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Abstract

Focusing on an amide-linked fatty acid composition of naturally occurring sphingomyelins (8MslmitoylSM (C16:0-SM),N-
stearoylSM (C18:0-SM), anl-nervonoylSM (C24:1-SM) were partially synthesized, respectively. The effect of C24:1-SM on the ther-
motropic behavior of respective vesicles of the C16:0-, and C18:0-SMs was investigated by a differential scanning microcalorimetry (DSC),
and the structure of these semisynthetic SM vesicles was examined by a negative stain electron microscopy. Two vesicles of the saturat
C16:0-SM and C18:0-SM showed sharp transition peaks at temperatures of 39.6 &, 48spectively, in contrast with a broad and low-
temperature transition peak observed for the unsaturated C24:1-SM vesicle. An electron micrograph of the C24:1-SM showed unilamella
vesicles of relatively small size (100-500 nm in diameter), in contrast to large multilamellar vesicles up.to i8.8iameter observed for
the C16:0-, and C18:0-SMs. This result indicated a unilamellar vesicle-forming property for the C24:1-SM. In this accord, a micrograph of
sonicated vesicles of the C24:1-SM also showed unilamellar vesicles of regular-4i@@ rffm), suggesting that the unilamellar vesicle is
a thermodynamically stable state for the unsaturated C24:1-SM. Furthermore, when the C24:1-SM was added to the respective vesicles
C16:0-, and C18:0-SMs, both a broadening and a temperature-lowering for the transition peaks of these vesicles proceeded more and mc
with increasing the content of C24:1-SM. This was accounted for by a decrease in the multiplicity of the saturated SM vesicles caused by the
unilamellar vesicle-forming property of the unsaturated SM.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction choline headgroup is the most typical sphingolipid butitis a
minor lipid constituent in biomembranes. However, much at-
Phospholipids are major components of biomembranestention has been paid to the SMs since a hew concept of lipid
and are present in two types, glycerolipid and sphingolipid, microdomains and/or lipid rafts was propog2d5]. This is
depending on whether their backbone moiety is a glycerol because the SM molecules are critical participants in forming
or a sphingosingl]. Accordingly, two chains of the sphin-  the specific lipid structure in biomembranes.
golipid differ in a functional group, thus, one is a sphingo- On the other hand, previous studies on naturally occurring
sine chain having hydroxyHOH) and amino groups-NH) SMs have revealed that there is a fair difference in the length
and the other is a fatty acid chain having a carbonyl group of their fatty acid chain, thus, ranging from 14 to at least
(—C=0). In this contrast, two chains of the glycerolipid are 24 carbons, in contrast to mostly the same length (18 car-
all fatty acids. A sphingomyelin (SM) with a phosphoryl- bons) for the other sphingosine ch§#r-12]. Furthermore, it
has been reported that the fatty acid composition of naturally
* Corresponding author. Fax: +81 86 255 7700. occurring SMs significantly differs when they are obtained
E-mail addresskodama@dbc.ous.ac.jp (M. Kodama). from different sourcef9—11]. Surprisingly, such a fatty acid
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composition difference has been reported even for the samewas then neutralized by passing over negative ion exchange
source of bovine brain SMs which are obtained from dif- resin (Rexyn 1-300). For the resultant SPC, the composi-
ferent supplierg7—12]. However, the typical fatty acids of tion of sphingosine chains was examined with the ESI/MS
naturally occurring SMs are a saturated palmitic (C16:0) and and 13C NMR and'H NMR spectroscopies, showing that
stearic (C18:0) acids and an unsaturated nervonic (C24:1)more than 95% of the total chains were 18 carbons with
acid which has ais double bond at C-15 positiofT—12]. a trans double bond at the C-4 positifi¥]. The reacy-
These fatty acids compete in composition with one another. lation procedures are as follows: the SPC dissolved in dry
In this regard, it has been also reported that the thermotropicchloroform was reacylated with three fatty acids of satu-
behavior of the gel-to-liquid crystal phase transition of the rated C16:0 and C18:0, and monounsaturated C24:1 in the
naturally occurring SMs depends predominantly on the con- presence of dicyclohexylcarbodiimide (DCC), respectively.
tent of norvonic acid8—12]ranging from 5to 70mol% ina  Three final products, C16:0-SM, C18:0-SM, and C24:1-SM,
maximum. However, to date, a study on tinervonoylSM were purified by the silicic acid column chromatography de-
(C24:1-SM) is very scarcg 3]. veloped in chloroform/methanol changing in v/iv from 9:1
From this viewpoint, in the present study, thé- to 1:7, respectively. The purification was repeated until a
palmitoylSM (C16:0-SM)N-stearoylSM (C18:0-SM), and  half height-width of the gel-to-liquid crystal phase transi-
C24:1-SM were partially synthesized according to a pro- tion peak for three semisynthetic SMs became the narrow-
cedure developed by Sripada et §l4]. A number of est. The purity of three semisynthetic SMs was checked to
studies have been reported with partially synthesized SMshe more than 95% by a combination of the thin-layer chro-
[11,13-18]. So, for comparison with these studies, we chosematography, NMR spectroscopy, and ESI/MS. However, as
the partial synthetic procedure. The effect of C24:1-SM on pointed out by other workerd4—-18], some epimerization
the phase transition behavior of respective vesicles composedccurs at the C-3 position of sphingosine chain during the
of the C16:0-SM and C18:0-SM was investigated by a differ- acid-deacylation procedures. This produces some-dheeo
ential scanning microcalorimetry (DSC) and furthermore, a stereoisomer of SPC. On this basis, the possibility of epimer-
negative stain electron microscopy was performed to obtain ization was checked for the three semisynthetic SM&y
structural information of sonicated and unsonicated vesiclesNMR and *H NMR spectroscopies. As a result, three re-
of these semisynthetic SMs. spective semisynthetic SMs were found to be composed of
75% of the desired produoterythroand 25% of the.-threo
stereoisomer.
2. Experimental

2 1. Materials 2.2. Preparation of vesicle dispersions

) ) Dispersions of respective vesicles composed of the two
2.1.1. Bovine brain SM (BSM) . naturally occurring BSMs and three semisynthetic SMs,
Two BSMs (Lot Nos. 120K1580, 122K0367) obtained ' ¢16:0-5M, C18:0-SM, and C24:1-SM, were prepared as fol-
from different batches were purchased from Sigma Co. (St. o\y5[19];: a film of each lipid was first prepared by removing
Louis, MO). The fatty acid composition of two BSMs was  o|oroform from the lipid stock solution on a rotary evapora-
obtained by a positive ion electrospray ionization mass SPEC-tor, and then under high vacuum (¥0Pa) to achieve com-

trometry (ESI/MS) described below. plete removal of traces of the solvent. The dried lipid film

. thus obtained was then dispersed in distilled water and gently
2.1.2. N-palmitoylSM (C16:0-SM), N-stearoylSM vortexed at liquid crystal phase temperatures. Furthermore, a
(C18:0-SM), and N-nervonoylSM (C24:1-SM) series of vesicle dispersions of the C16:0-SM containing 10,

C16:0-SM, C18:0-SM, and C24:1-SM were partially syn- 30 50, 70, and 90 mol% of the C24:1-SM was prepared from
thesized by deacylation-reacylation of the BSM according jims of two lipid mixtures. The same procedure was applied

to a method previously reported by Sripada e{®]. The 1 yrepare a series of vesicle dispersions of the C18:0-SM
deacylation procedures are as follows: the BSM (~500 mg) containing the C24:1-SM.

was dispersed in-35ml of 1IN methanolic HCI. The dis-

persion was stirred at a temperature around@or a pe-

riod of 20h and the solvent was then removed by a ro- 2.3. Ultrasonic irradiation of vesicle diSperSionS

tary evaporation. The resultant precipitates were suspended

in benzene and the suspension was evaporated by rotary The vesicle dispersions of C16:0-SM, C18:0-SM, and
evaporating at least three times, subsequently followed by aC24:1-SM were ultrasonically irradiated by a bath sonica-
silicic acid column chromatography (chloroform/methanol). tor equipped with a cap-horn sonifier (Branson Ultrasonic
The eluted fractions were monitored by a thin-layer chro- C0. Model 450), under a nitrogen atmosphere, at a power of
matography developed in chloroform/methanol/ammonium 100 W for a period of 50 min, in a jacket vessel maintained
hydroxide 25:17:3 (v/v/v). The product, sphingosylphospho- at a desired liquid crystal phase temperature by a constant-
choline (SPC)-HCI, was dissolved in dry chloroform and temperature circulating water bath (Haake F3ZT).
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Table 1
Fatty acid compositions of two naturally occurring BSMs obtained from
Sigma Co.: BSM(a), Lot No.: 122K0367; BSM(b), Lot No.: 120K1580

2.6. Electron microscopy

Structural information of the lipid vesicles was obtained

CN:DBN? for amide-linked Composition (mol%) § ; ’ o~

fatty acid chain by a negative stain electron microscopy. A drop of the lipid
BSM(@) BSM(b) vesicle dispersions (lipid concentration2 mM) prepared

14:0 0.7 00 according to a method described above (see Se2tywas

i;‘:é 438 gg placed on copper grids covered with carbon-coated collodion

162 21 00 films, allowed to remain until becoming almost dry. A drop of

17:0 1.4 Qo 2% solution of sodium phosphotungstate (pH approximately

18:0 11.0 D4 7) was added and the excess solution was then drained. After

3338 g-g gg drying, the preparations were examined with a JEOL JEM-

20:2 29 20 2000EX electron microscope operated at 200 kV.

21:0 0.0 13

22:0 15 20

22:1 2.2 00 3. Results and discussions

23:0 42 27

24:0 17.6 2.4 3.1. DSC

24:1 47 35

24:2 0.0 08

In Table 1, a fatty acid composition is compared between
& Total carbon number (CN):total double bond number (DBN) for amide- o naturally occurring BSMs (a) (LOt No.: 122KO367) and
linked fatty acid chains estimated with a sphingosine chain C18:1. (b) (LO'[ No.: 120K1580) obtained from Sigma Co. In this
table, we mark three fatty acids of C16:0, C18:0, and C24:1
which compete in composition with one another. Thus, the

2.4. Electrospray ionization mass spectrometry BSM(a) is abundant in C16:0, the content of which reaches
(ESI/MS) analysis for the fatty acid chains of naturally approximately 47 mol%, whereas the BSM(b)isrichin C18:0
occurring BSMs (approximately 39 mol%). Furthermore, a large amount of

C24:1 (approximately 32 mol%) is observed for the BSM(b),
Afatty acid composition of two naturally occurring BSMs iy contrast with a small amount of C24:1 (approximately
used in the present study was determined by ESI/MS per-5 mol9s) for the BSM(a). In this accord, as showrFiig. 1,
formed with a JMS-LC mate instrument (JEOL, Japan) the gel-to-liquid crystal phase transition behavior greatly dif-
[6,7,12]. The mass of respective molecular species was de+ers between the two BSMs. The BSM(a) exhibits a rela-
termined with a positive ESI spectrum for a molecular ion  tjvely sharp transition peak with a maximum at approximately
adduct found as [SM + N&J([SM +23]") and was then used  35°C, and estimated transition enthalpy is 33.9 kd/mol lipid.
to estimate both the total carbon number and the total dou- | contrast, a broad peak characterized by two maxima at
ble bond number for the sphingosine chain plus the amide- 5 roximately 33 and 3T (AH = 33.0 kJ/mol lipid) is ob-
linked fatty acid chain of the respective molecular species. saryved for the BSM(b). The thermodynamic parameters ob-

Subsequently, by assuming that all the sphingosine chainsgined for the two BSMs are summarizedTiable 2.
are C18:1, both the total carbon number and the total double g, comparison with the naturally occurring BSMs shown

bond number for the amide-linked fatty acid chain were cal- j, Fig. 1, Fig. 2 shows the gel-to-liquid phase transition
culated.Table 1summarizes the total carbon number and the penavior obtained for three semisynthetic SMs, C16:0-SM,
total double bond number obtained for the amide-linked fatty ¢18:0-SM, and C24:1-SM. As shown Fig. 2(a) and (b),
acid chain of the respective molecular species, together withyoth the C16:0-SM and C18:0-SM show single sharp tran-
their compositions, which are compared between two natu- gjtjon peaks which appear, respectively, at midpoint tem-
rally occurring BSMs (a) (Lot No.: 122K0367) and (b) (Lot peratures of 39.6 and 43:T. In this contrast, the C24:1-
No.: 120K1580). The estimated average molecular weights SM, shown inFig. 2(c), exhibits a fairly broad and low-
are 741 and 772 for the BSM(a) and BSM(b), respectively.

Table 2

Thermodynamic parameters obtained for two naturally occurring BSMs and

2.5. Differential scanning calorimetry (DSC) : .
three semisynthetic SMs, C16:0-SM, C18:0-SM, and C24:1-SM

All calorimetric experiments were performed with a Mi- Tm (C) AH (kJ/mol lipid)
crocal VP differential scanning microcalorimeter and on BSM(a) 34.6 33.9
heating from O'C to temperatures of a liquid crystal phase BSM(®) 32.9;317.2 33.0
tarate of 45C h~L. The lipid concentrations in the present =00 oM 39.6 326
a _ - p _ nsinthep C18:0-SM 43.7 37.7
DSC experiments were0.5 mM with a calorimetric cell vol- C24:1-SM 18.0;22.3: 27.4 26.4

ume of 0.52ml. Afte_r .the DSC, the lipid concentrations were s a temperature of transition peak maximum, ard the gel-to-liquid
estimated by a modified Bartlett phosphate a2ay. crystal phase transition enthalpy per mole of lipid.
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Fig. 1. The gel-to-liquid crystal phase transition behavior for naturally oc-
curring BSMs obtained from Sigma Co.: (a) Lot No.: 122K0367; (b) Lot
No.: 120K1580. Apparent excess heat capackZg) is plotted as a func-
tion of temperature (t). In this figure, the phase transition behavior of the
BSM(a) containing the C24:1-SM added up to 30 mol% is shown by dotted
lines.

temperature transition peak observed over temperatures of

10-35°C. The thermodynamic parameters of three semisyn-
thetic SMs are added tbable 2. In Table 2, a chain-length
dependence of the gel-to-liquid crystal phase transition en-
thalpy is observed for the C16:0-SM and C18:0-814,14].
However, the C24:1-SM havingas double bond at the C-

15 position shows a transition enthalpy (26.4 kJ/mol lipid)
much smaller than expected from its acyl chain length (24
carbons). In fact, a saturat&tlignoceroylSM (C24:0-SM)
shows a much larger transition enthalpy of 62.3 kJ/mol lipid
(unpublished data obtained by us). This fact indicates that the
chain packing of gel phase for the unsaturated C24:1-SM is
fairly looser compared with that of the saturatéécylSMs.
Accordingly, the relatively broader and lower-temperature
transition peak observed for the naturally occurring BSM(b),
shown inFig. 1, reveals a large contribution of the C24:1-
SM which is contained up to 30 mol%. From this view-
point, the C24:1-SM was added to the naturally occurring
BSM(a) containing the less amount (5 mol%) of C24:1-SM.
When the content of C24:1-SM added to the BSM(a) reached
30 mol%, the resultant transition peak (shown by dotted lines
in Fig. 1(a)) became nearly the same in shape as that of
BSM(b) shown inFig. 1(b).

191

C18:0-SMwas investigated. Inthis experiment, the amount of
C24:1-SM added to the respective vesicles of the C16:0-SM
and C18:0-SM was changed from 10 to 90 mol%Flg. 3,

the phase transition behavior of varying C24:1-SM contents is
compared between the C16:0-SM (A) and C18:0-SM (B). As
shown inFig. 3A, a pronounced broadening of the transition
peak of the C16:0-SM is observed at the C24:1-SM content
of 10 mol% (b), above which the transition peak gradually
becomes broader with increasing the content of C24:1-SM,
simultaneously with a decrease in the transition temperature
(c—f). As shownirFig. 3A(c) and (d), doublet transition peaks
are observed at the C24:1-SM contents of 30—50 mol%. In
these content region, as shownFiy. 4A, a significant de-
crease in the transition enthalpy is also observed. As shown
in Figs. 3B and 4B, the effect of the C24:1-SM on the phase
transition of the C18:0-SM vesicle was the same as that of
the C16:0-SM vesicle.

3.2. Electron microscopy

The preparations of respective vesicles of C16:0-SM,
C18:0-SM and C24:1-SM prepared according to a Bangham

5kJ K" mol”

(a) C16:0-SM

DCp/kJK mol

(b) C18:0-SM

(c) C24:1-SM

70
t/°C

Fig. 2. The gel-to-liquid crystal phase transition behavior of (a) the saturated

On the basis of these results, the effect of the C24:1-SM ¢16:0-sM and (b) C18:0-SM, and (c) the unsaturated C24:1-SM. Apparent
on the phase transition of both the synthetic C16:0-SM and excess heat capacity (4{is plotted as a function of temperatut (
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Fig. 3. Comparison of phase transition behavior between (A) the C16:0-SM
and (B) C18:0-SM vesicles of varying C24:1-SM contents. Contents of the
C24:1-SM (mol%): (a) 0; (b) 10; (c) 30; (d) 50; (e) 70; (f) 90; (g) 100.

method[19] were examined by a negative stain electron mi-
croscopy. Typical electron micrographs of these vesicles are
compared irFig. 5for the C18:0-SM (a) and C24:1-SM (b).
For the C18:0-SM shown iRig. 5(a), multilamellar vesicles
(MLVs) as large as 3.pm in diameter are observed, simi-
larly to a result for the C16:0-SM (not shown data). In this
contrast, the micrograph Fig. 5(b) for the C24:1-SM shows
unilamellar vesicles which are relatively irregular in size and
range in diameter from 100 to 500 nm. When an ultrasonic
irradiation was adopted for the dispersion of C24:1-SM vesi-
cle, the resultant micrograph likewise exhibits unilamellar
vesicles but their size is uniform (approximate00 nmin
diameter) as shown ifig. 5(c), indicating that only a change

40
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36
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28+
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24 T T T T
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mol% of C24:1-SM
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in size occurs by the ultrasonic irradiation. In this accord, as
shown inFig. 6(a), the transition behavior of the sonicated
vesicle of C24:1-SM is almost the same as that of its un-
sonicated vesicle. In this contrast, as showFim 6(b), the
ultrasonic irradiation for the dispersion of C18:0-SM vesi-
cle causes a significant broadening of the transition peak,
simultaneously with a slight lowering of its temperature. In
this connection, our previous study on sonicated vesicles of

500 nm

200 nm

(©

Fig. 4. Variation with increase in the C24:1-SM content (mol%) of phase Fig. 5. Typical negative stain electron micrographs for the unsonicated vesi-
transition enthalpy (AH) for respective vesicles of (A) the C16:0-SM and cles of (a) C18:0-SM and (b) C24:1-SM, and (c) the sonicated vesicle of

(B) the C18:0-SM.

C24:1-SM.
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8000 C18:0, C22:0, and C24:0 lack its ability. This resultis in good
agreement with that obtained by the present study, suggest-
ing that the sonicated vesicles of these saturated SMs are
present in either an unstable or a metastable state, in contrast
with a stable state for the sonicated vesicle of the unsatu-
rated C24:1-SM. Presumably, the unstable and/or metastable
SUVs of these saturated SMs would be converted to the MLVs
present in a stable state, so that the internal solute would be
released outside during the conversion process.

Finally, we should discuss the reason why the C24:1-
SM molecule has the unilamellar vesicle-forming property.
In this connection, we have previously reported that acidic
dimyristoylphosphatidylglycerol (DMPG) molecule sponta-
neously forms a SUV in aqueous medium because a nega-
tively charged head group of this molecule occupies a fairly
larger cross-sectional area compared with its two hydrocar-
bon chaing22]. Accordingly, the DMPG molecule of the
reversed corn form is forced to assemble in the SUV charac-
terized by a highly curved surface. However, this concept for
the DMPG molecule could not be adopted for the C24:1-SM
molecule which has eisdouble bond at the C-15 position of
the acyl chain, because for the C24:1-SM the cross-sectional
area occupied by the two hydrocarbon chains is not so differ-
ent as that occupied by the head group. Accordingly, we need
to search for another reason to explain the unilamellar vesicle-
forming property for the C24:1-SM. In this connection, we

. . . , . should consider interdigitated chain packings in an intrabi-
Fig. 6._ Comparlspn of phase transition behavior between the sonicated a_ndIa er because there is a marked difference in lenath between
unsonicated vesicles for (a) the C18:0-SM and (b) the C24:1-SM. In this Yy u g . - g
figure, the unsonicated vesicles are shown by solid lines and the sonicatedthe fatty acid chain (C =24) and sphingosine chain (C =18)
vesicles are shown by dotted lines. of the C24:1-SM10-16,23]. In fact, two types of interdigi-

tation packings have been proposed for saturated C24:0-SM
dimyristoylphosphatidylcholine (DMP{RO0] has reported  [11,12,15,16,23]. However, there is some question to directly
that the phase transition behavior is clearly distinguished be-apply the interdigitation packings of C24:0-SM to those of
tween the SUVs and MLVs, thus, the MLVs show a sharp, the C24:1-SM having theis double bond. Accordingly, it is
cooperative transition peak, in contrast to a broad peak for thenecessary to obtain a structural information concerning in-
sonicated SUVs caused by both a highly curved surface and aerdigitation packings of the unsaturated C24:1-SM, and so
loosely packed chain. On this basis, the transition peak of thewe will proceed to a study of X-ray diffraction.
broad shape and the low transition temperature observed for
the saturated C18:0-SM (Fig. 6(b)) suggests that the sonica-
tion produces the SUVs although there is no micrographs for Acknowledgements
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