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standing the structure and properties of phosphoglycerides and cholesterol, until recently 
relatively little effort has been expended on sphingolipids. Sphingomyelins (N-acyl. 
spl~ngosine-l'.pbosph,orylcholine or celamide-l-pbospborylcholine), the simplest class of 
tile sphingolipids, are a major lipid constituent of animal cell membranes. Thudicum first 
described this group of compounds in 1884, brlt it was not until 1927 that Pick and Biel- 
schowsky [1] proved their structure to be N~acylsphingosine-l.phosphorylcholine. Fifty 
years later in 1962 Shapiro and Flowers [2] firmly established the fact that all sphingo. 
myelins of bio!ogicaI origin are of the D-erythro con~guration. 

Naturallv occurring sphingomyelil~s differ in the nature of the sphingosine base and in 
the acyl g, roup linked to the amide nitrogen. By far fhe most commonly occurring base in 
the animal kin~om is the eighteen.carbon amine diol, 1,3.d~ydroxy-2~mino-4-octa- 
decene. This compound, called simply sphingosine, has a trans double bond betwe¢~ car- 
bons 4 and 5. Usually present in most preparations are small amounts of the dihydro 
derivative, 1,3.dihydroxy.2.aminooctadecane [3-5].  Bovine kidneys have been shown to 
contain also phytosphingosine, 1,3,4-trihydroxy.2-aminooctadecane [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 gt'oup is stearoyl (C18:0). Less abutadant com. 
ponents are C24:1 and C24:0 [8]. The acyl c l an  composition has been found to va.,3r 
among tissues [9,10] z~nd 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 b~n  carried out on the metabolism and biosynthesis 
of  this class of  fipids. "[hese s:udies have been reviewed in detail by Stoffel [15] and by 
Fredricksun and Sloan |9]. In summ~try, the principal biosynthetic route appears to be 
esterification of N-acyhphingosine pbospborylcholine [18,19]. Recent experiments on 
zransformed mouse cells in culture indicate that biosynti:esis may proceed via the transfer 
of  phospborylcholine to either sphingosin'e or ceramide from phosphatidylcholine 
[20,21]. Evidence for the existence of a similar pathway in various mouse tissues has 
recently been found [22]. All of the biosynthetic activity appears to be a.,~ociated with 
the endoplasmic reticulum. The catabolism of sphingomyelins, which begins with hydrol. 
ytic cleavage to give phospborylchofine and ceramide, has been described in some detail 
[23-26]. 

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

!!. Physical properties of sphing~,myelins 

11,4. Molecular s tructure 

The fundamental chemical structure of sphingomyelin is shown in Fig. 1. For compari- 
son the structure of phosphitidylcholine is also given. The numbering system used in this 
review, as indicated in Fig~ 1, f~tlo,~ that suggested for ceramides by Pasch~r [28] and is 
more convenient than the system devised by Sundaralingham [29]. 

The molecular structures ~f both spb.in$omyelin and giycerophospholipids have as a 
common feature the geographical segregation of the polar and non-polar portions of  the 
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molecule to give a hydrophilic head and a hydrophobic tail connected b,./a belt region of 
in te~  ediatc polarity. Because of the segregation of polarity and non-polarity wifl~in the 
mole¢~Jle, there 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 
struct~nres wlfich minimize unfavorable interactions with the solvent. The; structure ,3f 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 face,,; formed by the 
hydrophilic heads of the component molecules while their hydlophobic tails comprise the 
core of the lamella and are thus rer,~oved from the unfavorable contact with water 
[30,31]. 

Although phosphorylcboline 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 ,)f phosphatidylcholine is 
composed of two acyl groups esterified to the glycerol backbone. These acyl chains are 
almost equal in length, in naturally occurring pbosphatidylcholine~, 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 or" 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 acyi chains are derived from ds monoenoic 
acids, principally nervonic (24:1). More than 50% of the acyl chains are longer than 20 
carbons. The second component of the hydrophobic region of sphingomyelin is the paraf- 
finic residue of the sphingosine base, which contributes only 13 to 15 carbon atoms to 
the non-polar region. The ,  the two hydrocarbon chains comprising the hydrophobic tail 
of sphingomyelln differ in length 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 orlgin is 0.1 to 0.35 while for phosphatidylcholine 
it is 1.1 to 1.5 [10,51,52]. 

The differences between sphingomyelin and phosphatidylfholine 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 backbone. In contrast, this region in sphingomyelin contains the amide 
bond ~tween the acyl chain and the primary amino group on carbon 2 as well as the 
hydroxyl group attached to carbon 3 and possibly the trans double bond between carbons 
4 and 5 of  sphingosine. The hydroxyl group and the amide bond afford an important 
hydrogen bond donor c~pability not found in phosphatidylcboline. In addition, the pres.. 
ence of these groups in the belt region, where a relatively low dielectric constant e~t~t,~, 
suggests that the hydrogen bonds formed by these groups to other phospholipids., choles- 
terol and proteins will be stronger than hydrogen bonds formed in an aqueoes ~nedinm of 
high dielectric constant [32,33]. Detailed molecular structure information derived from 
simple crystal X-ray diffraction studies is not available for sphingomyelins. Some infor- 
mation of thla type la, ho~/vever, available for the related ceramides [28,29,34]. The 
structural differances between sphingomyelin and phosphatidylcholine in the belt and 
hydrophobic regions ai'e reflected in differences in the physical properties of  these, two 
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. 
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The physical studies discussed in the following ~ection~ are for t ~  r~u~ p~ .  c ~  
out on iip~sorvte di~;persions of two types. These are the ~'ge, m u ] ~ m c ~ r  ~r~cture~ 
first described by H~,'rtz and Barenholz [36] zr, d ~ $ h a m  [37,38], which ~re [:~e~erc~- 
neous in sic:e, and th,." small unflamellar vesicle;; of homogeneous s~ze ~ ~ e ~ c ~  
by Huang [~9]. To a first ~pproximation, the b[layers in the~e two ays~rr~ exh~[.t ~ 
physical propezties and structure. However, recent work suggests that the ~ [ ,  ~ ' ~ y  
curved bila::ers of t]~e vesicle system may have certain unique pro~rt~e~ [4~-45].  [~ 
addition to studies oa liposome bilayers, there has been much work on n ~ y e r ~  ~ 
air/water in terface. S'nce the information derived from th~ type of  study h,~ an L r ~ -  
tant bearinl! on the in:erpretation of bilayer data, the diacus~n of the p,hy~c-aJ preper- 
ties of sphi~gomyelin lamellar ~ystems will .begin with a brief review of  ~he m~o[zyer 
work. 

liB. Studies ~n monomolecular films at the air/water interface 

The limiting surface area for dipalmitoyl phosphatidylcholine is 43 A ~ per m o ~ c ~  
and for egg phosphatidylcholine 56 A s per molecule [46]. Bovine br'am s p h ~ n ~ 3 ~  
has a limiting molecular area at the air/water interface of 42-45 A 2 [46,47|. Ho~e~r ,  if 
a bovine brain sphingomyelin fraction enriched in N-stearoylsphm[~zme ~ [ c h o -  
l~.ne is studied, the liquid condensed film has a minim.zl molecular ~ f a c e  ares of  o~y  
40 ~2. A fraction emiched in N.nervonylsphingosine l:~ospho~icho~ne exh~i~ a m ~ -  
mad area per molecule of 56 A s in a film of the liquid-extended type. ~ difference L~ 
the surface properti¢~ of these two fractions is due primarily to the e/s do~ble b o ~  
between carbons 15 and 16 in the nervonyl sphingomyelin. Thus. if  tb3s ~ h ~ r a v e ~  
converted to N-lignoceryldihydrosphingosine phosphorylcholine by h y ~ o [ ~ ¢ ~ ,  ~ 
limiting surface area per molecule is reduced to 40 Az~ although hydroger~ion of  
fraction enr:iched in N-stearoylsphingosine phosphorylcholine causes no c h ~ e  ~ Lhe 
area per molecule. S~nce hydrogenation of both fracthms ,also converts the ~ [ f f f i v ~ e  
moiety to dihydro~p!aingosine, these data indicate tha~; the tra~,~ doub~ bc~d be~ee~ 
carbons 4 and 5 has little effect on the limiting area per molecule [46]. 

The surfi~ce potentials of films of dipalmitoyl p h o s p h a C ~ y ~  and b~,~q~e b ~  
sphingomyetin determined under similar conditions are markedly different. The ~ i ~ [ y  
larger surface potential of sphingomyelin monolayers is reduced by h y ~ o ~ a ~  ~ -  
eating tha~ the trans double bond between carbons 4 and 5 ~,akes a atrc~g co.~ra~bu~a 
to the observed poteatial [46]. Determination of  Ca ~ oinding affinity by mo~o~ye~ of 
these two lbids using surface potential ":aeasurements indicates that tn~ c a ~  has 
lower affinity for sphingemyei~n -',an for phosphatidylcholine. ~ resu[~.~ hzve beer~ 
obtained with other ,,,~,'~:~valent cations [481. These differences in b'mdmg ~I~.rfi~¢ ~ y  
be due to an ion-dil,'ole interaction or hydrogen bond formation be~eea  thee hydroxyl 
group and the phosphate oxygens of sphingomyelin which cannot occur in ~:ff~,a¢~yl-  
choline [46,49]. It has, however, been suggested that the observe~d ~fferences ~a s~arf,~ce 
behavior of these t~o phospholipids may be due to impurities present in both prepara- 
tion [501. 

IIC. Thermom,pic behavior 

In a pioneeling s~udy of bovine brain ~phingomy~in of  undefLa~ fatty a ~  c ~  
tion, Reiss.Husson [30] using low-angle X.ray diffraction found this ~ ~  F~p- 
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aration when dispersed in water to be in a gel ph~ise ~t 25°C bu! in a liquid crystalline 
lamellar phase at 40°C. At 40°C the lamellar phase incorporates a maximum of 40% 
water by weight with additional water fo~-ming a builk phase. Reiss-]~lusson also found that 
the surface area per molecule and the interlameUar spacing both increase as the sphingo- 
myelin is progressively hydrated. At the maxim'." ~t hydration of 4.0%, the area per mole- 
cule was foun,'l to be S4 A 2, and the lipid bllaye, .-d water layer thickness to be 48 and 
30 A, respectively. 

Recently, the phase behavior of aqueous disper,~;ions of sphi,gomyelin with a well 
defined fatty acid composition was studied by Shipley and cowoJkers ii31 ] using polar- 
ized light microscopy, differential scanning calorir, letry and X-cay diffraction. Fig. 2 
shows the temperature-composition phase diagram of the box~;.ne brail~ sphingomyeliu/ 
water system as constructed by Shipley and coworkers [31 ]. Lamellar phases in which 
w:lter is intercalated between sheets of |ipid molecules arranged in a bilay,~r fashion were 
found to be p~sent over much of the phase diag~lm. An order<lisordel transition sepa- 
rates tire high-temperature liquid crystalline lamellal " phase from a more ~,rdered lamellar 
phase at low temperature. The thermotropic behavior in the absence of ~'ater proved to 
be similar to that exhibited by various phosphatidylchoUnes. At 87°C, a lransition occurs 
from a crystalline phase with the sphingomyalin organized in bilayers, to a liquid c~stal- 
line phase with a mobile lamella:" structure. Formation of a viscou.,; isotropic phase occurs 
at 144°C which at 170°C is transformed to give an hexagonal.type str~cture, with the 
lipid head groups forming the core of rods packed with axes parallel ir~ a regular two- 
dimensional hexagonal lattice. Increasing the amount of water to about 10~ causes the 
gel-liquid crystalline transition temperature to d~rease 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 lamellar lipid phase coexists with an excess bulk 
water phase. At this limiting hydration, the area per molecule was found to be 60 A 2 and 
the lipid bilayer and water layer thickness 38 and 22.2 .~, respectively. The differences 
between these values and those reported earlier by Reiss-Hnsmn [30] may be due to 
differences ".'~ 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 s phingomyelin 

80 '~ . , , , .  L~ELLAR L&MF..LLJI~ 

o[ . " .! , 
1,0 0,8 0.6 0.4 0.2 

UPID CO~k~NTRATION (c) 

Fig. 2. The tempemtme~mpmifion phase dia~am of bovine brain sphingomyeUn/water [31 ]. Repro- 
duo~d by permission of the Jomnal of Lipid Research, Inc. 



at 47°C is simillr to that of  egg phot;phatidyicholine at 5~C. ~rice the two ,yste, m a t  
these temperatttle; are just above the gel4iquid crystal~e # ' ~  t r a n ~ t ~ ,  ~ ~ ¢ ~  
suggested that the phosphorylcholine heed group, which is ~ to b ~ h ,  is the ~ -  
pal factor contro/ing the swelling behavior of these two types of  p ~ 3 i f p i ~  [3 i ]. 

Below the trarsition temperature this sphingomyelin pfegm~tion e~..~ in a MMyer 
structure which c,xhibits a maximum hydration of 42%. At this te~peratmv (25"C), 
maximally hydrated spMngomyelin is fourtd to have an area per ~ M e  of  57.6 A 2 
a bilayer thickne~ of 42.5 A. The anhydrous splflngomyetin ha, an mea per ~ of  
36.1 A 2 and a biiayer thickness of 63~ A at the same tew4~rature. The,e data ted the 
authors to ,'tssumt: a ~.type strac~:ure in which the hydrocarbon chains are packed La a 
pseudohexagot~al ;attice with rotational disorder [53,54]. A stmctme of  ~ type 
been described fc,: phosphatidylcholine with heterogeneous acyl chains [55]. 17aey a ~ .  
suggested that th~ changes in the molecular packing parameters ~ oecm ~ h  
increasing hydration may be due ~o a progressive tilt of  the hydroea~boa chain a x ~ a  a 
/]'-type structure, q;his structure is known to occur in synthetic diacyl ~ t i O D t t t o -  
lines [55]. 

The heat capa~;ity v~. ":~.per~tuv: tunction detemtit t~ by diffe.rential ~ 
rimetry for hydrated bovine brain sphingomyelin preperatiotm sitter, two 
peaks [31,56,57]. ]he  detailed structure of the peak systc~ is a function of  hy~lmkm. [~ 
eddition, the teml~ratures of the two :ransitiom as well as the tempenttmv ~fe~c~ce 
between them decrease with increasing hydrati,3n "O~- ~ t c  t hem~dym~k :  ~ f ~  
maximally hydra~:ed preparations o1~ ovine and bovine brain sphingomye~ ~el[m~ti~m~ 
as determined b~ Birenholz and coworkers [56] are summarized in "Fable L These tL~t~ 
were obtained with .~ hlgh.sensitivity differential scanning ealodmet~ [45.56~8] ~'M by 
drop heat capacity calorimetry [56]. Similar information on ~ syste..~ h ~  ~ been 
obtained from measurements of the depolarization of fluore~cetme of the ~tobe, 
1,6.diphenylhexa-I ,3,5-triene [56]. Recently, Calhoun and Shipley [~9] trove ~ that 
differences in the acyl chain compositions of sphingomyelins prepared from a variety -~f 
natural sources have a marked influence on the thermal behavior o~" the fully hy~rzte~ 

TABLE 1 
THERMODYNAMIC PARAMETERS FOR THE GEL-LIQUID CRYSTALLINE TRANSITION O~ 
SHEEP BRAIN AND BOVINE BRAIN SPH1NGOMYEIANS * 

Sheep: the sets of parameters refer to ~htee calorimetric experiments w~th the same p~p~- .m ,  t 
ftesldy prepared, 2 was a repeat of I after a week's storage in the cold and 3 w~s ~ xel~e~t o£ 2 
immediately after cooling. Bovine: the two. sets of parameters refer to two expetimeiits ~ith ~Tfexem 
liposome prepatativns usir, the same material 

Spe~s rM t T~, 2 T~t3 ~ a c ' p ~  
(°(3 (*C) (°C) (kcal/m<fl)  ( ~ / m o i  ~ K) 

Sheep 1 31.0 37.0 7.1 0`$23 
2 31.2 3".i 7.6 0.521 
3 31.3 3~A 6.8 0.516 

Bovine 1 30`4 32.5 38.4 6.9 0.580 
2 (-30) ** 32.4 37.0 6.6 0.$.¢v0 

* Data fiom ReL 56.  
** Shouidex observed at apl?mX. 30"C. 
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s~tems. Thu~, sphin~omyelin~ with a relatively i,Jgh content of  palmitic and stearic acids 
h~ve gel.liquid crystalline transitions at relatively II~gh temperatures (about SO°C) whereas 
samples rich in nervonic acid (,(:24: l )  exhibit a mo~o complex transition at lower temper- 
atures (about 30°C) [59]. 

The the~--notropic behavior of aqueous lipomme dis~rsions formed from sev~ral syn- 
thetic sphingomyclins of the DL.erythro confls,ur:~tiol~ prepared by the syntl~esis of 
~apiro [27l is shown in Fig. 3. ~l~e thermodynamic para~neters for these synthetic prep- 
ar;~flons are given in Table II [56]. Sphingomyelins of the D.erythro configuration ~ith 
tht:~ acyl chain and sphingostne base compositions are the n~ajor constituents of.bovine 
a~d o,:ine brait~ sphin~omyetins (56]. Although the synthetic preparations are racemic 
mL~tures of I~ and L-eryt/uv configurations, Calhoun and Shipley [60] have r~,cen~ly 
shc~wn that the thermotmpic behavior of e.erythn)-N-palmitoyl sphingomyelin i!60] is 
ve~ similar to that ufthe DL.eryt~m mixture [56]. 

The single sharp transition exhibited by each of ti~ese four synthetic sphingomyelins is 
reminiscent of ti~e gel-liquid crystalline please tran,qtion of synthetic phosphatidylcltolines 
[61,62]. However, the simple linear increase ~n the ~ransition enthalpy cha~'~ge and transi- 
tion temperature with increasing acyl chain length, which holds for saturated diacyl phos- 
pha~idylcholine~, is not obtained for these synthetic sphingomyelins. This is ilhtsueted in 
Fig. 4 in which d / / i s  plotted vs. Tm for the gel.liquid] crystalline phase tt-ansition of C:12, 
C: 1~, C: 16, C: 18 and C:22 diacyl phosph,~tidylcho~:ines (points 1-5, respectively) ; 192]. 
In contrast, points 11, 14 anti 15 give the parameter~ characterizing C:16, C:24 and C: 18 
sph~tgomyelins, respectively. ]~us, for sphingomy dins, although there is a linear reL.ttion- 

] 
,o  

, ' - ' 

1 *i t 
tO 20 30 40, 50 60 10 20 30 40 $0 60 

B'O • I | 1 ~i ' .~ 

o I - I ~ 
I0 20 30 40 S4) 60 10 :tO 30 40 $0 60 

Temporary, (~ )  
Fig. 3. Heat capacity (~Cp) vs. tcal~ture for Se~'sal Wathotic ~ m y c ~ i n  ~ e  prepor~tions. 
(.4.) N-P~mi ~ : y l c h o l i n e  (concentration L2 ms/ml); (B) N~,dt , )y l -  
sphJnso~u ph (a~leenmtJon l0 , ~ ) ;  (O N4turoy~.-~btepho4Jphorykho- 
J~e ( c~m~ t i on  10 ms/mi); (D) N - U S u ~ W ~  ~ ( c ~ a m m ~ .  1o 
mWml). Rep~d .~  by pmui~on o f t ~  Americ~ C b ~  ~ .  . . . . .  



TABLE H 

THERMODYNAMIC PARAMETERS FOR TF.~: GEL-LIQUID CRYSTALLD~ ~ 2 L 2 ~ N  GF 
SOME SPHINGOMYELIN4~ON'IA|NING LIPOSOME5 * 

Paxametec$ for only the most pro ninent Uanshiott are reported 

T m A// ACp ATI/2 

moD w..~ 

N-PalmitoyldihydxosphL1gosine- 
phosphoD'|choUale 47.8 9.4 4.7 | .8 

N-Palmi~oylspl~ngosine~ 
phosphowlchofine 41.3 6.8 8.6 0.$ 

N-Stearoybphingo~ine- 52.8 17.9 5.0 2.7 
phosphorylcholine (57.0) *** (20.0) *** (5.7) *** (1.4~ *~'* 

N-Lignoo~wlsp aingo~ ae.. 
phosphorylcholine ** 48.6 15.3 7.1 L$ 

1 : 1 : 1 mixture of N-pa~'mitoyb 
N-stea toyb, and A'-ligttocewb 
sphingodne phosphorylcholine 39.5 6.8 1.5 2~6 

2 : 1 mixtme of?/-stearoTl- 
sphin~o~ne phosvhoryb 
choline and l-palmitoyl-2- 
oleyl phosphatidylehotine 47.6 9.8 1.3 5.6 

* Data from Ref. 56. 
** A small Uan~ti0n (Al~ = 1.9 kce37mol) is also ob.-.~tved at 42.6"C. 

*** Data from Ref. 64. 
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ship betw~+en ~d/and Tin, the ordering of the dala does no +̀ follow increasing acylchai:a 
length. In addition, recent work indicates tha~t the N-stearoyl (C:18) sphingomyelin i1~1 
bilayers exists below the tnmsition in a for~n which exhibit- ~ a+t unusually high degree of 
order [64]. The transition of the gel phase of bilayers of this material to the liquid 
crystalline state is associated with the large AH and high Tm values shown in Table I~ 
(values in parentheses) and point 13, Fig. 4. If nmltilamellar liposomes of this sphingo. 
myelin prepared above the transi¢ion temperature are brought quickly to 20°C and the1~ 
examined in the differential scanning calorimeter, a transition at about 45°C is observed 
which has an enthalpy of 7 kcal • reel -~ (point 12, Fig. 4). 2he gel phase of tills quenchecl 
material gi, tes an X-ray diff:action pattern exhibiting the degree of order usw.dly associ. 
ated with hilayer syst¢~as of glycerophosph.~tides [64]. The transition in the gel phase, 
from the 10ss. to more-ordered system has a hail-time of several hours at 20°C, As a 
result, composite patterns showing both low- and high.temperature transitions are ire. 
quently oblainvd. Exothemls in these patterns have also been occasionally observed. It is 
interesting 1:hat traces of impurities such as the fluorescent probe, 1,6-diphenylhexatriene 
or cholesterol cause the system to be trapped in the less.ordered form. 

These di:Terences between the thermal behavior of saturated diacyl phosphatidylcho. 
lines on the one hand and the synthetic sphingomyelins on the other are undoubtedly 
related to 1he fact that in sphingomyelins, the methylene chain contributed by the 
sphingosine base is of constant length in all molecular species. Thus, while in diacyl I:hos- 
pharidylcho~ines the two methylene chains of each molecular species are always of equal 
length, in sphingomyelins 1:he two methylene chains are of roughly equal length only 
when the acyl chain ~.~ 16 carbons long. Increasing the acyl chain length increases the 
length disparity between the two methylene chains of sphingomyelins (see subsection 
IIA). Thus~ it iS possible that the disparity in methylene chain length when nonexistent 
makes the thermal properties and degree of order of sphingomyelin and the corre~ 
spending phosphatidylcholine similar (compare points 1 i ,rod 3, Fig. 4). A larger degree 
of chain length disparity ma) force the molecule: in the gel phase to assume eventually a 
higher degree of order and to display larger values of Tm 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 Tm (com- 
pare points 13 and 14, Fig. 4). 

Mechanical coupling between the two ~onolayers comprising the bilayer of small uni- 
lamellar vesicles prepared from syntheti,." N-lignoceryl (C:24) spifingomyelin [191] has 
been demon,,~trated by IH-NMR. The experimental approach utilized two properties of 
trisalent, pa~.amagnetic lantbanide ion~: the well known fact that they can be used to 
separate the resonances due to moleculq.'s 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 outside/inside resolution, are of high and constant intensity through the phase 
transition, and show a reasonably 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 N-lignoceryisphingomyelin 
clearly show that the inside monolayer onset temperature is affected by incre ising the 
outside mono!eyc: 0 ~ t  temperature. No evidence for mon01ayer coupling was found in 
experiments on N-stearoylsphingomyelin and dipalmitoyl phosphatidylcholive, lipids 
which contain methylene chains of nearly equal length. Thus, it is possible that this 



coupling of the two monolayer transitions may he the r~a|~ of the imerd~itafion of the 
methylene chain~ of the two monolayers which is favored by the marked diffcreace m the 
length of the two methylene chains ~omprising each mo~cule of . ~ ' - ~ r y [ ~ p ~ g c -  
myelin. 

The effect of incorporation of a tJ~ns double bond between c~rbons 4 and 5 of the 
sphingosine moiety appears to have little effect on the character of the ~ t r ~ t i o ~ .  
For example, the difference between the Tm values for N . p a h m t o y l ~ e l i a  
dihydrosphingomyelin is only 6.5°C. This difference in Tm is much smaller ~haa that 
observed for the effect of a cis double bond between carbons 9 and 10 of the acyt chain 
o~" phosphatidylcholine when either both chains are unsaturated or only the acy| chain ~a 
position 2 is unsaturated. This apparent anomaly is most likely the result of the fact 
the trans bond in sphingomyelin is located in the belt region rather than deep in the 
apolar moiety. Ba~'ton and Gunstone [65] have described similar effects r e s ¢ l ~  from 
variation in the position of' a cis double bond in the acyl chains in p ~ t i d y ~ n e .  

Barenholz and coworkers [56] examined the thermotropic beha,~or of  r a ~ a ~  
liposomes formed from a 1 : 1 : 1 mole ratio mixture of N-palmitoyl-, N-~earoy~- 
N-lignocerylsphingomyelins. Surprisingly, this mixture exhibits a single, rathex 
transition at a temperature below the Tin values for the individual species (Tab~ |I~. W~h 
the glyce~ophospholipids such mixtures exhibit either a distinct tran~itio~ wi~h a T~a 
value lyinl] between the Tm values of the h~ividual component, or show ~ ' ¢  of  
lateral phase separation [42,66,96]. In this particular case it appea~s that no ~ separa- 
tion occurs and thus the thermotropic behavior is a mm~ifestation of  the m ' f i ~  character 
of the mixed, but homogeneous, bilayer plmse. This behavior is similar to the t ~  
tropic behavior of bovine and ovine braiv sphingomyelins, which show a tra~it ioa ~ g ¢  
below the ~ransition temi~.~ratures of the principal componcats of  the~e na~r~  m ~ e s  
[31,56]. These more complex mixtures in contrast, however, show muhipl¢ maxima ia 
the heat capacity vs. temperature ~unction [31,56]. Recently, Calhoun and S h a y  [59] 
have studied the thermotrop~c behavior of bovine brain, egg yolk and o~a~e ¢ryth~ocy~e 
sphingomyelins. The differences in acyl caain composition are reflected ia the ~ e ~  
behavior of these preparations [59]. Clearly, much additional work needs to be ~ a e  oa 
these systems before the thermotropic behavior of  complex mixteres ca~a be ¢ a d ~ o o ~  
in terms of the thermal prc,perties and interactions of the component s p h ~ m y e ] ~  

liD. MoZec.ulae :nortOn~ o f  sphingomyelin in bilayers 

Information about intramolecular and whole molecule motions .has been obtained ~'or 
glycerophosphatide bilayers by a variety of techniques includiag NMR [67-70],  ESR 
[71], fluorescence [72,73] and Raman spectroscopy [74,75]. Relati'~Iy little work ot" 
this sort has been carded out on sphingomyelin systems. 

lID-1. The hydrophobic region 
Mendelsohn and coworkers [75 ] have recorded Raman spectra st r c ia t i~y  ~ reso- 

lution for anhydrous bovine brain sphingomye~in of u n d e t e m ~ d  acy[ ~ compo~i- 
tion above and below the gel-liquid crystalline tum~tion. Using ~ dam, t.h~se 
authors found the anhydrol~ material to ~dergo  a c ~ u i d  c r y s t ~  tracsi~oa 
at 90°.C in good agroemer~ with the results of  Shiploy and cow~kcts [31|. ~ ~ o  
found evidence fo~: the e~tence  of gauche isomers in the gel p h i .  ~ a ~ . ~  of  
gauche isomers wa~ observed to increase steadily as Tm was a ~ c h c d .  R ~ c ~ ,  F ~  
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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 
tile skeletal optical alode region (C-C stretching) between 1000 and 1150 cm "~, and the 
C-H stretching region between 2800 and 3100 cm "l whiich includes the methylene sym- 
metlic C-H stretch (approx. 2850 cm -l) and the C-H ~symmetric stretch (approx. 2890 
cm-t). Both ~egions are affected by the trans-gauche isomerisation and by intermolecular 
motion and disorder at higher temperat*lres [74,7:/j. The sharp methylene-twist vibration 
at 1298 cm "~ broadens considerably at the gel-liquid q:rystalline 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 ,:ompcsition has been studied b v 
Long and coworkers ~78] with spin label probes. Using or/entated thin films of this preI~- 
aration with the cholesterol analog probe, 3-spiro.2'-(N-o'~yl-4°,4'-dimethyloxazolidine)- 
cholestane, these workers were able to obtain only powder ~pe,:tra from dry and hydrated 
films. They concluded from these data that sphingomyelin does not foma bilayer systems. 
This surprising result is in direct ,:onflict 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 r.s th'. probe used by Long and coworkel~ [78], 
which do not contain a 3-hydroxy function ~re not incorporated to any significant extent 
into bilayer structures. Both Long and ceworkers [78] and Oldfleld and Chapman [79] 
found the stearic acid probe of the hydrophobic region of the bilayer, 12-spiro.2'. 
(N-oxyl.4',4t-dimethyloxazolidine)steanc acid, to be highly immobilized at 20°C in 
bovine brain sphingnmye!in. These data were very similar to those obtained with this 
probe incorporated into the gel phase of dipalmitoyl phosphatidylcholine at 20°C [79]. 

The hydrophobic region of sphingnmyelin bi|ayers in unsonicated liposomes has been 
studied by both IH.NMR I57] and 13C.NMR [80]. Well defined Sl~tra were obtained 
with a 220 MHz spectromq,,ter 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 only poor-resolution proton spectra have been obtained 
at this frequency for multilamellar systems formed from glycerophosphatides at this tem- 
perature [80,81]. At 40°C,.which is the center of the broad gel-liquid crystalline phase 
transition e~hibited by this preparation, there was a decrease in intensity as well as a 
broadening of the signals fi'om the acyi chain methylene and methyl proton~. It seems 
clear that with the 5000 ttz sweep-width employed in these studies, signals were obtained 
only from regions in the liquid 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 bovil~e brain sphingnmyelin of known acyl chain composition in small vesicle disper- 
sioe~. In general, the spectra are similar to those obtained for small vesicles of dipalmitoyl 
phosphatid~,'!choline [43]. In the sphi~lgomyelin systems at 21°C the methylene line. 
width is 47 Hz. This decre~ses to 22 I-Iz at 52°C, At :~,4°C, the intensity of tbe methylene 
peak relative to the N-methyl proton peak is only 5~ ?~','he intensity at 50°C. The tem. 
perature course of the line.width change clearly rellects the gel4iquid crystalline phase 
transition discussed in the, preceding section. T~ values obtained for the methylene 
protons are 0.29 + 0.03 s at 29°C and 0~95 ± 0.03 s at 520C. These are smaller than ~he 
corresponding values obtained for egg phosphatidylcholine under similar conditions. 



Arrhenius plots o1' TI vs. (temperature)-i gave a value of 3.4 kcal - mot -1 for the acti~c~fio~ 
energy. This valu¢.~ is very similar to the values obtained for a variety of p h o ~ p P ~ y ~ o -  
lines [83,84]. In addition, the activation energy is close to the values o b t ~  by ~ n  
spectroscopy for ~at~rnal gauche-trans isomerizations in pho~phat[dyk:hoff~e [85,86]. 

13C-NMR spect;a obtained from un~nicated multihn~llar ]~posomes formed from 
bovine brain sphingomyelin were first reported by Keough and cowo~ers [80]. The re~o- 
lution at 25.2 MEIz and 70°C proved to be very good and a number of resc~uces were 
identified. ChemiL:al shifts measured relative to an external tetramethyh~me ~ d ~ - d  
are: 30.7 ppm fez the broad methylene group, 23.1 ppm for ~he penLfitku~te me~y[~ue 
and 14.4 ppm fol the terminal methyl group. A broad signal at 131.2 ppm was ~ t i f ~ e d  
with the cis double bond carbons of the acyl chain. The carbonyl c.~bon ~,~ c ~ y  v~-  
hie at 177.2 ppm and signals al! 67A, 60.8 and 55.0 ppm were iden~fied with the CHIN, 
CH2OP and NV'(CH3) carbons, ~respectively, of the phosphoryh:holine head group. Wh~  
these cl~lemical shifts are similar to the corresponding shifts observed for egg p ~  
tidylcholine systems [80], there are some significant differem~es. Both the carbony~ a ~  
unsatur~tted carboi~ resonances are shifted downfie|d in sphingomye[~n (3.7 and 3 2  pp~n, 
respectively). Kcot~gh and coworkers suggested that the carbonyl shift h due to the ~tro- 
gen of the amide bond whereas the shift of the unsaturated carbons may be due ~o lh~ 
deshiel¢ling by the vicinal hydroxyl group in the sphingosine moiety [80]. ~ w ~ ,  
however, on synthetic N-stea~oyl and N-nervonoy~sphingomyelins and o~ bovine b ~  
sphingomyelin in small vesicle dispersions indicates that the acyl chain carbons o f ~ e  c~z 
double bonds give rise to very much sharper signals than do ¢~bons 4 and 5 of  the 
double bond in the sphingosine moiety (Schmidt, C., unpublished o b s e r ~ a t ~ ) .  Thus, in 
all probability the line in the splfingo~yelin spectrum assigned to the d~ub~ bom~ c~-  
boils by Keough and coworkers [80] ~s in fact due principally to only the ~y~ e h ~  
double bond carbons. 

The apparent fluidity of th¢ hydrophobic region of bilaye~ formed from b o ~ e  b ~  
sphingomyelin of well defined composition has been determ~ed by [ l ~ o ~ ¢ n c e  p c ~ a -  
tion studies using as a probe 1,6.dipbenylhexa-l,3,5.triene [73.88,$9|. The r o m ~ z ~  
motion of the probe molecule deduce,] from the f luoresce~ ~lafiz~tion data is c h ~ -  
terized by the anisotropy pararnet=r [89:~0]. The temperature variation offffis pan~e~e~ 
can be used with the Perrin equation to define an appanmt microviscosRy as seen by ~ e  
probe molecule [73,91,92]. The microviscosity thus defined can he used m a relative 
sense to characterize the hydrophobic core of the bilayer. Its utility when a p ~  ~o 
bilayer and membrane systems has recently been re'4e~ved in detail [73]. 

The miczoviscosity of the hydrophcbic region of bovine brain s p ~ y e ~ a  bek~w 
the gel-fiquid crystalline ~hase transition in both multilameRar I i p c ~ e s  and ~ ,  
single.wailed vesicles is about I 0 times larger than the con'~ponding value fc~r egg ~ -  
phatidylcholine. Above the sphingom:~'~!Ln phase transition, the a p p ~ t  m i c t ~ i ~ "  is 
about 3 times the value obt'~a~: for egg phosphatidy]cholLqe at the same t e m p e r a t e  
[56,89]. Similar results have been obtained on these systems using peryleae as the ~,~c~ 
rescent probe [73]. 

Using diphenylhexatriene, bovine brain sphingomyelin exhibits a marked ~ in 
apparent microviscosity over the temperature range of  the gebliquid c ~  
transition. The midpoint of  the transition determined by fluo~sceace ~ t / o ~  
32.5°C, in g~m¢! agreement with the c~lorime*Mcally detezn~ted t r a n s i ~  tcmpera~m¢ 
given in Table I [56,89]. 
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IIDo2. TJ~e interface region 
The inlerf'ace region in bilayer systems, located between the hydrophilic surface and 

the hydrophobic core, is the most difficult to examine specifically. There are no simple 
n,c~:~: t~ attach covalently fluo~'escent or spin probes. Proton NMR signals from this 
region of th~ constituent molecules are not as well resolved as are signals from the hydro. 
phomc a~c', polar head group regions. Potentially, ISC-NMR affords one of the best 
methods of examining the interface region in bilayel" systelas. 

Keough and coworkers [80] have demonstrated that t:ae 13C.NMR signal from the 
carbonyl carbon of the acyl chain is shifted to 177.2 ppl~ ,,~'~ ~.:,~ to an external trimeth. 
.~l~'dane standard in multilamellar l~posomes. This is 3.7 ppm farther downfield than is the 
~:orresponding carbonyl carbon signal from egg phosphatidylcholine [80]. With small uni. 
lameilar vesicles prepared from bovine brain sphingomyelin, the chemical shift of the 
natural-abundances, z zC carbonyl carbon is 175.4 ppm for the oustide whereas the similar 
vesicles prepared from egg phosphatidyicholine signals from the two carbonyl carbons 
are resolvable at 174.3 and 174.0 ppm outside and inside, rL~spectively. The 0t-carbonyl 
gives rise to the upfivld resonance [93]. Keough and cowol~'kers have suggested that the 
amide bond nitro~it adjacent to the sphingomyelin carbonyl carbon is responsible for the 
larger chemical shift in this molecule compared to phosphat~dylcholine. This explanation 
may, however, not I~e completely correct since in small vesicle systems the admixt~r~ of 
other phospholipids does not cause the sphingomyelin carbonyl carbon resent'Ice to 
move upfield (Schmidt, C., Barenholz, Y. and Thompson, T.E., unpublished obsetTa. 
tions). This observation suggests that sphingomyelin-sphingomyelin 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 
ncady equal when they are dissolved in organic solvents (Schmidt, C., unpublished obser- 
vation). 

Natural sphingnmyelins, which all have the V-erythro configuration of  carbons 2 and 
3, are optically active. The circular di~hroic spectrum of bovine brain sphingomyelin in 
organic solvents [94,95], in aqueous dispersions of singlelamellar vesicles [94] and in low. 
density lipopmtein [95] shows a strong 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 f~ .  i~ :~|ustrated by the data in Table III. The Cotton 
effect is almost certainly due to the v -~, ~r" transition of the amide group joining carbon 2 
of the sphingosine moiety to the acyl chain (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 unilameilar vesicles. 

The contribution made by sphingnmyelin to the circular dichroic spectra of biological 
membranes has largely gone unrecognized. Most workers have attributed the details of the 
spectra wi~olly to membrane proteins. The contribution by sphingomyelin in human 
erythmcyte ghosts i5, however, about 20% below 200 nm. Failure to recognize this con. 
tribution can lead m a marked overestimate of the random-coil content of  proteins in 
biological membranes with a high sphin~,omyelin content [94]. 

lID-3. The he~.group region 
There has been considerable controversy concerning the orientation and motions of 

the volar head group in "?hosphatidylcholine. The weight of evidence favors the view that 
in the gel phase the axis of the phosphetidylcholine moiety is normal to the axis ofthe 
acyl chain system and in the liquid crystalline phase it is roughly parallel to the chain axis 
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TABLE II! 
MOLECULAR ELLIPTICITY OF SPHINGOMYELIN * 

Smtple Physical state [0 ° ] ;% (ran) 
(deg-e,." - cm -t • dmcl -t) 

Sphingomyelin 
Sphingomyelin/phos.. 

pathidylchotine 
(50 : 50) 

Sp hh~gomyelin/dicetyl 
phosphate (100 : .5) 

SpMngomyelin/phos- 
phatidyleholine/ 
di~tyi phosphate 
(50 : 50 : 5) 

Spl~ingomyciin 

Sph~gomyelin 

vesicles -56 000 198 

vexicles -54 000 198.5 

vesicles -Si 900 ~97.5 

vesicles - ~  9~_~ 197.5 
miceUes in 20% -5 ~ 400 197 
methanol 
micelles in -7? 700 194 
trifluoroethanol 

* Data from Ref. 94. 

[96]. Recently, 31P-NMR has been employed to investigate the conformation and mo- 
tions of the polar head group of various phosphatidylcholines. Wi~h egg ~tospt~a~kiykb~- 
line in small single lamellar vesicles, a 3tP(~H) nuclear Over~h~user effect has been ob- 
served [97]. The simplest motions! model which is comparable wi~ the "~P-NMR data/, 
rotation of the phosphorus about an axis normal to the brayer surface. Daring rotation 
the ..N*(CH3)a protons interact intermc,,~cularly ~ t h  a neighboring phosphate g~oup at 
an a,Tera~e angle of 90 °. A correlation :ime of 1.4 • 10 -9 s has been calculated for the 
time con,~*ant of the *H-3tP interactions in the plane parallel to the bilayer mrfzce |97]. 
Although in the gel phase there is considerable head group motion [98], there is a marked 
increase in the mobility of this group in the phase transition region. This can be seen as a 
linewidth decrease in the NMR signal from the -N(CH3~h protons and in the v~ues oftke 
spin-lattice relation time, Tt, for these protons [67,83]. It can also be observed in the T~ 
data obtained from ~3C.NMR [98,99]. 

The most clear-cut differences between sphingomyelin and phosphatidylchoi/ne ~e 
detected by NMR and occur in data obtained for the choline methyl and the ~ m s  
resonances. The linewidth of the -N*(CH3~h protons decreases markedly with t e m p e ~ t ~  
in the phase transition region of bovine brahl spbingomyelin although the i m e ~ t y  
remains constant [82]. Tt values for the N.m,,qhyl protons and 3~p also ~ thin 
corresponding quantities obtained for various phosphatidylcholines [ 82 ,8~A~ .  t'n-~e ~ P  
resonance from sphingomyelin in small s ingle .w;~ ~ is shifted 0.6 p~n  d o ~ t ~  
from that of egg phosphatidylcholine at the same temperatme. This shift increases ~o 0.7 
ppm in m0thanol and 1.4 ppm in chloroform. The downfietd shi,q of the ~ P  ~egm~a~'e 
by Pr ~÷ is about 1.2 times that observed for egg p h o s p l m ~ i d y ~  ~mde~ s ~ [ ~  co~i-  
tions. An ¢,nhanced Pr a~ shift of the N-methyl choline protons and ~ P m ~ ~  
has also been observed [82]. These results can be explained by the pn~se~ce 0fa~ k~t~- 
molecuhr i~ydrogen bond between the phosphate at~ either the ~ o¢ h~xL~oxyt 
groups of ,,;phingomyelin which results in a :greater re.~t~tio~ to motion of L~ 
group in sphingomyelin than i:~ phosphatidylcholine [82.101 ]. 
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Studies by Yeagle and coworkers [87] using 31P(tH)nuclear Overhauser effect (NOE) 
offer fitrther.support fot the existence of an intramolecular hydrogea bond in sphingo. 
myelin. The authors have su[gested that the larger ratio, (NOE}H.,o/(NOE)2H~O obtained 
for sphingomyelin vesicles than for vesicles formed from phosphatidylcholine is due to 
hydrogen bonding of either tho amide or hydroxyl protons to the phosphate group of ghe 
same molecule [87]. Phospha~tidylcholine, ofcc,u~e, does not have such protons. 

!11. Interactions of sphingomyelin with other lipids 

IliA. PhosphaHdylcholine 
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 the~e workers based on data acquired by X-ray diffraction, differential scan- 
ning calorimetry and polarized light microscopy. The phase diagram shows thai at 37°C 
in excess water, phosphatidyIcholine and sphingomyelin are completely miscible and are 
ordered in a liquid crystalline bilayer phase. Lateral phase separation, however, does 
occur upon cooling to 20°C in systems containing greater than 33 mol% sphingomyelin. 
Under these conditions, the system is compose,~l of a sphingemyelin lamellar gel phase 
and a liquid crystalline phase containing both ~phingemyelin and phosphatidylcholine. 
Below 20°C the sphingomyelin gel phase coexists with an ordered bilayer phase com- 
posed of a stoichiometric compound coi~t~.i ,ing 2 mol of phosphatidylcholine per reel of 
sphingomyelin. This compound can be sep,rated from a liquid crystalline bilayer phase 
composed la:rgely of pbosphatidylcholine in systems containing less than 33 reel% 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-stearoylsphingomyolin and l-palmitoyl.2.oleyl phosphati- 
dylch01ine [56]. The heat capacity function for a mixture of these components con. 
taining 66 mol% sphingomyelin exhii~its a single asymmetric transition with a tempera- 
ture maximum at 47.6°C and AH = 9.8 kcal • rod| "q. The width of the transition curve at 
half-height is about 5.5°C. Comparison of these tt~ermal characteristics with those of the 
pure sphingomyelin shown in Table II suggests ti~at below the transition region a gel 
phase compo~d essentially of sphingomyedn coexrsts with a phospl~tidylcholine liquid 
crystalline phase [56]. The heat capacity vs. tem~rature function for a 1 : 1 mole ratio 
n~xture of t h ~  two compounds is considerabl:~ more complex with f l ~  poorly 
resolved maxima observable in the broad transition range from 10 to 40°C [56]. 3he 
thermal diagrams obtained for these two synthetic sphingomyelin/phosphatidylcholine 
mixtures are in quantitative agreement with the phase diagram for mixtures of egg phos- 
phatidylcholine and bovine brain sphingomyelin. This may not be particulariy surprising 
since the two synthetic phospbolipids are major components in the two phospholipids 
prepared fr~ ~n ~atural sources [102]. 

The pl~se 0et~avior of mixtures of e88 phosphatidylcholine with either bovine spinal 
chord [103] ~r brain Sphingontyelin (Barenholz, Y. and Thorr~pson, T.E., unpublh~hed 
observations) ~h~t been studied using the fluorescence polarization of the probe 1,6-di- 
phenylhexa-l,3,5.triene. Systems of  either small s~nllle-walled vesicles or multilameUar 
liposomes ext,ibit a broad phase transition in the range from 20 to 40°C at mole fractions 
of  sphingomy~lln in excess of  about 45 reel%. The apl~arent microvis~osity in all systems 
exmnined at all temperatures in the range from 0 to 60°C increases with increasing 
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content of spltingomTe;m. These data are compatible with the pha~e d~gr-an for ~he 
closely simil~lr system .:onstructed by Un t~acht and Shigf~ey [ 102]. 

The N-methyl pro~ on NMR resonance for bovine brain sphingomyelf,,~ mixed wi~h 
N-(C~H3)a ei~g phosphatidylcholine in equimolar vfixtures [ms been ~udied in ~Tdt 
single.walled vesicles [82]. In vesicles prepared from spifingomye~in a l~e ,  the chd~ne 
methyl proton signal is composed of two distinct but overlapping peaks arirdug from 
molecules on the inside and outside surfa,:es of the vesicle biiayer. At I00 MHz and 52°C, 
the spl~tti, 3 is 3.5 ppm and increases with decreasing temperature [82]. A ~ r  ~p~¢- 
ring is observed in the 1 : 1 mole ratio system. It is interesting that the ~e-w~d~ is 
markedly broader in the mixture at 29°C than ~.t is in pure sphingomye~n at tempcratur~ 
at which the micro,~qscosity is the same. ~ i s  observation suggests that in the mixr~re t~re 
motion of the N..methyl sy.~;~em is restricted. This may be the result o'f i m e r ~  
between the two types of phospholipids in the mixed sy.~tem [82]. On the other tread, 
evidence for intramolecular hydrogen bonding between the sphi~gomye~n phos#~ru, 
and either the amide ,~r hydroxyl hyd:rogen is obtained from ~e  obsen~lti~m ~hz:. Tt 
values for thi; sphingomyelin N-methyl protons are little aff~ted by ~he ad~i~k,n of 
N-(C2Ha)a egg phosphe~tidylcholine up t,a concentrations as high as 67 mo~% [821. 

The fact that the intermolecular interactions between like mol~ul~ are differem ~c~-n 
those between unlike molecules in mixed spl~ngomyelin/phosphatidy|cholh~¢ s)~e~m 
illustrated by the asymmetric distribution of these lipids in the bilayer ~f ~ ~ e s .  
atP-NMR studies of systems of this type comprised of bovine brain s p ~ y e ~ , . ~  ~ d  
either egg pho:iphatidylcholine or dipalmitoyl phospl~qdylcholine at I : 1 t r~e r~M 
have shown th~tt the sphingomyelin is more con~ntrated on the ot,ter surface and ~he 
phosphatidylcholine on the inner surface [82,100,105,106]. 

IIIB. Cholestero,! 

Cholesterol or other related sterols are found as components o f b ~  mem~r-r-r-r-r-r-r-r-r-r~ 
in all forms of organisms with the exception of a few types o f ~  [t~7,1t~|. 
There is general agreement with the interaction otr cholesterol with # y c e r o ~ t ~ # ~  
in bilayer systems recMres tile l~-hydr~xyl group of the sterol and the ¢arb~myl functi~_~ 
of the phosphol.ipid [33,109]. This important sub~eet lu~ recently been re~ie~'ed~ by 
Den~el and de Ktuijff [19011. Much less atteP+ion has been devoted to the exam.~fi~m of 
the interactions between cholesterol and sphingvlipids, in particular sphingomye~. A 
number of years ago, Vandmheuval II 11] suggested on theoretical grounds that rip, oc- 
ular configurations and van der Waal's interactions should lead to a stable ~x~m~x 
between cholesterol and sphingnmyelin. It has been known for some time ti~: th.~r.~ is a 
strong positive, co'rrelation between the contents of cholesterol and sphingoa~yelm m ~ e  
membranes of many mammalian cells [ 112]. 

Early tH-NMR and ESR probe studies [57,791 showed that in m u l ~  ~ p ~ s o ~  
formed from cholesterol and bovir, e brain sphingomyelia the effect of the ~ddcd choles- 
terol was to fluidize the bilayer below the phase transition and to make it less Waid ~bove 
the transition teml;erature. Thus, at low mole fractions, the effect of ¢ho~terol on the 
apparent viscosity of sp~ngomyefin bilayers is parallel to that ob~rved in ~ r ~ # ~ s -  
pholipid syste,~s [83], It has also been known for some time that no g~4ktL~t c r y ~  
phase transitk~n is observed in sph~agomyelin systems ¢oataini-4g ~ them ~b~,~ 4~ 
reel% cholesterol [.~;7,113] in marked similarity to the bdaavio~ o t ' ~ - e o m ~  
bilayers formed from saturated phosphatidylcholiaes [114,115}. More recent tH--NMR 
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studies on small unilamellar vesicles formed from mixtures of cholesterol and sphingo. 
myelin have ~iven similar results [82]. Thus, in gystel~s containing 40 reel% cholesterol 
at 52°C, the line.widths of the methyl and me|hylene protons of the sphingomyelin are 
increased by 50% and file Tl values for these prot~ns are markedly reducect 1"82]. 

Recently, the ~ermotropic behavior of aqueous dispersions of multilamellat liposomes 
formed from mixtures of synthetic N-palmitoyl- or N,lignocerylspifi,goiiiyelin and 
cholesterol have been exanlined in detail by differential scanning calorimetry [116]. In 
systems containing less than 25 mol% cholestel'ol, the heat capacity vs. temperature func- 
tion exhibits overlapping sharp and broad components. The sharp-coniponent enthalpy 
decreases with increasing mole percent cholesterol and reaches a value of zero between 25 
and 30 reel% cholesterol. The broad-component 4;nthalpy maximizes at 3 to 4 kcai/mol 
between 10 and 20 mol% cholesterol and decreases as.the cholesterol content is either 
increased or decreased from this range [116]. T~hese data have been intet pre:ed as evi- 
c~ence that these mixtures undergo phase separation, with the sharper endetht'rm corre- 
gponding to a gel-to-liquid crystalline transition of a phase enriched in sphingo:'~.yelin and 
the broader component associated in some manner with a phase enriched in cholesterol. 
Possibly, the broad component arises from a tran~;ition 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, ther- ~ is evidence that a phase composed ofa stoichio. 
metric complex of cholesterol and sphingomyelin exists in the synthetic sphingorayelin 
systems similar to that shown to form in cholesterol/dipalmitoyl phosphatidylcholine 
bilayers [114,115]. 

Further evidence supporting the existence of strong interactions between cholesterol 
and sphingomyelin has been presented by Demel and coworkers [t 10] and by van Dijck 
[117]. These investil~ators have presented calorimetric evidence which suggests that there 
may be a preferential ',ffinity for cholesterol shown by bovine blain sphingomyelin in 
ternary mixtures with eifl~er phosphatidylchofines or ethanolamines in which phase sepa- 
ration of the phospholipids occurs. The key observation leeding to t,his suggestion ,~ ute 
fact that the inclus/on of  cholesterol in such mixtures results in a selective decrease in the 
enthalpy change of the gel-to-liquid crystalline phase transition of the sphingomyelill-rich 
phase as opposed to that arising from the phase composed principally of the other ~hus- 
pholipid [110]. These investigators suggest that this observation is evidence for the exis- 
tence of a cholesterol-sphingomyelin complex in the liquid crystalline phase. This ,~onclu. 
sion has been questioned by Calhoun and Shipley [60] who have ~:arried out a similar 
calorimetric study in the ternary system: cholesterol/dimyristoyl phusphatidylchollne/ 
N-palmitoylsph~ngomyelin. The two phospholipid components in this system are ~;om. 
pletely miscible in both gel and fiquid crystalline phases and thus no lateral phase separa. 
tion occurs. In this system there is no evidence for the preferential interaction ofcholes. 
terol with either component [60]. Thus, although cholesterol does appear to interact 
preferentially with sphingomyelln in a laterally phase-separated gel phase of sphingomye- 
fin, it does not seem to:  show a preterential interaction in a molecularly mixed system 
such as the dimy6stoyl phosphatidylehollne/N.palmitoylsphingomyelin in either gel or 
liq~;icl crys~alline configurations, This result suggests that cholesterol does not interact 
pre~'~ientially with sl~hin.gomyelin 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 front an entirely different approach. Extraction of cholesterol from cells is 
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more rapid and complete when delipidated sclum reconstituted whh sph/ngo~ye~n 
rather than other phospholipids is used as an extractant [118]. 

IV. Interaction of  sphingbinyelin wii~t proteins 

Although the phosphoz'ylcho[ine :moieties of  sphingomyelin and phosphatidylcho~ne 
are identical, many enzymes wlfi,:h hydrolyze this group ~re specific for either sphi~go- 
myelin or phosphatidylch~line [23-25,120,12i ]. This hydrolytic activity appears to be 
optim,~l in the phase tram;ition region ]119]. In addition to the interaction of  p~zpho-  
lipases specific for sphingomyeli,, the~e are a limited number of  systems in which the 
interaction of  a membrane proteir~ appears ~o be specificaUy with sphingomye~.  Kraw~er 
and coworkera [122] have shown in comparative reconstitution experhments that the [~o- 
reins of  the sheep erythro=,/te bind eaore strongly to sph~ngomyelin than do the p r o t ~  
of  the human erythrocyt¢~. "l~tis preferential binding correlates with the ~ = n ~  h/gh 
sphingomyelin content of  the sheep erythrocyte membrane shown in Table .rV [ t 0 | .  
Widnell and Unkeless [123,1124] h.'zve reported that the 5'-nucleotidase from t.he F|a~raa 
membranes of  rat liver ce:lts is isolated as a lipolnotein complex. Tae ~ i a t e d  ~ d  ;.~ 
entirely sphingomyelin in a ratio of  about 100 mol of  lipid per mo|  o f  prote~'~. Removal 
of  sphingomyelin inactivates the enzyme [123,124]. Es,~ns and Gurd [125] have, how- 
ever, reported the purifica~:ion of  a similar enzyme from mouse liver plasma membr~aes 
which is active in the absence of  any lipid. In spite o f  this report, the work of  W t d ~  and 
Unkeless does suggest a preferenti.'d binding of  the 5'-nucleotidase to ~ y e ] h ~ .  
Sandermann [126] has discussed in detail the problems of  establishing specific ~[[~d 
requirements for membran.:-bound enzymes. The (Ha* + K')-ATPase isolated f~om r~bbh 
kidney by Lubrol extraction binds strongly to liposomes made from spbingon. :y~ but 
not to dispersion~ of  phosphatidyl:holine unless the positively charged a m p h ~ p ~ .  
stearylamine, is added [!27]. Recently, it has been found that the hca~olyt~c toxin ~o- 
lated from the sea anemone, Stoichac,~s heliauthus, is strongly bound to aqueous d/sper- 
sions of  sphingomyelin but not to liposomes formed from other erythroc~,~e 1/t~ds. This 

TABLE IV 

PHOSPHOLIPID DISTRIBUTION IN FRYTHROCYTES FROM VARIOUS M.~MMALh~N 
SPECIES * 

PC, phosphatidylcholine; PE, phosphatidyle~hanolamine; PS, phosphatidyher~J~e; P[, p ]~ha~yl i~>-  
sitol; PA, phosphatidic acid; Sph, sphingomyelin; LPC, lysophosphatidyk:ho~ilte; X, tmi~enOXied; n.d., 
not determined; n.r., not lecordeO 

Rat Rabbit Pig Do, g Hor;e Sheep Cow Goat Cat Gtt~ea- H ~  

PC 47.5 33.9 23.3 46.9 42.4 n.d. 
PE 21.5 31.9 29.7 22.4; 24.3 26.2 
PS 10.8 t2.2 17.~; 15.4 18.0 14.1 
PI 3.5 1.6 1.8 2.2 <0.3 2.9 
PA <0.3 1.6 <0.3 0.5 <0,3 <0.3 
Sph 12.8 19.0 26.5 10.8 13.- ¢ 51.0 
LPC 3.8 <0.3 0,~ 1.8 1.7 n.d. 
X 4.8 
Sph/PC 0.27 0,$6 1.13 0`23 0.32 12.0 

n.d. n.d. 30.5 41.1 35.7 
29.1 27.9 22.2 24.6 24.7 
19.3 20.8 13.2 I6.S 13.8 

3.7 4.6 7.4 2.4 $.8 
<0.3 <0`3 0.8 4.2 n.~. 
46.2 45.9 26.1 11.1 24.7 
n.d, n,d. <0.3 <0.3  n.~. 

1.7 0`8 
12.0 13,0 0`855 0.27 0.64 

* Data from Ref. I0, 
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observation suggests that tile site of binding of this cytolytic glycoprotcin of molecular 
weight 16 000 is plasma membrane spldngomyelin [ 128]. 

Perhaps the most interesting interaction between sphingomyeli,3 and a membrane pro- 
tein is that with a~%-tylcholinesterase [129]. This molecule, when isolated from the elec- 
tric tissue of Electrophorus electricus, appears in electron micrographs to I~e 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 removed from this assembly by treatment with 
trypsin or collagenase [130,131]. Treatment ofintact electric tissues with these enzymes 
leads to sohibilization of acetyleholinesterase activity [132,133]: thus the implication 
that the collagen-like tail-piece serves to anchor the enzyme a~embly 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 purifed acetylcholinesterage 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, hc~wever, occur. 
Furthermore, binding to sphingomyelin liposomes is reduced by the inclu.~;ion of choles. 
term or phosphatidylcholine in the liposomes (Cohen, F,. and Barenholz, Y., unpublished 
observations). The observation that collagenase-treated enzyme does not billd to sphingo. 
myelin liposomes localizes the site of interaction in the collagen.like 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 to fc~rm hydrogen 
bonds with the hydroxyprolyl and hydroxylysyl residues of the tail (see sul:~section IIA). 

In addition to being an important component of many biological membr'~nes, sphingo- 
myelin is also found in the circulating plasma lipoproteins of higher animals. In humans 
the ratio of phosphatidylcholine to sphingnmyelin is about 3 : I in the total plasma lipo. 
protein fraction [134]. The Slp.NMR resonances arising ~'rom each of these phospholipids 
can be resolved in both native and reconstituted human lipoprotein [135]. The chemical 
shift difference between the high-field signal from phosphatidylchoIine and the downfield 
resonance from sphingnmyelin is similar to that observed in vesicles formed front mix- 
tures of these phospholipids [63,82,105]. The spin-lattice relaxation time for the sphin- 
gomyelin 31p of 1.73 s is considerably smaller than the value of 2.3 s obtained for the 
phosphatidylcholine s/gnal. Similar results have been obtained in mixed vesicle systems 
[97,100]. The similarity between the environments of these two phospholil3ids in both 
reconstituted lipoproteins and small vesicles has been also demonstrated by 13C-NMR 
spectroscopy of phospholipids enriched in the N-methyl system [136,137 ]. These results 
suggest that the interactions between these phospholipids and the apolipoproteins do not 
involve the phosphorylcholine moiety of either molecule. In reconstitution e~p~riments, 
sphingomyelin apgears to bind strongly to apolipoprotein A-II but not to A-I which 
interacts preferentially with phosphatidylcholine [139]. Apolipoproteiv All ,  a disulfide- 
linked dimer of two identical 77 amino acid polypeptides, constitutes about 30% of the 
protein of human plasma high.density lipoproteiu [134]. 

V. Sphingomyalin in biological systems 

VA. Distribution 

Sphingomyelin is one of  the major lipid components of the celiu~ar membranes of  
mammals [.~1]. It is also an important component of the serum lipoproteins I140,141]. 
Membranes from diverse sources exhibit a wide range of sphingomyelin comp~)sitions, In 
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many systems, however, the sum of ~tb.e two choline | i ~ ,  sphin~myelin and phc~ 
phatidylcholine, constitute about half o f the total phosphoUpid, although the ratio of the 
amounts of these two components varie,.; ..greatly [ 10,51 ]. 

Large differences in the sphingomyelin-to-phosphatidylcho~ne ratio exi t  arr~ng the 
membranes of the various organs and ti:;sues of a single mamrr~alian species. For examp~, 
in the case of the cow the ratio vaJ~es in the following order: lung > spleen > kkh~ey > 
brain > liver [10]. I! is interesting, however, that with the exception ofbram ~ rmnor 
variations in the ra~.io are observed when the same organs t~.om different .-rmmma~ 
species are compared [10]. Large variations in the ratio errs', among the brain t ~  of 
various species [52]. In an excellent review, Rouser ~,nd coworke.-s [52] have pointed c~t 
that within a single b;a~n, lipid-rich regions have hi~her sphingcmye~n zo-~)hosp~l:idy[- 
cheline ratios than do lipid-poor rel~ions. In spinal cord, the ratio is even h;gher them in 
brain [142]. 

In the case of the erythrocyte membrane, one of the most widely stud~'d sys~ns 
[143], the sphingomyelin-to-phosphatidylcholine ratio varies with ~ s p ~  
from 0.25 in rats to above 12 in ruminants [10,142]. Data fo~ 11 .~cies are ~ a ~  
in Table W. In cells with a full compl!ement of subeellular organelles, there is within these 
membrane systems a variation of the sphingomyelin-to-ph~phatidykb~ine ratio. The 
ratio is highest in the plasma membrane and lowest in both nuclear and r ~ J t o e ~  
membranes. The endoplasmic reticulum and Golgi raembranes show interraedda~e 
[ 10,51,112]. Based on the morphology of the generolized cell. there is thus an ~ . g  
gradient in the ratio from the cell center to the periphery [52]. The poedtive cor~ekLrion 
between the sphingomyelin and choh;sterol content of many membrane systems in mnm- 
reals has already been mentioned in subsection IIIB. This correlation faiis, ho~ver,  in 
erythrocytes where the cholesterol-to-total phospholipid ratio is constant [51]. 

There is considerable evidence to suggest ',hat there is a marked asynm~etrb: ~ r i b u -  
tion of lipids between the outer and tuner faces of several plasma ~ r a n e s  or t f l ~  
membrane derivatives [144]. The best documented system is the membrane of the hub:ran 
erythrocyte. Data obtained in experiments atilizing phospholipases [120,142-[47], 
phosph~lipid exchange proteins [1481 or chemical labeling reagents [149-t51] c~'n~[y 
show that essentially all of the sphingomyelin 'and most of the phosl:hat~y~chv~e are 
located in the external surface of this membrane. Phospha t~dy le thano~  and 
phatidylserine are the major lipid constituents of the cytoplasmic surface. Associated 
with this transrnembrane lipid compositional asymmetry is an abse~.ute c o m p ~ : ~ ' ~  
asymmetry of protein components [ 142,1 a9,151 ]. A similar distribution of s ~ m y e -  
lin has been demonstrated in rat erythrocytes [152], ovin© erythroeytes [153], LM ce~d 
plasma membranes [154] and vesicuk~r stomatitks virus [155]. in contrast to these sys- 
tems, influenza A virus grown in Maden-Darby bovi.'~ kidney cells has been repo~e~ 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 mos~ c~mtain relatively high levels o f s ~  
myelin which reflect the similarity of lipid composition of the viral m e n ,  ran- to tha~ of 
the, plasma membrane of the host cell from which the membrane of the virus is der~c~ 
1138,157,158]. 

VB. Changes in sphingomyefin distn'bm~on associated w#k aging ~ F a ~  
tions 

During aging of the aorta and arteries in humans, ther~ is a st t iki~ increase ~ ~¢  
mole fractions of sphit~gomyelin and cholesterol in the memb~aes of ¢~s  e o m ~  
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these tissues. A sim~ar, more pronounced increast~ occurs during the development of 
atheroscleiosis [ i 59,160]. Smith and Cantab [ 159] have shown that the principal change 
is in the intima where sphingomyelin reaches 40% of the total lipid during a~ing, 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-phosphatidylch01ine increases 3- to 9-told. 
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]. The:~e observa- 
tions l~ave been confirmed by Bottcher and van Gent [177] in studies on aortr, 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 cllanges in 
lipid composition cannot be explained by the changes ill connective tissue. 

Apparently, the increased concentration of lipids in the intima, of which 70% can be 
attributed 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 se~um sphingo- 
myelin into the aortic wall [161,163]. Eisenberg and coworkers [160] have described an 
incre.'.sed incorporation of choline in the phospholipids of the aorta with increadng age of 
the animal. This increase parallels an increase of phospholipase A activity, however, sphin. 
gomyelinase activity remains constant or declines somewhat [160]. Similar r~:sults 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 ~he first enzyme in the sphingo- 
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 
followed by an increased rate of hydrolysis of phosphatidylcholine, but not sphingomye. 
lin. 

The role of the serum lipoproteins as a source for aortic wall sphingomyelin is well 
demonstrated by Seth and Newman [163]. These authors show in rabbRs that. the level of 
sphingomyelin in the aortic intima increases exponentially with the time spent :'ceding on 
a cholesterol.rich diet. This increase is derived from the exponential increase in the entry 
rate of serum sphingomyelin into the aortic wall. Incorporation of [sap]phosphate into 
sphingomyelin and other phospholipids in the perfused rabbit aorta does net increase 
with atheromatosis. The net result is an accumulation of sphingomyelin and a marked 
change in the ratio o f  sphingomyelin-to-phosphatidylcholine. Postman and :oworkers 
[164,165] were able to show that most of the sphingomyelin accumulates in tile agranu. 
lar endoplas,~nic reticulum and in the plasmalemma. Smooth muscle cells.~ the principal 
celL~ 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 between the total cholesterol anti the total 
amount of phospholipid in the aorta wall. The correlation between sphingontyelin and 
free cho!esterolis more pronounced in the non-sudanophilic portion. The rel'atioa betwean 
endothelial integrity ~ d  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 coworkcrs [168] have s,hovm that rat 
aortic; smooth muscle cells take up 'remnant ~' of ve.-y low-density lipoprotela (VLDL) 
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formed by lipolysis of the VLDL by lipoprotein lipase. The remnant is cl~3~e~er~ alu:l 
sphingomyelin-rich [169,170]. Cultur,:d hun~n arterial cells preferentially bind and take 
up the low-density lipoprotein (LDL) and the VLDL fraction wb~h inc[u&'$ the rertu~zlt 
[171]. LDL and the remnant arv both rich in sphingomye[in and might be the ~ r c e  of 
the increase in the sphingomyelir level of the aortic wall [163]. 

Changes in lipid composition with age occur also in the nervous system. In herald,  
the rate of formation of new nerve membranes, and therefore the am~.mt of total l i ~  in 
this tissue, is greater than the rate of 1o~ by cell death into the fourth ~ec~,~de of [fie. 
During this period the rate of l¢~ss bet~ins to exceed the rate of new me~nbrane fotmat~n 
[52]. Throughout the lifetime of an individual, however, the lipki composition c~finu-  
ally changes [52]. Rouser and coworkers [52] have shown that in h u n ~  b r ~  
myelin an :! cerebroside gradually replace phosFhatidylcholine and ~dfatide re[~.es ~ -  
phatidylethanolamine. A similar phenomenon has been observed in other animal s~,c~.'s. 
It is interesting to note, however, that in some invertebrates sphingomydin is ~[aced by 
ceramide phosphoryletLanolamine or ceramide phosphorylethyIamine [52]. A ~ r  
age-dependent change in the ratio h~  also been noted for the [¢n~ of the eye in ninny 
species [i72,173]. For humans, this change is most drar~latic with the ~ y e ~ n  
content of the lens rising to as high a:; 70% of the total phosphoIipid amt the ~ f i -  
dylcholine content falling to as low as '1% [172,174,175]. 

There are several overt pathological conditions in addition to atherosclem~ which zre 
associated with large changes in tissue sphingomyelin ~ontent. The best known af these 
is Nieman-Plek disease in which a deficiency of lysou,maI sphingomydia~se res~dts in 
marked decrease in the degradation rate of sphmgomyeii~, [9]. The resuhi~ a ~ [ ~ -  
t~,on of this phospholipid occurz in most cells and tissues of the body. The a c c u m ~ t ~  
is usually paralleled by a marked increase in body cholesterol. The excess ~ m y ~ [ a  
is found concentrated primarily in ly~osomes and in particular in the l y ~  ~f m~-- ~ 
large foam cells which are formed as a ~esult of this disease [9]. The souxce of the ~cc~- 
mulated sphingomyelin i~ of course, the re~;ult of the normal tin, hover of cellular mem- 
branes. 

Changes in the sphingomye~n-to.phosphatidylcholine ratio have also been noted in 
muscular dystrophy [176] and in malignant a ; ~  !.e~kemi~ ceE~s appea, ~ to be ~eficiem 
in both sphingomyelin and cholesteroi [t73,178]. Bergelson and cowo~kevs [179| h~ve 
found, however, that the sphingomyeli:~-to-phosphatidylcholine ratio increases 2.3-t~k[ in 
Jensen hepatomas when compared to :-egenerating rat liver. Similar results have beea ob- 
tained for other malignant systems [180-|821. In a variety of hepatomas t ~  ~ 
increase in sphingomyelin is seen in the n~toci~onthial and nuclear membranes [179,[83], 
which normally have the lowest cent,rot of this phospholipid. In at l~st  one type of 
hepatoma there is a marked increase in spldngomyelin. It is interesting to note fi'~t the 
level of sphingomyelin exchange pro'~ein is markedly elevated also in this hepa~oma 
[is4].  

VC. Sphingomyelin and membrane integrity 

Hydrolysis of the lipid components of biolo~cal membranes by s~fitahle e w ~ e s  
might be e:tpected to result in lysis. It is suxpri~ng that hydrolysis of 80% o[ the 
myelin of the human erythrocytes to ceramide and ~ by the ~ y -  
elinase of Staphylococcus aureus does ne.t ~use hemoiysis [147|. In ~ t  e~yt~.~- 
cytes, which contain considerably me,re sphingomyelin thsa do human ~ extem~e 
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action of tile spl~ingomyelinase also ill,Is to produce hemolysis [142,185]. TLus, under 
iso-osmotic conditions, the conversion of sphingomyelin to ceramid¢, which remains in 
the membrane, does not lead to loss of membrane integrity. Erythro~ytes trea~:e~l in this 
fashion are, however, osmotically fragih: [ 147,156]. The conversion of erythrocyt~ sphin- 
gomyelin to ceramide also makes the n~embrane phosphatidylcholine available to attack 
by pho~phol~pase C from Bacillus cer~'us with resulting he~iolysis [147]. ThL:~s, hemol- 
ysis is caused by exposure of the erythrocyte to both sphtngomyelinase and B. cereus 
phospholipaso C or to the nonspecific ~hospholipase C from Clostridi~tm welchi i  which 
utilizes both ~phingomyelin and phosphatidylcholine as substrates [ 147]. A silr~ilar situa- 
tion is obmi~ed for porcine erythrocytes [ 185[ and for chicken erythrocytes d~:pleted ,~" 
ATOP [ 145]. However, in ruminant erythrocytes which contain large amounts o[" sphingo- 
myelin, although hydrolysis of sphingomyelin to ceramide is required for phospholipase 
C action on phosplmtidyicholine, no hemolysit~ r¢~,~ts. In contrast, in loa~t erythrocytes 
which contain small amounts of sphingomyelin, pheopholipase C is able to promote 
hydrolysis of glycerophospholipids without prior hydrc.l~ sis by sphingomyelinase [ 145]. 
This hydrolysis leads to lysis if the cells are depi~eted of ATP [ 145]. 

The mechanical properties of erythrocyte membranes appear to correlate with sphin- 
gomyelin content. Cooper and coworkers [186] have shown that .,n,~mbranes obtained 
from acanthocytic erythrocytes in patients with abeta-lipoproteiner:~;~ ~re enriched in 
sph"::3omyelin and depleted in phosphatidylcholine. The sphingomyelin-to-phosphatidyl. 
choline ratio can be as high as 1.56 in acanthocytes while the value,, in rt~orm;~l cells is 
ahout 0.86. Associated with this change is an increase in apparent microviscosi~:y of the 
m~;mbrane as determined from 1,6-diphenylhexa.l,3,5-triene polari~:ation studies. The 
acanthocytes also have a prolonged filtration time in a 0.3/am nucleopore filter i:adicative 
of decreased membrane deformability [ 181S]. 

A general positive correlation between membrane sphingomyelin conlent 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 h!gher for 
cells richer ii~ sphingomyelin, although the resistance to osmotic shock appears to be 
lower [188]. Very similar relationships have been observed between the content of sphin. 
gomyel~n mixed phosphatidylcholine/sphingomyelin multilamellar liposom~s an~:! appar- 
ent microviscosity and osmotic fragility [36]. 

The permeability of erythrocyte membranes from a variety of mammalian species to 
various nonelectrocytes correlates with the spi~ingomyelin 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 sphingomyeUn content [188]. A 
strikingly sin.liar correlation between sphingomy¢fin content and the permeability in 
multilamellar liposomes has been reported by Hertz and Bare nholz [36]' K|rk [ 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 pre,,;ence 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 syr~metric 
distribution of th~ component [ 144]. 



~53 

Vi. Summary 

~3phingomyelin is one of the major lipids of the plasma membranes of ma,am'laban 
ceils. Together with phosphatidylcholine, the other choUne-conta~ng phocpho~pid, it 
makes up more than 50% of the total phospholipid in these membranes. In the ~ m a  
membranes of many cell types and eyrir the cours~ of diseases which affect ceil mem- 
branes, although the total amount of th~se two lipids is constant, the r..,embrane content 
of ~ach of these phospholipids may var.~; greatly. Thus, it appears that these two cho1~ne - 
cot~taining lipids are in certain measure interchangeable as membrane | i ~ .  components. 
This cannot, however, be the c~se beca~ise many of ttle physical characteristics of  these 
molecules in bilayer systems are mark,t:dly different. Thus, variations in the relative 
amounts of sphingomyelin and phosphatidylchoILne in bilaye~ and in bioIo~ca[ mem- 
branes have profound effects on the system properties of the b~layer. 

Perhaps the most striking difference between phnsphatidy [cholines and s ~ m y e -  
lins derived from biological membranes :ire the temperatures ~f the get-liquid c q , ~ n e  
phase transition exhibited by both of tht.'se types of molecule; in bilayers. Most sphmgo- 
myelins have their transition temperaturq.,s in the physiologic~ 1 temperature range, w h ~  
almost all naturally occurring phosphati,Jylcholines are well lbove their tramfifion tem- 
perature at 37°C. Thus, mixed phosphatidylcho~ine/sphing¢ ~yelin bfiayers c o m ~  
more than 50 reel% sphingomy0iln exhibit a transition near 3 '°C, while those c o n ~ . ~  
less than this amount show no transition in this temperature :range. This chamcte.~z~c 
also reflected in the apparent microviscos:ity of the mixed bilai,er at 37~C wh~h incre~.~se~ 
with increasing content of sphingomyeli:~. The phase hehavi~:r of bilayets comp~-~ed of 
these two choline.containing lipids is strc,ngly inflaenced by ~he addition of cI~otes~eroL 
There is compelling evidence to suggest that the h~ter.,ction between sph~ngomye~n ~ i  
cholesterol is much stronger than it is he~.ween pho~phati¢ylcholine and cholesterol. 
Thus, the microscopic phase configuratio~ of simple bilayer s)~tems is ma~ke~ily affec~e~ 
I:y the relative concentration of sphingomyelin, plmsphatidyl~:holine and cholesterol. By 
inference, the same situation exists in the Mlayers of the plasr~ membr~e~ of  ce~s. 

The markedly different behavior" of sphingomyelins anll phosphatidy~oii~cs in 
bilayer systems must reflect d~e differences in the molecuhr structures of these ~wo 
classes of molecules. Although both moh;cular species have a polar legion compfise~ of 
phosphorylchofine and a hydrophobic re#on comprised of two methylcue c~hains, ~er¢ 
are marked dissimilarities of structure el:i.ewhere in the molecules. Phosphatidylcho~es 
have two methylene chains of about equal! length, while sphin~omyelins have one methyl- 
ene chain contributed by sphingcsine which is ofc(mstant length. The other, contributed 
by the N-acyl group, is variable in length and can he up to 10 carbons longer t ~  the 
sphingosine chain. This methylen,: chain length disparity in sphing~ayelh is quite p~ob- 
ably the  basis, in part, for several inter~.=sting proper~ie; whidt ate unique to bi~yera 
composed of sphingomyelin. The generality lower degree of unsatura~ic~n of ~ y c -  
lins relative to phosphatidylcholines also contributes to these ~iiffet~nces. A third co~  
tributing factor is the difference ~n hydrogen bo~d-focming capability of  the bel~ ~ o ~  
Which connects the polar and apolar re~ions of these molecules. "the amide bomi ~ i  
hydroxyl group in this region of sphingon:=yeiin can act as hydrogen bond do~ocs wh~e i~ 
phosphatidylcholine the carboxyl oxyge.n=~ act as hydrogen bond accepters. These differ- 
ences in hyd:ogen bond,.'ng capab~ties might b~ ¢xp~-t~ to be retlectcd in the im~ac- 
tion of th¢'~ two lipids with other lipids h~ the bilay~rs and with membrane pcot¢~.  

It is clear that the properties of bilayt=rs comprised of these two s = p e r f i ¢ ~  
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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 o f  
bilayers comprised o f  these two phospholipid and cholesterols are not completely under- 
stood, much progress has been made. At the current level of  this understanding, molec- 
ular explanations for certain of  the physiologically important properties of  biological 
membranes are beginning to emerge. 
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