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standing the structure and properties of phosphoglycerides and cholesterol, until recently
relatively little effort has been expended on sphingolipids. Sphingemyelins (N-acyl-
sphingosine-1-phosphorylcholine or ceramide-1-phosphorylcholine), the sirplest class of
the sphingolipids, are a major lipid constituent of animal cell membranes. Thudicum first
described this group of compounds in 1884, bnt it was not until 1927 that Pick and Biel-
schowsky [1] proved their structure to be N-acylsphingosine-1-phosphorylcholine. Fifty
years later in 1962 Shapiro and Flowers [2] ﬁrmly establ\shed the fact that all sphingo-
myclins of biclogical origin are of the D-erythro configuration.

N Ily occurring sphingomyelitis differ in the nature of the sphingosine base and in
the acyl group linked to the amide nitrogen. By far the most commonly occurring base in
the animal kingdom is the eighteen-<carbon amine diol, 1,3-dihydroxy-2+imino4-octa-
decene. This compound, called simply sphingosine, has a trans double bond hetwer~ cas-
bons 4 and 5. Usually p in most preparations are small amounts of the dihydro
derivative, 1,3-dihydroxy-2-aminooctadecane [3—5). Bovine kidneys have bean shown to
contain also phytosphingosine, 1,3 4-trihydroxy-2-amincoctadecane [6]. Other sphingo-
sine bases have been found in only trace amounts [4—6]. The principal acyl groups found
in sphingomyelins derived from most tissues, with the exception of the nervous system,
are in the order of decreasing abundance palmitoyl (C16:0), nervonoyl (C24:1), C22:0
and C24:0 [7]. In brain the principal acyl group is stearoyl (C18:0). Less abundant com-
ponents are C24:1 and C24:0 [8]. The acyl chain composition has been found to vary
among tissues [9,10] and to be dependent upon the diet [11—13]. In addition it has been
found to change with age in brain [14]. An extended discussion of the distribution of
sphingomyelins is presented in Section V.

Recently, considerable work has been carried out on the metabolism and biosynthesis
of this class of lipids. These studies have been reviewed in detail by Stoffel [15] and by
Fredrickson and Sloan [9]. In summury, the principal biosynthetic route appears to be
esterification of N-acylsphingosine phosphorylcholine [18,19]. Recent experiments on
transformed mouse cells in culture indicate that biosynthesis may proceed via the transfer
of phosphorylcholine to either sphingosine or ceramide from phosphatidylcholine
{20,21). Bvidence for the existence of a similar pathway in various mouse tissues has
recently been found [22]. All of the bivsynthetic activity appears to be associated with
the endoplasmic reticulum. The catabolism of sphingomyelins, which begins with hydrol-
ytic cleavage to give phosphorylcholine and ceramide, has been described in some detail
[23~26).

The chemical synthesis of sphingemyelin is considerably more complex than are the
synth of phosphoglycerides. Details of the currently available synthetic routes as well
as the methods of chemical characterization have been summarized by Shapiro [27].

11. Physical properties of sphingumyelins
HA. Molecular structure

The fundamental chemical structure of sphingomyelin is shown in Fig. 1. For compari-
son the structure of phosphaﬁdylchohne is also given. The numbering syster used in this
review, as indicated in’ ‘ig. 1, follows that suggested for ceramides by Paschor [28] and is
more convenient than the systeri devised by Sundaralingham [29].

The molecular res of both sphingomyelin and glycewphosphol!pids have as a
common feature the geographical segregation of the polar and non-polar partions of the
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molecule to give a hydrophilic head and a hydrophohic tail connected by a belt region of
intermrediate polarity. Because of the segregation of polarity and non-polarity within the
molecale, thére is no suitable solvent for both head and tail regions. As a result molecules
of this type, characterized as amphipathic, aggregate to form regular though complex
structures which minimize unfaverable interactions with the solvent, The structure of the
aggregate depends upon the characteristics of both the amphipathic molecule and the
solvent. In water, the milieu of biology, sphingomyelins and phosphaticlylcholines spon-
taneously form bilayers when this solvent is present in excess. These lamellar structures,
which are two molecules in thickness, have their opposing polar faces formed by the
hydrophilic heads of the component molecules while their hydrophobic tails comprise the
core of the lamella and are thus renioved from the unfavorable contact with water
30,31].

[ Although phosphorylcholine is the polar head group common to both sphingomyelins
and phosphatidylcholines, the other regions of each type of molecule have certain dis-
tinctly different structural features. The hydrophobic region of phosphatidylcholine is
composed of two acyl groups esterified to the glycerol backbone. These acyl chains are
almost equal in length. In naturally occurring phosphatidylcholines, the acyl group in
position 1 is saturated while that in position 2 is unsaturated. This region in sphingo-
myelins is composed of one acyl chain which is linked through an amide bond to the
primary amino group on carbon 2 of sphingosine. More than 60% of the naturally occur-
ring sphingomyelins contain a saturated unbranched acyl chain with a length of 16 to 24
carbons. The most common unsaturated acyl chains are derived from cis monoenoic
acids, principally nervonic (24:1). More than 50% of the acyl chains are longer than 20
carbons. The second comp t of the hydrophobic region of sphingomyelin is the paraf-
finic zesidue of the sphingosine base, which contributes only 13 to 15 carbon atoms to
the non-polar region. Thus, the two hydrocarbon chains comprising the hydrophobic tail
of sphingomyetin differ in iength by more than 7 methylene residues in over 50% of the
naturally occurring molecules. In addition the average number of cis double bonds per
sphingomyelin molecule of biological origin is 0.1 to 0.35 while for phosphatidylcholine
itis 1.1 to 1.5 [10,51,52]. :

The differences between sphingomyelin and phosphatidylcholine in the interface
region are even more striking. In phosphatidylcholine this region includes cerbons 1, 2
and 3 of the glycerol backbone and the components of the two ester bonds linking the
acyl groups to this backbonre. In contrast, this region in sphingomyelin contains the amide
bond between the acyl chain and the primary amino group on carbon 2 as well as the
hydroxyl group attached to carbon 3 and possibly the frans double bond between carbons
4 and S of sphingosine. The hydroxyl group and the amide bond afford an important
hydrogen bond donor capability not found in phosphatidylcholine. In addition, the pres-
ence of these groups in the belt region, where a relatively low dielectric constani exisis,
suggests that the hydrogen bonds formed by these groups to other phospholipids, choles-

terol and ins will be ger than hydrogen bonds formed in an aqueous mnedium of
high dielectric constant [32,33]. Detailed molecular structure information dexived from
simple crystal X-ray diffraction studies is not available for sphingomyelins. Some infor-
mation of this type is, however, available for the related ceramides [28,29,34]. The

I differ b phingomyelin and phosphatidylcholine in the belt and
hydrophobi jons are reflected in diff in the physical properties of these two

el £ L
types of lipids in bilayer systems. As is the case with phosphatidylcholines, the acyl chain
composition has a profound effect on the physical properties of the system.



133

The physical studies discussed in the following sections are for the most part carried
out on lipusome dispersions of two types. These are the large, multilameilar structures
first described by Hertz and Barenholz [36] and Rangham [37,38], which are hete:’cge'
neous in sive, and th2 small unilamellar vesicles of homogeneous size originally d
by Huang [39]. To a first approximation, the bilayers in these two systems exhibn similar
physical properties and structure. However, recent work suggests that the smali, highly
curved bilayers of the vesicle system may have certain unique properties [40-—45]. In
addition to studies cn liposome bilayers, thers has been much work on monolayers at an
air/water interface. Since the information derived from this type of study has an impor-
tant bearing on the in‘erpretation of bilayer data, the discussion of the physical proper-

ties of sphingomyelin lamella: systems will begin with a brief review of the monolayer
work.

IIB. Studies on monomelecular films at the airfwater interface

The limiting surface area for dipalmitoyl phosphatidylcholine is 43 A? per molecule
and for egg phosphatidylcholine 56 A% per molecule [46]. Bovine brain sphingomyelin
has a limiting molecular area at the air/water interface of 4245 A? [46,47]. However, if
a bovine brain sphingomyelin fracuon enriched in N-steamylsphmgome phosphoryicho-
line is studied, the liquid cond d film has a mini lecular surface area of only
40 &2, A fraction enriched in NV-nervonylsphingosine phosphorylcholi hibits a mini-
mal area per molecul: of 56 A? in a film of the liquid-extended type. The difference in
the surface properties of these two fractions is due primarily to the eis double boad

between carbons 15 and 16 in the nervony: sphingomyelin. Thus, if this sphingemyelin s

converted to N-lignoceryldihydrosphingosine phosphorylicholine by hydrogenation, the
limiting surface area per molecule is reduced to 40&‘ although hydrogenation of the
fraction enriched in N-stearoylsphi phorylcholine causes no change in the

area per molecule. Since hydmgenatlon of both fractions also converts the sphingosine
moiety to dihydrosphingosine, these data indicate tha: the rrans double bond between
carbons 4 and S has little effect on the limiting area per molecule [46].

The surface potentials of films of dipalmitoyt phosphatidylcholine and bovine brain
sphingomyelin determined under similar condmons are nmkedly d.tfferem The relatively
larger surface potential of yelin rs is reduced by hy ion indi-
cating that the rrans double bond between carbons 4 and 5 makes asxmng contribution
to the observed potential [46]. Determination of Ca* oinding affinity by monolayers of
these two lipids using surface potential —easurements indicates that tnis catioa has a
lower affinity for sphingemyelin iLan for phosphatidylcholine. Similax results have been
obtained with other muiivalent cations [48]. These differences in binding affinity may
be due to an ion-dipole interaction or hydrogen bond formation between the hydroxyl
group and the phosphate oxygens of sphingomyelin which cannot occur in phosphatidyl-
choline [46,49]. It has, however, been suggested that the observed differeaces in surface
behavior of these two phospholipids may be due to impurities present in both prepara-
tion [50].

1IC. Thermotropic behavior

In a pioneeting study of bovine brain sphi yelin of undefined fatty acid composi-
tion, Reiss-Husson [30] using low-angle X-ray diffraction found this phospholipid prep-
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aration when dispersed in water to be in a gel phase at 25°C but in a liquid crystalline
lamellar phase at 40°C. At 40°C ihe lamellar phase incorp a maximum of 40%
water by weight with additional water forming a bulk phase. Reiss-Husson also found that
the surface ares per molecule and the interlameliar spacing both increase as the sphingo-
myelin is progressively hydrated. At the maximzm hydration of 40%, the area per mole-
cule was found to be 54 A?, and the lipid bilayer -nd water layer thickness to be 48 and
30 A, respectively. '
Recently, the phase behavior of aqueous dispersions of sphingomyelin with a well
defined fatty acid composition was studied by Shipley and coworkers {31] using polar-
ized light microscopy, differential scanning calorimetry and X-ray diffraction. Fig.2
shows the temperaturecomposition phase diagram of the bovine brait sphingomyelin/
water system as constructed by Shipley and coworkers [31}. Lamellar phases in which
water is intercalated between sheets of lipid molecuies arranged in a bilaycr fashion were
found to be prasent over much of the phase diagram. An order-disorder transition sepa-
rates the high-temperature liquid crystalline lameila: phase from a more ordered lamellar
phase at low temperature. The thermotropic behavior in the absence of water proved to
be similar to that exhibited by various phosphatidylcholines. At 87°C, a iransition occurs
from a crystalline phase with the sphingomyelin organized in bilayers, to a liquid crystal-
line phase with a mobile lamells: structure. Formation of a viscous isotropic phase occurs
at 144°C which at 170°C is transformed to give an hexagonal-type structure with the
lipid head groups forming the core of rods packed with axes parallel in a regular two-
dimensional hexagonal lattice. I g the of water to about 10% causes the
gel-liquid crystalline transition p to d progressively to a value of about
40°C which then is independent of water concentration above 10%. At 47°C, this
sphingomyelin preparation shows a .naximum water uptake of 35% (w/w). Above this
water content, the maximally swollen lameilar lipid phase coexists with an excess bulk
water phase. At this limiting hydration, the area per molecule was found to be 60 A2 and
the lipid bilayer and water layer thickness 38 and 22.2 &, pectively. The diff
between these values and those reporied earlier by Reiss-Husson [30] may be due to
differences :q fatty acid composition of the sphingomyelin but are more probably due to
differences in the temperature of the measurements [31]. Shipley and coworkers have
pointed out that the maximum hydration of 35% found for bovine brain sphingomyelin

UIPID CONCENTRATION (¢}

Fig. 2. The temperature-composition phase diagram of bovine brain sphingomyelin/water {31}, Repro-
duced by permission of the Journal of Lipid Research, Inc,
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at 47°C is similar to that of egg phosphatidylcholine at 5°C. Since the two systems at-
these temperatuies ars just above the gel-liquid crystalline phase transition, these authors
suggested that the phosphorylcholine head group, which is common to both, is the princi-
pal factor contro ling the swelling behavior of these two types of phospholipids {31].
Below the transition perature this sphi preparation exists in 2 bxkyer
structure which exhibits a maximum hydration of 42%. At this temperature (25°C),
maximally hydrated sphingomyelin is found to have an area per molecule of 57.6 A% and
a bilayer thicknsss of 42.5 A. The anhydrous sphingomyelin has an area per molecule of
36.1 A® and a bilayer thickness of 63.5 A at the same temperature. These data led the
authors to assume a f-type structure in which the hydrocaron chains are packed in a
pseudohexagonal /attice with rotational disorder [53,54]. A structure of this type has
been described fc- phosphatidylcholine with lmelogeneous acyl chains [SS]. They also

suggested that th2 changes in the mol which occur with
mcreasmg hydraticn may be due to a progressive tﬂt of the hydrowhon chain axisina
B'-type structure. This structure is known to occur in synthetic diacyl phosphatidyich
lines [55].

The heat capacity vs. “cruperature function determinad by diffcrential scanning caio-
rimetry for hydrated bovine brain sphirgomyelin preparations shows two endoth

peaks [31,56,57). The detailed structure nf the peak system is a function of hydration. In
addition, the temperatures of the two transitions as well as the temperature difference
between them decrease with increasing hydraticn 77}, The thermodynamic chta for
maximally hydrared preparations of ovine and bovine brain sphingomyelin

as determined by Barenholz and coworkers [56] are summarized in Tablel Thm data
were obtained with a high-sensitivity differential scanning calorimeter {45,56,58] and by
drop heat capacity calorimetry [56]. Similar information on these systems bas also been
obtuined from measurements of the depolarization of fluorescence of the probe,
1,6-diphenylhexa-1,3,5-triene [56]. Recently, Calhoun and Shipley [§9] have shown that
differences in the acyl chain compositions of sphingomyelins prepared from a variety »f
natural sources have a marked infl on the th I behavior of the fully hydrated

TABLEL

THERMODYNAMIC PARAMETERS FOR THE GEL-LIQUID CRYSTALLINE TRANSITION OF
SHEEP BRAIN AND BOVINE BRAIN SPHINGOMYEL:iNS *

Sheep: the sets of parameters refer to three calorimetric experiments with the same pcparation. 1 was
freshly prepared, 2 was a repeat of 1 after a week’s siorage in the cold and 3 was 2 repeat of 2

immediately after cooling. Bovine: the two sets of refer to two experi with differeat
liposome preparations using the same materiat
Species Ty Tma Tus aH ACp max
O () CO) (kcalfmol) (keal/mol pez K}

Sheep 1 310 37.0 7.1 0.523

2 31.2 31 7.6 052t

3 313 3.t 6.8 0.516
Bovine 1 30.4 328 384 69 580

2 (=30 324 37.0 6.6 Q.550

* Data from Ref. §6.
** Shoulder observed at approx. 30°C.
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systems. Thus, sphingomyeling with a relatively bigh content of palmitic and stzaric acids
have gelliquid crystalline transitions at relatively. high temperatures (about 50°C) whereas
samples rich in nervonic acid {C24:1) exhibit a mor: complex transition at lower temper-
atures (about 30°C) [59]. :

The thermotropic behavior of aqueous liposome dispersions formed from several syn-
thetic sphingomyelins of the DL-erythro configuration prep d by the synthesis of
Shapiro [27] is shown in Fig. 3. The thermodyna’nic parameters for these synthetic prep-
arations are given in Table II [56]. Sphingomyelins of the D-erythro configuration with
these acyl chain and sphingosine base compositions are the najor constituents of bovine
and ovine brain sphingomyelins [56}. Although the synthetic preparations are racemic
mixtures of D- and Leerythro configurations, Caloun and Shipley [60) have recently
shown that the thermotropic behavior of D-erythro-N-palmitoyl sphingomyelin [60] is
very similar to that uf the DL-ryfhro mixture [56].

"The single sharp transition exhibited by each of these four synthetic sphingomyelins is
reminiscent of the gel-liquid crystalline phase transition of synthetic phosphatidylcholines
[61 62]. However, the simpie linear increase in the transition enthalpy change and transi-
tion temperature with increasing acyl chain length, which holds for saturated diacy! phos-
phatidylcholines, is not obtained for these synthetic sphingomyelins. This is illustrated in
Fig. 4 in which AH is plotted vs. Ty, for the geliquid crystalline phase transition of C:12,
C:14, C:16, C:18 and €:22 diacyl phosphatidylchotines (points 15, respectively) §192}).
In contrast, points 11, 14-and 15 give the parameters characterizing C:16, C:24 and C:18

sphingomyelins, respectively. Thus, for sphingomy 2lins, although there is a linear relation- .
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Fig, 3. Heat capacity (¢Cp) v, temperature for several synthetic sphi olin lip proparzti
(A) N-Pulmitoyldinydrosphingosine phosghorylchaline (concentration 1.2 mg/m; (B) N-paunitoyl-
sphingosine ph ‘(concentration 10 mg/ml); (C) N-stearoylsphingosinie phosphorylcho-
line (concentration 10 mg/mi); (D) N-lignocerylsphingosine” phosphorylcholine patzation 10
mg/ml). Roproduced by permission of the American Chemien) S5alety, o & v odida i
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TABLE I

THERMODYNAMIC PARAMETERS FOR TE: GEL-LIQUID CRYSTALLINE TRANSITION GF
SOME SPHINGOMYELIN-CONTAINING LIPOSOMES * ‘

Parameters for only the most pro-ninent transition are reposted

T aH aComax  ATip
o) (keal/ & e
mol) mol
per K)
N-Palmitoyidihy i
phosphorylcholine 47.8 9.4 4.7 1.8
N-Palmitoylsphingosine-
phosphorylcholine 413 6.8 8.6 0.8
N-Stearoylsphingozine- 528 17.9 5.0 27
phosphorylcholine (57.0) *** (20.0) *** 5.7y *** (L4}
N-Lignocerylsphingos e+
phosphorylcholine ** 48.6 153 7.1 1.8
1:1: 1 mixture of N-paimitoyl-
N-stearoyl-, and A-lignoceryl-
hi ine phosphorylcholi 395 6.8 1.5 6
2 : 1 mixture of N-stearoyl-
sphingosine phos;aoryl-
choline and 1-palmitoyl-2-
cleyl phosphatidylcholine 47.6 9.8 1.3 3.6

* Data from Ref. 56.

** A small transition (AH = 1.9 kcal/mol) is also observed at 42.6°C.
*+* Data from Ref. 64.

1 1 ¥ T
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Fig. 4 Transition enthalpy change (AH) vs. umﬁm\ temperatuze (Tip) for synthetic diacyl phos-
Icholines

11
€:16; C:18, respeoctively. Points 13 ad 15 ar¢ for C:18 sphingo-
myelin: with:an ordezed, stabls gel phase, point nkm\&-mmamgﬂmnm
data foi phosphatidyicholines were taken from Ref. 192. Bt
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ship between AH and Ty, the ordering of the data does not follow increasing acyl chain
length. In addition, recent work indicates that the N-stearoyl (C:18) sphingomyelin in
bilayers exists below the transition in a forin which exhibite i unusually high degree of
order [64]. The transition of the gel phase of bilayers of this material to the liquid
crystaliine state is associated with the large A and high 7}, values shown in Table Il
(values in parentheses) and point 13, Fig. 4. If multilamellar lip of this sphingo-
myelin prepared above the transition temperature are brought quickly to 20°C and then
examined in the differential scanning calorimeter, a transition at about 45°C is observed
which has an enthalpy of 7 kcal - mol™! (point 12, Fig. 4). The gel phase of this quenched|
materiai gives an X-ray diffraction pattern exhibiting the degree of order ususlly associ-
ated with bilayer systeins of glycerophosphatides [64]. The transition in the gel phase
from the less- to more-ordered system has a half-time of several hours at 20°C. As a
result, composite patterns showing both low- and high-temperature transitions are fre.
quently obtained. Exotherms in these patterns have also been occasionally observed. It is
interesting vhat traces of impurities such as the {luorescent probe, 1,6-diphenylhexatriene
or cholesterol cause the system to be trapped in the less-ordered form.

These diferences between the thermal behavior of saturated diacyl phosphatidylcho-
lines on the one hand and the synthetic sphingomyelins on the other are undoubtedly
related to the fact that in sphingomyelins, the methylene chain contributed by the
sphingosine base is of constant length in all molecular species, Thus, while in diacyl ghos-
phatidylcholines the iwo methylene chains of each molecular species are always of equal
length, in sphingomyelins the two methylene chains are of roughly equal length only
when the acyl chain i* 16 carbons long. Increasing the acyl chain length increases the
length disparity between the two methylene chains of sphingomyelins (see subsection
HA). Thus, it is possible taat the disparity in methylene chain length when nonexistent
makes the thermal properties and degree of order of sphingomyelin and the corre-

ponding phosphatidyicholine similar (compare points 1i und 3, Fig. 4). A larger degree
of chain length disparity may force the molecules in the gel phase to assume eventually a
higher degree of order and to display larger values of T}, and AH (compare points 12 and
13, Fig. 4). A still larger disparity in chain length, however, may cause the molecules to
be trapped in a more disordered state with a resultant lowering of both AH and Ty, (com-
pare points 13 and 14, Fig. 4).

Mechanical coupling between the two nivnolayers comprising the bilayer of small uni-
lamellar vesicles prepared from synthetic Nlignoceryl (C:24) sphingomyelin {191} has
been demonstrated by 'H-NMR. The experimental approach utilized two properties of
trivalent, patamagnetic lanthanide ions: the well known fact that they can be used to

p the due to molecules on the outside of small single-walled vesicles
from those of molecules on the inside, and that the binding of these ions to the phos-
phatidylcholine head groups increases the thermotropic transition temperature. The
transition was monitored using the choline methyl line-widths. These resonances give
good outsidefinside resolution, are of high and constant intensity through the phase

ition, and show a bly sharp break at a temperature which corresponds well to
the onset temperature of the thermotropic transition of small single-walled vesicles, as
monitored by calorimetry. Data of this type obtained for Nlignoceryisph gomyelin
clearly show that the inside layer onset t is affected by increasing the
outside monalzye: onset temperature. No evidence for monolayer coupling was found in
experi on Nstearoylsphing lin and dipalmitoyl phosp ylch , lipids
which contain methylene chains of nearly equal length. Thus, it is possible that this

b atidulahali
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coupling of the two monclayer transitions may be the resul. of the interdigitation of the
methylene chains of the two monolayers which is favored by the marked difference in the
length of the two methylene chains comprising each molecule of N-lignocerylsphingc-
myelin.

The effect o incorporation of a trans double bond between carbons 4 and 5 of the
sphingosine moiety appears to have little effect on the character of the phase transition.
For example, the difference between the T, values for N-palmitoylsphingomyelin 2nd
dihydrosphingomyelin is only 6.5°C. This difference in Ty, is much smaller than that
observed for the effect of a cis double bond between carbons 9 and 10 of the acyl chain
of phosphatidylcholine when either both chains are unsaturated cr only the acyl chain in
position 2 is unsaturated. This apparent anomaly is most likely the result of the fact that
the trans bond in sphingomyelin is located in the belt region rather than deep in the
apolar moiety. Barton and Gunstone [65] have described similar effects resulting from
variation in the position of a ¢is double bond in the acyl chains in phosphatidylcholine.

Barenholz and coworkers [56] ined the th ic behavior of multilamel?
liposomes formed from a 1 :1:1 mole ratio mixture of N palmitoyl-, N-stearoyl- and
Ndignoceryisphingomyelins. Surprisingly, this mixture exhibits a single, rather sharp
transition at a temperature below the T}, values for the individual species (Table If). With
the glycerophospholipids such mixtures exhibit either a distinct transition with 2 7

value lying between the T, values of the individual or show evid of
lateral phzse separation [42,66,96]. In this particular case lt appears that no phase sepata-
tion occurs and thus the thermotropic behavior is 2 manifestation of the uni

b &

of the mixed, but homogeneous, bilayer phase. This behavior is similar to the thermo-
tropic behavior of bovine and ovine brair sphingomyelins, which show a transition range
below the transition temperatures of the principal p of these ! mixtures
[31,56]. These more complex mixtures in contrast, however, show multiple maximz in
the heat capacity vs. temperature iunction [31,56]. Recently, Calhoun and Shipiey {5%]
have studled the thermotropic behavior of bovine brain, egg yolk and ovmc erythrocyte

gomyelins. The diffe in acyl caain ition are reflected in the th 1
behavior of these preparations [59]. Clearty, much additional work needs to be done w
these systems before the thermotropic behavior of pl ixtures can be uad
in terms of the thermal properties and i ions of the p sphingomyelins.

IID. Molscautar monons of sphingomyelin in bilayers

Infc ion about i lecular and whole molecul ions has been obtained for
glycerophosphatide bilayers by a variety of techniques including NMR [67-70], ESR
[71], fluorescence {72,73] and Raman spectroscopy {74,75]. Relatively little work of
this sort has been carried out on sphingomyelin systems.

1ID-1. The hydrophobic region

Mendelsohn and coworkers [75] have recorded Raman spectra at relatively high reso-
lution for anhydrous bovine brain sphingomyelin of undetermined acyl chain composi-
tion above and below the gelliquid crystalline transition. Using Raman data, these
authors found the anhydrous material to undergo a crystalline-liquid crystalline transition
at'90°C in good agreemeny with the results of Shipley and coworkers [31]. They also
found evidence for the existence of gauche isomers in the gel phase. The number of
gauche isomers was observed to increase steadily as Ty, was approached. Receatly, Fai-
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man [76] has extended Raman studies to multilamellar liposomes formed from bovine
brain sphingomyelir in excess water.

In general, the most informative regions of the Raman spectrum of sphingomyelin are
the skeletal optical mode region (C-C stretching) betwzen 1000 and 1150 cm™, and the
C-H stretching region between 2800 and 3100 cm™ which includes the methylene sym-
metric C-H stretch (approx. 2850 cm™) and the C-H asymmetric stretch (approx. 2890
cm™), Both iegions are affected by the trans-gauche isomerisation and by intermolecular
motion and disorder at higher temperatures [74,75. The sharp methylene-twist vibration
at 1298 cm™! broadens considerably at the gel-liquid crystalline transition temperature
probably because of intermolecular interactions [77]. Several other regions in the sphin-
gomyelin spectrum appear sensitive to structural change although the origin of the molec-
ular vibrations involved is unclear {75].

Bovine brain sphingomyelin of undefined fatty acid compcsition has been studied by
Long and coworkers [78] with spin label probes. Using orientated thin films of this prep-
aration with the cholesterol analog probe, 3-spiro-2'-(NV-oxyl-4',4'-dimethyloxazolidine)-
cholestane, these workers were able to obtain only powder spectra from dry and hydrated
films. They corcluded from these data that sphingomyelin does not form bilayer systems.
This surprising result is in direct conflict with a variety of data obtained by other means
[30,31]. The explanation was subsequently provided by Oldfield and Chapman [79] who
showed that cholesterol analogs, such zs the probe used by Long and coworkers (78],
which do not contain a 3-hydroxy function sre not incorporated to any significant extent
into bilayer structures, Both Long and ceworkers [78] and Oldfield and Chapman [79]
found the stearic acid probe of the hydrophobic region of the bilayer, 12-spiro-2’-
(N-oxyl-4' 4'-dimethyloxazolidine)stearic acid, to be highly immobilized at 20°C in
bovine brain sphingomyelin. These data were very similar to those obtained with this
probe incorporated into the gel phase of dipalmitoy! phosphatidylcholine at 20°C [79].

The hydrophobic region of sphingomyelin bilayers in unsonicated liposomes has been
studied by both 'H-NMR {57] and '>C-NMR [80]. Well defined spectra were chtained
with a 220 MHz spectrometer at 60°C using bovine brain sphingomyelin of ur.defined
fatty acid composition [57] in the form of multilamellar vesicles. The resolution of the
spectra is rather surprising, since orly poor-resolution proton spectra have been obtained
at this frequency for multilamellar sy fi d from glycerophosphatides at this tem-
perature [80,81]. At 40°C, which is the center of the broad gel-liquid crystalline phase
transition exhibited by this preparation, there was a decrease in intensity as well as a
broadening of the signals from the acyl chain methylene and methyl protons. It seems
clear that with the 5000 Hz sweep-width employed in these studies, signals were obtained
only from regions in the Jiquid crystalline state. At 20°C, well below the phase transition
range, no acyl chain signal was detected.

High-resolution proton spectra have been reported by Barenholz and coworkers [82]
for bovine brain sphingomyelin of known acyl chain composition in small vesicle disper-
siors, In general, the spectra are similar to those obtained for small vesicles of dipatmitoyl
phosplatidyicholine [43]. In the sphingomyelin systems at 21°C the methylene line-
width is 47 Hz. This decreases to 22 Hz at 52°C. At 24°C, the intensity of the methylene
peak relative to the N-methyl proton peak is only 5% of the intensity at 50°C. The tem-
perature course of the line-width change clearly refiects the gelliquid crystalline phase
transition discussed-in the preceding section. T, values obtained for the methylene
protons are 0.29 £0.03 s at 25°C and 0.395 * 0,03 s at 52°C. These are smaller than the
corresponding values obtained for egg phosphatidylcholine under similar conditions.
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Arrhenius plots of T, vs. (temperature)™* gave a value of 3.4 keal - mol ™ for the activation
energy. This valuc is very similar to the values obtained for a variety of phosphatidyicho-
lines {83,84]. In nddition, the activation energy is close to the values obtaincd by Raman
spectroscopy for internal gauche-trans isomerizations in phosphatidylcholine [85.86].
13C.NMR spectia obtained from unsonicated multilamellar fiposomes formed from
bovine brain sphingomyelin were first reported by Keough and coworkers [80]. The reso-
lution at 25.2 MHz and 70°C proved to be very good and a number of resonances were
identified. Chemical shifts measured relative to an extemal tetramethylsilane standard
are: 30.7 ppm for the broad methylene group, 23.1 ppm for the penpitimate methylene
and 14.4 ppm for the terminal methyl group. A broad signal at 13{.2 ppm was identified
with the cis double bond carbons of the acyl chain. The carbonyl carbon was clearly visi-
ble at 177.2 ppm and signals at 67.4, 60.8 and 55.0 ppm were identified with the CHEN,
CH,OP and N'(CH,) carbons, respectively, of the phosphorylcholine head group. While
these ciremical shifts are similar to the corresponding shifts observed for egg phospha-
tidylcholine systems [80], there are some significant differences. Both the carbony: and
uted carbor resc are shifted downfield in sphingomyelin (3.7 and 3.2 ppm,
respectively). Keough and coworkers suggested that the carbonyl shift is due to the sitro-
gen of the amide bond whereas the shift of the unsaturated carbons may be due to the
deshielding by the vicinal liydroxyl group in the sphingosine moiety [80]. Recent wark,
however, on synthetic N-stearoy! and N-nervonoylsphingomyelins and on bovine brain
sphingomyelin in small vesicle dispersions indicates that the acyl chain carbons of the cis
double bonds give rise to very much sharper signals than do carbons 4 and § of the rrans
double bond in the sphingosine roiety (Schmidt, C., unpublished observations). Thus, in
all probability the line in the sphingomyelin spectrum assigned to the double boad car-
bons by Keough and coworkers [80] is in fact due principally to only the acyl chain
double bond carbons.
The apparent fluidity of the hydrophobic region of bilayers formed from bovine brain
gomyelin of well defined position has been determined by Muorescence polariza-
non studies using as a probe 1,6-diphenylhexa-1,3,5-triens [73,88,89]. The rotational
motion of the probe molecule deduced from the fluorescence polarization data is charac-
terized by the anisotropy paramet:cr [89 80]. The temperature variation of this parameter
can be used with the Perrin equation to define an apparent microviscosity as seea by the
probe molecule [73,91,92]. The microviscosity thus defined can be used in a relative

sense to ch ize the hydrophobic core of the bilayer. Its utility when applied to
bilayer and membrane systems has recently been reviewed in detail {73].
The microviscosity of the hydrophcbic region of bovine brain sphingomyelin below

the gelliquid crystalline phase transition in both muitilamellar liposomes and sinall,
single-walled vesicles is about 10 times larger than the corresponding value for egg phos-
phatidylcholine. Above the sphingomystin phase mnsmon the apparent microviscosity is
about 3 times the value obtzinsd for egg phosphatidylchokine at the same temperature
[56,89]. Similar results have been obtained on these systems using perylene as the fluo-
rescent probe [73].

Using diphenylhexatriene, bovine brain sphingomyelin exhibits a marked change in
apparent microviscosity over the temperature range of the gelliquid crystalline phase
transition. The midpoint of the transition determined by fluorescence depolarization is
32.5°C, in good agreement with the calorimetrically determined transition temperature
given in Table I {56,89].
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1ID-2. The interface region

The interface region in bilayer systems, located between the hydrophilic surface and
the hydrophobic core, is the most difficuli to examine specifically. There are no simple
ngasny to attach covalently fluorescent or spin probes. Froton NMR signals from this
region of the constituent molecules are not as well resolved as are signals from the hydro-
phovic and polar head group regions. Potentially, '*C-NMR affords one of the best
methods of examining the interface region in bilayer systeins,

Keouglh and coworkers [80] have demonstrated that the 'C-NMR signal from the
carbonyl carbon of the acyl chain is shifted to 177.2 ppri: . . ¢ to an external trimeth-
vlsil dard in multilamellar liposomes. This is 3.7 ppm farther downfield than is the
corresponding carbonyl carbon signal from egg phosphatidylcholine [80]. With small uni-
lameflar vesicles prepared from bovine brain sphingomyelin, the chemical shift of the
natural-abundancs °C carbonyl carbon is 175.4 ppm for the oustide whereas the similar
vesicles prepared from egg phosphatidylcholine signals from the two carbonyl carbons
are resolvable at 174.3 and 174.0 ppm outside and inside, respectively. The a-carbonyl
gives rise to the upfirld resonance [93]. Keough and coworkers have suggested that the
amide bond nitrogeit adjacent to the sphingomyelin carbonyl carbon is responsible for the
larger chemical shift in this molecule compared to phosphatidylcholine. This explanation
may, however, not be completely correct since in small vesicle systems the admixturz of
other phospholipids does not cause the sphingomyelin carbony! carbon resonance to
move upfield (Schmidt, C., Barenholz, Y. and Thomg T.E., unpublished observa.
tions). This observation suggests that sphingomyelinsphingomyelin interactions may be
at least in part responsible for the increased downfield shift. This view is strengthened by
the observation that the chemical shifts for the carbonyl carbons in the two lipids are
neaily equal when they are dissolved in organic solvents (Schmidt, C., unpublished obser-
vation).

Natural sphingomyelins, which all have the D-erythro configuration of carbons 2 and
3, are optically active. The circular dichroic spectrum of bovine brain sphingomyelin in
organic solvents [94,95], in aqueous dispersions of singlelamellar vesicles [94] and in low-
density lipoprotein [95] shows a strung negative Cotton effect below 200 nm. The posi-
tion and magnitude of the effect are dependent on the state of aggregation of the sphin.
gomyelin molecules [94,95]. This fac? is iilustrated by the data in Table III. The Cotton
effect is almost certainly due to the 7 ~ " transition of the amide group joining carbon 2
of the sphingosine moiety to the acyl chaia (see Fig. 1). It may eventually prove possible
to relate the positions and magnitude of the effect to the structure of the interface region
in small unilamellar vesicles.

The contribution made by sphingomyelin to the circular dichroic spectra of biological
membranes has largely gone unrecognized. Most workers have attributed the details of the
spectra wielly to brane proteins. The contribution by phingomyelin in human
erythrocyte ghosts is, however, about 20% below 200 nm. Failure to recognize this con-
tribution can lead 10 a marked overestimate of the random-coil content of proteins in
biological membranes with a high sphingomyelin content [94].

1ID-3. The headgrovy region

There has been considerable controversy concerning the orientation and motions of
the polar head group in phosphatidylcholine. The weight of evidence favors the view that
in the gel phase the axis of the phosphatidylcholine moiety is normal to the axis of the
acyl chain system and in the fiquid crystalline phase it is roughly parallel to the chain axis
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TASBLE I
MOLECULAR ELLIPTICITY OF SPHINGOMYELIN *

Sample Physical state 10°1 A, (nm)
(degree - cm™! - dmot™?)
Sphingomyelin vesicles —-56 000 1938
Sphingoinyelin/phos-
pathidyicholine
(50 :50) vesicles -54 0V0 198.5
Sphingomyelin/dicetyl
phosphate (100 : 5) vesicles —51 900 197.5
Sphingomyelin/phos-
phatidylcholine/
dicetyl phosphate
(50:50:95) vesicles —57 909 197.5
Sphingomyelin micelles in 205 -55400 197
methanol
Spingomyelin micelles in -77 709 194
trifluoroethanol

* Data from Ref. %4.

[96]. Recently, *>*P-NMR has been employed to mvesngate the conformanon and mo-
tions of the polar head group of various phosphatidylcholines. With egg phosphatidyicho-
line in small single lamellar vesicles, a 3’P(’H ) nuclear Overbauser effect has been ob-
served [97]. The simplest motiena! model which is compatable with the *'P-NMR data is
rotation of the phosphorus about an axis normal to the bilaver surface. During rotation
the -N'(CH3); protons interact intermc..cularly with a neighboring phosphate group at
an average angle of 90°. A correlation time of 1.4 - 107° s has been calculated for the
time constant of the *H-3'P interactions in the plane parallel to the bilayer surface [97].
Although in the gel phase there is considersble head group motion [98], there is a marked
increase in the mobility of this group in the phase transition region. This can be seenas a
linewidth decrease in the NMR signal from the -N(CH,); protons and in the values of the
spin-lattice relation time, T, for these protons [67,83]. It can also be observed in the T
data obtained from '>C-NMR [98,99].

The most clear-cut diffe between sphing lin and p hatidylcholine are

24

detected by NMR and occur in data odtained for the choli thyl and the phosph
resonances. The linewidth of the -N"(CHs); protons decreases maxke&ly with temperamre
in the phase transition region of bovine brain sphingomyelin although the intenmsity
remains constant [82]. T values for the N-methyl protons and *'P also smaller than
corresponding quantities obtained for various phosphatidylcholines {32,83,1001. The 'P
resonance from sphingomyelin in small single-waiied vesicles is shifted 0.6 ppin downfield
from that of egg phosphatidyicholine at the same temp ‘This shift inci ta 0.7
ppm in methanol and 1.4 ppm in chloroform. The downfield shift of the *'P resonance
by Pr®* is about 1.2 times that observed for egy phosphatidylcholine under similar coadi-
tions. An e¢nhanced Pr3* shift of the N-methyl choline p and * P in sphingomyelin
has also beer: observed {82]. These results can be explained by the presence of an intra-
molecular hydrogen bond between the phosphate and either the amide or hydroxyl
groups of sphingomyelin which results in a greater restriction to motion of the head
group in sphingomyelin than in phosphatidylctoline [82.101].
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Studics by Yeagle and coworkers [87] using *'P("H) nuclear Overhauser effect (NOE)
offer further support fot the existence of an intramolecular hydrogen bond in sphingo-
myelin. The authors have suggested that the larger ratio, (NOE)y,0/(NOE),y,, , obtained
for sphingomyelin vesicles than for vesicles formed from phosphatidylcholine is due to
hydrogen bonding of either the amide or hydroxyl protons to the phosphate group of the
same molecule [87]. Phosphutidylcholine, of ceurse, does not have such pretons,

111, Interactions of sphingomyelin with other lipids

I1IA. Phosphatidylcholine

Untract and Shipley [102] have carried out a thorough study of mixtures of egg phos-
phatidylcholine and bovine brain sphingomyelin of well characterized acyl chain composi-
tion. A complete ternary phase diagram has been constructed over the temperature range
10—-44°C by these workers based on data acquired by X-ray diffraction, differential scan-
ning calorimetry and polarized light microscopy. The phase diagram shows that at 37°C
in excess water, phosphatidylcholine and sphingomyelin are completely miscible and are
ordered in a liquid crystalline bilayer phase. lLateral phase separation, however, does

occur upon cooling to 20°C in sy containing greater than 33 mol% sphingomyelin.
Under these conditions, the system is composed of a sphingomyelin lamellar gel phase
and a liquid crystalline phase ining both sphingomyelin and phosphatidylcholine.

Below 20°C the sphingomyelin gel phase coexists with an ordered bilayer phase com-
posed of a stoichiometric compound coiiiz’ sing 2 mol of phosphatidylcholine per mol of
sphingomyelin, This compound can be sep:rated from a liquid crystalline bilayer phase
composed largely of phosphatidylcholine in systems containing less than 33 mol% sphin-
gomyelin by lowering the temperature below 20°C [102].

Limited calorimetric studies have been carried out on multilamellar liposomes formed
from mixtures of synthetic N-stearoylsphingomyslin and 1-palmitoyl-2-oleyl phosphati-
dylcholine [56]. The heat capacity function for a mixture of these components con-
taining 66 mol% sphingomyelin exhibits a single asymmetric transition with a tempera-
ture maximum at 47.6°C and AH =9.8 keal - mot ™. The width of the transition curve at
half-height is about 5.5°C. Comparison of these thermal characteristics with those of the
pure sphingomyelin shown in Table II suggests tiiat below the transition region a gel
phase composed essentially of sphingomyelin coexists with a phosphatidylcholine liquid
crystalline phase [S6]. The heat capacity vs. temperature function for a 1 : 1 mole ratic
mixture of these two pounds is iderably more complex with three poorly
resolved maxima observable in the broad transition range from 10 to 40°C [S6). The
thermal diagrams obtained for these two synthetic sphingomy lin/phosp y
mixtures are in quantitative agreement with the phase diagram for mixtures of egg phos-
phatidylcholine and bovine brain sphingomyelin. This may not be particularly surprising
since the two synthetic phospholipids are major components in the two phospholipids
prepared fr- mn ratural sources [102].

The phase oehavior of mixtures of egg phosphaticlylcholine with either bovine spinal
chord [103] or brain sphingoniyelin (Barenholz, Y. and Thompson, T.E., unpublished
observations) ‘wsbeen udied using the fluorescence polarization of the probe 1,6-di-
phenylhexa-1,3 S-triene. Systems- of either small single-walled- vesicles or multilamellar
liposomes extibit a broad phase transition‘in the range from 20 to 40°C at mole fractions
of sphingomyslin in excess of about 45 mol%. The ap)parent microviscosity in all systems
examined at all temperatures in the range from 0 to 60°C increuses with increasing

hatidvtehali
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content of sphingom:sein. These data are compatible with the rhase disgram for the
closely similar system :onstructed by Untiacht and Shipiey [102].

The N-methyl proion NMR resonance for bovine brain sphingomyelin mixed with
N-(C?H3); egg phosphatidylcholine in equimolar mixtures has been studied in small
single-walled vesicles {82}, In vesicles prepared from sphingomyelin alone, the chcline
methyl proton signal is composed of two distinct but overlapping peaks arising from
molecules on the inside and outside surfaces of the vcs:cle bilayer. At 100 MHz and 52°C,
the splitting is 3.5 vpm and i with d g temperature [82]. A ﬁmﬁzr split-
ting is observed in the 1:1 mole ratio system. It is i ing that the line-wid:h is
markedly broader in the mixture at 29°C than it is in pure sphingomyelin at peratures
at which the microviscosity is the same. This observation suggests that in the mixture the
motion of the N-methyl system is restricted. This may be the result of interactions
between the {wo types of phospholipids in the mixed system [82]. On the other iumi
evidence for intramolecular hydrogen bonding between the sphi yelin p
and either the amide ~r hydroxyl hydrogen is oblained from the observation tka Ty
values for the sphingomyelin N-methyl protons are little affected by the additicn of
N+(C?Hs); egg phosphatidylcholine up to concentrations as high as 67 mol% £82].

The fact that the intermolecular interactions bctwecn hke moiecuks are éxfferem irom
those between unlike molecules in mixed sph: yelin/p
illustrated by the asymmetric distribution of these lipids in the bdayer of small ve:%cles
*'P-NMR studies of systems of this type ~omprised of bovine brain sphingomyelixt and
either egg phosphatidylcholine or dipalmitoyl phosphatidyicholine at 1 : 1 mole ratio
have shown that the sphingomyelin is more concentrated on the outer surface and the
phosphatidylcholine on the inner surface [82,100,105,106).

IIIB. Cholestero!

Cholesterol or other relatzd sterols are found as comp of biological memt
in all forms of organisms with the exception of a few types of nncwgnnm f107.108].
There is general agreement with the interaction of cholesterol with glycerophospholipids
in bilayer systems recitires the f-hydroxyl group of the sterol and the carbony! functions
of the phospholipid {33,109]. This important subject has recently been reviewed by
Demel and de Kruijff [190]. Much less atter*ion has beea d d to the ination of
the interactions betwaen chol 1 and sphingolipids, in particular sphingomyziin. A
number of years ago, Vandenheuval [111] suggestcd on theoretical grounds that molec-
ular configurations and van der \'Vaals interactions should lead to a stable complex
between chol ol and sphi . It has been known for some time tha th‘t’ isa
strong positive coirelation between the of chole o and sphingomyelin in the
membranes of many mammalian cells [112].

Early 'H-NMR and ESR probe studies [57,79] showed that in multilamellar lipasomes
formed from cholesterol and bovir.e brain sphingomyelin the effect of the sdded choles-
terol was to fluidize the bilayer below the phase transition and to make it less fluid above
the transition temperature. Thus, at low mole fractions, the effect of cholesterol on the
apparent visccsity of sphingomyelin bilayers is parallel to that observed in giycerophos-
pholipid systems [83]. It has also been known for some time that no gelliquid crystalline
phase transition is observed in sphing ining more tham about 40
mol% cholesterol [$7,113) in marked sxml.lamy to the behavior of chelesxem&-emx&m
bilayers formed from saturated phosphatidylcholines {114,115}, More receat 'H-NMR
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studies on small unilamellar vesicles formed from mixtures of cholesterol and sphingo-
myelin have given similar results [82]. Thus, in syster:s containing 40 mol% chol ol
at §2°C, the line-widths of the methyl and methylene protons of the sphingomyelin are
increased by 50% and the T, values for these protons are markedly reduced {82].

Recently, the thermotropic behavior of aq dispersions of mu'tilamella: liposomes

formed from mixtures of synthetic N-palmitoyl- or N-ignocerylsphingosiyelin and
hol >} have been ined in detail by differential scanning calorimetry [116]. In
systems containing less than 25 mol% cholesterol, the heat capacity vs. tem:perature func-
tion exhibits overlapping sharp and broad components. The sharp-component enthalpy
decreases with increasing mole percent cholesterol and reaches a value of zero between 25
and 30 mol% cholesterol. The broad-component enthalpy maximizes at 3 to 4 kcal/mol
between 10 and 20 mol% cholesterol and decreases as.the cholesterol content is either
increased or decreased from this range [116]. These data have been interpre‘ed as evi-
dence that thzse mixtures undergo phase separation, with the sharper endotherm corre-
sponding to a gel-to-liquid crystalline transition of a phase enriched in sphingor:. yelin and
the broad p jated in some with a phase enriched in cholesterol.
Possibly, the broad component arises from a transition in the boundary region between
the two phases [116). This interpretation is based on the similarities between these sys-
tems and the well studied systems formed from mixtures of cholesterol and dipalmitoyl
phosphatidylcholine [115]. Thus, thers is evidence that a phase composed of a stoichio-
metric complex of cholesterol and sphingomyelin exists in the synthetic sphingoryelin
systems similar to that shown to form in cholesterol/dipalmitoyl phosphatidylcholine
bilayers [114,115].

Further evidence supporting the exist of strong i ions between cholesterol
and sphingomyelin has been presented by Demel and coworkers [110] and by van Dijck
[117]. These investigators have presented calorimetric evidence which suggests that there
may be a preferential :ffinity for cholesterol shown by bovine brain sphingomyelin in
ternary mixtures with either phosphatidyloholines or ethanolamines in which phase sepa-
ration of the phospholipids occurs. The key observation lezding to this suggestion .s tie
fact that the inclusion of cholesterol in such mixtures results in a selective decrease in the
enthalpy change of the gel-to-liquid crystalline phase transition of the sphingomyelin-rich
phase as opposed to that arising from the phase composed principally of the other vhos-
pholipid [110]. These investigators suggest that this observation is evidence for the exis-
tence of a chol i-sphingomyelin plex in the liquid crystalline phase. This conclu-
sion has been questioned by Calhoun and Shipley [60] who have carried out a similar
calorimetric study in the ternary system: cholesterol/dimyristoyl phosphatidylchcline/
N-palmitoylsphingomyelin, The two phospholipid components in this system are com-
pletely miscible in both gel and liquid crystalline phases and thus no lateral phase separa-
tion occurs. In this system there is no evid for the prefi ial interaction of choles-
terol with either component [60]. Thus, although cholesterol does appear to inieract
preferentially with sphingomyelin in a laterally phase-separated gel phase of sphingomye-
lin, it does not seem to. show a pref ial interaction in a molecularly mixed syst
such as the dimyristoyl phosphatidylcholine/N-palmitoylsphingomyelin in' either gel or
liguid crysialline configurations. This result suggests that chol I does not interact
preivientially with spiingomyelin in the liquid crystalline states of the systems studied by
Demel and coworkers {110]. :

Additional ‘support for the preferential interaction between cholesterol and sphingo-
myelin comes from an entirely differeni approach. Extraction of cholesterol from cells is
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more rapid and complete when delipidated serum reconstituted with sphingomyelin
rather than other phospholipids is used as an extractant [118].

IV. Interaction of sphingeinyelin with prcicins

Although the phosphorylcholine moieties of sphingomyelin and phosphatiGylcholine
are identical, many enzymes which hydrolyze this group are specific for either sphingo-
myelin or phosphatidylchaline [23—25,120,121]. This hydrolytic activity appears to be
optimel in the phase transition region [119]. In addition to the interaction of phospho-
lipases specific for sphingamyelin, theie are a limited ber of sy in which the
interaction of a membrane protein appears to be specifically with sphingomyelin. Kramer
and coworkers [122] have shown in comparative reconstitution experiments that the pro-
teins of the sheep erythrocvte bind more strongly to sphingomyslin than do the proteins
of the human erythrocyte. This preferential binding correlates with the wnusually
sphingomyelin content of the sheep erythrocyte membrane shown in Table IV [10].
Widnell and Unkeless {123} 24] have reponed that the 5 -nucleondasc from the plasma
membranes of rat liver cells is isolated as a lipoprotein plex. The § tiid 35
entirely sphingomyelin in a ratio of about 100 mol of lipid per mol of protein. Removal
of sphingomyelin inactivates the enzyme [123,124]. Evans and Gurd [125] have, how-
ever, reported the purification of a similar enzyme from mouse liver plasma membranes
which is active in the absence of any lipid. In spite of this report, thc work of Wmneﬂ and
Unkeless does suggest a pref ial binding of the S'-nuck to yelin.
Sandermann [126] has discussed in detail the problems of estabhshmg specific lipid
requirements for membranz-bound enzymes. The (Na* + K*)-ATPase isolated from rabbit
kidney by Lubrol extraction binds strongly to lipesomes made from sphingon:ystin but
not to dispersions of phosphalidyl holine unless the positively charged amphiphile,
stearylamine, is added [127} Recently, it has been found that the hemolytic toxin iso-
lated from the sea hactis heliauthus, is sirongly bound to aqueous disper-
sions of sphingomyelin but not to liposomes formed from other erythrocyte lipids. This

TABLE IV

PHOSPHOLIPID DISTRIBUTION IN ERYTHROCYTES FROM VARIOUS MAMMALIAN
SPECJES *

PC, phosphatidylcholine; PE, pt idyle:hanolamine; PS, ph idylserine; P1, ph idylino-
sitol; PA, phosphatidic acid; Sph, sphi velin; LPC, lysoph idylcholite; X, unidentified; n.d.,
not determined; n.r., not recorded

Rat Rabbit Pig Dog Horse Sheep Cow Goat Cat Guinea- Human

pig
PC 47.5 339 233 469 424 nd. nd. nd. 305 4Lt 38.7
PE 215 319 29.7 22¢ 243 262 294 219 222 246 247
PS 108 122 176 154 180 141 193 208 132 63 138
Pl 35 16 18 22 <03 29 3.7 46 74 24 §8

PA <03 L6 <03 05 <03 <03 <03 <03 0.8 42 nr.
Sph 128 19.0 2.5 108 13.5 510 462 459 261 1L} 247
LPC 3.8 <03 0% 18 17 nd  nd nd. <03 <03 nx.
X 48 1.7 08

Sph/PC  0.27 0.56 113 023 032 120 120 130 0.855 0.27 .64

* Data from Ref. 10.
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observation suggests that the site of binding of this cytolytic glycoprotein of molecular
weight 16 300 is plasma membrane sphingomyelin [128].

Perhaps the most interesting interaction between sy yelia and a L pro-
tein is that with atotylcholinesterase [129]. This molecule, when isolated from the elec-
tric tissue of Electrophorus electricus, appears in electron micrographs to he clusters of 4,
8 and 12 subunits attached to a 50 nm tail which is similar in amino acid composition to
collagen [130]. The tail-piece may be remaved from this assembly by treatment with
trypsin or collagenase [130,131]. Treatment of intact electric tissues with these enzymes
leads to solubilization of acetylcholinesterase activity {132,133]: thus the implication
that the collagendike tail-piece serves to anchor the enzyme assembly to the plasma mem-
branes of the cells in the electric organ [129]. Watkins and coworkers [129], using a
flotation-type assay, have shown that purified acetylcholinesterase binds strongly at
both high- and low-ionic strengths to liposomes made from bovine brain sphingomyelin.
Binding to liposomes made from egg phosphatidylcholine does not, hawever, occur.
Furthermore, binding to sphingoniyelin liposomes is reduced by the inclusion of choles-
terol or phosphatidylcholine in the lip (Cohen, R. and Barenholz, Y ., unpublished
observations). The observation that collagenase-treated enzyme does not bind to sphingo-
myelin liposomes localizes the site of interaction in the collagen-ike tail of the enzyme
assembly [129]. Although the molecular basis for the interaction between the collagen-
like tail and the sphingomyelin bilayer system has not been established, it seems possible
that the apparent specificity may rest in the ability of sphingomyelin tc form hydrogen
bonds with the hydroxyprolyl and hydroxylysyl residues of the tail (see sutsection IA).

In addition to being an important component of many biological membranes, sphingo-
myelin is also found in the circulating plasma lipoproteins of higher animals. In humans
the ratio of phosphatidyicholine to sphingomyelin is about 3 : 1 in the total plasma lipo-
protein fraction [134]. The 3'P-NMR resonances arising from 2ach of these phospholipids
can be resolved in both native and reconstifuted human lipoprotein [135]. “The chemicat
shift difference between the high-field signal from phosphatidylcholine and the downfield
resonance from sphingomyelin is similar to that observed in vesicles formed from rnix-
tures of these phospholipids [63,82,105]. The spin-attice relaxation time for the sphin-
gomyelin *'P of 1.73 s is considerably smaller than the value of 2.3 s obtained for the
phosphatidylcholine signal. Similar results have been obtained in mixed vesicle systems
[97,100]. The similarity between the environments of these two phospholiids in both
reconstituted lipoproteins and small vesicles has been also demonstrated by 3C.NMR
spectroscopy of phospholipids enriched in the N-methyl system [136,137]. These results
suggest that the interactions between these phospholipids and the apolipuproteins do not
involve the phosphoryicholine moiety of either molecule. In reconstitution experiments,
sphingomyelin apoears to bind strongly to apolipoprotein A-IT but not to A-I which
interacts preferentially with phosphatidylcholine [139]. Apolipoprotein A-Il, a disulfide-
linked dimer of two identical 77 amino acid polypeptides, constitutes about 30% of the
protein of human plasma high-density lipoprotein [134].

V. Sphingomyelin in biological systems
VA. Distribution
Sphingomyelin is one of the major lipid components of the celiuiar membranes of

mammals [51]. It is also an important component of the serum lipoproteins [140,141].
Memixanes from diverse sources exhibit a wide range of sphingomyelin compositions. In
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many systems, however, the sum of the two choline lipids, sphingomyelin and phos-
phatidylcholine, constitute about half of the total phospholipid, although the ratic of the
amounts of these two components varies greatly [10,51).

Large differences in the sphmgomy(-lm-to—phosplntxdylchokne rmo exist among the
membranes of the various orgars and tissues of a single For
in the case of the cow the ratio varies in the following order: iung>splcen>kx}ney >
brain > liver [10]. It is interesting, however, that with the exception of brain only minor
variations in the ratio are observed when the same organs from different mammalian
species are compared [10]. Large variations in the ratio exis: among the brain tissue of
various species [52]. In an excellent review, Rouser znd cowerkers [S2] have pointed out
that within a single brain, lipid-rich regions have higher sphingcmyelin-to-ohospharidyl-
cheline ratios than do Jipid-poor regions. In spinal cord, the ratio is even higher than in
brain {142].

In the case of the erythrocyte membrane, one of the most widely studied systems
[143], the sphingomyelin-to-phosphatidylcholine ratio varies with mammalian species
from 0.25 in rats 10 above 12 in ruminants {10,142). Data for 11 species are summarized
in Table IV. In cells with a full I of subcellular organelles, there is within these

membrane sysiems a variation of the sphing Li hatidylcholine ratio. The
ratio is highest in the plasma membrane and lowest in both nuclea: and mitochondrial
b The endoplasmic reticulum and Golgi b show § diate values
[10,51,112]). Based on the morphology of the generalized celi, there is thus an increasisg
gradient in the ratio from the cell center to the periphery [52]. The positive correlation
between the sphingomyelin and chol I content of many membrane systems in mam-
mals has already been mentioned in subsection HIB. This correlation fails, however, in
erythrocytes where the chol 1-to-total phospholipid ratio is [s1].

There is considerable evidence to suggest that there is a marked asymumetric distribu-
tion of lipids between the outer and inner faces of suveral plasma membranes or plasma
membrane derivatives [144]. The best d d is the b of the human
erythrocyte. Data obtained in experiments utilizing phospholipases [120.142-147],
phospholipid exchange proteins [148] or chemical lubeling reagents [149—-151] clealy
show that essentially all of the sphingomyelin and most of the phosphatidyicholine are
located in the external surface of this membrane. Phosphatidylethanolamine and phas-
phatidylserine are the major lipid constltuems of the cytoplasmic surface. As
with this t b lipid itionzl asymmetry is an absciute compositional
asymmetry of protein components [142 149,151}. A similar distribution of sphingomye-
lin has been demonstrated in rat erythrocytes [152], ovine erythrocytes [153], L cell
plasma b {154] and vesicula itis virus [155]. In contrast to these sys-
tems, influenza A virus grown in Maden-Darby bovine kidney cells has been reported to
have most of the sphingomyelin on the inner surface of the membrane [156]. In the case
of viral membranes, it should be noted that most contain relatively high levels of sphingo-
myelin which reflect the similarity of lipid composition of the viral membran+ to that of
the plasma membrane of the host cell from which the membrane of the virus is derived
[138,157,158].

VB. Changes in sphingomyelin distribution associated with aging and pathologica! condi-
tions

During aging of the aorta and arteries in humms, there is a striking increase in the
mole fractions of sphirgomyelin and chol L in the h of cells comprising
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these tissues, A similar, more pronounced increase occurs during the development of
atheroscleiosis [159,160]. Smith and Cantab [159] have shown that the princ:pal change
is in the intima where sphingomyelin reaches 40% of the total lipid during aging, and in
advanced aortic lesions is as high as 70-80% of the total phospholipids. A striking
increase in the proportion of sphingomyelin in the phospholipids of the intima with
increasing severity of atherosclerosis has been reported in the fibrous plaques of the
intima where the ratio of sphingomyelin-to-phosphatidylchoéline increases 3- to 9-fold.
This change is mainly in the ‘amorphous’ lipid fraction. A parallel increase in the choles-
terol-to-phospholipid ratio has also been observed in his fraction [161]. These observa-
tions have been confirmed by Bottcher and van Gent [177] in studies on aorta and
coronary arteries. They also noted that the ratio between saturated and unsaturated fatty
acids increases with age. Work by Smith and Cantab [159] indicates that these changes in

lipid composition cannot be explained by tiie changes in ive tissue.
Apparently, the increascd concentration of lipids in the intima, of which 70% can be
atiributed to an increase in sphingomyelin, can be explained by changes in enzymatic

activities [161,162], and by pronounced increase in the entry rate of the serum sphingo-
myelin into the aortic wall [161,163). Eisenberg and coworkers [160] have described an
increased incorporation of choline in the phospholipids of the aorta with increasing age of
the animal. This i parallels an i of phospholipase A activity, however, sphin-
‘gomyelinase activity remains constant or declines somewhat [160]. Similar results have
been reported for normal human aorta by the same workers [162] who found that the
sphingomyelin-to-phosphatidylcholine ratio changes linearly from a value of 0.4 at birth
to a value of 2.4 at age 90. Concomitantly, the activity of ihe first enzyme in the sphir:go-
myelin-degrading pathway declines from the level at birth to half that level at age 90.
Enzyme activity levels in these studies were normalized using DNA as a reference. The
authors suggest that this increase in phospholipids, especially sphingomyelin, is the result
of either an increase in synthesis in the tissue or accumulation from plasma lipoproteins
foliowed by an increased rate of hydrciysis of phosphatidylcholine, but not sphingomye-
fin, ’

The role of the serum lipoproteins as a source for aortic wall sphingomyelin is well
demonstrated by Seth dnd Newman [163]. These authors show in rabbits that. the level of
sphingomyelin in the aortic intima increases exponentially with the time spent Jeeding on
a cholesterol-rich diet. This i is derived from the exp ial i in the entry
rate of serum sphingomyelin into the aortic wall. Incorporation of [*2P]phosphate into
sphingomyelin and other phospholipids in the periused rabbit aorta does nct increase
with atheromatosis. The net resuit is an accumulation of sphingomyelin and a marked
change in the ratio of sphingomyelin-to-phosphatidylcholine. Poitman and - :oworkers
[164,165] were able to show that most of the sphingomyelin accumulates in the agranu-
lar endoplasmic reticulum and in the plasmalemma. Smooth muscle cells, the principal
cells of the intima and the inner media of the aorta wall, show these changes in lipid com-
position {164-166].

There is a significant positive correlation bietween the total cholesterol anc! the total
amount of phospholipid in the aorta wall. The correlation between sphingomyelin and
free chol Lis more p din the non-sudanophilic portion. The relation beyween
endothelial integrity =nd accumulation of cholesterol during atherogenesis might be
affected by the ability of the membranes of tl: endothelial cells to act as a barrier against
excessive influx of cholesterol [167]. Bierman and coworkers [168) have shovm that rat
aortic smooth muscle cells take up ‘remnant” of very low-density lipoprotein (VLDL)
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formed by lipolysis of the VLDL by lipoprotein lipase. The remnant is cholesterol and
sphingomyelin-rich [169,170]. Cultursd human asterial cells preferentially bind and take
up the low-density lipoprotein (LLDL) and the VLDL fraction which includes the remnant
[171]. LDL and the remnant are both rich in sphingomyelin and might be the source of
the increase in the sphingomyelir. level of the zortic wall [163].

Changes in lipid composition with age occur also in the nervous system. In humans,
the rate of formation of new nerve b and therefore the of total lipid in
this tissue, is greater than the rate of loss by cell death into the fourth Jecade of life.
During this period the rate of loss begins to exceed the rate of new menbrane fonmaen
[52] . Throughout the lifetime of an individual, h r, the lipid posi
ally changes [52]. Rouser and coworkers [52] have shown that in human brain sphingo-
myelm and c«.rebrosxde graduaily replace phosrhaudylcholme and sulfatide replaces phos-

phatidylett ine. A similar p n has been observed in other animal species.
It is interesting to note, however, that in some mvertebntes sphingomyelin is replaced by
ceramide phosphorylethanolamine or id ylethylamine [S2]. A similar

age-dependent change in the ratio has also been noted for the lens of the eye in many
species [172,173]. For humans, this change is most dramatic with the sphingomyelin
content of the lens rising to as high as 70% of the total phospholipid and the phosphati-
dylcholine content falling to as low as 5% [172,174,175].

There are several overt pathalogical conditions in addition to atherosclerosis which are
associated with large changes in tissue sphi lin ¢ The best known of these
is Nieman-Pick disease in which a deficiency of lysosomal sphingomyelinase results in 2
marked d in the degradation rate of gomyelir. [9]. The resulting accumnla-
tion of this phospholipid occum in most cells and tissues of the body. The accmnuktm
is usuaily paralieled by a marked i in body chol 1. The excess sphi
is found concentrated primarily in lysosomes and in particular in the lysssom of the
large foam cells which are formed as a result of this disease [9]. The source of the accu-

mulated sphingomyelin is of course, the result of the normal turnover of cellular mem-
branes.

Changes in the sphingomyelin-to-phosphatidylcholine ratio have also been noted in
muscular dystrophy [176] and in malignant dicesse Lenkemic cells appear to be geficient
in both sphing lin and chol i 1173,178]. Bergelson and coworkers [179] have
found, however, that the sphing 1i -'"_L hatidylcholine ratio i 23foldin
Jensen hep when pared to reg g rat hver. Similar results have been ob-
tained for other malignant systems [180— IS’] ln a variety of hepatomas the principal
increase in sphingomyelin is seen in the mitochondri and b f179,183],
which normally have the lowest 2! of this p ‘L lipid. In at least one type of
hepatoma there is a marked i in L Rtisi ing to note that the

level of sphingomyelin exchange proLem is ma!kedly elevated also in this hepatoma
{is4].

VC. Sphing lin and b integrity

Hydrolysis of the lipid P of biological b by suitabk
might be extpected to result in lysis. It is surprising tlm hydrolysis of 80% of the sphmgw
myelin of the hwman erythrocytes to ide and phosphorylcholine by the

elinase of Stephaylococcus aureus does not cause hemolysis [14?] In mmmt u\;thm-
cytes, which contain considerably more sphingomyelin than do human cells, exteasive
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action of the sphingomyelinase also fails to produce hemolysis [142,185]). Thus, under
iso-osmotic conditions, the ion of sphingomyelin to ide, which remains in
the membrane, does not lead to loss of meribrane integrity. Erythrocytes treated in this
fashion are, however, osmotically fragile [147,156]. The conversion of erythrocyte sphin-
gomyelin to ceramide also makes the membrane phosphatidylcholine available to attack
by phospholipase C froin Bacillus cercus with resulting fenolysis [147]. Thus, hemol-
ysis is caused by exposure of the erythrocyte to both sphingomyelinase and B. cereus
phospholipase C or to the nonspecific phospholipase C from Clostridium welchii which
utilizes both sphingomyelin and phosphatidylcholine as substrates [147]. A similar situa-
tion is obained for porcine erythrocytes {185} and for chicken erythrocytes depleted »f
ATP {145]. However, in ruminant erythrocytes which contain large amounts of sphingo-
myelin, although hydrolysis of sphingomyelin to ceramide is required for phospholipase
C action on phosphatidylcholine, no hemolysis reswits. In contrast, in toad erythrocytes
which contain small of sphingomyelin, ghospholip C is able to promote
hydrolysis of glycerophospholipids without prior hydrcs, sis by sphingomyelinass [145].
This hydrolysis leads to lysis if the cells are depieted of ATP {145].

The mechanical properties of erythrocyte membranes appear to correlate with sphin-
gomyelin content. Cooper and coworkers [186] have shown that membranes obtainvd
from acanthocytic erythrocytes in patients with abeta-lipoproteiner:i: 2re enriched in
sphingemyelin and depleted in phosphatidylcholine, The sphingomyelin-to-phosphatidyl-
choline ratio can be as high as 1.56 in acanthocytes while the valus in mormal cells is
about 0.86. Associated with this change is an i in app nicroviscosity of the
membrane as determined from 1,6-diphenylhexa-1,3,5-triene polarization studies. The
acanthocytes also have a prolonged filtration time in a 0.3 um nucleopore filter indicative
of decreased membrane deformability [186].

A general positive correlation between membrane sphingoinyelin content and apparent
microviscosity has been shown for erythrocytes from a variety of mammalian species
[103,187]. The stability of erythrocytes under iso-osmotic conditions is also higher for
cells richer in sphingomyelin, although the resistance to osmotic shock appears to be
lower [188]. Very similar relationships have been observed between the content of sphin-
gomyelin mixed phosphatidylcholine/sphingomyelin multilamellar li and appar-
ent microviscosity and osmotic fragility [36].

The permeability of erythrocyte membranes from a variety of mammalian species to
various nonelectrocytes correlates with the splingomyelin content. The mole fraction of
cholesterol is closely similar in the erythrocyte membranes of these species [188].
Deuticke [188] has also shown that changes in fatty acid composition have only a small
effect on permeability. In general, the permeability to molecules for which no specific
transport system exists decreases with increasing sphingomyelin content [188]. A
strikingly sin.ilar correl b phingomyelin and.the p bility in
multilamellar liposomes has been reported by Hertz and Barenholz [36). Kirk [189] has
shown that the level of active transport of K* in various mammalian erythrocytes is
inversely related to the sphingomyelin-to-phosphatidylcholine ratio. Thus, the presence of
sphingomyelin in the bilayer of the erythrocyte membrane is reflected in both the
mechanical and permeability properties of the system. It is well to remember, however,
that the erythrocyte membrane has the sphingomyelin located predominantly in the
external surface unlike simple liposomal bilayers which probably have a symmetric
distribution of this component [144],
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Vi. Summary

Sphingomyelin is one of the major lipids of the plasma membranca of mammalian
cells. Together with phosphatidylcholine, the other choli hospholipid, it
makes up more than 50% of the total phospholipid in these membmncs In thc giasmz
membranes of many cell types and over the course of diseases which affect cell mem-

branes, althcugh the total amount of thase two lipids is ¢ the it
of each of these phospholipids may vary greatly. Thus, it appears that these two choline-
containing lipids are in certain measure interct ble 25 b lipid comp

This cannot, however, be the case because many v" the physical characteristics of these
molecules in bilayer systems are markedly diffevent. Thus, variations in the relative
amounts of sphingomyelin and phosghatidylcholine in bilayers and in biological mem-
branes have profound effects on the system pmpemes of the brlayer.
Perhaps the most siriking diff between phosphatidy icholi hi

lins derived from biological membranes are the tempemtures of the gel»hqutd crysu}.hne
phase transition exhibited by both of thuse types of molecule; in bilayers. Most sphing
myelins have their transition temperatures in the physiologic:| temperature rmge while
almost all naturally occurring phosphatidylcholines are well 1bove their transition tem-
perature at 37°C. Thus, mixed phosphatidylcholine/sphingc nyelin bilayers coataining
more than 50 mol% sphingomyelin exhibit a transition near 3 "°C, while those containing
less than this show no transitior: in this tzmp -range. This characteristic is
also reflected in the apparent microviscosity of the mixed bilayer at 37°C which increases
with increasing content of sphingomyelin, The phase behavicr of bilayers comprised of
these two choline-containing lipids is strcngly influenced by the addition of cholesterol.
There is compelling evidence to suggest that the inter.ction between sphingomyelin and

cholesterol is much stronger than it is between phosphaticylcholine and chol 1
Thus, the microscopic phase conﬁguration of simple bilayer systems is markedly affected
by the relative concentration of sp yelin, phosphatidyl:heoline and chol i. By

inference, the same situation exms in the bilayers of the plasma membranes of cells.

The markedly different behavior of sphingomyelins ami phosphatidylcholines in
bilayer systems mwst reflect the diffe in the mol q of these two
classes of molecules. Although both molecular species have a polar region comprised of

Icholine and a hydrophobic region comprised of two methylene chains, there
are marked dissimilarities of structure elsewhere in the molecules. Phosphatidylcholines
have two methylene chains of about equal length, while sphingomyelins have one methyl-
ene chain contributed by sphingosine which is of length. The other, contributed
by the N-acyl group, is variable in length and can be up to 10 carbons longer than the
sphingosine chain. This methylens chain length disparity in sphingomyelia is quite prob-
ably the ba.sis, in part, for several intercsting properties which are unique to bilayers
composed of sphing ,m.. The g lly lower degree of tion of sphi
lins relative to p idylcholines also contributes to these differences. A third coa-
tributing factor is the dlfference in hydrogen bond-forming capability of the belt region
‘which connects the polar and apolar regions of these molecules. The amide bond and
hydroxyl group in this region of sphingomiyelin can act as hydrogen bond donors while in
phosphatidylcholine the carboxyl oxygens act as hydrogen bond acceptors. These differ-
ences in hydrogen bonding capabilities might be pected to be reflected i the i
tion of these two lipids with other Lipids in the bilayers and with b

% is clear that the properties of bilayers comprised of these two supeiﬁcn!y similar
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phospholipids reflect differences in molecular structure. Although the details of the rela-
tionships between molecular structure and properties and the system properties of
bilayers comprised of these two phospholipid and cholesterols are not completely under-
stood, much progress has been made. At the current level of this understanding, moiec-
ular explanations for certain of the physiologically important properties of biological
membranes are beginning to emerge.
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