synthesis has a resolution of about 6 A and the electron

density is on a relative scale.

TABLE I

THE OBSERVED AND CALCULATED FOURIER TRANSFORM VALUES FOR SPHINGOMYELIN
BILAYERS

The calculated values were derived from the strip models in Fig, 2.

h
1 2 3 4 5 6
1T obs (M 412 0.74 0.55 2.74 1.56 1.36
TE (h) +3.87 +1.22 —1.82 —2.05 —1.87 —1.52
Tg¥ (h) +4.16 +0.72 —0.62 —2.58 —1.68 —1.33

* Model A.
** Model B.
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digitation. The set of phases obtained from strip models are (+, +, —, —, —, —),
for the first six reflections, the origin is at the center between adjacent head
groups. The Fourier series representation t(x) [28] is defined as follows:

h=hmax

Hx) = (2/d) 20 {2} |Tous(h)l cos 2mhx/d

h=1

The Fourier synthesis for the sphingomyelin bilayers was computed using
hmax = 6 and the above phases and is shown in Fig. 3. The Fourier synthesis has
a resolution of about 6 A. The electron density profile has a single peak in the
polar regions and it has a relatively uniform density in the hydrocarbon chain
region and a small dip in electron density at d/2.

(2) Direct analysis using deconvolution. The Patterson function [28] is
defined as follows:

h=hmax

P(x)=(2/d) 27 |Tque(h)I? cos 2mhx/d .

The Patterson function of sphingomyelin bilayers was computed using first six
lamellar reflections, k., = 6. The Patterson function was normalized so that
P(0) =1, and is shown in Fig. 4. At this resolution the Patterson function of
sphingomyelin shows only one peak at about x = 14 A.

During the course of this work it was realized that the interpretation of the

P{x)

. L N
0 10 20 30
X in 3

Fig. 4. Patterson function of sphingomyelin bilayers computed using the first six orders of diffraction.
The arrow indicates a single peak in P(x) at x = 14 A.
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Patterson function can be generalized in the sense that the phases can be
obtained directly by deconvolution of the autocorrelation function [30] by
assuming that the hydrocarbon region in the lipid bilayers has uniform electron
density [31]. The diffraction theory of deconvolution of the autocorrelation
function has been presented [30,32]. The theory of this deconvolution as
applied to oriented lipid bilayers has been described [31,33] and only a short
account is given here.

The autocorrelation function A(x) and the Patterson function are related by

Alx) = K[P(x) — P(v)]

where K is the normalization constant and v is the width of the polar region.
The autocorrelation function A(x) can be computed from the Patterson func-
tion P(x) by using the above relation, provided a correct choice of v can be
made. The correctness of the choice of v can be examined by computing the
Fourier transform of A(x), which is J,(X), the continuous intensity transform,
and

J(X)=2 f A(x) cos 2mXx dx
0

The intensity transform J_ (X) for a particular value of v was computed from
the above relation and then J,. (k) and J,, (h) values were compared using an
agreement index AlI, where

h=hmax

27 |Je(R) = Jons(h)l

The AI values were obtained for a range of v values in order to determine an
initial estimate of parameter v. The Al values for v = 19, 21, 22, 23, and 25 A
are listed in Table II. The choice of v = 23 A had the lowest Al value of 17%.

The deconvolution of A(x) was carried out using the recursion method
[30,32] to yield s(x), the electron density distribution in the polar region of
the bilayer. A Fourier transformation of s(x) leads to a first estimate of the
phases of the lower order reflections. This direct analysis gave the same set of
phases for the first six reflections as was obtained using the electron strip
models. The R values for the five solutions s(x) obtained using the five choices
of v are listed in Table II. The choice of v = 22 A had the lowest R value of
24%.

TABLE II
Al AND R VALUES FOR FIVE CHOICES OF v

v (A) 19 21 22 23 25
Al (%) 55.8 41.8 28.6 17.0 17.5
R (%) 32.6 24.6 23.9 25.0 30.4
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R-Value (%)

Cycles of Refinement

Fig. 5. The variation of the R value (%) for three cycles of refinement. The zero cycle refers to the initial
deconvolution, i refers to the improved model and 1, 2 and 3 are cycles of refinement.

The direct analysis used so far assumes that the electron density in the
hydrocarbon region is fairly uniform and the width of the polar region v < d/2.
The assumption of constant electron density in the hydrocarbon region is an
approximation to the true structure since Fourier profiles for lipid bilayers
show a dip in electron density centered in the hydrocarbon region. Therefore,
a refinement of the deconvolution method which allows for this dip in the
hydrocarbon region was adopted [33]. An improved model was derived from a
comparison of s(x) and the Fourier profile computed by using the first estimate
of phases and observed amplitudes, and including a dip in electron density of
overall width w and depth g relative to the peak height of the polar region
density and centered at x = +d/2. This model was used to obtain a new auto-
correlation function and a cyclic refinement of the bilayer model was carried
out [33].

Two cycles of refinement of the improved model gave the same set of phases
as obtained by electron density strip model analysis. Variation of R values with
cycles of refinement, starting with two choices of v, v =22 A and v =25 4, is
shown in Fig. 5. The R values dropped from about 30% to about 5% and in
both cases a final value of v =22 A was obtained using parameters g = 0.32
and w =11 A,

(B) High resolution analysis
(1) Patterson function. The Patterson function of sphingomyelin bilayers



Fig. 6. Patterson functions of sphingomyelin (SM) bilayers phosphatidylethanolamine (PE) bilayers and
phosphatidylcholine (DPC) bilayers. The Patterson functions were computed using the first 14 orders of
diffraction for sphingomyelin, the X-ray data of Hitchcock et al, [19] was used for phosphatidylethanol-
amine and the X-ray data of Torbet and Wilkins [16] was used for phosphatidylcholine. The arrows indi-
cate three peaks in P(x) at x = 5, 11 A and x = 16 A for sphingomyelin. Similarly, arrows indicate three
peaks at x =4 A, x = 7.2 A and x = 11,2 A for phosphatidylethanolamine while for phosphatidylcholine
the three peaks are at x = 5.7 A, x = 11 A and at x = 17 A (which is just discernible).

| Hydrocarbon __|
Chain Region

|, Hydrocarbon __ |
Chain Region

-d/2 o 101 H d/2

Lamellar Distance x in A

Fig. 7. A schematic drawing of the two high density centers, I and II, in the polar region of sphingomyelin
bilayers: Iis centered at x = 2.5 A and II at x = +8 A. The adjacent head groups have a width of v.
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was computed using the first 14 lamellar reflections, h,,,, = 14, and is shown in
Fig. 6. The Patterson function of sphingomyelin at this resolution has three
well-resolved peaks at about 5, 11 and 16 A and the minimum value of P(x) is
at about 27 A. These three peaks in the Patterson function of sphingomyelin
can be identified with two high electron density centers, denoted by I and 11, in
the polar region of the sphingomyelin bilayer as indicated in Fig. 7. We note
that the I-I distance of 5 A and the II-I distance of 5.5 A accounts for the 5 A
peak, the (II-I) + (I-I) distance accounts for the 11 A peak and the II-II distance
accounts for the 16 A peak,

It is instructive to examine the Patterson function of phosphatidylethanol-
amine as the structure of phosphatidylethanolamine is known [18,19]. The
Patterson function of phosphatidylethanolamine was computed using the X-ray
data [19] whered = 49.5 A and h,,, = 15. The Patterson function of phospha-
tidylethanolamine is shown in Fig. 6 and it has three well-resolved peaks at
about 4, 7.2 and 11.2 A. As in the case of sphingomyelin bilayers, these three
peaks can be identified with two high electron density centers I and II, where
I1~ 4 A and II-II ~ 11.2 A. It is known that the conformation of the polar
group in phosphatidylethanolamine is in a compact form, bent normal to the
plane of the bilayer [18], and the two high electron density centers in the
Patterson function of phosphatidylethanolamine can, therefore, be attributed
to the bent conformation of the polar head group in phosphatidylethanolamine
bilayers. It suggests that the conformation of the polar group in sphingomyelin
bilayer is also bent and is in the plane of the bilayer. The small differences in
the position and amplitude of the peaks in the Patterson functions of sphingo-
myelin and phosphatidylethanolamine can be attributed to the difference in
the size of the two polar groups: sphingomyelin having a N'(CH;); group,
phosphatidylethanolamine having a N*H; group.

It is also instructive to examine the Patterson function of phosphatidyl-
choline as the structure of phosphatidylcholine at low humidity is known
[14,16]. The Patterson function of phosphatidylcholine was computed using
the X-ray data [16] where d = 56.5 A and h,,,, = 12. The Patterson function
of phosphatidylcholine is shown in Fig. 6 and it has two peaks at about x =
5.7 & and x =11 A. There is a third peak at about x = 17 A but this peak is
poorly resolved and is only just descernible. Although the peaks in the
Patterson function of phosphatidylcholine are not as well defined as in sphingo-
myelin and phosphatidylethanolamine, nevertheless, the similarity is apparent.
The relative weaker peaks in phosphatidylcholine derive from the presence of a
large dip in electron density at the center of the hydrocarbon chain. Thus, the
peaks in the Patterson function of phosphatidylcholine are attributed to the
bent conformation of the polar group in phosphatidylcholine bilayers and this
conclusion is in agreement with the previous X-ray studies [16].

(2) Molecular model building. The determination of phases of the higher
orders of diffraction from membranes is difficult even when accurate X-ray
data has been obtained [34]. We have attempted to solve this problem by
molecular model building. Our low resolution analysis suggested that the chains
in sphingomyelin bilayers are straight and have very little interdigitation and
the set of phases for the first six reflections is (+, +, —, —, —, —). Analysis of
the Patterson function of sphingomyelin and a comparison with the Patterson
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functions of phosphatidylethanolamine and phosphatidylcholine indicated a
bent conformation for the polar head group in sphingomyelin bilayers. Based
on this information, molecular models of sphingomyelin bilayers were built by
computer simulation, using the published atomic coordinates for L-a-glycero-
phosphorylcholine [35], 1,2-dilauroyl-DL-phosphatidylethanolamine [18],
triacetylsphingosine [36] and N-tetracosanoyl-phytosphingosine [37]. Atomic
coordinates of sphingomyelin molecules were computed after the procedure of
Thompson [38] by using the appropriate bond lengths, bond angles and
dihedral angles obtained from the above-related compounds and by adjusting
the dihedral angles so as to give a bilayer configuration for the two sphingo-
myelin molecules in the bilayer. The Fourier transform amplitude T.(h) of
sphingomyelin molecules in the oariented bilayer was computed using the
expression:

i=N

N
T(X)= 2 fi(X) cos 2nXx; ,
=1

j=

where N is the number of atoms in the unit cell, f;(X) is the atomic scattering
factor [39] for the j*® atom at a distance X in the reciprocal space and x; is the
distance of the j'® atom from the origin x = 0. Hydrogen atoms were not
included in these computations. Fourier transform values for the lamellar
reflections T (h) were compared with the experimental values T,,.(h) and the
R values for the various molecular configurations were computed. Typical R
values for a 2, 4 and 6 A interdigitation of the hydrocarbon chains were 60,
72, and 71%, respectively. A minimum R value of 37% was obtained when
there was no interdigitation of the hydrocarbon chains of the two sphingo-
myelin molecules in the bilayer. A schematic drawing of this model is shown in
Fig. 8 where only the half unit cell is illustrated. The observed T,,.(h) and cal-
culated Fourier transform values T, (h) for this model are listed in Table III.
Note that the third reflection is given as having a (+) phase as the molecular
model gave a (+) phase for h = 3, but, it was decided to use a (—) phase because
the low resolution analysis indicated that the h = 3 reflection had a (—) phase.
This issue was not studied further primarily because the h = 3 reflection had
only a weak intensity and also because the computing was time-consuming. The
phases (+) for h =1 and 2 and (—) for h = 3—14 were obtained from molecular
model building. These same phases for sphinogmyelin bilayers were the same as
given by the electron density strip model B in Fig. 2. We note that the phases
derived here for sphingomyelin bilayers are the same as derived for phosphati-
dylethanolamine bilayers [19].

A Fourier synthesis for the sphingomyelin bilayers was computed using the
first 14 reflections and the set of phases, (+) for h =1 and 2 and (—) for h =
3—14, and this Fourier which had a resolution of about 2.5 A is shown in
Fig. 8. The high resolution electron density profile of sphingomyelin has two
well-defined peaks in the polar region and an extended hydrocarbon region.
The two peaks can be identified with the folded phosphorylcholine group and
the amide and hydroxyl groups in the polar region of the sphingomyelin. The
ripple contour in the hydrocarbon region is consistent with the Fourier profile
having a resolution of 2.5 A, and indicates that the hydrocarbon chain region
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Fig. 8. The projection of a sphingomyelin molecule in the half unit cell with the molecular arrangement
which gave the R value of 37% is shown at the top of the figure. In the lower half of the figure, the elec-
tron density profile of sphingomyelin bilayers computed using the first 14 orders of diffraction and (+)
phases for h = 1 and 2 and (—) phases of h = 3—14 is shown, The Fourier synthesis is on a relative scale
and has a resolution of about 2.5 A. The molecular model for sphingomyelin at the top of the figure
correlates with the Fourier profile,

TABLE II1

THE OBSERVED AND CALCULATED FOURIER TRANSFORM VALUES FOR SPHINGOMYELIN
BILAYERS

The calculated values were derived from the molecular model shown in Fig. 8.

h [ Tops () Te (h)
1 4.12 +5.02
2 0.74 +2.96
3 0.565 +0.63
4 2.74 —0.99
5 1.56 —1.51
6 1.36 —1.17
7 1.22 -~0.58
8 0.44 —0.30
9 061 —1.51
10 0.78 —1.45
12 2.34 —1.67
13 2.64 —1.70

14 1.64 —1.60
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has a relatively uniform density apart from the dip in electron density at the
center of the hydrocarbon chain region. The relatively low electron density
region of about 6 A on either side of d/2 in the center of the bilayer can be
attributed to the differences in the lengths of the amide fatty acid chain and
the shorter sphinosine chain. It can be argued that, if the chains were fully
extended, the low electron density region would be about 10 A long. But a
region of 6 A was obtained and this could imply that the longer amide fatty
acid chain was bent near the amide group. The relatively low electron density
between the polar head groups of the two adjacent sphingomyelin molecules is
in agreement with the bent conformation of the polar group, for extended and
overlapping polar groups would have a much higher electron density. The elec-
tron density profile in Fig. 8 is consistent with the superimposed molecular
model of sphingomyelin.

Discussion

The X-ray analysis of the lamellar diffraction from sphingomyelin bilayers
has been carried out at low resolution (6 A) and at high resolution (2.5 A). The
phases for the first six reflections (low resolution) have been established using
electron density strip models and direct deconvolution analysis. The phases for
the reflections 2 = 7—14 (high resolution) have been obtained using molecular
model building calculations and electron density strip models. The phases for
the higher orders of diffraction are not as firmly established as the phases for
the first six reflections.

The electron density profile of sphingomyelin bilayers at 2.5 A resolution
(Fig. 8) shows two peaks at x ~ 3 A and at x ~ 8 A in the polar region of the
sphingomyelin molecule and these two peaks are consistent with the peaks in
the Patterson function (Fig.6) at x=5A, x =114, x =16 A. The polar
region in Fig. 8 extends to x ~ 11 A in agreement with the value of v =22 A
which was obtained by deconvolution analysis. The molecular model for
sphingomyelin (Fig. 8) has a bent polar head group which lies in the plane of
the bilayer. The low density region at x = 0 between adjacent head groups is
also consistent with the bent conformation of the head group for an extended
conformation would have a much higher electron density between adjacent
sphingomyelin molecules.

It is known from X-ray studies [16,18,19] that the polar head groups of
phosphatidylethanolamine and phosphatidylcholine in oriented bilayers have a
bent conformation and lie in the plane of the bilayer surfaces. The similarity
between the Patterson functions of sphingomyelin, phosphatidylethanolamine
and phosphatidylcholine is striking and is consistent with the bent conforma-
tion of the head group in three cases. The phases for sphingomyelin as derived
here are the same as the phases given for phosphatidylethanolamine [19] and,
although there are differences in repeat distances, lengths of hydrocarbon
chains and in the head groups, spingomyelin and phosphatidylethanolamine
have the same kind of molecular arrangement. On the other hand, although
sphingomyelin and phosphatidylcholine have somewhat different head groups,
nevertheless, they have the same phosphorylcholine polar group and, as the
Patterson peaks for sphingomyelin and phosphatidylcholine occur at x = 5 A,
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x~11A and x ~ 17 A for both the conformation of the head groups of
sphingomyelin and phosphatidylcholine are very similar. Note that the
Patterson peaks for phosphatidylcholine are not as well-defined as in sphingo-
myelin due to the presence of a pronounced dip in electron density at the
center of the hydrocarbon chain region.

The experimental result that sphingomyelin bilayers did not swell with
increase in humidity is noted. This result was not anticipated for sphingomyelin
has the same phosphorylcholine polar group as phosphatidylcholine and the
repeat periods of phosphatidylcholine are know to increase as the humidity is
raised [11—16]. But sphingomyelin like phosphatidylethanolamine [17] did
not swell when exposed to high humidities.

The X-ray analysis of the lamellar diffraction from sphingomyelin bilayers
indicates that the hydrocarbon chains have uniform electron density along their
length. The electron density strip models (Fig. 2), the molecular model building
(Fig. 8), the Fourier profile and the molecular model shown in Fig. 8 provide
evidence that the hydrocarbon chains are straight and parallel to each other.
The 4.2 A reflection which is characteristic of hydrocarbon chain packing in
crystalline paraffins is arced on the equator and, hence, it can be argued tha the
hydrocarbon chains are at right angles to the bilayer surface although there is
some disorder.

The electron density dip at the center of the hydrocarbon chain region,
x = +d/2, in sphingomyelin is similar to phosphatidylethanolamine but quite
different from phosphatidylcholine. Phosphatidylcholine has two lipid chains
of equal length and has a comparatively large dip in electron density attributed
to the localization of the methyl groups [12]. The dip in electron density at
x = +d/2 in sphingomyelin, phosphatidylethanolamine and natural membranes
[34] is much smaller than in phosphatidylcholine for the reason that the lipid
chains have unequal lengths.

The differences in the lengths of the two lipid chains of sphingomyelin sug-
gests the possibility that the hydrocarbon chains of sphingomyelin are inter-
digitated in the bilayer. But, any interdigitation has to be small because of the
large repeat distance of 68.5 A. The X-ray analysis described here confirms that
the hydrocarbon chains in sphingomyelin bilayers have very little, if any, inter-
digitation. This observation is in agreement with previous X-ray studies on
phosphatidylethanolamine [19]

In summary, low angle X-ray diffraction patterns have been recorded from
oriented sphingomyelin bilayers *. The phases of X-ray reflections have been
determined using three different methods: strip models, molecular model
building and by deconvolution. An electron density profile for sphingomyelin
bilayers at about 2.5 A resolution has been described. As a result of this X-ray
analysis we find that the phosphatidylcholine head group of sphingomyelin is
in the plane of the bilayer surface and at right angles to the hydrocarbon
chains, the hydrocarbon chains in sphingomyelin bilayers are nearly stringht

* Since submitting this manuscript we have learned from Dr. J. Torbet that he has carried out an X-ray
diffraction analysis on the structure of oriented bilayers of sphingomyelin [40}. Similar diffraction
patterns were obtained although there were differences in experimental method. Torbet {40] describes
possible model structures for sphingomyelin which are quite similar to the molecular model in Fig. 8.
Thus, the two X-ray studies are confirmatory to each other.
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and parallel to each other and there is very little interdigitation of the hydro-
carbon chains of the sphingomyelin molecules in the bilayer.
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